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a b s t r a c t

The fossils from Malapa cave, South Africa, attributed to Australopithecus sediba, include two partial
skeletonsdMH1, a subadult, and MH2, an adult. Previous research noted differences in the mandibular
rami of these individuals. This study tests three hypotheses that could explain these differences. The
first two state that the differences are due to ontogenetic variation and sexual dimorphism, respec-
tively. The third hypothesis, which is relevant to arguments suggesting that MH1 belongs in the genus
Australopithecus and MH2 in Homo, is that the differences are due to the two individuals representing
more than one taxon. To test these hypotheses, we digitized two-dimensional sliding semilandmarks in
samples of Gorilla, Pan, Pongo, and Homo, as well as MH1 and MH2. We document large amounts of
shape variation within all extant species, which is related neither to ontogeny nor sexual dimorphism.
Extant species nevertheless form clusters in shape space, albeit with some overlap. The shape differ-
ences in extant taxa between individuals in the relevant age categories are minimal, indicating that it is
unlikely that ontogeny explains the differences between MH1 and MH2. Similarly, the pattern of dif-
ferences between MH1 and MH2 is inconsistent with those found between males and females in the
extant sample, suggesting that it is unlikely that sexual dimorphism explains these differences. While
the difference between MH1 and MH2 is large relative to within-species comparisons, it does not
generally fall outside of the confidence intervals for extant intraspecific variation. However, the MH1-
MH2 distance also does not plot outside and below the between-species confidence intervals. Based on
these results, as well as the contextual and depositional evidence, we conclude that MH1 and MH2
represent a single species and that the relatively large degree of variation in this species is due to
neither ontogeny nor sexual dimorphism.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The hominins recovered from the paleontological locality of
Malapa, South Africa, have provided tantalizing insights into di-
versity in Plio-Pleistocene australopiths and potentially about the
phylogenetic connection between Australopithecus and Homo.
These remains, dated to 1.977 ± 0.002 million years ago (Pickering
itzman).
et al., 2011a), comprise two remarkably complete and well-
preserved skeletons representing two individuals: MH1, a sub-
adult purported male, and MH2, an adult purported female (Berger
et al., 2010; Berger, 2012, 2013).

The most noteworthy aspect of the Malapa hominins is their
intriguing mixture of primitive and derived features (Berger et al.,
2010; Spoor, 2011; Berger, 2012, 2013). Specifically, these fossils
possess an overall morphological pattern that is very australopith-
like, with, for example, relatively small body and brain sizes,
primitive features in the facial skeleton and dentition, and rela-
tively long forelimbs bearing large articular surfaces and strongly
curved fingers (Berger et al., 2010; Carlson et al., 2011; Kivell et al.,
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Figure 1. The mandibular rami of MH1 (top) and MH2 (bottom) in lateral view. Both
specimens are shown at the same scale and are rotated so that the occlusal plane is
approximately horizontal. Note the slight damage to the tip of the coronoid process of
MH1 that has occurred since the initial publication of Australopithecus sediba; because
of this damage, we elected to employ high-quality casts of MH1 and MH2 (made prior
to this breakage) in our analysis.
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2011; Berger, 2012, 2013; Churchill et al., 2013; de Ruiter et al.,
2013; Irish et al., 2013). These primitive features are combined
with derived features that more closely resemble those of species in
the genus Homo, such as alterations of the pelvis associated with
more energetically efficient locomotion and characteristics of the
hands, that may indicate the ability to manufacture and use stone
tools (Kibii et al., 2011; Kivell et al., 2011). Based on this unique
combination of primitive and derived features (and an adherence to
a taxonomic practice that emphasizes grade-based classification),
the initial description of the Malapa hominins assigned these re-
mains to a new species, Australopithecus sediba (Berger et al., 2010;
Berger, 2012, 2013). These authors highlighted its derived, Homo-
like features in arguing that A. sediba is the most likely ancestor to
the genus Homo (Berger et al., 2010; Berger, 2012, 2013), although
this has been contested (Spoor, 2011; Wood and Harrison, 2011;
Kimbel, 2013).

Other aspects of the description and analysis of the remains of
A. sedibadspecifically, the degree of variation within the A. sediba
hypodigm and the distinctiveness of this sample relative to previ-
ously known hominin speciesdhave also been questioned (Balter,
2010; Cherry, 2010; Spoor, 2011; Wood and Harrison, 2011;
Kimbel, 2013), and the mandibular remains have received partic-
ular attention in this regard. Although they did not speculate on
possible explanations, the original describers of the Malapa mate-
rial noted the conspicuous differences in the mandibular rami of
MH1 andMH2, the two partial skeletons from the site (Berger et al.,
2010; de Ruiter et al., 2013; see also Terhune et al., 2014). Because
MH1 is a subadult and a purported male, whereas MH2 is an adult
and likely a female, it is possible that the differences between these
two specimens are due to ontogenetic variation and/or sexual
dimorphism (Terhune et al., 2014). The differences between the
MH1 and MH2 rami have also led some authors to question
whether the two Malapa individuals represent a single species,
with some suggesting that the differences between them indicate
that the A. sediba hypodigm samples two genera. Specifically, Rak
and Been (Been and Rak, 2014; Rak and Been, 2014) argued that the
Malapa remains represent a mixture of elements that should be
assigned to the genus Australopithecuswith those that belong in the
genusHomo. If true, this would challenge the position that A. sediba
represents a potential link between Australopithecus and Homo. To
address these issues, this study evaluates the morphological dif-
ferences between the mandibular rami of MH1 and MH2 and tests
the hypotheses that ontogenetic shape change and/or sexual
dimorphism accounts for these differences. We further test the
hypothesis that shape variation represented by these two speci-
mens is consistent with that of a single species.

1.1. Fossil descriptions and previous research

The forms of the rami in MH1 and MH2 are quite distinct (de
Ruiter et al., 2013; Fig. 1). Despite its younger ontogenetic age and
shorter mandibular length, the ramus of MH1 is slightly taller
(superoinferiorly) and wider (anteroposteriorly) than that of MH2
in absolute measurements. The anterior and posterior borders of
the ramus in MH2 are distinctly non-parallel, with the anterior
border exhibiting a marked concavity. In contrast, in MH1, the
anterior and posterior borders are relatively vertically oriented and
nearly parallel (de Ruiter et al., 2013). Furthermore, MH1 has a
posteriorly angled coronoid process and a relatively deep, asym-
metrical sigmoid notch (with the deepest point located more
posteriorly), while MH2 has a coronoid that, although damaged,
does not appear to have a posterior orientation and possesses a
shallower, more symmetrical sigmoid notch (with the deepest
point located approximatelymidway between the coronoid process
and condyle; de Ruiter et al., 2013; Terhune et al., 2014).
Although the sex of these specimens is not knownwith absolute
certainty, osteometric and dental assessments suggest that MH1
most likely represents a male and MH2 a female (Berger et al.,
2010). Other than studies on the robusticity of the mandibular
symphysis and corpus (e.g., Weidenreich, 1936; Chamberlain and
Wood, 1985; Kimbel and White, 1988; Daegling and Grine, 1991),
there are few published data on sexual dimorphism in extant
hominid mandibular shape. In general, those that have assessed
mandibular shape dimorphism have typically found little or no
significant dimorphism in Pan and Homo, and substantially greater
amounts in Pongo and Gorilla (Wood et al., 1991; Taylor, 2006;
Schmittbuhl et al., 2007; Robinson, 2012). By and large, however,
sexual dimorphism in the great ape mandible is associated with
differences in size rather than shape (Taylor, 2006). Taylor
(2006:85) describes Pan mandibles as exhibiting “essentially no
shape dimorphism,” although she did find that condylion-coronion
distance (i.e., representing sigmoid notch width) relative to
mandible length was dimorphic in Pongo pygmaeus pygmaeus,
Gorilla gorilla gorilla, and Pan troglodytes verus, though not in any
other species or subspecies of the great apes. Notably, no analyses
have specifically investigated dimorphism in mandibular ramus
shape. It is therefore unclear whether the pattern of shape differ-
ences between MH1 and MH2 may represent differences due to
sexual dimorphism.

