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Abstract
Recent work has shown that, despite being craniodentally more derived, Australopithecus africanus had more apelike limb-size proportions
than A. afarensis. Here, we test whether the A. africanus hand, as judged by metacarpal shaft and articular proportions, was similarly apelike.
More specifically, did A. africanus have a short and narrow first metacarpal (MC1) relative to the other metacarpals? Proportions of both MC
breadth and length were considered: the geometric mean (GM) of articular and midshaft measurements of MC1 breadth was compared to those
of MC2e4, and MC1 length was compared to MC3 length individually and also to the GM of MC2 and 3 lengths. To compare the extant hominoid sample with an incomplete A. africanus fossil record (11 attributed metacarpals), a resampling procedure imposed sampling constraints on
the comparative groups that produced composite intrahand ratios. Resampled ratios in the extant sample are not significantly different from actual ratios based on associated elements, demonstrating the methodological appropriateness of this technique. Australopithecus africanus metacarpals do not differ significantly from the great apes in the comparison of breadth ratios but are significantly greater than chimpanzees and
orangutans in both measures of relative length. Conversely, A. africanus has a significantly smaller breadth ratio than modern humans, but
does not significantly differ from this group in either measure of relative length. We conclude that the first metacarpals of A. africanus are
more apelike in relative breadth while also being more humanlike in relative length, a finding consistent with previous work on A. afarensis
hand proportions. This configuration would have likely promoted a high degree of manipulative dexterity, but the relatively slender, apelike first
metacarpal suggests that A. africanus did not place the same mechanical demands on the thumb as more recent, stone-tool-producing hominins.
Ó 2007 Elsevier Ltd. All rights reserved.
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Introduction
A major debate in the study of early hominin evolution centers on how to interpret the locomotor implications of australopith postcranial anatomy, with one group of researchers
holding that certain apelike features should be viewed as modifications for a semiarboreal lifestyle (Stern and Susman,
1983; Susman et al., 1984; Susman and Stern, 1991), while
other researchers reject the assertion that climbing formed
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a significant part of the australopith locomotor repertoire
(Lovejoy, 1988; Latimer and Lovejoy, 1990; Latimer, 1991).
Interpreting the evolutionary history in Australopithecus afarensis and A. africanus is further complicated by the fact that
the older and more craniodentally primitive A. afarensis is hypothesized to have possessed more humanlike limb-size proportions, while the proportions of the younger A. africanus
are more apelike (McHenry and Berger, 1998; Green et al.,
2007). The contention that A. africanus may have possessed
more apelike limb proportions than A. afarensis was the motivation for analyzing the relative hand proportions of A. africanus. Following with the nature of their overall limb
proportions, we predict that the hands of A. africanus are
more similar to those of the great apes; however, given that
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A. afarensis has been shown by others to be remarkably humanlike in its manual proportions (Watkins et al., 1993;
Alba et al., 2003), we also test the possibility that A. africanus
is more similar to modern humans in this regard. With at least
one well-preserved metacarpal (MC) for digits one through
four, we tested these possibilities with resampling techniques
to examine thumb:finger MC ratios for 11 unassociated A. africanus metacarpals.
The modern human hand reflects the complex evolutionary
history of a structure that was released from its locomotor burdens while undergoing positive selection for manual dexterity
(Susman, 1979, 1998; Marzke, 1997). Napier (1956, 1960) argued that the long, broad thumb and relatively short fingers of
the modern human hand facilitate a wide array of precision
grips incorporating more deft opposition of both the pad and
tip of the thumb to those of the other four digits. This relationship is evident when comparing the MC1 with the other four.
While the human MC1 does not differ markedly in absolute
length from those of great apes (especially chimpanzees), the
second through fifth metacarpals are relatively much shorter
(Schultz, 1930; Midlo, 1934). To further assess the relative
contribution of metacarpal and phalangeal length to overall
digit length in great apes and humans, Schultz (1930) examined
the third digit and found that phalangeal length constituted
a nearly identical proportion of the total finger length (MC
plus total length of each phalanx) in these taxa. Thus, while
hand length significantly differentiates, for example, humans
from orangutans, ‘‘the evolutionary shortening as well as the
lengthening of the hand has affected the metacarpal portion
to practically the same extent as the phalangeal portion, since
these portions maintained nearly the same relation to each
other regardless of the relative total length of the hand’’
(Schultz, 1930: 383). To this end, differences in hand length
can be ascertained by considering relative MC length as a proxy
of overall digit length among these taxa. In addition, the modern human MC1 is noticeably broad in articular and midshaft
dimensions, modifications that support significantly enlarged
thenar musculature and the unique loading regimes imposed
by tool production and use (Tuttle, 1969; Susman, 1994,
1998; Marzke, 1997). Similarly, human distal phalanges have
broad apical tufts consistent with larger, fleshier finger pads
that provide more surface area and sensation for stabilizing
and orienting objects firmly with precision grips (Susman,
1979, 1998; Shrewsbury and Sonek, 1986; Marzke, 1997; but
for a cautionary note on quantifying the relative size of apical
tufts, see Smith, 2000). All of these features promote opposition of the thumb and fingers, often acknowledged as a hallmark
of stone-tool manufacture and human manual dexterity.
While traits such as large thumbs have been linked to human manual dexterity, several authors have argued that differences in the hands of some great apes, especially Pan, do not
preclude them from effectively manipulating objects in their
environment (Goodall, 1986; Christel, 1993; McGrew, 1995;
Boesch and Boesch-Achermann, 2000; Panger et al., 2002).
Nonetheless, elongated fingers and musculature specialized
for locomotor activities limits proficient tool production
(Schick et al., 1999). A great deal of work, then, has been

