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a b s t r a c t

The fossil ATD6-69 from Atapuerca, Spain, dated to ca. 900 ka (thousands of years ago) has been sug-
gested to mark the earliest appearance of modern human facial features. However, this specimen is a
subadult and the interpretation of its morphology remains controversial, because it is unclear how
developmental shape changes would affect the features that link ATD6-69 to modern humans. Here we
analyze ATD6-69 in an evolutionary and developmental context. Our modern human sample comprises
cross-sectional growth series from four populations. The fossil sample covers human specimens from the
Pleistocene to the Upper Paleolithic, and includes several subadult Early Pleistocene humans and Ne-
anderthals. We digitized landmarks and semilandmarks on surface and CT scans and analyzed the
Procrustes shape coordinates using multivariate statistics. Ontogenetic allometric trajectories and
developmental simulations were employed in order to identify growth patterns and to visualize potential
adult shapes of ATD6-69. We show that facial differences between modern and archaic humans are not
exclusively allometric. We find that while postnatal growth further accentuates the differences in facial
features between Neanderthals and modern humans, those features that have been suggested to link
ATD6-69’s morphology to modern humans would not have been significantly altered in the course of
subsequent development. In particular, the infraorbital depression on this specimen would have per-
sisted into adulthood. However, many of the facial features that ATD6-69 shares with modern humans
can be considered to be part of a generalized pattern of facial architecture. Our results present a complex
picture regarding the polarity of facial features and demonstrate that some modern human-like facial
morphology is intermittently present in Middle Pleistocene humans. We suggest that some of the facial
features that characterize recent modern humans may have developed multiple times in human
evolution.

� 2013 Elsevier Ltd. All rights reserved.
Introduction

The earliest evidence of modern human facial morphology has
been attributed to the juvenile specimen ATD6-69 from Gran
Dolina (Aurora Stratum of the TD6 level), Sierra de Atapuerca, Spain
(Bermúdez de Castro et al., 1997). The paleomagnetic dates in
combination with electron spin resonance and uranium series
give an age range of 780e857 ka (thousands of years ago) for the
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TD6 layer (Falguères et al., 1999), and the more recent thermolu-
minescence dates assigned to this layer push the age range back to
900e950 ka (Berger et al., 2008). Since the initial discovery of the
Gran Dolina locality in 1994, over 100 fragmentary cranial and
postcranial elements have been recovered from the TD6 level and
assigned to a minimum of nine individuals (Bermúdez de Castro
et al., 2011). Because of their unique combination of generally
primitive (Homo erectus s.l.-like) dentition and derived (Homo sa-
piens-like) facial and postcranial features, Bermúdez de Castro et al.
(1997) attributed specimens recovered from this site to a new
species, Homo antecessor.

According to its dental formation stage and eruption sequence,
and following modern human standards, ATD6-69 is estimated to
have died between 10.0 and 11.5 years of age (Bermúdez de Castro
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et al., 1997, 1999). This specimen has been described as having
the following modern human-like facial features: a coronal orien-
tation of the infraorbital plate combined with a sagittal orientation
of the lateral nasal walls, a depression on the infraorbital surface,
and an arched zygomaticoalveolar crest (Bermúdez de Castro et al.,
1997; Arsuaga et al., 1999). However, because of its subadult age the
phylogenetic interpretation of its facial morphology has been met
with skepticism (see Stringer, 2002).

Unfortunately, we have limited knowledge regarding the adult
facial morphology of the TD6 population because the few adult
fossils that have been recovered from this site are fragmentary. In
addition to ATD6-69, the adult right (ATD6-19) and left (ATD6-58)
zygomaxillary fragments from the TD6 layer are also described as
expressing aspects of modern human morphology, such as an
arched zygomaxillary border and a canine fossa. This led Arsuaga
et al. (1999) to suggest that these features are more or less
invariant throughout growth, although they also note that maxil-
lary sinus expansion in ATD6-58, most likely associated with facial
growth, resulted in a less pronounced canine fossa compared with
ATD6-69 (Arsuaga et al., 1999). Therefore, a better understanding of
the ontogeny of facial features and how they are affected by size is
critical for evaluating the facial morphology and the taxonomic and
phylogenetic affinities of ATD6-69.

The TD6 hominins share several derived cranial features that are
present in modern humans, Neanderthals and African and Euro-
pean Middle Pleistocene humans collectively. These include a
convex superior border of the temporal squama, an anterior posi-
tion of the incisive canal, and marked nasal prominence (Bermúdez
de Castro et al., 1997; Arsuaga et al., 1999). The original interpre-
tation of the Gran Dolina findings was that modern humans
retained this juvenile pattern of midfacial and subnasal
morphology and that H. antecessor is the last common ancestor of
modern humans and Neanderthals (Bermúdez de Castro et al., 1997,
2011; Arsuaga et al., 1999; Rosas and Bermúdez de Castro, 1999).
This scenario implies continuity in the European human fossil re-
cord beginning from ca. 800 ka (or possibly earlier if the material
from the site of Sima del Elefante, dated to 1.2 Ma [millions of years
ago], is assigned to H. antecessor) through the Middle Pleistocene
and ending with Neanderthals. According to this scenario, the Eu-
ropean Middle Pleistocene humans are interpreted as a chro-
nospecies directly ancestral to Neanderthals, whereas a parallel
descendant lineage of H. antecessor gave rise to H. sapiens
(Bermúdez de Castro et al., 2004).

In order to better evaluate the modern human-like facial fea-
tures on ATD6-69 several issues need to be clarified. Most impor-
tantly, how does growth affect its facial features? How do these
features covary? And what is the polarity of these features?
Quantitative and descriptive studies on facial development in
hominins have shown that taxon-specific morphology develops
prenatally or very early postnatally (Rak et al., 1994; Zilberman,
1994; Akazawa et al., 1995; Ponce de León and Zollikofer, 2001;
Ackermann and Krovitz, 2002; Lieberman et al., 2002; Strand
Viðarsdóttir et al., 2002; Williams et al., 2002; Krovitz, 2003;
Bastir and Rosas, 2004; Mitteroecker et al., 2004; McNulty et al.,
2006; Ponce de León et al., 2008; Zollikofer and Ponce de León,
2010; Gunz et al., 2010, 2012; Gunz, 2012; Freidline et al., 2012a).
Furthermore, a number of studies have demonstrated that several
Neanderthal cranial features, such as the suprainiac fossa, bilater-
ally protruding occipital torus, and aspects of the temporal bone,
develop by at least two years of age (Hublin, 1980; Heim, 1982;
Tillier, 1989). However, characteristic Neanderthal facial features
(e.g., midfacial projection, infraorbital inflation, straightness of the
zygomaxillary arch and double arched browridge) develop later in
ontogeny (Tillier, 2011). This is not surprising since different com-
ponents of the craniofacial skeleton achieve adulthood at different
times in modern humans, and facial features have been shown to
attain their adult size later than neurocranial features (Buschang
et al., 1983; Bastir et al., 2006; Bulygina et al., 2006). As proposed
by Maureille and Bar (1999), differences in the timing of the pre-
maxillary suture fusion between Neanderthals and modern
humans may explain the more anteriorly displaced maxilla in Ne-
anderthals, and ultimately their unique midfacial prognathism.

It is commonly believed that features that develop early in
ontogeny may be good systematic indicators because they likely
have a low level of phenotypic plasticity (Lieberman et al., 2002).
Because facial size has been shown to grow more slowly during
ontogeny it may bemore susceptible to epigenetic factors related to
mastication and climate (Herring, 1993; Harvati and Weaver,
2006a,b; Hubbe et al., 2009; Smith, 2009). Additionally, it has
been shown that variations in facial size contribute to differences in
browridge size (Lieberman, 2000; Rosas and Bastir, 2002; Freidline
et al., 2012a), alveolar prognathism (Rosas and Bastir, 2002;
Freidline et al., 2012a), nasal aperture breadth (Rosas and Bastir,
2002; Holton and Franciscus, 2008; Freidline et al., 2012a) and
infraorbital surface topography (Maddux and Franciscus, 2009;
Maddux, 2011; Freidline et al., 2012a) in recent and archaic
humans. This latter feature is particularly relevant to the present
study because it has been used as one of several key features to
suggest a direct phylogenetic relationship between the TD6 hom-
inins and modern humans.

In his seminal paper on Neanderthal facial architecture, Rak
(1986) contrasts a ‘generalized’ or ‘unmodified’ face with that of
the western Neanderthal facial skeleton. He describes a generalized
face as having a coronally oriented and forward facing infraorbital
plate with a surface that slopes down and slightly posterior; a
canine fossa; a distinct angle at the lateral ends of the infraorbital
plates that divides the peripheral portion of the face into two parts
(lateral and anterior); a curved zygomaticoalveolar crest; and a
nasoalveolar clivus that forms an angle with the plane of the nasal
aperture. Rak (1986) proposes that, in principle, this morphology is
shared by many primates, including modern and fossil humans,
such as Skhul IV and V, Zuttiyeh, Jebel Irhoud 1, Steinheim, Qafzeh 6
and 9, and Chinese H. erectus (Weidenreich’s reconstruction).
Several of these generalized facial features have also been noted in
the Chinese Middle Pleistocene specimens, such as Dali (Arsuaga
et al., 1999), Zhoukoudian (Maxillae III and V, Os Zygomaticum II:
Pope, 1992), Yuxian 1 and 2 (Etler, 1996) and Nanjing 1 (Liu et al.,
2005). These specimens have been variously described as having
a coronal orientation of the infraorbital plate and zygomatic bones,
a horizontal, high rooted and arched inferior zygomaxillary border,
and a canine fossa. Along these lines, Pope’s (1991) study on the
zygomaticomaxillary region in Homo contrasts Asian facial
morphology with European and African fossil contemporaries. His
findings show that Asian fossils exhibit much smaller midfaces,
more horizontally oriented zygomatic bones and a distinct malar
notch (incisura malaris), whereas the penecontemporaneous Eu-
ropean fossils exhibit larger facial areas, obliquely oriented zygo-
matic bones, taller maxillary and zygomatic bones and lack a malar
notch.

