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a b s t r a c t

The increasing availability of 3D data and tools offers new analytical perspectives in
palaeoanthropology, such as the quantitative testing of opposing phylogenetic scenarios.
Using optical surface scan data and geometric morphometric techniques, this study
explores calvarial shape variation in the “Middle Pleistocene muddle”. The morphological
variability between H. erectus on the one hand and H. sapiens/neanderthalensis on the other
has long remained obscure: opposing views have attributed the known specimens to
any of the three species and possibly one or two more. A large number of landmarks and
semilandmarks was extracted from the braincase and the face, in order to quantify the
calvarial shape differences among species and key fossils. The results are incompatible
with the hypothesis that H. rhodesiensis is the exclusive ancestor of H. sapiens, and offer
only weak support for an exclusively European ancestor of Neandertals.

© 2010 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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r é s u m é

Le nombre de données et d’outils tridimensionnels étant en augmentation permanente,
ceux-ci offrent de nouvelles perspectives en paléoanthropologie, comme le test de scénarios
évolutifs opposés. En utilisant des données issues d’un scan optique, et en les analysant par
la morphométrie géométrique, cette étude explore les variations de conformation calvariale
durant la « confusion du Pléistocène moyen ». En effet, la variabilité morphologique entre
omo rhodesiensis
léistocene moyen H. erectus et H. sapiens/neanderthalensis, est longtemps restée obscure, si bien que des spéci-

mens fossiles ont été attribués à l’une ou l’autre espèce, et parfois même à d’autres espèces.
Un grand nombre de landmarks et semi-landmarks a été enregistré, afin de quantifier les
différences du calvarium entre espèces et spécimens. Les résultats sont incompatibles avec
la notion de H. rhodesiensis comme ancêtre exclusif de H. sapiens, et fournissent un faible
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1. Introduction

Palaeoanthropological research has greatly benefited
in recent years from advances in 3D imaging and quanti-
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tative analysis. While medical or micro-CT scanning are
among the more frequently used techniques to acquire 3D
data, their implementation and practical application still
remains relatively confined due to technical requirements
resulting from radiation, required computing power for
large data sets, as well as limited access and mobility. Given
these constraints and their associated cost, non-radiating
surface scanning has become a convenient alternative for
studies of external morphology (Friess, 2006; Friess et
al., 2002; Harcourt-Smith et al., 2008; Lyons et al., 2000;
Tocheri et al., 2005). Surface scanners operate in the visible
light spectrum, yielding optical resolutions anywhere
between 1 mm and several microns, which is potentially
higher than that of standard medical scanning. In addition,
most systems are portable, though specifications vary
significantly between manufacturers, as does the cost.
With the added benefit of being operable without any
particular certification or caution (pertaining to radiation),
the spreading success, among palaeoanthropologists, of
low-cost systems, comes as no surprise.

Analyses of surface scan data, which are acquired with-
out ionizing radiation, typically focus on various measures
of surface area, curvatures and volumes, as well as the
extraction of linear dimensions and coordinate data. This
study explores a more comprehensive use of the very
dense point clouds that are surface scans, by applying a
geometric morphometric analysis to the surfaces of Mid-
dle Pleistocene hominin calvaria. Given the topic of the
present volume, this study illustrates how surface scan data
can provide additional quantitative insight into a partic-
ular issue, which will be exemplified by mid-Pleistocene
hominin variation. Another goal is to further improve our
understanding of shape variation among these hominins
and how it relates to the origin and evolution of Neander-
tals, a palaeoanthropological issue still waiting to be solved
in a definitive manner.

Phylogenetic relationships among Later Pleistocene
hominins have been at the center of palaeoanthropol-
ogy for a very long time. A core issue during the second
half of the 20th century has been the role of Neander-
tals, and in particular their demise and interaction, now
seen as fairly limited (Green et al., 2010), with anatomi-
cally modern humans. Indeed, as increasing data have been
obtained on their phenetic, genetic and behavioral make-
up, a majority of scholars now tends to consider them as
a separate species, H. neanderthalensis, that split from the
modern human line, anywhere between 400 and 600 ky
bp (Endicott et al., 2010; Hublin, 2009). While this consen-
sus has slowly been settling in, the question of Neandertal
origins has resurfaced as a corollary, though answers are
still being debated. Several scenarios have been proposed
to address both the chronology and phylogeny of what has
been referred to as the “muddle in the Middle” Pleistocene
(Butzer and Isaac, 1976; Rightmire, 1998). A key question in
this context is the recognition of H. heidelbergensis, either
as exclusively European species or as inclusive of African

specimens, namely Kabwe. The main viewpoints are:

