Article

Palaeogenomics of Upper Palaeolithicto
Neolithic European hunter-gatherers

https://doi.org/10.1038/s41586-023-05726-0

Received: 10 June 2022

Accepted: 12 January 2023

Published online: 1 March 2023

Open access

M Check for updates

Modern humans have populated Europe for more than 45,000 years'. Our knowledge
ofthe genetic relatedness and structure of ancient hunter-gatherers is however
limited, owing to the scarceness and poor molecular preservation of human remains
from that period®. Here we analyse 356 ancient hunter-gatherer genomes, including
new genomic datafor 116 individuals from 14 countries in western and central Eurasia,
spanning between 35,000 and 5,000 years ago. We identify a genetic ancestry profile
inindividuals associated with Upper Palaeolithic Gravettian assemblages from

western Europe that is distinct from contemporaneous groups related to this
archaeological culture in central and southern Europe*, but resembles that of
precedingindividuals associated with the Aurignacian culture. This ancestry profile
survived during the Last Glacial Maximum (25,000 to 19,000 years ago) in human
populations from southwestern Europe associated with the Solutrean culture, and
with the following Magdalenian culture that re-expanded northeastward after the
Last Glacial Maximum. Conversely, we reveal a genetic turnover in southern Europe
suggesting alocal replacement of human groups around the time of the Last Glacial
Maximum, accompanied by a north-to-south dispersal of populations associated with
the Epigravettian culture. From at least 14,000 years ago, an ancestry related to this
culture spread from the south across the rest of Europe, largely replacing the
Magdalenian-associated gene pool. After a period of limited admixture that spanned
the beginning of the Mesolithic, we find genetic interactions between western and
eastern European hunter-gatherers, who were also characterized by marked
differences in phenotypically relevant variants.

Modern humans left sub-Saharan Africa at least 60 thousand years ago
(ka), and during their initial expansion into Eurasia, they genetically
mixed with Neanderthals, resulting in 2-3% Neanderthal ancestry in
the majority of present-day non-African populations®. Genomic data
have shown that modern humans were present in western Eurasia'? at
least 45 ka. Some of those early groups from more than 40 ka further
admixed with Neanderthals, as shown by signals of recent introgression
inindividuals from Bacho Kiro in Bulgaria—associated with an Initial
Upper Palaeolithic (IUP) archaeological culture—and from Pestera cu
Oase in Romania?®. Other individuals from that period, such as Zlaty
kin from Czechiaand Ust'Ishim from Russia, do not carry significantly
more Neanderthal ancestry than other non-African groups'’, indicat-
ing differential interactions between Neanderthals and early modern
humans during their initial expansions across Eurasia. Surprisingly,
however, none of those pre-40 ka individuals left substantial traces
in the genetic makeup of present-day Eurasian populations**’. The
oldest genomes carrying ancestries that derive primarily from the
lineage leading to present-day Europeans are Kostenki 14 (from 37 ka,
with uncertain archaeological association from western Russia), Goyet
Q116-1 (35 ka, Aurignacian-associated from Belgium) and Bacho Kiro
1653 (35 ka, probably Aurignacian-associated from Bulgaria)>*®. These
data suggest that the genetic ancestries identified in the pre-40 ka
individuals analysed so far went largely extinct or were assimilated by
subsequent expansions"’. The Kostenki genetic signature (related to the

Kostenki14 genome, and hereafter referred to as the Kostenki cluster
or ancestry) contributed to the later Véstonice genetic cluster (here-
after, Véstonice cluster or ancestry), named after the Dolni Véstonice
site in Czechia®*. This genetic signature is shared among individu-
als associated with the archaeologically defined Gravettian culture
(33-26 ka) in central and southern Europe and seemingly disappeared
after the Last Glacial Maximum* (LGM). However, the genetic profile
of contemporaneous Gravettian-associated individuals from western
Europe remains unknown, asis their contribution to populations after
the LGM. Known to have been the coldest phase of the last Ice Age,
the LGM is considered to have caused a demographic decline in large
parts of Europe'®, with populations retracting to southern latitudes
as attested—for example—by the contemporaneity of the Solutrean
culture (24-19 ka) in the Iberian peninsulaand southern France. Other
proposed climatic refugia for human survival during this period are the
Italian peninsula, the Balkans and the southeastern European Plain, but
the actual genetic contribution of populations from these regions to
post-LGM Europeans is highly debated" =,

After the LGM, a genetic component distantly linked to the Goyet
Q116-1individual from Belgium dated to 35 ka—named GoyetQ2 ances-
try (hereafter, GoyetQ2 cluster or ancestry)—reappearedinindividuals
fromsouthwestern and central Europe associated with the Magdalenian
culture (19-14 kafromIberiato eastern Europe across central Europe)
andinanadmixed formin subsequent Final Palaeolithic and Mesolithic
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hunter-gatherers***, but the geographic extension of this ancestry is
still unclear. Instead, in southern Europe, a distinct hunter-gatherer
genetic profile was found as early as 17 ka in individuals associated
with the Epigravettian culture® (24-12 ka, from the Italian peninsula to
the southeastern European Plain across the Balkans). This ‘Villabruna’
ancestry (hereafter, Villabruna cluster or ancestry) showed con-
nections to ancient and present-day Near Eastern populations**¢,
but the mode and tempo of its expansion into the Italian peninsula
remain unexplored. The Villabruna ancestry later appeared in central
Europeanditis thoughtto havelargely replaced groupsrelated to the
GoyetQ2 ancestry*. However, its formation, diffusion and interaction
with contemporaneous hunter-gatherers fromeastern Europe and their
interplay with later expansions of Neolithic farmers from southeastern
Europe are not well characterized.

Inthis study, we analyse 356 ancient hunter-gatherer genomesinclud-
ing new genomic data of 116 individuals dated to 35-5 ka alongside a
novel contamination-estimation method based on runs ofhomozygo-
sity. We provide a systematic description of the genomic transforma-
tions that hunter-gatherer groups experienced from the early Upper
Palaeolithic onwards across western and central Eurasia and how those
are possibly linked to cultural and climatic changes.

Ancient DNA datageneration

We generated genome-wide sequencing data for 102 newly reported
hunter-gatherers, and increased coverage for 14 previously pub-
lished individuals*. These data cover a time span of around 30,000
years from the Upper Palaeolithic to the Late Neolithic (defined
here by the presence of pottery rather than by farming subsistence
economy if not indicated), derive from multiple prehistoric cultural
contexts, and originate from 54 archaeological sites in 14 countries:
1Aurignacian-associated individual from Belgium and 1 culturally unas-
signed individual from Romania (35-33 ka), 15 Gravettian-associated
individuals from Spain, France, Belgium, Czechiaand Italy (31-26 ka),
2 Solutrean-associated individuals from Spain and France (23-21 ka),
9 Magdalenian-associated individuals from France, Germany, and
Poland (18-15ka), 4 Epigravettian-associated individuals from Italy
(17-13 ka), 2 Federmesser-associated individuals from Germany (14 ka),
and 81 Mesolithic to Neolithic foragers from across western Eurasia
(11-5 ka), together with 1 central Eurasian Neolithic individual from
Tajikistan (8 ka) (Fig.1, Extended Data Table1, Supplementary Datal.A,
Supplementary Information, section1and Supplementary Fig. 1).
Webuilt1to 8 single-and double-stranded geneticlibraries for each
individual and enriched them for human DNA on 1.24 million single
nucleotide polymorphisms® (SNPs), which were then sequenced and
yielded 0.04-to 7.64-fold coverage on average over the targeted SNPs.
Genetic sexingrevealed 78 male individuals and 38 female individuals
(Supplementary Fig. 12). The levels of contamination from mod-
ern human DNA were estimated on the basis of mitochondrial DNA
(mtDNA), X chromosome and autosomal DNA, and with a haplo-
type copying model that is extended here to autosomal data in runs
of homozygosity (ROH) (Methods, Supplementary Information,
sections2and 3, Supplementary Figs.2-11and Supplementary Table1).
Substantially contaminated libraries as well as marginally contaminated
libraries of individually analysed genomes were filtered to maintain
reads showing postmortem DNA damage (Methods and Supplemen-
tary Figs. 10 and 11). Pseudo-haploid genotypes were called on the
targeted SNPs by randomly sampling a single allele at each position,
resulting inindividuals with 6,600 to 1.07 million SNPs covered on the
1.24-million-SNP panel (Extended Data Table 1and Supplementary Data
1.A). The newly generated genotypes were merged with 240 published
ancient hunter-gatherer genomes and modern worldwide popula-
tions for downstream analyses (Supplementary Data 1.G). Contrary
to the proposal in Fu et al.* but in agreement with Petr et al.”, we do
not observe a substantial decrease of Neanderthal ancestry in most
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Fig.1|Locations, dates and MDS plot of ancient Eurasian hunter-gatherers.
a, Geographiclocations of newly reported individuals (filled symbols with
black outline) and representative previously published individuals (outlined
stars). Dotted lines delimitgeographicregionsdescribedin thetext.b, Calibrated
radiocarbondates of individuals plotted in a. The y axis shows the average of
calibrated radiocarbon datesin thousands of years (kyr) (Supplementary Data
1.A). The horizontal dashed line marks theboundary between Late Pleistocene
and Holocene. ¢, MDS plot of European hunter-gatherers based on1-f;(Mbuti;
popl, pop2). The dimensions are calculated using newly reported and
previously published hunter-gatherer groups or individuals with more than
30,000 SNPs. The detailed grouping of individuals shown with empty coloured
circlesis describedinSupplementary Datal.l.

