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ABSTRACT
The joint between the capitate and third metacarpal plays an impor-

tant role in stabilizing the manus during hand use in great apes and
humans. Researchers have examined the morphology of this region in
humans, our fossil relatives, and other extant primates to try to under-
stand the importance of this joint in human evolution. The first goal of
our research was to explore shape variation of the third metacarpal capi-
tate facet across extant anthropoids, including hominoids, cercopithecoids,
and platyrrhines. This analysis allowed us to examine the range of varia-
tion in the capitate facet and the degree to which locomotor behavior,
phylogeny, and size explained shape variation. We also examined capitate
facet shape in the early hominin fossil record in order to explore how the
shape of this articular surface has changed during early hominin evolu-
tion. We captured six landmark coordinates on the edge of the capitate
facet in extant anthropoids and fossil specimens to quantify and visualize
shape variation in this region. We used principal components analysis,
Procrustes distances, and multivariate regression analysis to investigate
different possible influences on shape variation. We found that shape var-
iation corresponded to function, phylogeny, and size. With the exception
of brachiation, shape variation did not clearly correspond with any
specific locomotor behavior. However, we identified a shift in the relative
mediolateral breadth of the capitate facet during early hominin evolution,
which is most likely one of several adaptations for a more stable joint
surface. Anat Rec, 296:240–249, 2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

The central joint complex (CJC) described by Lovejoy
et al. (2009) provides key evidence for the evolution of the
hominin hand. This complex includes articulations
between the trapezoid, capitate, and the second and third
(Mc3) metacarpals (Lovejoy et al., 2009). The CJC offers
important information regarding the degree of wrist
mobility or stability during limb activity, and studies of
this anatomical region have played an important role in
inferring hominin hand use (e.g., Lewis, 1973, 1977;
Marzke, 1983; McHenry, 1983; Marzke and Marzke,
1987, 2000; Ricklan, 1987; Panger et al., 2002; Young,
2003; Tocheri et al., 2008). Furthermore, researchers
have examined aspects of the CJC in modern humans
and earlier hominins in an attempt to infer the behav-
ioral and morphological character states of the last
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common ancestor of humans and chimpanzees (e.g.,
Richmond et al., 2001; Orr, 2005; Tocheri et al., 2008;
Lovejoy et al., 2009). Within the CJC, articular surface
morphology of the Mc3-capitate joint is unique in humans
compared to other extant hominoids, and differences
between humans and other hominoids have been
hypothesized to correspond with functional differences in
hand use, grip capabilities, and wrist stability (Lewis,
1977; Marzke and Marzke, 1987; Young, 2003).

Unlike great apes, human Mc3 bases do not have deep
grooves that house large carpometacarpal ligaments.
Pongo, Gorilla, and Pan are characterized by large inter-
osseus carpometacarpal ligaments on either side of the
third metacarpal. These ligaments require expanded
grooves that separate the dorsal and palmar aspects of the
intermetacarpal facets on each side of the third metacar-
pal base (Lewis, 1977; Marzke, 1983; Lovejoy et al., 2009).
Additionally, the joint surfaces of the human capitate and
the Mc3 are relatively flat compared to great apes. Along
with the large interosseous ligaments, the uneven joint
surfaces of the capitate and Mc3 observed in extant great
apes act as a locking mechanism that reduces axial rota-
tion and sliding at the joint (Marzke and Marzke, 1987;
Lovejoy et al., 2009). Modern humans, however, have their
own skeletal adaptations for stability at the Mc3-capitate
joint. Homo is the only extant hominoid with a styloid pro-
cess on the dorsal aspect of the third metacarpal base that
articulates with the capitate, not allowing any movement
at the Mc3-capitate joint (Marzke and Marzke, 1987;
Marzke and Marzke, 2000). Sarmiento (1994, 1998) has
reported that this feature is found in some gorilla metacar-
pals as well (however, see Marzke and Marzke [2000] for a
different view on this morphology in African apes). On the
basis of biomechanical and comparative analyses, Marzke
and Marzke (1987, 2000) proposed that the dorsal position
of a styloid process, coupled with the palmar attachment
of the pisometacarpal III ligament, might stabilize the
human third metacarpal from forces acting on the palmar
aspect of the Mc3 distal end. Marzke and Marzke (1987,
2000) suggested that the evolution of this morphology
could be due to repeated use of hard hammer percussion
during tool manufacture. In accordance with this hypothe-
sis, Williams et al.’s (2012) recent study of forces acting on
the hand during Oldowan tool manufacture found that the
second and third digits experienced higher joint reaction
forces during swing and strike phases of tool production
than the first digit. Ricklan (1987) suggested a different
explanation for the appearance of a styloid process during
human evolution in which its presence offers joint stability
in humans by creating a larger attachment site for liga-
ments that limit dorsal and palmar movement at the
carpometacarpal joint. In either case, Mc3-capitate joint
stability appears to be an important aspect of the human
CJC, but the adaptations allowing increased joint stability
differ from those of great apes.