Research by Terhune et al. (2014) has shown that differences in
ramal morphology among great apes and humans appear early in
ontogeny (i.e., prior to M1 eruption), and these differences



Table 1
Sample sizes for the comparative sample used in this study.a

Category 3 Category 4

M1 and M2 erupted
and in occlusion

M1-M3 erupted
(SOS unfused or fused)

Species F M U F M U Totals

Pan troglodytes 4 6 1 14 13 1 39
Gorilla gorilla 4 4 0 17 25 1 51
Pongo pygmaeus 6 4 1 15 13 0 39
Homo sapiens
Alaskan Inuit 5 1 6 25 25 0 62
Hungarians 3 1 19 25 26 1 75
Nubians 0 0 5 10 10 1 26
SE Asians 1 0 2 9 9 1 22

Totals 23 16 34 115 121 5 315

a SOS¼ Spheno-occipital synchondrosis, F¼ female, M¼male, U¼ sex unknown.
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correspond closely to the differences observed in adults. Terhune
et al. (2014) also demonstrated that by M2 eruption specimens
are considerably more difficult to classify to age category, sug-
gesting that great ape and humanmandibular ramus form changes
little during later ontogeny and that adult ramal morphology is
achieved prior to the completion of overall craniodental devel-
opment. That the ramus does not change considerably in form
during ontogeny has also been argued to be the case in Austral-
opithecus afarensis (Rak et al., 2007). Notably, Terhune et al. (2014)
corroborated Rak et al.'s (2007) contention that the morphology of
the ramus in Gorilla differs greatly from other great ape species
and humans and also found general support for Rak et al.'s (2007)
specific suite of features distinguishing gorilla rami from Pongo,
Pan, and Homo sapiens. However, these authors noted that the
clearest distinction was between Gorilla and Homo (i.e., the former
exhibits a high coronoid and a deep, anteroposteriorly compressed
sigmoid notch, while the latter exhibits a lower coronoid and a
wide and shallow sigmoid notch; see below) and also identified
important differences among humans, chimpanzees, and orangu-
tans (i.e., humans possess a somewhat higher coronoid and a
wider sigmoid notch, whereas chimpanzees and orangutans
possess lower coronoids and anteroposteriorly compressed sig-
moid notches). Insofar as it suggests that the form of the
mandibular ramus changes relatively little during ontogeny in
great apes and humans and indicates that adult differences among
these taxa are present at an early age, this work casts some doubt
on whether the differences between MH1 and MH2 can be
explained by the difference in their ontogenetic ages. However,
this position has not been explicitly tested to date.

The argument that MH1 andMH2 cannot be accommodated in a
single species and instead represent two distinct hominin genera is
based largely on the work of Rak et al. (2007), which focused on the
shape of themandibular ramus in great apes, humans, Paranthropus
robustus, and A. afarensis (see also Rak et al., 2002). Specifically,
these authors investigated the shape of the coronoid process and
sigmoid notch using two-dimensional (2D) data and demonstrated
that ramus shape variation can be used to assign extant specimens
to the correct species in roughly 82% of cases. Based on this analysis,
Rak et al. (2007) argued that gorillas are distinguished from the
other species by a suite of features, including: 1) a coronoid process
that is taller than the condyle and possesses a broad base, which
causes the deepest point of the sigmoid notch to be located rela-
tively close to the condyle; 2) a posteriorly angled coronoid tip that
occasionally overhangs the sigmoid notch; and 3) a deep and
anteroposteriorly narrow sigmoid notch. These distinctive features
of the gorilla ramus vis-�a-vis other great apes and humans were
also noted by previous authors (Aitchison, 1965; Humphrey et al.,
1999). Rak et al. (2007) further observed these features in rami of
A. afarensis, Australopithecus africanus, and P. robustus and therefore
posited that coronoid process and sigmoid notch morphology
might be profitably used for reconstructing evolutionary relation-
ships among hominids and hominins. Importantly, in the context of
Rak et al.'s (2007) work, MH1 can be identified as possessing a
morphology that is strikingly gorilla-like, whereas MH2 exhibits
the more generalized morphology that Rak et al. (2007) demon-
strated is shared by chimpanzees, humans, and orangutans.

The current study quantifies mandibular ramus variation in
A. sediba and tests three related hypotheses: Hypothesis 1 states
that the differences observed between MH1 and MH2 can be
accounted for by ontogeny;Hypothesis 2 states that the differences
observed between MH1 and MH2 can be accounted for by sexual
dimorphism; and Hypothesis 3 states that the variation repre-
sented by MH1 and MH2 can be accommodated in a single species.
We evaluate these hypotheses by quantifying variation in ramus
shape using 2D sliding semilandmark data.
2. Materials and methods

We collected data from ontogenetic samples of four hominid
species (P. pygmaeus, G. gorilla, P. troglodytes, and H. sapiens)
comprising approximately equal numbers of males and females
(Table 1; Supplementary OnlineMaterial [SOM] Table S1), as well as
from the two A. sediba ascending rami (MH1 and MH2). The extant
sample for the current study was used previously by Terhune et al.
(2014), where individuals were assigned to one of four age cate-
gories based on dental eruption: Age Category 1dno permanent
teeth in occlusion, Age Category 2dM1 erupted and in occlusion,
Age Category 3dM1 and M2 erupted and in occlusion, and Age
Category 4dM1-M3 erupted and in occlusion. The present sample
was restricted to only those individuals assigned to Age Categories
3 and 4 (i.e., the categories to which the two A. sediba specimens,
MH1 and MH2, were assigned, respectively). In previous work
(Terhune et al., 2014), individuals in the last category were sepa-
rated into those with and without the spheno-occipital syn-
chondrosis (SOS) fused; here, we lump specimens with M3 erupted
into a single group since previous analyses suggested no significant
differences between individuals with the SOS fused and those
without.

Rami were photographed with their lateral aspect parallel to the
lens of the camera and with a scale located in the same plane as the
ramus. Photographs of high-quality casts of MH1 and MH2 (taken
in the same manner as described above) were used to collect data
for A. sediba; although we examined the originals, we employed
casts because of recent damage to the tip of the coronoid process in
MH1. For each extant specimen and for both A. sediba specimens,
tpsDig (Rohlf, 2010) was used to plot 44 2D sliding semilandmarks;
the sliding semilandmarks were anchored by three fixed land-
marks: (1) the most inferior point on the root of the ramus, (2)
coronion, and (3) the point at which the sigmoid crest meets the
articular surface of the mandibular condyle (Fig. 2).

