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1. Introduction

The taxonomy, phylogeny and biology of the Paranthropus species have been the center
of debates since the earliest discovery of the TM 1517 (now attributed to Paranthropus
robustus) cranium from the Plio-Pleistocene site of Kromdraai (South Africa) in 1938 by R.
Broom. In particular, whether Paranthropus boisei and P. robustus represent two distinct taxa,
and whether the two species emerged from a common ancestor (i.e., hypothesis of a
monophyletic group), remain largely unresolved (reviewed in Constantino and Wood, 2004,
2007; Wood and Schroer, 2017). Besides the taxonomic and phylogenetic aspects, the presence
of two contemporaneous ‘robust’ species in the eastern and southern African hominin fossil
records raises critical questions regarding potential occurrences of homoplasies in the hominin
clade, with substantial implications for our understanding of early hominin paleobiology
(Wood and Schroer, 2017). Moreover, the absence of associated cranial and postcranial
remains attributed to Paranthropus complicate the reconstruction of the behaviour of this
enigmatic ‘megadont’ hominin genus (reviewed in Constantino and Wood, 2007).

In this respect, brain endocasts may have the potential to provide additional insights
into the taxonomy, phylogeny and behavior of Paranthropus taxa. Until now, only a few
studies have attempted to assess the evolutionary polarity of the cerebral features in
Paranthropus, and even fewer have addressed the question of potential similarities and
differences in the brain of the two regional variants of Paranthropus. By investigating the
endocasts of Paranthropus aethiopicus, P. boisei and P. robustus, Falk et al. (2000) suggested
substantial similarities between Paranthropus and extant chimpanzees and gorillas (i.e., similar
overall endocranial dimensions, beak-shaped profile frontal lobes, rounded temporal poles) and
hypothesized a less derived cerebral condition in Paranthropus as compared to
Australopithecus. However, the description of the sulcal pattern in P. robustus (SK 1585)
revealed a configuration of the lunate sulcus that is more similar to extant humans than to extant
chimpanzees, thus suggesting a possible reorganisation of the cortical pattern (Holloway,
1972). However, there is an ongoing debate as to whether the lunate sulcus is homologous
between apes and humans (e.g., Allen et al., 2006; Malikovic et al., 2012) and on the position
of the lunate sulcus in early hominins (e.g., Falk, 1980, 1983, 2009; Holloway, 1981; Holloway
et al., 2004a; Falk et al., 2018; Gunz et al., 2020; but see Holloway et al., 2016). Interestingly,
Holloway (1972) identified critical similarities in the overall shape of the endocast between P.
boisei (OH 5) and P. robustus (SK 1585; see Figs. 6-8 in Holloway, 1972), notwithstanding
differences in the cerebellum with a rounded shape in P. boisei (Omo L338y-6) and a triangular
shape for P. robustus (SK 1585; Holloway, 1972, 1981).
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Given the ongoing debate on the evolutionary polarity of the Paranthropus cerebral
features, in this paper we (i) test the hypothesis of a nonhuman, ape-like endocast in
Paranthropus and a less derived condition as compared to Australopithecus (Falk et al., 2000),
and (ii) investigate further potential morphological similarities between the eastern and
southern Paranthropus endocasts (Holloway, 1972). Morphological affinities are
quantitatively assessed through the application of a deformation-based method (Durrleman et
al., 2012; Beaudet et al., 2016, 2018). Because of their remarkable degree of preservation, we
focus our study on the endocasts of OH 5 (P. boisei) and SK 1585 (P. robustus). More
specifically, we compare OH 5 and SK 1585 to extant humans, common chimpanzees (Pan
troglodytes) and bonobos (Pan paniscus) and to the Australopithecus specimen Sts 5, using
statistical shape analyses and color maps that render global and local morphological differences
and similarities between groups/specimens.