Homo is not the only hominoid genus that differs from
extant great apes in Mc3 base morphology. Early homi-
nins, including Ardipithecus and Australopithecus, are
similar to Homo in lacking the deep ligament grooves on
the radial and ulnar side of the third metacarpal base
(Lovejoy et al., 2009). Humans also share this aspect of
their CJC morphology with an inferred arboreal quadru-
ped, Proconsul, which lacks the suspensory and knuckle-
walking specializations in its hand skeleton that

characterize extant great apes (e.g., Rose, 1994; Begun
et al., 1994; Ward, 1998; Lovejoy et al., 2009; Rein et al.,
2011). In addition, Homo sapiens and Australopithecus
afarensis share relatively flat and palmarly narrow capi-
tate facets to the exclusion of extant great apes (Bush
et al., 1982; Drapeau et al., 2005, Lovejoy et al., 2009).
The palmar end of this joint surface in two Australopi-
thecus afarensis specimens, A.L. 438-1d and A.L. 333w-
6, is relatively narrower in the mediolateral plane than
it is in modern humans, whereas other specimens have
a palmar end that is wider than that of humans but still
narrower than great apes (Drapeau et al., 2005). In
many ways, early hominins (such as Australopithecus
afarensis) and modern humans share a capitate facet
morphology that distinguishes them from extant apes.

Beyond these similarities, there are also differences in
proximal articular surface morphology between modern
humans and early hominins such as Australopithecus
afarensis. For example, Australopithecus afarensis lacks
a styloid process on the third metacarpal, a trait that
most likely evolved in the human lineage to enhance sta-
bility at the carpometacarpal joint (Bush et al., 1982;
Marzke, 1983; McHenry, 1983; Marzke and Marzke,
1987, 2000; Drapeau et al., 2005). However, researchers
have reported the presence of short or slight styloid proc-
esses on the third metacarpal bases of Australopithecus
africanus (Stw 64) and the unidentified SKX 3646 speci-
men (Ricklan, 1987; Susman, 1989). Although the styloid
process morphology observed in these early hominins
from South Africa is not equivalent to that of modern
humans, it might signal a shift during early hominin
evolution to a Mc3-capitate joint that is more adapted for
joint stability and to oppose forces acting on the third
digit. We were interested in exploring early hominin
proximal Mc3 shape and examining whether or not there
were other changes to the capitate facet that might
correspond to enhanced stability of this joint.

The first goal of our research was to explore shape var-
iation in the capitate facet across extant anthropoids,
including hominoids, cercopithecoids, and platyrrhines.
This analysis allowed us to examine the range of varia-
tion in this joint surface and the degree to which
locomotor behavior, phylogeny, and size explained shape
variation. We expected both locomotor function and phy-
logeny to be significantly related to capitate facet shape
since closely related taxa perform similar locomotor
behaviors in many cases. Next, we incorporated measure-
ments on the capitate facets of early hominins, including
Australopithecus afarensis, Australopithecus africanus,
Australopithecus sediba, and an unidentified hominin
metacarpal from Member 2 of the Swartkrans Formation.
We explored how the shape of the capitate facet has
changed during early hominin evolution and we tested
the following hypotheses:

1. Shape variation in the capitate facet will provide
both a functional and phylogenetic signal.
a. There will be significant correspondence between

published proportions of locomotor behaviors
(knuckle-walking, vertical climbing, brachiation,
quadrupedalism, and overall substrate usage) and
shape of the capitate facet border in extant
anthropoids.

b. Furthermore, there will be a significant relationship
between phylogeny and articular surface shape.
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2. Mc3 capitate facet shape changed during early homi-
nin evolution.
a. Australopithecus afarensis will be characterized by

a capitate facet shape that is different from later
hominins in South Africa.