• H. heidelbergensis is Afro-European. Under this scenario,
H. heidelbergensis includes specimens from Europe (Sima
de los Huesos, Tautavel, Petralona, possibly Steinheim)
(2010) 435–443

and Africa (Bodo, Kabwe, Elandsfontein, Salé, Eyasi,
Ndutu; Rightmire, 2009; Tattersall, 1992) and is ancestral
to both H. neanderthalensis and H. sapiens;

• H. heidelbergensis is exclusively European. Under this sce-
nario, H. heidelbergensis is recognized only in Europe,
and consequently is ancestral only to, or forms a
chronospecies of the Neandertal lineage (Bermúdez de
Castro et al., 1997). In this case the taxon includes
specimens such as Mauer, Sima de los Huesos (SH), Arago,
Bilzingsleben, Vertesszöllös, Petralona, Swanscombe and
Steinheim, as well as later “pre-Neandertals” like Biache,
and Saccopastore. Furthermore, African large-brained,
non-modern skulls are assigned, at least in part, to
H. rhodesiensis, which is seen as the sole ancestor of
H. sapiens.

2. Using 3D morphometrics to test phylogenetic
scenarios

Morphologically, the evolution of anatomically modern
humans is associated with a more globular braincase and
a smaller face that is also more retracted underneath the
anterior cranial fossa (Day and Stringer, 1982; Lieberman
et al., 2002), while their large-brained predecessors (that
is, depending on the author, H. heidelbergensis/archaic
H. sapiens/H. rhodesiensis) still retain plesiomorphic resem-
blance with H. erectus (sensu lato) through a relatively long
and low braincase with strong postorbital constriction, a
large, projecting face and less expanded parietals. At the
same time, several traits among Neandertals have been
described as derived. Among these, and most relevant
in terms of calvarial shape, are the increased endocra-
nial volume and associated round shape in posterior view,
reduced overall prognathism (both shared with H. sapiens),
as well as unique features like the marked midfacial prog-
nathism and the presence of an occipital bun. H. erectus
on the other hand combines largely ancestral features,
such as the pentagonal shape of the braincase, or long
and low temporal bones with a more angular outline, as
opposed to the derived pattern, which is more arched in
H. neanderthalensis and H. sapiens (Dean et al., 1998).

To the extent that these characters are more or
less quantifiable, their expression can be assessed
and compared statistically, thus serving as a test for
the phylogenetic scenarios briefly summarized above.
Specifically, the quantification of calvarial shape can
help address the following aspects of these evolutionary
scenarios:

• do Middle Pleistocene fossil hominins form one or more
morphometrically distinct groups, positioned some-
where between H. erectus sensu lato on the one hand and
and H. sapiens on the other?

• is any such intermediate group ancestral only to Nean-
dertals? If so, it should cluster closely with them, but

lack the globular shape of H. sapiens, and by the same
token be distinct from H. rhodesiensis. H. rhodesiensis,
however, should be distinct from both (European)
H. heidelbergensis and the Neandertal lineage, while
exhibiting a more sapiens-like, apomorphic skull shape;
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alternatively: Is there a candidate for the role of common
ancestor of both Neandertals and H. sapiens? If African
and European specimens, currently assigned to either
H. rhodesiensis or H. heidelbergensis, cannot be distin-
guished, and together bridge the morphospace between
H. sapiens, Neandertals and H. erectus s.l., then this would
be an argument in favor of lumping H. rhodesiensis and
H. heidelbergensis into the ancestor of both H. sapiens and
H. neanderthalensis (Hublin, 2009).