devoted to understanding when (and in what archaeological
context) the unique characteristics of human hands first appeared in the hominin lineage. Part of this effort has been
the investigation of australopith hand morphology and the extent to which it reflects tool use and/or locomotion (Marzke,
1971, 1983; Marzke and Marzke, 1987; Susman, 1988,
1994, 2005; Marzke et al., 1992, 1998).
Studies of A. africanus and A. afarensis have found that,
while these species are not known to be associated with stone
tools, certain characteristics of their hands appear more similar
to humans than those of apes (Ricklan, 1987, 1988, 1990;
Marzke, 1997; Alba et al., 2003). In carefully analyzing the
A. africanus hand material from Sterkfontein in South Africa,
Ricklan (1990) argued that the increased relative length of the
Stw 418 first metacarpal indicated an ability to perform precise pad-to-pad grips. Ricklan (1987, 1988, 1990) further proposed that the hand of A. africanus was more like that of
modern humans than those of A. afarensis and Homo habilis
(OH 7), based on features characteristic of strong yet precise
gripping capabilities. Although he did not rule out the possibility that the A. africanus hand was adapted for ‘‘climbing activities’’ (Ricklan, 1987: 662), he argued that features such as (1)
the broad apical tuft on the distal pollical phalanx of specimen
Stw 294, with evidence for the attachment of the flexor pollicis
longus (but see Susman [2005], who outlined uncertainty as to
whether this fossil originated from Sterkfontein’s A. africanusbearing Member 4 or the younger Member 5, which has
yielded the remains of early Homo and associated stone tools),
(2) a humanlike MC1 saddle joint capable of both flexion and
abduction during opposition of the thumb and fingers
(described as conjunct rotation after MacConaill [1946] or
automatic axial rotation after Kapandji [1982]), (3) a welldeveloped insertion for the extensor carpi radialis muscle on
the MC2 base, and (4) a mechanically advantageous MC3 styloid process (which may help to limit displacement at the third
carpometacarpal joint during activities such as stone-tool hammering in which forces are directed at the MC head [Marzke
and Marzke, 1987]) were consistent with a hand predominantly adapted for manual dexterity and tool use (Ricklan,
1987, 1988, 1990).
More recently, Alba et al. (2003) analyzed the manual proportions in A. afarensis by means of a randomization technique, which allowed for the possibility that the bones in
their fossil assemblage represented multiple individuals. Using
metacarpals and proximal and middle phalanges from the A.L.
333 assemblage, Alba et al. (2003) evaluated residuals from
regressions of first digit length against (1) third digit length
and (2) body mass and performed a randomization procedure
to build composite hands from each of their comparative samples. They used this method to examine the probability that
each hand would be correctly assigned to the species from
which it was built, and to test if the results of their first analysis changed when composite hands were produced from
bones belonging to several different individuals. This randomization technique was a conservative approach in that they
eliminated much of the sampling or taphonomic factors
(e.g., the winnowing of smaller individuals from the fossil
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record) that could have biased their other results. Alba et al.
(2003) found that the composite hands were good predictors
of species attribution, and that one was significantly more
likely to find the A. afarensis-like manual proportions within
their human as opposed to ape sample. Based on these findings, they suggested that A. afarensis manual proportions
were more like those of modern humans and not simply intermediate between the two groups (as proposed by Bush [1980]
and Marzke [1983, 1997]).
The implications of a humanlike configuration of the australopith hand is confounding given that they are not associated with stone tools and that nothing is known about the
hands of the makers of the earliest known stone tools. The earliest evidence for earnest stone-tool manufacture comes from
eastern Africa at ca. 2.6 Ma (Semaw et al., 1997, 2003;
Semaw, 2000), yet there are no hand bones known from this
area and time period. This has impeded attempts to relate morphological evolution to the origin of stone-tool manufacture
and subsequent transitions to more complex technologies. It
has been assumed that the earliest stone-tool users would be
among the first to show the hallmarks of modern human
hand morphology, but the paucity of hand fossils has limited
testing of this hypothesis (Susman, 1998). If not tool use,
then, the humanlike structure of certain early hominin hands
may be largely attributable to the adoption of bipedalism
(Alba et al., 2003), which reduced the locomotor stresses on
the upper limb and hand (Tuttle, 1969; Preuschoft and Chivers,
1993; Richmond and Strait, 2000; Richmond et al., 2001). In
this way, tracking the evolution of modern human hand morphology can be a useful way of understanding the transition
from hominins that exhibited a broad range of locomotor behaviors to ones that habitually walked upright with hands freed
from locomotor constraints. Here, we compare the metacarpal
breadth and length ratios in A. africanus to extant hominoids
to see if they follow a more humanlike (and A. afarensislike [Alba et al., 2003]) pattern, or if they appear more apelike.
Materials and methods
Sample
Metacarpal measurements were collected on A. africanus
specimens housed in the Department of Anatomy, University
of the Witwatersrand Medical School, Johannesburg. Identical
measurements were also collected on comparative samples of
Homo sapiens, Gorilla gorilla, Pongo pygmaeus, and Pan
troglodytes from collections in the American Museum of Natural History (AMNH), the National Museum of Natural History (NMNH), and the Cleveland Museum of Natural
History (CMNH) (Table 1). Seven measurements that capture
both the breadth and total length of each metacarpal were
taken for metacarpals one through four (MC1e4) and are described below and depicted in Fig. 1:
1. HEAD (DP)dthe maximum dorsopalmar breadth of the
MC head, not including the epicondyle just behind the
dorsal aspect of the head (Fig. 1, aeb).
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2. HEAD (ML)dthe maximum mediolateral breadth of the
MC head with the MC held in palmar view (Fig. 1, ced).
3. BASE (DP)dthe maximum dorsopalmar breadth of the
MC base taken by resting the dorsal end of the bone on
one jaw of the caliperdforming at least two points of contactdand closing the caliper to meet a third point of contact on the palmar aspect of the bone (Fig. 1, eef).
4. BASE (ML)dthe maximum mediolateral breadth of the
MC base taken in a similar manner to BASE (DP)
(Fig. 1, geh).
5. LENGTHdthe functional length of the MC taken from
the most distal point of the head to the center of the articular surface on the base (Fig. 1, iej).
6. MIDSHAFT (DP)dthe maximum dorsopalmar breadth of
the MC shaft, taken at the midshaft (the point along the
MC shaft that is one-half of the total LENGTH1)
(Fig. 1, kel).
7. MIDSHAFT (ML)dthe maximum mediolateral breadth
of the MC shaft, taken at the midshaft (Fig. 1, men).