MATERIALS AND METHODS

We measured the proximal articular surface of 203
third metacarpals representing extant anthropoids, Aus-
tralopithecus afarensis, Australopithecus africanus,
Australopithecus sediba, and SKX 3646 (Table 1). Meas-
urements were collected on extant specimens from
museums and research institutions in the United States,
Europe, and East Africa (see Rein [2010] for a complete
list of museum collections). We attempted to measure an
equal number of male and female adult specimens
whenever possible. In addition, we measured the Mc3
from the left manus when available. If the left was not
available, we measured the right side.

Locomotor proportion data were based on several
published sources (Table 2). We chose five locomotor cat-
egories to examine, including palmigrade/digitigrade
quadrupedalism (QUAD), knuckle-walking (KW), bra-
chiation (BRAC), vertical climbing (VC), and overall
substrate usage (SUB), and assigned taxa values based
on published reports of the proportion of time species
spend performing different behaviors. Palmigrade and
digitigrade hand postures used during quadrupedalism
were grouped into the same category since recent stud-
ies have shown variation in use of these hand postures
within a species, and metacarpal traits do not always
clearly distinguish between ‘‘palmigrade’’ and ‘‘digiti-
grade’’ quadrupeds (Patel, 2009, 2010; Patel and Polk,
2010). Extant taxa were not assigned to a single locomo-
tor category. Instead, we assigned values for each
locomotor category to species in order to account for the

diverse locomotor repertoires of these taxa. While these
six categories are quite general and do not account for
subtle differences between species, they are useful since
they allow the incorporation of a larger number of
species into the analysis for which published locomotor
data are reported using these general categories.

One of us (TRR) collected three-dimensional coordi-
nate data with a portable Microscribe digitizer on all
specimens representing extant taxa and Australopithe-
cus afarensis. TRR also collected landmark coordinate
data on scans of fossil metacarpals using the EVAN Tool-
box, including those of the original specimens of
Australopithecus africanus (Stw 64 and Stw 68) and
SKX 3646. A surface scan of a cast of UW 88-116 (Aus-
tralopithecus sediba third metacarpal described by
Kivell et al. [2011]) from the American Museum of Natu-
ral History was measured as well. The Stw 64, Stw 68,
and the cast of UW 88-116 fossil specimens were
scanned with a NextEngine desktop laser scanner. A
surface model of the SKX 3646 specimen was created
from CT scan data. We chose six landmarks to represent
variation in capitate facet shape (Fig. 1; Table 3). To vis-
ualize the shape recorded by our landmark set, we built
a wireframe model in MorphoJ (version 1.05a; Klingen-
berg, 2011). Each specimen that was microscribed was
placed in plasticine in a position that allowed all land-
marks to be captured at one time.

To examine intraobserver error, a modern human
third metacarpal was digitized ten times by TRR with a
Microscribe digitizer and another ten times with the
Evan Toolbox over separate 2 week periods. A surface
model of the metacarpal was made by TRR using a Nex-
tEngine desktop laser scanner and ScanStudio HD Pro.
We assessed the impact of measurement error on our
results by comparing Procrustes distances calculated in
the Evan Toolbox between repeated measurements of
the same specimen to those between 20 individuals from
the Hamann-Todd Collection. To test for measurement
error due to the use of different measurement

TABLE 1. Sample sizes of extant and fossil
specimensa

Taxon Male Female Indeterminate Total

Homo sapiensb 10 10 9 29
Pan troglodytes 16 7 0 23
Gorilla gorilla 10 10 0 20
Pongo pygmaeus 9 9 0 18
Hylobates lar 10 10 0 20
Papio anubis 13 5 1 19
Macaca fascicularis 9 9 0 18
Cercopithecus mitis 8 11 0 19
Cebus apella 9 10 0 19
Ateles geoffroyi 3 7 0 10
Australopithecus afarensis – – 4 4
Australopithecus africanus – – 2 2
Australopithecus sediba – – 1 1
SKX 3646c – – 1 1

aAustralopithecus afarensis specimens include A.L. 438–1d,
A.L. 333w-6, A.L. 333–16, A.L. 333–65. Australopithecus
africanus specimens include Stw 64 and Stw 68. Australopi-
thecus sediba specimen measured in this study was a cast
of UW 88–116.
bIsolated human metacarpal specimens from the skeletal
collections at the University of Tübingen did not have infor-
mation regarding sex of the individual.
cThird metacarpal proximal base from Swartkrans Member
2 not identified to a specific taxon.

