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ABSTRACT In the 1930s subadult hominin remains
and Mousterian artifacts were discovered in the Teshik-
Tash cave in South Uzbekistan. Since then, the majority
of the scientific community has interpreted Teshik-Tash
as a Neanderthal. However, some have considered
aspects of the morphology of the Teshik-Tash skull to be
more similar to fossil modern humans such as those rep-
resented at Skhal and Qafzeh, or to subadult Upper
Paleolithic modern humans. Here we present a 3D geo-
metric morphometric analysis of the Teshik-Tash frontal
bone in the context of developmental shape changes in
recent modern humans, Neanderthals, and early modern

Hominin remains were recovered during the excava-
tions of 1938 by A.P. Okladnikov in the Teshik-Tash
cave, in the Gissar Mountain Range of South Uzbeki-
stan. The cave contained up to five cultural layers bear-
ing Mousterian artifacts. The hominin fossils were found
underneath the first upper cultural level (Okladnikov,
1949). The excavators claimed that the human remains
were found near a hearth contained in this cultural
level. The skull was squashed by the overlying matter
into hundreds of fragments that were found in close
proximity. The Teshik-Tash hominin comprises a virtu-
ally complete cranium (Fig. 1), which was reconstructed
from about 150 pieces by M.M. Gerasimov, an almost
complete mandible, and a number of postcranial ele-
ments. The postcranial remains include fragments of
vertebrae (including a complete atlas), clavicles (the left
one is complete), fragments of ribs, fragments of an
ischium, the diaphyses of both femora, fragments of the
tibial diaphysis, the diaphysis of the left humerus and a
number of unidentifiable fragments (Gremiatsky, 1949;
Sinel'nikov and Gremiatsky, 1949). It has been suggested
that the loss of the majority of the child’s body parts was
due to carnivore activity when the cave was abandoned.

The preliminary suggestion of a Middle Palaeolithic age
of the site was based on the Mousterian type of cultural
artifacts and the archaic morphology of the human
remains. The faunal remains were found to be similar to
modern specimens and were therefore not useful for dating
purposes. It was therefore hypothesized that the occupa-
tion of the cave must have occurred during one of the latest
interglacial periods (most possibly Mindel-Riss), when the
climate of Central Asia was similar to the present day.
Recent attempts at radiocarbon dating of the Teshik-Tash
remains have not changed their initial assignment to the
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humans. We assess the phenetic affinities of Teshik-Tash
to other subadult fossils, and use developmental simula-
tions to predict possible adult shapes. We find that the
morphology of the frontal bone places the Teshik-Tash
child close to other Neanderthal children and that the
simulated adult shapes are closest to Neanderthal
adults. Taken together with genetic data showing that
Teshik-Tash carried mtDNA of the Neanderthal type, as
well as its occipital bun, and its shovel-shaped upper
incisors, these independent lines of evidence firmly place
Teshik-Tash among Neanderthals. Am J Phys Anthropol
149:365—379, 2012. ©2012 Wiley Periodicals, Inc.

Middle Palaeolithic age (T. Higham, personal communica-
tion). During the 2-year excavations in 1938-1939 the
whole cave was cleaned out and all cultural levels were
removed, rendering any new study of the cave impossible.
According to a detailed comparative analysis of the
skull by Gremiatsky (1949), the dental age of the child is
equivalent to 8-9 years of age of modern European
children. However, Teshik-Tash was found to have a
neurocranium that is relatively larger than in modern
children of the same age; it also has a taller face. Gre-
miatsky therefore suggested that Neanderthals had a
faster rate of growth than modern human children.
Although the Teshik-Tash cranium was found to be rela-
tively taller and its frontal bone to be more curved than
in adult Neanderthals, Gremiatsky still considered its
forehead to be flatter than in modern children and
pointed out a number of archaic (or “pithecoid”) features
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Fig. 1.