We employed two methods to reconstruct the missing portions
of MH2 (Gunz et al., 2009). First, we performed a geometric
reconstruction, in which we estimated the missing semilandmarks
in MH2 using a thin plate spline (TPS) interpolation from the
semilandmarks included in MH2 and the complete reference
specimen. Separate TPS reconstructions were produced using each
extant specimen in Age Category 4 as a reference specimen
(n¼ 241), and a reconstruction usingMH1 as the referencewas also
produced (Fig. 3). In addition, we reconstructed the coronoid of
MH2 using amultiplemultivariate regression approach (Gunz et al.,
2009; Gunz and Mitteroecker, 2013; Spoor et al., 2015). To assess
the accuracy of the regression-based reconstruction methods, we
removed the semilandmarks missing in MH2 from each complete
specimen in the extant sample, as well as in MH1, and then



Figure 2. Landmarks and semilandmarks employed in this study as illustrated on the
mandible of an adult male gorilla. Black squares are fixed landmarks: (1) the most
inferior point on the root of the ramus, (2) coronion, and (3) the point at which the
sigmoid crest meets the articular surface of the mandibular condyle. Red dots are
sliding semilandmarks. Scale bar is 1 cm. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Figure 3. Reconstructions of the MH2 coronoid process as described in the Materials
and methods. (a) Thin colored lines indicate reconstructions based on thin plate spline
(TPS) models (i.e., geometric reconstruction) for each individual specimen;
blue ¼ reconstructions based on Homo sapiens specimens, orange ¼ Pongo pygmaeus,
red ¼ Pan troglodytes, and gray ¼ Gorilla gorilla specimens. The thick blue curve rep-
resents the TPS reconstruction based on MH1, while the thick red curve represents the
reconstruction of MH2 based on the multiple multivariate regression technique. (b)
MH1 showing a reconstruction of the same landmarks that are missing in MH2
calculated via the regression technique. The close correspondence between the
reconstructed curve and the original morphology suggests that the regression tech-
nique is well suited for reconstructing the morphology in this region. Specimens not
shown to scale. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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reconstructed the “missing” semilandmarks. In all cases, the
reconstructed forms closely matched the original form for that
specimen (Figs. 3 and 4).

Data were analyzed using geometric morphometric methods.
Specimens were registered via Generalized Procrustes Analysis,
and semilandmarks were allowed to slide to minimize bending
energy (Gunz and Mitteroecker, 2013). Shape variation in the
sample was visualized using a between groups principal compo-
nents analysis (bgPCA;Mitteroecker and Bookstein, 2011) including
all individuals from the extant sample (Age Categories 3e4) and the
two A. sediba specimens. The bgPCA axes were computed based on
the covariance matrix of the group means of the extant species; all
specimensdincluding the fossil reconstructionsdwere projected
into that space. The explained variance of these axes was computed
by dividing the variance of the respective bgPCA scores by the total
variance.

To determine whether ontogenetic shape change explains the
pattern of shape differences between MH1 and MH2 (Hypothesis
1), we compared the average shape of individuals in Age Category 3
(the age of MH1) to the average shape of individuals in Age Cate-
gory 4 (the age of MH2). Separate comparisons were made for each
species in the extant sample. Since MH1 is a presumed male and
MH2 is a presumed female, we performed an additional analysis
that included only males from Age Category 3 and only females
from Age Category 4 (but note that sex attribution in Category 3 is
limited, particularly for humans). Differences in average shape
were visualized using thin plate spline (TPS) analyses. This analysis
was included to test for the possible effects of sex (as well as
ontogeny) on the difference between MH1 and MH2. To more
specifically assess the role of sexual dimorphism in the sample
(Hypothesis 2), we calculated mean adult female and male forms
for each species, as well as mean female forms for Category 4 only
and mean male forms for Category 3 only, and visualized differ-
ences between these mean forms using TPS analyses. To test Hy-
pothesis 3 (i.e., that the magnitude of difference between MH1 and
MH2 can be accommodated in a single species), we drew all
possible pairs of specimens from Age Categories 3 and 4 from each
species in the extant sample and calculated the Procrustes distance
between the specimens in each pair; the same procedure was fol-
lowed for all pairs of extant great ape and human species (Spoor
et al., 2015). This yielded Procrustes distance distributions within
extant taxa, as well as between each pair of extant taxa. These
frequency distributions served as a reference for interpreting the
Procrustes shape differences between MH1 and MH2, and they
encompass both ontogenetic shape differences, as well as differ-
ences related to sexual dimorphism (since all possible female and
male pairs are included in the distribution).
3. Results

Results of the bgPCA are shown in Figure 5. Permutation tests of
the Procrustes distances between species average shapes reveal
that they differ significantly from one another (p < 0.003). The
bgPCA highlights the distinctiveness of H. sapiens compared to the
other species. The contrast between H. sapiens is most obvious
along bgPC1 (which explains 56.45% of the shape variance), with
H. sapiens possessing more positive values along this axis and



Figure 4. Between-group PCA (bgPCA) illustrating the original and “reconstructed” forms for all specimens employed in this analysis. For each species in the comparative sample,
the semilandmarks missing in MH2 were removed and then reconstructed using the geometric technique. Two points, representing the original specimen and the specimen with
the semilandmarks reconstructed, are shown for each specimen, and a line connecting these two points is also shown. Note that the lines are very short (and barely discernible) for
almost all specimens, which corroborates the utility of our methods for reconstructing the missing portions of MH2. Convex hulls surround the specimens of each species. The
convex hull labeled ‘MH2’ represents the 242 geometric reconstructions of MH2 (i.e., based on each specimen in the comparative sample and a reconstruction based on MH1). The
red dot represents the regression-based reconstruction of MH2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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G. gorilla possessing more negative values on average. H. sapiens is
also separated, albeit to a lesser extent, along bgPC2 (30.3% of the
total variance), insofar as this species has somewhat more negative
values on average than the other species, particularly P. troglodytes
and P. pygmaeus. These differences are largely related to the relative
height of the coronoid process, which is more projecting in
H. sapiens; this contrast is most apparent when H. sapiens is
compared to P. troglodytes and P. pygmaeus. H. sapiens also differs
from the other species in its possession of a relatively wide sigmoid
notch, although this difference is more marked in the comparison
of H. sapiens and G. gorilla than it is in comparisons ofH. sapiens and
P. troglodytes and P. pygmaeus. Gorilla gorilla is also somewhat
distinct from the other two non-human species (as well as from
H. sapiens) along both bgPC axes: gorillas possess a posteriorly
angled coronoid process that is somewhat higher than in
P. troglodytes and P. pygmaeus (but lower than in H. sapiens) and a
deep, anteroposteriorly compressed sigmoid notch. Examination of
the distribution of the sexes in morphospace indicates that there is
very subtle sexual dimorphism in ramal shape. Although there is
substantial overlap in the distributions of male and female speci-
mens within each species, there is a slight tendency for females to
fall more positively along bgPCs 1 and 2; this is more evident in
gorillas and humans. There is also very little difference between
Age Categories 3 and 4, as the individuals assigned to these cate-
gories broadly overlap on both bgPCs in all species.