2. Materials and methods
2.1. Samples
The two Paranthropus specimens included in our study, i.e., OH 5 and SK 1585, represent
the most complete and well-preserved evidence currently available in the fossil record of the
P. boisei and P. robustus endocasts, respectively (Holloway, 1972; Benazzi et al., 2011). The
OH 5 face and neurocranium were found in 1959 by Leakey (1959) from the Bed I of Olduvai
Gorge and dated to 1.85 Ma. This specimen was first published as the holotype of the hominin
species Zinjanthropus boisei, which is now included in the genus Paranthropus (Tamrat et al.,
1995). The face and neurocranium of OH 5 were scanned by computed tomography (CT) at
the Radiologie 2 Department at Medizinische Universitét Innsbruck (Austria) with a resolution
of 0.48 x 0.48 x 1 mm. Benazzi et al. (2011) virtually reconstructed the OH 5 cranium by
combining semilandmark-based geometric morphometric methods and computer-aided design
techniques and using KNM-ER 406 as a reference, and produced a complete endocast (Fig. 1).
SK 1585 represents a natural endocast of P. robustus from the lime miners’ rubble
dump at Swartkrans (Brain, 1970). Although the stratigraphic provenance is not clear, the
maximum age is estimated to about 2.19 Ma, based on the cosmogenic nuclide burial dating of
Member 1 (Gibbon et al., 2014). The endocast preserves the right hemisphere and a very small
portion of the left occipital lobe (Holloway, 1972; Fig. 1). SK 1585 was scanned at the South
African Nuclear Energy Corporation in Pelindaba (South Africa) at a resolution of 0.066 mm
(Fig. 1; Beaudet et al., 2019). We generated a virtual surface of the natural endocast of SK

1585 using Avizo v. 9.0 (Visualization Sciences Group Inc., Berlin). For comparative purposes,
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we included the nearly complete endocast of the Australopithecus africanus specimen Sts 5
from the Sterkfontein Caves in South Africa (Broom, 1947; for further details see Beaudet et
al., 2018).

In terms of extant comparative material, we included 10 Homo sapiens, 10 Pan
troglodytes and 10 Pan paniscus with equal proportion of fully mature males and females. The
sample of Homo was obtained from the human clinical records of the Pasteur Hospital in
Toulouse, France, while the Pan samples were obtained from the Royal Museum for Central
Africa, Tervuren, Belgium (Beaudet et al., 2018). The human and nonhuman specimens were

scanned by medical CT with a resolution of 0.49-0.50 and 0.39-0.80, mm respectively.

2.2. Methods of analysis

To investigate the nature of the morphological differences between the fossil specimens
and the extant groups, we used a size-independent and landmark-free registration method based
on smooth and invertible surface deformation by using the software Deformetrica v4
(Durrleman et al., 2012; Beaudet et al., 2018). In this paper, we follow the method detailed in
Beaudet et al. (2018). First, the surfaces were automatically aligned in position, orientation,
and scale using one surface randomly selected as a reference. This was performed by using the
tool “Align surfaces” available in Avizo v. 9.0 which is based on the iterative closest point
algorithm that minimizes the root mean square distance between the points of each specimen
to corresponding points on the reference (Besl and McKay, 1992). The option “rigid + uniform
scale” was selected to remove the siz . A template was deformed to each extant specimen. From
this process, a global mean shape was generated (Durrleman, 2010). Based on the deformation
fields from the global mean shape to each extant specimen, we computed taxon-specific mean
shapes (i.e., Homo sapiens, Pan troglodytes and Pan paniscus; Fig. 1). Then, the global mean
shape, as well as the taxon-specific mean shapes, were deformed to the fossil specimens. The
global mean shape and the deformation fields represent an atlas (Durrleman et al., 2012). In
addition, we deformed the endocast of Sts 5 to the endocast of OH 5. In this analysis, we used
a total of 22,275 control points with a kernel width parameter of 5.

We ran a second analysis using only the preserved endocranial region in SK 1585
following the method detailed in Dumoncel et al. (2016; see also Fig. 1 in Beaudet et al., 2018).
Accordingly, the region corresponding to the missing surface in SK 1585 was virtually
removed from each endocast included in our sample and we computed a second atlas as well

as global and taxon-specific mean shapes that were deformed to the fossil endocasts (Beaudet



et al., 2018). Finally, we deformed Sts 5 to SK 1585, and SK 1585 to OH 5. In this analysis,
we used a total 17 600 control points with a kernel width parameter of 5.