Left: Teshik-Tash (picture of the original specimen). Right: Landmarks and semilandmarks on the frontal bone. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

in the Teshik-Tash cranium and mandible: lack of the
mental eminence, very high face, large teeth, absence of
a canine fossae, the initial development of a prominent
browridge, a small mastoid processes, and a low, posteri-
orly prominent occipital. In general, Gremiatsky (1949)
found that the skull was similar to La Quina 18, a Nean-
derthal child ~1.5-2 years younger than the presumed
age of Teshik-Tash (Smith et al., 2010). Most authors
agree that Teshik-Tash remains belong to a subadult
individual. Further studies of Teshik-Tash (Gremiatsky,
1949; Jelinek et al., 1969; Vlcek, 1991; Kharitonov, 2009)
agreed that it displays some derived Neanderthal fea-
tures (Stefan and Trinkaus, 1998; Rosas, 2001; Trinkaus,
2003; Trinkaus et al., 2006; Hublin, 2009), such as an
occipital bun, an oval-shaped foramen magnum, tauro-
dontism, and shovel-shaped upper incisors. The skull
also exhibits several plesiomorphic Neanderthal features
such as a supraorbital ridge and the absence of a chin.
Several Neanderthal characteristics, however, such as
the “en-bombe” shape of the neurocranium, are
expressed to a lesser extent than in other Neanderthals.
Other features, such as the position of the mental foram-
ina and lingula of the mandibular foramen, were found
to be more characteristic of modern humans than Nean-
derthals. This mosaic of morphological features has
prompted some authors to question the Neanderthal
affinities of Teshik-Tash: Weidenreich (1945) argued that
Teshik-Tash has a closer morphological association with
the Mount Carmel hominins from Skhal and Qafzeh. It
is worth remembering, however, that Weidenreich (1943,
1945) saw Neanderthals as being ancestral to modern
humans, and considered the fossils from Skhal and Qaf-
zeh to be “intermediate” between Neanderthals and mod-
ern man. Wolpoff et al. (2004) regarded Teshik-Tash as
an example of an eastern Neanderthal that lacks many
of the European midfacial features distinguishing west-
ern Neanderthals from modern humans. Glantz et al.
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(2009) have shown that a multivariate statistical analy-
sis of traditional morphometrics based on 27 linear
measurements places the Teshik-Tash cranium and man-
dible outside the variation of subadult Neanderthals and
associates it with subadult Upper Paleolithic humans.
These authors argued that metric aspects of Teshik-
Tash’s unreconstructed morphology depart from the pat-
tern observed in subadult European Neanderthals in
both size and shape; however, Glantz et al. (2009) did
not consider this evidence to be strong enough to war-
rant a reclassification of Teshik-Tash as an early human.
If Teshik-Tash is not a typical Neanderthal (Wolpoff et
al., 2004; Glantz et al., 2009), or no Neanderthal at all
(Weidenreich, 1945), this obviously has implications for
hominin population structure and dynamics in Central
Asia (see also Dalén et al., 2012 for a genetic perspec-
tive). Specifically Glantz et al. (2009: p 58) argued that
“the characterization of Central Asia as the eastern pe-
riphery of the Neanderthal range is likely an oversimpli-
fication of the actual pattern of regional variation across
Eurasia during the Late Pleistocene.” Moreover, this ob-
servation is important as the Teshik-Tash skull is fre-
quently used in comparative studies to infer Neander-
thal development (e.g., Minugh-Purvis, 1988; Stringer
and Gamble, 1993; Ruff et al., 1994; Rak et al., 1994;
Tillier, 1995, 1996; Ponce de Leoén and Zollikofer, 2001;
Williams, 2001; Williams et al., 2002a,b; Krovitz, 2003;
Williams and Krovitz, 2004; Ponce de Leoén et al., 2008;
Kharitonov, 2009; Zollikofer and Ponce de Ledén, 2010).
The Neanderthal affinity of the Teshik-Tash subadult
has been recently confirmed by mtDNA analysis (Krause
et al., 2007). The results of Glantz et al. (2009) are there-
fore particularly interesting in light of the recent inter-
pretation of genetic evidence, which suggests admixture
between Neanderthals and the ancestors of recent mod-
ern humans (Green et al., 2010). In a metric study of the
shape of the scapular glenoid fossa Di Vincenzo et al.
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(2012) showed that Near Eastern Neanderthals are simi-
lar to the modern condition and are somewhat segregated
from both northwestern European and early Mediterra-
nean Neanderthals. These authors suggested that these
data are consistent with low levels of gene flow between
Neanderthals and modern humans in the Near East.

The recent work on hominin remains from Obi-Rakh-
mat, Anghilak caves, and Okladnikov highlights the dif-
ficulty of classifying the currently known Central Asian
findings due to the fragmentary nature of the remains
and the absence of diagnostic Neanderthal features in
the available material (Glantz et al., 2004, 2008; Viola et
al., 2004; Bailey et al., 2008). Moreover, the discovery of
“the Denisovans,” a new fossil group for which only lim-
ited morphological information is currently known
(Krause et al., 2010; Reich et al., 2010), adds yet another
layer of complexity to the interpretation of the fossil re-
cord in Central Asia and hominin population dynamics
(Otte, 2007; Glantz, 2010).