When MH1 and MH2 are projected into the bgPCA space of the
extant taxa (Fig. 5), the distance between these specimens is
relatively large. The different reconstructions of MH2 cluster
tightly in bgPCA space, reflecting the fact that all of the re-
constructions are quite similar to each other. Notably, however,
all of these reconstructions are located in a portion of the bgPCA
space in which all of the extant species overlap. This reflects
the fact that the ascending ramus in MH2 has a more generalized
morphology. MH1, by contrast, is situated in the portion of the
morphospace otherwise occupied exclusively by G. gorilla,
corroborating Rak and Been's (2014) previous observation that the
MH1 ramus is gorilla-like.

Regarding Hypotheses 1 and 2, our results (Fig. 6) suggest that
the pattern of ontogenetic shape change between Age Category 3
and 4 individuals and shape differences between sexes are mark-
edly different from the observed morphological differences be-
tween MH1 and MH2. In the comparisons in which all specimens
(regardless of sex) were examined, the differences between the
average shapes of Age Categories 3 and 4 are very slight in all
species (Fig. 6). This result suggests that, in great apes and humans,
very little change in mandibular ramus form occurs between Age



Figure 5. Between-group PCA illustrating shape variation in the extant sample and showing the positions of MH1 and the MH2 reconstructions. Convex hulls surround the
specimens in each species. Numbers indicate the age category to which each specimen was assigned and, where known, sex is indicated with M (male) or F (female). Mean shapes
for each species are indicated with lines connecting to the corresponding convex hull (colors of the mean shapes correspond to colors of convex hulls). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Categories 3 and 4, as is consistent with our previous work
(Terhune et al., 2014). Similarly, shape differences between mean
female and male forms for each species are very slight, whether
comparing only Age Category 4 individuals or where sex compar-
isons were restricted to males in Age Category 3 and females in Age
Category 4 (i.e., the same sex and age categories suggested for MH1
and MH2; panel on far right of Fig. 6). Notably, males in all taxa
exhibit very slightly more superiorly and posteriorly projecting
coronoid processes than females on average. Importantly, these
average ontogenetic and sex differences are negligible when
compared to corresponding TPS analysis plots illustrating differ-
ences between MH1 and MH2 (Fig. 6).

Hypothesis 3 was evaluated in two ways. First, the Procrustes
distances between MH1 and MH2 were compared to within-
species distributions representing all possible pairs of female and
male specimens from Age Categories 3 and 4 from each species in
the extant sample. Second, the Procrustes distances between MH1
and MH2 were compared to between-species distributions (i.e.,
distributions created by calculating the Procrustes distances be-
tween all possible pairs of female and male specimens from Age
Categories 3 and 4 from each pair of species in the extant sample).
Comparisons of the Procrustes distances betweenMH1 andMH2 to
the within-species distributions (Fig. 7) suggest that the magnitude
of the difference between these two specimens is large. This finding
is true regardless of the method used to reconstruct the missing
portion of the ramus in MH2 or the reference sample used in the
reconstruction. However, the differences between MH1 and MH2
are within the 95% confidence intervals of the within-species dis-
tribution for all species except P. pygmaeus (in which case all of the
distances fall outside of the 95% confidence interval). Some of the
distances between MH1 and MH2 (particularly those based on re-
constructions of MH2 using the chimpanzee and human reference
samples) are outside the 95% confidence interval of the within-
species distribution of P. troglodytes. However, in this case, the
majority of the distances are still within the confidence intervals of
this distribution.

In comparisons of the distances between MH1 and MH2 to the
between-species distributions (Fig. 7), unlike the within-species
distributions (where the MH1-MH2 distances were near the up-
per tails of the distributions), the distances betweenMH1 andMH2
are near the center of the between-species distributions. The only
exception is the P. troglodyteseP. pygmaeus distribution, for which
the majority of the distances between MH1 and MH2 fall outside
and above the 95% confidence intervals. Importantly, however, in
no case is the distance between MH1 and MH2 outside and below
the 95% confidence intervals of the between-species distributions.
This implies that the differences between these two fossil speci-
mens more closely resemble those between two genera than those
within a single species. In sum, these results suggest that while the
difference between the two fossil mandibular rami is relatively
large compared to the within-species Procrustes distance distri-
butions and closer to the mean of the between-species



Figure 6. Thin plate spline plots showing average shape differences between individuals from Age Categories 3 (black line) and 4 (colored lines: Homo sapiens [blue], Pan troglodytes
[red], Pongo pygmaeus [orange], Gorilla gorilla [gray]) with no restrictions on the sex of the specimens (panel named “Ontogeny”), average shape differences between females (black
line) and males (colored lines) in each species (panel named “Sexual Dimorphism”), and average shape differences between males of Age Category 3 (black line) and females of Age
Category 4 (colored lines) for each species (panel named “Ontogeny þ Sexual Dimorphism”). For each panel, curves in the left-hand column represent the reference (black line) and
target (colored lines) specimens, and in the right-hand column of each panel the thin plate spline deformations represent the warping from the reference shape to the target shape
for that particular comparison. At the bottom, shape differences between MH1 (gray line) and MH2 (green line) are illustrated, with corresponding thin plate spline diagrams
shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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distributions, this difference could still be sampled from a single
species. Consequently, these results suggest that Hypothesis 3
cannot be rejected.

4. Discussion

Within our sample we document a large within-group vari-
ability in mandibular ramus shape that is related to neither sexual
dimorphism nor ontogeny. Nonetheless, our results demonstrate
that extant groups form distinct clusters in shape space, albeit with
some overlap. There are no differences in mean ramus morphology
between Age Category 3 and Age Category 4 to the extent observed
between MH1 and MH2 in any of the extant species. This finding is
echoed in the more extensive ontogenetic analysis of Terhune et al.
(2014), which showed that by the eruption of the second molar
(Age Category 3), great ape and human mandibular rami become
more difficult to classify to age category, indicating that shape
changes are negligible later in ontogeny. Thus, the findings here
strongly suggest that differences in mandibular ramus shape be-
tween MH1 and MH2 are not due to ontogenetic shape change,
constituting a rejection of Hypothesis 1. In addition, our results call
into question the inference that A. sediba exhibits a unique pattern
of mandibular ontogeny vis-�a-vis other hominin species (de Ruiter
et al., 2013). This inference was based on an analysis of the
ontogeny of overall mandibular shape that compared A. sediba to
other fossil hominin species (i.e., A. africanus and Homo erectus), as
well as to P. troglodytes and H. sapiens. Specifically, de Ruiter et al.
(2013) suggested that because the magnitude of mandibular
growth and the growth trajectory of A. sediba differ greatly from all
other species included in the analysis, this species exhibits a unique
pattern of mandibular ontogeny. However, in the context of the
results presented here, we believe this claim may be premature
because the large within-species variability found among great
apes and humans in our study makes it unlikely that species-
specific ontogenetic patterns can be characterized using only two
specimens (see also Kimbel, 2013). It should be noted, however,
that de Ruiter et al. (2013) included morphology in the corpus as
well as the ramus and, at present, the influence of including these
additional regions cannot be evaluated in the context of our results.