TABLE 2. Locomotor proportion data used in cova-
riation analysesa

Taxon QUAD KW BRAC VC SUBb

Homo sapiens 0.0 0.0 0.0 0.0 99.0
Pan troglodytes 2.0 87.0 1.0 5.0 90.0
Gorilla gorilla 2.0 91.0 1.0 1.0 95.0
Pongo pygmaeus 12.0 0.0 10.0 25.0 1.0
Hylobates lar 0.0 0.0 50.0 17.0 0.0
Papio anubis 98.0 0.0 0.0 1.0 77.0
Macaca fascicularis 68.0 0.0 0.0 7.0 20.0
Cercopithecus mitis 54.0 0.0 0.0 3.0 5.0
Cebus apella 54.0 0.0 0.0 10.0 5.0
Ateles geoffroyi 24.0 0.0 25.0 7.0 0.0

aLocomotor categories include palmigrade/digitigrade quad-
rupedalism (QUAD), knuckle-walking (KW), brachiation
(BRAC), vertical climbing (VC), and substrate usage (SUB).
Brachiation includes specialized suspensory behaviors
described by Hunt et al. (1996). Locomotor proportions are
based on those reported in Gebo (1996), Youlatos (1998),
Manfreda et al. (2006), and Wright (2007). Substrate usage
proportions are based on Fleagle (1980), Crockett and Wil-
son (1980), Hunt (1989), Cant (1987), Fontaine (1990), Gebo
and Chapman (1995), Youlatos (1998), and Carlson (2005).
bHigher proportion values for overall substrate usage corre-
spond to greater amounts of time moving on the ground.
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techniques, we compared Procrustes distances between
repeated measurements with a Microscribe and repeated
measurements with the Evan Toolbox to those between
the 20 individuals from the Hamann-Todd Collection.
This method has been used in previous studies to inves-
tigate the effect of measurement error on results
(Lockwood et al., 2002; Noback et al., 2011). Procrustes
distances were calculated from the Procrustes coordinate
data for all six landmarks.

We superimposed the three-dimensional coordinates of
the six capitate facet landmarks using generalized Pro-
crustes analysis (GPA; Rohlf, 1990; O’Higgins and Jones,
1998) in MorphoJ (Klingenberg, 2011). Generalized Pro-
crustes analysis allows exploration of shape variation
across different specimens by removing the effects of

translation and rotation and scaling objects to a common
centroid size (O’Higgins and Jones, 1998). Once GPA has
been performed, the resulting Procrustes coordinates
can be used in further statistical analyses.

Most analyses were performed in MorphoJ (Klingen-
berg, 2011). Principal components analysis of the
covariance matrix of tangent projected coordinates was
performed to explore capitate facet shape variation
across extant and extinct specimens (O’Higgins and
Collard, 2002; Klingenberg, 2011). We also computed
Procrustes distances between the mean taxon shapes for
both extant and fossil specimens using the Evan
Toolbox. We did this in order to examine whether species
were most similar due to function or phylogeny and to
examine which species most closely resemble the fossil
specimens.

