
Introduction

Because of their age and their Central European location, the Upper Paleolithic Mladeč human re-
mains (also known as “Lautsch”) have played a central role in the discussion of modern human ori-
gins ever since the first work with them began in 1881 (Szombathy, 1925). The fossil material con-
sists of more than 100 specimens from the large Main Cave (e.g., Mladeč 1 and 2) and from the
Quarry Cave (e.g., Mladeč 5 and 6). Both sites seem to be accumulations of human remains that fell
through chimneys or fissures into the karstic cave system (Frayer, 1986; Svoboda, 2000). The mor-
phological differences of Mladeč 5 and 6 vs. 1 and 2 (interestingly each group originating from a
different cave) are attributed to sexual dimorphism by most authors (Jelínek, 1983; Frayer, 1986;
Wolpoff et al., this volume). In spite of substantial morphological variation within sex (Frayer, 1986),
the specimens considered to be male (Mladeč 5 and 6) are very robust, with a low braincase, thick
cranial bones, Neandertal-like occipital bunning, marked spongy bone development, thick project-
ing supraorbitals shaped differently than in Neandertals, and large cranial capacities, whereas the
female specimens (Mladeč 1 and 2) are more gracile than the Mladeč males but robust nevertheless
in comparison with recent Homo sapiens.

Since 1900 (Anthropology-Congress Halle a. S., IX/1900), the Mladeč remains have been gen-
erally considered to be modern Homo sapiens (“Cro-Magnon race”; Szombathy, 1925) or, accord-
ing to the discoverer, as “definitely belonging to the Homo sapiens fossilis” (ibid.). Most anthropol-
ogists today accept Mladeč as modern Homo sapiens, but the prominent supraorbitals, the well-
developed occipital bun reminiscent of the Neandertal “chignon”, and the distinct nuchal ridge have
stimulated speculations about possible anatomical links to the Neandertals who preceded them. The
relation of this assemblage (one of the earliest in Central Europe) to other groups of fossil hominids
is crucial and likewise the question of hybridisation (Bräuer, 1980; Duarte et al., 1999; Tattersall
and Schwartz, 1999) because of the chronological and regional overlapping of anatomically mo-
dern humans and Neandertals in Europe. That relation has therefore been the focus of diverse stud-
ies, including comparisons of gross morphology (Jelínek, 1951; Smith, 1982; Frayer, 1986; Bräuer
and Broeg, 1998, Wolpoff et al., 2001; Frayer et al., this volume; Wolpoff et al., this volume) and
of mtDNA (Serre et al., 2004) and new radiometric datings of hominid and faunal remains (Wild et
al., 2005).

Especially Mladeč 5 (see Fig. 1.) was described as Neandertal-like in several aspects by Smith
(1982), Jelínek (1983), and Wolpoff (1999), and also as resembling Jebel Irhoud-like or archaic Homo
(Stringer et al., 1984). Frayer (1986) saw Mladeč as “good evidence in support of the gradualist
model,” with “a greater number of archaic features shared with Neandertals” (see also Frayer et al.,
this volume). Others have reached quite opposite conclusions: for instance, Bräuer and Broeg (1998)
via a non-metric analysis. Klein (2003), too, noted that the typical cranial traits of Neandertals pre-
clude a major Neandertal contribution to living human populations.
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In 2001, Wolpoff et al. argued that pairwise difference analysis of non-metric characters of
Mladeč crania, Neandertals and Levantine specimens weighed against the Out of Africa hypo-
thesis. They found no evidence that the Mladeč crania could be grouped with the Levantines (early
modern humans) to the exclusion of European Neandertals, and thus argued that a dual-ancestry
model could not be rejected. Neandertal anatomy in later populations is an indication of sufficient
Neandertal ancestry to refute the replacement theory, they noted. Predictably, serious criticisms
were immediately raised against these arguments regarding relevance to the replacement theory,
choice of material, choice of characters, assignment of characters, and method (Bräuer et al.,
2004).

The debate between proponents of the replacement hypothesis and proponents of the regional
continuity hypothesis evidently continues. In fact, there is generally little agreement about system-
atics of Mid- to Late-Pleistocene hominid fossils, owing partly to the subtle differences in morpho-
logical traits that distinguish putative taxa and partly to temporal and spatial gaps within the fossil
record.

In light of all this disagreement, the Mladeč assemblage becomes a particularly valuable case
study inasmuch as it provides evidence for modern humans from the same region inhabited by
Neandertals contemporaneously or nearly contemporaneously (Smith et al., 1999; Churchill and
Smith, 2001; Conard et al., 2003). Assuming that modern humans evolved in Africa between 160 and
250 kyr and successfully migrated into Eurasia (Klein, 2003; White et al., 2003), we need to think
about complete replacement of the indigenous Neandertals between about 40 kyr and 30 kyr, versus
the possibility of gene flow between the two groups as also less rigorous proponents of the
replacement theory would accept (Bräuer, 1984; Stringer, 1992).

