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The Neolithic (i.e., farming and stockbreeding) spread from the Near East
across Europe since about 9000 years before the common era (BCE) until
about 4000 yr BCE. It followed two main routes, namely a sea route along the
northern Mediterranean coast and an inland one across the Balkans and cen-
tral Europe. It is known that the dispersive behavior of farmers depended on
geography, with longer movements along the Mediterranean coast than along
the inland route. In sharp contrast, here we show that for both routes the
percentage of farmers who interbred with hunter-gatherers and/or accultu-
rated one of them was strikingly the same (about 3.6%). Therefore, whereas the
dispersive behavior depended on the proximity to the Mediterranean sea, the
interaction behavior (incorporation of hunter-gatherers) did not depend on
geographical constraints but only on the transition in the subsistence econ-
omy (from hunting and gathering to farming) and its associated way of life.
These conclusions are reached by analyzing the clines of haplogroup K, which
was virtually absent in hunter-gatherers and the most frequent mitochondrial
haplogroup in early farmers. Similarly, the most frequent Y-chromosome
Neolithic haplogroup (G2a) displays an inland cline that agrees with the per-
centage of interbreeding reported above.

The Neolithic transition is defined as the change from a hunting-
gathering economy to one based on farming and/or animal husbandry.
This major shift in human prehistory led to increasing food storage and
division of labor. It also sparked the evolution towards new forms of
human behavior in many other realms, such as urbanization, writing,
exact numeracy, and mathematics™.

The Neolithic originated in the Near East and spread from there
across Europe* following an inland route (over the Balkans and central
Europe) and a sea route (along the northern Mediterranean coast), as
illustrated in Fig. 1a>°. Two possible models (or a combination of them)
have been proposed to explain these spreads. The demic diffusion
model assumes that populations of farmers expanded their range,

cultivating new lands and therefore bringing agriculture with them’.
The cultural diffusion model, on the contrary, proposes that there
were no substantial population movements, and autochthonous
hunter-gatherers (HGs) became farmers due to interbreeding between
both populations and/or acculturation of HGs®. During the last decade
of the previous century, some authors analyzed modern DNA data and
found them consistent with a mainly demic diffusion spread of the
Neolithic using a variety of approaches, such as calculating genetic
distances and comparing them to spatial simulations’, estimating
spatial correlograms and divergence times'®, applying admixture
models and spatial analyses" or calculating the proportion of Neolithic
lineages using spatial simulations'”. More recently, the technical
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Fig. 1| The two routes of Neolithic spread in Europe. a Visualization of the two
routes. Each yellow circle is the oldest Neolithic site in a region reached through the
inland route. Each white triangle is the oldest Neolithic site in a region reached
mainly along the sea route. Distances are estimated using great circles for the
inland route (e.g., yellow line) and along the coast for the sea route (e.g., white line).
The black square A is Abu Hureyra (Syria), the presumed origin of the Neolithic
wave of advance (see Methods, Initial conditions). b Arrival times of Neolithic
farmers in several regions according to the radiocarbon dates of sites in

a (Supplementary Data 4) and simulations (lines) for the inland route (red, jumps of
50 km per generation) and the sea route (blue, jumps of 70 km per generation).
Each symbol is the radiocarbon date of the oldest Neolithic site in the region
considered. The regions are A northern Mesopotamia, B Anatolia (present-day
Turkey), C Germany, D northern France, E Belgium, F Cyprus, G southern France, H
Catalonia, I Navarre and J central Portugal. Some regions (K Italy, L Sweden, M
Serbia, N Romania, and O United Kingdom) are not included in b due to the exis-
tence of delays in the arrival of the Neolithic’, but more complicated models
accounting for them would yield the same conclusions (see Supplementary Infor-
mation, Sec. S3-C). We have checked that the lines in b do not change appreciably
for values of the interbreeding intensity n such that n<0.1. The boxes (10% and 90%
quartiles), error bars or whiskers (1% and 99% percentiles), and horizontal lines
(medians) have been obtained using OxCal 4.4 with the calibration curve IntCal 20
(Supplementary Data 4). Source data are provided in the excel Source Data file.

possibility to analyze ancient DNA unveiled large genetic differences
between local HGs and early Neolithic farmers in central Europe and
this confirmed that demic diffusion played a primary role in the spread
of the Neolithic®. The primacy of demic over cultural diffusion has
been furthermore attested by genome-wide studies'*", which have
shown that >90% of the genetic ancestry of early European farmers is
due to a main population source in Anatolia (present-day Turkey)™.
However, these studies do not quantify some key parameters
describing the behavior of ancient individuals, including the following.
What was the average distance moved per generation by pioneering
farmers? Was it different along the central European and

Mediterranean routes? What was the proportion of early farmers that
interbred with HGs? Was it different along both routes? Such questions
need other approaches than the usual genetic and genomic analyses
cited above.

The average distance moved per generation along each Neolithic
route has been previously estimated by comparing archeological data
to spatial simulations of Neolithic spread*'®”. In contrast, the inter-
action behavior (interbreeding and/or acculturation) cannot be infer-
red using only archeological data because an extremely precise range
for the spread rate would be necessary (Fig. 3a in ref. 18). For this,
genetic data are also needed. Mitochondrial (mt) DNA is located out-
side the cell nucleus and passed (with mutations) from each mother to
her children. Each individual has a mt haplotype, defined as a list of mt
nucleotides. A mt genetic marker (also called a haplogroup) can be
defined as a set of haplotypes that are thought to have a shared
ancestor not shared with other mt haplotypes. During the last five
decades, some authors have used numerical simulations to study
genetic clines (i.e., the frequencies of genetic markers as a function of
position) established during the Neolithic spread’"** (for a review of
previous simulations, see Supplementary Information, Sec. SI-A).
However, when those studies were published, none or a few ancient
genetic data were available, so it was not possible to compare the
simulated clines to observed ones. Such a comparison was finally
performed seven years ago®™. Here we take advantage of the sub-
stantial increase in the number of data available during the last seven
years, which is now enough to estimate mt haplogroup frequencies
using data from 961 early farmers who lived in 16 different geo-
graphical regions (in comparison, only 249 early farmers from 9
regions could be analyzed in ref. 20). This increase in the data available
makes it now possible to analyze the interaction behavior between
early incoming farmers and local HGs along the central European and
Mediterranean routes separately (Methods, Observed data). Before
doing so, we explain in more detail the rationale of our approach. We
shall refer to interbreeding for clarity, but all remarks on interbreeding
are also valid for acculturation or a combination of both because
essentially the same mathematical equations can be used to describe
both processes (Methods).

