


















































































admixture in ADMIXTURE K=3 (SI6) analysis and with a high frequency13 (92.1%) of Y-haplogroup 
N, which may be associated with the arrival of a separate stream of Siberian influence into parts of 
Europe. Fig. S9.26 shows that an N=4 model with the addition of the Nganasan to either the 
EN+WHG+EHG or the EN+WHG+Yamnaya model visibly improves the residuals for the 
northeastern European outlier populations, but has little effect on most others.

Figure S9.24: EN+WHG admixture improves residuals across most European populations. (a) 
resnorm for N=1 EN model. (b) resnorm for N=2 EN+WHG model. (c) change in resnorm between 
N=1 and N=2. 
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Figure S9.25: EHG or Yamnaya admixture improves residuals across most European 
populations. (a) resnorm for N=3 EN+WHG+EHG model. (b) change in resnorm between N=2 and 
N=3 EN+WHG+EHG model. (c) resnorm for N=3 EN+WHG+Yamnaya model. (d) change in 
resnorm between N=2 and N=3 EN+WHG+Yamnaya model. 
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Figure S9.26: Adding Nganasan as a 4th reference population improves residuals for 
northeastern European populations. The effect is strongest for Finns, Russians, and Mordovians, 
followed by Hungarians and Estonians. A slighter effect is seen in a few other populations, especially 
from eastern Europe; low levels of recent East Eurasian admixture in eastern Europe have been 
proposed using haplotype sharing10.
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The three populations with the highest resnorm at N=4 in Fig. S9.26 are Maltese, Sicilians, and 
Ashkenazi Jews. We thus added the BedouinB as a 5th reference population, as there is evidence that 
these populations may have an excess of Near Eastern ancestry not mediated via the early European 
farmers. In Fig. S9.27 we show that this addition visibly improves the residuals for the three outlier 
European populations (and to a lesser extent the Spanish), consistent with this evidence. As the 
number of reference populations increases it may become increasingly difficult to accurately estimate 
ancestry proportions, especially when using modern reference populations (who may have their own 
history of admixture) and a particular set of outgroups (that may not be sufficient to distinguish 
between closely related reference populations).  

In choosing to add Nganasan and BedouinB as 4th and 5th reference populations we used prior 
knowledge of the additional mixtures that may have taken place in Europe. It is also possible to 
identify the sources of such mixtures without a priori knowledge. To show that our choice of a 
Siberian and Near Eastern population could have been discovered in an unsupervised manner, we 
added all modern and ancient populations to the EN+WHG+EHG model and identified (for each 
outlier population) the additional references that minimize its resnorm. These are shown in Table S9.3 
and indeed the two groups of outliers fit better when either Near Eastern or contemporary north Asian 
populations are added as a 4th ancestral population. 

Summary 
In this section we devised methods for detecting admixture and estimating its proportions without 
detailed phylogenetic modeling. Our assumptions were that a Test population is formed as a mixture 
of an arbitrary number of other reference populations that are differentially related to a set of 
outgroup populations. This approach allowed us to study admixture in ancient Europe without using a 
tree or admixture graph model. We were able to show that Middle Neolithic Europeans had 
experienced <30% resurgence of western European hunter-gatherer ancestry while the Corded Ware 
(the earliest of the Late Neolithic populations) had experienced >1/3 gene flow from a population 
related to eastern European hunter-gatherers. Furthermore, we showed that the Yamnaya population 
from the early Bronze Age in the Russian steppe may have been related to the population that 
admixed into Late Neolithic central Europeans, as it was not of purely eastern European hunter-
gatherer descent but had additional ancestry of a farmer-related population that split off before the 
differentiation of European farmers, perhaps from the Caucasus or Near East, although more work is 
needed to identify the source of this population. Taking the Yamnaya as a source of the eastern 
admixing population, the level of population replacement between the Middle Neolithic and the 
Corded Ware becomes ~3/4, suggesting a massive influence of eastern populations in the formation of 
the Late Neolithic in central Europe. This influence is evident in other Late Neolithic populations (at a 
lower level), as well as in present-day Europeans, who differ from the Late Neolithic central 
Europeans by having additional farmer or west European hunter-gatherer ancestry. The robustness of 
our inference is supported by the fact that by adding a different set of outgroups from ancient Europe, 
the ~3/4 estimate was little affected. Further research of populations from central Europe, Eastern 
Europe, and the Caucasus may reveal the formation of steppe groups that succeeded the eastern 
European hunter-gatherers and how they affected (and were affected by) the populations surrounding 
them. The fact that sizeable admixture accompanied major transitions in European prehistory in at 
least three locations (Spain, Germany, and European Russia) suggests that the formation of present-
day European populations was effected by sizeable local population replacement. Archaeological 
models of the past must accommodate the possibility of migration and admixture at a massive scale 
long after the Neolithic transition in Europe.  
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Figure S9.27: Adding BedouinB as a 5th reference population improves residuals for Maltese, 
Sicilians, Ashkenazi Jews, and Spanish.  
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Table S9.3: Populations that improve resnorm for European outlier populations when added to a model of EN/WHG/EHG admixture as a 4th

ancestral population. We show the top 20 populations that reduce resnorm the most when added to the mixture model. For Maltese, Sicilians, and Ashkenazi 
Jews these populations tend to be from the Middle East and North Africa. For Finns, Russians, and Mordovians they tend to be populations from Central 
Asia, Siberia, and Turkic/Uralic populations from Western Eurasia. 