The 3D deformation fields integrating local orientation and the amplitude of the two
deformation sets were statistically analyzed by principal component analyses (PCA) using
complete (i.e., extant Homo and Pan specimens, OH 5 and Sts 5) and partial (i.e., extant Homo
and Pan specimens, OH 5, SK 1585 and Sts 5) endocasts to quantify shape variation. Signs
were obtained by comparing the displacements of the direction perpendicular to the tangential
surface, and those signs were applied to the magnitude and orientation of the displacements
recorded during the deformation process. Signed distances are rendered by color maps from
dark blue, indicating negative values and, thus, flatter surfaces, to red, indicating positive
values, and thus more bulging surfaces (Beaudet and Bruner, 2017). In this respect, similar
colors indicate similar amount and orientation of displacements between the fossil specimens
and the mean shapes, or between fossil specimens. The codes (developed with Python and R)
used for the post-processing steps (i.e., PCA, signed color maps) are available at

https://gitlab.com/jeandumoncel/tools-for-deformetrica (Beaudet et al., 2018).

3. Results

The general shapes of the endocasts of the Paranthropus specimens OH 5 and SK 1585 are
visually compared with the Australopithecus specimen Sts 5 and with the extant human,
common chimpanzee and bonobo taxon-specific mean shapes in Figure 1. Results of the
deformation process are shown in Figure 2 (statistical analyses) and Figures 3—4 (color maps).

The statistical analysis of shape variation using scaled complete endocasts (Fig. 2A)
indicates that the morphology of the endocast of OH 5 closely approximates the morphology
of Pan (and more particularly P. paniscus) along PC1. By contrast, Sts 5 falls in between the
Homo and Pan clusters. The statistical analysis of the scaled partial endocast (Fig. 2B) shows
that the morphology of the endocasts of the two Paranthropus specimens OH 5 and SK 1585
are more similar to Pan than to Homo along both axes, while Sts 5 plots in between Homo and
Pan along PC1, as in the previous analysis.

The dorsal surface of the parietal lobes in OH 5 and SK 1585 is more flattened
dorsoventrally than in Homo and more bulging than in Pan (Fig. 3). Moreover, the dorsal
surface of the frontal lobes in both fossil specimens is more flattened dorsoventrally than in
Homo and Pan except along the superior sagittal sinus. The temporoparietal and
temporooccipital areas in OH 5 and SK 1585, that encompass the inferior parietal lobule where

the supramarginal and angular gyri are located, are more pronounced than in Homo but less
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than in Pan. Moreover, the inferior frontal gyrus is less developed in OH 5 and in SK 1585
than in Homo, but slightly more developed than in Pan in the case of SK 1585. The cerebellar
lobes in the fossil specimens and in Pan protrude more laterally than in Homo.

The endocasts of the Paranthropus specimens OH 5 and SK 1585 differ from the
endocast of the Australopithecus specimen Sts 5 by displaying more flattened frontal lobes
dorsoventrally, temporal lobes and parietooccipital regions that are more laterally expanded,
and less protruding cerebellar lobes (Fig. 4). The areas that mainly differ between OH 5 and
SK 1585 correspond to cracks visible on the right parietal and temporal regions of the endocast
of OH 5 (Figs. 1 and 4).

4. Discussion

Overall, within the limits of our sample, the two Paranthropus specimens share with
the extant common chimpanzees and bonobos a laterally broad and dorsoventrally flattened
endocast (Figs. 1 and 3), a morphology that has been previously described in Australopithecus
through the use of the deformation-based method. However, our statistical analyses and color
maps indicate that the A. africanus specimen Sts 5 is intermediate between the extant human
and chimpanzee conditions and less laterally narrower and less dorsoventrally flattened than in
the Paranthropus specimens (Fig. 2). Even if limited by one specimen per species, our study
of shape variation provides additional support for the affinities of the shape of the
Paranthropus endocast with nonhuman apes and the hypothesis of a less derived endocast in
Paranthropus as compared to Australopithecus (Falk et al., 2000). If we consider the
hypothesis of a brain shape in early Homo that is more modern human-like than ape-like (e.g.,
Tobias, 1991), our results may suggest distinct brain evolutionary histories between the
contemporaneous hominin genera Homo and Paranthropus. Moreover, the human-like
configuration of the lunate sulcus in Paranthropus, as revealed by Holloway (1972), raises
questions of the timing and pattern of the evolution of the brain, and may imply that cortical
reorganization occurred without noticeable changes in overall shape of the brain. Investigating
a larger sample using this deformation-based approach would be of particular interest to
evaluate patterns of intraspecific variation and further address these questions (Neubauer et al.,
2012).

