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Modern humans arrived in Europe around 45,000 years ago and have 
lived there ever since, even during the Last Glacial Maximum 25,000–
19,000 years ago when large parts of Europe were covered in ice1. A 
major question is how climatic fluctuations influenced the popula-
tion history of Europe and to what extent changes in material cultures 
documented by archaeology corresponded to movements of people. 
To date, it has been difficult to address this question because genome-
wide ancient DNA has been retrieved from just four Upper Palaeolithic 

individuals from Europe2–4. Here we assemble and analyse genome-
wide data from 51 modern humans dating from 45,000 to 7,000 years 
ago (Extended Data Table 1; Supplementary Information section 1).

Ancient DNA retrieval
We extracted DNA from human remains in dedicated clean rooms5, 
and transformed the extracts into Illumina sequencing libraries6–8.  
A major challenge in ancient DNA research is that the vast majority  

Modern humans arrived in Europe ~45,000 years ago, but little is known about their genetic composition before the start 
of farming ~8,500 years ago. Here we analyse genome-wide data from 51 Eurasians from ~45,000–7,000 years ago. Over 
this time, the proportion of Neanderthal DNA decreased from 3–6% to around 2%, consistent with natural selection against 
Neanderthal variants in modern humans. Whereas there is no evidence of the earliest modern humans in Europe contributing 
to the genetic composition of present-day Europeans, all individuals between ~37,000 and ~14,000 years ago descended 
from a single founder population which forms part of the ancestry of present-day Europeans. An ~35,000-year-old  
individual from northwest Europe represents an early branch of this founder population which was then displaced across a 
broad region, before reappearing in southwest Europe at the height of the last Ice Age ~19,000 years ago. During the major 
warming period after ~14,000 years ago, a genetic component related to present-day Near Easterners became widespread in 
Europe. These results document how population turnover and migration have been recurring themes of European prehistory.
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of the DNA extracted from most specimens is of microbial ori-
gin, making random shotgun sequencing prohibitively expensive. 
We addressed this problem by enriching the libraries for between 
390,000 and 3.7 million single nucleotide polymorphisms (SNPs) in 
the nuclear genome via hybridizing to pools of previously synthesized 
52-base-pair oligonucleotide probes targeting these positions. This 
makes it possible to generate genome-wide data from samples with 
high percentages of microbial DNA that are not practical to study by 
shotgun sequencing3,9. We sequenced the isolated DNA fragments 
from both ends, and mapped the consensus sequences to the human 
genome (hg19), retaining fragments that overlapped the targeted 
SNPs. After removing fragments with identical start and end posi-
tions to eliminate duplicates produced during library amplification, 
we chose one fragment at random to represent each individual at 
each SNP.

Contamination from present-day human DNA is a danger in ancient 
DNA research. To address this, we took advantage of three charac-
teristic features of ancient DNA (Supplementary Information section 
2). First, for an uncontaminated specimen, we expect only a single 
mitochondrial DNA sequence to be present, allowing us to detect 
contamination as a mixture of mitochondrial sequences. Second, 
because males carry a single X chromosome, we can detect contam-
ination in male specimens as polymorphisms on chromosome X10.  
Third, cytosines at the ends of genuine ancient DNA molecules 
are often deaminated, resulting in apparent cytosine to thymine  
substitutions11, and thus we can filter out contaminating molecules  
by restricting analysis to those with evidence of such deamination12. 
For libraries from males with evidence of mitochondrial DNA con-
tamination or X chromosomal contamination estimates >2.5%—as 
well as for all libraries from females—we restricted the analyses to 
sequences with evidence of cytosine deamination (Supplementary 
Information section 2). After merging libraries from the same indi-
vidual and limiting to individuals with >4,000 targeted SNPs covered 
at least once, 38 individuals remained, which we merged with newly 
generated shotgun sequencing data from the Karelia individual9 
(2.0-fold coverage), and published data from ancient2–4,7,13–19 and 
present-day humans20. The final data set includes 51 ancient mod-
ern humans, of which 16 had at least 790,000 SNPs covered (Fig. 1; 
Extended Data Table 1).