Maltese Sicilian Ashkenazi_Jew Finnish Russian Mordovian
4th anc. pop. resnorm 4th anc. pop. resnorm 4th anc. pop. resnorm 4th anc. pop. resnorm 4th anc. pop. resnorm 4th anc. pop. resnorm
Moroccan_Jew 0.000006 Turkish_Jew 0.000006 Cypriot 0.000006 Chuvash 0.000013 Chuvash 0.000016 Turkmen 0.000011
Lebanese 0.000010 Cypriot 0.000006 Iraqi_Jew 0.000018 Mansi 0.000020 Turkmen 0.000020 Uzbek 0.000012
Syrian 0.000010 Moroccan_Jew 0.000009 Turkish_Jew 0.000018 Uzbek 0.000020 Uzbek 0.000021 Nogai 0.000012
Tunisian_Jew 0.000011 Druze 0.000012 Moroccan_Jew 0.000020 Even 0.000021 Nogai 0.000022 Chuvash 0.000014
Saudi 0.000014 Iraqi_Jew 0.000012 Druze 0.000025 Selkup 0.000021 Altaian 0.000025 Altaian 0.000017
Turkish_Jew 0.000016 Syrian 0.000014 Lebanese 0.000027 Dolgan 0.000021 Mansi 0.000025 Tubalar 0.000017
Libyan_Jew 0.000017 Lebanese 0.000016 Syrian 0.000028 Turkmen 0.000022 Tubalar 0.000025 Hazara 0.000017
Jordanian 0.000017 Tunisian_Jew 0.000019 Tunisian_Jew 0.000037 Nogai 0.000022 Selkup 0.000026 Kyrgyz 0.000019
Palestinian 0.000019 Saudi 0.000021 Saudi 0.000039 Nganasan 0.000022 Even 0.000026 Tuvinian 0.000019
Druze 0.000022 Jordanian 0.000022 Iranian_Jew 0.000039 Yakut 0.000022 Yakut 0.000026 Uygur 0.000019
Yemenite_Jew 0.000022 Libyan_Jew 0.000025 Jordanian 0.000039 Altaian 0.000023 Dolgan 0.000026 Yakut 0.000019
BedouinB 0.000022 Palestinian 0.000026 Palestinian 0.000044 Tubalar 0.000023 Tuvinian 0.000027 Oroqen 0.000020
BedouinA 0.000023 BedouinB 0.000027 Libyan_Jew 0.000044 Tuvinian 0.000024 Kyrgyz 0.000029 Kalmyk 0.000020
Tunisian 0.000024 Yemenite_Jew 0.000028 Yemenite_Jew 0.000045 Yukagir 0.000025 Hazara 0.000029 Even 0.000020
Mozabite 0.000024 Tunisian 0.000028 BedouinB 0.000045 Oroqen 0.000026 Nganasan 0.000029 Dolgan 0.000021
Algerian 0.000025 Mozabite 0.000028 BedouinA 0.000046 Kyrgyz 0.000026 Oroqen 0.000029 Selkup 0.000021
Egyptian 0.000025 BedouinA 0.000028 Tunisian 0.000046 Kalmyk 0.000027 Yukagir 0.000030 Hezhen 0.000021
Saharawi 0.000026 Egyptian 0.000028 Egyptian 0.000046 Hazara 0.000029 Kalmyk 0.000030 Daur 0.000021
Yemen 0.000028 Algerian 0.000029 Mozabite 0.000047 Hezhen 0.000030 Uygur 0.000032 Mansi 0.000022
Esan 0.000030 Saharawi 0.000029 Algerian 0.000047 Aleut 0.000031 Hezhen 0.000032 Xibo 0.000023
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Number of streams of migration into ancient Europe 
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Number of streams of migration 
Take a set of left populations U and a set of right populations V and consider the matrix 

X(u, v) = F4(u0, u; v0, v) 

where u0, v0 are some fixed populations of U and V, and u, v range over all choices of populations of 
U, V. We can assume that u u≠u0, and v≠v0, so that the matrix X is (a − 1) × (b − 1), where a, b is the 
cardinality of U, V respectively. We have shown1 that if X had rank r and there had been n waves of 
migration from V to U with no back-migration from U to V then: 

r+1≤n 

We describe our computational strategy in a little more detail. We compute an estimate of X so that 
in the notation of ref. 2: 

(u, v) = f4(u0, u; v0, v) 

Thus: 

where expectations are calculated from the true (and unknown) phylogeny. We can use the block 
jackknife3 to compute Q an estimate of the error covariance of X. To test if  has rank r we write: 

where A is (a-1)×r and B is r×(b-1) and E is a matrix of residuals. The (log) likelihood for (A, B) and 
implicitly r is: 

where the residual matrix E is defined by: 

For each rank r we set A, B initially by an SVD analysis of X, and then iterate, minimizing with 
respect to A, B in turn. For fixed A, is quadratic in B and can be minimized by solving linear 
equations, and similarly if we fix B. Since A, B only enter into the likelihood through a matrix 
product: 
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for any non-singular r×r matrix Z. Thus, the number of degrees of freedom is: 

d(r) = ((a−1) + (b−1))r – r2 = r(a+b−(r+2)) 

As a check, if r is the maximal rank Min(a-1, b-1), then d(r)=(a-1)(b-1) which is obviously correct. 
This is the saturated model, where we fit the data perfectly. We compute statistics with a likelihood 
ratio test (LRT), obtaining statistics that are asymptotically distributed. The statistics here, 
using the LRT, are computed using a fixed covariance Q. It would be more correct to re-estimate Q
simultaneously with A, B. This would greatly increase complexity, without adding much precision. 