We also performed multivariate regression analysis in
MorphoJ to examine the relationship between shape
variation and different variables (Frost et al., 2003; Tur-
ley et al., 2011). The Procrustes coordinates were used
as dependent variables and locomotor data, log centroid
size, and phylogeny were employed as independent vari-
ables. Centroid size is the square root of the sum of
squared distances from each landmark coordinate in a
shape configuration to their mean position (Slice, 2007).
This is the value used to scale specimens during general-
ized Procrustes analysis. It is important to examine
allometry (i.e., the effect of size on shape) in this type of
functional analysis since many times differences in body
size can account for differences in shape (Manfreda
et al., 2006). In addition, phylogenetic history can influ-
ence skeletal shape. Therefore, we assigned species to
either the Catarrhini or Platyrrhini taxonomic group
using dummy variables similar to Frost et al. (2003) to
see if shared ancestry corresponded with Mc3 capitate
facet shape. Next, we calculated the proportion of the
total variance that was explained by each independent
variable in MorphoJ. We then examined the relationship
between the independent variables by calculating the
angles among the shape vectors for each variable in
MorphoJ as the arccosine of the vector dot products (see
Turley et al. [2011]). A parallel angle (0 degrees) repre-
sents correlations, whereas perpendicular angles (90
degrees) show independence between the vectors.
Finally, we visualized how these different variables cor-
responded with shape variation by adding and
subtracting the regression coefficients to the consensus
shape (see Turley et al. [2011]) and comparing wireframe
models in MorphoJ.

RESULTS

Results from the error test are shown in Figure 2.
Three of the 190 Procrustes distances between individu-
als of the inter-individual sample (1.6%) overlapped with
Procrustes distances between repeated measurements
taken on the same metacarpal. The results showed mini-
mal overlap, demonstrating that variation accounted for
by intraobserver error and the use of a Microscribe ver-
sus data collection from a surface scan was relatively
small compared to the level of variation between individ-
uals. The level of variation across the entire sample of
specimens included in the study is much greater than
the level of variation within just the modern human
sample tested here. Thus, measurement error accounts

Fig. 1. Landmarks collected on capitate facet shown on human left
third metacarpal.

TABLE 3. Definitions of six capitate facet landmarks
used in this study

Landmark Definition Type

1 Most medial point on the
dorsal border of the capitate facet

3

2 Most lateral point on the medial
border of the capitate facet

3

between the dorsal and the palmar
aspects of the metacarpal 4 facet

3 Most medial point on the palmar
border of the capitate facet

3

4 Most lateral point on the palmar
border of the capitate facet

3

5 Most medial point on the lateral
border of the capitate facet

3

between the dorsal and the palmar aspects
of the metacarpal 2 facet

6 Most lateral point on the dorsal border
of the capitate facet

3
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for a relatively small proportion of the total variation
across the interspecies sample.

We first explored shape variation among extant
anthropoids using principal components analysis
(Fig. 3). As shown in Figure 3, taxa cluster along the
first two principal components of shape variation in both
phylogenetic and functional groups. Quadrupedal Old
World monkeys and Cebus apella were characterized by
positive values along the first principal component
(PC1), whereas the overwhelming majority of knuckle-
walking African apes, suspensory orangutans, and
bipedal humans had negative PC1 scores. The great
apes and humans were characterized by mediolaterally
expanded capitate facets compared to highly quadrupe-
dal cercopithecines and platyrrhines. In addition, the
lateral aspect of the palmar border of the capitate facet
extended farther in the palmar direction compared to
the medial aspect in great apes and humans. The medial
and lateral aspects of the palmar border extended
equally in the palmar direction in quadrupedal monkeys.
The two brachiating taxa, gibbons and spider monkeys,
clustered along the second principal component based on
a shared medial constriction of the lateral border of the
capitate facet not observed to the same extent in any
other taxon.

We next examined Procrustes distances between mean
taxon shape configurations in order to quantify the over-
all similarities and differences between taxa (Table 4).
We will only discuss results for the extant taxa in this
section. In most cases, the lowest Procrustes distances

Fig. 2. Analysis of measurement error. Black columns represent
frequency of Procrustes distances between interindividual human
sample from Hamann-Todd Collection (20 individuals). The other col-
umns represent frequency distribution of distances between repeated
measurements on a single specimen by TRR with a Microscribe
digitizer and using the Evan Toolbox and surface scan data.

Fig. 3. Scatterplot of principal component scores one and two for shape variation of the capitate facet
in extant anthropoids. The image on the right shows how capitate facet shape deviates from the sample
mean shape along each principal component.
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were found between two taxa that were closely related.
This is the case for each of the hominoids. Pan and
Gorilla were most similar to one another. Homo was
most similar to Pan. Also, Cercopithecus and Macaca
were most similar to other Old World monkeys. Further-
more, Ateles was most similar to the closely related
Cebus, even though Ateles performs a much higher pro-
portion of brachiation during locomotion. However,
Cebus was most similar to distantly related Papio and
Cercopithecus in capitate facet shape among extant taxa,
and all three of these species have been observed to be
highly quadrupedal.