European hunter-gatherers through time (Supplementary Information,
section 6 and Supplementary Figs.15-17). This provides further support
for the model with no long-term decline of genome-wide Neanderthal
ancestry in modern humans following their introgression',

Before the LGM

The Gravettian culture was one of the most widely distributed Upper
Palaeolithic cultures across western Eurasia before the LGM®. It is often
considered asa pan-European cultural mosaic with regional variations
in material to symbolic productions?®?. In this debated framework,
Gravettian-associated individuals have been suggested torepresent a
biologically homogeneous population onthe basis of craniometric and
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genomicdata*??. However, published Gravettian-associated genomes
originate from central and southern Europe, leaving the genetic profile
of Gravettian-associated human groups fromwestern and southwestern
Europe undescribed.

To gain an overview of the genomic background of European
hunter-gatherers before the LGM, we used multidimensional scaling
(MDS) to plot adissimilarity matrix of pairwise outgroup f;-statistics in
the form1-f;(Mbuti; popl, pop2) (Fig. 2a). This plot reveals the pres-
ence of three distinct groupings: (1) a pre-40 ka group withindividuals
from the Ust’Ishim, Bacho Kiro, Zlaty kin and Pestera cu Oase sites,
(2) aVéstonice cluster including Gravettian-associated individuals from
central-eastern and southern Europeansites (Dolni Véstonice, Pavlov,
Krems-Wachtberg, Paglicciand Ostuni), and (3) a Fournol cluster (here-
after, Fournol cluster or ancestry) comprising Gravettian-associated
individuals fromwestern and southwestern European sites (Ormesson,
LaRochette, Fournol and two Serinya cave sites (Mollet Ill and Reclau
Viver)). The previously described Véstonice cluster, including anewly
reported 29,000-year-old individual from Paglicci cave (Paglicci12) in
southernltaly, is closely related to the previously published genomes
from Sunghir and Kostenki 12 in western Russia, which are dated to
34 ka and 32 ka, respectively*?. The newly defined Fournol cluster is
closely related to Aurignacian-associated individuals from Belgium
dated to 35 ka (Goyet Q116-1 and the newly reported Goyet Q376-3
individual). Notably, and contrary to the report by Fu et al.*, another
Gravettian-associated population from central-western Europe (Goyet
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individuals as part of the Véstonice cluster and westernand southwestern
Europeanindividuals as part of the Fournol cluster.In central-western Europe,
Gravettian-associated individuals from Goyet show affinity to both clusters.
Error barsshow1xs.e.m. (black) or3x s.e.m. (grey) of thef, values estimated
from 5 cM-block jackknife analysis. ¢, Admixture graph modelling of the main
pre-LGM European hunter-gatherer lineages created using qpGraph.

in Belgium, n = 6 individuals) is both geographically and genetically
intermediate betweenthe Véstonice and Fournol clusters. The similarity
between Goyet Q116-1and Goyet Q376-3 and the Fournol clusteris also
observedatthemtDNAlevel, withbothgroupsincludingindividualswho
carried mtDNA haplogroup M, which has not been found in European
individuals from after the LGM?* (Extended Data Figs.1and 2).

We further validated the genetic distinction between the Véstonice
and Fournol clusters observed inthe MDS plot with a series of f,-statistics
(Supplementary Data 2.B). Allindividuals belonging to the Fournol clus-
ter show higher affinity to Goyet Q116-1than to the Sunghir group (n=4),
andthe Véstonice-cluster individuals show higher affinity to the Sunghir
group than to Goyet Q116-1 (Extended Data Fig. 3). These f,-statistics
also confirmthat Goyet Q376-3 carries asimilar ancestry to Goyet Q116-1
and Kostenki12 carries asimilar ancestry to the Sunghir group, whereas
BachoKiro1653 (35 ka) from Bulgaria, Muierii1 (34 ka) and Cioclovinal
(32 ka) from Romania, and Paglicci 133 (33 ka) from southern Italy are
equally related to Goyet Q116-1and Sunghir. We further tested whether
individualsincluded in the Véstonice and Fournol clusters share similar
allele frequencies with the main representatives of those two clusters.
With the statistics f,(Mbuti, Fournol 85; Véstonice, test) and f,(Mbuti,
Véstonice; Fournol 85, test), we show that all V&stonice-cluster indi-
viduals are significantly closer (|Z]>3) to the Véstonice group (n=15)
and the Fournol-cluster individuals are closer to Fournol 85, whereas
the geographically intermediate Gravettian-associated Goyet group
shows extra affinity to both clusters (Fig. 2b).
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We further modelled the genetic profile of pre-LGM individuals
with gpGraph (Supplementary Information, section 10 and Supple-
mentary Figs.19-25). The admixture graph shows that the Bacho Kiro
IUP group (n =3) shares ancestry with multiple early modern human
lineages® (Supplementary Information, section 7), and that the more
than 45,000-year-old Zlaty kiifi genome' is the most deeply divergent
non-African lineage sequenced to date (Extended Data Fig. 4). This is
alsovalidated by f;-statistics of the form f,(Mbuti, Zlaty kiin; test1, test2),
which are consistent with zero for all other pre-LGM hunter-gatherers
(Supplementary Data 2.C), indicating an equidistant relationship of
Zlaty kain to the tested groups. When Gravettian-associated individuals
areincludedinanadmixture graphalso featuring Kostenki 14, we find
that Fournol 85fits best as asister lineage of Goyet Q116-1, whereas the
Véstonice group is modelled as a mixture between a lineage related
to the Sunghir group and one related to the Goyet Q116-1-Fournol
85 branch (Fig. 2¢). This is also supported by f,-statistics of the form

f:(Mbuti, Fournol 85; Sunghir, test), which are significantly positive for

all the individuals included in the Véstonice cluster (Supplementary
Data2.B). Therefore, as previously reported?, the Véstonice cluster itself
results from admixture between western and eastern lineages, which
might contribute to the observed homogeneity in cranial morphology
among Gravettian-associated individuals®.

These results show that some, but not all, of the genomic ances-
tries present in Europe between around 40 ka and 30 ka survived in
the Gravettian-associated populations studied so far. The Kostenki
(and Sunghir group) ancestry contributed to the previously described
Véstonice cluster represented by Gravettian-associated individuals
from central-eastern and southern Europe*. By contrast, the Goyet
Ql16-1genetic profile gave rise to the newly described Fournol clus-
ter identified in Gravettian-associated individuals from western and
southwestern Europe. Notably, this genetic distinction coincides
with dissimilarities in mortuary practice among genetically analysed
Gravettian-associated individuals from different parts of Europe. Indi-
viduals in western and southwestern Europe related to the Fournol
cluster are consistently deposited in cave sites and occasionally exhibit
anthropogenic marks whereas individuals related to the Véstonice
cluster are buried with grave goods and/or personal ornaments and
ochreinopenairor cavesitesin central-eastern and southern Europe,
respectively (Supplementary Figs.29-32 and Supplementary Table 4).
The oldest individual in the Fournol cluster is Ormesson 2988 from
northeasternFrance (31ka, Early/Middle Gravettian), whereas a Gravet-
tian group from Goyet in Belgium (27 ka, Late Gravettian) is found to
be a mixture between the Véstonice and Fournol clusters. This sug-
gests that between the Early/Middle and Late Gravettian there was
an east-to-west expansion of the Véstonice-associated ancestry that
reached central-western Europe and created a longitudinal admix-
ture cline between those two genetically distinct pre-LGM populations.

LGMinsouthwestern and western Europe

TheSolutrean cultureistemporally intermediate between the Gravet-
tianand the Magdalenian (or the Badegoulian) cultures, and is foundin
southwesternand western Europe, which are considered to have been
climatic refugia for human populations during the LGM*?, However,
the extent to which groups associated with the Solutrean culture are
ingenetic continuity with earlier and later populations from the same
region is unknown because no genomic data from Solutrean-associated
individuals have been reported previously. Both newly sequenced
genomes from Solutrean-associated individuals (Le Piage Il (23 ka) from
southwestern France and LaRiera (level 14, 21 ka) from northern Spain)
show ageneralized affinity with members of the Fournol and GoyetQ2
clustersinoutgroupf;-statistics (Supplementary Data2.A). Inthe MDS
plot, the Le Piage Il individual falls particularly close to individuals
belonging to the Fournol cluster, suggesting alocal genetic continuity
of this ancestry during the LGM (Supplementary Fig. 13). F,-statistics
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further support this view, revealing that Le Piage Il is more closely
related to the Fournol cluster than the Véstonice cluster (f,(Mbuti,
Le Piage II; Véstonice, Fournol 85) » 0, Z = 6.58). We also compared its
affinity to EIMirén (northern Spain), the oldest Magdalenian-associated
individual sequenced to date (19 ka). F-statistics suggest that Le
Piage Ilis genetically intermediate between Fournol 85 and El Mirdén
(Supplementary Data 2.D). Moreover, previous studies have shown
that EIMirén carries agenetic contribution fromthe Villabrunacluster,
which is found in Epigravettian-associated individuals from Italy*".
EI Mirén has a significantly higher similarity to the Villabruna cluster
than Fournol 85 and Le Piage II, while the affinity to the Villabruna
cluster in Le Piage Il is not significantly higher than in Fournol 85
(Supplementary Data2.D). Overall, the Solutrean-associated Le Piage
Il individual links the preceding Fournol ancestry with the succeed-
ing ancestry found in El Miron, providing direct evidence for genetic
continuity throughout the LGM in southwesternand western Europe.
These Europeanregions, therefore, constitute climatic refugia where
human populations survived during the LGM.