Metacarpal proportions
Since the A. africanus fossil record preserves at least two
specimens for each of MC1, 3, and 4, one complete MC2
(Stw 382), and just one incomplete MC5 (Stw 63), only
MC1e4 were used (Table 1). The geometric mean of the
MC1 values (GM1) and combined MC2e4 values (GM2,3,4)
were used as measures of MC1 and MC2e4 size, respectively,
as the GM has been shown to be an effective way of combining multiple measurements into a single measure of size
(Mosimann, 1970; Jungers, 1985). A natural logarithm of
the GM1:GM2,3,4 ratio was used in comparisons of relative
MC breadth (length ratios will be discussed below). For complete specimens, a GM of the six breadth values was considered for each metacarpal such that:
GMi ¼

6
hY

MCi breadthj

i1=6

[Equation 1]

j¼1

GM2;3;4 ¼

4
hY

GMi

i1=3

[Equation 2]

i¼2

where i refers to the digit and j refers to the breadth variable.
Once GM1 and GM2,3,4 were calculated, the MC ratio was then
calculated as follows:


GM1
MC ratio ¼ ln
[Equation 3]
GM2;3;4

1
For some of the fossil specimens that were incomplete but preserved most
of the shaft (Stw 26, 65, 330, and 552), MIDSHAFT measurements were still
used in this study based on the best estimate for midshaft location. MIDSHAFT measurements taken near but not at the actual midshaft location did
not differ significantly in randomly tested extant specimens, so data from those
incomplete fossil specimens were included.
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Table 1
Sample sizes and fossil specimens by metacarpal
Species

MC1

MC2

MC3

MC4

A. africanus

Stw 418
Stw 583

Stw 382

Stw 64
Stw 68
Stw 394

H. sapiens
G. gorilla
P. pygmaeus
P. troglodytes

50
45
33
38

50
45
33
38

50
45
33
38

Stw 26
Stw 65
Stw 292
Stw 330
Stw 552
50
45
33
38

(25
(22
(11
(15

_)
_)
_)
_)

The use of ratios as a tool for comparing changes in relative
size and shape across taxa has been both widely employed
(Corruccini, 1995; Jungers et al., 1995; Richmond and
Jungers, 1995; Smith, 1999; Harmon, 2006) and questioned
(Albrecht et al., 1993, 1995; Haeusler and McHenry, 2004;
Haeusler, 2005). Using ratios to compare taxa that differ in
overall size can be misleading if the numerator and denominator do not scale isometrically. As such, we performed analysis
of covariance (ANCOVA) tests to determine if the scaling relationships of our proportions differed significantly from isometry within our comparative sample. Smith (1999) also noted
that the ratio of two positive values can be problematic, as distributions of such values are bounded by zero on the low end
and are unbounded on the high end. In effect, this means that
the distribution cannot be symmetrical and thus, in all likelihood, not normal. In the same study, Smith (1999) contended
that taking a logarithm of those values eliminates this problem
because ratios greater than one remain positive while ratios
less than one become negative, such that both the high and
low ends of the distribution are unbounded. Even still, the assumption of a normal distribution is not needed when randomization procedures are used (Manly, 1997). In this study, we
used the natural logarithm of MC ratios and a randomization
procedure, which allowed for the comparison of proportional
differences across taxa. This is an important property for
pairwise taxonomic comparisons because equal differences

of log-transformed ratios will be the same as equal proportional differences of the raw values (e.g., ln[2]  ln[1] ¼ ln[1]
 ln[0.5], just as 2/1 ¼ 1/0.5).
However, the manner in which these ratios are built means
that the value of a single MC ratio is not easily interpreted. Although a positive value for a logged ratio (and thus a value
greater than 1.0 for an unlogged ratio) indicates a larger number in the numerator than in the denominator, the implications
of this relationship for relative metacarpal size are unclear
when the numerator is MC1 and the denominator is represented by metacarpal measurements from multiple fingers.
More specifically, these MC ratios cannot be used to determine
whether changes in MC1 or MC2e4 are driving a given ratio
value. However, when two ratio values are compared for Specimens A and B, if Specimen A has the larger value, it has
a larger MC1 relative to its finger MCs than Specimen B
does. In this manner, the ratios described above are relative
measures of size that can be used to determine whether specimens, or groups of specimens, differ in their metacarpal
proportions.
Pairwise taxonomic comparisons
Metacarpal breadth. Using GM2,3,4 as a proxy for the size
of the hand facilitates the assessment of changes in relative
MC1 size across taxa. Because the A. africanus fossil record
is fragmentary, it is not possible to compare fossil and extant
taxa in the way one would for only living species. In order to
compare incomplete fossil samples with those of complete extant taxa, we used the fact that the ratio of the GM of each observation of GM1 and GM2,3,4 is the same as the GM of each
GM1:GM2,3,4 ratio value (see Appendix in Green et al. [2007]
for the mathematical proof of this property). This scenario is
simulated in Tables 2 and 3 for a subset of the data for G. gorilla. Table 2 shows that the GM of the MC1 breadth values is
the same whether one calculates the GM of each individual
MC1 GM (i.e., the GM of the row GMs) or the GM of the
GM of each MC1 variable (i.e., the GM of the column

Fig. 1. Pictorial display of the measurements used in this analysis, as shown on a chimpanzee MC3: aeb, HEAD (DP); ced, HEAD (ML); eef, BASE (DP); geh,
BASE (ML); iej, LENGTH; kel, MIDSHAFT (DP); men, MIDSHAFT (ML). Pictures are not shown to the same scale.
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Table 2
Example showing the mathematical equivalence of MC GMs formed either by the GMs of individual measurements or the GMs of MC variables
Taxon

G.
G.
G.
G.
G.
G.
G.
G.
G.
G.
G.

MC1

GM

HEAD (DP)

HEAD (ML)

BASE (DP)

BASE (ML)

MIDSHAFT (DP)

MIDSHAFT (ML)

14.10
15.02
16.33
14.60
14.57
13.55
10.62
10.39
11.24
11.64
12.55

14.04
14.33
18.14
15.19
14.38
13.53
10.11
10.47
11.66
11.11
13.85

17.04
17.67
20.10
18.04
18.94
19.54
13.01
14.48
14.81
15.08
14.83

16.41
17.46
17.46
16.99
18.35
18.73
13.06
13.17
14.18
14.57
14.28

10.50
8.43
9.50
10.63
11.26
9.43
7.10
7.02
8.81
7.50
8.16

13.09
13.17
13.23
14.48
14.15
13.68
8.29
10.87
12.24
11.44
10.73

14.02
13.95
15.35
14.79
15.05
14.33
10.12
10.80
11.99
11.60
12.15

13.01

13.16

16.53

15.75

8.83

12.17

12.98

gorilla
gorilla
gorilla
gorilla
gorilla
gorilla
gorilla
gorilla
gorilla
gorilla
gorilla

GM

GM1 (bottom right cell, in bold) was calculated in two ways using a gorilla subsample: one finds the GM of each individual’s measurements, and then takes the GM
of those values. The other way finds the GM of each MC variable, and then calculates the GM of those values. In both cases, the GM1 is 12.98.