One direct assault upon this question is via the comparison of DNA between fossils and moderns.
Most such studies (Krings et al., 1997; Krings et al., 1999; Ingman et al., 2000; Ovchinnikov et al.,
2000; Krings et al., 2000; Serre et al., 2004, Cooper et al., 2004) argue for significant differences be-
tween the genotypes of Neandertals and modern humans, with little evidence of persisting sequences
from the former. Nevertheless, DNA of unequivocally anatomically modern fossils can itself be
strongly divergent from that of living humans (Adcock et al., 2001; Relethford, 2001). Templeton
(2002), analysing human haplotype trees, concludes that there has been continual substantial inter-
breeding over at least the past 1.7 myr, and methodological challenges (Maddison, 1991; Templeton,
1992) that have become particularly serious recently (Pusch and Bachmann, 2004) call the DNA com-
parative method itself into question.

An indirect approach would study the phenotypic variation – the hard evidence – that is pre-
served in fossils. Of course loud disputes always arise wherever more than one paleanthropologist

454

Chapter 15: External geometry of Mladeč neurocrania

Fig.1. Lateral views of an anatomically modern Homo sapiens (Qafzeh 9, left), Mladeč 5 (center) and a classic Neandertal
(Guattari 1, right). Image of Qafzeh 9 mirrored for comparison, from Schwartz and Tattersall (2002). Image of Mladeč 5 by Inst.
for Anthropology, University of Vienna. Image of Guattari 1 from Piperno and Scichilone (1991). All to scale
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is considering such a question. Working backwards from phenotype to genotype (or inherited
characters), we have to be careful to distinguish between those traits that are related to the genome
and such that reflect environmental stimuli. Lovejoy et al. (1999) have compiled a classification
system for morphological trait types that ranges from traits whose expression is under genetic in-
fluence and who are exposed to selection, to traits that are epigentic and not pleiotropic. The adult
skull can be seen as the result of genetic and envrionmental influences acting upon shape and size.
These interactions are between anatomical units and the rest of the organism as well as the envi-
ronment (for example, mechanical loading) which makes it difficult to infer ancestry from mor-
phological similarity alone. But generally, there is agreement that the skull of anatomically mod-
ern Homo sapiens (AMHS) is characterized by a number of autapomorphies such as longer and
more flexed anterior cranial base, an overall diminution of facial size, and an increased globular-
ity of the neurocranium (Lieberman et al., 2004). The greater the phyletic distances of specimens,
the more prominent a part of the comparison these derived features become. But use of characters
so global for discriminating closely related phenotypes within a single genus is more problematic.
Moreover, underlying data can be only qualitative, thereby greatly depending on observer’s ex-
perience, or data can be quantitative but insufficient to describe the form variation under exam-
ination. We are convinced that there are better quantitative tools to be exploited, tools built to
account for sufficient geometric detail that inference can proceed in breadth and in depth simul-
taneously.

Classic quantitative description and analysis of cranial elements of the Mladeč assemblage was
conducted by Jelínek (1951), Frayer (1986), Frayer et al. (in this volume) and Wolpoff et al. (in this
volume) as well as others. But new techniques have been adopted for paleoanthropological questions
within the last years that overcome the flaws of traditional morphometric approaches (Bookstein,
1991; 1997; Dryden and Mardia, 1998; O’Higgins, 2000; Weber et al., 2001). The present chapter will
provide a state-of-the-art multivariate analysis of the geometry of the more complete Mladeč crania.

Three out of four Mladeč crania preserve sufficient parts of the neurocranium, as well as do many
other fossil specimens known from the Late Pleistocene. For these reasons, our study focuses upon
overall geometry of the Mladeč neurocranium in comparison with the variability of other popula-
tions such as modern people, upper paleolithic people, Neandertals, and some archaic forms of the
genus Homo. The neurocranium reflects evolutionary changes in anatomy on the way to modern
humans very well. Of the major changes, facial reduction and braincase restructuring both pertain
to neurocranial form.

The special type of analysis conducted here provides several advantages compared with earlier
approaches: (a) a dense data matrix of three-dimensional coordinates, (b) quantitative data in previ-
ously unattended regions, (c) independence of traditional orientation problems, (d) separate analysis
of size and shape, (e) visualisation of regional shape differences.

Material

The excavations at the Fürst-Johanns-Höhle were begun in 1881 by Josef Szombathy and later con-
tinued by Jan Knies and others. The specimens are named after a nearby village, Mladeč, 4km from
Litovel in central Moravia, what is now the Czech Republic. As the cranial materials are described in
detail in Frayer et al. (this volume) and Wolpoff et al. (this volume), we focus only on the informa-
tion most relevant for our own computations. For historical reasons, Mladeč 1 and 2 are housed at
the Naturhistorisches Museum in Vienna under the curation of Maria Teschler-Nicola, along with a
cast of Mladeč 6, which was lost in World War II. Mladeč 5 is at the Moravské zemské muzeum in
Brno under the curation of Martin Oliva. Mladeč 1, 2, and 8 are consistently dated to ~ 31 14C kyr BP
(Wild et al., 2005), and, both in the Main Cave and the adjacent Small Cave, seem associated with
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the Aurignacian stone and bone industry. The non-hominin remains, while quite variable, represent
mostly a Würm II fauna (see Pacher, this volume).