Finding mixture coefficients 
Let T be a target population, and S = {s1, s2, …, sn} a set of source populations. In the easiest case to 
consider, in which T is an admixture of populations of S, we can write symbolically: 

where wi is the admixture coefficient (ancestry proportion) from the ith source population. It then 
follows that for any populations o1, o2: 

A little thought shows that this is true even if the populations si are descendants of the true source 
populations, provided that there has been no gene flow between the most recent ancestor of T, S on 
the one hand and the most recent ancestor of o1, o2 on the other. (We previously used f3 statistics to 
derive mixing coefficients4. The methods there require samples of the actual source and admixed 
populations, but do not require outgroup populations as we do here with the oi.) 

Thus, if T is admixed, as above, pick a set of outgroup populations O, and 
1. Check, setting left populations L = S, and right populations O that the matrix X has full rank n-1. 
2. Check, again setting L = {T, S} that there is no strong evidence that the rank of X increases with 

the addition of T. 

We now will take T as the base population of L = {T, S}, which simplifies the algebra. We calculate 
matrices A, B as above, with the rank set to n-1 (corank 1). Thus, the recovered A is of dimension 
n×(n-1). We have n source populations so L has n+1 populations after including T. It then follows that 
estimates w = (w1,w2, …,wn) of the admixture weights can be found by solving the equations: 

We can use the block jackknife to compute a covariance matrix for the errors. Formally, we should re-
estimate Q, the estimated covariance of X as we delete blocks in the jackknife. This is not done at 
present, as it would add complexity and seems unlikely to make a material difference. 
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Application to ancient Europe 
We use this methodology to study some of the proposed admixture events discussed in the paper. We
begin by using the same 15 World Outgroups as in SI9 (this is the right population list V). 

World Foci 15 outgroups: Ami, Biaka, Bougainville, Chukchi, Eskimo, Han, 
Ju_hoan_North, Karitiana, Kharia, Mbuti, Onge, Papuan, She, Ulchi, Yoruba

In the following discussion we will follow the idea described above of first testing a pair of source 
populations (left list U) to ensure that they have rank=1 with respect to the outgroups, which shows 
that they are descended from two independent streams of ancestry. We will then add a third 
population Test, making U={U, Test}, showing that it does not increase the rank, and can thus be 
modelled as a mixture of the initial pair. 

Western and Eastern European hunter-gatherers not a clade with respect to world outgroups 
We first test the pair (Loschbour, Karelia_HG). Model with rank=0 is rejected (p=1.6e-43), thus the 
WHG and EHG are descended from at least two ancestral populations. 

Scandinavian hunter-gatherers not a third ancestral population independent of WHG and EHG 
We next add Scandinavian hunter-gatherers to (Loschbour, Karelia_HG) (Table S10.1). Rank=0 is 
excluded, but rank=1 is not. Two ancestral populations suffice for Scandinavian hunter-gatherers. 

Table S10.1: Testing (SHG, Loschbour, Karelia_HG) 
SHG population added p for rank=0 p for rank=1
Motala_HG 8.93E-44 7.09E-01
SwedenSkoglund_MHG 4.26E-13 2.15E-01
SwedenSkoglund_NHG 7.49E-44 4.93E-01

Early Neolithic Europeans and Western European hunter-gatherers (EN and WHG) are not a 
clade with respect to world outgroups 
We first show that the pair of an early Neolithic population EN and Loschbour are descended from 
two streams of migration (Table S10.2). We add all Early Neolithic populations in turn, and in each 
case rank=0 is rejected. Thus, EN and WHG are descended from at least two ancestral populations. 

Table S10.2: Testing (EN, Loschbour) 
EN population added p for rank=0
Starcevo_EN 9.49E-09
LBKT_EN 4.16E-04
LBK_EN 7.17E-15
Spain_EN 1.84E-11
HungaryGamba_EN 6.24E-13
Stuttgart 9.73E-10

Middle Neolithic Europeans are not a 3rd ancestral population independent of WHG and EN 
We next add a Middle Neolithic European population MN to (Loschbour, LBK_EN) (Table S10.3). 
With the exception of the Iceman, most Middle Neolithic Europeans appear to be well-modeled as a 
mixture of Loschbour and LBK_EN. 
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Table S10.3: Testing (MN, LBK_EN, Loschbour) 
MN population added p for rank=0 p for rank=1
Baalberge_MN 1.92E-11 7.59E-01
Esperstedt_MN 4.57E-15 4.28E-01
Spain_MN 2.18E-14 1.52E-01
HungaryGamba_CA 4.49E-12 2.44E-01
SwedenSkoglund_MN 4.85E-13 1.46E-01
Iceman 1.34E-15 1.87E-04

Yamnaya and Eastern European hunter-gatherers not a clade with respect to world outgroups 
We test the pair (Yamnaya, Karelia_HG). The model with rank=0 is rejected (p= 2.5e-28). Thus the 
Yamnaya and EHG are descended from at least two ancestral populations. This is related to the 
process of dilution of EHG ancestry discussed in SI7, SI9. 