GMs). Along these same lines, once the GM of each individual
MC (and GM2,3,4) is calculated, the multivariate MC ratio
value (0.77) from the example in Table 3 can be determined
by calculating either the ratio of the GM of each observation
of GM1 and GM2,3,4 or by finding the GM of each individual’s
GM1:GM2,3,4 ratio.
However, calculating the GM of each individual’s MC dimensions to find the MC breadth ratio is not possible with unassociated hand bones. To calculate distributions of individual
MC GMs, and more specifically, values of MC breadth ratios
for comparison of extant taxa with A. africanus, we placed
sampling constraints like those found in the fossil data set
on our comparative sample by means of a Monte Carlo resampling approach. This method considered the observed ratio of
MC breadth in A. africanus against extant distributions of
10,000 iteratively resampled MC ratio values. This procedure
is illustrated in Fig. 2 for MC4 only; GM1, GM2, and GM3
would be found in a similar fashion, and the MC breadth ratio
would then be computed. The first step in this procedure was
Table 3
Example showing mathematical equivalence of ratios of GMs and the GM of
ratios
Taxon

GM1

GM2

GM3

GM4

GM2,3,4

(GM1)/(GM2,3,4)

G.
G.
G.
G.
G.
G.
G.
G.
G.
G.
G.

14.07
14.67
17.21
14.89
14.47
13.54
10.36
10.43
11.45
11.37
13.18

18.84
18.86
20.16
17.90
18.34
19.29
13.72
13.89
14.80
14.88
16.00

20.01
20.63
21.43
20.08
18.97
20.44
15.36
14.70
15.51
15.95
16.34

17.86
18.16
20.22
19.79
17.02
18.12
13.63
13.61
14.02
13.92
14.96

18.88
19.19
20.60
19.23
18.09
19.26
14.22
14.06
14.77
14.90
15.75

0.75
0.76
0.84
0.77
0.80
0.70
0.73
0.74
0.78
0.76
0.84

13.08

16.82

17.96

16.31

17.02

0.77

gorilla
gorilla
gorilla
gorilla
gorilla
gorilla
gorilla
gorilla
gorilla
gorilla
gorilla

GM

Once the GM of each MC (and GM2,3,4) is calculated (see Table 2), the MC
ratio can be calculated either as the GM of each individual GM1:GM2,3,4 ratio,
or as the ratio of the GM of all GM1 and GM2,3,4 values. In both cases, the MC
ratio is 0.77 (bottom right cell, in bold).

to select a number of individuals within each extant taxon
equal to the number of unassociated specimens in the A. africanus data set for that MC by resampling with replacement
(Fig. 2, step 1). It is important to note that Ricklan (1988) argued for the association of some of the MCs used in this study,
namely, Stw 382 and 394, and Stw 26, 64, and 68 (left and
right MC3s, respectively; Table 1), based on stratigraphic
proximity and metrical compatibility. Therefore, we ran two
tests: one in which we treated each fossil independently and
another based on Ricklan’s (1988) suggested associations.
Since the comparative data sets were resampled with replacement, both of these methods allow choosing the same extant
individual, for example, in the calculation of GM1 and GM3,
and all different individuals for both GM2 and GM4, just as
it may be that some of the fossils were from the same
individual.
After sampling the extant individuals, the data matrix was
reduced to that of the fossil sample (Fig. 2, step 2). In the example illustrated in Fig. 2, two individuals preserve only
HEAD and MIDSHAFT measurements, two preserve BASE
and MIDSHAFT measurements, and one preserves only
HEAD measurements. Next, GM4 was calculated, first by finding the GM of each individual variable (Fig. 2, step 3), and
then the GM of each variable GM (Fig. 2, step 4). Figure 2
only shows the procedure for a subset of values; the actual procedure removed data (as per the fossil data matrix) from resampled comparative data sets in order to calculate all four
MC GMs, the GM2,3,4, and finally, the natural logarithm of
the GM1:GM2,3,4 ratio, as shown in Equation 3. When fewer
individuals were considered (per Ricklan, 1988), one of the
randomly chosen extant individuals contributed both an
MC2 and an MC3 value (simulating an Stw 382/394 individual), and another contributed both an MC3 and an MC4 value
(simulating an Stw 26/64/68 individual)2; subsequent

2

Since our values for Stw 64 and 68 are very similar, as Ricklan (1988) also
noted, we averaged these two fossil values and resampled only one extant
MC3 to match the data matrix in each iteration.

710

D.J. Green, A.D. Gordon / Journal of Human Evolution 54 (2008) 705e719

Fig. 2. Resampling procedure as it would proceed for MC4 on a subset of G. gorilla specimens. This procedure would be repeated for all four metacarpals in each
of the 10,000 iterations.

individuals were chosen to fill the data matrix, and the procedure continued from step 3, as described above.
This resampling procedure produced logged MC breadth
ratios based on the same sample sizes as those of the fossil
sample. From these ratios, distributions of MC breadth ratios
were built for comparison among the extant taxa, and with
the single MC breadth ratio observation in A. africanus. However, given that these distributions were based on reduced sample sizes and drawn separately for each MC, the ratios
calculated from each iteration undoubtedly came from different subsets of data within each particular taxon. This resampling procedure has the effect of raising the level of
variance as compared to distributions built from complete individuals. Therefore, for the purposes of pairwise comparison,
this is a conservative test of differences in MC breadth ratio.
Significance tests for pairwise comparisons of mean MC
breadth ratios between taxa were conducted using a randomization procedure that calculated the difference between
randomly paired logged ratio values. A given pair of taxonspecific distributions was tested such that the difference was
always calculated as Species A  Species B, and depending
on the taxa in question, could take on both positive and negative values, with a difference of zero indicating equal MC
breadth ratios. A two-tailed test of significance was determined by setting the larger of the two proportions equal to
1  2p, such that solving for p gives the p-value (e.g., if in
10,000 randomized pairwise comparisons 9,000 were
positivedmeaning that the ratio for Species A was greater