Post-LGM in the Italian peninsula

After the LGM, the Epigravettian culture was widespread in southern
and southeastern Europe. In spite of growing discussions about its
nature”?, the Epigravettian culture has been traditionally assumed
to be the result of a transition from the preceding local Gravettian®.
However, the level of genetic continuity between individuals asso-
ciated with these cultures and the population structure among
Epigravettian-associated individuals have not been fully explored.
Here, we report genomic datafrom4individuals, including 3 approxi-
mately 13,000-year-old genomes from northeastern Italy (Pradis 1),
northwesternItaly (Arene Candide 16) and Sicily (San Teodoro 2), as well
asincreased genome-wide coverage from Tagliente 2" dated to 17 ka.

Inthe MDS plot, we find that all of the newly and previously reported
Epigravettian-associated individuals fall within the Villabruna clus-
ter* (Fig. 1c). A series of f,-symmetry statistics confirm that all the
Epigravettian-associated individuals are cladal, and do not share excess
affinity with any local (Paglicci12) or non-local preceding ancestries
(Goyet Q116-1, Kostenki 14, Mal’ta 1 or Véstonice) (Supplementary
Data 2.F). Moreover, none of the Epigravettian-associated individu-
als have more affinity to southern European than to central-eastern
European Gravettian-associated groups, as shown by f,(Mbuti,
Epigravettian-associated individual/group; Véstonice, Paglicci 12)
thatis consistent with O (Supplementary Data 2.G).

Next, we investigated the genetic relationships between
Epigravettian-associated individuals across the Italian peninsula, by
reconstructing a phylogeny based on a matrix of pairwise f, genetic
distances (Fig. 3a and Supplementary Fig. 9) and testing the relative
affinity among them usingf,-statisticsin the formf,(Mbuti, Epigravet-
tian A; Epigravettian B, Epigravettian C) (Supplementary Data 2.E). The
inferred topology reveals a phylogeographic pattern irrespective of
individual ages. In particular, the 13 ka Pradis 1individual from north-
eastern Italy represents the most basal lineage compared to all other
Epigravettian-associated individuals, including the older Tagliente 2
and Villabruna genomes fromnorthern Italy (group1). Individuals from
northwesternItaly (Arene Candide 16), central Italy (Continenza) and
Sicily fall on aphylogenetically more derived branch (group 2), which
further diversified into abranch composed of Sicilian hunter-gatherers
only (group 3). Within Sicily, the 14 ka Oriente Cindividual shows higher
affinity with the much younger but geographically closer 10 ka Uzzo
group® (n =2) than with the almost contemporaneous San Teodoro 2
individual from eastern Sicily.

Finally, we estimated the genetic diversity of Epigravettian-associated
individuals in the dataset by calculating both pairwise mismatch rates
(PMR) on pseudo-haploid genotypes and individual heterozygosity levels
onpseudo-diploid genotypes (Supplementary Data3.A). Compared with
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thegeneticdiversity observed amongall analysed Gravettian-associated
groups, Epigravettian-associated individuals show significantly lower
amounts of genetic diversity (two-tailed t-test, P < 0.001) (Fig. 3b). Moreo-
ver, wereveal anorth-to-south decrease in genetic diversity among the
Epigravettian-associated groups, with the highest PMR and heterozygo-
sity values foundinnorthernItalianindividuals (group 1), intermediatein
westernand centralItalianindividuals (group 2) and the lowest in Sicilian
individuals (group 3) (Fig. 3b). A similar pattern is observed through
the analysis of ROH segments (Extended Data Fig. 5 and Supplemen-
tary Information, section 9). We detect the highest amount of ROHs in
Epigravettian-associated individuals from Sicily, who carry an extreme
amount of more than 200 cM of short ROHs (4-8 cM). This suggests a

very smallrecent effective population size, estimated to be in the order of
around 70 individuals (Supplementary Table 2), causing the low genetic
diversity in Sicilian Epigravettian hunter-gatherers.

To summarize, our results highlight a genetic turnover in the Italian
peninsula of the Gravettian-associated Véstonice cluster by the
Epigravettian-associated Villabruna cluster that might correlate with
discontinuities observed in the archaeological record. We show
that all analysed Epigravettian-associated individuals carry a homo-
geneous Villabruna ancestry, with the intra-group genetic structure
mainly determined by their geographical, and not temporal, distri-
bution. The phylogenetic reconstruction of Epigravettian-associated
genomes, with Pradis1diverging more deeply thanall others, indicates
that the turnover took place much earlier than 17 ka—the date of the
more derived Tagliente 2 genome. This, together with the evidence of
Villabrunaancestry in EIMir6n19 ka, further suggests that this genetic
discontinuity could be the result of palaeogeographic and palaeoeco-
logical transformations connected to the LGM*, rather than to the
Belling-Allergd warming period*” (14.7-12.9 ka). Inaddition, our phy-
logeographic analysis points to northeasternItaly as the possible entry
pointofthe Epigravettian-associated gene pooliin theItalian peninsula.
This finding, in conjunction with the genetic affinity of the Villabruna
cluster to ancient and present-day Near Eastern ancestries*'>'® (Sup-
plementary Information, section 8, Supplementary Fig. 18 and Sup-
plementary Data2.0), suggests the Balkans as asource of theincoming
Epigravettian-associated population. The LGM could thus have created
a corridor south of the Alps for east-to-west human movements that
genetically connected hunter-gatherer populations fromthe Balkans to
Iberia, possibly also via dispersals along existing lower-sea-level coasts®.

Post-LGM in western and central Europe

The Magdalenian culture was widely distributed in southwestern,
western and central Europe after the LGM*. Despite this wide geo-
graphical range, itis not clear whether different groups associated
with this culture originated from a common source population and
how those groups were genetically related to each other. Previous
studies identified two different genetic compositions in Magdalenian-
associated individuals—the GoyetQ2 cluster including central-western
European genomes dated to around 15 ka (from France, Belgium and
Germany), and the ancestry of the El Mir6n individual from Spain*™*
fromaround19 ka. Both of these ancestries carry agenetic component
distantly related to the Goyet Q116-1individual dated to 35 ka, with the
Iberian individual also showing an affinity to the Villabruna cluster**,
By co-analysing previously published data with our newly reported
genomes associated with the Magdalenian from La Marche (18 ka)
and Pincevent (15 ka) in western and northern France, respectively,
and Maszycka (18-16 ka) in southern Poland, we confirm that the
Goyet Ql16-1ancestry survivedinall studied Magdalenian-associated
genomes besides in Gravettian and Solutrean-associated individu-
als from southwestern and western Europe (Fig. 1). Notably, the
Fournol ancestry provides a better proxy than Goyet Q116-1 for the
genetic component found in the GoyetQ2 cluster and in El Mirén
(Supplementary Data 2.H). However, using f,-statistics, we show that
all Magdalenian-associated individuals, and not only El Mirén, carry
Villabruna-related ancestry when compared to the Fournol clus-
ter (Supplementary Data 2.H). This affinity is even stronger towards
Epigravettian-associated individuals from western and central Italy and
Sicily (group 2and group 3, respectively) than to those from northern
Italy (group 1) (Supplementary Data 2.F).

We thus modelled individuals belonging to the GoyetQ2 cluster
and El Mirén as a mixture between the Fournol 85 and Arene Candide
16 genomes as proxies to represent the Fournol and Villabruna
ancestries, respectively, in Magdalenian-associated groups (Fig. 4a).
Besides EI Mir6n, who has around 43% Villabruna ancestry, all other
Magdalenian-associated individuals have a lower proportion of this
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component (19-29%) and can thus be assigned to the GoyetQ2 clus-
ter (Fig. 4a and Supplementary Data 3.C). This is further validated
by f,-statistics of the form f,(Mbuti, Arene Candide 16; Goyet Q-2,
Magdalenian-associated individuals), which is significantly positive
only for El Mirén, whereas all other tested individuals and Goyet Q-2
are symmetrically related with respect to Arene Candide 16 (Supple-
mentary Fig. 26 and Supplementary Data 2.H).