AIMS OF THIS STUDY

Here we reassess the phenetic affinities of Teshik-Tash
to recent modern humans, West Asian fossil modern
humans, and Neanderthals in a comparative context of
developmental shape changes. We use 3D landmarks
and hundreds of sliding semilandmarks to quantify the
morphology of the frontal bone using geometric morpho-
metrics. Here, we focus on the frontal bone morphology
for two reasons:

1. As discussed in Glantz et al. (2009), the Teshik-Tash
skull has been reconstructed from a large number of
small pieces (Fig. 1). Its frontal bone is one of the few
regions that preserve a tight articulation between
fragments, and displays only limited taphonomic de-
formation.

2. Focusing on the frontal bone morphology made it pos-
sible to increase the size of the comparative fossil
sample, in particular of Upper Paleolithic hominins.

We therefore study the frontal bone morphology of the
Teshik-Tash subadult using 3D geometric morphometrics
(Bookstein, 1991; Slice, 2007; Mitteroecker and Gunz,
2009). Several previous metric studies of frontal bone
morphology found good discrimination among groups of
modern humans and Pleistocene hominins (Cun-
ningham, 1908; Smith and Ranyard, 1980; Lahr and
Wright, 1996; Bulygina, 2007; Stansfield nee Bulygina
and Gunz, 2011), whereas others highlighted its limita-
tions in discriminating among Middle Pleistocene homi-
nins (Athreya, 2006, 2009; Freidline et al., 2012).

Given the scarcity of comparable subadult fossil modern
humans, we use developmental simulations (McNulty et
al., 2006; Singleton et al., 2010) to predict possible adult
shapes for Teshik-Tash. Predicting developmental trajecto-
ries on the basis of a sample of frontal bones, however,
presents its challenges. The frontal bone encompasses two
functionally different regions of the skull, the neurocra-
nium and the upper face, which grow at different rates and
different times. In modern humans, more than 90% of the
adult neurocranial size is achieved by the M1 occlusion; fa-
cial growth and maturation, however, continue beyond this
age 1 (Humphrey, 1998; Vidarsdottir et al., 2002; Acker-
mann and Krovitz, 2002; Cobb and O’Higgins, 2004;
Coqueugniot et al.,, 2004; Guihard-Costa and Ramirez
Rozzi, 2004; Mitteroecker et al., 2004a,b; Vidarsdottir and
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Cobb, 2004; Bulygina et al., 2006; Hublin and Coqueugniot,
2006; Cobb and O’Higgins, 2007; Coqueugniot and Hublin,
2007; DeSilva and Lesnik, 2008; Mitteroecker and Book-
stein, 2009; Neubauer et al., 2009, 2010; Harvati et al.,
2010; Gunz et al.,, 2010, 2011, 2012; Coqueugniot and
Hublin, 2012; Leigh, 2012; Neubauer and Hublin, 2012;
Neubauer et al., 2012a). Developmental trajectories of the
frontal bone are therefore the result of a combination of two
developmental processes (Mitteroecker et al., 2005; Mitter-
oecker and Bookstein, 2007, 2008), where size increase pre-
dates shape maturation.

Neanderthals differ from recent and terminal Pleisto-
cene human populations in their patterns of dental de-
velopment (Bayle et al., 2009, 2010). Dental evidence
suggests that aspects of Neanderthal development were
faster than in modern humans (Ramirez Rozzi and Ber-
mudez De Castro, 2004; Ramirez Rozzi and Sardi, 2007,
Smith et al., 2007a,b, 2010), although overlap exists
(Guatelli-Steinberg et al., 2005; Macchiarelli et al.,
2006). Bayle et al. (2009) reported a delayed mineraliza-
tion of the incisors of the Neanderthal subadult from
Roc de Marsal compared to modern humans, whereas
the mineralization of the first molar was advanced. In
our developmental simulations we therefore use broad
stages of dental development as an independent variable
rather than frontal bone size, or estimates of individual
calendar age. We then assess the phenetic affinities of
these simulated adults to adult Neanderthals and mod-
ern human fossils.

