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Craniometric data support a mosaic model
of demic and cultural Neolithic diffusion to
outlying regions of Europe
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The extent to which the transition to agriculture in Europe was the result of biological (demic) diffusion
from the Near East or the adoption of farming practices by indigenous hunter—gatherers is subject to con-
tinuing debate. Thus far, archaeological study and the analysis of modern and ancient European DNA
have yielded inconclusive results regarding these hypotheses. Here we test these ideas using an extensive
craniometric dataset representing 30 hunter—gatherer and farming populations. Pairwise population cra-
niometric distance was compared with temporally controlled geographical models representing
evolutionary hypotheses of biological and cultural transmission. The results show that, following the
physical dispersal of Near Eastern/Anatolian farmers into central Europe, two biological lineages were
established with limited gene flow between them. Farming communities spread across Europe, while
hunter—gatherer communities located in outlying geographical regions adopted some cultural elements
from the farmers. Therefore, the transition to farming in Europe did not involve the complete replace-
ment of indigenous hunter—gatherer populations despite significant gene flow from the Southwest
Asia. This study suggests that a mosaic process of dispersal of farmers and their ideas was operating in
outlying regions of Europe, thereby reconciling previously conflicting results obtained from genetic and
archaeological studies.
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1. INTRODUCTION
The transition to agriculture in Europe has been subject
to intense debate for over a century, with the major con-
troversy centring on the extent to which it involved the
acculturation of indigenous (Mesolithic) hunter—gatherer
populations [1] or the replacement of hunter—gatherers
by (Neolithic) farmers dispersing from the Near East
[2]. These contrasting demographic models are often
referred to as the cultural diffusion and demic diffusion
models, respectively [2,3]. Archaeological studies of
Mesolithic and Neolithic sites [4] and analyses of
modern European genetic variation [5—12] have yielded
diverse and often conflicting conclusions regarding this
process. Recent ancient DNA studies have also provided
inconsistent results regarding the biological relationship
between Mesolithic and Neolithic populations [13-19],
suggesting that the demographic transition was not uni-
form across Europe but rather represents a mosaic of
population replacement, admixture and adoption of farm-
ing practices by indigenous populations. Not all genetic
haplotypes found in ancient Mesolithic and Neolithic
populations survive in modern European populations,
indicating that post-Neolithic migrations and expansions
have diluted the genetic legacy of earlier populations
(cf. [15]).

It has been demonstrated [3] that in the case of
central and southeast Europe, Mesolithic and Neolithic
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craniometric data support a model of demic diffusion.
These results are in agreement with the archaeological
record which attests that farming emerges in central
Europe in the form of a ‘Neolithic package’, including
pottery and a subsistence strategy reliant on domesticates
originating in the Near East/Anatolia (e.g. [20]). Thus,
the best fit model for the initial transition to agriculture
in Europe is one of demic diffusion from Southwest
Asia, rather than the gradual adoption of Neolithic econ-
omy and culture by local hunter—gatherer groups (e.g.
[3,7,11,19,21]).

Conversely, the transition to farming in the outlying
regions of Europe was probably a more complex and
lengthy process involving acculturation of local hunter—
gatherer groups [22—26]. The archaeological record of
these areas indicates a deceleration in the spread of farm-
ing, which may have been owing to higher population
densities of Late Mesolithic hunter—gatherers [22,24].
Additionally, seasonal differences in climate, poor soils
and dense forest were perhaps not favourable for a subsis-
tence strategy originating in the semi-arid regions of
Southwest Asia. A frontier between fully agricultural
societies such as the Linienbandkeramik (LBK) and late
hunter—gatherer groups could have resulted in a long
‘substitution’ phase whereby hunter—gatherers selectively
integrated some cultigens and domestic livestock into
their subsistence base, as well as began to use pottery
[22,26]. In southern Scandinavia, the archaeological evi-
dence strongly supports a model of indigenous transition
of late hunter—gatherer Ertebelle to a fully Neolithic TRB
(Funnel Beaker Culture) economy [24], although analy-
sis of ancient DNA tells a different story [17]. In the

This journal is © 2011 The Royal Society


mailto:n.von-cramon@kent.ac.uk
http://dx.doi.org/10.1098/rspb.2010.2678
http://dx.doi.org/10.1098/rspb.2010.2678
http://dx.doi.org/10.1098/rspb.2010.2678
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org