Our analyses demonstrate that the Fournol cluster isabetter source
for Magdalenian-associated genomes than Goyet Q116-1. There-
fore, most of the ancestry found in these post-LGM individuals prob-
ably traced back to Gravettian-associated groups from western and
southwestern Europe. The genetic affinity to the Villabruna ancestry
ispresentin EIMirén and in Magdalenian-associated individuals from
western and central Europe. This suggests that genetic links between
southern and southwestern European hunter-gatherers around the
time of the LGM extended north of the Pyrenees. The resulting GoyetQ2
cluster includes individuals spanning from western France to Poland
in the period between 18 and 15 ka. Therefore, contrary to previous
suggestions®, this demonstrates that the post-LGM diffusion of the
Magdalenian wasindeed associated with northward and northeastward
population expansions from western Europe™®.

Post-14 kato Neolithic

Previous studies have shown that two main hunter-gatherer ancestries
were predominant across most parts of Europe after around 14 ka—
that is, the western hunter-gatherer (WHG) ancestry, related to the
Villabruna cluster, and the eastern hunter-gatherer (EHG) ancestry,
showing affinity to both the Villabruna and the ancient north Eurasian
(ANE) ancestry found in Upper Palaeolithic Siberian individuals**.
Hunter-gatherers carrying an admixed WHG/EHG genetic profile have
beensequenced fromvarious regions of northernand eastern Europe,
raising the question of how these two types of ancestries formed and
interacted with each other through time and space® *°.

In the MDS plot (Fig. 1c) and a west Eurasian principal component
analysis (PCA) (Extended Data Fig. 6 and Supplementary Fig.14), most
post-14 kaindividuals from western and central Europe fall close to the
WHG cluster and those from eastern Europe close to the EHG cluster,
whereas the Tutkaul 1individual from central Asia falls close to the
ANE-related group. The two 14 ka Oberkassel individuals mark the
earliest presence of WHG ancestry north of the Alps, which we therefore
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rename the Oberkassel cluster (hereafter, Oberkassel cluster or ances-
try), using the name of the oldest reported individual to date carrying
such ancestry with more than one-fold coverage, for consistency*.
On the basis of f,-statistics, we find that individuals assigned to the
Oberkassel cluster are closer to the Arene Candide 16 genome than
any other Epigravettian-associated group from Italy (Supplementary
Data 2.F). Moreover, the Oberkassel cluster carries both Villabruna
ancestry and a contribution from GoyetQ2 ancestry (Supplementary
Data2.)). This was confirmed with qpAdm, in which we could model all
individuals from the Oberkassel cluster as abroadly constant mixture of
approximately 75% Arene Candide 16 and 25% Goyet Q-2 (or 90% Arene
Candide 16 and 10% Fournol 85) (Fig. 4b and Supplementary Data3.C).
The observation that post-14 ka individuals from western and central
Europe and also from Britain* carry a homogeneous genetic makeup
instead of displaying repeated local admixtures with GoyetQ2 ancestry
implies that the Oberkassel-ancestry profile was already largely formed
beforeitsdispersal. Thisisin sharp contrast to the genetic history of Ibe-
rian hunter-gatherers, where the spread of the Villabruna/Oberkassel
ancestry involved multiple local admixture events with groups carry-
ing high proportions of GoyetQ2 ancestry™ (Fig. 4 and Supplementary
Data3.C). The long-lasting genetic continuity in Iberiais also reflected
inthe preservation until the Mesolithic of Y-chromosome haplogroup
C,whichwas predominantin pre-LGM groups but rarely found after the
LGM in other parts of Europe (Extended Data Figs.1and 2).

Using f,-statistics and qpAdm, we confirm that EHG populations
in eastern Europe are a mixture of Villabruna/Oberkassel and ANE
ancestries (Supplementary Information, section11and Supplementary
Data2.K). F,-statistics also show that the approximately 8.2 ka Yuzhniy
Oleniy Ostrov group from Karelia in western Russia formed by 19
genomes has comparable or lower affinity to Villabruna ancestry than
all the other EHG groups (Supplementary Data 2.K). The oldest indi-
vidualrevealing anindistinguishable genetic profile from the Yuzhniy
Oleniy Ostrov group is the 11 ka Sidelkino individual from Samarain
western Russia*. For consistency with the previously discussed nomen-
clature, we rename the EHG ancestry as the Sidelkino cluster (hereaf-
ter, Sidelkino cluster or ancestry). The genetic distinction between
the Oberkassel and Sidelkino clusters is also clearly noticeable in the
diversity of uniparentally inherited markers, as the Oberkassel cluster
is dominated by mtDNA haplogroup U5 and Y-chromosome haplo-
group I, whereas individuals from the Sidelkino cluster show a higher
frequency of mtDNA haplogroups U2, U4 and R1b, and carry uniquely
Y-chromosome haplogroups Q, Rand ] (Extended Data Figs.1and 2).

We then attempted to model 250 published and newly reported
hunter-gatherers dated to14-5 ka using qpAdm as amixture of Oberkas-
sel, Sidelkino, GoyetQ2 ancestries, and an ancestry maximized in Anato-
lian Neolithic farmers (ANF), as aconsiderable portion of the sequenced
hunter-gatherer genomes date after around 8 ka, when ANF ancestry
started spreading across Europe. Our results show that the contact
zone and the admixture patterns between the Oberkassel and Sidelkino
ancestries changed over time (Fig. 5). Between 14 and 8 ka, all hunter-
gatherers in western and central Europe carried only Oberkassel
ancestry, with no detectable contribution from the Sidelkino clus-
ter. Further north and east, individuals from the Baltics (Baltic HG),
Scandinavia (SHG), the Balkans (Iron Gates HG) and Ukraine (Ukraine HG)
already carried an Oberkassel/Sidelkino admixed ancestry***° before
8 ka.Inaddition, those groups also carry affinity to ANF suggesting more
complex genetic processes behind their demographic history'®. Moreo-
ver, two of the oldest published groups from western Russia belonging
to the Sidelkino cluster—Peschanitsa (13 ka)* and the newly reported
Mininoindividuals (11 ka)—showed extra affinity to the Oberkassel clus-
ter, possibly owingto variability in this ancestry proportion during the
initial formation phase of the Sidelkino-ancestry profile. Using DATES
software, we estimated the admixture between Villabruna/Oberkassel
and ANE ancestries in these old Sidelkino-cluster-related individuals
to around 15-13 ka (Extended Data Fig. 7 and Supplementary Table 3),
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which coincides roughly with the first appearance of the Oberkassel
ancestry in central Europe. This raises the possibility that the replace-
mentby the Oberkassel cluster and the formation of the Sidelkino cluster
might have been the result of population expansionsinfluenced by the
abrupt warming during the Bglling-Allergd interstadial**.

From around 8 ka, we begin to observe admixture events with Sidel-
kino ancestry in central Europe. This is first detected in an individual
from Gross Fredenwalde innortheastern Germany and reaches around
10%inmost European hunter-gatherer individuals thereafter (Extended

frequencies of different hunter-gatherer groups (coloured dots) on four SNPs
related to skin colour (SLC24A5 and SLC45A2), eye colour (HERC2/OCA2) and
lactase persistence (LCT). Dots are maximum likelihood estimates and error
barsshow 95% confidenceintervals of the derived allele frequencies (n, the
number ofindividualsineach group, is provided in Supplementary Data 3.G).
Dashed lines show the frequencies estimated for the indicated present-day
1000 Genomes Project populations (CEU, Utah residents of northernand
western Europeanancestry; GBR, British; IBS, Spanish; TSI, Tuscan)*. Details
ontheallele frequency estimates are provided in Supplementary Information,
section12, Supplementary Figs.27 and 28 and Supplementary Data 3.G.

Data Fig. 8). Soon after 8 ka, Sidelkino ancestry was absent in eastern
Spainbutithad already reached northernIberiaalongside anincrease
in Oberkassel ancestry (Fig.5). Conversely, additional Oberkassel ances-
try isidentified in eastern Europe by at least 7.5 kain newly generated
genomes from Minino I and Yazykovo from the upper Volga region,
whereas a1,000-years-older individual from Minino I did not have
this genetic component. Considering a freshwater reservoir signal in
the upper Volga region making radiocarbon dates on human remains
appear up to about 500 years older than their true age**, there could
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be aninterval of more than 1,000 years between the first evidence
of admixture in central European hunter-gatherers with Sidelkino
ancestry and eastern European hunter-gatherers with Oberkassel
ancestry. However, additional genomes intermediate in time and
space are needed to assess whether those two admixture events were
independent or part of acommon demographic process.

After 7.5 ka, as ANF ancestry had reached regions north of the Alps,
individuals carrying a hunter-gatherer genetic profile were primarily
restricted to the northern fringes of Europe (Fig. 5). In this period, the
Oberkassel-ancestry admixture spread further east, reaching Samara
byaround 6.5 ka, and anincrease in Sidelkino ancestry was detected in
hunter-gatherers from the Baltic region, which was previously associ-
ated with the transition from the Narva culture to the Comb Ceramic
culture®®* (Extended Data Fig. 8). In central Europe, admixture with
ANF ancestry became highly common but not ubiquitous, indicat-
ing the co-existence of hunter-gatherer and farmer societies without
admixing for several hundred years. The youngest individual carrying
large portions of hunter-gatherer ancestry in the analysed dataset
is from Ostorf in northern Germany, dated to around 5.2 ka (>90%
Oberkassel cluster plus Sidelkino-cluster components) (Supplemen-
tary Data3.F). Individuals at this site might mark one of the last occur-
rences of such high levels of hunter-gatherer-related ancestries, just
centuries before the emerging European Bronze Age.