With regard to the description of the canine fossa morphology,
Rak (1986) does not discriminate between the morphology found
in modern humans and H. erectus. In some Early Pleistocene
humans there is a vertical groove that lies inferior to the infraorbital
foramen and lateral to the canine jugum (Weidenreich, 1943;
Maureille, 1994). Weidenreich (1943) termed this ‘sulcus max-
illaris’; whereas, a small, rounded depression inferior to the
infraorbital foramen has been referred to by Maureille (1994) as
a ‘fossula canina.’ In modern humans, there is an extended
depression that covers most of the zygomatic process of the maxilla
(Arsuaga et al., 1999) and produces a horizontal incurvation and an



Table 1
Fossil specimens used in the analysis, their abbreviation (Ab.), chronology and
geographic region.

Specimen Ab. Chronology Region

Early Pleistocene Homo
KNM-ER 1813 1813 1.88e1.90 Ma (Wood, 1991);

1.65 Ma (Gathogo and
Brown, 2006)

Africa

KNM-WT 15000a 15000 1.6 Ma (Feibel et al., 1989);
1.47 Ma (McDougall et al.,
2012)

Africa

ATD6-69a,b ATD6-69 >780 ka (Carbonell et al.,
1995; Parés and Pérez-González,
1999); 950e900 ka (Berger et al.,
2008)

Europe

Dmanisi 2700a,b 2700 1.8e1.7 Ma (Gabunia et al., 2000) Asia
Sangiran 17b S17 1.5e1.02 Ma (Larick et al., 2001;

Antón, 2003; Antón and Swisher,
2004), >790 ka (Hyodo et al.,
2011)

Asia

Middle Pleistocene Homo
Bodo Bd ca. 600 ka (Clark et al., 1994) Africa
Kabwe Kb 700e400 ka (Klein, 1994); late

Middle Pleistocene (Stringer,
2011)

Africa

Arago 21c Ar 600e350 ka (Cook et al., 1982;
Falguères et al., 2004)

Europe

Petralona Pt 670-ca. 250 ka (Harvati et al.,
2009)

Europe

Sima de los
Huesos 5b

Sm5 ca. 530 ka (Bischoff et al., 2007) Europe

Dalib Dl 230e180 ka (Chen and Zhang,
1991)

Asia

Early Modern Human
Jebel Irhoud 1 I1 ca. 160 ka (Smith et al., 2007) Africa
Qafzeh 6 Q6 135e100 ka (Grün et al., 2005) Asia
Qafzeh 9 Q9 135e100 ka (Grün et al., 2005) Asia
Skhul 5 Sk5 135e100 ka (Grün et al., 2005) Asia
Liujiangb Ljg 139e111 ka (Shen et al., 2002) Asia

Neanderthal
Gibraltar 1 Gb1 71e50 to 35 ka (Klein, 1999) Europe
Guattari Gt ca. 50 (Schwarcz et al., 1991) Europe
La Chapelle-
aux-Saints

LCh 56e47 ka (Grün and Stringer, 1991) Europe

La Ferrassie 1 LF1 71e50 to 35 ka (Klein, 1999) Europe
Pech-de-l’Azé Ia Pech 51e41 ka (Soressi et al., 2007) Europe
Shanidar 1b Sh1 ca. 50 ka (Trinkaus, 1983) Asia
Shanidar 5b Sh5 ca. 50 ka (Trinkaus, 1983) Asia
Teshik Tasha,c TeT ca. 70 ka (Movius, 1953);

57e24 ka (Vishnyatsky, 1999)
Asia

Upper Paleolithic Humand

Cro-Magnon 1 28e27 ka (Holt and Formicola,
2008)

Europe

Grotte des
Enfants 6a,b

Gravettian (Henry-Gambier, 2001) Europe

Mlade�c 1 ca. 31 ka (Holt and Formicola,
2008)

Europe

P�redmostí 3b Early Upper Paleolithic
(Smith, 1982)

Europe

Oberkassel 1 ca. 12 ka (Street, 2002) Europe
Oberkassel 2 ca. 12 ka (Street, 2002) Europe
Zhoukoudian 101c ca. 33e13 (Chen et al., 1989;

Hedges et al., 1992)
Asia

Zhoukoudian 102c ca. 33e13 (Chen et al., 1989;
Hedges et al., 1992)

Asia

a Subadult individuals.
b Casts from the Division of Anthropology, American Museum of Natural History

(New York).
c Casts from the Department of Human Evolution, Max Planck Institute for

Evolutionary Anthropology (Leipzig, Germany).
d Upper Paleolithic humans are not labeled in the figures.
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incurvation of the zygomaticoalveolar crest (Maureille, 1994). The
relationship (i.e., covariation) between the topography of the
infraorbital depression and the incurvation of the zygomati-
coalveolar crest has been noted by numerous researchers (Sergi,
1947, 1960; Maureille, 1994; Maddux and Franciscus, 2009;
Maddux, 2011). Recently, two pertinent studies by Maddux and
Franciscus (2009) and Maddux (2011) have emphasized the
importance of allometric scaling on infraorbital surface
morphology in Homo. They found that features like infraorbital
orientation, surface topography and zygomaticoalveolar curvature
scale allometrically within adult specimens of Homo, and that
infraorbital topography and zygomaticoalveolar curvature are
highly intercorrelated, forming an integrated ‘infraorbital complex’
(Maddux and Franciscus, 2009; Maddux, 2011).

Aim of this study

This study evaluates the proposed modern human-like facial
features in the ATD6-69 subadult specimen by placing it in a
developmental framework in order to assess how growth affects its
modern human-like facial features. We use semilandmark geo-
metric morphometrics to quantify its mid and lower facial surface
topography, and principal component analysis (PCA) to explore
patterns of facial morphology in Pleistocene and recent modern
humans. The application of semilandmarks is particularly useful for
capturing the surface topography of the midface, an anatomical
area that is critical to the debate regarding the ‘modernness’ of
ATD6-69’s morphology. A landmark subset of just the infraorbital
region was also created to explore how the shape of this region
covaries with the overall size of the mid and lower face, and how it
changes during postnatal development. Additionally, ontogenetic
allometric trajectories were applied to simulate the growth of
ATD6-69 from an adolescent to an adult. Developmental simula-
tions have been applied in studies of human and non-human pri-
mate craniofacial and endocranial development (e.g., Cobb and
O’Higgins, 2004; McNulty et al., 2006; Neubauer et al., 2009,
2010; Gunz et al., 2010, 2012; Singleton et al., 2010; Gunz, 2012;
Freidline et al., 2012a). In a recent study, Freidline et al. (2012a)
applied developmental simulations to explore ontogenetic allo-
metric patterning in Middle Pleistocene human, Neanderthal and
recent modern human facial morphology. Although recent modern
human and Neanderthal trajectories shared some common aspects
in growth allometry, subtle differences in postnatal allometric
patterns of facial growth were present between these two groups.
Following Freidline et al. (2012a), we utilize the developmental
trajectories of two different groups, Neanderthals and recent
modern humans, to estimate ATD6-69’s adult form. In doing so, we
visualize the morphological differences that occur in facial features
in the adult forms of ATD6-69 when interchanging these ontoge-
netic allometric trajectories.

Material and methods

Sample

The fossil sample (Table 1) is comprised of Early to Late Pleis-
tocene subadult and adult specimens that preserve the general
facial morphology present in ATD6-69. Early Pleistocene fossils,
such as KNM-KNM-ER 1813, Dmanisi 2700, KNM-KNM-WT 15000
and Sangiran 17, were included in this study in order to gauge the
polarity of facial features. When possible, data from the original
fossil material was collected, otherwise high quality casts from
either the Max Planck Institute for Evolutionary Anthropology
(Leipzig, Germany) or the American Museum of Natural History
(New York) were utilized. In order to demonstrate the accuracy of
the ATD6-69 cast employed in this study, a table comparing linear
measurements of the cast and those taken on the original fossil by
Arsuaga et al. (1999) is included in the Supplementary Online
Material (SOM Table 1). Overall, measurements of the surface



Table 2
Recent modern human adult and subadult specimens used in the analysis. Adapted
from Freidline et al. (2012a).