Some haplogroup-based analyses of modern populations led to
misleading inferences on prehistory?. For example, Basque popula-
tions were proposed to have been isolated since the Paleolithic on the
basis of modern haplogroup data?, but ancient DNA later showed that
their isolation began only in the Iron Age”. This problem does not
affect the work reported here, because we use only ancient genetic
data. Haplogroup studies using ancient DNA have yielded very
important and sound observations, such as a clear genetic dis-
continuity between local HGs and the first farmers in central Europe®,
a resurgence of HG lineages during the middle Neolithic in the same
region®, etc. Moreover, the usefulness of single genetic markers has
been shown by several recent ancient DNA studies, for example, ana-
lyzing mt haplogroup K* and Y-chromosome haplogroup H2% in the
Early Neolithic, mt haplogroup H in the Middle and Late Neolithic”’, mt
haplogroups A2 and Cl in pre-contact Caribbean islanders®, etc. In this
work, we are especially interested in two issues that call for the study of
single genetic markers. First, it is appealing to find a quantitative
explanation for the observed frequency cline of a genetic marker.
Second, it is possible to apply the analysis of a single marker to esti-
mate a basic interbreeding parameter of farmers and HGs, namely the
percentage of farmers that interbred with HGs?°. For both purposes,
the usefulness of analyzing a single genetic marker can be understood
by considering a genetic marker, the frequency of which is not affected
by either drift or selection during the Neolithic spread. If local HGs lack
this marker but some farmers have it, and there is admixture between
both populations, the marker will dilute progressively as the popula-
tion front of farmers propagates and autochthonous HGs admix with
them, so the marker frequency will decrease (non-linearly”) with
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increasing distance from the origin of the dispersal (see, e.g., pp. 82-83
in ref. 29). Obviously the larger the percentage of farmers involved in
interbreeding, the stronger the dilution of the Neolithic marker in
farmers, i.e., the cline of this single marker will be steeper. Thus, such a
single-marker cline can yield information on the interactive behavior
of farmers and HGs. The existence of this interaction is not in question,
because estimations of genomic ancestry and admixture timing have
proven conclusively the existence of interbreeding between farmers
and HGs since the arrival of the first farmers or shortly thereafter>*°*,

From the discussion in the previous paragraph, it follows that a
specific genetic marker that meets the following conditions would be
ideal for a quantitative study aiming to estimate the percentage of
farmers that interbred with HGs: (1) the marker is (nearly) absent in
HGs before the arrival of the firsts farmers; (2) selection and (3) drift
effects (including surfing) are not important; and (4) the regional fre-
quency of the marker considered reaches sufficiently high values so
that a clear gradual variation can be detected (if it exists). The reason of
condition (4) is that this detection is not possible for low-frequency
markers, due to the small regional numbers of farmers whose hap-
logroup is known at present (see Supplementary Information,
Sec. S11). If these four conditions are met, it is possible to compare the
observed cline to those simulated by simple spatial demic-cultural
diffusion models (as done below). Haplogroup K is the only mt hap-
logroup that satisfies all four conditions stated above (as shown in
detail in Supplementary Information, Sec. S1-C). Concerning condition
(1), although it is known that a few HGs who lived in Europe before the
arrival of farmers have subclades of haplogroup K that have also been
found in early farmers, taking them into account in our simulations
does not change appreciably the results presented below, so our
conclusions are maintained (Supplementary Fig. 1a).

The similarities and differences between the inland and Medi-
terranean routes of Neolithic spread in Europe are topics of interest,
both archeologically® and genetically®. A well-known cultural differ-
ence is pottery, with Linearbandkeramik (LBK) ceramics present only
in part of the inland route and Impressa/Cardial ceramics found only
in some regions along the Mediterranean route. Another difference is
that radiocarbon dates combined with spatial simulations have
shown that the distances moved by early farmers each generation
were longer along the Mediterranean than along the inland route®'*",
Two more differences are a drop in early Neolithic crop diversity and
a slowdown in the Neolithic spread rate along the inland route but
not along the Mediterranean one*. On the other hand, early farmers
from both routes have similar genomes, as expected if they descend
from a single population that diverges along both routes®. However,
there are clear genomic differences between both routes. Indeed, the
proportion of HG ancestry in early farming populations is lower
along all of the inland route and in the eastern part of the Medi-
terranean route, compared to the western part of the latter (which
has a regional maximum in southern France)*>>*. These differences
between both routes are also reflected in principal-component maps,
which make it possible to visualize the degree of similarity between
populations of early farmers and HGs****. Very recently, another
interesting analysis has focused on a specific genetic marker (Y-
chromosome H2) in early European farmers and identified two sub-
clades, called H2d and H2m, which are found respectively along the
inland and Mediterranean routes of Neolithic spread®. The impor-
tance of comparing the farmer-HG interactions along both routes has
been recently stressed*>**°, but the proportion of farmers that
interbred with HGs and/or acculturated one of them along each route
has never been estimated. The aim of the present paper is precisely to
compare this feature of ancient behavior along both routes. Our
approach is based on computing the frequency of mt haplogroup K
in populations early farmers and comparing its dependence on dis-
tance to that predicted by a sound mathematical theory***'. This
makes it possible to estimate a key parameter in human prehistoric

behavior, namely the percentage of early farmers that interbred with
HGs and/or acculturated a HG (Methods).

Results

Before analyzing what the ancient cline of haplogroup K tells us about
the interactions between the incoming farmers and the autochthonous
HGs, it is necessary to develop a simulation model that provides rea-
sonable overall agreement with the archeological data. In order to do
so, in Fig. 1b we compare the date of the oldest Neolithic site in several
regions (error bars, from Supplementary Data 4) to the arrival time of
the Neolithic at the same site according to our simulations (lines). The
latter times have been obtained by simulating the spread of farmers on
a grid of square cells dispersing from an initial cell, reproducing and
interacting with HGs which initially live on the rest of cells (Methods
and Supplementary Information, Secs. S2 and S3). In order to find
realistic results, we have considered two simulation models. First, the
inland model is defined as that in which the fraction of individuals
that moves has displacements of 50 km per generation on average,
as suggested by ethnographic data*”> and used in previous
simulations'®?***, Using this inland model, we have obtained the red
line in Fig. 1b. It gives the arrival time of the Neolithic as a function of
the great-circle distance from the oldest site, which is located in
northern Mesopotamia (map in Fig. 1a). We assume that this site (Abu
Hureyra) is a reasonable estimation of the origin of the Neolithic wave
of advance (see Methods, Initial conditions). We note in Fig. 1b that the
inland model (red line) yields results that widely agree with the
archeological data for regions shown as red error bars (Anatolia, Ger-
many, northern France, and Belgium). However, this inland model (red
line in Fig. 1b) arrives extremely late to the other five regions compared
to the dates implied by the data (blue error bars for Cyprus, southern
France, Catalonia, Navarre, and central Portugal). This is not surprising
because, as mentioned above, it is known archeologically>* that the
Neolithic spread not only along an inland route (red color in Fig. 1b)
but also following a sea route (blue color in Fig. 1b) which was faster
and involved longer jumps (i.e., displacements per generation)*'*"’. We
can take this into account by introducing a second model, which we
call the sea model, so that farmers disperse with longer jumps along
the coast (see Supplementary Information, Sec. S3 for details). We are
not aware of any ethnographic data useful to estimate their length but,
as seen in Fig. 1b, displacements of 70 km per generation lead to rea-
listic arrival times (blue line) to the regional cultures reached by the sea
route (blue error bars). It is true that in the western Mediterranean, the
distance traveled along the coast by early farmers was much longer
than 70 km*'*", so we admit that more complicated models could be
built by assuming a longer jump distance for the western'® than for the
eastern’ Mediterranean and/or other local features. However, such
complications are unlikely to change our conclusions below, because
the latter follow from an observed genetic cline at the continental level
(not in a specific region such as, e.g., the western Mediterranean), and
moreover, the percentage of haplogroup K changes very slowly after
the arrival of the first farmers (Supplementary Information, Sec. S3-C
and Supplementary Fig. 6c). For the sea model (blue color in Fig. 1b),
the distance is measured along the coast (see the white line in Fig. 1a
and Supplementary Information, Sec. S3-B).