Onthebasis of PCA and outgroup f;-statistics, the Neolithic Tutkaul 1
individual from Tajikistanis closely related to Upper Palaeolithicindivid-
uals fromsouth-central Siberia (Afontova Gora 3 (AG3) and Mal'tal), and
roughly contemporaneous West Siberian hunter-gatherers (Tyumen
and Sosnoviy), both carrying high proportions of ANE ancestry* (Fig. 1c
and Extended DataFig. 6). We tested the affinity of Tutkaul 1to world-
wide ancientand modern populations relative to AG3. Contrary to West
Siberian hunter-gatherers, Tutkaul 1 does not carry an extra eastern
Eurasian ancestry, but shows affinity to Iranian Neolithic farmers and
some younger populations from Iran and the Turan region (Supple-
mentary Data2.L). Conversely, individualsin the Sidelkino cluster are
genetically closer to AG3 than Tutkaul 1. This suggests that the newly
reported Neolithicindividual from central Asia carries an ancestry that
might beagood proxy for the ANE-related contributiontoIranand the
Turanregion® fromaround 5.5 kabut not to roughly contemporaneous
hunter-gatherers from eastern Europe.

In sum, we describe the formation and interaction between the
Oberkasseland Sidelkino clusters, the two main hunter-gatherer ances-
tries present in Europe from 14 ka onwards. The genomic similarity of
the Oberkassel cluster to Arene Candide 16 in northwestern Italy might
imply that Epigravettian-associated ancestry spread from the south to
central Europe passing through the western side of the Alpine region.
The Sidelkino ancestry also emerged around 14 ka with its first direct
evidence in eastern Europe* dated to 13 ka. The increasing level of
admixture between distinct hunter-gatherer populations fromaround
8 kaonwardsindicates an intensified mobility of those forager groups.
This might have beenin part triggered by the concomitant expansion
of Neolithic farmers across Europe and/or by environmental factors,
such as the climatic event around 8.2 ka, the largest abrupt coolingin
the northern hemisphere during the Holocene epoch*®¥.

Phenotypically relevant variants

Leveraging the substantially increased sample size, we investigated
genetically distinct hunter-gatherer groups for allele frequencies at
selected loci that are known to be associated with specific pheno-
typic traits in present-day Europeans (Fig. 5b and Supplementary
Figs.27 and 28). Consistent with previous findings, none of the analysed
groups show the derived allele at SNP rs4988235 on the LCT gene, which
isresponsible for lactase persistence. As previously hinted®, we find a
large frequency variation in alleles related to skin and eye pigmenta-
tionamong post-LGM hunter-gatherer groups. For the SNP associated
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with light eye colour (HERC2/OCA2 (rs12913832)), individuals from
the Villabruna cluster, Oberkassel cluster, Baltic HG and SHG groups
show high frequencies of the derived allele (>90%), which is respon-
sible for the green or blue eye phenotype, whereas Sidelkino cluster,
Ukraine HG and Iron Gates HG groups show low occurrence of this
allele (10-25%). Instead, for the two SNPs associated with skin colour
(SLC24A5 (rs1426654) and SLC45A2 (rs16891982)), Sidelkino cluster and
Ukraine HG groups show a higher frequency (>90% for SLC24A5 and
29-61% for SLC45A2) of the derived alleles related to light skin colour,
compared with Oberkassel and Villabruna clusters, where those alleles
are almost completely absent (<1%). On the basis of the genetic varia-
tion of present-day Europeans, this could imply phenotypic differences
between post-14 ka hunter-gatherer populations across Europe, with
individuals in the Oberkassel cluster possibly exhibiting darker skin
and lighter eyes, and individualsin the Sidelkino cluster possibly lighter
skin and darker eye colour.

Discussion and conclusions

The data generated in this study enabled us to investigate genomic
transformations of and interactions between Eurasian hunter-gatherers
athighresolution (Extended DataFig. 9). We provide five novel insights
into the genomic history of hunter-gatherer populations over a time
span of 30,000 years from the Upper Palaeolithic to the Neolithic.

First, we show thatindividuals associated with the Gravettian culture
across Europe were not a biologically homogeneous population. Cul-
turally, however, we see both widespread general tendencies, such as
weaponry and some portable art*®, and other aspects that have amore
regional character, such as mortuary practices (Supplementary Infor-
mation, section13), various originalitiesin lithic and hard organic mate-
rials tool kits and adornments?®?. The ancestry found in individuals
associated with the preceding Aurignacian culture from central Europe
(GoyetQl16-1ancestry) gave rise to Gravettian-associated individuals
from western and southwestern Europe. This derived ancestry—the
Fournol cluster—survived during the LGM in Solutrean-associated
individuals, possibly within the Franco-Cantabrian climatic refugium?,
leading to later populations associated with the Magdalenian culture
(GoyetQ2 cluster and EI Mirén). Conversely, the ancestry found in
pre-30 ka eastern European individuals (Kostenki cluster and Sunghir
group) contributed to Gravettian-associated individuals from central
and southern Europe (Véstonice cluster), the latter without descend-
ants retrieved in post-LGM populations from those regions.

Second, the ancestry of individuals associated with the Epigravet-
tian culture (Villabruna cluster), which was found to genetically con-
nect European and Near Eastern hunter-gatherers, reached southern
Europe wellbefore the transition between the Early and Late Epigravet-
tian*"* and possibly as early as the Gravettian-Epigravettian transition.
A phylogeographic reconstruction of different lineages carrying this
ancestry further suggestsits entry point into northeastern Italy from
the Balkans followed by a north-to-south expansioninto the Italian pen-
insulaalongside apopulation decline through sequential bottlenecks.

Third, Magdalenian-associated individuals not only from Iberia but
also from the rest of Europe carry Epigravettian-associated ancestry
(Villabruna cluster). Genetic analyses of western European individu-
alsassociated with the preceding Badegoulian culture might provide
cluesonthe processes that led to the formation of the GoyetQ2 cluster.
As inferred from the archaeological record®, the spread of the Mag-
dalenian across Europe is linked to southwestern to northern and
northeastern post-LGM population expansions and not to movements
from southeastern refugia®.

Fourth, we extend the finding of a large-scale genetic turnover as
early as14 kain centraland western European hunter-gatherers associ-
ated withmultiple techno-complexes—Federmesser, Azilian and other
Final Palaeolithic groups*—despite considerable technological conti-
nuity with the preceding late Magdalenian. This broadly distributed



ancestry (the Oberkassel cluster (also known as WHG)) is most closely
related to an Epigravettian-associated individual from northwestern
Italy, suggesting that its expansioninto continental Europe might have
started from the west—and not the east—side of the Alps. Moreover, the
almost complete genetic replacement of the Magdalenian-associated
gene pool raises the hypothesis that parts of Europe were differen-
tially populated during the abrupt climatic variation starting around
14.7 kawith the Bglling-Allergd warming period, creating areas where
southern European populations could expand. This might also explain
the genetic uniformity of the Oberkassel cluster across large parts of
western Eurasiabut genomic datafrombetween15and 14 kais needed
to understand the exact dynamics of this turnover.

Fifth, the Oberkassel ancestry in western and central Europe and
the Sidelkino ancestry in eastern Europe remained largely isolated
for almost 6,000 years until geneticinteractions were first observed—
around 8 kain northeastern Germany, possibly associated with cultural
exchanges along the Baltics* and around 7.5 ka in the upper Volga
region, possibly linked to the spread of pottery in the region®.

In conclusion, our study reveals that western and southwestern
Europe served as climatic refugia for the persistence of human groups
during the coldest phase of the last Ice Age whereas populations in
the Italian peninsula and the eastern European plain were genetically
overturned, challenging the role of these regions as glacial refugia
for humans. Theincoming Villabruna ancestry later became the most
widespread hunter-gatherer ancestry across Europe. Further palae-
ogenomic studies on Upper Palaeolithic individuals from the Balkans
will be essential for understanding whether southeastern Europe rep-
resents the source of the Villabruna ancestry and a climatic refugium
for human populations during the LGM.

Note added in proof: A companion paper> describes genome-wide
dataofa23,000-year-old Solutrean-associated individual from south-
ern Iberia that extend the evidence of genetic continuity across the
LGMin southwestern Europe.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-05726-0.

1. Prifer, K. et al. A genome sequence from a modern human skull over 45,000 years old
from Zlaty kan in Czechia. Nat. Ecol. Evol. 5, 820-825 (2021).

2. Hajdinjak, M. et al. Initial Upper Palaeolithic humans in Europe had recent Neanderthal
ancestry. Nature 592, 253-257 (2021).

