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Abstract

Assessment of global endocranial morphology and regional neuroanatomical changes in early hominins is
critical for the reconstruction of evolutionary trajectories of cerebral regions in the human lineage. Early
evidence of cortical reorganization in specific local areas (e.g. visual cortex, inferior frontal gyrus) is perceptible
in the non-human South African hominin fossil record. However, to date, little information is available
regarding potential global changes in the early hominin brain. The introduction of non-invasive imaging
techniques opens up new perspectives for the study of hominin brain evolution. In this context, our primary
aim in this study is to explore the organization of the Australopithecus africanus endocasts, and highlight the
nature and extent of the differences distinguishing A. africanus from the extant hominids at both local and
global scales. By means of X-ray-based imaging techniques, we investigate two A. africanus specimens from
Sterkfontein Member 4, catalogued as Sts 5 and Sts 60, respectively a complete cranium and a partial cranial
endocast. Endocrania were virtually reconstructed and compared by using a landmark-free registration method
based on smooth and invertible surface deformation. Both local and global information provided by our
deformation-based approach are used to perform statistical analyses and topological mapping of inter-specific
variation. Statistical analyses indicate that the endocranial shape of Sts 5 and Sts 60 approximates the Pan
condition. Furthermore, our study reveals substantial differences with respect to the extant human condition,
particularly in the parietal regions. Compared with Pan, the endocranial shape of the fossil specimens differs in
the anterior part of the frontal gyri.
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Tracking the early emergence of the derived Homo-like
neuroanatomical features in the hominin fossil record can
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Harvey, 2000; Gomez-Robles et al. 2014) and quantitative
genetic analyses (Hager et al. 2012), the early hominin fossil
record may provide evidence of a ‘mosaic-like’ evolution of
cerebral features commonly regarded as typical of extant
humans (Holloway, 2001). For instance, the presumed cau-
dal position of the lunate sulcus in the endocast of the
holotype of Australopithecus africanus (i.e. the Taung child;
Dart, 1925; Holloway, 1981) illustrates potentially early (i.e.
pre-Homo) changes in the configuration of the occipital
lobes, likely indicative of an expansion of parietal associa-
tion cortex. Similarly, the original description of the endo-
cast of Australopithecus sediba (i.e. MH1) reveals that the
reorganization of the prefrontal cortex was initiated at
least 1.9 million years ago and occurred before brain size
expansion (Carlson et al. 2011). However, the position of
the lunate sulcus in the Taung child, as well as in other
South African specimens (e.g. StW 505), is still highly contro-
versial (Falk, 1980, 1983a, 2009; Holloway, 1981; Holloway
et al. 2004a). Additionally, an alternative hypothesis sug-
gests a global reorganization of the hominin brain (i.e. con-
certed evolution of the brain; Finlay & Darlington, 1995; de
Winter & Oxnard, 2001; Falk, 2009).

The Homo fossil record yields further evidence of the
complexity of hominin brain evolution. Besides depicting
fundamental non-allometric brain shape changes involving
overall neurocranial organization (e.g. globularization pro-
cess; Lieberman et al. 2002; Gunz et al. 2010; Neubauer
et al. 2010), it confirms that an increase in brain size is not a
prerequisite for cerebral reorganization (see fig. 4:
Holloway, 1983) or for the emergence of human-like
neuroanatomical features. Indeed, specimens attributed to
various fossil species of Homo (e.g. Homo erectus,
Homo floresiensis, Homo naledi) combine an australopith-
like cranial capacity with human-like sulcal organization
(e.g. horizontal and ascending rami of the Sylvian fissure in
the lateral prefrontal cortex, caudal position of the lunate
sulcus; Gabunia et al. 2000; Brown et al. 2004; Falk et al.
2005; Lee, 2005; Grimaud-Hervé et al. 2006; Kubo et al.
2013; Lordkipanidze et al. 2013; Berger etal. 2015;
Holloway et al. 2017; Hurst et al. 2017). Accordingly, the
assessment of global endocranial morphology (e.g. globu-
larization) and regional neuroanatomical changes (e.g.
topographic reduction of the visual cortex and expansion
of the prefrontal cortex) are critical for the reconstruction
of the evolutionary trajectories of cerebral regions in the
human lineage and understanding underlying reorganiza-
tional processes.