The issues raised here have been recognized decades
go, and the palaeoanthropological scrutiny that they have
ndergone can only be summarily outlined here. The inter-
sted reader is referred to recent reviews on current
rguments and their extensive bibliographic references
Hublin, 2009; Rightmire, 2009). A key aspect, in my view,
f the evolution of mid Pleistocene calvarial shape lies in
he nature of the “characters” that have been attributed to
he various species, and to H. sapiens in particular. Besides
ualitative characters (not suitable for shape statistics),
he main differences, briefly reviewed above, refer to the
verall shape of the skull, proportions of neuro- to vis-
erocranium, and to the shape of the infraorbital region.
he phylogenetic/taxonomic assessment of most Middle
leistocene fossil specimens is further hampered by their
requent incompleteness, though this is not unique to
his question (Hublin, 2009). Finally, some of the features
ertain to anatomical areas with relatively large surfaces
nd relatively few homologous type I landmarks (sensu
ookstein, 1991). Hence, they are quite suitable for quanti-
ative analyses that go beyond that of standard landmarks
r the distances between them.

. Material and methods

Fossil and modern human skulls were scanned using a

reuckmann Smartscan stereo system (www.Breuckmann.
om) with an optical resolution of 0.26 mm. The com-
lete list of specimens is given in Table 1. Because key
eatures discussed in the literature on Middle Pleistocene
ominins involve the brain case and the face, this study

able 1
ist of fossils and their presumed taxonomic affiliation. Casts are identified by (c)
ableau 1
iste de spécimens fossiles et de leur affiliation taxonomique présumée. Les mou

Specimen Site

La Ferrassie I (o) La Ferrassie, France
Guattari, Italie (o) Monte Circeo, Italie
La Chapelle-aux-Saints (o) La Chapelle-aux-Saints, France

Petralona (c) Petralona, Grece
SH5 (c) Atapuerca, Espagne
Steinheim (o) Steinheim, Allemagne

Kabwe (o) Kabwe, Zambie

Sangiran 17 (c) Sangiran, Indonesie
Sinanthropus pekinensis (c)a Zoukhoudian, Chine
KNM-ER3733 (c) East-Rudolph, Kenya

Skhul V (c) Skhul, Israel
Mladec 1 (o) Mladec, Tchequie
Qafzeh 6 (o) Qafzeh, Israel

a Reconstruction by Tattersall and Sawyer (1996), courtesy of Dept. Anthropolo
(2010) 435–443 437

focuses on calvarial shape variation, and, consequently,
only on reasonably well preserved specimens. This restric-
tive sampling strategy provides the opportunity to look
at the covariation of features from different portions of
the skull. The disadvantage is the exclusion of specimens
that have been critically discussed in this context, namely
Bodo (H. rhodesiensis) and the Feldhofer skull cap, the holo-
type of H. neanderthalensis. Independently of this deliberate
restriction, there are further limitations that arise from the
(in)accessibility of original specimens. When unavailable,
casts were used in their stead. Neandertals are represented
by the most complete Wuermian specimens currently
known (La Chapelle-aux-Saints, La Ferrassie I and Guat-
tari 1). La Quina H5 was excluded due to its preservation.
I included the only H. erectus skulls with face (Sangiran 17
and KNM-ER 3733), as well as a Sinanthropus composite
based on fragments from Zhoukoudian skulls I-III, VI, X, XII,
and XIV (Tattersall and Sawyer, 1992). Assignment of Mid-
dle Pleistocene hominins to H. heidelbergensis/rhodesiensis
varies by author, but is assumed by several for Kabwe
(holotype of H. rhodesiensis), Petralona, Steinheim and the
Sima de los Huesos material, of which hominin 5 (SH5)
was included in this study. In addition to early anatomi-
cally modern fossils from the Near East (Skhul 5, Qafzeh
6) one early Upper Paleolithic modern human (Mladec 1),
three randomly chosen modern human crania (from cen-
tral Europe, East Africa and Greenland) were included in the
analyses. Modern humans were limited to three for reasons
of sample balance.

3D scan data were post-processed with commercial
software and converted to a standard polygon mesh format.
Only in the case of Guattari, the surface model was derived
from CT data (with a voxel matrix of 512 × 512 × 340). CT
data, while increasingly available for fossil hominins, are
not an optimal source for quantitative studies of external
structures, because they require special protocols in order

to yield accurate surface models or linear measurements
(Spoor et al., 1993). Because the limit of two tissues (in this
case bone to air) can only be determined by finding the
median Hounsfield value, which varies among and within
specimens, thresholding must reflect these variations, thus

.

lages sont identifiés par (c).