Yamnaya can be modeled as a mixture of Armenians and Karelia_HG  
To understand the source of the dilution of EHG ancestry in the Yamnaya, we test the triple 
(Yamnaya, Karelia_HG, Armenian). We do not strongly reject rank=1 for (Yamnaya, Karelia_HG, 
Armenian) (p=0.0365). The p-value is low, which may be driven by complexity in the ancestry of 
present-day Armenians. We may not currently have a good surrogate for the population that diluted 
the EHG to form the Yamnaya, although the analysis of f-statistics (SI7) suggests a source related to 
Near Eastern populations, and the Yamnaya show evidence of such admixture (SI7, SI9).

Table S10.4: Testing (MN, Eastern)
Eastern MN p for rank=0
Yamnaya Baalberge_MN 4.95E-29
Karelia_HG Baalberge_MN 4.57E-68
Yamnaya Esperstedt_MN 5.31E-21
Karelia_HG Esperstedt_MN 7.82E-56
Yamnaya Spain_MN 4.58E-61
Karelia_HG Spain_MN 3.68E-103
Yamnaya HungaryGamba_CA 4.55E-18
Karelia_HG HungaryGamba_CA 4.66E-52
Yamnaya SwedenSkoglund_MN 1.60E-35
Karelia_HG SwedenSkoglund_MN 4.26E-76
Yamnaya Iceman 3.29E-36
Karelia_HG Iceman 1.91E-78

Middle Neolithic Europeans and Yamnaya or Karelia_HG not a clade versus world outgroups 
We next test whether a Middle Neolithic European population MN is a clade with the populations of 
eastern Europe (Yamnaya or Karelia_HG). Rank=0 is universally rejected (Table S10.4). 

The Corded Ware are modeled as a mixture of Middle Neolithic and Eastern Europeans 
We have determined that eastern European populations (Karelia_HG or Yamnaya) and Middle 
Neolithic populations from the rest of Europe are descended from two ancestral populations. Next, we 
add the Corded Ware. In Table S10.5 we list the p-values for models that involve Esperstedt_MN, 
Baalberge_MN, i.e., the populations that precede the Corded Ware in Germany. The p-value for 
rank=1 is ≥.179, thus rank=1 is not excluded, and the Corded Ware can be modeled as a mixture of an 
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eastern population (Yamnaya or Karelia_HG) and a Middle Neolithic population from Germany 
(Baalberge_MN or Esperstedt_MN). 

Table S10.5: The Corded Ware can be modeled as mixtures of Eastern European and Middle 
Neolithic central Europeans 
Eastern population MN population p for rank=0 p for rank=1
Yamnaya Baalberge_MN 6.24E-29 2.38E-01
Karelia_HG Baalberge_MN 5.59E-68 1.79E-01
Yamnaya Esperstedt_MN 2.38E-22 4.21E-01
Karelia_HG Esperstedt_MN 8.34E-59 7.07E-01

Modeling the Corded Ware as a mixture of Middle Neolithic Europeans and Yamnaya is robust 
to choice of outgroups, while modeling it as a mixture of Middle Neolithic Europeans and 
Eastern European hunter-gatherers is not 
Table S10.5 shows that the Corded Ware can be modeled as mixtures of Middle Neolithic Europeans 
and either Yamnaya or Karelia_HG. To test the robustness of this inference, we added Eurasian 
hunter-gatherers and Early Neolithic farmers as additional outgroups. The full set of outgroups is: 

8 Ancient Eurasian Outgroups: HungaryGamba_EN, Kostenki14, LBK_EN, Loschbour, 
MA1, Motala_HG, Spain_EN, Ust_Ishim

This set includes all Upper Paleolithic Eurasians, representatives of early European farmers from 
Germany, Spain, and Hungary, as well as Western and Scandinavian hunter-gatherers. We add each 
of these 8 populations to the set of 15 World Outgroups, thus resulting in 8 different sets of 16 
outgroups. In Table S10.6 we show the p-value for rank=1 for these different sets. 

Rank=1 for models involving Karelia_HG and a Middle Neolithic population can be excluded with 
p<7.64E-05 for at least one added outgroup. Rank=1 involving Yamnaya and Baalberge_MN can be 
very weakly excluded (p=.0234, when adding Motala_HG as an outgroup). However, rank=1 for the 
pairing (Yamnaya, Esperstedt_MN) cannot be excluded (p≥0.272 for all outgroups added), suggesting 
that Corded Ware can be modeled as a simple 2-way mixture of these two groups.  

To further test the choice of (Yamnaya, Esperstedt_MN), we modeled all Late Neolithic / Bronze Age 
populations as such mixtures and show the p-value for rank=1 in Table S10.7. All such p-values are 
≥0.017 for the Late Neolithic / Bronze Age populations of Germany, suggesting that Late 
Neolithic/Bronze Age populations in general can be reasonably well-modelled as such mixtures. 