Mladeč 1

The first to be found by Josef Szombathy, is the most complete cranium of an almost adult individ-
ual, characterized as female by others (Jelínek, 1983; Frayer, 1986; Wolpoff et al., this volume). It is
weathered but largely intact. It is missing only parts of the right frontal, parietal and squamosal and
teeth except all M1-2. The cranium is long and narrow (dolichocephal). Orbits are low and rectan-
gular, and the supraorbital region is bipartite with supraorbital swellings that fuse across glabella.
The occipital region appears to be swollen and rounded (Schwartz and Tattersall, 2002).

Mladeč 2

Mladeč 2 is an adult partial cranium (usually interpreted as female) lacking the occipital, sphenoid,
malars and parts of squamosals. It is less dolichocephal than Mladeč 1, with gracile, thin bones. The
supraorbital region is bipartite with a weakly developed “butterfly” swelling across glabella. The oc-
cipital would not have had protruded posteriorly as in Mladeč 1, and the parietals curve in much
more steeply. This cranium was not used in the current analysis because it was too incomplete.

Mladeč 5

Is an adult calvaria (thought to be of male sex) with healed wounds. The braincase is very large, broad
and robust. The supraciliary arch is again bipartite, and the occipital is well rounded and bulging. The
specimen was slightly damaged by fire during World War II (Schwartz and Tattersall, 2002).

Mladeč 6

Is an incomplete adult calotte of massive bone (usually described as beeing male). The original was
lost in 1945 in the Mikulov Castle fire, so that only a cast is available. The cranium is reminiscent
of Mladeč 5 but not as broad. The supraciliary region is well developed but not protruding, with a
glabellar butterfly. The occiput is only moderately protruding (ibid.).

Other specimens in the study (s. Table 1)
For geometrical comparison of the neurocranium, we distinguish between two groups: 

– AMHS – anatomically modern Homo sapiens (from Late Pleistocene to Holocene)
– AH – more archaic forms of Homo (from Middle to Late Pleistocene)

The AMHS sample can be further divided into:

– AMHS recent – modern Homo sapiens on the one end of the timescale (end of Holocene) 
– AMHS fossil – anatomically modern Homo sapiens from the Middle Paleolithicum to the border

of Late Upper Paleolithicum/Mesolithicum 
– AMHS /archaic – some crania that were included based on the distinctivness of specimens de-

scribed as “morphologically archaic” (Grün and Stringer, 1991 – Jebel Irhoud 1), as “evolved Homo
erectus” (Santa Luca, 1980 – Ngandong 7).
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The AH sample consists of:

– Homo neanderthalensis
– Homo heidelbergensis
– Homo ergaster/erectus.

Most measurements were taken from high quality casts at the Naturhistorisches Museum Wien,
at the Natural History Museum London, and at the Johann Wolfgang Goethe-University in Frank-
furt/Main, except that the original of Mladeč 1 was measured in Vienna, while Atapuerca SH 5, Pe-
tralona and Guattari 1 was measured from high-resolution CT-scans. The reconstructions of speci-
mens from Frankfurt were those made by F. Weidenreich. The geographically diverse sample of re-
cent Homo was taken from the Naturhistorisches Museum and the Institute for Anthropology in
Vienna, with all measurements from original specimens. The specimens Australier G33, G34, G35,
G54 and K72 were casts from the Institute for Anthropology in Vienna made and donated in the early
days of the Institute by Hermann Klaatsch, who collected recent Australian aboriginals during his
expeditions 1904–1907 along the coast regions.

Methods

Size and shape of all specimens are based on a dataset of Cartesian coordinates either digitised by
a Microscibe 3DX digitizer or extracted from surfaces detected in 3D CT-scans. We restricted the
sample to specimens that preserved the mid-sagittal profile from Nasion to Inion, a landmark-
based curve along the supraorbital rim (from glabella both sides to frontomalare temporale), an-
other such curve from the inion both sides along the nuchal crest, and surface form for at least
one side of the neurocranium (Fig. 2). Landmarks or semilandmarks missing on one side of the
cranium were mirrored along the midsagittal plane. When landmarks were missing on both sides
of the cranium or could not be located reliably this missing data was estimated by thin plate spline
relaxation against the Procrustes average (Gunz et al, 2004). Note that Mladeč 2 was too incom-
plete to be used here.
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Table 1. Specimens (109) and grouping in the study

Group Specimens

AMHS recent (50) 50 modern Homo sapiens crania of both sexes from Africa, Asia, Polynesia,
South America, Europe, and Australia 

AMHS fossil (30) Bruenn III, Comb Capelle, Cro Magnon I, Cro Magnon 3, Grotte des Enfants IV,
Oberkassel, Předmostí III, Předmostí IV, Skhul 5, Wadjak I, Bruenn II, Dolní Věstonice 2,
Mladeč 5, Mladeč 6, Mladeč 1, Fish Hoek, Hohlenstein 2, Hohlenstein 1, Kaufertsberg, 
Oberkassel 2, Oberkassel 1, Paderborn, Pavlov, Wahlwies, Qafzeh 9, Liujiang, Qafzeh 6,
Singa, Kelsterbach, Kow Swamp 5