The results here also indicate that the differences between MH1
and MH2 are not consistent, in either degree or pattern, with the
differences between males and females of species in the extant
comparative sample. This finding highlights the fact that the vari-
ation in mandibular ramus shapewithin species is large and largely
unrelated to sexual dimorphism or ontogenetic variation. Although
our analyses revealed some differences betweenmales and females
that were consistent in all of the extant speciesdi.e., the possession
in males of slightly more posteriorly and superiorly projecting
coronoid processesdthe results also showed that these differences
are quite small, particularly when compared to differences among
species, and the overwhelming pattern is of only very subtle shape
differences between males and females. These results are



Figure 7. Within-species (top) and between species (bottom) Procrustes distance distributions between Age Categories 3 and 4 individuals for the extant samples, showing the 95%
confidence intervals (vertical bars) and the Procrustes distances between MH1 and MH2. For each plot, the red dot represents the distance between MH1 and MH2 when the
multiple multivariate regression technique was used to reconstruct the missing portions of MH2. The colored dots (which, due to their proximity, appear as multi-colored horizontal
bars below the red dots) represent the distances between MH1 and the 312 reconstructions of MH2 using the thin plate spline method. The colors of these dots correspond to the
species used as a reference for the reconstruction (blue ¼ H. sapiens, red ¼ P. troglodytes, gray ¼ G. gorilla, orange ¼ P. pygmaeus). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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consistent with previous research by Rak et al. (2007), who noted
an absence of differences in ramal shape between male and female
gorillas, as well as work by Taylor (2006) who found no significant
differences in scaled measures describing the morphology of the
ramus in great apes more generally. The differences between MH1,
a presumed male, and MH2, a presumed female, are much more
pronounced than the average differences demonstrated here be-
tween males and females in the extant samples. The slight differ-
ences noted above between males and females that are seen in all
the species in the extant sampledi.e., a slightly taller, more pos-
teriorly projecting coronoiddalso exist between MH1 and MH2.
However, the differences between MH1 and MH2 are much more
marked than the average difference between males and females in
any of the species in the comparative sample. Additionally, these
two specimens differ in features that do not differ between males
and females in any of the extant species, including, most notably,
differences in the shape of the sigmoid notch (see above), which
clearly distinguish themandibular rami of MH1 andMH2. Although
these results could be interpreted as evidence that the differences
between MH1 and MH2 are due to sexual dimorphism, but that the
degree and pattern of dimorphism in A. sediba differs from that of
great apes and humans, we argue that it is more parsimonious to
interpret the findings as an indication that sexual dimorphism does
not explain these differences, and we therefore conclude that our
results constitute a rejection of Hypothesis 2.

The present study cannot refute the hypothesis that MH1 and
MH2 belong to a single species. Although the magnitude of differ-
ences between these two specimens is large relative to the within-
species variation of extant hominids, it is not unusually large for
most great ape and human species and could be sampled from a
single great ape or human species, with P. pygmaeus being the
single, notable exception. Interestingly, however, our results also
suggest that it would not be unusual to observe the difference
between MH1 and MH2 in a sample comprising two great ape and/
or human taxa. In particular, the magnitude of the shape differ-
ences between MH1 and MH2 does not fall below the 95% confi-
dence intervals of the between-species comparisons. Moreover, the
difference between the two A. sediba specimens is more typical of
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between-species comparisons than it is of within-species com-
parisons. It should be noted, however, that, as can be seen in
Figure 7, some intraspecific pairwise differences would not fall
below the 95% confidence intervals of the between-species com-
parisons; moreover, some of the intraspecific differences would be
closer to the mean of the intergeneric differences than to the mean
of the distributions of the taxon from which they were drawn.
Taken together, the results relating to the conspecificity of MH1 and
MH2 suggest that it is more likely that, based on the shape of the
mandibular ramus, the hypodigm of A. sediba represents a single,
highly variable species. That being said, the possibility that it
samples two taxa cannot be completely refuted.

Our results demonstrate that the shape of the ascending ramus
in MH1 closely resembles that of G. gorilla (see Fig. 5). This
resemblance is evident in this specimen's possession of a ramus
with a posteriorly angled coronoid process and a narrow, asym-
metrical sigmoid notch; it is important to note, however, that the
posterior angulation of the coronoid process is also a feature
possessed by males compared to females (see above) and, there-
fore, may also be due to MH1's presumed sex. Notably, the
morphological pattern of the ramus possessed by G. gorilla has also
been argued to characterize Australopithecus (Rak et al., 2007).
Thus, to the extent that they establish a close similarity between
the MH1 and an Australopithecus-like ramus shape, our analyses
corroborate Rak and Been's (2014) argument. However, our study
also shows that MH2 plots in a portion of morphospace inwhich all
four great ape and human species overlap. The morphology of MH2
is therefore not specifically Homo-like, but rather is relatively
generalized and could be found in individuals in any of the four
species, including Gorilla. Based on our analyses, we cannot reject
that two hominin taxa are present at Malapa, as they show that the
shape differences between the MH1 and MH2 mandibles can be
accommodated within most extant groups. The patterns of shape
variation in the comparative sample may explain the somewhat
equivocal results of our study. In particular, as can be seen in
Figure 5, in which the convex hulls representing the extant species
overlap considerably, ramus morphology in the four extant species
is quite similar and the degree of within-species variation in ramus
form is not substantially larger than the between-species variation.
This limited degree of between-species variation in the mandibular
ramus is also evident in a comparison of the 95% confidence in-
tervals of the within-species distribution for P. troglodytes and the
between-species distribution between Pan and Pongo. Specifically,
the upper limit of the confidence interval of the PanePongo dis-
tribution is less than the upper limit of the confidence interval for
the within-species distribution of P. troglodytes, indicating that
there would be a relatively high probability of failing to reject a
hypothesis of conspecificity for two specimens drawn from Pan and
Pongo, respectively. If this pattern of limited between-species
variation also holds for hominin species, our ability to rule out
the hypothesis that the Malapa mandibles come from a single
species may be somewhat limiteddi.e., because specimens from
different species may be closer in shape to one another than they
are to specimens belonging to their same species.

Some of the intraspecific variation observed here is most likely a
result of morphological plasticity and/or functional variation in
ramus and coronoid form. As the insertion site for the temporalis
muscle, ramus form is definitely linked to masticatory function.
Experimental studies have demonstrated that coronoid process
shape and orientation can be altered by either partial or complete
excision of the temporalis muscle (e.g., Washburn, 1947; Avis,
1959), often quite radically, or when mandibular hypomobility is
induced experimentally (Isberg et al., 1990). Moreover, comparative
analysis of coronoid and temporalis form found a correlation be-
tween the height and width of the coronoid process and temporalis
orientation (Ritzman and Spencer, 2009) in an interspecific analysis
of anthropoid primates. Thus, it is highly likely that individual
variation in the position and architecture of the temporalis muscle
influences coronoid form, and this prior experimental work sug-
gests that coronoid process form is labile during ontogeny. How-
ever, it is also notable that previous work (Terhune et al., 2014)
found that significant differences in ramal morphology are estab-
lished early in ontogeny in the great apes and humans, even before
eruption of the first molars. Therefore, while this region of the
mandible may be somewhat plastic insofar as the experimental
results suggest that radical alteration of the temporalis affects the
morphology of the coronoid, other important aspects of this region
do not change greatly during ontogeny, even as the masticatory
apparatus changes its configuration. Therefore, we do not believe
that possible morphological plasticity of the mandibular ramus has
a large effect on the results of this study, nor do we believe that
plasticity specifically explains the somewhat equivocal nature of
these results.