Chronology (bp) Taxonomy

Wuerm, 60–70 000
Wuerm, 55–60 000 H. neanderthalensis
Wuerm, 52 000

250–400 000
250–600 000 H. heidelbergensis
300–400 000

250–600 000 H. rhodesiensis

1–1.3 my bp
680–780 000 H. erectus sensu lato
1.8 my

90–100 000
31 000 H. sapiens
92 000

gy, AMNH.
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Fig. 1. Map of deviations between a surface scan and a model deriv

Fig. 1. Cartographie des déviations entre scan surfacique et modèl
La F

requiring segmentation of each slice (HMH threshold-
ing protocol). Global thresholding on the other hand, i.e.
the use of a single Hounsfield range for the entire skull,
can result in deviations of several millimeters between
the actual bone surface and its estimate (Fig. 1), the
impact of which in quantitative analyses has not been fully
studied.

For each specimen 24 landmarks and 587 semiland-
marks were recorded (Fig. 2) with the software “landmark

Editor” (Wiley, 2005), as illustrated by Harcourt-Smith et
al. (2008). Table 2 lists the 24 conventional landmarks. The
semilandmarks were generated by defining surface patches
corresponding as closely as possible to individual bones (i.e.

Fig. 2. The 587 landmarks and semilandmarks derived from a 3D surface
scan, shown on a modern human from East Africa.
Fig. 2. Représentation des 587 landmarks et semilandmarks enregistrés
à partir d’un scan surfacique d’un homme moderne en provenance de
l’Afrique de l’Est.
ugh global thresholding from a CT-scan (La Ferrassie I Neandertal).

ique obtenu à partir d’un CT-scan par seuillage global (Néandertalien de
I).

frontal, parietal, temporal, zygomatic, maxilla). Because
geometric morphometric analysis requires complete data
sets, missing data were estimated either through mirror
imaging (bilateral points), or linear regression (sagittal
points), or visually in cases of minor damage. In the case
of Steinheim, the original left side was completely substi-
tuted through mirroring. Fig. 3 shows the result of mirror
imaging in the case of Kabwe, which is missing the right
zygomatic arch and large portions of the temporal and
occipital, whereas the left side is completely preserved. The
usability of virtually reconstructed hominins for quantita-
tive analyses has been discussed before (Gunz et al., 2009b).

Landmarks were aligned by generalized Procrustes
Analysis (GPA), with semilandmarks being treated as type

III landmarks (Maddux and Franciscus, 2009; Niewoehner,
2001). Procrustes residuals were submitted to a Principal
Components Analysis (PCA) to explore major directions
of shape variation in the sample. Principal components

Fig. 3. Using the mediansagittal plane to mirror-image missing portions
on one side to the other, illustrated for Kabwe.
Fig. 3. Reconstitution des parties manquantes d’un côté à l’autre par
transfert d’images par effet miroir, illustré pour Kabwe.
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Table 2
List of landmarks used in the analysis.
Tableau 2
Liste des landmarks utilisés dans cette analyse.

Landmarks Fossil estimates Surface patches

1 Nasion Parietal left
2 Ektomolare l Parietal right
3 Lambda Occipital squama
4 Bregma Frontal squama left
5 Glabella Frontal squama right
6 Inion Temporal squama left
7 Opisthion Guattari, Qafzeh 6, Steinheim Temporal squama right
8 Basion Guattari, Qafzeh 6, Steinheim, Sinanthropus Alveolar arch right
9 Hormion La Ferrassie I, S17 Zygomatic right
10 Prosthion Steinheim Maxilla right
11 Nasospinale Alveolar arch left
12 Dakryon l La Ferrassie I Zygomatic right
13 Frontomalare orbitale l Maxilla left
14 Zygo-orbitale l
15 Zygomaxillare l
16 Pterion l
17 Asterion l
18 Frontomalare orbitale r
19 Dakryon r
20 Zygo-orbitale r
21 Zygomaxillare r
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22 Pterion r
23 Asterion r Kabwe
24 Ektomolare r

ere then used in a Canonical Variates Analysis (CVA)
o further identify and test group differences. Land-

ark configurations along the directions of interest were
stimated by multivariate regression, and visualized by
URBS (non-uniform rational B-splines) surfaces, which
ere fitted to the semilandmarks to enhance inter-
retation and readability. Procrustes and Mahalanobis
istances where used to construct phenograms in order
o assess shape affinities both at individual and species
evel. GPA, PCA and CVA were performed in MorphoJ
Klingenberg, 2008), NURBS surfaces were generated in
hino3D.