According to Fig. 1b, the average spread rate (at the continental
scale) along the sea route was ~1.6 km/yr, almost twice that along the
inland route (-0.9 km/yr). This difference and that seen above in the
jump length (70 km along the sea route versus 50 km along the inland
route) imply that geographical features had substantial effects on the
dispersal behavior of early farmers. Moreover, the confidence intervals
for the spread rates along both routes (estimated by linear regression
of the archeological data shown as error bars in Fig. 1b) do not overlap
with 95% confidence level (Supplementary Information, Sec. S7), and
this confirms that there is a statistically significant difference between
both dispersal rates.
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Fig. 2 | Sites with early Neolithic individuals whose mt haplogroup is known.
Sites are grouped by the regions used for the inland route (circles) and the Medi-
terranean route (triangles) in Figs. 3 and 4. The squares (lower right) are sites in

northern Mesopotamia (i.e., northern Syria, northwestern Iraq, and southeastern
Anatolia). This is the presumed region from where the Neolithic spread across
Anatolia (modern-day Turkey) and Europe.

A map of sites with early Neolithic genetic data is shown in Fig. 2.
Due to the fact that the availability of genetic data depends on the
region considered, in Figs. 2-4 regions are identified with numbers and
some regions are different from those in Fig. 1, which are identified
with letters. Since Fig. 1b yields reasonable agreement between our
spatial simulations and the archeological data, it makes sense to
compare our simulations also to genetic data. This is done in Fig. 3a for
the inland route, and in Fig. 3b for the sea route. In Fig. 3 the results of
our simulations are shown as lines, and the observed percentages of
haplogroup K as error bars (from Supplementary Data 3). The error
bars in Fig. 3 confirm conclusively the existence of a cline of mt hap-
logroup K for Neolithic populations, both along the inland route
(Fig. 3a) and along the sea route (Fig. 3b), with decreasing values
westwards and northwards. We have also confirmed formally the
existence of both clines by means of spatial correlograms and the
Bonferroni technique (Supplementary Information, Sec. S8).

We have seen (Fig. 1b and Supplementary Information, Sec. S7)
that the average spread rate along the Mediterranean route (1.6 km/yr)
was about twice faster than along the inland route (0.9 km/yr), and our
simulations show that this difference can be explained if the dispersal
distance per generation was substantially longer along the sea route
(70 km) than inland (50 km). On the other hand, according to Fig. 3 the
average slope of the genetic cline of haplogroup K along the Medi-
terranean route (-4 x 107 %/km) was half than that along the inland
route (-8 x 107 %/km). Again, according to the simulations in Fig. 3 this
difference can also be explained by the longer characteristic dispersal
distance per generation along the Mediterranean route (70 km) than

along the inland route (50 km). The intuitive reason is that the former
distance (70 km) is longer and, therefore, leads to fewer interbreeding
events per unit distance (and thus to a lower decrease in the % of
haplogroup K). Thus a single factor (namely, the difference in dispersal
distance) explains both the differences in spread rate and in average
slope of the genetic cline between both routes.

As expected from our Introduction, the steepness of the simu-
lated cline (lines in Fig. 3a, b) increases with the intensity n of inter-
breeding (and/or acculturation). It is very interesting that, in spite of
the difference in dispersal distance between the inland and Medi-
terranean routes, both genetic clines (Fig. 3a, b) imply a strikingly
similar interaction behavior between farmers and HGs for both routes,
because 7=0.07 in both cases. Indeed, the best overall agreement with
the data is attained for the clines within the hatched areas (see the
caption to Fig. 3), i.e., for 0.07 <1 <0.08 in Fig. 3a (inland route) and
0.06 <1 <0.07 in Fig. 3b (sea route). Both ranges are very similar and
consistent with a single value (7=0.07), in spite of the uncertainties in
the data (error bars) and of the fact that the average slope of the inland
cline is very different (twice larger) than that of the Mediterranean
cline. We conclude that, whereas the dispersive behavior depended
strongly on geography (i.e., the presence or not of the Mediterranean
Sea), interbreeding and acculturation apparently did not depend on
geographical constraints but only on the transition in the subsistence
economy (from hunting and gathering to farming) and its associated
way of life. Below we shall see that this conclusion is maintained when
taking into account the uncertainties in the parameter values and the
percentage of haplogroup K in the original population. The estimation
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Fig. 3 | Observed (squares) and simulated (lines) percentages of mt haplogroup
K among early farmers. a Inland route. b sea route. All error bars have been
obtained from n>15 individuals. Hatched areas indicate consistency between the
observed data and the simulations, in the following sense. a The hatched area
(0.07<17<0.08) is bounded by two black clines that cross all error bars except one.
b The cline for n=0.06 crosses all error bars and that for =0.07 crosses all error
bars except one. a We have used, as in Fig. 1b, the inland model (jumps of 50 km) for
regions located in the inland route, namely 1 northern Mesopotamia (northern
Syria, northwestern Iraq and southeastern Anatolia, n =19 individuals), 2 central
Anatolia (n=46), 3 Western Anatolia (n=56), 4 Bulgaria (except Malak Preslavets,
see Sec. SI-E, n=16), 5 Romania and Serbia (except Iron Gates, see Sec. SI-E, n=30),
6 Hungary (n=129), 7 Austria and Czech Republic (n=37), 8 Germany Linear-
bandkeramik (LBK, n=179), 9 Scandinavia (n = 70) and 10 northern France (n =133).
b We have used, as in Fig. 1b, the sea model (jumps of 70 km) for regions located
along the Mediterranean route, namely 11 Greece and North Macedonia (n=18), 12
Croatia (n =21), 13 Italy (n=23), 14 southern France (n = 85), 15 Spain (n=84) and 16
Portugal (n=15). The boxes (25% and 75% quartiles), error bars or whiskers (10% and
90% percentiles), and horizontal lines (medians) have been obtained by bootstrap
resampling with replacement (10,000 replicates). Source data are provided in the
excel Source Data file.

n=0.07 corresponds to 3.6% of early farmers interbreeding with HGs
and/or acculturating one of them (Methods, text below Eq. (14)).

The conclusion from Fig. 3 that 7=0.07 more than triplicates a
previous result?® which yielded 7~0.02. The main reason for this dif-
ference is the following methodological improvement introduced in
this paper. The model in ref. 20 and some other previous approaches

(see Supplementary Information, Sec. SI-A) used real numbers for the
population sizes, which obviously is not realistic because the number
of individuals must necessarily be an integer (for details, see Supple-
mentary Information, Sec. S2). Another difference with ref. 20 is that it
did not analyze the inland and sea routes separately because the
necessary genetic data were not available seven years ago (Methods).

In order to take the uncertainties in the parameter values into
account, we computed envelopes on the simulation outputs. Figure 4
shows those for the inland route and leads to the range 0.06 <n<0.12,
which refines that found in Fig. 3a without taking into account the
uncertainties in the parameter values (0.07 <7< 0.08). We applied the
same approach to the sea route and the result is 0.05<7<0.10 (Sup-
plementary Fig. 12b), which overlaps widely with that for the inland
route, reinforcing our conclusion that the interaction between farmers
and HGs along both routes was similar. The common range
(0.06 < n<0.10) implies that the percentage of farmers that interbred
with HGs and/or acculturated them was 2.4%-5.9% (Methods, text
below Eq. (14)).