AMHS/archaic (7) Jebel Irhoud 1, Jebel Irhoud 2, Dali, Ngandong 14, Ngandong 7, LH 18, Omo 2

Homo neanderthalensis (11) Amud 1, La Chapelle aux Saints, La Ferrassie 1, La Quina H5, Spy 1, Spy 2, Guattari 1,
Le Moustier, Shanidar 1, Ehringsdorf, Tabun 1

Homo heidelbergensis (3) Kabwe 1, Petralona, Atapuerca SH5

Homo ergaster/erectus (8) KNMER 3733, Dmanisi I, Dmanisi II, Sangiran 17, Trinil 2, Zhoukoutien 1,
Zhoukoutien 11, Zhoukoutien 12
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Landmarks and semilandmarks

The analysis is of 16 landmark points (Table 2) along with 470 geometrically homologous semiland-
marks in regions that are complete in all hemispecimens. None of the analyses to follow are of the
landmarks alone. The method of semilandmarks (Bookstein, 1997) allows homologous curves and
surfaces to be studied with the existing statistical toolkit. An earlier morphometric practice uses some
non-landmark points from curves or surfaces as if they were landmarks: the extremal points (Type
III of Bookstein, 1991) that have definitions like “most anterior” or “widest point”. These locations,
however useful for traditional distance measurements, are ambiguous regarding the one or two
coordinates “perpendicular to the ruler”. Semilandmarks eliminate the confounding influence of the
deficient coordinates by computing them solely using the part of the data that is not deficient. To be
specific, they are treated as missing data and estimated, all at once, in order to minimize the net
bending energy of the data set as a whole around its own Procrustes average by allowing the semi-
landmarks to slide along the curvature (Gunz et al., 2005). All computations and statistical analyses
were done in Mathematica 5.0 (Wolfram Research) using routines programmed by the authors (PG
and PM). Figure 2 shows the computer reconstruction of the CT scan of Mladeč 1 with the full point
set.

Regions

In addition to the overall analysis of the full 486-point shape we carried out three separate regional
analysis (Fig. 2): the frontal region (120 points), the parieto-occipital region (90 points), and the mid-
sagittal curve (26 points). The parieto-occipital region reaches down only to the linea nuchae supe-
rior, excluding the basal part of the occipital bone, which is often missing in fossils.

Procrustes shape analysis of the full 486 points and of these three subsets was carried out by the
standard methods of the current geometric morphometrics toolkit (Bookstein, 1991; 1996; Marcus et
al., 1996; O’Higgins, 2000; Mitteröcker et al., 2004; Gunz et al., 2005). In addition, all four analyses
were duplicated in size-shape space (Mitteröcker et al., 2004), in which the usual Procrustes shape
coordinates are supplemented by log Centroid Size prior to principal components analysis and prin-
cipal coordinates analyses. These four size-shape spaces involved four different log size variables,
each corresponding to the specific subset of landmarks and semilandmarks involved.

In conventional biometrics, there are two different ways of reporting one familiar analysis. The
same computation that results in “principal components" (in this context, relative warps) that “ex-
plain fractions of variance" also results in “principal coordinates" that “account for fractions of in-
terspecimen distance" (Marcus et al., 1996; Reyment and Joreskog, 1992). While yielding the same
ordinations of the original data, the two methods differ in their actual computation: relative warp
analysis is a decomposition of the variance-covariance matrix of Procrustes coordinates and princi-

N Nasion
G Glabella
B Bregma
I Inion
AUL Auriculare left
AUR Auriculare right
MSL Mastoidale left
MSR Mastoidale right

Table 2. Classic landmarks in the study

STL Stephanion left
STR Stephanion right
FMTL Frontomalare temporale left
FMTR Frontomalare temporale right
FMOL Frontomalare orbitale left 
FMOR Frontomalare orbitale right
FTL Frontotemporale left
FTR Frontotemporale right

Abbreviation Landmarks Abbreviation Landmarks



pal coordinate analysis is a decomposition of the inter-specimen Procrustes distance matrix. In the
current study, we will often use the language of distances, because each ordination of the principal
coordinates will be overlaid by a representation of the underlying Procrustes distances, the Minimum
Spanning Tree.

Minimum spanning tree

The shape coordinates of the standard Procrustes analysis are in fact a representation of a more
fundamental underlying geometric structure, the Procrustes distance matrix among a set of speci-
men forms. When such distances exist a priori, there is one classic graphical enhancement of ordi-
nations that often affords greater insight than scatterplots alone: the overlay of a Minimum Span-
ning Tree (MST) that connects all the forms up into one graph (usually with branches) in the way
that minimum distance according to the distance measure. We use this graphic device here parti-
cularly because all of the ordinations (Figs. 3–5) below are projections into two dimensions,
whereas the spaces in which Procrustes shape distance or size-shape distance is computed range up
to 1452 dimensions and thus convey considerable additional information. Two specimens A and B,
for example, might be much closer to each other in a particular principal component plot relative
to a third form C, even though the relative positions are opposite in full space (AC and BC are
smaller than AB). The MST computed from the full space will then represent the true relationship
(connecting AC and BC, the two forms that are near each other in the PCA with the third form that
appears more distant in the projection) and thus adding important information not present in the
PCA ordination.