. Results

Individual scores along the first two principal com-
onents, accounting for roughly 50% (33.1% and 16.2%)
f the total variance, are plotted in Fig. 4. Three
ajor scatters, corresponding to three species (H. erectus,
. neanderthalensis, H. sapiens) can be recognized in this
raph. Both fossil and modern H. sapiens are grouped
ogether along principal component 1 (PC 1) and are
pposed to all non-modern groups (i.e. H. erectus,
. heidelbergensis and H. neanderthalensis), with Kabwe
eing close to H. erectus s.l. PC 2 tends to separate H. erectus
.l. from Neandertals. Kabwe maintains a proximity to
. erectus along this axis, while H. heidelbergensis speci-
ens are spread out between Neandertals on the one end

nd H. erectus on the other. More specifically, Petralona falls

loser to H. erectus, Steinheim closer to the Neandertals,
hile SH5 is intermediate between the two. Hence, the first

wo components provide a good characterization of calvar-
al shape in the three species, namely H. erectus, H. sapiens,
nd H. neanderthalensis.
PC 1 describes mostly a vertical expansion of the
fronto-parietal region, a reduction in supraorbital and
facial projection and postorbital constriction (Fig. 5). The
infraorbital region is much more concave toward the mod-
ern sample, thus reflecting the distinctly modern canine
fossa. Conversely, non-modern specimens are character-
ized by a long, low vault, low degree of parietal expansion,
a strong supraorbital development and postorbital con-
striction. Facial dimensions are vertically increased and
projecting anteriorly. This plesiomorphic state is rep-
resented by all non-modern groups (H. heidelbergensis,
H. rhodesiensis, H. neanderthalensis); only Steinheim takes
an intermediate position on this axis. Shape differences
along PC 2 are heavily located in the face, which is
generally reduced, narrower and vertically shortened for
negative scores (Neandertals), relative to the positive end
of the axis represented by H. erectus (plus Kabwe and
most H. sapiens). However, the region around the aper-
tura piriformis is more projected anteriorly in Neandertals,
which reflects midfacial prognathism/maxillary inflation.
The zygomatic is also relatively smaller and less project-
ing. In addition, the posterior region of the vault is not
rounded, but protrudes to form what can be interpreted
as an occipital bun (Fig. 5, vertical view). Its presence in
Mladec is likely to cause this specimen’s position along
PC 2. A postorbital constriction is associated with pos-
itive scores, which largely represents H. erectus. Among
fossils with positive scores (H. erectus), the calvarium is
relatively widened in the lower temporal region (thus

pentagonal in posterior view), whereas negative scores
lead to a reduced width in that same region. Over-
all, PC 2 contrasts H. erectus and Neandertals, but also
characterizes the differences between Kabwe and Stein-
heim.
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), H. heid
rincipale
Fig. 4. PC scores along axes 1 and 2: H. sapiens (squares), H. erectus (circles
Fig. 4. Scores individuels le long des deux premières composantes p
H. neanderthalensis (étoiles), H. rhodesiensis (croix).
The shape differences between presumable species are
corroborated by a CVA, not displayed here. This analysis
yielded significant results (after 10 000 permutations) for
the shape difference between H. erectus s.l. and H. sapiens,

Fig. 5. Shape change along principal components 1 (A) and

Fig. 5. Changement de conformation le long des composantes 1 (A
elbergensis (diamonds), H. neanderthalensis (stars), H. rhodesiensis (cross).
s : H. sapiens (carrés), H. erectus (cercles), H. heidelbergensis (losanges),
as well as between H. neanderthalensis and H. sapiens,
whereas H. neanderthalensis and H. heidelbergensis were
statistically not different. Furthermore, no significant dif-
ferences were observed for overall size (log centroid size),

2 (B). Positive scores in blue, negative scores in red.