We recognize that our study is limited insofar as it bases in-
terpretations about the conspecificity of MH1 and MH2 on a single
anatomical region. Certainly, given the relative completeness of
the two A. sediba individuals, information from other anatomical
regions is germane to the question of whether or not these spec-
imens represent a single taxon. However, with this in mind, it is
important to consider which skeletal elements are present in both
MH1 and MH2di.e., which parts of the skeleton can be used to
address the question of conspecificity of these specimens. In
addition to the mandible, the skeletal elements that are repeated
in MH1 and MH2 derive primarily from the upper limb and pec-
toral girdle, and, in these regions, the morphologies of MH1 and
MH2 are strikingly similar (Churchill et al., 2013). Moreover, the
morphology of the upper limb and pectoral girdle in some aus-
tralopith taxa may possess some derived, Homo-like features
(Asfaw et al., 1999), and others have suggested a high degree of
intraspecific variation in this region (Alemseged et al., 2006;
Haile-Selassie et al., 2010; Green and Alemseged, 2012). There-
fore, the phylogenetic valence of the morphology in the shoulder
may not be sufficient (or not sufficiently resolved) for it to be used
to address questions of conspecificity in the hominin fossil record.
The describers of the axial skeleton, pelvic girdle, and lower limb
in MH1 and MH2 do not note any differences between MH1 and
MH2 with respect to elements that are repeated in the two
specimens, including thoracic vertebrae, ribs, portions of the
ilium, proximal femur, and calcaneus (Kibii et al., 2011; Zipfel et al.,
2011; DeSilva et al., 2013; Schmid et al., 2013; Williams et al.,
2013). The first rib, which is preserved in MH1 and MH2, is
particularly instructive here due to the similarity between the first
ribs in the two specimens and because, in both specimens, the
curvature of the first rib indicates an ape-like, mediolaterally
narrow upper thoracic shape that differs from the broader upper
thoracic region exhibited by Homo (Schmid et al., 2013). The
portions of the os coxa that are repeated in both specimens are
also very similar and suggest a morphology with a mosaic of
primitive (australopith-like) and derived (Homo-like) features,
with some features that are intermediate between the conditions
seen in Australopithecus and Homo (Kibii et al., 2011). In the lower
limb, the proximal femora of both MH1 and MH2 display features
(such as a long, anteroposteriorly compressed femoral neck) that
are shared with Australopithecus and other, more human-like
traits (such as a long femoral head [in MH2] and a well-
developed hypertrochanteric fossa [in MH2]; DeSilva et al.,
2013). Lastly, the calcaneal tuberosities in MH1 and MH2 are
very similar and suggest an ape-like form, resembling neither
Australopithecus nor Homo (Zipfel et al., 2011). Taken together, the
available evidence from the entire skeletons of MH1 and MH2 do
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not present compelling evidence that MH1 and MH2 should be
attributed to different species.

The geologic context of the Malapa fossils may also argue
against the contention that they sample two hominin taxa. Spe-
cifically, the two partial skeletons come from a single, well-dated
facies and this stratum is thought to have accumulated in a sin-
gle, rapid depositional event (Dirks et al., 2010; Pickering et al.,
2011a; Berger, 2012). This fact suggests, at least, that these two
individuals occupied a similar habitat when they were deposited
into the cave system. These facts, of course, do not entirely exclude
the possibility that MH1 and MH2 represent different hominin
taxa, particularly given the fact that fossil-bearing members at
other geographically proximate and roughly contemporaneous
sites (e.g., Swartkrans Member 1 [Lower Bank deposit] and
Kromdraai B) have yielded fossils argued to belong in the genus
Paranthropus and others placed in the genus Homo (Clarke and
Howell, 1972; Hughes and Tobias, 1977; Olson, 1978; Clarke,
1985, 1994; Grine et al., 1993; Susman et al., 2001; Braga and
Thackeray, 2003; Grine, 2005; Curnoe and Tobias, 2006; Smith
and Grine, 2008; Pickering et al., 2011b; Rak and Been, 2014).

We believe that our analyses clearly demonstrate that the dif-
ferences between the two Malapa mandibular rami are not due to
ontogenetic variation or sexual dimorphism. Furthermore, we
contend that, despite the fact that our results regarding the con-
specificity ofMH1 andMH2 are somewhat equivocal, the contention
that MH1 and MH2 belong to a single hominin species cannot be
refuted based on the results presented here. Taken together, these
results do not provide a definitive explanation for themorphological
diversity found in the A. sediba remains. However, in the context of
the hypothesis of some researchers that A. sediba represents a po-
tential ancestor for the genus Homo (Berger et al., 2010; Berger,
2012, 2013; but see Spoor, 2011; Wood and Harrison, 2011;
Kimbel, 2013), the relatively high degree of morphological varia-
tion in the ramus of this species, which has been documented here,
warrants discussion. To the extent that the high degree of
morphological variation in the mandibular ramus of A. sediba as
represented by MH1 and MH2 suggests a large degree of overall
skeletal variation, our results indicate that if indeed A. sediba is
ancestral to the genus Homo (an interpretation that was favored by
the discoverers but not tested here and that has been challenged by
others [see above]), this species was strongly morphologically var-
iable relative to extant great apes (and particularly P. pygmaeus).
This fact, in turn, may indicate that if A. sediba represents the
ancestor of the genus Homo, our genus emerged from a highly
variable anatomical milieu, of which many unique combinations of
primitive, australopith-like features and derived, Homo-like traits
were possessed in concert in individual hominin lineages.

In conclusion, our study indicates that the hypotheses that the
differences between MH1 and MH2 in mandibular ramus form are
due to ontogeny or sexual dimorphism can be rejected, but it
cannot refute the hypothesis that MH1 and MH2 sample a single
species. However, we believe that these results may suggest that
A. sediba was an unusually variable species, at least in regard to
mandibular ramus morphology, and that this fact has important
implications for diversity in the genus Australopithecus and perhaps
for the origin of the genus Homo. Additional research, particularly
work that examines patterns of shape differences and incorporates
non-metric data, is needed to probe the more nuanced differences
between MH1 and MH2 and further evaluate the morphological
variability found in A. sediba.

Acknowledgments

This work would not have been possible without access to the
museum collections under the care of Arleyn Simon (ASU), Giselle
Garcia (AMNH), and Darrin Lunde (NMNH). We thank Bernhard
Zipfel for allowing and facilitating access to the Malapa mandibles
for TR and CT, Justin Adams for providing photographs of the casts
of MH1 and MH2, and Jennifer Begazo for her assistance during
data collection. TR also thanks Becky Ackermann, Robyn Pickering,
and Lauren Schroeder for helpful discussions during the prepara-
tion of this manuscript. Lastly, we thank Sarah Elton, Adam Gordon,
and three anonymous reviewers for their insightful comments,
which greatly improved this work.
Supplementary Online Material

Supplementary online material related to this article can be
found at http://dx.doi.org/10.1016/j.jhevol.2016.09.002.
References

Aitchison, J., 1965. Contrasts in the mandibles and mandibular teeth of the chim-
panzee, orangutan and gorilla. Dent. Mag. Oral Top. 81, 105e108.

Alemseged, Z., Spoor, F., Kimbel, W.H., Bobe, R., Geraads, D., Reed, D., Wynn, J.G.,
2006. A juvenile early hominin skeleton from Dikika, Ethiopia. Nature 443,
296e301.

Asfaw, B., White, T., Lovejoy, O., Latimer, B., Simpson, S., Suwa, G., 1999. Austral-
opithecus garhi: a new species of early hominid from Ethiopia. Science 284,
629e635.