Assessing early hominin brain evolution is, however, sig-
nificantly hampered by both technical limitations and the
fragmentary nature of fossil endocasts, notwithstanding
previous exhaustive descriptive studies (Holloway, 1972,
1981, 1983; Falk, 1980, 1983b; Tobias, 1991; Holloway et al.
2004b). Early attempts to quantitatively characterize early
hominin endocranial shape have stressed the need of analyt-
ical tools providing “the critical ‘localness’ to compare
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regions between taxa in any objective, statistically signifi-
cant way” (Holloway, 1980: p. 201). Original applications of
imaging techniques revealed the potential of non-invasive
investigation of early hominins specimens, particularly from
the rich South African fossil record (Conroy et al. 1990, 1998;
Spoor et al. 2000). In this context, the integration of radia-
tion-based high-resolution three-dimensional (3D) methods
in the traditional investigative toolkit of paleoneurology dis-
closes new perspectives for tracking the potential covaria-
tion patterns in fossil endocranial morphoarchitecture. As,
for instance, shape analysis in extant hominids provided criti-
cal information for intra-specific cerebral variation (Gilissen,
2001). More specifically, the landmark-free deformation-
based models have been demonstrated to be a relevant tool
for the registration of morphoarchitectural variations in pri-
mate endocranial ontogenetic trajectories (Durrleman et al.
2012a), and also for taxonomic and evolutionary studies in
fossil primate taxa (Beaudet et al. 2016a; Beaudet & Bruner,
2017).

As highlighted in previous paleoneurological studies,
mostly because of their preservation state, the A. africanus
specimens Sts 5 and Sts 60, respectively, a complete cranium
and a partial cranial endocast, are critical for understanding
early hominin brain changes (Falk et al. 2000; Holloway
et al. 2004b; Neubauer et al. 2012). Indeed, Holloway et al.
(2004b) stated that “This [Sts 60] is one of the best of the
five natural brain endocasts that exist for the South African
gracile forms in terms of sulcal markings, and size estima-
tion.” (p. 77) and “Despite the preceding judgments, the
endocast [of Sts 5] is complete, relatively undistorted, and
provides an accurate endocranial volume [...]" (p. 73).
Accordingly, our primary aim in this study was to explore at
both global and local scales the endocranial organization in
Sts 5 and Sts 60, and provide formal (statistical) comparisons
with extant hominids using the deformation-based models.
Besides using classical protocols in deformation-based sur-
face comparison (Dumoncel et al. 2014; Beaudet et al.
2016a,b; Beaudet & Bruner, 2017), we also applied the
recently developed deformation-based method for estimat-
ing and dealing with missing parts in incomplete specimens
(Dumoncel et al. 2016), as our sample included complete
(Sts 5) and partial (Sts 60) endocasts.

Materials and methods

The fossil specimens investigated in our study included two A. afri-
canus representatives, Sts 5 and Sts 60, both derived from Sterk-
fontein Member 4. They are currently curated at the Ditsong
National Museum of Natural History (Pretoria, South Africa). The
specimen Sts 5, or ‘Mrs Ples’, is a well-preserved cranium, suggested
by Broom (1947) to be an adult female. This specimen lacks only a
small neurocranial portion that was physically filled using recon-
struction material (Fig. 1a). Sts 60, on the other hand, is a natural
partial endocast preserving most of the left side, excluding some
parts of the frontal and temporal poles, the entire occipital pole as
well as the posterior cerebellar lobe, while the right side is
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Fig. 1 Virtual endocasts and computation process. Digital reconstruction of crania (light grey) and endocasts (blue) in a human, a common chim-
panzee and a bonobo, and in the Australopithecus specimens Sts 5 and Sts 60 (a). Plaster used to reconstruct the endocast of Sts 60 corresponds
to the lighter surface. Computation process consists successively in the deformation of a global mean shape (GMS1) to complete endocasts of the
extant specimens and the subsequent inclusion of the fossil specimens (blue square) (b); the deformation of a second global mean shape (GMS2)
to partial endocasts of the extant specimens (i.e. the regions corresponding to the missing part in Sts 60 were removed from the complete endo-
casts of the extant specimens and Sts 5 based on the results of the first deformation process) and subsequent inclusion of the fossil specimens
(blue square) (c). Taxon mean shapes (TMS) are generated from complete (d) and partial (e) endocasts and subsequently deformed to Sts 5 and Sts
60, respectively (blue squares). Topographical distribution of displacements is rendered by colour maps (d,e). Complete and partial endocasts are

represented in lateral (b,d) and superior (c,e) views, respectively.