Mosaic model of Neolithic diffusion N. von Cramon-Taubadel & R. Pinhasi

2875

< ,:g—vf‘q ?"ﬂ gr ® 5. Oleni Ostrov
= ,,Lz:/’—:_—_g % ,—.,\__}
DJ - s & 5= W.,-/J—J—"Ji\;lf\\/—
s~ é . “b;; —-;: T
2 s % 18.TRBI
‘g 7 129 TRB 2 / 3 \j ® 27. Latvia Neol
P , P 0. TRB3 7 25. Visterbjers & 26. Baltic Neol
dggz’_' "\\ L:\:"vg? 6. Latvia Meso
[
0T N el
"ot i el
z ) ey
S S g 4. LBK North
T 8'_—4_/(_ 29. Dnieper-Donets 1
—\_,.Tw‘. 15. LBK Centre ¢
« 17. Mlchelsbergeg . ol 3- LBK East & 23. Bilcze Zlote & 30. Dnieper-Donets 2
’§LtFI ance Mesolithic g, LBK West 7 Central Europcan Mesolithic
#12. AVK —
®] 1. Koros /—A:«-w*\- e o
22 Lengyel Tl ~
j ﬁ /34: —
. . 3 il o
— f \ 4. Vlasac 21. Gumeluﬁa -\*-..
S J i,
b8 e A D
) B ﬂ‘_\ \\ IO.Ned leomedeld e / '\_\_\__J__/
(/ =y = ;;4]Sardinian b @ > Q@ e
{9.p Portugal Mesolithic % @ ‘Cfialcolithic ) “&\\\ = M'S
. & Ve,
J . (::'_? 21-‘5‘:\] ® .- e Catal Hoyuk
N — 2 b ¥ Zn_m 2°A
. w‘ > ceramic
/ ) [ — *'_7
4 e /
4 S——— 1. Natufian
'/““—;H /0
/ 1 ( ~—

—

o 28. Russia Neol #

Figure 1. Geographical distribution of 30 OTUs employed.

circum-Baltic area, a number of ‘Forest Neolithic’ cul-
tures emerged during the seventh millennium BP,
continuing the Mesolithic hunting—gathering—fishing
lifestyle by incorporating wild fauna and edible plant
species into their diets but also living in semi-permanent
locales [23,26].

Here, using a large metric dataset of 542 Mesolithic
and Neolithic crania, we test whether the spread of
agriculture to outlying regions (particularly the circum-
Baltic region) followed a model of population dispersal
or the adoption of farming practices by indigenous
Mesolithic populations. There is now a growing body of
literature (e.g. [27-32]) demonstrating that global
human cranial variation is best explained by a neutral
microevolutionary model of mutation and genetic drift
[33]. These studies employ numerous craniometric data-
sets and different analytical approaches, yet all show that
modern human cranial form can be considered an accu-
rate proxy for neutral genetic information regarding
population history. Studies of modern European DNA
are affected by post-Neolithic gene flow and local popu-
lation extinctions and, hence, simply cannot capture the
relevant genetic variation. While ancient DNA studies
directly sample the populations of interest, the resultant
datasets are, at present, not geographically or chronologi-
cally detailed enough to model continent-wide processes.
As such, the use of craniometric data offers a unique and
valuable alternative means of quantifying and modelling
this complex demographic shift.

2. MATERIAL AND METHODS

(a) Materials

A dataset of 15 standard craniometric variables taken on
542 crania was compiled. These samples were divided into
30 operational (OTUs) (electronic

taxonomic units
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supplementary material, table S1), each comprising at least
10 individuals. In all cases, an OTU comprised specimens
from a single major archaeological phase. Whenever possible,
OTUs were constructed using specimens from a single site
(e.g. Catal Hoylk, Bilcze Zlote) or specimens from a well
defined phase in a given region (e.g. LBK East). Sampling
was constrained by uneven spatial, temporal and archaeologi-
cal representativeness of certain phases, yet this dataset
comprises the best available cranial samples whose archaeo-
logical contexts and skeletal preservation facilitate their
inclusion in these OTUs. Fifteen of the 30 OTUs were
previously employed in the study by Pinhasi & von
Cramon-Taubadel [3], thus the present dataset includes
more extensive geographical (Scandinavia, the Baltic
region, Eastern Europe) and temporal (11 500-1500 BC)
coverage (figure 1).