MATERIALS

Our sample comprises 123 recent modern human indi-
viduals from nine populations (93 adults and 30 suba-
dults; see Supporting Information Table 1 and Stansfield
and Gunz, 2011 for details on the sample); 6 early modern
humans from the Levant (4 adults, 2 subadults); 14 Nean-
derthals (10 adults, 4 subadults); 20 Upper Palaeolithic
modern humans; and 4 ungrouped fossils, including
Teshik-Tash (Table 1). The recent modern human sample
was selected to reflect the worldwide modern human
shape variation. Each population contains both males and
females; most populations include children of various
ages. Most recent modern humans in the comparative
sample come from archeological populations; sex and age
determination was carried out by one of the authors (EB),
following protocols in Buikstra and Ubelaker (1994) on
the basis of dental development charts and dimorphic cra-
nial features for each population separately.

METHODS

A detailed description of the entire measurement and
data processing protocol for the frontal bone can be
found in Stansfield nee Bulygina and Gunz (2011), there-
fore we only summarize the measurement protocol
below. Nineteen anatomical landmarks (midline land-
marks: bregma; glabella; nasion; bilateral landmarks:
stephanion; sphenion; frontotemporale; frontomalare
temporale; frontomalare anterior; frontomalare orbitale;
maxillofrontale, dacryon), four curves and the whole
frontal bone surface were collected by EB as three-
dimensional coordinates with the help of a Microscribe
3DX digitizer. Semilandmarks were generated as ini-
tially equidistant points along curves; the surface-semi-
landmarks of the frontal (Fig. 2) were distributed follow-
ing the protocol developed by Gunz (Gunz et al., 2005,
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Fig. 2. Principal components (PC) 1 vs. 2 of shape space. Modern humans are in beige; Neanderthals in red. Subadult modern
humans are labeled with their dental stages; adult convex hulls are drawn as outlines. For each subadult we predicted an adult
shape based on regressions of shape on dental stage. Thick lines are the species regressions; the thin lines are the estimated devel-
opmental trajectories. Convex hulls for the simulated adult shapes are plotted as polygons, which are filled in the color of the devel-
opmental model used for prediction—red: Neanderthal regression model, green: early modern human regression model.

PC1

Fig. 3. First three PCs of shape space. Modern humans are in beige; Neanderthals in red. Subadult modern humans are labeled
with their dental stages; convex hulls are drawn for the adult specimens of modern humans (beige), Neanderthals (red), early mod-
ern humans (green), Upper Paleolithic modern humans (blue). Linear regressions of shape on dental stage are drawn in the respec-
tive group color. Two developmental simulations based on the developmental patterns of early modern humans (green arrow) and
Neanderthals (red arrow) predict adult shapes of Teshik-Tash that fall close to Neanderthal adults.
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2009): surface semilandmarks were measured on a tem-
plate specimen, then warped to every specimen based on
a thin-plate spline interpolation computed from the land-
marks and curve-semilandmarks. These warped points
were then projected onto the surface. Subsequently, all
215 semilandmarks were allowed to slide on the surface,
or the respective curves so as to minimize the bending
energy between each specimen and the Procrustes mean
shape. This sliding step establishes geometric homology
among semilandmarks by removing the effect of the ar-
bitrary semilandmark spacing from the coordinate data
(Bookstein, 1997; Bookstein et al., 1999); the slid semi-
landmarks and landmarks can be treated the same in
statistical analyses. Algebraic details of the semiland-
mark sliding algorithm can be found in Gunz et al.
(2005).

Missing data estimation

A number of fossil specimens required the reconstruc-
tion of missing coordinates (listed in Table 1). We fol-
lowed the geometric morphometrics reconstruction proto-
col developed by Gunz et al. (2009). Landmarks or semi-
landmarks missing on only one side of the frontal bone
were estimated by mirror-imaging, based on the avail-
able paired landmarks and the symmetry axis defined by
the midsagittal curve. Landmarks and semilandmarks
missing on both sides or along the midsagittal, were esti-
mated based on the thin-plate spline algorithm during
the semilandmark sliding process (Gunz et al., 2009,
2012; Grine et al., 2010; Neubauer et al., 2012b; Weber
et al., 2012): missing landmarks or semilandmarks were
allowed to move so as to minimize the bending energy
between each incomplete specimen and the sample Pro-
crustes average shape. As many fossils were recon-
structed by mirror-imaging one side, we subsequently
symmetrized (Supporting Information Fig. 1) all individ-
uals in the dataset using reflected relabeling (Mardia et
al.,, 2000; Gunz et al., 2009). For data processing and
analyses we used Mathematica (Wolfram Research).