MST's can be drawn by utility software in a variety of popular packages, and there are no free
parameters (i.e., all competent computations of MST's give identical trees). The MST is more inter-
esting here than the more usual graphic, the display of relative warps (axes of the principal coordi-

459

G. W. Weber, P. Gunz, P. Mitteröcker, A. Stadlmayr, F. L. Bookstein and H. Seidler

Fig. 2. Landmarks and semilandmarks indicated upon a rendering of Mladeč 1. Left – all 486 points.
Right – subsets for the regional analyses: crosses – frontal points; circles – parieto-occipital points
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nate space) as deformations, because the main thrust of these analyses is the ordination of individ-
ual Mladeč specimens, not the representation of dimensions of variability per se.

In applications to ordinations among multiple groups, which is the main concern here, one usu-
ally inspects the tree for a variety of interpretively useful features: dead ends, which are terminal
branches of the tree that connect one specimen to precisely one other form instead of the more usual
two; partial MST's, which are restrictions of the full MST to links among members of the same sub-
group (e.g., recent humans); and bridges, which are the remaining links of the MST, those connect-
ing specimens of different subgroups. In the color figures below, partial MST's are drawn in distinct
colors, and bridges are drawn in gray. Dead ends are not graphically enhanced, but are often referred
to in our text.

Conventionally, systematic applications of morphometrics end with the production of ordina-
tions like those of Figs. 3–5. For the present scientific context, it is more helpful to ask about the
actual strength of evidence supporting classification of the Mladeč specimens into one of two
subsamples, the AMHS or the Neandertals. We will ask this question, in fact, eight different times:
separately for shape space and for size-shape space for the full set of 486 semilandmarks and for the
three parcellations in Fig. 2. The question is asked in the standard loglikelihood framework (Mardia
et al., 1979): in some reasonable multivariate feature space, the AMHS data are used to specify a
Gaussian distribution contingent on AMHS membership, the Neandertal data are used to specify a
Gaussian distribution contingent on Neandertal status, and the ratio of probability densities of the
two distributions at each of the three Mladeč forms is taken (in the form of its likelihood) as a measure
of the strength of shape evidence (or size-shape evidence) for membership in one of the taxa vis-a-
vis the other (cf. Jeffreys, 1961). The computations do not report either of these likelihoods sepa-
rately, only their ratio; so a form that is 10 S.D. out from one mean but 15 S.D. out from the other
is “assigned” to the former group, as the less unlikely of the two alternatives.

For each of the eight versions of this computation, the Gaussian models require inversion of
the corresponding covariance structures. As the smaller of our two groups, the Neandertals, com-
prises only nine specimens, we have limited the dimensionality of the descriptor spaces within
which we are working to five: the first five relative warps of the pool of all 91 AMHS and Nean-
dertal forms together, for any of the three regions or for the whole, either in shape space or in
size-shape space. Logodds reported below correspond to formal log likelihood ratios for these
eight separate computations. These eight versions need not necessarily be consistent – in fact in
the discussion we will focus on the implications of their discrepancies. Logodds of the specimens
pre-assigned to one taxon or the other are of course likely to confirm those assignments; our in-
terest is only in the properties of the specimens regarding which our community has not yet ar-
rived at a taxonomic consensus.

Results

A useful initial summary of the data from the 109 forms for 486 landmarks and semilandmarks
is the ordination in shape space displayed in Fig. 3. The illustration represents the space of the
first three principal components (a total of 65% of the summed squared Procrustes distances) but
is shown here in a particularly helpful projection onto two dimensions only. The overall mini-
mum spanning tree is not shown, but several of its subtrees are highlighted: that for all recent
H. sapiens (red), that for all fossil H. sapiens (blue), that for all Neandertals (green), and that for
all other AH (orange). Inter-taxon links of the MST that will be discussed in this text are drawn
as dashed black lines. The two groups of AMHS overlap quite thoroughly in this space (not only
in the projection here), but the Neandertals and the even older specimens are distinctly separate
from the AMHS and from each other. There is only one region of substantial “bridging," a two-



lane bridge connecting Qafzeh 6 (Q6) and Amud 1 (Am) on the one hand, and Shkul V (Sk5) and
Atapuerca SH 5 (At) on the other. The gray link of a modern female to Jebel Irhoud 2 (JI2) is a
“dead end.”

We recommend that this Fig. 3 be supplanted by the corresponding Fig. 4. in size-shape space.
These are convenient projections of a three-dimensional principal components (= principal coordi-
nates) analysis including size, one that accounts for 75% of summed squared interspecimen distances
(where now, because this is a size-shape space, squared distance incorporates squared log ratio of
Centroid Sizes as well as squared Procrustes shape distance: Mitteröcker et al., 2004). It is now much
clearer that the fossil H. sapiens group lies at the bifurcation for a pair of allometric sequences, one
for the recent humans and one for the AH subsample. Please note that the modern and fossil AMHS
are separated better by the analysis in which size was left in. The size-shape MST has three bridges
between AMHS and the archaic forms: a central bridge from Qafzeh 6 to Amud 1, again, along with
two side bridges, one from Jebel Irhoud 1 to a modern Indonesian male and one from LH 18 to San-
giran 17 (S17).