We next used multivariate regression to further exam-
ine the degree to which function and phylogeny
influence Mc3 capitate facet shape. Results of the regres-
sion of Procrustes coordinates against each independent
variable (each of the five locomotor variables, phyloge-
netic group, and log centroid size) are listed in Table 5.
Each of the independent variables had a significant cor-
respondence with overall capitate facet shape. The
proportion of quadrupedal locomotion explained the
most variation (20%), followed by log centroid size and

substrate usage. As shown in Table 6, there were signifi-
cant correlations between knuckle-walking, amount of
terrestrial substrate usage, and size. This is expected
given that gorillas and chimpanzees are two of the larg-
est taxa in the study and spend most of their time
knuckle-walking on the ground. Furthermore, large-bod-
ied humans are terrestrial. Additionally, vertical
climbing and brachiation were significantly correlated.
Finally, quadrupedalism and phylogeny were found to be
relatively independent of one another (compared with
the vectors described above) based on the significant
angle between their vectors (P < 0.05). Figure 4 presents
landmark configurations based on the addition and sub-
traction of regression coefficients for quadrupedalism,
log centroid size, and phylogeny. As shown in Figure 4,
changes in mediolateral breadth and palmar extension
of the lateral border of the capitate facet are correlated
with differences in quadrupedal locomotion, size, and
phylogeny. In each case, the consensus configuration is
transformed into a more ‘‘hominoid-like’’ and more ‘‘mon-
key-like’’ configuration based on the addition and
subtraction of regression coefficients. This makes sense

TABLE 4. Pairwise Procrustes distances between taxon means

Homo A. afa A. sed SKX A. afr Gor Pan Pon Pap Hyl Cer Mac Ceb Ate

Homo 0 0.19 0.20 0.17 0.11 0.11 0.10 0.13 0.21 0.21 0.21 0.27 0.24 0.24
A. afarensis 0 0.26 0.17 0.16 0.15 0.15 0.19 0.11 0.15 0.14 0.17 0.10 0.17
A. sediba 0 0.27 0.18 0.24 0.20 0.24 0.27 0.23 0.27 0.32 0.28 0.28
SKX 3646 0 0.13 0.16 0.17 0.18 0.18 0.23 0.19 0.24 0.19 0.18
A. africanus 0 0.14 0.12 0.14 0.19 0.18 0.19 0.25 0.19 0.18
Gorilla 0 0.07 0.10 0.15 0.18 0.13 0.21 0.18 0.20
Pan 0 0.09 0.17 0.14 0.15 0.22 0.19 0.21
Pongo 0 0.22 0.18 0.19 0.26 0.24 0.22
Papio 0 0.19 0.09 0.12 0.11 0.17
Hylobates 0 0.19 0.23 0.17 0.18
Cercopithecus 0 0.11 0.13 0.20
Macaca 0 0.16 0.26
Cebus 0 0.17
Ateles 0

TABLE 5. Percent of the total shape variance explained by independent variablesa

QUAD SUB BRAC VC KW PHYLO CENTROID

Percent 20.0% 10.4% 8.3% 4.6% 4.3% 8.9% 17.8%
P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.001 <0.0001 <0.001

aIndependent variables include proportion of quadrupedalism (QUAD), terrestrial substrate usage (SUB), brachiation
(BRAC), vertical climbing (VC), knuckle-walking (KW), phylogenetic group (PHYLO; Catarrhini or Platyrrhini), and log
centroid size (CENTROID).