Finally, we computed simulation envelopes similar to those in
Fig. 4 but assuming that the percentage of haplogroup K in region 1
was not equal to the observed value (47.4% K, square 1in Figs. 3 and 4)
but to the lower (31.6% K) or upper (63.2% K) bound of the corre-
sponding range (error bar 1in Figs. 3 and 4). In all cases, there was wide
overlap between both routes, and combining all possible cases leads to
the overall range for the percentage of early farmers that interbred
with HGs and/or acculturated them 1.2%-8.3% (Methods, text below
Eq. (14)). We would like to stress that the inland and sea routes yield
overlapping ranges of this percentage for any realistic set of parameter
values and also for any realistic percentage of haplogroup K in the
original population (Supplementary Information, Sec. S6).

Discussion

The first comparisons between human genetic clines along the inland
(i.e., central European) and Mediterranean routes were performed
more than 20 years ago using DNA from modern populations™***¢, By
then, it was not possible to compare observed clines to those obtained
from simulations of the Neolithic wave of advance because ancient
DNA was still unavailable, and the geographical patterns of modern
DNA have been surely affected by population movements after the
Neolithic. In contrast, here we have compared genetic clines along
both routes using DNA obtained from ancient individuals. This has
made it possible, for the first time to our knowledge, to estimate along
each route (Fig. 3a, b) a key parameter describing the interaction
behavior between early farmers and HGs, namely the intensity of
interbreeding and/or acculturation 7, and from this the percentage of
farmers that interbred with HGs or acculturated one of them.

Some authors have previously estimated other interesting quan-
tities that are related to the interaction between early farmers and HGs.
One example is the HG ancestry proportion in early farmers**°4,
which is estimated using f, statistics (based on differences in allele
frequencies)*® and/or admixture analysis (which usually yields much
the same results, see Fig. S6.2 in ref. 30). Other examples are the
assimilation coefficient of HGs into farmer populations*’, the prob-
ability that an HG interbreeds with a farmer, etc. None of these results
can be compared directly to our estimate 5, because they measure
different quantities. Two of these previous studies***° modeled the
Neolithic spread, but only along the inland route. Here we have com-
pared the interaction behavior between farmers and HGs along the
inland and Mediterranean routes. Another difference is that we have
applied Egs. (1)-(12), derived rigorously from cultural transmission
theory*,

It was previously known from archeological data’>** that the
dispersive behavior of early European farmers depended on geo-
graphy, because the Neolithic spread faster in coastal regions and this
implies that early farmers moved longer distances per generation
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Fig. 4 | Observed and simulated percentages of mt haplogroup K (% K) among
early farmers along the inland route. This figure takes into account the uncer-
tainty in the parameter values, so each value of  has an envelope (rather than a line
as in Fig. 3). For each distance, the hatched area gives the minimum and maximum
values of the % K due to this uncertainty (see Methods). The data used are the same
as in Fig. 3a, so the values of n, boxes, whiskers, and horizontal lines are also the
same. This figure shows that no simulation outputs cross all error bars. Panel a
(n=0.05) shows that for n < 0.05 it is not possible to find any simulation output that
crosses all error bars except one. In contrast, panel b shows that for p = 0.06 there is
at least one simulation output (the lower black line) that crosses all error bars
except one. Thus n=0.06 is the minimum value of n consistent with the data.
Panel d (7=0.13) shows that for n>0.13 it is not possible to find any simulation
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output that crosses all error bars except one. In contrast, panel ¢ (7=0.12) shows
that there is at least one simulation output that crosses all error bars except one
(e.g., the blue line, see the caption to Supplementary Fig. 12a). Thus 7=0.12 is the
maximum value of 5 consistent with the data. We conclude that assuming that the
initial percentage of haplogroup K is equal to its observed value (47.4% K, square of
error bar 1), consistency between the genetic data and the simulations in the inland
route is possible only if 0.06 < <0.12. This refines the range found in Fig. 3a
without taking into account the uncertainties in the parameter values
(0.07<17<0.08). Analogous figures for the sea route are included in Supplemen-
tary Fig. 12b and they lead to 0.05< 1< 0.10, which refines the range from Fig. 3b
(0.06<n<0.07). Source data are provided in the excel Source Data file.

along the Mediterranean coast than along the inland route**'*".
Indeed, archeological data show that early migrating farmers moved
on average ~-50 km per generation along the inland route and ~70 km
per generation along the Mediterranean route, with a spread rate
(Fig. 1b and Sec. S7) in the latter case (-1.6 km/yr) almost twice than
along the inland route (0.9 km/yr). Thus geographical constraints had
a strong effect on the dispersal behavior of early farmers in Europe.
Here we have found that the slope of the genetic cline of haplogroup K
along the Mediterranean route (-4 x 10~ %/km) was half of that along
the inland route (-8 X107 %/km), again due to a strong geographical
effect on human dispersal (Fig. 3). We have also shown the unexpected
result that, in sharp contrast with these differences, the interactive
behavior between farmers and HGs (interbreeding and/or accultura-
tion) did not depend on geographical constraints (at the continental
scale) because for both routes the percentage of farmers involved in
this interaction was remarkably the same, namely ~3.6% or, more
precisely, between 1.2% and 8.3%.

Our results provide a very simple explanation of the well-known
higher HG ancestry along the Mediterranean route than along the
inland one®*>*°, The sea route has ~-6000 km along the coast (Fig. 3b),
and along it early farmers moved ~70 km per generation on average
(Fig. 1b), which implies ~6000/70 =86 admixture events (one per
generation). In contrast, along a straight line on the inland route, there
were only ~3000/50 = 60 admixture events (Figs. 3a and 1b). So, given
that the same percentage of farmers interbred with HGs in each
admixture event along both routes (i.e., that the values of r in Fig. 3a, b
are essentially the same), more HGs per farmer had been incorporated
when the Neolithic wave of advance reached the end of the sea route
that when it reached the end of the inland route. This explains that the
proportion of HG ancestry was higher at the end of the sea route
(Iberia) than at the end of the inland route (northern France), see e.g.,
Fig. 4a in ref. 31. This reasoning also explains three additional obser-
vations: (i) the HG ancestry proportion is generally higher in western
European early farmers than in eastern ones®; (ii) at the end of the
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sea route the percentage of haplogroup K is lower than at the end of
the inland route (error bars in Fig. 3); and (iii) at the end of the sea route
the percentage of HG haplogroups is higher than at the end of the
inland route (Supplementary Data 7).

We caution that our results are valid in many regions (Fig. 2) but
they do not exclude the possibility that the percentage of farmers that
interbred with HGs and/or acculturated them deviated from our large-
scale trend in specific locations or environments not included in our
analysis. A case in point is that of some Danubian sites (such as Malak
Preslavets in Bulgaria and Iron Gates sites in Serbia) with exceptional
fishing resources and anomalously high HG famer interactions, as
detected both archeologically and genetically*. Future work could
address this topic explicitly, with more detailed simulations allowing
for spatial variations in HG density, the proportion n of farmers that
interbred with HGs or acculturated them, etc. Such non-homogeneous
models would also be of interest to discuss scenarios in which
admixture events do not take place in all locations but only in specific
ones".