(b) Craniometric distance matrix

The craniometric data comprised 15 standard calliper
measurements (electronic supplementary material, table S2)
taken on each skull. Given the fragmentary nature of many
of these archaeological specimens, some of the data were miss-
ing from the initial database. Only crania with data present for
at least 10 out of the 15 (i.e. 70%) measurements were
included in the analysis [34]. Missing data were estimated in
SPSS v. 16 using multiple linear regressions, within-sexes
and using the specimens with a complete set of measurements
within each OTU. Sex was determined on the basis of morpho-
logical traits of the pelvis (in all cases in which atleast one of the
os coxae was preserved) or on the basis of the skull using stan-
dard anthropological methods [35—37]. These data were then
adjusted for isometric scaling by dividing each cranial variable
by the geometric mean of all variables for that individual
[38,39]. A craniometric distance matrix (D-matrix) was com-
puted for all 30 OTUs under the assumption of complete
heritability (i.e. #> = 1) using the Relethford & Blangero [40]
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estimator of population genetic affinities based on quantitative
traits. The conservative choice of 2> =1 (i.e. minimum gen-
etic distance) was made given the lack of population-specific
heritability estimates, but the choice of heritability value
does not impact the proportionate structure of the resultant
D-matrix or, therefore, the results of the Mantel tests.

Two methods were employed to visualize the major cranio-
metric affinity patterns among the OTUs. First, a principal
coordinates analysis of the resulting D-matrix was conducted
and thereafter, the craniometric distance matrix was subject
to two linkage methods, minimum evolution [41] and neigh-
bour-joining [42], to generate phenetic tree topologies.
While unrooted trees were generated in each case, the trees
were visualized as rooted by the oldest OTU (Natufian) for
visual comparability. The software MEGcA v. 3.1 [43] was
used to generate trees, and the software TREEVIEW v. 1.6.6
[44] was employed to modify tree figures.

(¢) Hypothetical models

In order to construct alternative models for the Neolithization
process in Europe, OTUs were organised into five broad cat-
egories represented by different colours in figure 1: (i) three
Early Neolithic/Epipalaeolithic OTUs from the Near East
and Anatolia (black), (ii) six Mesolithic OTUs from across
Europe (red), (iii) seven Early (older than 5000 BC) Neolithic
OTUs (blue), (iv) eight Late (younger than 5000 BC)
Neolithic OTUs (green), and (v) six Late Forest Neolithic
OTUs (purple).

In contrast with previous studies (e.g. [45]) we did not
employ arbitrary values to model hypothesized biological
distances between OTUs. Instead, we created a series of
alternative models based on the evolutionary expectation that
neutral (cranial) variation will follow a pattern of isolation-
by-geographical and temporal distance (IBD) [28,46]. A
strong linear relationship between geographical distance and
neutral genetic/craniometric distance has been shown pre-
viously (e.g. [28]). Thus, in the absence of natural selection
or disruptive long-range dispersal, craniometric distance is
expected to be strongly correlated with geographical distance.
However, the effects of temporal variation must also be con-
trolled for [46]. On the basis of work by Konigsberg [46,47],
there is empirical evidence of temporal autocorrelation for cra-
niometric data, although the exact nature of this relationship is
not known. Moreover, it has been shown that under a neutral
microevolutionary model, we would expect a positive signifi-
cant relationship between craniometric and geographical
distance, once temporal distance is controlled for [46]. There-
fore, in each analysis, we compared the single craniometric
D-matrix with alternative models based on pairwise geographi-
cal distances between OTUs, while simultaneously controlling
for the temporal distance between OTUs [3].

A null (neutral) model was constructed by calculating the
pairwise great circle distances in kilometres between all
OTUs [48]. The null model represents pure cultural diffusion,
whereby the spread of agriculture to Europe is the result of the
acculturation of indigenous populations (i.e. the spread of
farming ideas, rather than farmers). However, the null
model is unrealistic, as it has previously been shown [3] that
the Early Neolithic OTUs from central Europe share close cra-
nial affinities with Early Neolithic OTUs from Southwest Asia,
congruent with a model of demic diffusion into central
Europe. Therefore, the null geographical model was sub-
sequently altered to reflect the four alternative scenarios
(Models 1-4) depicted in figure 2. Because of the need to
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Figure 2. Four alternative hypothetical models describing the
biological and cultural relationships between OTUs. Solid
arrows, biological transmission; dashed arrows, cultural
transmission; solid lines, barrier to gene flow. (@) Model 1;
(b) Model 2; (¢) Model 3; (d) Model 4.

choose arbitrary distance values to increase/decrease the cra-
niometric affinities between pairs of OTUs, all hypothesized
dispersal events were modelled as changing by 500, 1000
and 1500 km in order to investigate the effect of using different
quantities. A minimum distance of 500 km was chosen as it
has been noted [20] that distances of the order of at least
300-500 km should be employed to detect true instances of
dispersal rather than inherent ‘noise’ owing to the resolution
of the archaeological record. All hypothesized barriers to
gene flow between OTUs were conservatively modelled as
being relatively weak (500 km increase).