Natural selection reduced Neanderthal ancestry over time
We used two previously published statistics3,7,21 to test if the propor-
tion of Neanderthal ancestry in Eurasians changed over the last 45,000 
years. Whereas on the order of 2% of present-day Eurasian DNA is 
of Neanderthal origin (Extended Data Table 2), the ancient modern 
human genomes carry significantly more Neanderthal DNA (Fig. 2) 
(P ≪ 10−12). Using one statistic, we estimate a decline from 4.3–5.7% 
from a time shortly after introgression to 1.1–2.2% in Eurasians today 
(Fig. 2). Using the other statistic, we estimate a decline from 3.2–4.2% 
to 1.8–2.3% (Extended Data Fig. 1 and Extended Data Table 3). Because 
all of the European individuals we analysed dating to between 37,000 
and 14,000 years ago are consistent with descent from a single founding  
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Figure 2 | Decrease of Neanderthal ancestry over time. Plot of 
radiocarbon date against Neanderthal ancestry for individuals with  
at least 200,000 SNPs covered, along with present-day Eurasians (standard 
errors are from a block jackknife). The least squares fit (grey) excludes 
the data from Oase1 (an outlier with recent Neanderthal ancestry) and 
three present-day European populations (known to have less Neanderthal 
ancestry than east Asians). The slope is significantly negative for all eleven 
subsets of individuals we analysed (10−29 < P < 10−11 based on a block 
jackknife) (Extended Data Table 3). bp, before present.

Figure 1 | Location and age of the 51 ancient modern humans. Each bar 
corresponds to an individual, the colour code designates the genetically 
defined cluster of individuals, and the height is proportional to age (the 
background grid shows a projection of longitude against age). To help in 

visualization, we add jitter for sites with multiple individuals from nearby 
locations. Four individuals from Siberia are plotted at the far eastern edge 
of the map. ka, thousand years ago.
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population, admixture with populations with lower Neanderthal 
ancestry cannot explain the steady decrease in Neanderthal-derived 
DNA that we detect during this period, showing that natural selection  
against Neanderthal DNA must have driven this phenomenon (Fig. 2).  
We also obtained an independent line of evidence for selection 
from our observation that the decrease in Neanderthal-derived 
alleles is more marked near genes than in less constrained regions 
of the genome (P = 0.010) (Extended Data Table 3; Supplementary 
Information section 3)22–25.

Chromosome Y, mtDNA, and significant mutations
We used the proportion of sequences mapping to the Y chromosome 
to infer sex (Extended Data Table 4; Supplementary Information  
section 4), and determined Y chromosome haplogroups for the males. 
We were surprised to find haplogroup R1b in the ~14,000-year-old 
Villabruna individual from Italy. While the predominance of R1b in 
western Europe today owes its origin to Bronze Age migrations from 
the eastern European steppe9, its presence in Villabruna and in a 
~7,000-year-old farmer from Iberia9 documents a deeper history of 
this haplotype in more western parts of Europe. Additional evidence 
of an early link between West and East comes from the HERC2 locus, 
where a derived allele that is the primary driver of light eye colour 
in Europeans appears nearly simultaneously in specimens from Italy 
and the Caucasus ~14,000–13,000 years ago. Extended Data Table 5  
presents results for additional alleles of biological importance. When 
analysing the mitochondrial genomes we noted the presence of  
haplogroup M in a ~27,000-year-old individual from southern 
Italy (Ostuni1) in agreement with the observation that this hap-
logroup, which today occurs in Asia and is absent in Europe, was 

present in pre-Last Glacial Maximum Europe and was subse-
quently lost26. We also find that the ~33,000-year-old Muierii2 from 
Romania carries a basal version of haplogroup U6, in agreement 
with the hypothesis that the presence of derived versions of this  
haplogroup in North Africans today is due to back-migration from 
western Eurasia27.