Table S10.6: p-values for rank=1 of U {Corded_Ware_LN, Eastern population, MN population} 
using outgroups WorldFoci15 plus an ancient Eurasian indicated in the column names. 
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Karelia_HG Baalberge_MN 1.98E-01 3.91E-01 5.51E-01 3.30E-03 6.32E-03 7.64E-05 8.53E-05 1.80E-02

Karelia_HG Esperstedt_MN 7.15E-01 7.94E-01 2.88E-01 3.70E-05 4.04E-04 4.96E-03 3.24E-02 5.07E-05

Yamnaya Baalberge_MN 2.84E-01 1.93E-01 5.68E-01 2.18E-01 2.35E-01 2.99E-01 2.57E-01 2.34E-02

Yamnaya Esperstedt_MN 4.86E-01 6.44E-01 2.72E-01 4.83E-01 5.13E-01 4.79E-01 4.25E-01 3.99E-01
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Table S10.6: p-values for rank=1 of U {Late Neolithic / Bronze Age, Yamnaya, Esperstedt_MN} 
using outgroups WorldFoci15 plus an ancient Eurasian indicated in the column names.

Late Neolithic / Bronze Age population U
st

_I
sh

im

K
os

te
nk

i1
4

M
A

1

LB
K

_E
N

Sp
ai

n_
EN

H
un

ga
ry

G
am

ba
_E

N

Lo
sc

hb
ou

r

M
ot

al
a_

H
G

Karsdorf_LN 8.98E-01 8.40E-01 7.98E-01 9.02E-01 8.70E-01 9.00E-01 9.12E-01 8.67E-01

Corded_Ware_LN 4.86E-01 6.44E-01 2.72E-01 4.83E-01 5.13E-01 4.79E-01 4.25E-01 3.99E-01

Bell_Beaker_LN 2.70E-01 1.28E-01 4.98E-01 1.67E-02 4.35E-02 1.54E-01 1.93E-01 2.10E-01

Alberstedt_LN 2.34E-01 2.71E-01 3.87E-01 1.65E-01 2.65E-01 2.02E-01 1.97E-01 5.74E-02

BenzigerodeHeimburg_LN 8.07E-02 8.19E-02 1.56E-01 3.32E-02 4.90E-02 5.65E-02 5.46E-02 7.22E-02

Unetice_EBA 3.57E-01 1.95E-01 6.88E-01 2.48E-01 2.25E-01 3.56E-01 1.49E-01 1.74E-01

Halberstadt_LBA 1.34E-01 4.84E-02 2.69E-01 1.45E-01 1.42E-01 1.40E-01 3.27E-02 1.44E-01

HungaryGamba_BA 8.66E-01 7.79E-01 9.49E-01 8.43E-03 3.66E-03 6.02E-01 8.13E-01 2.32E-01
We estimate mixture proportions for all Late Neolithic / Bronze Age of Germany populations in Table 
S10.8, showing estimates when using 15 world outgroups, 8 ancient Eurasians as outgroups, and 23 
outgroups (combining both of the above). 

Table S10.8: Yamnaya mixture proportions in Late Neolithic / Bronze Age Germans 
LN/BA population WorldFoci15 Outgroups 8 Ancient Outgroups All 23 Outgroups
Halberstadt_LBA 0.556 +/- 0.108 0.488 +/- 0.041 0.520 +/- 0.032
Alberstedt_LN 0.422 +/- 0.098 0.568 +/- 0.040 0.531 +/- 0.034
Bell_Beaker_LN 0.387 +/- 0.071 0.534 +/- 0.030 0.555 +/- 0.023
BenzigerodeHeimburg_LN 0.472 +/- 0.097 0.650 +/- 0.032 0.618 +/- 0.026
Unetice_EBA 0.543 +/- 0.062 0.632 +/- 0.024 0.625 +/- 0.019
Corded_Ware_LN 0.764 +/- 0.066 0.743 +/- 0.027 0.731 +/- 0.022
Karsdorf_LN 0.823 +/- 0.128 0.821 +/- 0.081 0.745 +/- 0.064

The standard errors are highest with the WorldFoci15 set of outgroups, as one might expect given that 
these populations share little genetic drift with those of Europe. They are smaller when using Ancient 
Eurasians as outgroups, and smaller still when combining both sets. The standard errors are also larger 
for populations that consist of single individuals (such as Halberstadt_LBA or Karsdorf_N), as one 
might expect due to the limited data.  

Overall, there is reasonable agreement between the inferences using the two disjoint sets of outgroups, 
which increases our confidence that our inference that Late Neolithic / Bronze Age populations were 
formed by this type of mixture between local Middle Neolithic and migrant Yamnaya-related 
ancestors. All estimates agree that a sizeable portion of the ancestry of LN/BA populations is related 
to the Yamnaya, and quantify this portion to ~3/4 for the Corded Ware, in agreement with the 
inference of SI9 with a related method and the results of PCA and ADMIXTURE analysis (Fig. 2) 
and FST analysis (Extended Data Table 3) that also reveal the close relationship between the Corded 
Ware of Late Neolithic Germany with the Yamnaya population of the Samara district sampled 
~2,600km to the east. 
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Relevance of ancient DNA to the problem of Indo-European language dispersals 
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Main hypotheses of Indo-European language dispersals  
Indo-European languages are widely spoken from the Atlantic Ocean to the Indian subcontinent1, and, 
through more recent migrations, have expanded into much of the rest of the world. The set of living 
Indo-European languages includes, among others, English, Greek, Russian, Italian, Farsi, and Hindi, 
and is complemented by a number of extinct languages like Hittite and later Phrygian in Anatolia, 
Tocharian in the Xinjiang province of China2,3, and the languages of the Scythians of the Eurasian 
steppe. With the advent of the written word and modern means of travel and communication, it has 
become possible to acquire a new language by cultural transmission alone. However, in the past, 
languages must have spread through direct contact4 and, at least to some extent, with migrants, and 
thus the study of ancient DNA, which can trace the migration of people, is relevant to evaluating 
models of language dispersal.  