represented only by the frontal lobe and a portion of the parietal
lobe (Fig. 1a; Broom & Schepers, 1946; Holloway et al. 2004b). The
right hemisphere of the original specimen, as well as the occipital
and cerebellar lobes and the foramen magnum region, has been
reconstructed with plaster (Fig. 1a). Sts 60 is associated to the
severely crushed cranium TM 1511. Sts 5 and Sts 60 have been
described as relatively undistorted (Holloway et al. 2004a). The cra-
nium of Sts 5 was scanned by a medical scanner with a spatial reso-
lution of 0.35 x 0.35 x 0.2 mm at the Little Company of Mary
Hospital (Pretoria). The external surface of Sts 60 was digitally cap-
tured by the surface scanner NextEngine 3D Scanner Ultra HD with
an isometric resolution of 0.2 mm (Fig. 1a).

As comparative material, we investigated three samples repre-
senting Homo sapiens (n=10), Pan troglodytes (n=10) and Pan
paniscus (n=10), with equal proportions of fully mature males
and females. Extant humans were selected from anonymized
human clinical records of the Pasteur Hospital in Toulouse,
France (El Khoury et al. 2014). The patients were scanned by
medical computed-tomography (CT) with a spatial resolution
ranging between 0.49 and 0.50 mm. Common chimpanzee and
bonobo specimens from the Royal Museum for Central Africa
(Tervuren, Belgium) were imaged using medical CT with a spa-
tial resolution ranging between 0.39 and 0.8 mm (El Khoury
et al. 2014).

The digital extraction and reconstruction of Sts 5 and the extant
hominid endocrania were automatically performed through the
Endex software (Fig. 1a; http:/liris.cnrs.fr/gilles.gesquiere/wiki/doku.
php?id=endex; Subsol et al. 2010). Endocrania were compared by
using a size-independent and landmark-free registration method
based on smooth and invertible surface deformation (Durrleman,
2010; Durrleman et al. 2012a,b; Dumoncel et al. 2014; Beaudet
et al. 2016a,b). As a pre-processing step, the surfaces were automat-
ically aligned in position, orientation and scale with respect to one
surface randomly selected using the Iterative Closest Point algo-
rithm (Besl & McKay, 1992). From this set of pre-aligned surfaces, an
automatic non-rigid registration process was performed on the
extant specimens only (i.e. Homo and Pan samples) via the deforma-
tion of a template using the software Deformetrica (http://www.def
ormetrica.org/; Durrleman, 2010; Beaudet et al. 2016a; Fig. 1b). This
process provided an atlas (sensu Durrleman et al. 2014), i.e. a global
mean shape (GMS1) and the deformation fields from the global
mean shape to each extant specimen, and is called hereinafter STEP
1. From STEP 1, taxon mean shapes (TMS1-Hs, TMS1-Pp and TMS1-
Pt) were generated (Fig. 1b,d; Beaudet et al. 2016a). Finally, GMS1
was subsequently deformed to Sts 5 and Sts 60, thus providing the
deformation fields from GMS1 to each fossil specimen (Fig. 1b,d;
Beaudet et al. 2016a). Similarly, TMS1-Hs/TMS1-Pp/TMS1-Pt were
deformed to Sts 5 and Sts 60.
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Because the original natural endocast of Sts 60 is incomplete, we
computed a second analysis (STEP 2) focusing on the preserved
endocranial region in Sts 60 following the protocol published in
Dumoncel et al. (2016). Firstly, we virtually and manually removed
the artificial endocranial region following the physical limit
between the natural endocast and the material used for recon-
structing the missing part (Fig. 1a). Based on the results of STEP 1
and by using the deformations between GMS1 and Sts 60, as well
as the deformations between GMS1 and each specimen (including
Sts 5), the region corresponding to the missing surface in Sts 60 was
similarly removed from each endocast (Dumoncel et al. 2016;
Fig. 1c). Then, we computed a second atlas, including a second glo-
bal mean shape (GMS2), from the set of partial endocasts. Taxon
mean shapes (TMS2-Hs, TMS2-Pp and TMS2-Pt; Fig. 1c,e) were gen-
erated. As for the analysis of the complete endocasts, GMS2 was
deformed to the partial endocasts of Sts 5 and Sts 60, thus provid-
ing the deformation fields from GMS2 to each fossil specimen
(Fig. 1c,e). Additionally, TMS2-Hs/TMS2-Pp/TMS2-Pt were deformed
to Sts 5 and Sts 60.