Genetic clustering of the ancient specimens
This data set provides an unprecedented opportunity to study the pop-
ulation history of Upper Palaeolithic Europe over more than 30,000 
years. In order not to prejudice any association between genetic and 
archaeological groupings among the individuals studied, we first 
allowed the genetic data alone to drive the groupings of the specimens, 
and only afterward examined their associations with archaeological 
cultural complexes. We began by computing f3-statistics14 of the form 
f3(X, Y; Mbuti), which measure shared genetic drift between a pair of 
ancient individuals after divergence from an outgroup (here Mbuti 
from sub-Saharan Africa) (Fig. 3a and Extended Data Fig. 2). Through 
multi-dimensional scaling (MDS) analysis of this matrix (Fig. 3b), as 
well as through D-statistic analyses28 (Supplementary Information 
section 5), we identify five clusters of individuals who share substan-
tial amounts of genetic drift. We name these clusters after the oldest 
individual in each cluster with >1.0-fold coverage (Supplementary 
Information section 5; Extended Data Table 1). In contrast, we were 
not able to identify clear structure among the individuals studied 
based on model-based clustering29,30, which may reflect the fact that 
many of the individuals are so ancient that present-day human var-
iation is not very relevant to understanding their patterns of genetic 
differentiation4,13. The ‘Věstonice Cluster’ is composed of 14 pre-Last 
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Figure 3 | Genetic clustering of the ancient modern humans. a, Shared 
genetic drift measured by f3(X,Y; Mbuti) among individuals with at least 
30,000 SNPs covered (for AfontovaGora3, ElMiron, Falkenstein, GoyetQ-2, 
GoyetQ53-1, HohleFels49, HohleFels79, LesCloseaux13, Ofnet, Ranchot88 
and Rigney1, we use all sequences for higher resolution). Lighter colours 
indicate more shared drift. b, Multi-dimensional scaling (MDS) analysis, 

computed using the R software cmdscale package, highlights the main 
genetic groupings analysed in this study: Věstonice Cluster (brown), Mal’ta 
Cluster (pink), El Mirón Cluster (yellow), Villabruna Cluster (light green), 
and Satsurblia Cluster (dark purple). The affinity of GoyetQ116-1 (dark 
green) to the El Mirón Cluster is evident in both views of the data.

© 2016 Macmillan Publishers Limited. All rights reserved



4  |  n A t U R E  |  V o L  0 0 0  |  0 0  M o n t h  2 0 1 6

ArticlereSeArcH

Glacial Maximum individuals from 34,000–26,000 years ago, who are 
all associated with the archaeologically defined Gravettian culture. The 
‘Mal’ta Cluster’ is composed of three individuals who lived between 
24,000–17,000 years ago from the Lake Baikal region of Siberia. The 
‘El Mirón Cluster’ is composed of seven post-Last Glacial Maximum 
individuals from 19,000–14,000 years ago, who are all associated with 
the Magdalenian culture. The ‘Villabruna Cluster’ is composed of  
15 post-Last Glacial Maximum individuals from 14,000–7,000 years 
ago, associated with the Azilian, Epipaleolithic and Mesolithic cultures. 
The ‘Satsurblia Cluster’ is composed of two individuals from 13,000–
10,000 years ago from the southern Caucasus2. Ten individuals were 
not assigned to any cluster, either because they represented distinct 
early lineages (Ust’-Ishim, Oase1, Kostenki14, GoyetQ116-1, Muierii2, 
Cioclovina1 and Kostenki12), because they were admixed between 
clusters (Karelia or Motala12), or because they were of very different 
ancestry (Stuttgart). To classify the ancestry of additional low coverage 
individuals, we built an admixture graph that fits the allele frequency 
correlation patterns among high-coverage individuals28 (Fig. 4a;  
Supplementary Information section 6). We fit each low-coverage indi-
vidual into the graph in turn, using all DNA fragments from these 
individuals, rather than just fragments with evidence of cytosine deam-
ination, and account for contamination by modelling (Supplementary 
Information section 7).

A founding population for Europeans 37–14 ka
A previous genetic analysis of early modern humans in Europe using 
data from the ~37,000-year-old Kostenki14  suggested that the pop-
ulation to which Kostenki14 belonged harboured within it the three 
major lineages that exist in mixed form in Europe today4,15: (1) a lin-
eage related to all later pre-Neolithic Europeans, (2) a ‘Basal Eurasian’ 
lineage that split from the ancestors of Europeans and east Asians 
before they separated from each other; and (3) a lineage related to 
the ~24,000-year-old Mal’ta1 from Siberia. With our more extensive 
sampling of Ice Age Europe, we find no support for this. When we test 
whether the ~45,000-year-old Ust’-Ishim—an early Eurasian without 