A summary classification of the Mladeč forms can be carried out via likelihood ratio test (s. Me-
thods) using all of the semilandmarks in either shape space or size-shape space. In shape space,
Mladeč 1 (M1) is distinctly AMHS in affinity (logodds 14.1) and Mladeč 5 (M5) and Mladeč 6 (M6)
show logodds of about 4.5 for AMHS in analyses for which the logodds of the actual Neandertal
skulls average about. In size-shape space, the modernity of all these forms is slightly less persuasive:
Mladeč 5 and Mladeč 6 are categorised as AMHS at logodds of 1.46 and 3.97, respectively, while
Mladeč 1 is anatomically modern at logodds of 9.0. As Fig. 4. indicates, considered as an AMHS,
Mladeč 5 is somewhat too large for its shape, as is Cro-Magnon 3 (CM3).
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Fig. 3. A projection of the first three principal components in shape space (relative warps)
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Fig. 4. Projections of the first three principal components in size-shape space, two views



Regional analysis

Because the regional analyses are aimed at the likelihood-ratio tests for the taxon of the Mladeč
specimens, they are carried out in the space of principal components of the Neandertal and AMHS
subsample only; and because the tests require matrix inversion, we limit the principal components
to the first five of this pooled covariance structure.
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Table 3. Logodds for all specimens in size-shape space. Modern Homo sapiens specimens are printed in gray. The red positive
numbers are pointing towards Neandertal affinity, the negative numbers towards AMHS (higher numbers mean “more likely”).
Note that Mladeč 5 lies right at the boundary (black line) – its ratio of –1.46 means that it is 4.3 (e^1.46) times more likely to be
a AMHS than a Neandertal when all 486 landmarks and semilandmarks of the neurocranium are taken into account



Fig. 5. Principal components of size-shape space for the mid-sagittal profile,
parieto-occipital and frontal regions of the AMHS and Neandertal group. Logodds
based on five dimensions in Table 3
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When only the parieto-occipital region is analysed in shape space, the loglikelihoods confirm
the fact that the classification of the Mladeč specimens is controversial: they cluster quite closely
around the 0.0 value for even odds: for Mladeč 1, logodds of 1 for Neandertal status, 1.7 for
Mladeč, and –0.7 for Mladeč 6. When considered in the context of size, all of these shift radically
(Table 3): Mladeč 5's parieto-occipital region is distinctly modern for its size, with logodds 8.8,
and Mladeč 1 almost as distinctly so (logodds 4.32 in favour of AMHS). Only Mladeč 6 is am-
biguous as regards taxon (logodds of modernity, 0.56, corresponding to a factor of 1.75:1 only).
Fig. 5 shows the first two principal components of this parieto-occipital size-shape space with
the two |z|=2 ellipses for AMHS and Neandertals. In the first two dimensions these two ellipses
overlap meaning that the occipital region warrants no classification between AMHS and Nean-
dertals.

The analogous statistics for the frontal region indicate that all of the Mladeč forms have a dis-
tinct affinity for the AMHS sub-sample in shape space (logodds 21.3 M1, 16.3 M5, 42.2 M6) and only
somewhat less support of the AMHS affinity in size-shape space (logodds 6.8 M1, 9.1 M5, 18.9 M6)
in Fig. 5 and Table 3.

The situation is the same in both analyses of the midsagittal curve (Fig. 5) as well. All three
Mladeč specimens are distinctly more likely to be AMHS than Neandertal – the minimum of the six
logodds involved is 7.7 translating into a factor of 2200:1.

In summary, all parts of all three Mladeč specimens are clearly anatomically modern except the
shapes of Mladeč 5 and Mladeč 6 in the parieto-occipital region.

Discussion

Phenetics and cladistics

The two main groups of hominin crania in our study (AMHS and AH) that were distinguished based
on common classification are well separated by our quantitative approach. In other words, the analy-
sis here, which relied on Procrustes distances for a very dense information grid along the external
neurocranial surface, generally supports the traditional classification based on cladistics instead of
aggregated geometry. The first three components in both spaces assort the AMHS group along a
grade from more gracile and rounded neurocranial forms to robust and elongated shapes (Fig. 3–5),
whereas the archaic forms clearly sequester themselves in another corner of the plots. If specimens
like Wahlwies and the modern Australian G33 are taken to mark the extremes of the AMHS varia-
tion, Mladeč 1 could be taken as a good intermediate sample (Fig. 6)

Fig. 6. Left lateral views of Wahlwies, Mladeč 1 and a modern Australian (G33). Images copyright of Inst. for Anthropology,
University of Vienna (Wahlwies, Australian) and Naturhistorisches Museum Wien (Mladeč 1). All to scale



We have presented eight separate analyses, two each for 90 parieto-occipital semilandmarks, 26 mid-
sagittal landmarks, 120 frontal landmarks, or the full configuration of 486. All of them reduce to
analysis of matrices of interspecimen distances (not, for instance, distances between points): four in
the classic Procrustes shape space and the other four in the relatively newer Procrustes size-shape
space, where squared distance equals squared Procrustes shape distance plus squared log ratio of
Centroid Size measures. As large-scale summary distance measures, these eight alternate analyses
share several characteristics with the wide variety of other summary distance methods (for example,
principal components analysis of measured lengths, measured volumes or areas, or “image dis-
tances"). Perhaps the most important of these shared characteristics is the a-priori refusal of the
algebra to make any particular use of the relatively more informative parts of the data, where
"informative" means informative for the hypothesis under examination. Formulas used in the
distance methods are constructed prior to any actual data, and cannot be weighted toward (or
against) the patterns the investigators wishes they would convey.