Our simple approach could be useful to simulate the increase in
the percentages of HG haplogroups in the populations of early farmers
along the inland and Mediterranean routes. We note that this is a
substantially more complicated task, due to the need to know the
precise initial genetic conditions (i.e., the detailed distribution of
haplogroups in the populations of HGs in all regions analyzed, in
addition to those of early farmers). Such an approach might help to
clarify if some observed regional differences (e.g., the anomalously
high HG haplogroup frequencies and HG ancestries observed in
southern France®*>*°) are due to geographical differences in the initial
genetic conditions of HGs, the initial densities of HGs, the population
sizes of pioneering farmers® and/or key parameters of human beha-
vior (such as the percentage of farmers that interbred with HGs and/or
acculturated one of them).

It is worth stressing that the present study is based on a single
marker (mt haplogroup K). We acknowledge that this makes our
conclusions less certain than if we could check them using evidence
from the complete genome. Admittedly, using data on a single marker
implies limitations, in at least three different ways. Firstly, perhaps
random effects were strong enough to have a major influence on the
spatial distribution of haplogroup K. In this case, the clines that we
have analyzed (Fig. 3) would not be due to interbreeding (as assumed
by our model) but just to random effects. However, in Supplementary
Information, Secs. S9, 10, we generate many clines at random and find
that a spatial decrease similar to that of haplogroup K is not obtained
(with 90% confidence level). This suggests that for haplogroup K the
formation of the cline is driven by a non-random process that dom-
inates over purely random effects. Our model includes such a process
(interbreeding and/or acculturation), so it is reasonable to apply our
model to analyze the clines of haplogroup K (other models are dis-
cussed and dismissed in Supplementary Information, Sec. SI1-B).

A second possible limitation of our results is due to considering
only one genetic marker, namely mt haplogroup K. There are two main
motivations for us to use haplogroup K: (i) it is essentially absent in
HGs, so we avoid the effect of the uncertainties in the regional fre-
quencies of haplogroup K in HGs (Supplementary Information, Sec. S1-
D). (ii) It is the mt haplogroup that reaches the highest regional fre-
quency, ~50% (Supplementary Data 7), so effects due to the smallness
of the regional samples available are less important that in lower-
frequency haplogroups. Indeed, in Supplementary Information,
Sec. S11, we show that, due to the smallness of the regional samples
available at present, we can only detect clear clines for markers that
display high frequencies. According to the data, there is not any hap-
logroup except K with a high frequency (-40% or more) in any region
(Supplementary Data 7), so we have to use haplogroup K because all
other haplogroups display too low frequencies (below 20%, see Sup-
plementary Data 7b, c).
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Fig. 5 | Observed (squares) and simulated (curves) percentages of
Y-chromosome haplogroup G2a among early farmers along the inland route.
The regions are the same as in Fig. 3. In order to avoid very large error bars, we have
included only regions with n>10 individuals. The regions are 2 central Anatolia
(n=11), 3 Western Anatolia (n=21), 6 Hungary (n=30), 7 Austria and Czech
Republic (n=10), 8 Germany Linearbandkeramik (LBK, n =41), 9 Scandinavia
(n=20) and 10 northern France (n=43). (Supplementary Data 8). The boxes (25%
and 75% quartiles), error bars or whiskers (10% and 90% percentiles) and horizontal
lines (medians) have been obtained by bootstrap resampling with replacement
(10,000 replicates). In region 9 there is not any individual with Y-chromosome
haplogroup G2a, so we have applied the method in*°, Text S10. Source data are
provided in the excel Source Data file.

A third possible limitation of our results is due to considering only
mtDNA. It could be argued that analyzing other parts of the genome
might, in principle, yield estimations for the intensity of interbreeding
n inconsistent with the range obtained by us. Testing this possibility
is difficult with the data available at present. Fortunately the
Y-chromosome offers such a possibility, but there are much fewer data
than for mtDNA (e.g., for region 1 we know the Y-chromosome hap-
logroup of only 2 individuals). In Fig. 5 we plot for the inland route the
frequencies of haplogroup G2a, which was absent in HGs and is the
Y-chromosome haplogroup that reaches the highest frequencies,
above 50% (Supplementary Data 8). It exhibits a decreasing cline with
increasing distance, as predicted by our model. However, it is true that
the fact that the cline of G2a decreases implies only qualitative
agreement with our model. Quantitative agreement requires that the
observed cline is similar to those obtained from our simulations using
the same parameter values as for the cline of mt haplogroup K (Fig. 3a).
In order to test this, since our model can be directly applied to
Y-chromosome DNA (as justified in Supplementary Information,
Sec. S12), we use our model to obtain in Fig. 5 simulated clines using
the values of  (=0.07 — 0.08) obtained in Fig. 3a from the cline of
mt haplogroup K (all other parameter values are also the same as in
Fig. 3a). In Fig. 5 there is reasonable agreement between the observed
and simulated clines of haplogroup G2a. Thus Y-chromosome data,
which are independent from mtDNA data, give support for our pro-
posal. Unfortunately, we cannot perform an analogous analysis along
the sea route, because at present only two regions have more than 10
individuals whose Y-chromosome haplogroup is known (Supplemen-
tary Data 8). In the future, the Y-haplogroup of more early farmers will
be known and it will be possible to check: (i) if the percentage of G2a
decreases also along the sea route, as predicted by our interbreeding
model, and (ii) in case it does, if the corresponding interbreeding
intensity n is consistent with the estimations in the present paper. We
believe that our simple model cannot be applied directly to all parts of
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the genome because, in general, we cannot define haplogroups in the
sense used in the present paper due to recombination (exchange of
genetic material between maternal and paternal chromosomes).
However, when more data are available, additional tests of our pro-
posal could be carried out for regions of autosomes that do not
recombine or have essentially no recombination, see e.g.”’*%. More-
over, as mentioned above, spatial clines are observed for some quan-
tities that are calculated using the whole genome or a substantial part
of it, e.g., the proportion of HG ancestry®***"*°, diversity statistics*’,
etc. Using sufficiently powerful computing equipment, our methods
could be applied to simulate such clines. Comparing them to the
observed ones could lead to estimations of the interbreeding/accul-
turation intensity n based on the whole genome, which could be
compared to our estimations.

Methods

Observed data

We have gathered a database with the haplogroups of all early farmers
from regions across which Archeology has shown that the Neolithic
spread, from northern Mesopotamia to western and northern Europe.
Recent ancient DNA data for northern Mesopotamia®®®, central
Anatolia®*®*, western Anatolia®>®, Bulgaria®®, Scandinavia®®®,
northern France® %, Greece*, Italy*”*°, southern France®“®, Romania
and Serbia*** have made it possible to include also these regions in the
present work (in contrast to ref. 20), so have now been able to analyze
the genetic data of the inland and sea routes separately (Fig. 3a, b).
Supplementary Data 1 is the Neolithic genetic database with all 961
early farmers along the inland and Mediterranean routes whose mt
haplogroup is known. As already done in ref. 20, some regions have not
been included in our analysis for reasons discussed in detail in Sup-
plementary Information, Sec. SI1-E (e.g., the southern Levant was
excluded because its populations were not involved in the spread of
the Neolithic across Anatolia and Europe’®).