any evidence of Basal Eurasian ancestry—shares more alleles with one 
test individual or another by computing statistics of the form D(Test1, 
Test2; Ust’-Ishim, Mbuti), we find that the statistic is consistent with 
zero when the Test populations are any pre-Neolithic Europeans or 
present-day east Asians3,13. This would not be expected if some of the 
pre-Neolithic Europeans, including Kostenki14, had Basal Eurasian 
ancestry (Supplementary Information section 8). We also find no  
evidence for the suggestion that the Mal’ta1 lineage contributed to Upper 
Palaeolithic Europeans4, because when we compute the statistic D(Test1, 
Test2; Mal’ta1, Mbuti), we find that the statistic is indistinguishable 
from zero when the Test populations are any pre-Neolithic Europeans 
beginning with Kostenki14, consistent with descent from a single 
founder population since separation from the lineage leading to Mal’ta1 
(Supplementary Information section 9). A corollary of this finding is 
that the widespread presence of Mal’ta1-related ancestry in present- 
day Europeans15 is probably explained by migrations from the Eurasian 
steppe in the Neolithic and Bronze Age periods9.

Resurfacing of a European lineage in the Glacial Maximum
Among the newly reported individuals, GoyetQ116-1 from present- 
day Belgium is the oldest at ~35,000 years ago. This individual is  
similar to the ~37,000-year-old Kostenki14 and all later individuals in 
that it shares more alleles with present-day Europeans (for example, 
French) than with east Asians (for example, Han). In contrast, Ust’-Ishim 
and Oase1, which predate GoyetQ116-1 and Kostenki14, do not show 
any distinctive affinity to later Europeans (Extended Data Table 6).  
Thus, from about 37,000 years ago, populations in Europe shared at 
least some ancestry with present Europeans. However, GoyetQ116-1 
differs from Kostenki14 and from all individuals of the succeeding 
Věstonice Cluster in that both f3-statistics (Fig. 3; Extended Data Fig. 2)  
and D-statistics show that it shares more alleles with members 
of the El Mirón Cluster who lived 19,000–14,000 years ago than 
with other pre-Neolithic Europeans (Supplementary Information  
section 10). Thus, GoyetQ116-1 has an affinity to individuals who lived 
more than 15,000 years later. While at least half of the ancestry of all 

Figure 4 | Population history inferences. a, Admixture graph relating 
selected high coverage individuals. Dashed lines show inferred 
admixture events; the estimated mixture proportions fitted using the 
ADMIXTUREGRAPH software are labelled28 (the estimated genetic drift 
on each branch is given in a version of this graph shown in Supplementary 
Information section 6). The individuals are positioned vertically based 
on their radiocarbon date, but we caution that the population split times 
are not accurately known. Colour is used to highlight important early 
branches of the European founder population: the Kostenki14 lineage 
is modelled as the predominant contributor to the Věstonice Cluster 

(green); the GoyetQ116-1 lineage as the predominant contributor to the 
El Mirón Cluster (red); and the Villabruna lineage as broadly represented 
across many clusters. b, Drawing together of European and Near Eastern 
populations ~14,000 years ago. Plot of affinity of each pre-Neolithic 
European population X to non-Africans outside Europe Y moving forward 
in time, comparing to Kostenki14 as a baseline; values Z < −3 standard 
errors below zero are indicated with filled symbols (we restricted to 
individuals with >50,000 SNPs). We observe an affinity to Near Easterners 
beginning with the Villabruna Cluster, and another to east Asians that 
affects a subset of the Villabruna Cluster.
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El Mirón Cluster individuals comes from the lineage represented by 
GoyetQ116-1, this proportion varies among individuals with the largest 
amount found outside Iberia (Z = −4.8) (Supplementary Information 
section 10).

Europe and the Near East drew together around 14 ka
Beginning around 14,000 years ago with the Villabruna Cluster, the 
strong affinity to GoyetQ116-1 seen in El Mirón Cluster individu-
als who belong to the Late Glacial Magdalenian culture becomes 
greatly attenuated (Supplementary Information section 10). To test 
if this change might reflect gene flow from populations that did not 
descend from the >37,000-year-old European founder population, 
we computed statistics of the form D(Early European, Later European;  
Y, Mbuti) where Y are various present-day non-Africans. If no gene 
flow from exogenous populations occurred, this statistic is expected 
to be zero. Figure 4b shows that it is consistent with zero (|Z| < 3) 
for nearly all individuals dating to between about 37,000 and 14,000 
years ago. However, beginning with the Villabruna Cluster, it becomes 
highly significantly negative in comparisons where the non-Euro-
pean population (Y) is Near Easterners (Fig. 4b; Extended Data Fig. 3; 
Supplementary Information section 11). This must reflect a contribu-
tion to the Villabruna Cluster from a lineage also found in present-day 
Near Easterners (Fig. 4b).