This is in striking contrast to the methods of cladistics, which are based on the insights of
generations of scholars regarding the characteristics of organisms that, regardless of scale, prove
informative for predicting other relationships, and thus represent, each one, a hypothesis all its
own. Distance measures overturn that logic. They represent characteristics that are born as aver-
ages over large ranges of a single data source, and they are weighted by a semantics of “com-
pleteness" and “equal weighting” in a mostly mathematical sense, not by any criterion of faith-
fulness or consistency for answering the question under study. The tools we are using here are
likewise tools that apply generally to measures of phenetic distance, not specialised for applica-
tion to evolutionary hypotheses. Principal components and minimum spanning trees are part of
the standard statistical toolkit for every field from market research through bioinformatics. Like
the distance measures themselves, they embody no hypothesis per se, and when interpreted cor-
rectly (as we have tried to do in these pages), they are as much a comment on the prophylaxis
afforded by redundancy of biometrical quantification as they are on any particular scientific
hypothesis.

No distance-based analysis can therefore be seen as authoritative or canonical; all must be
judged in reference to findings by alternative formulas and in reference to evidence completely out-
side of the algebraic framework of the data from which the distances are computed. A good exam-
ple of this prophylaxis is our check for relative consistency of the classifications of the Mladeč
regions vis-a-vis the two Procrustes spaces. Addition of one additional huge quantity known to be
selectively important, namely Centroid Size, does not change the ordination as radically as the reader
might have expected. Many of the forms bridging AMHS to the others remain bridging, and others
remain near the springs of the bridge in spite of the change of space.

This paper is not the place to delve more deeply into the paradox of “objective" systematics,
which has been the subject of the often-bitter debate between the pheneticists and the phyloge-
neticists since the dawn of computed taxonomy. We note only that when summary distance
measure analyses like ours agree with cladistic findings, it is not typically because they are based
on the same information flows, but instead because the different channels are truly tapping con-
silient (redundant) representations of the same true phenomenon. Conclusions supported by both
phenetic and cladistic methods are evidently more persuasive than those supported by either
method separately, and far more persuasive than those supported by one but contradicted by the
other. If the summary morphometric methods mostly agree with the other approaches in their ar-
eas of substantive overlap, both gain credibility in the extension to domains of their own: for the
Procrustes methods, this includes analysis of fully quantitative representations of form changes;
for the cladistic methods, extensions to broader time frames affording far fewer corresponding
geometric points.
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MST bridges

The Mladeč crania 5 and 6 appear near the central MST bridge from AMHS to AH in the relative
warps but the tree does not connect them directly. The bridge itself is interesting because it emerges
in shape space as well as in size-shape space and separates the sample into two large groups. The
two bridging specimens both come from sites in Israel that are geographically about 30 km apart.
Amud 1 has been described as a progressive Neandertal (Suzuki and Takai, 1970), as a Neandertal
with unusual small brow ridge and teeth (Trinkhaus, 1984), or as “peculiarly eclectic” Neandertal
(Rak et al., 1994). It is not surprising that Amud 1 lies at the end of our Neandertal variation in the
direction towards modern humans. The Qafzeh sample, on the other hand, while recognized as
anatomically modern Homo sapiens by most authors (Vandermeersch, 1981; Howells, 1974;
Trinkaus, 1984), has nevertheless been pushed into the Neandertal corner by others (Brose and
Wolpoff, 1971). 

The Mousterian association of Qafzeh raised additional questions. In their paper dealing with
characteristics of mandibles, Schwartz and Tattersall (2000) point out that within the Qafzeh sample,
only Qafzeh 8, 9 and 11 show the characteristic Homo sapiens chin structure in contrast to the other
specimens from the same site. In shape space and size-shape space, we find a wide separation of the
two Qafzeh crania 6 and 9, and no connection of these specimens via the MST, which is in agree-
ment with the latter hypothesis. The few other bridges in MSTs vary from space to space. Except for
one bridge, they lie at the extremes of the MST and are difficult to interpret. The affinity in shape
space between Skhul V and Atapuerca SH 5 is interesting but will be not treated here.