3. Olalde, I. & Posth, C. Latest trends in archaeogenetic research of west Eurasians. Curr.
Opin. Genet. Dev. 62, 36-43 (2020).

4. Fu, Q. etal. The genetic history of Ice Age Europe. Nature 534, 200-205 (2016).

5. Green,R.E. etal. Adraft sequence of the Neandertal genome. Science 328, 710-722 (2010).

6. Fu, Q.etal. An early modern human from Romania with a recent Neanderthal ancestor.
Nature 524, 216-219 (2015).

7 Fu, Q. et al. Genome sequence of a 45,000-year-old modern human from western
Siberia. Nature 514, 445-449 (2014).

8.  Seguin-Orlando, A. et al. Genomic structure in Europeans dating back at least 36,200
years. Science 346, 1113-1118 (2014).

9. Vallini, L. et al. Genetics and material culture support repeated expansions into Paleolithic
Eurasia from a population hub out of Africa. Genome Biol. Evol. 14, evac045 (2022).

10. Maier, A. & Zimmermann, A. Populations headed south? The Gravettian from a
palaeodemographic point of view. Antiquity 91, 573-588 (2017).

1. Dolukhanov, P.in Cultural Transformations and Interactions in Eastern Europe (eds
Chapman, J. & Dolukhanov, P.) 122-145 (Avebury, 1993).

12. Gamble, C., Davies, W., Pettitt, P., Hazelwood, L. & Richards, M. The archaeological and
genetic foundations of the European population during the Late Glacial: implications for
‘agricultural thinking’. Cambridge Archaeol. J. 15,193-223 (2005).

13.  Wren, C.D. & Burke, A. Habitat suitability and the genetic structure of human populations
during the Last Glacial Maximum (LGM) in Western Europe. PLoS ONE 14, €0217996 (2019).

14. Villalba-Mouco, V. et al. Survival of Late Pleistocene hunter-gatherer ancestry in the
Iberian Peninsula. Curr. Biol. 29, 1169-1177.e7 (2019).

15.  Bortolini, E. et al. Early Alpine occupation backdates westward human migration in Late
Glacial Europe. Curr. Biol. 31, 2484-2493.e7 (2021).

16. Feldman, M. et al. Late Pleistocene human genome suggests a local origin for the first
farmers of central Anatolia. Nat. Commun. 10, 1218 (2019).

17.  Petr, M., Pdabo, S., Kelso, J. & Vernot, B. Limits of long-term selection against Neandertal
introgression. Proc. Natl Acad. Sci. USA 116, 1639-1644 (2019).

18. Harris, K. & Nielsen, R. The genetic cost of Neanderthal introgression. Genetics 203,
881-891(2016).

19. Koztowski, J. K. The origin of the Gravettian. Quat. Int. 359, 3-18 (2015).

20. Goutas, N.in Les Gravettiens (ed. Otte, M.) 105-160 (Errance, 2013).

21.  Klaric, L., Goutas, N., Laccariére, J. & Banks, W. E. in Les Sociétés Gravettiennes du Nord-
Ouest Européen: Nouveaux Sites, Nouvelles Données, Nouvelles Lectures (eds Touzé, O.,
Goutas, N., Salomon, H. & Noiret, P.) 323-266 (Presses Univ. de Liege, 2021).

22.  Mounier, A. et al. Gravettian cranial morphology and human group affinities during the
European Upper Palaeolithic. Sci. Rep. 10, 21931 (2020).

23. Sikora, M. et al. Ancient genomes show social and reproductive behavior of early Upper
Paleolithic foragers. Science 358, 659-662 (2017).

24. Posth, C. et al. Pleistocene mitochondrial genomes suggest a single major dispersal of non-
Africans and a Late Glacial Population turnover in Europe. Curr. Biol. 26, 827-833 (2016).

25. Straus, L. G. The human occupation of southwestern Europe during the Last Glacial
Maximum: Solutrean cultural adaptations in France and Iberia. J. Anthropol. Res. 71,
465-492 (2015).

26. Lécuyer, C., Hillaire-Marcel, C., Burke, A., Julien, M. A. & Hélie, J. F. Temperature and
precipitation regime in LGM human refugia of southwestern Europe inferred from 8C
and &0 of large mammal remains. Quat. Sci. Rev. 255, 106796 (2021).

27.  Djindjian, F. Territories and economies of hunter-gatherer groups during the last glacial
maximum in Europe. Quat. Int. 412, 37-43 (2016).

28. Ruiz-Redondo, A. et al. Mid and Late Upper Palaeolithic in the Adriatic Basin: chronology,
transitions and human adaptations to a changing landscape. Quat. Sci. Rev. 276, 107319
(2022).

29. Laplace, G. Essai de Typologie Systématique (Annali dell'Universita di Ferrara, 1964).

30. Yu, H. etal. Genomic and dietary discontinuities during the Mesolithic and Neolithic in
Sicily. iScience 25, 104244 (2022).

31.  PalmadiCesnola, A. Le paléolithique supérieur en Italie. Série ‘Préhistoire d’Europe’ 9
(Editions, 2001).

32. Peresani, M. et al. Hunter-gatherers across the great Adriatic-Po region during the Last
Glacial Maximum: environmental and cultural dynamics. Quat. Int. 581-582, 128-163
(2021).

33. Otte, M. Appearance, expansion and dilution of the Magdalenian civilization. Quat. Int.
272-273, 354-361(2012).

34. Maier, A. in The Central European Magdalenian 81-180 https://doi.org/10.1007/978-94-017-
7206-8_6 (Springer, 2015).

35. Koztowski, S. K., Pottowicz-Bobak, M., Bobak, D. & Terberger, T. New information from
Maszycka Cave and the Late Glacial recolonisation of Central Europe. Quat. Int. 272,
288-296 (2012).

36. Raghavan, M. et al. Upper Palaeolithic Siberian genome reveals dual ancestry of Native
Americans. Nature 505, 87-91(2014).

37. Mathieson, I. et al. Genome-wide patterns of selection in 230 ancient Eurasians. Nature
528, 499-503 (2015).

38. Mathieson, I. et al. The genomic history of southeastern Europe. Nature 5655, 197-203 (2018).

39. Mittnik, A. et al. The genetic prehistory of the Baltic Sea region. Nat. Commun. 9, 442 (2018).

40. Gunther, T. et al. Population genomics of Mesolithic Scandinavia: investigating early
postglacial migration routes and high-latitude adaptation. PLoS Biol. 16, €2003703 (2018).

41.  Charlton, S. et al. Dual ancestries and ecologies of the Late Glacial Palaeolithic in Britain.
Nat. Ecol. Evol. 6, 1658-1668 (2022).

42. Damgaard, P. et al. The first horse herders and the impact of early Bronze Age steppe
expansions into Asia. Science 360, eaar7711(2018).

43. Saag, L. et al. Genetic ancestry changes in Stone to Bronze Age transition in the East
European plain. Sci. Adv. 7, eabd6535 (2021).

44. Wood, R. E. et al. Freshwater radiocarbon reservoir effects at the burial ground of Minino,
Northwest Russia. Radiocarbon 55, 163-177 (2013).

45. Narasimhan, V. M. et al. The formation of human populations in South and Central Asia.
Science 365, eaat7487 (2019).

46. Gronenborn, D. in The Spread of the Neolithic to Central Europe (RGZM, 2010).

47.  Schmitt, T. Molecular biogeography of Europe: Pleistocene cycles and postglacial trends.
Front. Zool. 4,11 (2007).

48. Roebroeks, W., Mussi, M., Svoboda, J. & Fennema, K. Hunters of the Golden Age: The Mid
Upper Palaeolithic of Eurasia, 30,000-20,000 bp (Univ. of Leiden, 2000).

49. Kotula, A., Piezonka, H. & Tergerger, T. The Mesolithic cemetery of Gro3 Fredenwalde
(north-eastern Germany) and its cultural affiliations. Liet. Archeol. 46, 65-84 (2020).

50. Piezonka, H. et al. The emergence of hunter-gatherer pottery in the Urals and West
Siberia: new dating and stable isotope evidence. J. Archaeol. Sci. 116, 105100 (2020).