The Satsurblia Cluster individuals from the Caucasus dating to 
~13,000–10,000 years ago2 share more alleles with the Villabruna 
Cluster individuals than they do with earlier Europeans, indicating that 
they are related to the population that contributed new alleles to people 
in the Villabruna Cluster, although they cannot be the direct source of 
the gene flow. One reason for this is that the Satsurblia Cluster carries 
large amounts of Basal Eurasian ancestry while Villabruna Cluster indi-
viduals do not2 (Supplementary Information section 12; Extended Data 
Fig. 4). One possible explanation for the sudden drawing together of 
the ancestry of Europe and the Near East at this time is long-distance 
migrations from the Near East into Europe. However, a plausible alter-
native is population structure, whereby Upper Palaeolithic Europe har-
boured multiple groups that differed in their relationship to the Near 
East, with the balance shifting among groups as a result of demographic 
changes after the Glacial Maximum.

The Villabruna Cluster is represented by the largest number of indi-
viduals in this study. This allows us to study heterogeneity within this 
cluster (Supplementary Information section 13). First, we detect dif-
ferences in the degree of allele sharing with members of the El Mirón 
Cluster, as revealed by significant statistics of the form D(Test1, Test2; 
El Mirón Cluster, Mbuti). Second, we detect an excess of allele shar-
ing with east Asians in a subset of Villabruna Cluster individuals— 
beginning with an ~13,000-year-old individual from Switzerland—as 
revealed by significant statistics of the form D(Test1, Test2; Han, Mbuti) 
(Fig. 4b and Extended Data Fig. 3). For example, Han Chinese share 
more alleles with two Villabruna Cluster individuals (Loschbour and 
LaBrana1) than they do with Kostenki14, as reflected in significantly 
negative statistics of the form D(Kostenki14, Loschbour/LaBrana1; Han, 
Mbuti)4. This statistic was originally interpreted as evidence of Basal 
Eurasian ancestry in Kostenki14. However, because this statistic is con-
sistent with zero when Han is replaced with Ust’-Ishim, these findings 
cannot be driven by Basal Eurasian ancestry (as we discuss earlier), 
and must instead be driven by gene flow between populations related 
to east Asians and the ancestors of some Europeans (Supplementary 
Information section 8).

Conclusions
We show that the population history of pre-Neolithic Europe was 
complex in several respects. First, at least some of the initial modern 
humans to appear in Eurasia, exemplified by Ust’-Ishim and Oase1, 
failed to contribute appreciably to the current European gene pool3,13. 
Only from around 37,000 years ago do all the European individuals 
analysed share ancestry with present-day Europeans. Second, from 