than that for Species B 90% of the timedthen the p-value
for this comparison would be 0.05). As previously stated,
this randomization method is a nonparametric test, and no assumptions regarding the distribution of the data were made.
Metacarpal length. Only one MC1 length (Stw 418), one
MC2 length (Stw 382), and two MC3 lengths (Stw 64 and
68, which Ricklan [1988] proposed belong to the same individual) are preserved in the A. africanus fossil record. We
compared the length of MC1 to the length of MC3 (as Alba
et al. [2003] did for the first and third digits) and also compared MC1 length against the GM of MC2 and MC3 lengths
(GM2,3len). The resampling procedure for the analyses of
MC length was similar to that for MC breadth. Each iteration
resampled two or three individuals (depending on the test),
with replacement, from each extant data set. Although four
A. africanus metacarpals preserve MC length, we averaged
the two MC3 values in recognition of Ricklan’s (1988) contention that they belong to the same individual and their metrical
similarity (our measurement of their respective lengths were
within 0.6 mm of one another). Next, individuals were
resampled, with replacement, and randomly selected to represent the lengths of MC1e3. Next, the natural logarithm of the
quotient of MC1 length for that particular iteration and either
the selected MC3 or the GM2,3len was taken, depending on the
test, and this procedure was repeated 10,000 times. For comparison across extant distributions and the single observation
in A. africanus, a two-tailed test of significance was performed
for MC length ratios, as for the comparison of MC breadth
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ratios. All of the above procedures were performed using the R
statistical programming language, version 2.4.1 (Ihaka and
Gentleman, 1996).
Results
The general relationship among human and ape metacarpals
is apparent in a principal components analysis (PCA) of the natural logarithm of each individual’s size-adjusted variable from
the four MCs in this study (four MCs and seven measurements
for a total of 28 variables per individualdvalues were size-adjusted by dividing each measurement by the GM of all 28 values
for that individual hand). The PCA plot of the first two factors
(which account for 57.7% of the variance) is shown in Fig. 3a.
Modern humans separate most clearly from the great apes positively along Factor 1. Not surprisingly, all seven MC1 variables
contribute positively to the value of each Factor 1 score, such
that data points with large MC1 values (i.e., human individuals)
cluster far to the right on the x-axis (Figs. 3a,b). Similarly, many
of the H. sapiens points are slightly positive for Factor 2, and

Fig. 3. (a) PCA of all four metacarpals, each individually size-adjusted by the
GM of all 28 MC values of a given hand (seven measurements  four MCs).
The lower graph (b) shows the six variables along each axis that contributed
most heavily to each factor score. For example, most of the Homo data points
exist in positive x- and y-space; accordingly, MC1 values contribute positively
to an individual’s factor score along both of these axes.
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many of the positive contributions to the factor score along
that axis also come from MC1 variables (Fig. 3b). While gorillas
are most similar to chimpanzees and orangutans, they do show
a slight separation from these taxa along the Factor 1 axis;
orangutans differ slightly from the African apes along the Factor
2 axis (Fig. 3a).
An ANCOVA was performed for each of the three comparisons (GM1:GM2,3,4, MC1 length:MC3 length, and MC1
length:GM2,3len) to ensure that the numerator and denominator
of each proportion scaled isometrically in each of the comparative taxa. In all of these cases, slopes do not differ significantly between taxa, and the confidence interval of the
common slope for all taxa includes 1.0 and thus does not significantly differ from isometry (with logged values, isometry is
equal to a slope of 1.0). Also notable is the fact that each of the
H. sapiens lines has a significantly different y-intercept than
those of the three apes in each ANCOVA test (Fig. 4).
Since modern humans have MC1s that are relatively larger
than those of great apes (Midlo, 1934; Napier, 1956, 1960), it
is not surprising that the mean MC breadth and length ratios
are highest in H. sapiens (Table 4). In relative breadth, the human average is a positive value, and as the values in Table 4
are natural logarithms of the mean ratio, on average the human
MC1 breadth is greater than the GM of the other three MCs
(i.e., GM1:GM2,3,4 > 1). The great ape breadth ratios are
most similar to one another, considerably less than in humans,
and negative, showing that the average ape GM2,3,4 is greater
than GM1. These results accord with the observation that, relative to the thumb, apes have relatively larger fingers than humans (Susman, 1979). In both tests of relative length, all four
extant taxa returned a negative ratio value, and again, human
values are greater than those for the ape taxa. It follows that,
while human MC1s are relatively much longer than those of
the great apes, they are still absolutely shorter than the other
digitsdthough not to the same degree as in great ape hands.
When compared to the actual individual mean MC ratio, resampled mean MC ratios are within 0.003 log units in each
case and the distributions are within 0.09 standard deviations
(SD) of their respective individual means (Table 4). Histograms of resampled and individual distributions show no discernible difference in mean logged MC ratios (Fig. 5).
Despite the constraints placed on these analyses to replicate
the more limited fossil data set, resampling the comparative
sample in this manner preserves the actual mean MC ratio
for a given taxon. Even though actual and resampled means
differ among taxa, the actual mean MC ratios do not differ
from the resampled means within taxa.
Although the actual individual standard deviations are similar across the extant taxa, the standard deviations for the resampled distributions are higher, especially for G. gorilla
and P. pygmaeus, the two most sexually dimorphic taxa in
the comparative sample (Table 4). In resampling the mixedsex samples, some of the iterations will occasionally choose
predominantly male MC1s and predominantly female MC2e
4, and vice versa. In highly sexually dimorphic taxa, this
will have the effect of widening the tails of the resampled
distributions (Fig. 5). Consequently, one is less likely to find
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Fig. 4. Bivariate plots of logged (a) GM1 and GM2,3,4, where the common slope for all four taxa (as determined by the ANCOVA) is 1.002 with a 95% confidence
interval of 0.94e1.06; (b) MC1 length and MC3 length, where the common slope is 0.91 with a 95% confidence interval of 0.81e1.01; and (c) MC1 length and
GM2,3len, where the common slope of 0.92 and a confidence interval of 0.83e1.02. In every case, the slopes of each taxon are not significantly different from one
another or 1.00 (isometry), but the y-intercept of Homo is significantly different from that of each ape.

significant differences with pairwise comparisons when considering highly dimorphic taxa with wider-tailed distributions.