51.  Villalba-Mouco, V. et al. A 23,000-year-old southern-Iberian individual links human
groups that lived in Western Europe before and after the Last Glacial Maximum. Nat. Ecol.
Evol., https://doi.org/10.1038/s41559-023-01987-0 (2023)

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons license and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this license,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

Nature | Vol 615 | 2 March 2023 | 125


https://doi.org/10.1038/s41586-023-05726-0
https://doi.org/10.1007/978-94-017-7206-8_6
https://doi.org/10.1007/978-94-017-7206-8_6
https://doi.org/10.1038/s41559-023-01987-0
http://creativecommons.org/licenses/by/4.0/

Article

Cosimo Posth'2314™ He yy34104%4 Avchin Ghalichi?, Héléne Rougier®s,

Isabelle Crevecoeur®, Yilei Huang®, Harald Ringbauer®, Adam B. Rohrlach®’, Kathrin Nigele®,
Vanessa Villalba-Mouco®?, Rita Radzeviciute®?, Tiago Ferraz®, Alexander Stoessel*™,

Rezeda Tukhbatova®", Dorothée G. Drucker?, Martina Lari?, Alessandra Modi®, Stefania Vai®,
Tina Saupe™, Christiana L. Scheib™", Giulio Catalano™, Luca Pagani'*'¢, Sahra Talamo™®,
Helen Fewlass®, Laurent Klaric', André Morala®*°, Mathieu Rué*'?, Stéphane Madelaine®?°,
Laurent Crépin®, Jean-Baptiste Caverne®*?*, Emmy Bocaege?, Stefano Ricci??,

Francesco Boschin??*2°, Priscilla Bayle®, Bruno Maureille®, Foni Le Brun-Ricalens®,
Jean-Guillaume Bordes®, Gregorio Oxilia®, Eugenio Bortolini*'*?, Olivier Bignon-Lau®,
Grégory Debout™, Michel Orliac®, Antoine Zazzo®, Vitale Sparacello®, Elisabetta Starnini®®,
Luca Sineo’, Johannes van der Plicht*®, Laure Pecqueur®*®, Gildas Merceron®,
Géraldine Garcia®**°, Jean-Michel Leuvrey*, Coralie Bay Garcia”, Asier Gémez-Olivencia
Marta Pottowicz-Bobak®®, Dariusz Bobak*®, Mona Le Luyer®**%, Paul Storm*®,

Claudia Hoffmann®, Jacek Kabacinski®', Tatiana Filimonova®?, Svetlana Shnaider®*,
Natalia Berezina®*, Borja Gonzalez-Rabanal®®, Manuel R. Gonzalez Morales®®,

Ana B. Marin-Arroyo®, Belén Lopez®’, Carmen Alonso-Llamazares®, Annamaria Ronchitelli?’,
Caroline Polet®®, lvan Jadin®®, Nicolas Cauwe®®, Joaquim Soler®®, Neus Coromina®,

Isaac Rufi®®, Richard Cottiaux®', Geoffrey Clark®?, Lawrence G. Straus®>%,

Marie-Anne Julien®*#*, Silvia Renhart®s, Dorothea Talaa®®, Stefano Benazzi*,

Matteo Romandini®**’®%, Luc Amkreutz®®”°, Hervé Bocherens®”', Christoph WiBing>”",
Sébastien Villotte®*5®72, Javier Fernandez-Lépez de Pablo™, Magdalena Gémez-Puche™,
Marco Aurelio Esquembre-Bebia™, Pierre Bodu', Liesbeth Smits’, Bénédicte Souffi'**,
Rimantas Jankauskas™, Justina Kozakaité™, Christophe Cupillard””®, Hartmut Benthien’,
Kurt Wehrberger®, Ralf W. Schmitz®, Susanne C. Feine®*?, Tim Schiiler®,

Corinne Thevenet®', Dan Grigorescu®*®, Friedrich Liith®®, Andreas Kotula®,

Henny Piezonka®, Franz Schopper®, Jifi Svoboda®, Sandra Sazelova®,

Andrey Chizhevsky®, Aleksandr Khokhlov®, Nicholas J. Conard?*®?, Frédérique Valentin',
Katerina Harvati*®*%*, Patrick Semal®®, Bettina Jungklaus®®, Alexander Suvorov”,

Rick Schulting®®, Vyacheslav Moiseyev®, Kristiina Mannermaa'®, Alexandra Buzhilova®*,
Thomas Terberger'®'%2, David Caramelli?, Eveline Altena', Wolfgang Haak® &

Johannes Krause®

'Archaeo- and Palaeogenetics, Institute for Archaeological Sciences, Department of
Geosciences, University of Tiibingen, Tiibingen, Germany. ?Senckenberg Centre for Human
Evolution and Palaeoenvironment at the University of Tubingen, Tibingen, Germany.
3Department of Archaeogenetics, Max Planck Institute for Evolutionary Anthropology, Leipzig,
Germany. “State Key Laboratory of Protein and Plant Gene Research, School of Life Sciences,
Peking University, Beijing, China. °Department of Anthropology, California State University
Northridge, Northridge, CA, USA. ®Université de Bordeaux, CNRS, MC, PACEA UMR 5199,
Pessac, France. ’School of Mathematical Sciences, University of Adelaide, Adelaide, South
Australia, Australia. ®Instituto Universitario de Investigacion en Ciencias Ambientales de
Aragén, IUCA-Aragosaurus, Zaragoza, Spain. °Department of Archaeogenetics, Max Planck
Institute for the Science of Human History, Jena, Germany. “Institute of Zoology and
Evolutionary Research, University of Jena, Jena, Germany. "Center of Excellence
‘Archaeometry’, Kazan Federal University, Kazan, Russia. ?Department of Biology, University of
Florence, Florence, Italy. ®Estonian Biocentre, Institute of Genomics, University of Tartu, Tartu,
Estonia. 'St John’s College, University of Cambridge, Cambridge, UK. ®Department of
Biological, Chemical and Pharmaceutical Sciences and Technologies, University of Palermo,
Palermo, Italy. ®Department of Biology, University of Padova, Padova, Italy. "Department of
Chemistry G. Ciamician, Alma Mater Studiorum, University of Bologna, Bologna, Italy.
8Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology, Leipzig,
Germany. "UMR 8068 CNRS, TEMPS—Technologie et Ethnologie des Mondes Préhistoriques,
Nanterre Cedex, France. Musée National de Préhistoire, Les Eyzies de Tayac, France.
ZPaléotime, Villard-de-Lans, France. ?UMR 5140 CNRS, Archéologie des Sociétés
Méditerranéennes, Université Paul-Valéry, Montpellier, France. 2UMR 7194, Histoire Naturelle
de 'Homme Préhistorique (HNHP), Département Homme et Environnement, Muséum National
d'Histoire Naturelle, CNRS, UPVD, Paris, France. **Association APRAGE (Approches
pluridisciplinaires de recherche archéologique du Grand-Est), Besangon, France. *Inrap GE,
Metz, France. *Skeletal Biology Research Centre, School of Anthropology and Conservation,
University of Kent, Canterbury, UK. “Dipartimento di Scienze Fisiche, della Terrae
dellAmbiente, U.R. Preistoria e Antropologia, Universita degli Studi di Siena, Siena, Italy.
%Accademia dei Fisiocritici, Siena, Italy. Centro Studi sul Quaternario ODV, Sansepolcro, Italy.
3%nstitut National de Recherches Archéologiques, Bertrange, Luxembourg. *'Department of
Cultural Heritage, University of Bologna, Ravenna, Italy. *Human Ecology and Archaeology
(HUMANE), Department of Archaeology and Anthropology, Institucié Mila i Fontanals de
Investigacion en Humanidades, Consejo Superior de Investigaciones Cientificas (IMF - CSIC),
Barcelona, Spain. *UMR 7209—Archéozoologie et Archéobotanique-Sociétés, Pratiques et
Environnements, Muséum National d'Histoire Naturelle, Paris, France. **Dipartimento di
Scienze Della Vita e DellAmbiente, Sezione di Neuroscienze e Antropologia, Universita Degli
Studi di Cagliari, Cittadella Monserrato, Cagliari, Italy. *Dipartimento di Civilta e Forme Del

126 | Nature | Vol 615 | 2 March 2023

42,4344
’

Sapere, Universita di Pisa, Pisa, Italy. **Center for Isotope Research, Groningen University,
Groningen, The Netherlands. “Inrap CIF, Croissy-Beaubourg, France. **UMR 7206
Eco-Anthropologie, Equipe ABBA. CNRS, MNHN, Université de Paris Cité, Musée de |'Homme,
Paris, France. **PALEVOPRIM Lab UMR 7262 CNRS-INEE, University of Poitiers, Poitiers, France.
“°Centre de Valorisation des Collections Scientifiques, Université de Poitiers, Mignaloux
Beauvoir, France. “Musées de Poitiers-Ville de Poitiers, Poitiers, France. ?Departamento de
Geologia, Facultad de Ciencia y Tecnologia, Universidad del Pais Vasco/Euskal Herriko
Unibertsitatea (UPV/EHU), Leioa, Spain. “*Sociedad de Ciencias Aranzadi, Donostia-San
Sebastian, Spain. “*Centro UCM-ISCIII de Investigacion sobre Evolucién y Comportamiento
Humanos, Madrid, Spain. “*Institute of Archaeology, University of Rzeszéw, Rzeszéw, Poland.
“Foundation for Rzeszéw Archaeological Centre, Rzeszéw, Poland. “’Center for Genomic
Medicine, Massachusetts General Hospital, Boston, MA, USA. “®Department of Psychiatry,
Harvard Medical School, Boston, MA, USA. “*Groninger Instituut voor Archeologie, Groningen
University, Groningen, The Netherlands. *°Stralsund Museum, Stralsund, Germany. *'Institute
of Archaeology and Ethnology, Polish Academy of Science, Poznan, Poland. *2Institute of
History, Archaeology and Ethnography, Dushanbe, Tajikistan. **ArchaeoZOOlogy in Siberia and
Central Asia—ZooSCAn, CNRS-IAET SB RAS International Research Laboratory, IRL 2013,
Institute of Archaeology SB RAS, Novosibirsk, Russia. **Research Institute and Museum of
Anthropology, Moscow State University, Moscow, Russia. **Grupo de I+D+i EVOADAPTA
(Evolucion Humana y Adaptaciones durante la Prehistoria) Departamento de Ciencias
Histdricas, Universidad de Cantabria, Santander, Spain. *®Instituto Internacional de
Investigaciones Prehistoricas de Cantabria (IIPC), Universidad de Cantabria-Gobierno de
Cantabria-Banco Santander, Santander, Spain. “’Departamento de Biologia de Organismos y
Sistemas, Universidad de Oviedo, Oviedo, Spain. ®®Quaternary Environments and Humans,
OD Earth and History of Life, Royal Belgian Institute of Natural Sciences, Brussels, Belgium.
%“Musées Royaux d’Art et d’Histoire, Bruxelles, Belgium. ®°Institute of Historical Research,
University of Girona, Catalonia, Spain. ®INRAP/UMR 8215 Trajectoires 21, Paris, France.
%2School of Human Evolution and Social Change, Arizona State University, Tempe, AZ, USA.
%3pepartment of Anthropology, University of New Mexico, Albuquerque, NM, USA.
84GéoArchPal-GéoArchEon, Viéville sous-les-Cotes, France. ®*Archiologie & Miinzkabinett,
Universalmuseum Joanneum, Graz, Austria. ®*Museum ‘Das Dorf des Welan’,
Wéllersdorf-Steinabriickl, Austria. ®’Pradis Cave Museum, Clauzetto, Italy. ®®Department of
Humanities, University of Ferrara, Ferrara, Italy. ®National Museum of Antiquities, Leiden,