Population/Geographic region AGa 1 AG 2 AG 3 AG 4 (adult) Total

Khoisan, South Africac,d,e 8 8 4 38 (Mb: 14; F: 24) 58
Arizona (Canyon del Muerto),

Utah (Grand Gulch), USAe
7 6 4 52 (M: 25; F: 27) 69

Alaska (Point Hope), USAe 6 10 4 48 (M: 26; F: 22) 68
Strasbourg, Francef and Greifenberg,

Austriae
7 4 4 49 (M: 27; F: 22) 64

a The abbreviation AG represents Age Group. Age Group 1 is composed of in-
dividuals that lack any eruption of permanent dentition (e.g., only deciduous teeth).
Age Group 2 are individuals that have a first molar erupted; Age Group 3 second
molar erupted; and Age Group 4 third molar erupted (i.e., adults).

b The specimen sex is denoted as M for males and F for females.
c Iziko South African Museum.
d University of Cape Town.
e American Museum of Natural History.
f Medical Faculty of Strasbourg.

Figure 1. Full landmark data set. Red: homologous landmarks; blue: curve-
semilandmarks; yellow: surface-semilandmarks. Homologous landmarks are abbre-
viated. The full names are listed in Table 4. (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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model were within 3 mm of those made by Arsuaga et al. (1999).
Such small differences could be attributed to interobserver error, or
may be a result of minor shrinkage of the cast employed.

The recent modern human sample (Table 2) is composed of
cross-sectional growth series, ranging in age from two years to
adulthood, from four geographically diverse human groups span-
ning three continents: Africa, North America and Europe.
Computed Tomography (CT; BIR ACTIS 225/300 and Toshiba Aqui-
lion) or surface scans (Minolta Vivid 910 and Breuckmann optoTOP-
HE) were acquired following the protocol outlined by Freidline et al.
(2012a, b). The modern human data were obtained from specimens
housed in the American Museum of Natural History, Iziko South
African Museum (Cape Town), University of Cape Town, and Med-
ical Faculty of Strasbourg (France). Sex and calendar ages are known
for the human skulls from the collection of the Medical Faculty of
Strasbourg (Rampont, 1994). Age estimates for all other subadult
individuals were assessed according to dental eruption patterns
following Ubelaker (1989). The subadult sample was divided into
age groups according to dental eruption sequence: a definition of
the age groups and distribution of the subadult modern human
sample can be found in Table 2. Age estimates for the subadult fossil
material were taken from the literature and are listed in Table 3.
Table 4
Homologous landmarks used in the analysis.a

Landmark Abbreviation Definition

Alveolare ids
Measurement protocol

Landmark data and data reconstruction Landmarks and semi-
landmarks, in the form of curves and surfaces, were digitized on
three-dimensional models of the surface or CT scans using the
software Landmark Editor (Wiley et al., 2005). A template mesh
of surface semilandmarks covering the maxillary and zygomatic
Table 3
Ontogenetic age of the subadult fossil specimens used in the analysis.a Adapted from
Freidline et al. (2012a).

Specimen Ontogenetic Age (ca. year) Age group

KNM-WT 15000 8 (Dean et al., 2001);
8e9 (Dean and Smith, 2009);
12 (Smith, 1994; Smith and Tompkins, 1995)

2, 3

ATD6-69 10e11. 5 (Bermúdez de Castro et al., 1997) 2
Dmanisi 2700 >8 (Vekua et al., 2002) 2
Pech-de-l’Azé I 2 (Tillier, 1996) 1
Teshik Tash 9e11 (Tillier, 1989; Williams et al., 2002) 2
Grotte des

Enfants 6
13e15 (Henry-Gambier, 2001) 4b

a See Table 2 for definition of age group classifications.
b M3 not in full occlusion.
regions was digitized on one individual and a thin-plate-spline
(TPS) interpolation was used to warp this template mesh of
semilandmarks to the surface of every other specimen according
to their landmark and curve data. The template mesh was then
projected onto the respective surfaces of each specimen in the
sample. For a detailed technical account of this method, see Gunz
(2005) and Gunz et al. (2005, 2009b). Fig. 1 illustrates the
landmark and semilandmark data set, and Table 4 lists the
homologous landmarks used in the analyses. All semilandmarks
were allowed to slide along tangents to the curves and tangent
planes to the surface so as to minimize the bending energy of
the TPS interpolation between each specimen and the Procrustes
consensus configuration. This removes the influence of the
arbitrary spacing of the semilandmarks and establishes a
geometric homology of the semilandmark coordinates within the
sample. A generalized Procrustes analysis (GPA) was used to
convert the landmark and slid semilandmark coordinates to
shape variables. All data processing and statistical analyses were
performed in Mathematica (Wolfram Research) and R (R
Development Core Team, 2010).

Data reconstruction was performed on incomplete fossils
following the protocol described in Gunz (2005), Gunz et al.
(2009b, 2010) and Freidline et al. (2012a, b). Whenever possible,
missing parts were reconstructed by mirror-imaging. The original
ATD6-69 fossil is missing the entire right zygomatic and most of
Anterior nasal spine ans Thin projection of bone on
the midline at the inferior
margin of the nasal aperture.

Jugaleb ju
Nasospinale ns
Zygomatic process

root inferiorb
zri The malar root origin

projected onto buccal alveolar
surface.

Zygomatic process
root superiorb

zrs The point where malar root
arises from the maxilla;
often a point of concavity
between alveolare region
and zygomaxillare
(McNulty, 2003).

Zygomaxillareb zm

a All landmarks are defined following White et al. (2012). Definitions and refer-
ences (if available) are provided for the less common landmarks.

b Paired right and left landmarks.
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the right maxilla, therefore we mirror-imaged it along its mid-
sagittal plane. Two complete zygomatic and maxillary bones
enable us to includemore landmarks on this anatomical region, and
as a result the landmark data set and subsequent analyses are not
biased towards the subnasal and alveolar morphology. If missing
data occurred bilaterally or along the mid-sagittal plane, then
landmarks and semilandmarks were estimated using geometric
reconstruction via TPS interpolation (Gunz et al., 2009b). This
method of reconstruction was applied in recent studies (Freidline
et al., 2012a, b) to several of the same fossils in our sample, and
has been used in many other geometric morphometric studies (e.g.,
Gunz, 2005; Gunz and Harvati, 2007; Gunz et al., 2009a, b; Grine
et al., 2010; Harvati et al., 2010; Stansfield and Gunz, 2011). A
brief description of the virtual reconstruction employed on each of
the fossil specimens is given as a supplementary table (SOM
Table 2).
Statistical analyses

We performed a principal component analysis (PCA) of the
Procrustes shape variables on the full landmark and specimen data
set and plotted the Neanderthal and modern human ontogenetic
allometric trajectories within this space. The trajectories were
calculated by linearly regressing Procrustes shape coordinates on
the natural logarithm of centroid size (Mitteroecker et al., 2004;
Neubauer et al., 2009, 2010; Gunz, 2012). In order to further
explore the allometric component in our data, a PCA was also
performed in Procrustes form space, which includes the geometric
size (as the natural logarithm of centroid size) of each specimen
(Mitteroecker et al., 2004; Mitteroecker and Gunz, 2009). Addi-
tionally, we calculated nearest neighbors based on inter-individual
Procrustes distances (PD) in shape space.

In order to explore developmental changes in infraorbital sur-
face topography, we selected a landmark subset from the infraor-
bital region of the complete facial landmark data set (see Fig. 2). The
subset was designed to cover the infraorbital region of the maxilla,
and the semilandmarks were chosen subsequent to the sliding of
the complete facial semilandmark data set, i.e., the semilandmarks
in the infraorbital subset were not re-slid. Therefore, the semi-
landmarks are homologous between individuals. In order to
explore interspecific variation in infraorbital morphology, we per-
formed a PCA on fossil and recent Homo using this semilandmark
subset. Additionally, we performed separate PCAs in shape space on
each of the four modern human groups (Khoisan, Arizona/Utah,
Alaska, Strasbourg/Greifenberg) in order to identify shared patterns
Figure 2. Landmark data set of the infraorbital surface patch. Landmark data set used
in the PCAs in Figs. 8 and 9.
of infraorbital development in recent modern humans. An onto-
genetic allometric trajectory was calculated using a linear regres-
sion of shape on the natural logarithm of centroid size for each of
the PCAs. Shape changes of the full landmark/semilandmark data
set and in this anatomical region were visualized by warping the
Procrustes mean shape along principal components (see Gunz and
Harvati, 2007; Mitteroecker and Gunz, 2009). Movies of these
warps can also be viewed (see SOM).

Developmental simulations and visualization techniques

In order to test how size and age would affect the facial
morphology of ATD6-69, we performed a series of developmental
simulations using the adult facial fragment ATD6-58, also found
in the TD6 layer at Gran Dolina, as a size reference. We used two
published measurements from Arsuaga et al. (1999): 1) cheek
height (31.6mm) and 2) zygomaxillary anteriore zygoorbitale (zm:
a-zo ¼ 37.0 mm). We measured the osteometric points on a surface
model of the scan of ATD6-69 (see SOM Table 1 for values). We
computed linear regressions of the Procrustes shape coordinates on
the natural logarithm of centroid size for Neanderthals and modern
humans and we then used these two regressions to predict the
adult shapes of ATD6-69. Because we lack sufficiently complete
H. erectus adults and Middle Pleistocene human subadults from
which to build ontogenetic trajectories, only Neanderthal and
modern human developmental trajectories could be utilized. We
grew ATD6-69 along each trajectory (i.e., the mean modern human
ontogenetic trajectory and the mean Neanderthal ontogenetic tra-
jectory) until the measurements of ATD6-69 matched those of
ATD6-58. These simulations therefore visualize what the adult
ATD6-69 would have looked like if it had grown up like a Nean-
derthal or a modern human, respectively, to the size of ATD6-58.
During this process, we found that the zygomatic/maxillary facial
proportions in ATD6-69 and ATD6-58 are more similar to modern
humans than to Neanderthals and that these proportions are more
or less maintained throughout development. Thus, when growing
ATD6-69 along the Neanderthal ontogenetic trajectory it was
impossible to grow it to the size of both of ATD6-58’s measure-
ments (i.e., cheek height and zygomaxillary anterior e zygoorbi-
tale), and as a result we focused on cheek height. The decision to
use cheek height instead of zygomaxillary anterior e zygoorbitale
was arbitrary as these twomeasurements aremetrically similar and
ultimately do not affect the results. Consequently, in order to ach-
ieve a cheek height of 31.6 mm (the cheek height of ATD6-58), we
had to grow ATD6-69 to a larger centroid size along the Neander-
thal trajectory than when growing it along the modern human
trajectory.