Ancient DNA can roll back the clock and reveal earlier stages in the formation of human populations, 
just as comparative linguistics can reveal earlier stages in the formation of human languages. Most 
experts agree that Proto-Indo-European, a reconstructed ancestral language to living and historically 
attested Indo-European languages, must have once been spoken in a geographically circumscribed and 
relatively small part of Eurasia1,5-9. Many theories have been proposed since the discovery of the Indo-
European language family in the eighteenth century as to where that homeland was and how the 
language was transmitted. Such theories invariably postulate at least some migrations of people.
These hypotheses can be tested with the methods of genetics applied to ancient individuals. 

The two leading theories of Indo-European language dispersal are: 

1. The “Steppe hypothesis”8,10-14, which derives Indo-European languages from the people 
buried under kurgans on the Pontic-Caspian steppe in modern Ukraine and southern Russia. 

2. The “Anatolian hypothesis”9,15, which suggests that early farmers who migrated from Anatolia 
to Europe during the Early Neolithic brought Indo-European languages with them. 

Other hypotheses have also been formulated and we will discuss the following two where relevant: 

3. The “Balkan hypothesis”6 that resembles the Anatolian hypothesis in linking the migration of 
Indo-Europeans to farmers, but with the difference that Indo-European languages spread from 
southeastern Europe at a later period.  

4. The “Armenian plateau hypothesis”7,16 which resembles the Steppe hypothesis in postulating a 
role for the steppe in the dispersal of languages into Europe, but places the homeland of Proto-
Indo-European speakers south of the Caucasus. 
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A key argument in favor of the Anatolian hypothesis has been that the migration of early farmers from 
Anatolia ~8,000-7,000 years ago was a major transformation that affected most of Europe. A massive 
population turnover is the most widely accepted and easiest explanation for the introduction of a new 
language across a large geographic area. There are of course other ways by which languages can 
spread, such as elite dominance7, whereby a politically dominant minority transmits its language to 
the resident majority (e.g. Hungarian). Another argument for the Anatolian hypothesis is the inferred 
topology of the Indo-European family tree, in which Anatolian languages like Hittite occupy a basal 
position, which could plausibly be explained by an Anatolian homeland and migrations from Anatolia 
to Europe through the Balkans17. Finally, the recent application of phylogenetic methods adopted 
from biology to the estimation of language divergence times18,19 has been used to argue in favor of an 
earlier breakup of Proto-Indo-European into daughter languages. 

The Steppe hypothesis dates the breakup of Proto-Indo-European to several millennia later: to 4,000-
3,000 BCE. One of the prominent arguments in favor of the Steppe hypothesis is that reconstructions 
of the ancestral Proto-Indo-European language have suggested a shared vocabulary associated with 
wheeled vehicles, with cognates in Indo-European languages ranging from Europe to India, although 
not all linguists agree that it is possible to make meaningful inferences about the material culture of an 
ancient people based on descendant languages20. If this reconstruction is right, Proto-Indo-European 
could not have been the language spread by the first farmers moving into Europe, as wheels and 
wheeled vehicles were only invented thousands of years after the spread of farming. While the earliest 
finds of wheels are not from the steppe21, the intensification of the use of wheeled vehicles and 
domestic horses is linked to the spread of steppe pastoralism. Another attractive feature of the Steppe 
hypothesis is that the steppe geography could account for the evidence of loan words between Proto-
Indo-European and Uralic languages to the north, and Kartvelian languages to the south5. 

Hypotheses of Indo-European origins in light of the new genetic data presented in this paper 
Genetic data is a valuable source of information that is useful for evaluating competing hypotheses of 
Indo-European language dispersals, to the extent that theories of such dispersals invoke migratory 
movements to explain their extensive distribution. Such hypotheses can be tested both with 
archaeology (which tests for the spread of material culture, which can spread not only by migration 
but also through trade or an exchange of ideas), and with genetics (which can test directly whether the 
movement of people accompanied perceived changes in the material record). 

Past genetic data from ancient DNA has confirmed one of the major predictions of the Anatolian 
hypothesis – the migration of early farmers from the Near East (inclusive of Anatolia) to Europe –
using both mitochondrial DNA22-24 and whole genome analysis25,26. The results of our study are 
consistent with these findings, and also extend them by showing that not only the early farmers of 
central Europe (Germany and Hungary) and Scandinavia, but also of Iberia were descended from a 
common stock. In this sense, ancient DNA is consistent with migrations following the predictions of 
the Anatolian hypothesis, and indeed our ancient DNA results match the scenario outlined by 
Bellwood for the initial dispersal of farming into Europe remarkably well27. This is also true for the 
Balkan hypothesis, as geographically, southeastern Europe is a plausible place where early farmers 
could have diverged into an inland Danubian route toward central Europe, and a Mediterranean route 
toward Iberia. The evidence of a relatively homogeneous population of early European farmers with 
substantial Near Eastern ancestry25 is indeed a reasonable candidate for the spread of a single 
language family across Europe. 