To assess the error of this reconstruction method, we
simulated the reconstruction of the two least complete
fossils in our sample (i.e. the largest number of missing
landmarks), Skhal V and Mlade¢ 2. In the first simula-
tion we deleted the same landmarks and semilandmarks
missing in Skhdl V from each recent modern human
adult, and compared the reconstruction to the original.
In the second simulation we deleted the landmarks and
semilandmarks missing in Mlade¢ 2, from Teshik-Tash,
and compared the reconstructed shape to the original
shape.

Statistical analyses

The 3D coordinates of landmarks and slid semiland-
marks were converted to shape variables by Procrustes
superimposition (Rohlf and Slice, 1990; Dryden and Mar-
dia, 1998). Centroid size was calculated as the square
root of the sum of squared distances from each landmark
to the specimen’s centroid. We assessed large-scale
trends in the data using principal component analysis
(PCA) computed from the covariance matrix of the Pro-
crustes shape coordinates.

Developmental trajectories were calculated for Nean-
derthals (NEA), early modern humans (EMH) and recent
modern humans (RMH) based on dental stages. All indi-
viduals were assigned a dental development stage: stage

373

1—no teeth erupted, stage 2—incomplete deciduous den-
tition; 3—complete deciduous dentition, 4—M1 erupted;
5—M2 erupted; 6—M3 erupted (adult). Fossil specimens
that did not have any teeth preserved were assigned to a
group in accordance with their published biological age
(Schwartz et al., 2002; Schwartz and Tattersall, 2003).
We then calculated a linear regression of Procrustes
shape variables on dental developmental stage for each
group separately.

Subsequently, we used developmental simulations
(McNulty et al., 2006; Singleton et al., 2010; Neubauer
et al., 2010; Gunz et al., 2010, 2012; Gunz, 2012) to pre-
dict adult shapes for Teshik-Tash. Such developmental
simulations can be computed based on size (Gunz, 2012),
dental stage via shape differences between group means
(Neubauer et al., 2010; Gunz et al., 2012), or dental
stage via regression (McNulty et al., 2006). Here we
used the dental stage via regression approach (see Dis-
cussion below). To this end we added multiples of the
coefficients (slopes) from the linear regressions of early
modern humans and Neanderthals, respectively, to the
Procrustes shape coordinates of Teshik-Tash to predict
shapes at dental stage 6 (McNulty et al., 2006). No de-
velopmental simulations were computed for the Upper
Paleolithic (UP) specimens, because the small subadult
sample size (only Sungir’ 2 and 3 are subadults, at den-
tal stages 5 and 4, respectively) makes the estimation of
the UP developmental trajectory unreliable (Gunz,
2012).

To validate our method of simulating developmental
shape changes, we predicted adult shapes for each mod-
ern human and Neanderthal subadult. For these simula-
tions we used a jackknifing approach: each subadult was
“grown” along a trajectory that was computed without it.
We then projected these simulated adults into the Pro-
crustes shape space of the original sample, to test
whether they fell within the respective adult variation of
Neanderthals and modern humans.

To assess the phenetic affinities of Teshik-Tash we
used two approaches. First, we computed pairwise Pro-
crustes distances to find the nearest neighbors in shape
space for Teshik-Tash, and for the two simulated adult
shapes of Teshik-Tash (one based on the Neanderthal de-
velopmental pattern, one on the early modern human
developmental pattern, respectively). For the two simu-
lated adult shapes we also computed log-likelihood ratios
(Weber et al., 2006; Hublin et al., 2009) to classify them
into one of three predefined groups: adult Neanderthals,
adult early modern humans, and adult Upper Paleolithic
modern humans. As the computation of the log-likeli-
hood ratios requires full-rank group covariance matrices
(i.e., more cases than variables), we used principal com-
ponent analysis as a dimension reduction technique.
With four adult specimens, the early modern human
sample was the smallest group; we therefore computed
the log-likelihood ratios in the subspace of the first three
principal components (i.e., Nymallest group — 1)-

We used permutation tests (Good, 2005), based on the
variance explained by the regression model, to assess
the statistical significance of the multivariate regression
of the Procrustes shape coordinates on dental stage, and
the natural logarithm of centroid size (Mitteroecker et
al., 2005).