Results

Complete landmark and specimen data set

Shape space Fig. 3 shows a plot of the first two PCs representing
54% of total shape variance (PC 1: 30%; PC 2: 24%) and the shape
changes associated with them. Among the first two PCs, PC 1 is
the most correlated with size (r y 0.53). The solid lines represent
the recent modern human (black) and Neanderthal (blue)
ontogenetic allometric trajectories. The Neanderthal and modern
human ontogenetic allometric trajectories do not coincide (i.e.,
overlap) and the position of these trajectories in shape space
indicates that the morphological differences in facial morphology
between these two groups have already developed by two years
of age.

The pattern in the first two PCs primarily reflects a contrast
between the Neanderthal/Middle Pleistocene human and the



Figure 3. PCA in shape space of the full landmark and specimen data set. The first two PCs are plotted. PC 1 represents 30% of total shape variation and PC 2 represents 24%. The
solid lines represent the recent modern human mean (black) and Neanderthal (blue) ontogenetic allometric trajectories. A convex hull is drawn around the recent modern humans.
The full names for the fossil specimens are listed in Table 1. The surface visualizations represent the mean shapes at the positive and negative ends of PC 1 and 2. See SOM for movies
visualizing the shape changes along PC 1 (SOM Fig. 1) and 2 (SOM Fig. 2). (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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recent modern human morphology. ATD6-69, Qafzeh 9 and Bodo
fall between these two clusters and on the fringe of the recent
modern human distribution. All other early modern humans, as
well as KNM-ER 1813, Sangiran 17, Dmanisi 2700 and Dali fall
within the range of recent modern human variation for PC 1 and 2.
On the other hand, KNM-WT 15000 plots closer to the Neanderthal
and Middle Pleistocene human groups. On higher PCs (e.g., PC 3, 4,
5, representing 8.1%, 5.9% and 4.5% of total shape variance,
respectively), overlap occurs between all groups, except in the case
of KNM-ER 1813.

Shape changes along PC 1 mainly occur in facial length and
height, breadth and orientation; midfacial and subnasal progna-
thism; nasal aperture size; inferior orbital shape; and projection of
the zygomatic bones. The individuals on the negative end of the
plot, which are predominately subadults, exhibit a supero-
inferiorly shorter face that is less antero-inferiorly angled; a less
prognathic subnasal region; and a less antero-laterally projecting
zygomatic bone. Shape changes along PC 2 are similar to PC 1 in
facial height. However, PC 2 also documents infraorbital inflation,
facial breadth, midfacial prognathism, and zygomaticoalveolar
curvature. Thus individuals on the extreme negative end of PC 2,
primarily Neanderthals, have supero-inferiorly longer faces, nar-
rower facial breadths, less antero-laterally projecting zygomatic
bones, flat or inflated infraorbital surface topographies, para-
sagittally rotated and more prognathic midfaces, and straighter
zygomaticoalveolar margins. Movies of the shape changes along PC
1 and 2 can also be found in the Supplementary Online Material
(see SOM Figs. 1 and 2). ATD6-69 plots between recent modern and
archaic humans along PC 2 and thus expresses a facial pattern that
is intermediate between these two groups. We calculated nearest
neighbors based on inter-individual Procrustes distances (PD) in
shape space. ATD6-69 is most similar to a Europeanmodern human
subadult around 12 years of age (PD ¼ 0.066) and an African
modern human subadult around 11 years of age (PD ¼ 0.068).
Growth simulations Fig. 4 illustrates the predicted shapes of ATD6-
69 scaled along the recent modern human trajectory and the
Neanderthal ontogenetic allometric trajectory to the size of
ATD6-58. The bone color face (Fig. 4a) represents the adult shape
of ATD6-69 following the modern human ontogenetic allometric
trajectory and the red face (Fig. 4b) is its predicted adult shape
following the Neanderthal trajectory. To further compare the
shape differences between the two projected adult forms we
superimposed them onto each other (Fig. 4c), as well as onto the
adult modern human scaled mean shape (Fig. 5) and onto the
adult Neanderthal scaled mean shape (Fig. 6). ATD6-69’s
predicted adult facial morphology grown along the modern
human trajectory maintains an infraorbital depression, coronally
oriented infraorbital plate and curved zygomaticoalveolar margin.
In fact, the infraorbital depression is also present in the predicted
adult facial morphology of ATD6-69 grown along the Neanderthal
trajectory, but less extreme and more localized, and the
infraorbital plate is not as sagittally rotated as in the mean
Neanderthal shape (Fig. 6). The main shape differences between
these two predicted shapes are that the Neanderthal trajectory
produces a more sagittally rotated zygomatic and prognathic
midface, a larger nasal aperture and a longer face, in particular in



Figure 4. Developmental simulations of the predicted adult shapes of ATD6-69 grown along the modern human and Neanderthal ontogenetic trajectories. The landmarks and
semilandmarks are color-coded according the specimen’s surface color (e.g., dark yellow is associated with the bone colored surfaces and dark red with the red surfaces). When two
different colored landmarks are exposed, this indicates overlapping (i.e., similar) morphology, whereas different surface morphologies are present when only one landmark color
and corresponding surface is visible; a) the predicted adult shape of ATD6-69 grown along the modern human (MH) mean ontogenetic trajectory to the centroid size of ATD6-58
(see text for more information); b) the predicted adult shape of ATD6-69 grown along the Neanderthal (N) mean ontogenetic trajectory to the centroid size of ATD6-58; c) the two
predicted adult shapes superimposed on one another. (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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the subnasal region (Fig. 4). The main shape differences between
ATD6-69’s predicted facial morphology grown along the modern
human trajectory and the modern human mean shape are
primarily in midfacial prognathism and facial height (Fig. 5);
the modern human mean is less prognathic with a smaller facial
height. They share similarly curved zygomaticoalveolar margins
and infraorbital depressions, and the modern human mean
expresses a more anteriorly projecting infraorbital plate and
antero-laterally projecting zygomatic bones. Lastly, the main
differences between ATD6-69’s predicted facial morphology
grown along the Neanderthal trajectory and the Neanderthal
mean shape (Fig. 6) generally reflect the differences between
modern human and Neanderthal adult facial morphology. While
Figure 5. Predicted adult shape of ATD6-69 grown along the modern human ontogenetic tr
ATD6-69; b) modern human (MH) mean adult shape; c) the predicted adult shape of ATD6
they share similar nasal aperture breadths and parasagittally
rotated zygomatic bones, the Neanderthal mean shape expresses
a more parasagittally rotated infraorbital plate, straighter
zygomaticoalveolar margin and inflated infraorbital surface
topography, as well as a shorter facial height and less prognathic
nasal aperture.

When interpreting these figures, onemust bear in mind that the
centroid size of the predicted adult shape of ATD6-69 grown along
the Neanderthal trajectory is larger than the predicted adult shape
grown along the modern human trajectory (see Material and
methods section for a more detailed explanation of the size dif-
ferences of the predicted shapes). Thus the allometric shape dif-
ferences between the predicted shapes and the mean shapes may
ajectory compared to the modern human mean adult shape. a) Predicted adult shape of
-69 superimposed on the modern human mean adult shape.



Figure 6. Predicted adult shape of ATD6-69 grown along the Neanderthal ontogenetic trajectory compared with the Neanderthal mean adult shape. a) Predicted adult shape of
ATD6-69; b) Neanderthal (N) mean adult shape; c) the predicted adult shape of ATD6-69 superimposed on the Neanderthal mean adult shape.