Avis, V., 1959. The relation of the temporal muscle to the form of the coronoid
process. Am. J. Phys. Anthropol. 17, 99e104.

Balter, M., 2010. Candidate human ancestor from South Africa sparks praise and
debate. Science 328, 154e155.

Been, E., Rak, Y., 2014. The lumbar spine of Australopithecus sediba indicates two
hominid taxa. PaleoAnthropol. 2014, A20.

Berger, L., 2012. Australopithecus sediba and the earliest origins of the genus Homo.
J. Anthropol. Sci. 90, 117e131.

Berger, L.R., 2013. The mosaic nature of Australopithecus sediba. Introduction. Sci-
ence 340, 163e165.

Berger, L.R., de Ruiter, D.J., Churchill, S.E., Schmid, P., Carlson, K.J., Dirks, P.H.,
Kibii, J.M., 2010. Australopithecus sediba: a new species of Homo-like austral-
opith from South Africa. Science 328, 195e204.

Braga, J., Thackeray, J.F., 2003. Early Homo at Kromdraai B: probabilistic and
morphological analysis of the lower dentition. CR Paleovol. 2, 169e179.

Carlson, K.J., Stout, D., Jashashvili, T., de Ruiter, D.J., Tafforeau, P., Carlson, K.,
Berger, L.R., 2011. The endocast of MH1, Australopithecus sediba. Science 333,
1402e1407.

Chamberlain, A.T., Wood, B.A., 1985. A reappraisal of variation in hominid
mandibular dimensions. Am. J. Phys. Anthropol. 66, 399e405.

Cherry, M., 2010. Claim over ‘human ancestor’ sparks furore. Nature. http://
dx.doi.org/10.1038/news.2010.171.

Churchill, S.E., Holliday, T.W., Carlson, K.J., Jashashvili, T., Macias, M.E., Mathews, S.,
Sparling, T.L., Schmid, P., de Ruiter, D.J., Berger, L.R., 2013. The upper limb of
Australopithecus sediba. Science 340, 1233477.

Clarke, R.J., 1985. Early Acheulean with Homo habilis at Sterkfontein hominid evo-
lution: past, present, and future. Alan R. Liss, New York.

Clarke, R.J., 1994. The significance of the Swartkrans Homo to the Homo erectus
problem. Cour. Forsch. Inst. Senckenberg 171, 185e193.

Clarke, R.J., Howell, F.C., 1972. Affinities of the Swartkrans 847 hominid cranium.
Am. J. Phys. Anthropol. 37, 319e325.

Curnoe, D., Tobias, P.V., 2006. Description, new reconstruction, comparative anat-
omy, and classification of the Sterkfontein Stw 53 cranium, with discussions
about the taxonomy of other southern African early Homo remains. J. Hum.
Evol. 50, 36e77.

Daegling, D.J., Grine, F.E., 1991. Compact bone distribution and biomechanics of
early hominid mandibles. Am. J. Phys. Anthropol. 86, 321e339.

de Ruiter, D.J., DeWitt, T.J., Carlson, K.B., Brophy, J.K., Schroeder, L., Ackermann, R.R.,
Churchill, S.E., Berger, L.R., 2013. Mandibular remains support taxonomic val-
idity of Australopithecus sediba. Science 340, 1232997.

DeSilva, J.M., Holt, K.G., Churchill, S.E., Carlson, K.J., Walker, C.S., Zipfel, B.,
Berger, L.R., 2013. The lower limb and mechanics of walking in Australopithecus
sediba. Science 340, 1232999-1-5.

Dirks, P.H., Kibii, J.M., Kuhn, B.F., Steininger, C., Churchill, S.E., Kramers, J.D.,
Pickering, R., Farber, D.L., Meriaux, A.S., Herries, A.I., King, G.C., Berger, L.R., 2010.
Geological setting and age of Australopithecus sediba from southern Africa.
Science 328, 205e208.

Green, D.J., Alemseged, Z., 2012. Australopithecus afarensis scapular ontogeny,
function, and the role of climbing in human evolution. Science 338, 514e517.

Grine, F., 2005. Early Homo at Swartkrans, South Africa: a review of the evidence
and an evaluation of recently proposed morphs. S. Afr. J. Sci. 101, 43.

Grine, F.E., Demes, B., Jungers, W.L., Cole 3rd, T.M., 1993. Taxonomic affinity of the
early Homo cranium from Swartkrans, South Africa. Am. J. Phys. Anthropol. 92,
411e426.

http://dx.doi.org/10.1016/j.jhevol.2016.09.002
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref1
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref1
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref1
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref2
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref2
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref2
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref2
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref3
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref3
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref3
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref3
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref4
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref4
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref4
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref5
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref5
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref5
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref6
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref6
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref7
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref7
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref7
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref8
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref8
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref8
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref9
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref9
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref9
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref9
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref10
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref10
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref10
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref11
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref11
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref11
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref11
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref12
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref12
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref12
http://dx.doi.org/10.1038/news.2010.171
http://dx.doi.org/10.1038/news.2010.171
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref14
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref14
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref14
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref15
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref15
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref16
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref16
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref16
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref17
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref17
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref17
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref18
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref18
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref18
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref18
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref18
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref19
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref19
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref19
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref20
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref20
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref20
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref21
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref21
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref21
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref22
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref22
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref22
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref22
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref22
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref23
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref23
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref23
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref24
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref24
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref25
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref25
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref25
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref25


T.B. Ritzman et al. / Journal of Human Evolution 100 (2016) 54e6464
Gunz, P., Mitteroecker, P., 2013. Semilandmarks: A method for quantifying curves
and surfaces. Hystrix, the Italian Journal of Mammalogy. 24 (1), 103e109.

Gunz, P., Mitteroecker, P., Neubauer, S., Weber, G.W., Bookstein, F.L., 2009. Principles
for the virtual reconstruction of hominin crania. J. Hum. Evol. 57, 48e62.

Haile-Selassie, Y., Latimer, B.M., Alene, M., Deino, A.L., Gibert, L., Melillo, S.M.,
Saylor, B.Z., Scott, G.R., Lovejoy, C.O., 2010. An early Australopithecus afarensis
postcranium from Woranso-Mille, Ethiopia. Proc. Natl. Acad. Sci. USA 107,
12121e12126.

Hughes, A.R., Tobias, P.V., 1977. A fossil skull probably of the genus Homo from
Sterkfontein, Transvaal. Nature 265, 310e312.

Humphrey, L., Dean, M., Stringer, C., 1999. Morphological variation in great ape and
modern human mandibles. J. Anat. 195, 491e513.

Irish, J.D., Guatelli-Steinberg, D., Legge, S.S., de Ruiter, D.J., Berger, L.R., 2013. Dental
morphology and the phylogenetic “place” of Australopithecus sediba. Science
340, 1233062.

Isberg, A.M., McNamara, J.A., Carlson, D.S., Isacsson, G., 1990. Coronoid process
elongation in rhesus monkeys (Macaca mulatta) after experimentally induced
mandibular hypomobility. Oral Surg. Oral Med. Oral Pathol. 70, 704e710.

Kibii, J.M., Churchill, S.E., Schmid, P., Carlson, K.J., Reed, N.D., de Ruiter, D.J., Berger, L.R.,
2011. A partial pelvis of Australopithecus sediba. Science 333, 1407e1411.