The frontal lobes are of particular interest because of their role in executive functions
and language (e.g., Kringelbach and Rolls, 2004; Petrides and Pandya, 1999; Rajkowska and
Goldman-Rakic, 1995; Schenker et al., 2010). The frontal lobes in the Paranthropus specimens

are relatively flattened as compared to Homo and Pan. Rather than reflecting potential cerebral
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changes, this morphological specificity could be related to masticatory hypertrophy and
structural constraints imposed by the integration of the face with the braincase (Wu and Bruner,
2016; Beaudet and Bruner, 2017). Our study indicates substantial morphological differences in
the area that encompasses the inferior temporal lobule, including the supramarginal and angular
gyri, between the two Paranthropus specimens and Homo (i.e., more pronounced in
Paranthropus), and between the two Paranthropus specimens and Pan (i.e., less pronounced
in Paranthropus). Since this region is part of the somatosensory association cortex
(Mountcastle et al., 1974; Celsis et al., 1999; Seghier, 2013), differences in this area between
Paranthropus, Homo and Pan might have potential behavioral implications (e.g., locomotion,
manipulation). However, these interpretations would need to be further explored in the future
by the comparative study of the sulcal pattern in these key cerebral regions in the endocasts of
these taxa. The cerebellar lobes of the two Paranthropus specimens protrude more laterally
than in extant humans but less than in Sts 5, which confirms previous observations (Holloway,
1972). As for the supramarginal and angular gyri, differences between the Paranthropus,
Australopithecus and extant specimens might be interpreted as potential evidence suggesting
distinct behaviours because of the role of these regions in fundamental motor-related functions
(e.g., Kochiyama et al., 2018; Neubauer et al., 2018).

Finally, the overall shapes of the endocasts of the P. boisei specimen OH 5 and the P.
robustus specimen SK 1585 are relatively similar (Fig. 4), as previously pointed out by
Holloway (1972). Similarities between eastern and southern African Paranthropus would need
to be confirmed by future studies of more complete endocasts of southern African

Paranthropus.
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Figure legends

SK 1585 Sts 5 Pt Pp
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Figure 1. Virtual rendering of the endocasts of the Paranthropus specimens OH 5 (P. boisei) and SK 1585 (P. robustus) and Sts 5 (Australopithecus

africanus), and the taxon-specific mean shapes of extant humans (Hs), common chimpanzees (Pt) and bonobos (Pp) in lateral right (top) and

superior (bottom) views. Images not to scale.
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Figure 2. Principal component analyses of the deformation-based shape comparisons of the A) complete and B) partial Paranthropus (OH 5, SK
1585), Australopithecus (Sts 5), extant human (red triangles), common chimpanzee (green diamonds) and bonobo (blue squares) endocasts. OH 5

and SK 1585 are more similar to Pan than to Homo along both axes, while Sts 5 plots in between Homo and Pan.
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Figure 3. Comparative maps of morphological deformations from the extant human (Hs),

common chimpanzee (Pt) and bonobo (Pp) mean shapes to the Paranthropus specimens OH 5
and SK 1585. Endocasts for OH5 are shown in lateral right (top row), superior (second row)
and lateral left (third row) views. Endocasts for SK 1585 are shown in lateral right (fourth row)
and superior (bottom row) views. Cumulative displacement variations (in mm) in the direction
perpendicular to the tangential surface are rendered by a pseudocolor scale ranging from dark
blue (highest negative values, more flatter surfaces) to red (highest positive values, more
bulging surfaces) at the fossil surfaces.
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Figure 4. Comparative maps of morphological deformations from Sts 5 to OH 5 (top), from
Sts 5 to SK 1585 (middle) and from SK 1585 to OH 5 (bottom). Endocasts are shown in lateral
right, superior and lateral left (OH 5 only) views. Cumulative displacement variations (in mm)
in the direction perpendicular to the tangential surface are rendered by a pseudocolor scale
ranging from dark blue (highest negative values, more flatter surfaces) to red (highest positive
values, more bulging surfaces) at the OH 5 (top and bottom) and SK 1585 (middle) surfaces.
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