) et 2 (B). Scores positifs en bleu, scores négatifs en rouge.
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Fig. 6. Neighbor-joining trees for species/individuals. A. Mahalanobis dis-
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ances between species. B. Procrustes distances between specimens.
ig. 6. Arbre phénétique pour espèces/individus par neighbor-joining.
. Distance de Mahalanobis entre espèces. B. Distance Procrustes entre

ndividus.

hough it is noteworthy that Neandertals showed the least
catter, and their centroid size values were all at the upper
nd of the range.

Mahalanobis distances were used to compute
neighbor-joining tree (Fig. 6a), which identifies

. neanderthalensis and H. heidelbergensis as closest,
ollowed by H. sapiens, whereas H. erectus is farthest,
ollowed by H. rhodesiensis. A second neighbor-joining
ree was computed from Procrustes distances between
ndividual specimens (Fig. 6b), which is largely consistent

ith these findings. Thus, three major groups, H. erectus
.l., H. neanderthalensis and H. sapiens, can be distinguished
hrough their calvarial shape, with Kabwe and Petralona
losely affiliated with H. erectus, while Steinheim is
omewhat closer to H. sapiens/neanderthalensis.

. Discussion

As was argued by Lieberman et al. (2002), most of the
ranial features that characterize H. sapiens can be seen as
n integrated increase in globularity and reduced facial
nd supraorbital projection, as well as the appearance of

pronounced canine fossa. Thus, to the extent that these

eatures can be quantified in key fossils, their variation can
e interpreted as indicating evolutionary progress towards
he modern human shape. Rightmire (2009) uses a similar
ist of features, to which he adds post-orbital constriction,
(2010) 435–443 441

to identify specimens such as Kabwe (his “Bodo-group”)
as morphologically more archaic, or not fully modern.
Specimens like Skhul and Qafzeh on the other hand are,
according to him, sufficiently distinct with respect to these
features to justify their inclusion in H. sapiens. He argues
furthermore that H. heidelbergensis retains erectus-like ple-
siomorphies, while displaying sapiens-like apomorphic
traits, such as an increased cranial capacity, arched tem-
porals, divided supraorbitals and a more vertical nose,
making this species ancestral to both modern humans and
Neandertals. Gunz et al. (2009a), while not specifically
addressing Middle Pleistocene phylogeny, also find that
Middle Pleistocene hominins form two distinct morpholo-
gies, modern and “archaics” in their terms.

The alternative view (Bermúdez de Castro et al., 1997),
assumes that there were two distinct lineages of non-
modern hominins during the Middle Pleistocene, only one
of which lead to H. sapiens, whereas the other lead to
Neandertals. Thus, while the question of modern human
origins is seen similarly in both views, they differ sub-
stantially with respect to Neandertal origins. The fossil
specimen from Kabwe, sole representative of African
H. heidelbergensis / rhodesiensis, plays a key role in decid-
ing which scenario is better supported by the data: if
it can be distinguished from European Pleistocene forms
and if it shares H. sapiens apomorphies, it would sup-
port the idea of two distinct lineages and an exclusively
European origin of Neandertals. This, however, is not the
case. Kabwe largely shares a plesiomorphic calvarial shape
with H. erectus s.l., but fails to score for modern human
apomorphies, or Neandertal apomorphies. Calvarial shape
alone does not support its claimed ancestry to H. sapiens,
or to H. neanderthalensis. However, all analyses performed
here, including the neighbor-joining tree (Fig. 6), stress its
calvarial proximity to both Petralona and SH5, two Euro-
pean fossils largely considered to be representatives of
H. heidelbergensis and close to Neandertals. Whatever the
phylogenetic position of Kabwe and Petralona may be,
the results shown here corroborate previously reported
strong affinities between the two. This can be seen in sup-
port of a scenario according to which they belong to the
same evolutionary grade or clade, rather than separating
them into an African (H. rhodesiensis) and a European clade
(H. heidelbergensis). Grouping them together into the same
taxon (i.e. H. rhodesiensis) raises the issue of their phyloge-
netic relation to H. heidelbergensis and H. neanderthalensis.
Hublin (2009) groups H. rhodesiensis and H. heidelbergensis
together, but favors the species name H. rhodesiensis. In
the absence of clear Neandertal apomorphies pertaining
to calvarial shape, they should be considered either as an
ancestral or a sister lineage to Neandertals.