At a given location, the time of arrival of the first farmers does not
necessarily coincide with the time estimated from the genetic material,
because the individuals whose DNA has been recovered might have
lived generations after the arrival of the first farmers. Thus, in order to
develop a realistic spatial model, in addition to the dates of the indi-
viduals whose DNA has been retrieved, we also need the time of arrival
of the Neolithic at each region, which is estimated from archeological
(not genetic) data. All samples considered by us are either cereal seeds
or bones from humans or domesticated animals, thus highly reliable.
The date and location of the oldest archeological site for each of the
regions listed in the caption to Fig. 1 is included as Supplemen-
tary Data 4.

Space-time genetic simulations

The spatial domain considered in our simulations encompasses Eur-
ope, the Near East and part of Asia and Africa. This area is represented
by a grid of 300 x 300 squared cells of 50 km x50 km each in our
simulations of the Neolithic spread to regions reached along the inland
route (red color in Fig. 1b). The value 50 km has been estimated pre-
viously from ethnographic data of mobility per generation of pre-
industrial farmers*. In contrast, for regions reached following the sea
route we use a different simulation grid of cells with sides of 70 km, as
required to reproduce the corresponding archeological arrival times
(blue error bars in Fig. 1b). In a previous model*® we used a non-
homogeneous geography (with seas and mountains) whereas here we
use an homogeneous one for 3 reasons: (i) simulations are faster and
simpler; (i) an homogeneous geography leads to very similar results
than a non-homogeneous one (Supplementary Information, Sec. S2-
Al); and (iii) an homogeneous geography makes it possible to test the
models by comparing to analytical equations for the Neolithic spread
rate (Supplementary Information, Sec. S2-A2). Another difference is
that in ref. 20. the population density (and therefore the population

size) was represented using real numbers. This corresponds to the
dispersal, reproduction and interaction of a non-integer number of
individuals (e.g., less than one), which is obviously impossible. The
present paper is based on a more realistic approach, in which popu-
lation sizes have integer numbers (see below).

Each cell can host three populations: farmers with haplogroup K
(with population size Py ), farmers without haplogroup K (with popu-
lation size Py) and HGs (with population size P,;), where the popu-
lation size is the number of individuals at a given spatial cell and time.
For simplicity, HGs do not have haplogroup K, but modifying the
simulations to include 2% or less of HGs with haplogroup K, as implied
by the genetic evidence (Supplementary Data 5), leads to essentially
the same results (Supplementary Fig. 1a).

Initial conditions

In order to compare the archeological data (error bars in Fig. 1b) to the
simulations (full lines), it is necessary to assume an origin of distances
(horizontal axis). In our simulations, the spatial origin corresponds to
the place from where the Neolithic wave of advance spread into Ana-
tolia and Europe. As a reasonable origin, we have used the site of Abu
Hureyra (black square in Fig. 1a and star in Fig. 2) because of the
following considerations. Neolithic traits (i.e., domesticated plants and
animals) appeared at different places and times in the Near East, over
several thousand years. Eventually, in the so-called pre-pottery Neo-
lithic B and C (PPNB/C) cultures, a more homogeneous set of farming
and stockbreeding practices (called the Neolithic package) was
formed. It is from the PPNB/C cultures that the spread of the Neolithic
into Europe proceeded’. According to the database in ref. 3, Abu
Hureyra is the oldest PPNB site in Syria, Anatolia, and Iraq. Moreover,
both spatial analysis of archeological dates (Fig. 3B in ref. 3) and recent
genomic data®®®' suggest that the region where Abu Hureyra is located
(northern Mesopotamia, see Fig. 2 and Supplementary Fig. 1b) is likely
the area from which the Neolithic spread into Anatolia and Europe.
Furthermore, Abu Hureyra displays an exceptional, continuous record
from foraging to farming, with sedentary HGs cultivating some cereals
several thousand years before the Neolithic (i.e., before their economy
became based on the cultivation of domesticated crops, rather than on
hunting and gathering)”. It is also remarkable that the dietary shift in
Abu Hureyra at the start of the Neolithic has been proven by dental
evidence’. Hence not only radiocarbon dating, but also geostatistical,
genomic, and archeological reasons support the use of Abu Hureyra as
a reasonable origin of distances (as done in Figs. 1b and 3-5).
According to Supplementary Data 4, the oldest reliable Neolithic date
for Abu Hureyra is 9557 calibrated (cal.) years before the common era
(yr BCE). This implies that the Neolithic front could have spread from
there later but not sooner than at 9557 cal. yr BCE. In order to attain
reasonable agreement between the simulated dates for the inland
route (red line in Fig. 1b) and the archeological dates for the same route
(red error bars in Fig. 1b), we have assumed that the Neolithic front
spread from Abu Hureyra at 8718 cal. yr BCE. Such a date for the start of
the Neolithic spread is within the PPNB period of Abu Hureyra™. In fact,
the ultimate reason to use the initial time 8718 cal. yr BCE in our
simulations is that we do not choose the slope of the red line in Fig. 1b
because it is fixed by the characteristic dispersal distance (50 km), net
fecundity, and generation time (given below), all of them obtained
from ethnographic data.

Concerning the sea route, unfortunately we do not have an eth-
nographic value for a characteristic dispersal distance of pre-industrial
farmer populations living along a coast, so the slope of the blue line in
Fig. 1b (and thus the simulated spread rate along the sea route) is not
fixed by ethnographic data but corresponds to choosing a dispersal
distance of 70 km to obtain agreement with the blue error bars in
Fig. 1b (see Results).

We assume that initially there are farmers only at the cell con-
taining Abu Hureyra, in which we set the initial farmer population size
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at its maximum possible value Py ., = IZmeax, where [ is the length of
each side of the cell, i.e., the mean distance moved by generation (as
used in Fig. 1b, /= 50 km for the inland route and [= 70 km for the sea
route). The carrying capacity of farmers is py na, = 1.28 individuals/km?,
a value from ethnographic data that has been used in previous genetic
and archeological simulations?®”*. For the entire grid (except the
starting cell), we set the initial population of HGs equal to its saturation
value, PHGmx=lszGmaX with pycmax =0.064 individuals/km?, again
from ethnographic data and as used previously'>**”, Other realistic
values of Pr . and Pycmax do not change the conclusions (see the
sensitivity analyses in Supplementary Information, Secs. S5 and S6).

We use the simulations to predict the percentage of haplogroup K
at several locations (their latitudes and longitudes are transformed
into X and Y coordinates on the simulation grid by following the
approach explained in Supplementary Information, Sec. S3). As
explained above, for the oldest PPNB archeological site in northern
Mesopotamia (Abu Hureyra) we use the date 8718 yr BCE. However, the
average date of the early farmers from northern Mesopotamia for
which we have genetic data is more recent, namely 7752 yr BCE, and
their average location is also different from that of Abu Hureyra
(Supplementary Data 1). In order to take into account this difference in
dates and locations, we first found (by trial and error) the percentage
of haplogroup K (% K) that needs to be assumed at the initial time
(8718 yr BCE) and origin (Abu Hureyra) of the dispersal in order to
obtain the observed % K (47.4%, from Data S3) at the average time
(7752 yr BCE) and location of the early farmers from northern Meso-
potamia for which we have genetic data.

Population dynamics

Front propagation models have been implemented to analyze human
dispersals*. In such phenomena, changes in population numbers
result from two processes, namely net population growth (reproduc-
tion minus deaths) and migration (dispersal). Our model also includes
cultural transmission (i.e., interbreeding and/or acculturation). In the
simulations each time step is one generation. The generation time,
defined as the average age of a parent at the time when one of his/her
children is born, is T=32 yr and has been estimated using observed
data for pre-industrial farming populations’®. For each generation, the
model proceeds sequentially through the following three steps.