The deformation fields integrating local orientation and the
amplitude of the deformations from the GMS1 and GMS2 to each
specimen were statistically analysed by between-group principal
component analysis (bgPCA; Mitteroecker & Bookstein, 2011) using
the package ade4 for R (Dray & Dufour, 2007). Based on the covari-
ance matrix of the predefined extant group means, the fossil speci-
mens were subsequently projected into the shape space of the two
analyses. Accordingly, we computed two separate bgPCAs, i.e. a
first one with the complete endocasts (excluding Sts 60), and a sec-
ond one with the partial endocasts (including both Sts 5 and Sts
60).

The amplitude and orientation of the displacements recorded
during the deformation process were rendered by a combination of
colour maps and vectors. Vectors represent the local maxima (i.e.
the vectors for which the norm is superior to all of the norms
recorded for its nearest neighbours) of the displacements. Colour
maps were computed for the comparison between TMS1-Hs/TMS1-
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Pp/TMS1-Pt and Sts 5, and between TMS2-Hs/TMS2-Pp/TMS2-Pt and
Sts 60 (Fig. 1d,e).

Results

Based on the deformations computed from the extant
hominid groups to the virtual endocasts of Sts 5 and Sts 60
using both complete and partial endocasts, statistical analy-
ses indicate that the morphology in these two A. africanus
endocranial specimens closely approximates the Pan condi-
tion along the two bgPCs (Fig. 2). However, Sts 60 plots
within the non-human groups, while Sts 5 falls outside the
Pan variation as represented by the convex hulls in both
analyses (Fig. 2). Moreover, according to the bgPCA and
the position of the specimen in the shape space, the mor-
phology of the Sts 5 endocast is closer to Pan when consid-
ering the overall shape (Fig. 2a) than in the analysis of
partial endocasts (Fig. 2b).

We investigated the nature and extent of the differences
distinguishing Sts 5 and Sts 60 from extant Homo and Pan
representatives based on topological mapping of inter-
specific variation of complete and incomplete endocasts,
respectively (Fig. 3). Compared with extant humans, the
dorsal part of the parietal lobes is more flattened in both
Sts 5 and Sts 60, and the occipital lobes are less protruded
in Sts 5. According to the vectors, Sts 60 experienced larger
deformation on top of the endocast in terms of magnitude
than Sts 5. The well-preserved left temporal lobe of Sts 60 is
more inflated, while in Sts 5 the precentral gyri in both
hemispheres are more prominent. The frontal bec is more
elongated and the orbital surfaces are more elevated in the
fossil specimens.
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Fig. 2 Statistical analyses of the endocranial shape comparison. Between-group principal component analysis (bgPCA) of the deformation-based
shape comparisons of the complete (a) and partial (b) endocasts extracted from Australopithecus (black stars), extant humans (red triangles),

common chimpanzees (green diamonds) and bonobos (blue squares).
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Fig. 3 Topographical distribution of morphological deformations. Comparative maps of morphological deformations from the taxon mean shapes
(TMS) computed for the extant human (top row), common chimpanzee (middle row) and bonobo (bottom row) samples, to Sts 5 (a) and Sts 60
(b). While the overall endocast of Sts 5 is analysed, in Sts 60 shape comparison is limited to the well-preserved partial endocast, accordingly the
reconstructed part (in grey) is excluded from the computation process. Endocasts are shown in superior, anterior and lateral (left) views. Cumula-
tive displacement variations are rendered by a pseudo-colour scale ranging from dark blue (lowest values) to red (highest values) at the individual
surfaces and vectors. The vectors represent both the magnitude and orientation of the deformations from the TMS to the fossil specimens. The
maximum value of the colour bar (10) is considered to be the most appropriate compromise representation of both global and local deformations,
even if some recorded deformations exceeded this value. For each view, the hidden side of the endocranial surface was virtually removed. A

description of the main morphological variations is provided in the text.