We also used permutation statistics to test whether
the developmental trajectories of recent modern humans,
early modern humans and Neanderthals are parallel or
diverging: we first subtracted the respective group mean
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from each specimen. We then computed angles between
regression-vectors of the Procrustes shape coordinates on
dental stage. To test whether the angle between two vec-
tors was significantly different from zero, we compared
the actual angle with angles obtained from regressions
computed for 10,000 permutations for which group mem-
berships were reassigned (Gunz, 2012). A nonsignificant
result implies that the null-hypothesis, that two vectors
are identical or parallel, cannot be refuted.

RESULTS
Testing the method

We first tested our method of computing developmen-
tal simulations based on dental stages by predicting
adult shapes for all Neanderthal and recent modern
human subadults. In shape space all simulated adult
shapes fall within the ranges of variation of the actual
adults. Figure 2 shows the first two principal compo-
nents (PCs) of shape space (which explain 58 and 13% of
the total variance, respectively); the adult convex hulls
for recent modern humans (beige), and Neanderthals are
drawn as outlines. Convex hulls for the simulated adult
shapes are plotted as polygons, which are filled in the
color of the developmental model used for prediction—
red: Neanderthal regression model, green: early modern
human regression model.

Missing data estimation

When we simulated the estimation of the landmarks
and semilandmarks missing in Skhil V in our adult
recent modern human sample, the reconstruction error
(measured as the average distance between the recon-
structed and original positions of landmarks and semi-
landmarks) was <1 mm (0.97 mm * 0.69 S.D.). The
shape differences between original and reconstruction
were negligible: in PC space, the original and recon-
structed shapes overlap (Supporting Information Fig.
2A). Likewise, the reconstruction error was negligible
when we reconstructed those landmarks and semiland-
marks missing in Mladec¢ 2 from the complete frontal of
Teshik-Tash (Supporting Information Fig. 2).

Principal component analysis

Figure 3 shows the first three PCs in shape space (the
total variance explained by the first three PCs is ~76%).
Here, the filled convex hulls represent the actual adult
Neanderthals (red), recent modern humans (beige), early
modern humans (green), and Upper Paleolithic modern
humans (blue). Recent modern humans and Neander-
thals are separated in shape space, throughout develop-
ment (Figs. 2 and 3). Upper Paleolithic frontal bones ei-
ther fall within or close to the adult variation of recent
modern humans. In the space of the first three PCs early
modern human fossils from Skhil and Qafzeh plot in
between modern humans and Neanderthals.

Regressions on dental stage

The regressions of Procrustes shape on dental stage
are drawn as lines in the respective group color. These
lines do seem to diverge (in the space of the first three
PCs the angles are: 13.4° between recent modern
humans and Neanderthals, 18° between early modern
humans and recent modern humans, 4° between early
modern humans and Neanderthals). However, these
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angular differences are not statistically different from
zero, neither in the subspace of the first three PCs, nor
in full shape space.

We also tested the significance of the regressions of
frontal bone shape on dental stage, based on the
explained variance. Among Neanderthals dental stage
accounts for 60% of the shape variance (P < 0.0004),
among early modern humans dental stage accounts for
55% of the shape variance (P < 0.017), and among
recent modern humans for 36.7% (P < 0.002).

Regressions on size

Regressions of frontal bone shape on the natural loga-
rithm of centroid size (i.e., ontogenetic allometry) explain
32% of the total shape variance among Neanderthals (P
< 0.02), and only 6% among recent modern humans (P
< 0.0013). The explained variance is 43% among early
modern humans; however, this value is not statistically
significant (P < 0.076). Allometry explains only 2.9% of
the shape variance among Upper Paleolithic specimens;
this value is not statistically significant (P < 0.77).

Developmental simulations

The two developmental simulations of Teshik-Tash are
drawn as arrows in Figure 3; red for the adult prediction
based on the Neanderthal developmental pattern, green
for the adult prediction based on the early modern
human pattern. It is evident that both adult shapes plot
close to Neanderthal adults. We visualized the predicted
shape changes in Figure 4 and Supporting Information
Figure 3. It is evident from these simulations that the
frontal bone shape of the Teshik-Tash child would have
changed considerably, if it had reached adulthood. The
temporal lines would have moved superiorly, the supra-
orbital torus would have become more projecting, and
the cranial vault would have become much lower. In Fig-
ure 4 we used the landmarks and semilandmarks shown
in Supporting Information Figure 3A to warp a surface
scan of a Teshik-Tash cast using the thin-plate spline
interpolation function (Gunz et al., 2005; Gunz and Har-
vati, 2007). The predicted ontogenetic shape changes of
the frontal bone are quite pronounced, and the resem-
blance of the predicted adult shape of Teshik-Tash to Ne-
anderthal adults is striking.