Model 1 (figure 2a): pairwise distances between Near
Eastern OTUs ‘Aceramic’ and ‘Catal Hoytik’ and all later
OTUs were reduced to reflect the effects of the initial
demic diffusion event from the Near East. This scenario
hypothesizes that Mesolithic populations were completely
replaced by incoming farmers and, therefore, left no
biological descendents. In addition, Forest Neolithic are con-
sidered biologically equivalent to all other ‘true’ Neolithic
groups. Thus, Model 1 suggests that, while the initial tran-
sition to agriculture was the result of demic diffusion,
subsequent diffusion of the Neolithic across Europe was
purely cultural.

Model 2 (figure 2b): pairwise distances between Near East-
ern OTUs Aceramic and Catal Hoytik and all true Neolithic
OTUs were reduced to reflect the effects of the initial demic
diffusion from the Near East. Pairwise distances between
Mesolithic and Forest Neolithic are reduced suggesting a
stronger ancestor—descendant relationship. Thus, Model 2
suggests that Forest Neolithic groups (purple) are actually
acculturated hunter—gatherer populations descended from
earlier Mesolithic groups (red), while late ‘true’ Neolithic
OTUs (green) are the biological descendents of early Neolithic
(blue) populations.

Model 3 (figure 2c¢) is the same as Model 2 but with an
increase in the pairwise distances between contemporaneous
Mesolithic and Early Neolithic reflecting a barrier to normal
gene flow following the demic diffusion from the Near East.
While both Models 1 and 2 differ in terms of the biological
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Figure 3. Craniometric affinities among 30 OTUs. Unrooted (a) neighbour-joining and (b) minimum evolution trees of cranio-
metric distances between OTUs. (¢) Plot of the first two principal coordinates of craniometric distance. PCO1 (x-axis) explains
32.2% of total variance, and PCO2 (y-axis) explains 16.2% variance.

relationships between early and late groups, ‘background’
gene flow is occurring between all OTUs consistent with
a neutral model of isolation-by-distance. By contrast,
Model 3 considers that the transition to agriculture created
a cultural barrier between contemporaneous Mesolithic
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(red) and early Neolithic (blue) populations. Subsequently,
following the adoption of Neolithic cultural elements by indi-
genous Forest Neolithic (purple), this gene flow barrier
becomes relaxed such that contemporaneous ‘true’ and
Forest Neolithic populations are freely admixing.
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Table 1. Results of the partial Mantel and Dow—Cheverud tests. (Partial Mantel test results are Bonferroni corrected (a <
0.017) r-values (p-values in parentheses). Dow—Cheverud results are plZ scores (p-values in parentheses). All significant

results are shown in bold.)

Partial Mantel tests

Model 1
Model 2
Model 3
Model 4

Model 2 versus Model 3
Model 2 versus Model 4
Model 3 versus Model 4

Dow-Cheverud tests

Null Model (pure cultural diffusion)

0.146 (0.149)
500 km

0.176 (0.077)
0.206 (0.046)
0.249 (0.013)
0.257 (0.016)

0.194 (0.019)

1000 km

0.197 (0.076)
0.255 (0.011)
0.275 (0.008)
0.297 (0.002)

0.129 (0.103)
0.260 (0.001)
0.181 (0.026)

1500 km

0.208 (0.052)
0.286 (0.007)
0.303 (0.003)
0.322 (0.001)

0.110 (0.114)
0.238 (0.004)
0.172 (0.022)

Model 4 (figure 2d) is the same as Model 3, but with the
barrier to gene flow extending through time between contem-
poraneous Late true and Forest Neolithic populations. Model
4 is, therefore, a more extreme version of Model 3, whereby the
cultural barrier to gene flow is continuous through time, creat-
ing two distinct lineages; the red/purple indigenous lineage
and the blue/green Neolithic lineage. Despite the adoption
of some cultural practices by the Forest Neolithic, they
remain a biologically distinct group separate from their
contemporaneous ‘true’ Neolithic neighbours.

The temporal distance matrix was calculated as the differ-
ence in the average age (in years) of all pairs of OTUs
(electronic supplementary material, table S1).