Figure 7. PCA in form space of the complete specimen and landmark data set. Form
space includes the natural logarithm of centroid size of each individual. The first two
PCs are plotted. PC 1 represents 82.7% of total variation and PC 2 represents 5.3%. The
lines are the ontogenetic allometric trajectories for modern humans (black) and Ne-
anderthals (blue). A convex hull is drawn around each of the modern human age
groups (AG 1e4). (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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be exaggerated. Consequently, we also predicted the adult size of
ATD6-69 grown along both the Neanderthal and modern human
mean trajectories to the mean Neanderthal and modern human
centroid sizes (see SOM Figs. 3e5). In these simulations, the
centroid size differences between the two predicted adult shapes
are less extreme and the predicted shape differences follow the
same general morphological pattern outlined above. The allometric
shape changes that are most pronounced is facial height and nasal
aperture projection. As centroid size increases along the Neander-
thal ontogenetic allometric trajectory, ATD6-69’s facial height in-
creases, its nasal aperture becomes more projecting and its
zygomaticoalveolar margin less curved. Together, these simulations
indicate that there are aspects of postnatal facial growth that
further differentiate Neanderthals and modern humans; however,
several modern human-like facial features in ATD6-69 are main-
tained into adulthood regardless of which trajectory is utilized.
Diverging postnatal trajectories therefore make the facial differ-
ences between Neanderthals and recent modern humans more
pronounced during development.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.jhevol.2013.07.012.
Form space A PCA of the same landmark and specimen data set
was also computed in form space. The first two PCs (Fig. 7)
represent approximately 88.0% of the total sample variance (PC 1:
82.7%; PC 2: 5.3%). As is expected in a form space analysis, PC 1 is
highly correlated with centroid size (r y 0.999). As in shape
space, the ontogenetic allometric trajectories for Neanderthals
(blue) and modern humans (black) do not coincide and they each
have a distinct starting point, indicating that species-specific
facial morphology has already developed by two years of age.
ATD6-69 again plots between the archaic and modern human
distributions and has the same individual as a nearest neighbor
(European recent modern human subadult). The early modern
humans also fall between the Neanderthal and modern human
trajectories, the Middle Pleistocene humans plot along the end of
the Neanderthal ontogenetic allometric trajectory and the Early
Pleistocene fossils plot within or on the edge of recent modern
human variation. On higher PCs, overlap occurs between all groups.
Infraorbital landmark data set

Shape space: fossil and recent modern human sample In order to
explore interspecific variation in the infraorbital surface topog-
raphy, we performed a PCA in Procrustes shape space on the
infraorbital landmark subset (see Fig. 2). Fig. 8 plots the first two
PCs representing 52.3% of total variance (PC 1: 33.0%; PC 2:
19.3%). The first PC is the most correlated with size (r y 0.53).
This plot is similar to the PCA of the complete landmark data set
(see Fig. 3). The main difference is the position of the Early
Pleistocene specimens Sangiran 17, Dmanisi 2700 and KNM-ER
1813, which plot nearer to one another in this PCA and in
between the recent modern human and Neanderthal distribution.
ATD6-69, as well as Dali and the early modern humans fall
within recent modern human variation. The main shape changes

http://dx.doi.org/10.1016/j.jhevol.2013.07.012


Figure 8. PCA in shape space of fossil and modern humans using the infraorbital landmark subset. The first two PCs are plotted. PC 1 represents 33.0% of total shape variation and PC
2 represents 19.3%. The solid lines represent the recent modern human (black) and Neanderthal (blue) ontogenetic allometric trajectories. A convex hull is drawn around the recent
modern humans. The surface visualizations represent the mean shapes at the positive and negative ends of PC 1 and 2. See SOM for movies visualizing the shape changes along PC 1
(SOM Figs. 6e9) and 2 (SOM Figs. 10e13). (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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in the infraorbital region along PC 1 are in supero-inferior length
and orientation. The individuals plotting on the negative end
have smaller infraorbital areas and more postero-inferiorly sloped
maxillary bodies. The second PC primarily explains shape changes
associated with infraorbital surface topography, supero-inferior
length of the infraorbital surface area and zygomaticoalveolar
curvature. Individuals that have the largest infraorbital areas,
flattest surface topographies and least curved zygomaticoalveolar
margins plot at the negative end of PC 2. This primarily includes
Neanderthals, as well as Petralona and KNM-WT 15000. Movies
of the shape changes along PC 1 and 2 can also be found in the
Supplementary Online Material (see SOM Figs. 6e13).

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.jhevol.2013.07.012.
Shape space: recent modern human sample Lastly, in order to
elucidate the ontogenetic shape changes of the infraorbital region
within recent modern humans, we performed a PCA on each of the
fourmodern human groups using the infraorbital landmark data set
(Fig. 9aed). The specimens are labeled and color coded according to
their age group classification (see Table 2 for definitions). The black
lines represent the ontogenetic allometric trajectories. In each PCA,
PC 1 is highly correlated with size (Arizona/Utah r y 0.85; Alaska
r y 0.73, Khoisan r y 0.82, France/Austria r y 0.76), and along
this component individuals belonging to the same age group
cluster together. The youngest and smallest individuals plot at one
end of the PC and the adults on the opposite end. Along PC 2 and
higher PCs, no clear pattern among age groups emerges, indicating
that the infraorbital shape changes along these components are
highly variable within each group.
Visualization Figs. 10 and 11 visualize the shape changes associated
with warping the mean infraorbital shape for each modern
human group along PC 1 and 2. Overall, infraorbital shapes
are similar among the four modern human populations along
these axes (Figs. 10 and 11); however, some subtle group differences
in infraorbital morphology are evident primarily along PC 2. As PC 1
is highly correlated with size in each group, this component mainly
depicts allometric shape changes in the infraorbital region. These
changes include: the curvature and anterior projection of the
inferior orbital margin, projection of the medial and lateral
maxillary border (i.e., nasal aperture and zygomatic process of the
maxilla, respectively), curvature of the zygomaticoalveolar margin
and postero-inferior slope of the infraorbital plate. The first PC also
comprises some inflation of the infraorbital surface topography
associated with size. The general allometric trend shared among the
four modern human populations is as follows: individuals with
supero-inferiorly smaller infraorbital areas (Fig. 10a) have a more
curved and anteriorly projecting inferior orbital margin, more
projecting medial maxillary border, less projecting lateral maxillary
border, greater postero-inferiorly sloped infraorbital surface (i.e.,
maxillary body facies), a less curved zygomaticoalveolar crest and a
shallower infraorbital depression. Individuals with supero-inferiorly
larger infraorbital surface areas (Fig. 10b) express a straighter
inferior orbital margin, more projecting lateral maxillary border
(i.e., zygomatic bone), less postero-inferiorly sloped infraorbital
surface, greater curvature of the zygomaticoalveolar margin and a
more depressed infraorbital surface topography.

While PC 2 reflects the within-group variability of the infraor-
bital region (Fig. 11), several features are shared between each

http://dx.doi.org/10.1016/j.jhevol.2013.07.012


Figure 9. Separate PCAs in shape space of recent modern human groups using the infraorbital landmark data set. a) Arizona/Utah; b) Alaska; c) Khoisan; d) France/Austria. The first
two PCs are plotted. The black line represents the ontogenetic allometric trajectories for each group of modern humans. The specimens are labeled according to their age group
classification (see Table 2 for definitions).
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of the modern human groups. Although PC 2 is poorly correlated
with size (Arizona/Utah ry 0.11; Alaska ry 0.27, Khoisan ry 0.11,
France/Austria r y 0.18) individuals that plot along the negative
end of PC 2 are larger in the supero-inferior dimension. Along the
negative end of PC 2, the four modern human groups share similar
infraorbital size and proportions, topography, medial and lateral
projection of the maxillary border, zygomaticoalveolar curvature
and orientation of the anterior surface of the maxilla. Thus, along
the negative end of PC 2, the infraorbital surface areas are larger,
the topography is more depressed and themaxillary body facies are
less postero-inferiorly rotated. The infraorbital morphology of the
Khoisan departs the most from the other modern human groups
along PC 2. They show the least depressed infraorbital topographies
along the negative end of PC 2, and along the positive end of PC 2
they express the supero-inferiorly smallest surface areas and most
projecting lateral maxillary borders producing a more depressed
infraorbital surface compared with the other groups along this axis.

Discussion

Facial shape changes during development

The aim of this study was to evaluate the modern human-like
facial morphology of the subadult ATD6-69 specimen in a devel-
opmental context. In order to explore allometric trends in our data,
we calculated postnatal ontogenetic allometric trajectories for
Neanderthals and recent modern humans. The adult facial
morphology of ATD6-69 was predicted using these trajectories.
Additionally, allometric shape changes in surface morphology were
visualized along PC axes. The results of our PCA and regression
analyses confirm a wide range of studies demonstrating that
species-specific facial morphology has already developed prena-
tally or very early postnatally (Ponce de León and Zollikofer, 2001;
Ackermann and Krovitz, 2002; Lieberman et al., 2002; Strand
Viðarsdóttir et al., 2002; Williams et al., 2002; Krovitz, 2003;
Bastir and Rosas, 2004; Mitteroecker et al., 2004; McNulty et al.,
2006; Gunz et al., 2010, 2012; Gunz, 2012; Freidline et al., 2012a).
The growth simulations implementing both the modern human
and Neanderthal ontogenetic allometric trajectories to predict the
adult facial morphology of ATD6-69 (Figs. 4e6), indicate that
postnatal development further accentuates the facial differences
between modern humans and Neanderthals that are already pre-
sent early in ontogeny. These results support previous studies on
hominin craniofacial growth showing that postnatal development
contributes to further differentiate populations and species
(Richtsmeier et al., 1993; O’Higgins and Jones,1998; O’Higgins et al.,
2001; Strand Viðarsdóttir et al., 2002; Bastir and Rosas, 2004; Cobb
and O’Higgins, 2004; Strand Viðarsdóttir and Cobb, 2004; Bastir
et al., 2007; Freidline et al., 2012a). Nevertheless, the results of
our growth simulations show that even when we grow ATD6-69



Figure 10. Mean shape changes of recent modern human groups along PC 1 using the infraorbital data set. a) Mean shape at the negative end of PC 1; b) mean shape at the positive
end of PC 1. Modern human groups and orientations are labeled.
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along the Neanderthal ontogenetic allometric trajectory, it main-
tains an infraorbital depression and its midfacial orientation is less
parasagittal than the average Neanderthal shape. Likewise, when
we grow ATD6-69 along the modern human ontogenetic allometric
trajectory, its face remains prognathic. Although we demonstrate
that postnatal growth contributes to further differentiate modern
humans and Neanderthals, the modern human-like features
present on the juvenile face of ATD6-69 do not change significantly
from the subadult to the projected adult state. Thus, the modern
human-like features (e.g., coronal infraorbital plate, curved
zygomaticoalveolar margin, infraorbital depression) of the ATD6-
69 subadult would most likely be present in its adult form, con-
firming previous suggestions put forth by Bermúdez de Castro et al.
(1997) and Arsuaga et al. (1999).