Table 4
Comparison of actual and resampled MC ratios

Breadth- and length-ratio pairwise comparisons

Species

Individual ratios

Mean

SD

Distributions of 10,000 resampled MC breadth ratios were
calculated using a method that allowed comparison to a single
observation in the fossil sample. In MC breadth, the A. africanus ratio is significantly lower than the H. sapiens mean
( p ¼ 0.037), but A. africanus is not significantly different
( p  0.287) from the three resampled ape MC ratio means
(Tables 4 and 5). The A. africanus MC breadth ratio value is
shown in Fig. 6a as a single line and clearly overlaps the resampled ape distributions; there is considerable overlap between the H. sapiens and G. gorilla and P. pygmaeus
distributions, but not between H. sapiens and P. troglodytes.
The difference between humans and chimpanzees is significant ( p ¼ 0.015), while the differences between humans and
gorillas and orangutans do not reach statistical significance
( p  0.117; Table 5). None of the differences reported in
Tables 4 and 5 are significantly altered when Stw 382 and
394, and Stw 26, 64, and 68 are treated as belonging to two
individuals rather than five. Here, we report the breadth

Relative MC breadth ln(GM1/GM2,3,4)
A. africanus
e
e
H. sapiens
0.087
0.033
G. gorilla
0.143
0.040
P. pygmaeus
0.145
0.043
P. troglodytes
0.196
0.049

0.112*
0.089
0.144
0.147
0.198

e
0.093
0.130
0.116
0.076

Relative MC length
A. africanus
H. sapiens
G. gorilla
P. pygmaeus
P. troglodytes

ln(MC1/MC3)
e
0.374
0.650
0.769
0.778

e
0.043
0.063
0.053
0.055

0.399*
0.371
0.650
0.768
0.778

e
0.123
0.132
0.137
0.105

Relative MC length
A. africanus
H. sapiens
G. gorilla
P. pygmaeus
P. troglodytes

ln(MC1/GM2,3len)
e
e
0.389
0.038
0.655
0.062
0.776
0.052
0.782
0.054

0.486*
0.390
0.658
0.775
0.783

e
0.107
0.117
0.122
0.097

Mean

Resampled ratios
SD

* Fossil values represent a single observation as opposed to the mean of
10,000 resampled values for the comparative sample.
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Fig. 5. Histograms of individual (a) ln(GM1/GM2,3,4), (b) ln(MC1 length/MC3 length), and (c) ln(MC1 length/GM2,3len) values and resampled mean values for extant species. Upper histograms are resampled mean
ratio values; inverted histograms are individual ratio values. Although standard deviations differ between the two methods, means are virtually identical within each species. Dashed lines represent mean values for
individual ratio values; solid lines are mean values from the resampling procedure; refer to Table 4 for actual values. Note that ratio values on the x-axes differ for each analysis.
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Table 5
Pairwise comparisons of mean relative MC values by species
A. africanus

G. gorilla

H. sapiens

P. pygmaeus

P. troglodytes

Relative MC breadth ln(GM1/GM2,3,4)
A. africanus
e
G. gorilla
0.836
H. sapiens
0.037
P. pygmaeus
0.722
P. troglodytes
0.287

0.032
e
0.152
0.995
0.752

0.200
0.232
e
0.117
0.015

0.036
0.004
0.236
e
0.735

0.087
0.055
L0.287
0.051
e

Relative MC length ln(MC1/MC3)
A. africanus
e
G. gorilla
0.055
H. sapiens
0.832
P. pygmaeus
0.006
P. troglodytes
<0.001

0.251
e
0.133
0.537
0.463

0.028
0.279
e
0.031
0.013

L0.370
0.118
L0.397
e
0.939

L0.379
0.128
L0.407
0.009
e

Relative MC length ln(MC1/GM2,3len)
A. africanus
e
G. gorilla
0.170
H. sapiens
0.394
P. pygmaeus
0.020
P. troglodytes
0.005

0.171
e
0.099
0.481
0.417

0.097
0.268
e
0.018
0.008

L0.289
0.118
L0.386
e
0.950

L0.297
0.125
L0.393
0.008
e

Values above the diagonal are differences in mean relative MC (top species minus side species); values below the diagonal are the p-values for those differences.
Differences significant at the a ¼ 0.05 level are indicated in bold.

Fig. 6. Combined histograms for resampled (a) ln(GM1/GM2,3,4), (b) ln(MC1 length/MC3 length), and (c) ln(MC1 length/GM2,3len) trials with the single fossil
observation for A. africanus included. Australopithecus africanus is more apelike in relative GM1 breadth and more humanlike in relative MC1 length.
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analysis results of the latter case and the length analysis results
of the former, which randomly selected one MC3 length (as opposed to two) for each iteration of the resampling procedure.
In relative MC1:MC3 length, the difference between
humans and A. africanus is not significant ( p ¼ 0.832) and
the differences between A. africanus and P. pygmaeus and
P. troglodytes are significant ( p  0.006; Table 5). The difference between A. africanus and G. gorilla just fails to reach statistical significance ( p ¼ 0.055; Table 5). This relationship can
also be seen in Fig. 6b where the A. africanus value overlaps
the H. sapiens distribution more so than those of the apes. In
this case, there is little overlap between the H. sapiens and
P. troglodytes and P. pygmaeus distributionsdwhose mean
differences are significant ( p  0.031; Table 5). However,
there is slightly more overlap between the H. sapiens and
G. gorilla distributions. Consequently, the difference between
these two taxa is not significant (Table 5).
When the length of the fingers is represented by GM2,3len,
the outcome is slightly different. The A. africanus logged ratio
is more negative than when just MC1 and MC3 lengths
are considered, although the differences between it and P. pygmaeus and P. troglodytes remain significant ( p  0.02). The
difference between A. africanus and G. gorilla is not significant, and even though the difference between A. africanus
and H. sapiens is greater than in the MC1:MC3 test, this difference is not significant either (Tables 4, 5). Ricklan (1988)
noted that Stw 382 is much longer than any of the other metacarpals in this study and argued that it probably belonged to
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a much larger individual. This MC2 is almost certainly driving
the more apelike value in relative length for this test (Fig. 7b).
Discussion
Whereas small fossil samples in Australopithecus and especially A. africanus have limited comparisons with living
species and, thus, also inferences about form and function,
randomization techniques have been successfully employed
for testing questions of manual proportions (Alba et al.,
2003), interspecific variation (Skinner et al., 2006), and sexual dimorphism (Richmond and Jungers, 1995; Lockwood
et al., 1996) in instances where small fossil samples warranted only a single observation. This analysis imposed sampling constraints on comparative hominoid taxa following the
preservation in the fossil record to test the likelihood of
drawing A. africanus-like MC proportions from resampled
groups of H. sapiens, G. gorilla, P. pygmaeus, and P. troglodytes. This approach, which preserves the observed mean
of individual MC ratios within each extant group, shows
that A. africanus possesses relatively long yet slender first
metacarpals and relatively shorter second through fourth
metacarpals.
None of the intra-ape pairwise differences reached statistical significance. In contrast, H. sapiens is significantly different from most of the great apes, except for G. gorilla and
P. pygmaeus in relative MC breadth and G. gorilla in relative
MC length. This is not entirely surprising given the