the time of Kostenki14 about 37,000 years ago until the time of the 
Villabruna Cluster about 14,000 years ago, all individuals seem to 
derive from a single ancestral population with no evidence of sub-
stantial genetic influx from elsewhere. It is interesting that during this 
time, the Mal’ta Cluster is not represented in any of the individuals 
we sampled from Europe. Thus, while individuals assigned to the 
Gravettian cultural complex in Europe are associated with the Věstonice 
Cluster, there is no genetic connection between them and the Mal’ta1  
individual in Siberia, despite the fact that Venus figurines are associated 
with both. This suggests that if this similarity is not a coincidence31, 
it reflects diffusion of ideas rather than movements of people. Third, 
we find that GoyetQ116-1 derives from a different deep branch of the 
European founder population than the Věstonice Cluster which became 
predominant in many places in Europe between 34,000 and 26,000 
years ago including at Goyet. GoyetQ116-1 is chronologically associated 
with the Aurignacian cultural complex. Thus, the subsequent spread 
of the Věstonice Cluster shows that the diffusion of the Gravettian cul-
tural complex was mediated at least in part by population movements. 
Fourth, the population represented by GoyetQ116-1 did not disappear, 
as its descendants became widespread again after ~19,000 years ago 
in the El Mirón Cluster when we detect them in Iberia. The El Mirón 
Cluster is associated with the Magdalenian culture and may represent 
a post-Glacial Maximum expansion from southwestern European ref-
ugia32. Fifth, beginning with the Villabruna Cluster at least ~14,000 
years ago, all European individuals analysed show an affinity to the 
Near East. This correlates in time to the Bølling-Allerød interstadial, 
the first significant warming period after the Glacial Maximum33. 
Archaeologically, it correlates with cultural transitions within the 
Epigravettian in southern Europe34 and the Magdalenian-to-Azilian 
transition in western Europe35. Thus, the appearance of the Villabruna 
Cluster may reflect migrations or population shifts within Europe at 
the end of the Ice Age, an observation that is also consistent with the 
evidence of mitochondrial DNA turnover26,36. One scenario that could 
explain these patterns is a population expansion from southeastern 
European or west Asian refugia after the Glacial Maximum, drawing 
together the genetic ancestry of Europe and the Near East. Sixth, within 
the Villabruna Cluster, some, but not all, individuals have an affinity to 
east Asians. An important direction for future work will be to generate 
similar ancient DNA data from southeastern Europe and the Near East 
to arrive at a more complete picture of the Upper Palaeolithic popula-
tion history of western Eurasia.

Online Content Methods, along with any additional Extended Data display items and 
Source Data are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Extended Data Figure 1 | A decrease in Neanderthal ancestry in the last 
45,000 years. This is similar to Fig. 2, except we use ancestry estimates 
from rates of alleles matching to Neanderthal rather than f4-ratios, as 
described in Supplementary Information section 3. The least-squares 

fit excludes Oase1 (as an outlier with recent Neanderthal ancestry) and 
Europeans (known to have reduced Neanderthal ancestry). The regression 
slope is significantly negative (P = 0.00004, Extended Data Table 3).

© 2016 Macmillan Publishers Limited. All rights reserved
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Extended Data Figure 2 | Heat matrix of pairwise f3(X, Y; Mbuti) for selected ancient individuals. Only individuals with at least 30,000 SNPs covered 
at least once are analysed.
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Extended Data Figure 3 | Studying how the relatedness of non-
European populations to pairs of European hunter-gatherers changes 
over time. Statistics were examined of the form D(W, X; Y, Mbuti), with 
the Z-score given on the y axis, where W is an early European hunter-
gatherer, X is another European hunter-gatherer (in chronological order 
on the x axis), and Y is a non-European population (see legend).  

a, W = Kostenki14. b, W = GoyetQ116-1. c, W = Vestonice16.  
d, W = ElMiron. |Z| > 3 scores are considered statistically significant 
(horizontal line). The similar Fig. 4b gives absolute D-statistic values 
rather than Z-scores (for W = Kostenki14) and uses pooled regions rather 
than individual populations Y.
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Extended Data Figure 4 | Three admixture graph models that fit 
the data for Satsurblia, an Upper Palaeolithic individual from the 
Caucasus. These models use 127,057 SNPs covered in all populations. 
Estimated genetic drifts are given along the solid lines in units of f2-
distance (parts per thousand), and estimated mixture proportions 
are given along the dotted lines. All three models provide a fit to the 

allele frequency correlation data among Mbuti, Ust’-Ishim, Kostenki14, 
Vestonice16, Malta1, ElMiron and Satsurblia to within the limits of our 
resolution, in the sense that all empirical f2-, f3- and f4-statistics relating 
the individuals are within three standard errors of the expectation of the 
model. Models in which Satsurblia is treated as unadmixed cannot be fit.
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Extended Data Table 1 | The 51 ancient modern humans analysed in this study

Refs 37–57 are cited in this table. All dates are obtained as described in Supplementary Information section 1. When an individual has a direct date from the same skeleton it is marked ‘direct’ 
followed by a hyphen to indicate whether the date is obtained by ultrafiltration (‘UF’) or without (‘NotUF’). If the date is from the archaeological layer, the date type is marked as ‘layer’. All the dates are 
calibrated using IntCal13 (ref. 58) and the OxCal4.2 program59.
*Kostenki14 is represented in most analyses by our newly reported 16.1× capture data, but key analyses were repeated on the previously reported 2.8× shotgun data4.  
+Mean coverage is computed on the 3.7 million SNP targets.