Dispersal. At each inland cell, the model computes the number of
farmers Py, and Py (i.e., with and without haplogroup K, respectively)
arriving from each of the four adjacent cells. Although several dispersal
distances could be included, we expect that the results would be
similar to those from our simple isotropic single-distance dispersal
model, already applied in previous work?>*2, Similarly, at each coastal
cell (grid edge), individuals can arrive from the adjacent inland cell (in
the direction orthogonal to the coast) and from the two adjacent coast
cells. Ethnographic data indicate that a fraction of about p,=0.38 of
farmers (called the persistence) stays at each cell**

In principle, the easiest approach to implement integer numbers
could seem to assume that the number of farmers (of each group N and
X) that stays at each cell is equal to the nearest integer to the corre-
sponding initial number multiplied by the persistence p,. Similarly, we
could be tempted to assume that the number of individuals who jump
to each of the 4 first neighboring cells is the nearest integer to the
initial number multiplied by (1 — p, ) /4. However, this simple approach
has a serious problem. Assume, for example, that a node has P, =3 and
Py =5 farmers. Then the number of N-individuals that jump in each of
the 4 directions would be NINT((1 - 0.38)3/4) =0, and the corre-
sponding number of X-individuals would be NINT((1 - 0.38)5/4) =1.
Thus, in the nodes where farmers arrive, their percentage with hap-
logroup K would be 0%. This effect is due to the smallness of the
population size (obviously, the result 0% would not be obtained if,
instead of Py =3 and Py =5, we considered e.g. Py, =30 and P, =50).In

fact, this effect disappears if we realize that such a simple approach is
unrealistic because both ethnographic’’ and archeological>’® data
imply that human populations do not live in groups of arbitrarily low
size. As explained in detail in Supplementary Information,
Secs. S2-B-D, we take this into account by imposing the condition that
dispersal takes place only after the number of farmers in a given node
reaches a minimal number (dispersal threshold). Previous simulations
of Neolithic spread have already applied a dispersal threshold’, which
is very reasonable because there is a well-known minimum population
size for human groups, which is thought to be related to the benefits of
food-sharing, division of labor, and other forms of cooperation”.
Indeed, archeologists have remarked that the first Neolithic settle-
ments in local regions generally consisted of several houses, not a
single one (see, e.g., ref. 5, pp. 97). We use a minimum threshold for the
population size corresponding to a density of pg,,;, = 0.06 individuals/
km? according to Early Neolithic archeological data’® (see Supple-
mentary Information, Sec. S2C). In our model the number of indivi-
duals is conserved by using a random dispersal algorithm and
requiring that the number of individuals that stay in each cell is equal
to the initial number (before dispersal) minus the sum of the numbers
that jump in the four directions (for details see Supplementary Infor-
mation, Sec. S2-D). Thus, the model is stochastic, and the number of
individuals of any type that jump into the four cells is not necessarily
the same. When the first farmers arrive at a cell, the number of HGs
begins to decrease due to cultural transmission (see the next para-
graph), and we can neglect the dispersal of HGs because their decrease
is compensated by some farmers and their offspring who occupy the
space formerly used only by HGs.

Cultural transmission. Culture can be transmitted between genera-
tions by three different mechanisms®. If farmers and HGs interbreed,
this transmission of culture is called vertical and it is well-known from
ethnographic fieldwork that the children of these mixed couples are
farmers®’°. In contrast, acculturation occurs when HGs learn agri-
culture from farmers of the same generation (horizontal transmission)
or the previous one (oblique transmission). Out of the three mechan-
isms mentioned, we only apply vertical transmission (i.e., interbreed-
ing), but including horizontal/oblique transmission (i.e., acculturation)
in addition to (or in place of) vertical transmission would lead to the
same conclusions, with the only difference that 7 would not be the
intensity of interbreeding but of interbreeding and acculturation (see
Text S9 in ref. 20).

The number of cross-matings (i.e., mixed couples) between HGs
(H) and each of the two populations of farmers (N and X) in a cell of the
simulation grid is given by equations derived using cultural transmis-
sion theory™ in ref. 80, namely (see also Text S5 in ref. 20)

- Prc Py

couples HN=n Pt Pyt Py’ )
- Prc Px

couples HX =n P+ Pyt Py 2)

where the denominators (i.e., Py + Py + Py) give the total population
at the cell considered, and parameter n is called the intensity of
interbreeding (0 < 7 <1)*°. The number of individuals who do not take
part in HN or HX matings is obviously given by
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where the number of couples is given by Egs. (1)-(2). Since there is
no reason to assume that farmers of a genetic group (K or non-K)
have a preference for (neither against) mating with farmers of the
same genetic group, we assume random mating among farmers (n
=1)°"% j.e.

Pn Py

couples NX = PP
nTFx

(6)

Reproduction. The net fecundity is defined as the number of children
per parent that survive and reproduce (because obviously, only these
affect the propagation of the Neolithic front). Let Ry ;¢ stand for the
net fecundity of HGs (which applies to matings in which both parents
are HGs) and R,  for the net fecundity of farmers (which applies to all
other matings because, as mentioned above, the children of cross-
matings between farmers and HGs are farmers). Next, we apply Egs. (1)-
(6) to find out the number of individuals for each population
(Pyc.PyandPy) at generation ¢ +1 as a function of those at generation
t. The simplest case is that of HGs, because both parents of a HG are
necessarily HGs. Thus

Prc(X,y, t +1)=Ry ¢ [2 couples HH], 7)

where we have taken into account that R, ;¢ is the net fecundity
(number of surviving children) per person, so the net fecundity per
couple is 2R ;6. In Eq. (7), couples HH = P15(x, y, t)/2 is the number
of couples in which both mates are HGs. Using Eq. (3), we obtain

Prc(x,y,t +1)=Ro 116 [Puc(x,y, t) — couples HN — couples HX], (8)

where the last two terms are given by Egs. (1)-(2). We next consider the
case of farmers, which is less straightforward® because one of the
parents of a farmer can be an HG (see point (ii) above) or a farmer of
another genetic type. Assuming for simplicity that in half of the mixed
genetic matings (HN and NX), the mother belongs to group N (farmers
with haplogroup K) and taking into account that, since mtDNA is
passed from mother to children, her children will also have haplogroup
K, we can apply that 50% of the offspring of such matings will be of type
N. Then it is obvious that

Py(x,y,t+1)=Ry £ [2 couples NN +couples HN + couples NX|, (9)

Px(x,y,t+1)=Ry r [2 couples XX + couples HN + couplesNX +2 couples HX].
(10)

In the last term of Eq. (10) we have applied that HGs and farmers of
group K lack haplogroup K, so all offspring of couples HX will also lack
it, i.e., they will be all farmers of type X.

Substantially more complicated equations with six populations
(to distinguish females from males) and taking into account that all
HGs are women in cross-matings between HGs and farmers (as sug-
gested by ethnographic data) lead to very similar results. This was
explicitly shown in a model using real numbers for the population sizes
(Text SI1 in ref. 20) and we expect that the same will happen using
integer numbers instead.