Phenetic affinities

In the space of the first three principal components of
shape space (Figs. 2 and 3) Teshik-Tash plots closest to
the Neanderthal subadult from Engis; base on pairwise
Procrustes distances, that take all dimensions of shape
space into account, the nearest neighbor of Teshik-Tash
is the Neanderthal subadult Gibraltar 2. For both simu-
lated adult shapes of Teshik-Tash, the respective nearest
neighbor in shape space is the Neanderthal from La
Chapelle aux Saints.

Log-likelihood ratios for both simulated adult shapes
of Teshik-Tash consistently classified them as Neander-
thals. The adult shape predicted based on the early mod-
ern human developmental pattern is 36 times more
likely to be a Neanderthal than an Upper Paleolithic
modern human, and 3,127 times more likely to be a Ne-
anderthal than an early modern human fossil. When we
use the Neanderthal developmental pattern to predict an
adult shape of Teshik-Tash, its morphology is 11 times
more likely to be a Neanderthal than an Upper Paleo-
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Fig. 4. Simulated adult shape of Teshik-Tash based on the Neanderthal developmental pattern. A surface scan of a Teshik-Tash
cast (left) was warped according to the landmarks and semilandmarks in Supporting Information Figure 3 (right). Areas between
measurements are interpolated based on the thin-plate spline interpolation function.

lithic modern human, and 16,623 times more likely to be
a Neanderthal than an early modern human fossil.

DISCUSSION

The aim of our article was to assess the phenetic affin-
ities of the frontal bone of the Teshik-Tash hominin in
light of ontogenetic shape changes. Our results conclu-
sively classify the Teshik-Tash frontal bone morphology
as a Neanderthal. With regard to frontal bone shape
Teshik-Tash is closest to Gibraltar 2, a subadult Nean-
derthal, which is considerably younger in ontogenetic
age than Teshik-Tash (Tillier, 1982; Dean et al., 1986;
Skinner, 1997).

Our developmental simulations among modern
humans and Neanderthals show that linear regressions
of shape on dental stage provide a reliable way of esti-
mating ontogenetic shape changes of frontal bone mor-
phology. By contrast, linear regressions of shape on the
natural logarithm of centroid size explained substan-
tially less of the shape variance (59.7% dental stage vs.
26.6% size in Neanderthals, and 36.7% vs. 6% in recent

modern humans). As mentioned above, neurocranial size
is not a reliable proxy for development in the later
stages of ontogeny, because the adult size of the brain is
attained much earlier than adult facial size. The pro-
nounced ontogenetic shape changes of the frontal bone’s
external morphology have very little impact on its over-
all size. To model the ontogenetic shape changes of the
frontal bone during later ontogeny (i.e., after adult brain
size has been achieved), predictions based on dental
stage are therefore more appropriate than predictions
based on size.

The estimation of missing data has a negligible effect
on the analysis (Supporting Information Figs. 1 and 2).
When we simulate the reconstruction of the two most
affected cases Skhal V and Mlade¢ 2 using complete
specimens, the resulting reconstructions are almost iden-
tical to the originals. Our TPS estimates of missing data
are computed based on the mean shape of the entire
sample. This mean shape is biased toward the largest
group in the sample, i.e., recent modern humans. If
there is any bias, our reconstruction method is therefore
biased against our finding, as it makes incomplete fossils
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appear to be more recent, modern, and human-like
(Gunz et al., 2009).