37. Rougier, H. et al. Peştera cu Oase 2 and the cranial morphology of early 
modern Europeans. Proc. Natl Acad. Sci. USA 104, 1165–1170  
(2007).

38. Marom, A., McCullagh, J. S. O., Higham, T. F. G., Sinitsyn, A. A. & Hedges, R. E. M. 
Single amino acid radiocarbon dating of Upper Paleolithic modern humans. 
Proc. Natl Acad. Sci. USA 109, 6878–6881 (2012).

39. Soficaru, A., Doboş, A. & Trinkaus, E. Early modern humans from the Peştera 
Muierii, Baia de Fier, Romania. Proc. Natl Acad. Sci. USA 103, 17196–17201 
(2006).

40. Palma di Cesnola, A. Paglicci. L’Aurignaziano e il Gravettiano antico (Claudio 
Grenzi, 2004).

41. Soficaru, A., Petrea, C., Doboş, A. & Trinkaus, E. The human cranium from the 
Peştera Cioclovina Uscată, Romania — context, age, taphonomy, morphology, 
and paleopathology. Curr. Anthropol. 48, 611–619 (2007).

42. Sinitsyn, A. A. Les sépultures de Kostenki: chronologie, attribution culturelle, 
rite funéraire in La spiritualité (Otte M. (ed.)), Proceedings of UISPP conference, 
Liège, ERAUL 106, 237–244 (2004).

43. Simon, U., Haendel, M., Einwoegerer, T. & Neugebauer-Maresch, C. The 
archaeological record of the Gravettian open air site Krems-Wachtberg.  
Quat. Int. 351, 5–13 (2014).

44. Trinkaus, E. & Svoboda, J. Early Modern Human Evolution in Central Europe: 
The People of Dolní V stonice and Pavlov, Vol. 12 (Oxford Univ. Press, 2006).

45. Azzi, C. M., Bigliocca, L. & Piovan, F. Florence radiocarbon dates II. Radiocarbon 
16, 10–14 (1974).

46. Cupillard, C. et al. Changes in ecosystems, climate and societies in the Jura 
Mountains between 40 and 8 ka cal BP. Quat. Int. 378, 40–72 (2015).

47. Housley, R. A., Gamble, C. S., Street, M. & Pettitt, P. B. Radiocarbon evidence for 
the Lateglacial human recolonisation of Northern Europe. Proc. Prehist. Soc.  
63, 25–54 (1997).

48. Benazzi, S. et al. Early dispersal of modern humans in Europe and implications 
for Neanderthal behaviour. Nature 479, 525–528 10.1038/nature10617 (2011).

49. Simon, U. Die Burkhardtshöhle — eine Magdalénienstation am Nordrand der 
Schwäbischen Alb, Magisterarbeit (1993).

50. Vercellotti, G., Alciati, G., Richards, M. P. & Formicola, V. The Late Upper 
Paleolithic skeleton Villabruna 1 (Italy): a source of data on biology  
and behavior of a 14.000 year-old hunter. J. Anthropol. Sci. 86, 143–163 
(2008).

51. Drucker, D. G., Bridault, A., Cupillard, C., Hujic, A. & Bocherens, H. Evolution of 
habitat and environment of red deer (Cervus elaphus) during the Late-glacial 
and early Holocene in eastern France (French Jura and the western Alps)  
using multi-isotope analysis (δ13C, δ15N, δ18O, δ34S) of archaeological remains. 
Quat. Int. 245, 268–278 (2011).

52. Valentin, F. et al. Découvertes récentes d’inhumations et d’une incinération 
datées du Mésolithique en Île-de-France. Revue Archéologique d’Île-de-France 
1, 21–42 (2008).

53. Bramanti, B. et al. Genetic discontinuity between local hunter-gatherers and 
central Europe’s first farmers. Science 326, 137–140 (2009).

54. Price, T. D. & Jacobs, K. Olenii Ostrov — first radiocarbon dates from a major 
mesolithic cemetery Karelia, USSR. Antiquity 64, 849–853 (1990).

55. Wehrberger, K. “Der Streit ward definitiv beendet...” Eine mesolithische 
Bestattung aus der Bocksteinhöhle im Lonetal, Alb-Donau-Kreis.  
Zur Erinnerung an Ludwig Bürger (1844–1898). Archäologisches 
Korrespondenzblatt 30, 15–31 (2000).