TABLE 6. Angular differences between the vectors for independent variables (in degrees)a

QUAD SUB BRAC VC KW PHYLO CENTROID

QUAD – 133.6 107.6 108.5 145.7 55.9 152.1
SUB 0.99 – 114.5 115.7 34.2 139.6 24.6
BRAC 0.83 0.91 – 31.9 100.1 70.9 98.1
VC 0.84 0.92 <0.001 – 91.2 80.7 93.4
KW 0.99 <0.001 0.71 0.53 – 139.8 21.2
PHYLO 0.03 0.99 0.15 0.3 0.99 – 139.1
CENTROID 0.99 <0.0001 0.67 0.57 <0.00001 0.99 –

aIndependent variables include proportion of quadrupedalism (QUAD), terrestrial substrate usage (SUB), brachiation
(BRAC), vertical climbing (VC), knuckle-walking (KW), phylogenetic group (PHYLO; Catarrhini or Platyrrhini), and log
centroid size (CENTROID). Above the diagonal, angular differences between the vectors for independent variables (in
degrees) are reported. Below the diagonal, P-values for these angular differences are presented.
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since these different phylogenetic groups vary in terms
of body size and locomotor behavior. Thus, it is difficult
to tease apart the degree to which variation in mediolat-
eral breadth of the capitate facet is caused by any one of
these factors based on extant taxa alone. However, a
similar analysis demonstrated a small but significant
brachiation signal in overall capitate facet shape. As
shown in Figure 5, brachiators are characterized by
enhanced medial constriction on the lateral border of the
capitate facet. This is similar to the shape reflected by
the second principal component shown in Figure 3, in
which gibbons and spider monkeys group together to the
exclusion of other primates.

Next, we added the early hominin fossils to the analy-
sis. Based on the principal components analysis and the
Procrustes distances between mean taxon configurations
(Fig. 6; Table 4), Australopithecus afarensis was most
similar to quadrupedal primates, including Cebus and
Papio and characterized by a mediolaterally narrow
capitate facet. Even when the A.L. 333w-6 specimen
(characterized by the most narrow facet) was removed
from the analysis, the Australopithecus afarensis mean
configuration remained closest to Cebus and Papio (Pro-
crustes distance ¼ 0.12) With regard to Procrustes
distances, Australopithecus africanus was found to be
most similar to modern humans. The capitate facet
shapes of Australopithecus sediba and the SKX 3646 fos-
sil were closest to those of the South African
Australopithecus africanus. The first principal compo-
nent axis on Figure 6 shows Australopithecus afarensis
specimens grouping along the right side of the graph
with Old World and New World monkeys. The Stw 64

(Australopithecus africanus) and SKX 3646 specimens
are found between modern humans and Australopithe-
cus afarensis along this PC axis, and Stw 68
(Australopithecus africanus) and UW 88-116 (Australopi-
thecus sediba) fall within the modern human range.
This principal component represents variation in overall
mediolateral breadth of the capitate facet, with modern
humans, great apes, and early hominins from South
Africa being characterized by relatively broader capitate
facets than Australopithecus afarensis and quadrupedal
monkeys (Fig. 7). Thus, there is a shift to increased
mediolateral breadth early in hominin evolution.

DISCUSSION

We tested two hypotheses regarding shape variation
in the capitate facet. The first hypothesis stated that
capitate facet shape would correspond to both function
and phylogeny. Our results from the principal compo-
nents analysis, Procrustes distances, and multivariate
regression support this hypothesis. In each case, both
locomotor function and evolutionary relationships corre-
sponded with shape variation. Furthermore, size was
significantly correlated with variation in capitate facet
shape. These results illustrate the difficulty in teasing
apart phylogenetic, functional, and allometric signals in
skeletal morphology. Hominoids are generally larger
than other anthropoids, do not perform high proportions
of palmigrade/digitigrade quadrupedalism, and are
closely related to one another. Thus, when great apes
and humans group together (as they did in our analysis)
to the exclusion of Old World monkeys and platyrrhines,
it is difficult to tease apart the different potential signals
from the skeletal anatomy. We did find, however, some
indications of a functional signal in this morphology.
Gibbons and spider monkeys grouped together along the
second principal component of shape variation, and their
shared capitate facet morphology (i.e., medial constric-
tion of the lateral facet border) could correspond with
the high proportions of brachiation performed by each
taxon. Similarities in capitate facet shape between
humans and great apes might be related to an underly-
ing functional demand for joint stability during hand
use. Perhaps increased mediolateral breadth of the
capitate facet allows enhanced joint stability in these

Fig. 4. Visualization of Mc3 capitate facet shape variation as a
function of three independent variables: quadrupedalism (QUAD), log
centroid size, and phylogeny. We estimated these landmark configura-
tions by adding and subtracting regression coefficients to the consen-
sus configuration. The quadrupedalism and phylogeny images were
magnified (x5) so that shape changes could be seen more easily.