Calvarial features that have been described as Nean-
dertal apomorphies (midfacial prognathism, sagittally
oriented and inflated infraorbitals, occipital bun) do in
fact contribute to their statistical separation from both
H. sapiens and H. erectus. Neandertals are also distinct from

H. erectus in this analysis because of parietal expansion, a
derived feature they share with H. sapiens. The results sug-
gest that Steinheim and possibly SH5 share at least the
parietal expansion, perhaps even the more coronally ori-
ented infraorbital region. This last character, however, is
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subject to a more thorough reconstruction and analysis of
the Steinheim skull, which shows some plastic deformation
in this area.

Based on significance levels obtained through permu-
tation tests, only three fossil groups can be sufficiently
well distinguished on morphometric grounds: H. erectus
s.l., H. neanderthalensis, and H. sapiens, whereas the case for
distinguishing an “archaic Homo” from both Neandertals
and H. erectus is not strong. Steinheim, with its intermedi-
ate position on axis 1 and Neandertal apomorphic traits in
the face represents the strongest argument, in this study,
for H. heidelbergensis sensu Rightmire (1998; 2009), which
incidentally would also fit current estimates of the last
common genetic ancestor of H. sapiens and neanderthalen-
sis at around 300–400 ky (Endicott et al., 2010). It must
be stressed here, that this study is exploratory, that the
number of well-preserved specimens available for studying
complete calvarial patterns remains a major constraint, and
that further analyses are needed to provide more defini-
tive answers to the Middle Pleistocene muddle. Still, the
striking affinities between the holotype of H. rhodensiensis
(Kabwe) and a European fossil (Petralona), as demon-
strated previously and confirmed here, are unlikely to
disappear, even if more complete specimens were to be
included in the analysis. This makes H. rhodesiensis an
Afro-European species that retains an erectus-like ple-
siomorphic calvarial shape, but no Neandertal/H. sapiens
apomorphies, unless one lumps it with SH5 and Steinheim,
which together appear to bridge the morphospace between
H. sapiens, H. neanderthalensis and H. erectus. In the absence
of stronger evidence, such a lumping seems premature.

6. Conclusion

The increasing availablility and use of 3D imagery
and morphometrics, coupled with current state-of-the-
art computing power, opens new areas of investigation
in palaeoanthropology, previously not possible. Applying
these tools systematically and on a large scale allows for
a more accurate quantification of any given morphology,
and offers the opportunity to quantify shapes much more
comprehensively: With the “revolution in morphometrics”
(Rohlf and Marcus, 1993) having reached adulthood, a
major constraint, the description of a shape through a
reduced subset of points and curves, is about to disappear
thanks to the increasing availability of 3D surface data and
advanced analytical techniques. When applied to a spe-
cific issue in hominin phylogeny, the massive amount of
data generated in 3D morphometrics provides quantita-
tive assessments of morphological features that are often
described qualitatively, or whose objective measurement
proved difficult in the past. Thus, variation of calvar-
ial shape in H. erectus, Neandertals and modern humans
allows for a statistical separation, which in turn can be
used to phylogenetically assess the role of H. heidelbergensis
and/or rhodesiensis. Based on these data, the case for an

exclusively African clade (H. rhodesiensis) in the Middle
Pleistocene, ancestral only to H. sapiens is very weak. Alter-
natively, the close affinity of Kabwe and Petralona to each
other and to H. erectus. s.l. could either be used as argu-
ment for lumping it with this species, or for considering it
(2010) 435–443

as an afro-European sister group of a branch that ultimately
lead to H. heidelbergensis, H. neanderthalensis and H. sapiens.
Defining H. heidelbergensis, on the other hand, as ances-
tral to both H. sapiens and H. neanderthalensis is conceivable
only if specimens such as Steinheim and SH5 are included.
Given the post-mortem damage of Steinheim, fully assess-
ing its morphology requires a more detailed reconstructive
effort and comparative analysis using geometric morpho-
metrics and virtual imagery. Overall, the results presented
here are consistent with the idea of a number of non-
modern Middle Pleistocene species in excess of the two
commonly identified.
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