56. Orschiedt, J. Manipulationen an menschlichen Skelettresten. Taphonomische 
Prozesse, Sekundärbestattungen oder Kannibalismus. Dissertation. 
Urgeschichtliche Materialhefte 13 (1999).

57. Sánchez-Quinto, F. et al. Genomic affinities of two 7,000-year-old Iberian 
hunter-gatherers. Curr. Biol. 22, 1494–1499 (2012).

58. Reimer, P. J. et al. IntCal13 and marine13 radiocarbon age calibration curves 
0–50,000 years cal bp. Radiocarbon 55, 1869–1887 (2013).

59. Ramsey, C. B. & Lee, S. Recent and planned developments of the program 
OxCal. Radiocarbon 55, 720–730 (2013).

© 2016 Macmillan Publishers Limited. All rights reserved



ArticlereSeArcH

Extended Data Table 2 | Estimated proportion of Neanderthal ancestry
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Extended Data Table 3 | Significant correlation of Neanderthal ancestry estimate with specimen age

‘Core set 1’ used for the f4-ratio analyses, refers to 50 ancient individuals (removing Oase1 as an outlier) along with 7 east Asians (Dai and Han). ‘Core set 2’ used for the analyses of Neanderthal  
ancestry informative SNPs, refers to 26 ancient individuals (removing Oase1, Han, Dai and Karitiana).
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Extended Data Table 4 | Sex determination for newly reported individuals

*We restrict analysis to the 1240k target set for study of the 2.2M capture datasets. 
Y-rate is the ratio of NY/Nauto divided by the same quantity for the genome-wide target set. Female sex (F) is inferred as Y-rate <0.05 and male sex (M) as Y-rate >0.
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Extended Data Table 5 | Allele counts at SNPs affected by selection in individuals with >1-fold coverage

rs4988235 is responsible for lactase persistence in Europe60,61. The SNPs at SLC24A5 and SLC45A2 are responsible for light skin pigmentation. The SNP at EDAR62,63 affects tooth morphology and 
hair thickness. The SNP at HERC2 (refs 64, 65) is the primary determinant of light eye colour in present-day Europeans. We present the fraction of fragments overlapping each SNP that are derived; 
the observation of a low rate of derived alleles does not prove that the individual carried the allele, and instead may reflect sequencing error or ancient DNA damage. Sites highlighted in light grey  
were judged (based on the derived allele count) likely to be heterozygous for the derived allele, and dark grey sites are likely to be homozygous.

60. Enattah, N. S. et al. Identification of a variant associated with adult-type 
hypolactasia. Nature Genet. 30, 233–237 (2002).

61. Bersaglieri, T. et al. Genetic signatures of strong recent positive  
selection at the lactase gene. Am. J. Hum. Genet. 74, 1111–1120  
(2004).

62. Fujimoto, A. et al. A scan for genetic determinants of human hair morphology: 
EDAR is associated with Asian hair thickness. Hum. Mol. Genet. 17, 835–843 
(2008).

63. Kimura, R. et al. A common variation in EDAR is a genetic determinant of 
shovel-shaped incisors. Am. J. Hum. Genet. 85, 528–535 (2009).

64. Sturm, R. A. et al. A single SNP in an evolutionary conserved region within 
intron 86 of the HERC2 gene determines human blue-brown eye color.  
Am. J. Hum. Genet. 82, 424–431 (2008).

65. Eiberg, H. et al. Blue eye color in humans may be caused by a perfectly 
associated founder mutation in a regulatory element located within the 
HERC2 gene inhibiting OCA2 expression. Hum. Genet. 123, 177–187 (2008).
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Extended Data Table 6 | All European hunter-gatherers beginning 
with Kostenki14 share genetic drift with present-day Europeans

The statistic D(Han, Test; French, Mbuti) was computed measuring whether present-day French 
share more alleles with Han or with a Test population (restricting to ancient individuals with at 
least 30,000 SNPs covered at least once). Present-day Europeans share significantly more genetic 
drift with European hunter-gatherers from Kostenki14 onward than they do with Han. Thus, by the 
date of Kostenki14, there was already west Eurasian-specific genetic drift.
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