Fig. 5. Visualization of Mc3 capitate facet shape variation as a
function of brachiation. We estimated these landmark configurations
by adding and subtracting regression coefficients to the consensus
configuration. The images were magnified (x5) so that shape changes
could be seen more easily.
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taxa. Increased Mc3- capitate joint breadth might be an
adaptation to the biomechanical demands of locomotion
in orangutans, chimpanzees, and gorillas, whereas it
may have provided joint stability for behaviors such as
tool manufacture in the human lineage. However, we
cannot test for the effects of tool manufacture on Mc3
morphology in this study.

Our second hypothesis postulated a change in Mc3
capitate facet shape during early human evolution.
Australopithecus afarensis most closely resembled New
World and Old World monkeys in overall capitate facet
shape, whereas early hominins from South Africa either
most closely resembled other hominins from the same

region or modern humans. All of the South African
fossils were characterized by a relatively greater capi-
tate facet mediolateral breadth than Australopithecus
afarensis. Furthermore, some of these fossils have been
reported to have a slight styloid process on the proximal
third metacarpal base, a feature missing in the Australo-
pithecus afarensis fossils and suggested to enhance
stability at the Mc3-capitate carpometacarpal joint in
humans (Marzke and Marzke, 1987, 2000; Ricklan,
1987; Susman, 1989). The similarity between Australopi-
thecus afarensis and extant monkeys in this morphology
could relate to enhanced joint mobility in each taxon.
Marzke and Marzke (1987) described how modern

Fig. 6. Scatterplot of principal component scores one and two for shape variation of the capitate facet
in extant and extinct species. The image on the right shows how capitate facet shape deviates from the
sample mean shape along each principal component. Individual fossil specimens are labeled on the
graph. The convex hull for modern humans is drawn in gray.

Fig. 7. Mean capitate facet shapes of Homo sapiens, Australopithecus africanus, Australopithecus afar-
ensis, and Cebus apella. Individual specimens represented include SKX 3646 and UW 88-116 (Australopi-
thecus sediba).
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humans differ from Old World monkeys in the degree of
mobility at the third carpometacarpal joint. There is
basically no movement at the joint in humans, whereas
Old World monkey third metacarpals are able to flex
and extend to a greater degree (Marzke and Marzke,
1987). It is therefore possible that Australopithecus afar-
ensis had greater mobility at the Mc3-capitate joint than
later hominins.

On the basis of our results, there was a shift in capi-
tate facet shape quite early in hominin evolution. The
increase in mediolateral breadth most likely assisted in
increasing stability of the carpometacarpal joint during
hominin evolution. Whether or not this was an adapta-
tion to stone tool manufacture or tool use is beyond the
scope of this paper but is an interesting avenue for
future research. Finally, humans are not unique among
extant primates in the relatively high mediolateral
breadth of the capitate facet. Our species is similar to
African apes and orangutans in this aspect of shape
variation. However, based on the differences in capitate
facet morphology observed in early hominins such as
Ardipithecus ramidus (Lovejoy et al., 2009) and Austral-
opithecus afarensis, it is possible that we do not share
this trait with extant apes due to common ancestry but
rather due to a common need for joint stability. It would
be interesting to incorporate earlier hominin taxa (e.g.,
Ardipithecus ramidus) and Miocene hominoids into
future geometric morphometric analyses to further
explore variation in capitate facet shape and enhance
our understanding of the polarity of this trait.

We have found that the shape of the Mc3 capitate
facet corresponds with both locomotor function and phy-
logeny, and differences in capitate facet shape may be
due to varying needs for stability or mobility of the cen-
tral joint complex. There was change in capitate facet
shape during early hominin evolution, in which early
hominins from South Africa were characterized by a
broader capitate facet than Australopithecus afarensis
from East Africa. The relatively broad capitate facet
morphology that characterizes great apes and modern
humans today may be due to a shared need for stability
at the Mc3-capitate joint during hand use.
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