In order to better understand the polarity of facial features, we
included several Early Pleistocene fossils in our PCA. The position of
KNM-ER 1813, Sangiran 17 and Dmanisi 2700 in these analyses
(Figs. 3 and 8) also suggests that these Early Pleistocene fossils
express a more coronally rotated infraorbital plate, like modern
humans, rather than a more parasagittally rotated plate, like



Figure 10. (continued).
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Neanderthals. However, the position of KNM-WT 15000 is
intriguing, as it is a juvenile H. erectus approximately the same age
as ATD6-69 and it plots with the archaic humans (i.e., Middle
Pleistocene humans and Neanderthals). Pope (1991) identified a
similar pattern in his study on the evolution of the zygomatico-
maxillary region within Homo. He divided the face into two tri-
angles: an upper triangle comprising the length of nasion to
prosthion and including the infraorbital region of the upper mid-
face, and a lower triangle combining the lateral margin of the orbit
and the height of the inferior zygomaticomaxillary margin. As in
our study, Pope (1991) previously found that when plotting these
measurements against each other (e.g., ratio against the sum of the
areas of the upper and lower facial triangles), KNM-WT 15000 falls
squarely within the Middle Pleistocene human and Neanderthal
distribution. Pope (1991) also found that KNM-ER 1813 fell within
the range of modern human variation in these values, Sangiran 17
had a similar facial area value as recent modern humans, but
differed in mid to upper facial height ratios, and Dali exhibited the
opposite pattern; similar facial height ratios as modern humans,
but a larger facial area. The shape changes in Fig. 3 depict several of



Figure 11. Mean shape changes of recent modern human groups along PC 2 using the infraorbital data set. a) Mean shape at the negative end of PC 2; b) mean shape at the positive
end of PC 2. Modern human groups and orientations are labeled.
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the patterns identified by Pope (1991). Dali, Sangiran 17, Dmanisi
2700 and KNM-ER 1813 plot within modern human variation
because, among other features, they express facial proportions (e.g.,
facial heights relative to breadth) that are more similar to modern
humans than to Middle Pleistocene humans or Neanderthals. The
latter three specimens, as well as ATD6-69, have short, broad faces
compared with Middle Pleistocene humans and Neanderthals.
KNM-WT 15000, on the other hand, departs from this condition by
exhibiting a large facial area, high and massive cheekbones, a less
curved zygomaticoalveolar margin and a large nasal aperture that
is more similar to theMiddle Pleistocene humans and Neanderthals
than recent modern humans.

Results presented by Rightmire (1998) also show KNM-WT
15000 to vary in facial measurements from other H. erectus speci-
mens. In a series of ratio diagrams comparing facial measurements
among KNM-WT 15000, Sangiran 17, KNM-ER 3733 and Zhou-
koudian Skull XI, KNM-WT 15000 showed more proportional
differences compared with the other H. erectus specimens. In
particular, KNM-WT 15000 has a broader nasal aperture, greater
orbital height and shorter clivus length. Rightmire (1998)



Figure 11. (continued).
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postulates that these differences may be attributable to its young
age and that differences in cheek height in H. erectus may be
explained by geography and sexual dimorphism, with male Asian
H. erectus, (e.g., Sangiran 17?) showing the largest dimensions.
Features like a less pronounced canine juga and sulcus maxillaris
may be due to KNM-WT 15000’s young age. With maturity, this
region may have developed to become more similar to the adult
African H. erectus specimen KNM-ER 3733 (Rightmire, 1998;
Arsuaga et al., 1999). In addition to an increase in cheek height,
previous studies have demonstrated that nasal aperture breadth is
allometrically scaled (e.g., Rosas and Bastir, 2002; Holton and
Franciscus, 2008; Freidline et al., 2012a), and thus would also
likely increase with maturity in KNM-WT 15000. However, the
results of our growth simulation on ATD6-69 suggest that features
like infraorbital plate orientation and curvature of the zygomati-
coalveolar crest will likely not change significantly in the adult form
of KNM-WT 15000.
Infraorbital plate orientation The coronal orientation of ATD6-69’s
infraorbital plate has been identified as being amodern human-like
feature (Bermúdez de Castro et al., 1997; Arsuaga et al., 1999), and
according to Rak (1986) and Arsuaga et al. (1999) this morphology
can be considered to be part of a generalized facial pattern. Like
previous studies (Trinkaus, 1987; Maureille and Houët, 1997;
Harvati et al., 2010; Maddux, 2011), we show a strong distinction
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between the parasagittally oriented infraorbital surfaces found in
Neanderthals and the more coronally rotated surfaces in early,
Upper Paleolithic and recent modern humans. Additionally we
show here and elsewhere (e.g., Freidline et al., 2012a) that
infraorbital orientation is not strictly size, or growth, dependent.
Regardless of whether the modern human or Neanderthal
ontogenetic allometric trajectory is used, the adult morphology of
ATD6-69 maintains a coronally oriented infraorbital plate,
suggesting that this feature develops earlier in ontogeny. Maddux
(2011) found surface orientation to be significantly correlated
with facial length, measured as basion-prosthion length, both
across Homo and within recent modern humans. Individuals with
prognathic faces possessed more parasagittally oriented surfaces
and individuals with orthognathic faces expressed more coronally
oriented surfaces. The results of our PCA (Fig. 3) using the
complete landmark data set also document this trend. In addition
to facial prognathism and infraorbital surface topography, PC 2 in
Fig. 3 depicts shape changes associated with infraorbital
orientation. Along this PC, the modern humans plot on the
positive end and the archaic humans cluster together on the
negative end. Bodo, along with ATD6-69 and Qafzeh 9, plots
between these two groups. In their geometric morphometric
analysis on the face in late Middle to Late Pleistocene humans
from northwestern Africa, Harvati and Hublin (2012; see also
Harvati, 2009) identified a similar trend in facial morphology. In
their PCA, African and European Middle Pleistocene humans
plotted with Neanderthals, except Bodo, which was closer to the
recent and early modern humans, Qafzeh 6 and 9. Similarly,
Freidline et al. (2012a) found that Bodo expressed a more
coronally oriented face than Sima de los Huesos 5, its nearest
neighbor in Procrustes shape space in that study, and overall the
European Middle Pleistocene humans were intermediate between
the African Middle Pleistocene humans and Neanderthals in this
feature. Thus, the general pattern of infraorbital plate orientation
through Pleistocene human evolution seems to be as follows: a
more or less coronally oriented plate in the Early Pleistocene,
evolved towards a more parasagittal orientation in the Middle
Pleistocene, with the European Middle Pleistocene humans being
more extreme than African. From this varying Middle Pleistocene
pattern, Neanderthal midfaces became even more parasagittally
rotated, whereas the faces from the late Middle Pleistocene of
Africa (e.g., Jebel Irhoud 1) returned to a more coronal
orientation. If our interpretation is correct, ATD6-69’s infraorbital
orientation would therefore display the plesiomorphic rather
than the truly ‘modern’ derived condition. Among our fossil
sample, KNM-WT 15000 and Dali depart from this pattern. This
may be explained by differences in facial length (Maddux, 2011),
upper facial height, basicranial flexion (Lieberman et al., 2004)
and differences in developmental timing and suture fusion
(Maureille and Bar, 1999).