Kimbel, W.H., 2013. Palaeoanthropology: hesitation on hominin history. Nature 497,
573e574.

Kimbel, W.H., White, T.D., 1988. Variation, sexual dimorphism and the taxonomy of
Australopithecus. In: Grine, F.E. (Ed.), Evolutionary History of the Robust Aus-
tralopithecines. Aldine de Gruyter, New York, pp. 175e192.

Kivell, T.L., Kibii, J.M., Churchill, S.E., Schmid, P., Berger, L.R., 2011. Australopithecus
sediba hand demonstrates mosaic evolution of locomotor and manipulative
abilities. Science 333, 1411e1417.

Mitteroecker, P., Bookstein, F.L., 2011. Linear discrimination, ordination, and the
visualization of selection gradients in modern morphometrics. Evol. Biol. 38,
100e114.

Olson, T.R., 1978. Hominid phylogenetics and the existence of Homo in Member I of
the Swartkrans Formation, South Africa. J. Hum. Evol. 7, 159e178.

Pickering, R., Dirks, P.H., Jinnah, Z., de Ruiter, D.J., Churchil, S.E., Herries, A.I.,
Woodhead, J.D., Hellstrom, J.C., Berger, L.R., 2011a. Australopithecus sediba at
1.977 Ma and implications for the origins of the genus Homo. Science 333,
1421e1423.

Pickering, R., Kramers, J.D., Hancox, P.J., de Ruiter, D.J., Woodhead, J.D., 2011b.
Contemporary Flowstone development links early hominin bearing cave de-
posits in South Africa. Earth Planet. Sc. Lett. 306, 23e32.

Rak, Y., Been, E., 2014. Two hominid taxa at Malapa: the mandibular evidence.
PaleoAnthropol. 2014, A20.

Rak, Y., Ginzburg, A., Geffen, E., 2002. Does Homo neanderthalensis play a role in
modern human ancestry? The mandibular evidence. Am. J. Phys. Anthropol. 119,
199e204.
Rak, Y., Ginzburg, A., Geffen, E., 2007. Gorilla-like anatomy on Australopithecus
afarensis mandibles suggests Au. afarensis link to robust australopiths. Proc.
Natl. Acad. Sci. USA 104, 6568e6572.

Ritzman, T.B., Spencer, M.A., 2009. Coronoid process morphology and function in
anthropoid primates. Am. J. Phys. Anthropol. 104, 221.

Robinson, C., 2012. Geometric morphometric analysis of mandibular shape diversity
in Pan. J. Hum. Evol. 63, 191e204.

Rohlf, F.J., 2010. tpsDig, Version 2.16. Department of Ecology and Evolution. State
University of New York at Stony Brook, New York.

Schmid, P., Churchill, S.E., Nalla, S., Weissen, E., Carlson, K.J., de Ruiter, D.J.,
Berger, L.R., 2013. Mosaic morphology in the thorax of Australopithecus sediba.
Science 340, 1234598-1-5.

Schmittbuhl, M., Rieger, J., Le Minor, J.M., Schaaf, A., Guy, F., 2007. Variations of the
mandibular shape in extant hominoids: Generic, specific, and subspecific
quantification using elliptical fourier analysis in lateral view. Am. J. Phys.
Anthropol. 132, 119e131.

Smith, H.F., Grine, F.E., 2008. Cladistic analysis of early Homo crania from Swartk-
rans and Sterkfontein, South Africa. J. Hum. Evol. 54, 684e704.

Spoor, F., 2011. Palaeoanthropology: Malapa and the genus Homo. Nature 478,
44e45.

Spoor, F., Gunz, P., Neubauer, S., Stelzer, S., Scott, N., Kwekason, A., Dean, M.C., 2015.
Reconstructed Homo habilis type OH 7 suggests deep-rooted species diversity in
early Homo. Nature 519, 83e86.

Susman, R.L., de Ruiter, D., Brain, C.K., 2001. Recently identified postcranial remains
of Paranthropus and early Homo from Swartkrans Cave, South Africa. J. Hum.
Evol. 41, 607e629.

Taylor, A.B., 2006. Size and shape dimorphism in great ape mandibles and impli-
cations for fossil species recognition. Am. J. Phys. Anthropol. 129, 82e98.

Terhune, C.E., Robinson, C.A., Ritzman, T.B., 2014. Ontogenetic variation in the
mandibular ramus of great apes and humans. J. Morphol. 275, 661e677.

Washburn, S.L., 1947. The relation of the temporal muscle to the form of the skull.
Anat. Rec. 99, 239e248.

Weidenreich, F., 1936. The mandibles of Sinanthropus pekinensis: a comparative
study. Palaeontol. Sinica D 7, 1e132.

Williams, S., Ostrofsky, K.R., Frater, N., Churchill, S.E., Schmid, P., Berger, L.R., 2013.
The vertebral column of Australopithecus sediba. Science 340, 1232996-1-5.

Wood, B., Harrison, T., 2011. The evolutionary context of the first hominins. Nature
470, 347e352.

Wood, B.A., Li, Y., Willoughby, C., 1991. Intraspecific variation and sexual dimor-
phism in cranial and dental variables among higher primates and their bearing
on the hominid fossil record. J. Anat. 174, 185e205.

Zipfel, B., DeSilva, J.M., Kidd, R.S., Carlson, K.J., Churchill, S.E., Berger, L.R., 2011. The
foot and ankle of Australopithecus sediba. Science 333, 1417e1420.

http://refhub.elsevier.com/S0047-2484(16)30108-7/sref26
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref26
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref26
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref27
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref27
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref27
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref28
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref28
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref28
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref28
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref28
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref29
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref29
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref29
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref30
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref30
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref30
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref31
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref31
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref31
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref32
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref32
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref32
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref32
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref33
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref33
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref33
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref34
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref34
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref34
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref35
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref35
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref35
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref35
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref36
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref36
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref36
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref36
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref37
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref37
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref37
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref37
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref38
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref38
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref38
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref39
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref39
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref39
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref39
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref39
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref40
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref40
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref40
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref40
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref41
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref41
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref42
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref42
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref42
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref42
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref43
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref43
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref43
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref43
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref44
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref44
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref45
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref45
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref45
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref46
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref46
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref47
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref47
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref47
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref48
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref48
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref48
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref48
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref48
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref49
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref49
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref49
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref50
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref50
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref50
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref51
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref51
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref51
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref51
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref52
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref52
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref52
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref52
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref53
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref53
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref53
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref54
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref54
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref54
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref55
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref55
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref55
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref56
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref56
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref56
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref57
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref57
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref58
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref58
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref58
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref59
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref59
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref59
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref59
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref60
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref60
http://refhub.elsevier.com/S0047-2484(16)30108-7/sref60

	Mandibular ramus shape of Australopithecus sediba suggests a single variable species
	1. Introduction
	1.1. Fossil descriptions and previous research

	2. Materials and methods
	3. Results
	4. Discussion
	Acknowledgments
	Supplementary Online Material
	References