The developmental patterns of early modern humans
and Neanderthals are very similar. Whereas the develop-
mental trajectories do not appear to be parallel in Fig-
ures 2 and 3, the angles between the trajectories are not
statistically significant from zero. We therefore cannot
reject the hypothesis that the developmental trajectories
are parallel. Given the small number of fossils, this non-
significant result might be attributed to the small sam-
ple sizes, in particular to the small subadult sample.
Our developmental simulations based on Neanderthals
and early modern humans (Figs. 2—4), however, clearly
indicate that the developmental patterns of the frontal
bone are almost identical between Neanderthals and
early modern humans, regardless of the level of signifi-
cance. This result is consistent with previous studies on
hominin craniofacial development that have reported
extremely conserved developmental patterns after the
eruption of the first permanent molar (Ponce de Leon
and Zollikofer, 2001; Ackermann and Krovitz, 2002; Wil-
liams et al., 2002a, 2002b; Bookstein et al., 2003; Bastir
and Rosas, 2004a,b; Cobb and O’Higgins, 2004; Mitter-
oecker et al., 2004a,b; Schaefer et al., 2004; Zollikofer
and Ponce De Leon, 2004; Mitteroecker et al., 2005,
2012; McNulty et al., 2006; Bulygina et al., 2006; Ponce
de Leon and Zollikofer, 2006; Bastir et al., 2007; Cobb
and O’Higgins, 2007; Lieberman et al., 2007; Mitter-
oecker and Bookstein, 2008; Neubauer et al., 2009).

The position of the early modern humans from Skhal
and Qafzeh (Fig. 3) “in-between” recent modern humans
and Neanderthals has been documented in previous
analyses (for example McCown and Keith, 1939; Stringer
and Andrews, 1988; Simmons and Smith, 1991a,b; Sim-
mons et al.,, 1991; Weber et al., 2006; Harvati et al.,
2007; Schillaci, 2008; Gunz et al., 2009; Athreya, 2009;
Harvati, 2009; Harvati et al., 2010; Stansfield Nee Buly-
gina and Gunz, 2011; Freidline et al., 2012).

In both developmental simulations, the simulated
adult shapes are closest to the Neanderthal from La
Chapelle aux Saints. This consistency is another indica-
tion that the developmental patterns of Neanderthals
and early modern humans are very similar. Moreover,
the log-likelihood ratios always classify the two simu-
lated adult shapes of Teshik-Tash as Neanderthal adults:
even when we use the early modern human developmen-
tal pattern to simulate the adult shape of Teshik-Tash,
this simulated adult is still more than 3,000 times more
likely to be a Neanderthal than an early modern human
adult. When we use the Neanderthal developmental pat-
tern to “grow” Teshik-Tash, it is >16,000 times more
likely to be a Neanderthal than an early modern human.
The statistical evidence in the comparison Upper Paleo-
lithic modern human or Neanderthal is also unequivocal,
although interestingly the numbers are significantly
smaller: both simulated adult shapes of Teshik-Tash are
more likely to be a Neanderthal than an Upper Paleo-
lithic modern human—21 times and 8.5 times, respec-
tively.

In summary, all of our analyses consistently classify
Teshik-Tash as a Neanderthal. The difference between
the results reported here, and those by Glantz et al.
(2009) are most likely related to different sample com-
positions, as well as to methodological differences. The
current study focused on the details of frontal bone
morphology, as this area is well preserved in Teshik-
Tash and many other relevant fossils, whereas Glantz
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et al. (2009) analyzed measurements from the unrecon-
structed parts of the entire cranium and the mandible.
Here we used developmental simulations to predict the
adult morphology of Teshik-Tash based on regressions
of shape on dental stage. We do not consider our analy-
sis a formal test of the finding of Glantz et al. (2009), as
the sample compositions are different, and our study
focused on the frontal bone. Future studies should
assess the phenetic affinities of the Teshik-Tash skull
beyond the frontal bone morphology, however taking
into consideration that aspects of its morphology were
reconstructed, as well as the subadult status of the
specimen.

In agreement with the findings of Glantz et al. (2009)
our log-likelihood ratios find the frontal bone of Teshik-
Tash to be more similar to Upper Paleolithic humans than
to the early modern humans from Skhal and Qafzeh, con-
tradicting Weidenreich (1945). Recent modern humans
and Upper Paleolithic modern humans overlap, but there
is no overlap with Neanderthals (Fig. 3). The frontal bone
of Teshik-Tash is clearly Neanderthal-like when analyzed
in the framework of developmental shape changes.

CONCLUSIONS

The morphology of the frontal bone places the
Teshik-Tash child close to other Neanderthal children;
the simulated adults are closest to Neanderthal adults.
Taken together with a recent genetic analysis, which
showed that Teshik-Tash carried mtDNA of the Nean-
derthal type (Krause et al., 2007), its occipital bun, and
its shovel-shaped upper incisors, these independent
lines of evidence firmly place Teshik-Tash among
Neanderthals.
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