In addition to a coronal oriented infraorbital plate, the postero-
inferior slope of this region has been described as a distinguishing
feature in modern humans relative to archaic Homo (Day and
Stringer, 1982; Bermúdez de Castro et al., 1997; Arsuaga et al.,
1999; Lieberman et al., 2002). Our PCA results in Figs. 3 and 8
support the suggestion that an antero-inferior slope is the ances-
tral condition (Arsuaga et al., 1999) and are comparable with the
results obtained by Maddux (2011). Maddux (2011) showed that in
archaic Homo, the infraorbital plate sloped increasingly anteriorly
from the inferior orbital rim to the alveolar margin, whereas in
recent modern humans the inferior aspects of the infraorbital plate
were positioned more posteriorly. This pattern is depicted best in
the PCA using the infraorbital data set (Fig. 8). The shape changes
along PC 1 indicate a shift from a more postero-inferiorly sloped
infraorbital plate in the subadult recent modern humans to a more
anteriorly positioned inferior maxilla in adult modern humans. The
Early Pleistocene humans, KNM-ER 1813, Sangiran 17 and Dmanisi
2700, share an even greater antero-inferior slope of the infraorbital
plate clustering together just below the adult modern human dis-
tribution. However, this PCA as well as our results on the recent
modern human analyses (Figs. 9e11) show that the slope of this
region is partly size dependent. Infraorbital shape changes along PC
1 and PC 2 (Figs. 9e11) demonstrate that the smaller the infraor-
bital area, the more postero-inferiorly it is sloped. This morpho-
logical pattern along PC 1 can largely be explained by a shared facial
developmental pattern inmodern humans consisting of an anterior
movement of the inferior maxillary margin through growth (Enlow
and Hans, 2008). Facial growth (i.e., size) cannot explain the shape
changes associated with PC 2 since it is not strongly correlated with
size in any of the PCAs. Our results are consistent with Maddux
(2011), who found that the slope of the infraorbital surface scaled
allometrically with all measures of facial size both interspecifically
across adult Homo and intraspecifically within adult Homo. Thus
allometric scaling of this region could partly explainwhy specimens
like ATD6-69 and Dali, with smaller infraorbital areas, plot within
modern human variation, and KNM-WT 15000, with a larger
infraorbital area, plots nearer to Middle Pleistocene humans and
Neanderthals.
Maxillary flexion Another key modern human-like feature
identified on ATD6-69 is maxillary flexion. Arsuaga et al. (1999)
describe maxillary flexion as resulting from a coronal orientation
of the infraorbital plate combined with a sagittal orientation of
the lateral nasal walls. ATD6-69 also exhibits maxillary flexion
and according to our growth simulations this feature does not
appear to be size related. Early and Middle Pleistocene humans
and Neanderthals lack maxillary flexion (Arsuaga et al., 1999).
While Neanderthals and Middle Pleistocene humans express
everted lateral nasal walls, they have a more parasagittal
infraorbital plate. On the other hand, Early Pleistocene fossils
express the opposite pattern: a coronal infraorbital plate
combined with non-everted lateral nasal walls. Steinheim, a
European Middle Pleistocene human from Germany, has been
described as showing maxillary flexion, but this may be due to
postmortem damage (Arsuaga et al., 1999), and consequently we
did not include this specimen in our study. Thus, the maxillary
flexion expressed in ATD6-69 can be interpreted as a derived
feature shared between it and modern humans (Arsuaga et al.,
1999), as well as possibly East Asian Middle Pleistocene humans.
Infraorbital depression ATD6-69 expresses a deep infraorbital
depression, which cannot entirely be explained by its small size or
young age. The results of our growth simulations indicate that this
feature is maintained from a child to an adult. According to our
infraorbital shape analysis (see Figs. 10 and 11), we can conclude
that this depression is most likely due to both its anteriorly
projecting inferior orbital margin and anterior projection of both
the medial and lateral maxillary borders. Here we demonstrate
that while size influences the shape and topography of the
infraorbital region it is not the only factor. Our results show that
the allometric relationship between infraorbital size and
topography depends on the sample composition. In both inter-
(Figs. 3 and 8) and intraspecific (Figs. 9e11) analyses, infraorbital
topography is correlated with infraorbital size; however, the
allometric pattern interspecifically is the opposite intraspecifically.
Moreover, and perhaps more importantly, the pattern of allometry
also depends on whether one is analyzing static versus
ontogenetic allometry. In our PCA plots including recent and fossil
Homo (Figs. 3 and 8), PC 2 depicts changes associated with both
facial size (e.g., height, length and infraorbital surface area) and
topography, such that the larger the facial size the flatter the
topography. This is the allometric pattern also described by
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Maddux and Franciscus (2009) and Maddux (2011). However, the
pattern of allometry is the opposite when only modern humans
are analyzed, i.e., intraspecifically (Figs. 10 and 11). In modern
humans, an infraorbital depression is present from an infant to an
adult and in the adult form it appears more localized and deeper
(compare Fig. 10a and b). In other words, within modern humans
a larger infraorbital surface area yields a deeper topography. This
relationship is similar along PC 2 (compare Fig. 11a and b), which
does not document development. Thus, our results complement
the studies by Maddux and Franciscus (2009) and Maddux (2011),
which explored the effects of static allometry within Homo, by
adding a developmental perspective to our understanding of facial
allometry.

Interestingly, growing ATD6-69 along the Neanderthal trajec-
tory to a larger centroid size does not dramatically change
infraorbital topography, and an earlier study by Freidline et al.
(2012a) showed that a recent modern human or Neanderthal
grown to the size of Bodo expresses different surface topographies
than Bodo due to underlying differences in their craniofacial ar-
chitecture. Together our study supports Maddux and Franciscus
(2009) and Maddux (2011) by demonstrating that infraorbital
surface topography is not necessarily a feature in and of itself, but
rather its expression is dependent on the surrounding morphology.
Maddux (2011) shows that even when size is held constant, a sig-
nificant correlation between zygomaticoalveolar crest curvature
and infraorbital depression is present. Thus, while these features
scale allometrically within Homo, the relationship between them is
independent of size. Accordingly, he argues that these two features
evolve in concert and should be treated as a single ‘integrated
complex’ (Maddux, 2011). This anatomical area is akin to what
Gould and Lewontin (1979) refer to as ‘spandrels of San Marco.’ In
their influential critique on natural selection and the ‘adaptationist
programme,’ Gould and Lewontin (1979) describe spandrels as a
space that is a necessary by-product of a fan vaulted ceiling. Simi-
larly, the infraorbital region is a space between major facial struc-
tures (e.g., eye, nose and to a lesser extentmouth) and its shape and
topography are influenced by the morphology of these features, as
well as by facial size.

Arsuaga et al. (1999) measured the infraorbital angle in ATD6-
69, following Maureille and Houët’s (1997) measurement proto-
col, and found that it was close to the modern human average
(ATD6-69: 153.0�; modern human average: 154.7�) and much
smaller than in Neanderthals (180.0�). In our PCA on just the
infraorbital landmark data set (Fig. 8), ATD6-69 falls within modern
human variation. Additionally, the results of our PCAs on only the
recent modern human sample (Figs. 9e11) demonstrate that the
degree of depression in this region is quite variable both within and
between modern human groups, a fact previously noted by
Maureille and Houët (1997). Our methods, however, cannot
determine whether the depression found on ATD6-69 is homolo-
gous to the infraorbital depression found in modern humans.
Studies on bone growth remodeling (e.g., Walters and O’Higgins,
1992; O’Higgins and Jones, 1998; McCollum, 1999, 2008;
O’Higgins et al., 2001; Rosas and Martínez-Maza, 2010; Martínez-
Maza et al., 2011) of the infraorbital region across hominin taxa
could provide us with a better insight regarding the developmental
origin of this morphology.

Recently, Lacruz et al. (2013) examined facial morphogenesis in
ATD6-69 and KNM-WT 15000 by mapping the distribution of bone
deposition and resorption taken from surface replicas of their facial
skeletons. They found that ATD6-69’s subnasal region was pri-
marily resorptive at its time of death, similar to the condition found
in H. sapiens. The pattern of KNM-WT 15000 in this localized region
was most similar to Australopithecus and the extant great apes in
being primarily depositional. From this, the authors infer that
ATD6-69 shares one key developmental changewith H. sapiens that
contributes to their orthognathic facial skeleton. The study by
Lacruz et al. (2013) reinforces our results. Using different methods,
we show that in this region, and elsewhere, ATD6-69 departs from
KNM-WT 15000 and is more similar to the modern human
condition.
Zygomaticoalveolar margin The ATD6-69 face is not the only
specimen from this layer to exhibit an infraorbital depression and
an arched lower zygomaticoalveolar crest. These features have
also been described on two adult fossils (ATD6-19, ATD6-58),
leading Arsuaga et al. (1999) to conclude that these features are
invariant through growth. The results of our growth simulations
indicate that while these features are present in modern humans,
their expression is variable within and between modern human
populations. In modern humans, the zygomaticoalveolar curvature
develops from a relatively straight (i.e., horizontal) profile in
infants to a curved margin in adults (Fig. 10). Our results
demonstrate that the degree of zygomaticoalveolar curvature in
fossil and modern humans is dependent on the height of the
infraorbital surface and the orientation of the infraorbital plate
(Figs. 3, 8, 10 and 11). Individuals with large infraorbital surfaces
and coronally rotated midfaces express the greatest curvature (e.g.,
adult modern humans), and individuals with large infraorbital
surfaces and parasagittal midfaces have the least curved,
or straightest, zygomaticoalveolar margins (e.g., Neanderthals).
Maddux (2011) also found zygomaticoalveolar curvature to be
highly correlated with facial size within Homo and consequently he
argued that it is of limited phylogenetic utility.