135

.CC-BY-NC-ND 4.0 International licensenot peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was. http://dx.doi.org/10.1101/013433doi: bioRxiv preprint first posted online Feb. 10, 2015; 

http://dx.doi.org/10.1101/013433
http://creativecommons.org/licenses/by-nc-nd/4.0/


Our new genetic data are important in showing that a second major migration from the steppe into 
Europe occurred at the end of the Neolithic period (between 5000-4500 years ago). Moreover, we
have demonstrated that these migrants accounted for at least ~3/4 of the ancestry of the Corded Ware 
people of Germany, and much of the ancestry of other Late Neolithic / Bronze Age populations of 
Germany and present-day northern Europeans (Fig. 3, SI9, SI10). Thus, the main argument in favor of 
the Anatolian hypothesis (that major language change requires major migration) can now also be 
applied to the Steppe hypothesis. While we cannot go back in time to learn what languages the 
migrants spoke, it seems more likely than not that the Corded Ware people we sampled spoke the 
languages of the people who contributed the great majority of their ancestry (Yamnaya), rather than
the local languages of the people who preceded them. Thus, our results increase the plausibility that 
the Corded Ware people and those genetically similar groups who followed them in central Europe 
spoke a steppe-derived Indo-European language. More generally, our results level the playing field 
between the two leading hypotheses of Indo-European origins, as we now know that both the Early 
Neolithic and the Late Neolithic were associated with major migrations.  

While our results do not settle the debate about the location of the proto-Indo European homeland, 
they increase the plausibility of some hypotheses and decrease the plausibility of others as follows: 

1. The Steppe hypothesis gains in plausibility by our discovery of a migration during the Late 
Neolithic from the steppe into central Europe. This migration was predicted by some 
proponents of the Steppe hypothesis and we have now shown (definitively) that it occurred. 
We also note that our results help to differentiate between variants of the steppe hypothesis: 
we do not find evidence of an influence of steppe migrants earlier than the Corded Ware, 
although we cannot rule out the possibility that such evidence might be found with larger 
sample sizes and more sampling locations in central Europe. However, we can definitely 
reject that the breakup of Indo-European occurred as late as 4000 years ago28, as by ~4500 
years ago the migration into Europe had already taken place. Moreover, this migration clearly 
resulted in a large population turnover, meaning that the Steppe hypothesis does not require 
elite dominance9 to have transmitted Indo-European languages into Europe. Instead, our 
results show that the languages could have been introduced simply by strength of numbers:
via major migration in which both sexes participated (SI2, SI4)  

2. The Anatolian hypothesis becomes less plausible as an explanation for the origin of all Indo-
European languages in Europe, as it can no longer claim to correspond to the only major 
population transformation in European prehistory, and it must also account for the language 
of the steppe migrants. However, the Anatolian hypothesis cannot be ruled out entirely by our 
data, as it is possible that it still accounts for some of the major branches of the Indo-
European language family in Europe, especially the branches of the south where the 
proportion of steppe ancestry today is smaller than in central and northern Europe (Figure 3).  

3. The Balkan hypothesis faces similar difficulties as the Anatolian. If the early farmers of 
southeastern Europe were genetically similar to their descendants in central and western 
Europe, a spread of Indo-European speaking migrants from the Balkans to the rest of Europe 
would simply introduce another layer of “Early Neolithic” genes similar to those present 
elsewhere in Europe, but would not account for the migration from the steppe and its 
associated language. Furthermore if the steppe immigrants spoke Indo-European languages, 
these languages are unlikely to have been acquired by migration from Europe, as our 
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Yamnaya samples show no sign of a major component of ancestry derived from European 
Early or Middle Neolithic farmers (Fig. 2).

4. The Armenian plateau hypothesis gains in plausibility by the fact that we have discovered
evidence of admixture in the ancestry of Yamnaya steppe pastoralists, including gene flow 
from a population of Near Eastern ancestry for which Armenians today appear to be a 
reasonable surrogate (SI4, SI7, SI9). However, the question of what languages were spoken 
by the “Eastern European hunter-gatherers” and the southern, Armenian-like, ancestral 
population remains open. Examining ancient DNA from the Caucasus and Near East may be 
able to provide further insight about the dynamics of the interaction between these regions 
and the steppe. Our results show that southern populations diluted the ancestry of populations 
from the steppe, but also that ancestry related to Ancient North Eurasians forms a major 
ancestral component of the populations of the present-day Caucasus25. Thus, both south-north 
and north-south genetic influence across the Caucasus is plausible.  

Pitfalls in using genetic data to make inferences about language spread 
The study of Indo-European origins and language dispersals has been controversial, in part because of 
the history of misuse of the concept of the Proto-Indo-European homeland for ideological reasons29.  

In the early 20th century, Gustav Kossinna proposed the idea of ‘settlement archaeology’: that a 
material culture identified by archaeology, specifically the Corded Ware, might correspond to a 
genetically well-defined people and homogeneous language group, specifically the Proto-Indo-
Europeans. Our data directly contradict Kossinna’s theories in showing that the Corded Ware are not 
a locally derived central European population but instead are to a significant degree descended from 
eastern migrants. V. Gordon Childe12, following linguistic arguments by Otto Schrader14, proposed a 
migration from the steppe into Europe, which seems, in view of the results of our study, to have been 
closer to the mark. However, following the Second World War, and especially in the 1960s and 
1970s, archaeologists responded to the history of misuse of archaeology by rejecting sweeping 
migrations and the settlement archaeology framework altogether30, and suggesting that in practice, it 
would not ever be possible to show that archaeological, linguistic, and genetic groupings overlap31,32.
This climate in the archaeological community has made it challenging to propose migration as an 
explanation for similarities or differences in material culture across time and space. Although 
migration is today accepted more widely by archaeologists33 than it was 30 years ago11, it is usually 
discussed in connection with demographic-growth models linked to the expansion of agriculture27,
while migrations linked to the evolution of new socio-political structures among long-established 
food-producing populations are less understood, less recognizable and often viewed with skepticism. 