Fig. 7. Comparison of metacarpals (a) one, (b) two, (c) three, and (d) four in modern humans (left) and chimpanzees (right) (top row). Australopithecus africanus
MCs are along the bottom row, from left to right: MC1 (Stw 583, 418); MC2 (Stw 382); MC3 (Stw 64, 394, 68); MC4 (Stw 26, 330, 65, 292, 552). The size of Stw
382, which likely drove the more apelike value in the MC1 length:GM2,3len trial, is evident. Scale bar ¼ 1 cm.
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conservative nature of the method, which increases the standard deviations of species that have high levels of sexual
size dimorphism (Table 4; depicted in Fig. 5), so that one is
much less likely to find significant differences in comparisons
that include taxa such as P. pygmaeus and G. gorilla. In addition to this sampling effect, several authors have noted that G.
gorilla hands, which have relatively long and broad first metacarpals, are proportionally more humanlike than the hands of
other great apes (Hamrick and Inouye, 1995; Ohman et al.,
1995; but see Susman, 1995, 1998), a result supported by
the PCA in this study (Fig. 3). The similarity of human and
gorilla hands has been attributed to the overall size and locomotor habits of G. gorilla, which is the least arboreal of the
great apes (Inouye, 1992, 1994; Doran, 1997). More recently,
Drapeau and Ward (2007) showed that metacarpal/ulna length
proportions in Pan were higher than those in Gorilla and that
humans and gorillas were more similar to one another. Furthermore, they found that, for Pan, this relationship was driven
more by longer metacarpals than by shorter ulnae, as relative
ulnar length was similar in Gorilla and Pan. Additionally, they
contended that the relatively short metacarpals in Gorilla and
Homo may be more representative of the primitive condition
for the great ape/human clade, and that the longer metacarpals
in Pan could be autapomorphic based on their more arboreal
locomotor regime (Doran, 1997; Drapeau and Ward, 2007).
Thus, common ancestry may, in part, explain why G. gorilla
hands appear to be more humanlike than those of other great
apes in relative MC1 length and breadth.
Our results for A. africanus MC length proportions show
them to be similar to A. afarensis, as posited by Alba et al.
(2003) and other researchers (Latimer, 1991; Watkins et al.,
1993), who maintained that the humanlike manual proportions
in the latter species are driven by short fingers, rather than long
thumbs. The high opposability index (thumb:finger length) in
modern humans, which facilitates (but is not a prerequisite for)
a wide range of grip types, is largely due to short fingers promoting pad-to-pad precision grips (Schultz, 1930; Napier,
1956, 1960). This being the case, the most notable features
of modern human MC1 morphology are the breadths of the
shaft and articular surfaces (Fig. 8). Thus, while A. africanus
is more like modern humans in relative MC1 length, the fact
that it is more like great apes in relative MC1 breadth shows
that A. africanus had not developed all of the features characteristic of the modern human MC1 (Tables 4, 5; Fig. 6)
(Susman, 1994, 1998). As Susman (1994) showed in comparing first metacarpals of modern humans, fossil Homo, Australopithecus, Paranthropus, and common and pygmy
chimpanzees, the increased breadth of the MC1 head relative
to its length in Homo and Paranthropus is an important characteristic signaling that a hand is morphologically adapted to
manipulative activities like tool-making. Therefore, the absence of humanlike MC breadth proportions in A. africanus
suggests that it did not employ the full range of tool-using behaviors seen in later hominins with the full suite of human
hand morphologies.
The relatively modern-human-like proportions of the A.
afarensis hand predate the earliest known stone tools by

Fig. 8. (a) Dorsal, (b) palmar, and (c) ulnar views of MC1s in, from left to
right, A. africanus (Stw 583 and 418), a human, and a chimpanzee. While
all three complete MC1s are similar in absolute length, the chimpanzee and
A. africanus MCs are much narrower than that of the modern human. Scale
bars ¼ 1 cm.