The degree of curvature of the zygomaticoalveolar margin has
been quantitatively and qualitatively assessed in previous studies
on fossil hominins (e.g., Kimbel et al., 1984; Rak, 1985; Pope, 1991).
One feature, in particular, that has received attention is the malar
notch, or incisura malaris (Weidenreich, 1943). Weidenreich (1943)
describes this feature on the ‘Sinanthropus’maxillae as being a low,
tightly curved inferior margin of the zygomatic process. Early Af-
rican specimens attributed to H. habilis and H. erectus, as well as
African and European Middle Pleistocene humans and Eurasian
Neanderthals lack a malar notch (Pope, 1991), whereas a malar
notch has been described on Asian fossils from the Middle Pleis-
tocene (e.g., Dali) and earlier (e.g., Sangiran 17) and late Middle
Pleistocene humans from Africa, such as Laetoli 18 and Jebel Irhoud
1. The overall curvature of the zygomaticoalveolar margin and the
expression of a maxillary notch are correlated features, and the
expression of these features partly depends on the origin of the
masseter muscle. Species (e.g., all apes, Australopithecus afarensis
and Homo: Kimbel et al., 1984) with a lowmasseter originwill have
a more horizontal or curved zygomaticoalveolar margin and may
have a maxillary notch, whereas species that tend to have a high
masseter origin (e.g., Australopithecus africanus, A. (Paranthropus)
robustus, A. (P.) bosei: Kimbel et al., 1984) have a straighter zygo-
maticoalveolar curvature and will not have a maxillary notch.
While ATD6-69 shares a more curved zygomaticoalveolar margin
with modern humans, the expression of its malar notch does not
appear to be as deep as those in several of the Middle to Late
Pleistocene African and Asian fossils.

Evolutionary interpretation

Our results present a complex picture regarding the polarity of
facial features and demonstrate that some modern human-like
facial morphology is intermittently present in humans from three
distinct chronological periods in Middle Pleistocene human evo-
lution in Europe, Africa and Asia (i.e., early Middle Pleistocene:
ATD6-69; mid-Middle Pleistocene: Bodo; late Middle Pleistocene:
Jebel Irhoud 1 and Dali). Apart from facial prognathism, which is a
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primitive feature (Rak, 1986; Arsuaga et al., 1999; Harvati et al.,
2010), the facial morphology of ATD6-69 does not align it with
either Middle Pleistocene humans or Neanderthals, but is more
modern human-like. The modern human-like features that are
present on ATD6-69, as well as Jebel Irhoud 1 and Dali, include a
coronal orientation of the infraorbital plate, curved zygomati-
coalveolar crest, and infraorbital depression, whereas the only
modern human-like facial feature in Bodo is the coronal orientation
of the infraorbital plate. However, Bodo’s infraorbital plate is less
coronally rotated than several Early Pleistocene (e.g., KNM-ER 1813,
Dmanisi 2700 and Sangiran 17) and later humans such as Jebel
Irhoud 1 and Upper Paleolithic and recent modern humans. There
are four possible explanations for the presence of these features.
They are either (collectively or independently): 1) ancestral re-
tentions; 2) shared derived (i.e., synapomorphies); 3) result from
convergent evolution; and/or 4) simply size-correlated. The prob-
lem with identifying these features as synapomorphic is that they
are not present in the immediate ancestors of Neanderthals and
modern humans, the mid-Middle Pleistocene fossil humans from
Africa and Europe, apart from some aspects of Bodo and Dali’s facial
morphology, yet they occur in earlier (e.g., ATD6-69) and later (e.g.,
Jebel Irhoud 1) forms. According to our PCA results, the most
parsimonious explanation is that these features can be interpreted
as being part of a generalized, or ancestral, facial architecture (Rak,
1986; Arsuaga et al., 1999) and that several of these features form
an ‘integrative complex’ (Maddux, 2011). In accordance with
Maddux (2011), we found that zygomaticoalveolar curvature and
the slope of the infraorbital plate (e.g., postero-inferior versus
antero-inferior) to be particularly size dependent; the former
feature scaling allometrically across species of Homo and within
modern human groups (i.e., inter- and intraspecifically) and the
latter feature to be primarily size-correlated within modern human
groups (i.e., intraspecifically). However, inter- and intraspecific
allometric scaling patterns in features like infraorbital plate
orientation (e.g., coronal versus sagittal) and maxillary flexion are
less obvious. Interestingly, infraorbital surface topography is size
correlated; however, the allometric pattern is different inter- versus
intraspecifically and in studies of static (e.g., Maddux and
Franciscus, 2009; Maddux, 2011) versus ontogenetic allometry.

Compared with African and European Middle Pleistocene
humans and Neanderthals, ATD6-69 and the H. erectus specimens
in our sample share similar facial proportions, a coronal orientation
of the infraorbital plate and a curved zygomaticoalveolar crest.
These features are also present in KNM-ER 1813 and can be best
interpreted as the ancestral facial condition (Rak, 1986; Arsuaga
et al., 1999). Aspects of this architecture, such as a curved zygo-
maticoalveolar crest, coronal orientation of the infraorbital plate,
and possibly the infraorbital depression, were lost in the African
and European Middle Pleistocene humans and maintained in the
Middle Pleistocene Asian fossils (e.g., Nanjing, Dali, Zhoukoudian,
Yuxian 1 and 2), and this morphology evolved again during the
later Middle Pleistocene in Africa. Among the Middle Pleistocene
humans, Bodo and Dali’s face is more like a modern human than
any of the contemporaneous fossils in our sample. Additionally,
Skhul 5, Qafzeh 9 and Jebel Irhoud 1 express a modern human
pattern of facial morphology. Under this scenario, the features
shared between ATD6-69 and modern humans would be consid-
ered convergent.

The possibility that modern human-like facial features evolved
multiple times in human evolution does not seem improbable,
especially since this region is thought to be more susceptible to
convergence being affected by both mastication and climate
(Skelton and McHenry, 1992; Wood and Lieberman, 2001;
Lieberman et al., 2004; Harvati and Weaver, 2006a, b; Lieberman,
2008; Hubbe et al., 2009; von Cramon-Taubadel, 2009). Our
results support previous studies (e.g., Sergi, 1947; Maureille, 1994;
Maddux and Franciscus, 2009; Maddux, 2011) by demonstrating
that facial features such as zygomaticoalveolar curvature and
infraorbital topography covary with one another, and that the
shape of these features is partially influenced by infraorbital size.
Moreover, we show that these features are highly variable within
modern humans and may have occurred in multiple taxa in the
human fossil record. Infraorbital plate orientation can also be seen
as being part of this ‘integrative complex’ such that individuals with
more coronally rotated plates express more curved zygomati-
coalveolar margins.

To summarize, most of the modern human-like facial features
present on ATD6-69 are inter-correlated and can be considered
ancestral retentions, relative to later humans. Our results suggest
that these features were present in varying degrees in more
primitive forms, such as Asian H. erectus and H. antecessor, were
generally ‘lost’ in the Middle Pleistocene humans in Africa and
Europe, apart for aspects of Bodo’s face, evolved again in the African
late Middle Pleistocene fossils (e.g., Herto, Jebel Irhoud, Ngaloba,
Eliye Springs, Guomde Omo Kibish), and have since been retained
in recent modern humans. The presence of these features in the
latter group may be explained by convergent evolution.

Conclusions

This is the first study to place the ATD6-69 face in both a
developmental and an evolutionary context. Our PCA results sup-
port a wide range of studies showing that many facial features
separating Neanderthals and modern humans are already estab-
lished early in ontogeny. Additionally, our regression analyses and
the visualizations of our growth simulations indicate that postnatal
growth further accentuates the differences in facial features be-
tween Neanderthals and modern humans, but those features that
link ATD6-69’s morphology to modern humans would not have
been significantly altered in the course of subsequent development.
In particular, the infraorbital depression, coronally oriented
infraorbital plate, curved zygomaticoalveolar margin and maxillary
flexion on this specimen would have persisted into adulthood
(Arsuaga et al., 1999).

Many of the facial features that ATD6-69 shares with modern
humans can be considered to be part of a generalized pattern of
facial architecture (sensu Rak, 1986). These features include a
coronally oriented infraorbital plate, laterally oriented zygomatic
bones and a curved zygomaticoalveolar crest. None of these fea-
tures can be explained solely by its small size or young age.
Maxillary flexion and infraorbital orientation and topography are
not strictly size, or growth, dependent. Our results support previ-
ous studies (e.g., Maddux and Franciscus, 2009; Maddux, 2011)
indicating that infraorbital plate orientation and the curvature of
the zygomaticoalveolar crest are highly variable within and be-
tween modern humans, and these features scale allometrically
inter- and intraspecifically. The topography of the infraorbital re-
gion, in particular, is largely influenced by the surrounding
anatomical region as well as facial size (Maddux and Franciscus,
2009; Maddux, 2011). Therefore, infraorbital surface topography
is not necessarily a feature in itself, but rather a by-product of the
surrounding morphology and many of these features should be
interpreted as an ‘integrative complex’ (Maddux, 2011).

Our data show that there are evident evolutionary changes in
the pattern and growth of facial development in modern humans
and Neanderthals, and most probably H. antecessor also expresses a
unique facial growth pattern. In all PCAs, ATD6-69 plots on the
margin of modern human variation and intermediate between
them and Middle Pleistocene humans and Neanderthals. As a
result, we could expect a postnatal allometric growth trajectory for
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the TD6 population to also plot in-between the Neanderthals and
modern human trajectories.

Our results support previous studies demonstrating that ATD6-
69 exhibits a mosaic pattern of facial morphology, particularly
reminiscent of modern humans and earlier Pleistocene humans. A
possible evolutionary scenario that is consistent with our results is
that the modern human-like facial morphology present on the
ATD6-69 specimen is primitive to what is observed in the Middle
Pleistocene humans (Arsuaga et al., 1999), and modern humans
independently evolved these features possibly from an African
Middle Pleistocene clade. Under this scenario, modern human
facial morphology is derived, relative to the Middle Pleistocene
human morphology, and evolved sometime in the late Middle
Pleistocene by around 170 ka (e.g., Jebel Irhoud 1).
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