The situation of Mladeč

In shape space, the two Mladeč crania 5 and 6, usually classified as male on account of their robust-
ness, are close to each other but widely separated from their counterpart Mladeč 1, which is usually
classified as female. Mladeč 1 itself seems entirely unexceptionable within the modern human vari-
ation if only shape is tapped here. In size-shape space however, the two very robust and the one more
gracile Mladeč crania are represented on the MST as a subtree requiring only one intermediate
(Paderborn). Generally, fossil and recent AMHS are better separated if size is included (Figs. 3 and
4), as the fossil AMHS group seem to have the larger crania. One might thus argue, that size dif-
ference actually matters more than shape difference over the form change from the Upper Paleolithic
AMHS to recent humans. Not surprisingly, the Mladeč crania cluster with most of their European
contemporaries. Within the Mladeč sample, the remaining size differences between M5 and 6 and
M1 as well as the existing shape differences, could be an expression of sexual dimorphism.

Those Mladeč specimens commonly sexed as male are exceeded in size only by Cro-Magnon 3
(CR3) that is directly connected to Mladeč 5 (see Fig. 4) and from there to Mladeč 6, which itself is
linked to Mladeč 1 via Paderborn. Mladeč 1 is also linked by the MST with Dolní Věstonice II, Před-
mostí III and Předmostí IV, all specimens that originate from sites that are not more than 100 km
from the Mladeč Caves and that are dated not more than 3–5 kyr younger. Thus this group provides
a glimpse of morphological variation in a narrow geographical area at roughly the same time. It also
highlights the somehow unusual position of the large Mladeč crania 5 and 6 – Mladeč 1 indeed re-
presents a more generalised form in the AMHS fossil sample.

Neurocranial regional analysis

The regional likelihood analyses in shape space and size-shape space confirm that the frontal region
as well as the midsagittal plane of all Mladeč specimens in the study may be unequivocally classi-
fied as AMHS. In contrast, Mladeč parieto-occipital regions are neither obviously Neandertal-like nor
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obviously modern. Note that there is much more overlap of the two ellipses in Fig. 5 for the parieto-
occipital region than for the frontal region and the mid-sagittal profile, which means that classifi-
cation based solely on the posterior neurocranium is ambiguous for many specimens, not only the
Mladeč crania. Note, too, that the frontal region of Skhul V and Wajak 1 is classified as completely
archaic (Table 3).

Other aspects

Variation in the younger group of fossil AMHS dated on the onset or early in the Holocene (Brno 3,
Fish Hoek, Hohlenstein female and male, Kaufertsberg, Kow Swamp 5, Oberkassel 1 and 2, Pader-
born 1, Wahlwies) seems wholly consistent with variation in extant humans, except for Wajak 1, the
only Asian specimen of the group. Note also that in shape space Omo 2 and LH 18, both dated to
around 120–130 kyr, directly connect to one end of the extant human variation represented by Aus-
tralian specimens (G33, G34, G35, G54 and K72) in the direction of H. sapiens allometry. Thus they
may embody an extreme of the same shape robustness dimension that already characterises the rest
of this group. Both have been considered to be late archaic Homo sapiens (Bräuer and Leakey, 1986)
and thus possible candidates for the emergence of modern human morphology in Africa, and its later
dispersal into Eurasia. Omo 2 and LH 18 are clearly separated from all other fossil hominids of the
same time period, such as Qafzeh, Skhul, Jebel Irhoud, Singa, Liujiang, Dali, Petralona, Kabwe and
Atapuerca. According to the MST, Singa and Liujiang connect also with the AMHS group, but
through other bridges, Liujiang being virtually indistinguishable from moderns and Singa seemingly
deviating in principal component 2.

In sum, Neandertals form a good connected group in the minimum spanning tree, while the Homo
ergaster and Homo erectus specimens from Africa and Asia form a separated group. Sangiran 17 and
likewise Trinil 2 take an unusual position that is not further treated here. The Ngangdong specimens
are not homogeneous but clearly both belong in the group of archaic Homo (AH) and not to AMHS
as their dating (~ 40 kyr) would have suggested. The archaic morphology of the Jebel Irhoud (JI)
specimens, previously inferred by Grün and Stringer (1991), is confirmed in our morphometric ana-
lysis of the neurocranium only for JI 1 whereas JI 2 is connected to the AMHS sample.

The neurocrania of the three Mladeč specimens are distinctly more likely to be AMHS than Ne-
andertal. In the statistic framework of log-likelihood ratios, we measure the support for different hy-
potheses of group affinity. The specimen that is closest to the Neandertal group is Mladeč 5 and its
logodds of 4.03 in shape space and 1.46 in size-shape space translate into factors of 56:1 and 4:1
respectively (i.e., means that it is 56 times/4 times more likely to be a member of the AMHS group
than one of the Neandertal group). These numbers are of course sensitive functions of the selection
of landmarks and sample. With a dense mesh of hundreds of semilandmarks, we have tried to cap-
ture every aspect of shape variation in the exterior neurocranial vault. The availability of fossil ma-
terial that is sufficiently complete to be used here, is of course limited but our sample of recent Homo
sapiens embraces the full range of modern shape variability. We concur with previous metric and
morphological analyses that the occipital region of the Mladeč crania is ambiguous with respect to
group affinity, however the considerable overlap of the two ellipses in Fig. 5 shows that overall form
of the posterior cranium does not distinctly separate Neandertals and AMHS.

Acknowledgements

We like to thank Maria Teschler-Nicola for the invitation to contribute to the important monography on the
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