approximately 0.75 Myr (Johanson et al., 1982; Semaw,
2000; Semaw et al., 2003), which challenges Susman’s
(1994) proposition that humanlike hand proportions evolved
as a result of selection for stone-tool manufacture. Alba
et al. (2003) interpreted the relatively short fingers as evidence
that A. afarensis had largely abandoned arboreal behaviors, relaxing the selective pressures on the hand for long fingers and
rendering the australopith hand more humanlike in appearance. Similarly, the ‘‘modern-human-like’’ manual proportions
seen in some digitigrade, terrestrial quadrupedal monkeys
have also been attributed to the relaxation of suspensory
stresses and linked with the dexterity seen in some of these
groups (Maier, 1993). The relatively short fingers of A. afarensis would seem to point to the diminished role of the hand in
locomotion and the adoption of a less arboreal lifestyle (Latimer, 1991). Although Alba et al. (2003) did not suggest the
complete absence of arboreal activities in A. afarensis, they
contended that selection for more tool-using behaviors
(though, not necessarily stone tools produced by hard-hammer
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percussion) would have further promoted short fingers in A.
afarensis, as increased levels of terrestrial bipedal locomotion
relaxed the locomotor constraints on the hands (Marzke, 1997;
Panger et al., 2002). Alba et al. (2003) also entertained the
possibility that developmental factors influenced A. afarensis
hand proportions: selection for a shorter foot, among other bipedal traits, could have had the pleiotropic effect of similarly
shortening the hand (e.g., genetic pathways that regulate the
outgrowth of features of the upper and lower limbs during embryological development) (Alba et al., 2003, and references
therein).
The manual length proportions of A. africanus reflect selection for a hand more suited to performing a broad range of manipulative tasks. While this change does not explicitly refute
climbing as a significant portion of the australopith locomotor
suite (and there is a great deal of evidence in other parts of the
skeleton that have been used as arguments in favor of arboreality), the fact that selective pressures were acting to shorten the
fingers relative to the thumb is noteworthy. At the very least,
this change demonstrates that, if these early hominins did employ locomotor activities other than bipedalism, they did so
with a body shape that has no modern analog. Furthermore,
the appearance of humanlike digital length proportions prior
to the earliest archaeological evidence for stone tools indicates
that the evolution of more derived hands may not be directly
related to, and actually preceded, the onset of stone-tool use.
Even still, the relative breadth of the first metacarpal is
slender and apelike, and reflects a hand subject to different
types of stresses than those arising from the power and precision grips required for stone-tool use and manufacture. Tocheri et al. (2005) and Tocheri (2007) discussed important
differences in the first and second carpometacarpal joints between modern humans and great apes that reflect the morphological requirements of humans to withstand the transverse
loads placed on their hands during tool use, while the ape configuration is representative of locomotor demands (see also
Lewis [1973] and McHenry [1983], who discussed some apelike features of the A. africanus capitate, TM 1526). Tocheri
(2007) found that the australopith wrist bones were more
like those of apes than humans, which accords with the observation here that the A. africanus MC1 was relatively apelike.
Additionally, there are other primitive attributes of the australopith hand that may have been maintained for use in a locomotor context. Ricklan (1988) noted that the phalanges of A.
africanus were curved, which is suggestive of fingers adapted
to arboreal behaviors, as others have noted in A. afarensis
(Stern and Susman, 1983; Susman et al., 1984). In a comparative ontogenetic study of macaques, gibbons, orangutans, gorillas, and humans, Richmond (1998) found that, within
species, phalangeal curvature was positively correlated with
percentage of time spent climbing. This observation is supported by similar studies, which showed that phalangeal curvature offers a biomechanical advantage by reducing the bending
strains imposed on the phalangeal shafts during arboreal
grasping (Preuschoft, 1973; Richmond, 2007). The hypothesis
that phalangeal curvature responds to changes in locomotor regime throughout an organism’s life and is a mechanical
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response to counteract the loads incurred while climbing, supports the assertion that arboreal behaviors may have been an
important component of the australopith locomotor suite
(Richmond, 2007). Nevertheless, Ricklan (1988, 1990) argued
that the manipulative features of A. africanus hands precluded
them from practicing a great deal of climbing, and asserted
that many of the humanlike traits he identified in A. africanus
hands were mostly lacking in the potentially more arboreal A.
afarensis.
The issues raised by Ricklan (1988, 1990) highlight the debate centering on the issue of australopith locomotion, with
one group holding that apelike features in early hominins
were adaptively important (Stern and Susman, 1983; Susman
et al., 1984; Susman and Stern, 1991) and others arguing
only for the functional relevance of derived, bipedal features
(Lovejoy, 1988; Latimer and Lovejoy, 1990; Latimer, 1991).
In order to assess australopith body shape, McHenry and
Berger (1998) and, more recently, Dobson (2005) and Green
et al. (2007), examined relative upper/lower limb proportions
in A. afarensis and A. africanus. McHenry and Berger
(1998) determined that A. africanus possessed more apelike,
forelimb-dominated limb proportions than A. afarensis and
Green et al. (2007) found statistical support for this observation. Dobson (2005), who considered only the associated skeletons A.L. 288-1 and Stw 431, found mixed results. Green
et al. (2007) found that for extant hominoids, the taxon with
the most forelimb-dominated limb proportions was also the
most arboreal (orangutans), while the least arboreal (modern
humans) possessed the most hindlimb-dominated limb proportions. This pattern suggested that A. africanus was actually
more arboreal than A. afarensis, despite being nearly 1 Myr
younger.
Alba et al.’s (2003) assertion that A. afarensis had relatively
humanlike manual proportions follows with evidence that their
overall limb proportions were also more humanlike (McHenry
and Berger, 1998; Green et al., 2007). However, the determination here that A. africanus also possessed more humanlike
hands does not accord with the contention that A. africanus
had overall more apelike limb proportions than A. afarensis
(but direct comparison of manual proportions in these two
groups is warranted). It is possible that shorter fingers were
present in the common ancestor of A. afarensis and A. africanus (or in a more distant ancestor, as proposed by Drapeau and
Ward [2007]) as a result of selective regimes favoring bipedalism and manual dexterity. Nevertheless, arboreality could
still have been an important part of the australopith behavioral
suite, as was bipedalism and possibly tool use. The mosaic of
human and apelike features in A. africanus and A. afarensis
hands suggests that they served functions with analogs in
both living apes and humans.
Conclusion
This analysis used resampling procedures to compare the
manual proportions of unassociated A. africanus hand bones
with those of extant hominoids. We found that A. africanus
possessed metacarpals that were not significantly different
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from humans in their length proportions, but exhibited a more
apelike pattern in relative MC breadth. Several authors have
noted that the relatively long thumbs in humans are necessary
for a wide range of precision grips (Napier, 1956; Marzke,
1997; Susman, 1998), but similarities with other hominoids,
such as G. gorilla (which were not significantly different
from humans in this study), may diminish the diagnostic impact of this trait when considered by itself. Consequently,
the significant difference in relative MC breadth between H.
sapiens and A. africanus highlights the fact that their hands
were not subject to the same types of sustained stresses as
were those of hominins more devoted to stone-tool manufacture (Tocheri, 2007). Even so, the shortened fingers in A. africanus coupled with well-documented adaptations for bipedal
locomotion may indicate a more humanlike behavioral regime
(Latimer, 1991). Conversely, the maintenance of phalangeal
curvature (Ricklan, 1988), the possible pleiotropic effects of
toe shortening (Alba et al., 2003, and references therein),
and evidence that A. africanus possessed apelike limb-size
proportions (McHenry and Berger, 1998; Green et al., 2007)
suggests that arboreality would have been a significant component of their locomotor regime. While this mixed pattern of
ape- and humanlike features in A. africanus complicates
a more definitive functional interpretation, it is consistent
with a scenario in which the hands were being employed for
both locomotion and an appreciable amount of tool use.
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