Genetic data is important to this debate as it changes the equation, bringing to bear a new type of data 
that can directly speak to whether or not migration occurred. This type of fact could never be clearly 
established before the advent of ancient DNA, except by use of stable isotope analysis which only 
works to detect migration if the studied samples are from the first generation of migrants. While 
migration from the steppe had been proposed on the basis of human skeletal morphological data by 
Childe and others, a more recent study34, which dealt with precisely the problem of relationships 
between the Corded Ware and steppe Kurgan (Pit Grave) groups, concluded that “The local [Corded 
Ware] groups of the core area (Central Germany, Czechoslovakia, Poland) form a very homogeneous 
block, issued from the local "Old Europe" substratum and persisting until Aunjetitz (Unetice) at least. 
This block show[s] no biological affinities to the Ukrainian Kurgan populations. There is no evidence 
for physical presence of Kurgan tribes in this area.” Similarly, on the basis of archaeology it has been 
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claimed by a key proponent of the steppe hypothesis8 that “there is no real case for an expansion of 
Yamnaya invaders across the North European plain, producing the Corded Ware horizon”, 
highlighting how controversial the idea of migration has become. With ancient DNA, one can 
establish whether or not migrations occurred, and tie migrations to well-defined archaeological 
cultures by sequencing DNA from radiocarbon dated skeletons buried with diagnostic grave goods. 
Thus, it is possible, using ancient DNA, to evaluate directly whether a particular material culture 
could have spread through migration or whether cultural transmission occurred. Our paper has now 
made an overwhelming case for just such a migration, showing the power of genetics to contribute 
meaningfully to debates about past cultural interactions. 

An important caveat to using ancient DNA to make arguments about the origins of languages is that 
prior to the invention of writing, we have no way to directly tie ancient cultures to a language. 
Nevertheless, by establishing that major migrations or exchanges of genes occurred, we identify 
movements of people that would have been plausible vectors for the spread of languages, and we can 
establish some periods in time as the most plausible ones for language spread. Thus, genetic data can 
change the balance of probabilities among competing hypotheses as we outline above. 

Although in this study we have focused on the genetic findings, our data are also interesting from the 
point of view of archaeological methodology. Specifically, our findings challenge the idea of a limited 
role of migration in human population history11 by providing unambiguous evidence of two major 
episodes of migration and population turnover in Europe. By documenting not only that these major 
migrations occurred, but that they were both followed to a degree by the genetic resurgence of the 
local populations (SI7, Fig. 3), we hope that our study will help to spur new debate on the interactions 
between migrants and indigenous peoples long after the occurrence of migration. 

Prospects for further genetic insight into Indo-European language origins 
The ultimate question of the Proto-Indo-European homeland is unresolved by our data.  

One important future direction for genetic research into Indo-European origins is to obtain ancient 
DNA data from India, Iran, northwestern China, and intervening regions to test hypotheses about the 
spread of Indo-European languages to the east. While obtaining such data is likely to be more difficult 
than European ancient DNA work (because of poorer conditions for preservation), it could provide 
crucial clues. For example, if the people who brought substantial steppe ancestry to northern Europe
(via the Yamnaya and Corded Ware) also spread Indo-European languages into Iran and India, we 
should expect to find steppe ancestry in prehistoric samples from the Iranian plateau and South Asia,
unless the mode of language transgression was different there (e.g. elite dominance).  

A second direction for future genetic research is to study additional ancient European populations. 
Present-day populations of southern Europe have lower ancestry related to the Yamnaya than those 
from northern Europe (Fig. 3). This could be explained either by migration from the Yamnaya that 
affected southern Europe to a lesser extent than northern Europe, the later dilution of this ancestry in 
southern Europe, or the later introduction of such ancestry only indirectly, from northern Europe as a 
result of much later admixture events35,36. It is still possible that the steppe migration detected by our 
study into Late Neolithic Europe might account for only a subset of Indo-European languages in 
Europe, and other Indo-European languages arrived in Europe not from the steppe but from either an 
early “Neolithic Anatolian” or later “Armenian plateau” homeland. We highlight Anatolia and the 
Balkans as particularly promising places to study to make further progress toward understanding these
open questions. The four different theories of Indo-European origins make very different predictions 
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about the population history of Anatolia and southeastern Europe where two of the earliest attested 
Indo-European languages, Hittite and Mycenaean Greek are found. By examining ancient samples 
from these regions it should become possible to determine if there are genetic discontinuities prior to 
the appearance of these languages that may be correlated with the migration of a new population.
Ancient DNA provides evidence independent of archaeology or linguistics, and thus has the potential 
to resolve continuing controversies and to contribute to progress in answering the centuries’ old riddle 
of Indo-European origins. 
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