(d) Analytical methods
The congruence of the craniometric D-matrix and each of the
five (null plus four alternative) geographical matrices was
quantified using partial Mantel matrix tests [49], and
controlling for temporal distance as a third matrix. There
is empirical evidence to suggest a positive relationship bet-
ween temporal and craniometric distance within certain
archaeological sites [47], but the exact parameters of an
isolation-by-space and time model are currently unclear.
Therefore, we follow the methods described by Pinhasi &
von Cramon-Taubadel [3] in applying a model of isolation-
by-geographical distance, with a correction for temporal
autocorrelation, via partial Mantel tests. Mantel tests were
used because matrix elements cannot be considered inde-
pendent and therefore, significance was assessed via a
randomization test (9999 permutations). Bonferroni correc-
tion was applied in all cases, yielding a critical a-value of
0.017 [27,31]. All Mantel tests were performed in PASSAGE
1.1, freely available online (www.passagesoftware.net).
Dow-Cheverud tests were employed in order to ascertain
whether any of the five model matrices were significantly
different in their congruence with the craniometric distance
matrix [50]. The null hypothesis is that the correlations
between two dependent matrices (B and C) and one inde-
pendent matrix (A) are equal. Therefore, if the hypothesis
is rejected at p < 0.05, one of the dependent matrices is sig-
nificantly more strongly correlated with the independent
matrix than the other. In order to control for temporal
distance, each of the five geographical model matrices and
the craniometric distance matrix were first regressed onto
the temporal distance matrix. Thereafter, the residuals were
employed as input data for the Dow-Cheverud tests. All
comparisons were performed in R using a code written by
Mark Grabowski and Charles Roseman. Dow—Cheverud
comparisons were only performed between those alternative
models that were significantly correlated with the
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craniometric data based on the partial Mantel tests. We
add the caveat that all significance values are considered
minimum values given the inherent error in the estimation
of biological matrices [51] and given that Dow—Cheverud
tests may be susceptible to type I errors when the data are
spatially autocorrelated [51,52].

3. RESULTS

(a) Population affinity patterns

Craniometric distances between OTUs are illustrated in
figure 3 in the form of two phenetic trees and a plot of
the first two principal coordinates. In all cases, there is a
clear distinction between Early/Late true Neolithic OTUs
(blue and green) and Mesolithic/Late Forest Neolithic
(red and purple). Moreover, Early Neolithic populations
from the Near East (black) consistently cluster with true
Neolithic populations from across Europe.

(b) Correlation of craniometric distance

and alternative models

The results of the partial Mantel tests, controlling for tem-
poral distance, show that craniometric distances do not fit
the null hypothesis of pure cultural diffusion (table 1),
further supporting the demic diffusion model for the initial
transition to agriculture. Model 1 was not significantly
correlated with the craniometric data and Model 2 was sig-
nificantly correlated with craniometric distance, but only
when demic diffusion was modelled as being relatively
strong (1000 and 1500 km). Models 3 and 4, which include
gene flow barriers between Mesolithic and Neolithic
lineages, were also significantly correlated with cranio-
metric distance. Dow—Cheverud tests were used to test
whether Model 4 (highest Mantel test r-value) was also sig-
nificantly more likely to explain the craniometric data than
Models 2 and 3 (weaker r-values). Dow—Cheverud tests
found no significant difference between Models 2 and 3,
but found that Model 4 explained the craniometric pattern
significantly better than Models 2 and 3.

4. DISCUSSION

The results clearly show that the craniometric affinity pat-
terns are best explained by a model that involves a barrier
to gene flow between farming and hunter—gatherer
populations. It must be emphasized that the impediment
to gene flow was modelled as being relatively weak
and, therefore, it is likely that the strength of the gene
flow barrier between the farming and non-farming lineages
was underestimated rather than overestimated. Our models
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never exclude gene flow between any contemporaneous
populations regardless of their archaeological labels.
Instead, what the results show is that there was relatively
less gene flow between contemporaneous populations
of the two lineages, therefore creating the observed cranio-
metric patterns (figure 3). Moreover, the fact that outlying
hunter—gatherer populations adopted some cultural
elements from contemporaneous farming communities
suggests some cultural (and possibly biological) interaction.
However, the two dichotomous lineages, clearly identifiable
in the craniometric data, show that the transition to agri-
culture in remote regions of Europe involved a complex
mosaic of demic diffusion, cultural diffusion and changes
in admixture patterns.

The results presented here illustrate that the use of two
opposing mutually exclusive models of demic versus cul-
tural diffusion is an oversimplification of what was a more
complicated demographic transition in Europe. They also
make clear that the transition to farming in Europe did
not involve the complete replacement of indigenous
hunter—gatherer populations despite significant gene
flow from the Near East. The use of a mosaic model of
biological and cultural change also helps reconcile the
conflicting results often obtained from analyses of
modern DNA (e.g. [5-12]) and from archaeological
studies (e.g. [4,26]), whereby studies suggest either
demic or cultural diffusion as being the principal basis
for change. Further refining this mosaic model and
understanding its underlying environmental, ecological
and social causes present the most important future
challenge.
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