Compared with Pan, the frontal bec in Sts 5 is more devel-
oped and the biparietal width is narrower. The configura-
tion of the notch forming the junction between the
temporal lobe and the cerebellar area in the lateral surface
differs in Sts 5 as compared with Pan by combining a medial
indentation with a caudal elongation of the temporal lobe.
Additionally, the ventral surface of the frontal lobes in Sts
60 is more elevated. In both Australopithecus specimens,
the cerebellar lobes and the anterior regions of the frontal
gyri are more protuberant when compared with Pan. On
the whole, the region surrounding the foramen magnum is
more protruded in Sts 5 and less developed in Sts 60 in
comparison to the extant taxa.

Discussion

Our results reveal that the A. africanus endocranial
morphology represented by Sts 5 and Sts 60 is closer to the
non-human condition, which is consistent with previous
landmark-based morphometric investigation of the two
specimens (Neubauer et al. 2012). However, while the land-
mark-based study essentially described general patterns of
rounded vs. elongated endocranial shapes, here we suggest

additional characteristics, including a more elongated fron-
tal bec and a substantially less elevated parietal area in Sts 5
and Sts 60 compared with Homo. The last feature is consis-
tent with the late emergence in the hominin lineage of the
parietal expansion that contributed to the globular shape
of the extant human brain (Bruner et al. 2003).

Changes are perceptible in the anterior part of the pre-
frontal cortex (lateral and ventral) in both Sts 5 and Sts 60
as compared with the Pan specimens. These results should
be considered cautiously as the degree of preservation of
the Sts 5's cranium and of the Sts 60’s natural endocast at
this level is not optimal (Holloway et al. 2004b). Nonethe-
less, these changes might be consistent with the reconfig-
uration of the orbito-frontal region described in
Australopithecus endocasts as compared with the puta-
tive ape-like ancestral pattern (Falk, 2009, 2012; Carlson
et al. 2011) or with other early hominin taxa (e.g. Paran-
thropus; Falk et al. 2000). However, the detection of
potential prefrontal cortical changes should be supported
by further analysis of the sulcal pattern that may be
indicative of the spatial organization of crucial cortical
areas such as the Broca’s cap (for review, see Falk, 2014),
within the limits of neuroanatomical inferences (Amunts
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et al. 1999). Moreover, a larger sample of Australopithe-
cus specimens will be necessary for confirming (or reject-
ing) the morphological changes observed, analysed and
reported in this study.

On the contrary, the substantial protrusion of the cere-
bellum in both Sts 5 and Sts 60 and the narrower bipari-
etal width in Sts 5 observed when compared with Pan is
more difficult to explain. Additionally, while previous
studies suggested a chimpanzee-like configuration of the
basicranial shape in Sts 5 and more particularly of the
petrous pyramid (Spoor, 1997), we found differences with
Pan in the petrosal region. Besides the fact that the proxy
commonly used for representing the ancestral morpho-
type (i.e. the panins) is probably not a reliable ancestral
equivalent for every aspect of the hominin brain, one pos-
sible explanation to consider is the presence of cerebral
traits specific to A. africanus. Moreover, the neuro-basicra-
nial complex is a highly integrated morphological unit,
and the intimate relationship between the two compo-
nents adds another confounding factor when interpreting
cerebral changes from the endocranial shape (Lieberman
et al. 2000).

In our study, morphological affinities of Sts 5 with the
extant hominoid groups as revealed by the shape compar-
ison slightly vary whether or not we integrate the occipital
lobes, right temporal lobe and a portion of the parietal
region. This result might be affected by the intra-specific
variation within the comparative groups or may potentially
suggest that some of the morphological features excluded
in the analysis of partial endocasts could be relevant for
interpreting morphological differences between Australop-
ithecus and extant hominids. Furthermore, Sts 60 differs
from Sts 5, notably by displaying a more flattened dorsal
portion of the parietal lobes. This result may be potentially
compatible with possible post mortem supero-inferior com-
pression evidenced by the landmark-based geometric mor-
phometric analysis performed by Neubauer et al. (2012)
and consistent with the preservation state of the associated
crushed cranium TM 1511 (Broom & Schepers, 1946). Addi-
tionally, portions of the frontal and left temporal poles are
missing in Sts 60 and should be considered in the interpreta-
tions of surface comparison described in this paper. In the
future, the complete reconstruction of this specimen based
on extant (i.e. human, chimpanzee, bonobo) models,
including the correction of potential plastic distortion
(Tallman et al. 2014), should be a priority.
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