The number of couples of farmers that mate with farmers of the
same genetic type are those that do not mate with HGs or farmers of
the other genetic type, i.e. couples NN = [P1y(x,y,t) — couples NX] /2
and couples XX = [Pry(x,,t) — couples NX] /2. Using these numbers of
couples into Egs. (9), (10), and then Egs. (4), (5) we finally obtain

Py(x,y,t+1) =Ry Pyn(x,), D), 11

Py(x,y,t+1)=Ry £ [Px(x, ), t) + couples HN +couples HX].  (12)

At each cell and generation, the effect of cultural transmission is
computed using Egs. (8), (11) and (12). For clarity, we have presented our
derivation in the context of the Neolithic transition, but these equations
are valid in general (i.e., for any population, epoch, and cultural trait),
with suitable modifications if necessary. In accordance with ethno-
graphic data, we set the net fecundity of farmers equal to R, r =2.45 as
in previous work?**®! which means that at each node, the new popu-
lation is generated by multiplying 2.45 times the size of the parent
population. The resulting number is adjusted to the nearest integer (see
Supplementary Information, Sec. S2-B). A setback of this simple
implementation is that it yields an infinite growth that should be limited
by the carrying capacity of farmers, P, (Where P =Py +Py). Con-
sequently, at a given cell, if the number of farmers is above its max-
imum, it is set to its maximum possible value (P ,,,) without changing
the relative fractions of farmers with and without haplogroup K. We
expect that using a logistic model would not change the conclusions
because both models are very similar except when P approaches P .«
and it is well-known that this does not effect the front dynamics*.

We assume that the HG populations at each cell are at a steady state
(Ro 11 =1) and at saturation (P = Py max) before the arrival of farmers.
After the latter arrive to a cell, its population size of HGs will decrease due
to cultural transmission. In turn, this implies that some farmers and their
offspring will be in the space formerly occupied by HGs, so we assume
that the remaining HGs maintain their steady state, Ry ;=1 (as in pre-
vious work, which used real numbers?’, we expect that other reasonable
values of Ry will lead to very similar results using integer numbers).

Our Fortran programs (publicly available at https://zenodo.org/
records/11099220) apply, at each cell and time increase (correspond-
ing to one generation), the three steps of the cycle explained above,
i.e., (i) dispersal, (ii) cultural transmission, and (iii) reproduction. In this
way, the program finds out the number of individuals of the three
populations in each region at the cell corresponding to the average
latitude and longitude over all its early farmers whose mitochondrial
haplogroup is known, at the average date of the same individuals
(Supplementary Data 1). From this, we know the regional fractions of

farmers with haplogroup K, namely (PNPfNPX) 100. The time span from the

beginning of the Neolithic spread (Syria, 8718 cal. yr BCE) up to the
average genetic date of the most recent region in the genetic database
(Scandinavia, 3286 cal. yr BCE, see Supplementary Data 1) is 5432 yr. As
mentioned above we set T=32 yr for the time elapsed in one gen-
eration, so we run our model for t=200 iterations to cover the
necessary time span. As explained above, the dispersal step is sto-
chastic, and the model, therefore, yields slightly different results in
different simulation runs, even for the same set of parameter values.
However, for any given values of the position and time, the differences
in the percentage of haplogroup K between different simulation runs
are ~0.1% or less, so the clines (Fig. 3) do not change (i.e., it is not
necessary to average over different runs). For detailed discussions on
the model, see Supplementary Information, Secs. S2-S4.

The uncertainties in the parameter values are taken into account
by considering realistic ranges from ethnographic data and analyzing
their effect on the simulated cline (Supplementary Information,
Secs. S5, S6). In this way it is found that, for a given location and value
of n, the maximum percentage of haplogroup K (upper black lines in
Fig. 4) is obtained for pg;, = 0.07 farmers/km?, Ry r=2.87, Prax =
1.86 farmers/km* and ppg max = 0.047 HGs/km?, and the minimum one
(lower black lines in Fig. 4) for pj;,=0.05 farmers/km?* R, =2.09,
Prmax = 0.96 farmers/km? and ppgmax = 0.072 HGs/km?. The genera-
tion time T and persistence p, have a negligible effect as long as eth-
nographically realistic values for them are used*>’®, and similarly the
dispersal distance [ is tightly constrained by the archeological data
(Fig. 1b). Envelopes similar to Fig. 4 for the sea route and/or other
values of the percentage of haplogroup K in the original population
(error bar 1in Figs. 3 and 4) are included in Sec. Sé6.
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Finally we focus on cultural transmission by computing the rela-
tive increase of the total population of farmers P, = Py, + Py during one
generation leaving aside reproduction (Ryr=1) and dispersal from
Egs. (11), (12), (1) and (2),

Prxyt+1) — Pe(xpt) _ Prc(xy,t)
Pr(x.,t) Prc(xy,0) + Pr(xy,t)’

The numbers of individuals per square cell with side [ are related
to the respective population densities as Py = pHGI2 and Pp= pFlz. As
explained above, when the first farmers arrive to a cell p; = pr i, and
Puc =Prcmax- Thus the percentage of early farmers that interbreed
with HGs (or acculturate them) is simply

13)

1007

1+ Pemin
PHG max

(14)

In the first part of these Methods we have seen that Fig. 3 has been
obtained for pg i, =0.06 individuals/km?* and py;¢max = 0.064 indivi-
duals/km?. Also in Fig. 3, the best agreement between data and simu-
lations is attained for n=0.07. Using these three values in Eq. (14) we
estimate that the percentage of farmers that interbred with HGs or
acculturated them is 3.6%.

The envelopes for the inland route (Fig. 4) and the sea route
(Supplementary Fig. 12b) have been obtained for 0.05<p; ., <0.07
individuals/km? and 0.96 < p ..., < 1.86 individuals/km? (for the rest of
parameter values, see Supplementary Information, Sec. S6-A). These
envelopes agree with the data if 0.06<np< 0.10 (Supplementary
Fig. 12a, b). Using these three ranges Eq. (14) leads to the estimation
2.4%-5.9% for the percentage of farmers that interbred with HGs or
acculturated them. This refines the estimation of 3.6% obtained in the
previous paragraph without taking into account the uncertainty in the
parameter values.

The previous two paragraphs assume a percentage of hap-
logroup K in the original population equal to its observed value
(47.4% K, square 1 in Figs. 3 and 4). If we assume, instead, that this
percentage is equal to its lower bound (31.6% K, error bar 1 in Figs. 3,
4), the data and the simulations agree for both the inland and sea
routes if 0.03<n < 0.06 (Supplementary Fig. 13a, b) and Eq. (14) leads
to the range 1.2%-3.5% for the percentage of farmers that interbred
with HGs or acculturated one of them. Finally, if the percentage of
haplogroup K in the original population is equal to its upper bound
(63.2% K, error bar 1 in Figs. 3, 4), agreement between data and
simulations along the inland and sea routes implies that 0.10<p<
0.14 (Supplementary Fig. 14a, c) and Eq. (14) yields 4.0%-8.3% for the
percentage of farmers that interbred with HGs or acculturated one of
them. Therefore, the overall range is 1.2%-8.3% (as reported in the
Results section).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data used are included as a single excel file (Supplementary
Data 1-8). Source data for figures are provided as a Source Data
file. Source data are provided with this paper.

Code availability
All computer programs used and a README file are publicly available
at https://zenodo.org/records/11099220.
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