The Netherlands. °Faculty of Archaeology, Leiden University, Leiden, The Netherlands.
"'Biogeology, Department of Geosciences, University of Tiibingen, Tibingen, Germany.
2Unité de Recherches Art, Archéologie Patrimoine, Université de Liége, Liége, Belgium.

31.U. de Investigacién en Arqueologia y Patrimonio Historico, University of Alicante, Sant
Vicent del Raspeig, Alicante, Spain. “Arpa Patrimonio S. L., Alicante, Spain. *Amsterdam
Centre of Ancient Studies and Archaeology, University of Amsterdam, Amsterdam, The
Netherlands. ®Department of Anatomy, Histology and Anthropology, Faculty of Medicine,
Vilnius University, Vilnius, Lithuania. ”Service Régional de 'Archéologie de Bourgogne-
Franche-Comté, Besancon Cedex, France. "®Laboratoire de Chrono-Environnement, UMR 6249
du CNRS, UFR des Sciences et Techniques, Besangon Cedex, France. *Weyhe, Germany.
8Ulm, Germany. ®'LVR-LandesMuseum Bonn, Bonn, Germany. #Institute of Pre- and
Protohistory, University of Tiibingen, Tiibingen, Germany. *Department of Archeological
Sciences, Thuringian State Office for Monuments Preservation and Archeology, Weimar,
Germany. #University of Bucharest, Faculty of Geology and Geophysics, Department of
Geology, Bucharest, Romania. ®Institute for Advanced Studies in Levant Culture and
Civilization, Bucharest, Romania. ®*German Archaeological Institute, Berlin, Germany.
8’Brandenburg Authorities for Heritage Management and Archaeological State Museum,
Zossen, Germany. ®Institute for Pre- and Protohistory, Kiel University, Kiel, Germany.
%9|nstitute of Archeology at Brno, Czech Academy of Sciences, Centre for Palaeolithic and
Paleoanthropology, Brno, Czechia. “Institute of Archaeology, Academy of Sciences of the
Republic of Tatarstan, Kazan, Russia. “'Samara State University of Social Sciences and
Education, Samara, Russia. “Early Prehistory and Quaternary Ecology, Department of
Geosciences, University of Tiibingen, Tiibingen, Germany. **Paleoanthropology, Institute for
Archaeological Sciences, Department of Geosciences, University of Tiibingen, Tubingen,
Germany. *DFG Centre for Advanced Studies ‘Words, Bones, Genes, Tools’, University of
Tlbingen, Tiibingen, Germany. ®*Royal Belgian Institute of Natural Sciences, Brussels, Belgium.
%Anthropologie-Biiro, Berlin, Germany. “Institute of Archaeology Russian, Academy of
Sciences, Moscow, Russia. *®School of Archaeology, University of Oxford, Oxford, UK.

%Ppeter the Great Museum of Anthropology and Ethnography (Kunstkamera), Russian Academy
of Sciences, Saint Petersburg, Russia. '®°Department of Cultures, University of Helsinki,
Helsinki, Finland. "'Seminar for Pre- and Protohistory, Géttingen University, Géttingen, Germany.
192 ower Saxony State Service for Cultural Heritage, Hannover, Germany. '>>Department of
Human Genetics, Leiden University Medical Center, Leiden, The Netherlands. "*These authors
contributed equally: Cosimo Posth, He Yu. ®e-mail: cosimo.posth@uni-tuebingen.de;
yuhe@pku.edu.cn; krause@eva.mpg.de


mailto:cosimo.posth@uni-tuebingen.de
mailto:yuhe@pku.edu.cn
mailto:krause@eva.mpg.de

Methods

Archaeological sampling

The ancient human specimens analysed in this work derive from
multiple scientific collaborations. All remains were sampled with the
approval of the institutions responsible for the analysis of archaeo-
logical material. This was achieved through collaboration with local
curators and scientists from the countries where the skeletal material
is preserved and who are listed among the authors of this study. The
responsible co-authors for the material from each archaeological site
are listed in Supplementary Information, section 1.

The analysed individuals span from the Upper Palaeolithic to the
Neolithic. While terms such as lithic industry, techno-complex, pre-
historic tradition, and so on might be more appropriate to refer to the
various associated chrono-cultural subdivisions, they concerndifferent
levels of discussion and are not applicable to all contexts investigated
here. Therefore, the broader terms ‘archaeological culture’ or simply
‘culture’ are used here to refer to archaeologically defined material
cultures without implying links to modern anthropological and/or
ethnographical concepts of culture.

Radiocarbon dating

We report 47 new radiocarbon dates performed on skeletal elements
of 40 individuals by the Curt-Engelhorn-Zentrum Archaeometrie in
Mannheim (MAMS, n =29), Center for Isotope Research, University
of Groningen (GrA and GrM, n = 5), University of Aarhus (AAR, n=3),
Beta Analytics (Beta, n=2), Ziirich (ETH, n = 3), International Chemical
Analysis (ICA, n =2), Natural History Museum in Paris (Echo Lab,n=1)
and Vilnius (FTMC, n=2) (Supplementary Data 1.A). The dates were
calibrated using OxCal 4.4% with calibration curve IntCal20 at 95.4%
probability**and when multiple dates were available for the same indi-
vidualwe used the function R_Combine to combine them®:. We did not
correct the calibrated dates for marine or freshwater reservoir effects
but, when available, we report individual stable isotope values (§°N/
8“Cand C:Nratio) in Supplementary Data1.A to evaluate the potential
impact of such reservoir effects.

Ancient DNA processing

The human remains were processed in dedicated laboratories at
the Max Planck Institute for the Science of Human History in Jena
(Germany), University of Tiibingen (Germany), University of Florence
(Italy), Leiden University Medical Center (the Netherlands) and Uni-
versity of Tartu (Estonia). Human bones and teeth were sampled in
cleanroom facilities to minimize the inclusion of modern human DNA
contamination during this procedure. DNA was extracted from the gen-
erated bone or tooth powder following established protocols. A subset
of samples (GERO02 and GEROO3) were pre-treated with awashing step
to reduce surface contamination®. A negative and cave bear positive
controls were included. For the DNA lysis, a solution of 900 pl EDTA,
75 plH,0 and 25 pl proteinase K was added. In arotator, samples were
digested for atleast 16 hat 37 °C, and for pre-treated samples this was
followed* by an additional hour at 56 °C. The suspension was then cen-
trifuged and transferred into abinding buffer as previously described*.
Tobind DNA, silica columns for high volumes (High Pure Viral Nucleic
Acid Large VolumeKit (Roche)) were used. After 2 washing steps using
the manufacturer’s wash buffer, DNA was eluted in TET (10 mM Tris,
1mMEDTA and 0.05% Tween) in two steps for a final volume of 100 pl.
After DNA lysis, a subset of samples was extracted using silica-coated
magnetic particles on an automated liquid handling system (Agilent
Technologies Bravo NGS Workstation)*. Double-stranded DNA libraries
were built from 25 pl of DNA extract, without the presence of uracil DNA
glycosylase (ds_nonUDG) or in the presence of uracil DNA glycosylase
(ds_halfUDG), following a double-stranded ‘UDG-half’ library prepara-
tiontoreduce, but noteliminate, the amount of deamination-induced
damage towards the ends of ancient DNA (aDNA) fragments™. Negative

and positive controls were carried alongside each experiment. Libraries
were quantified using the IS7 and IS8 primers* in a quantification assay
usingaDyNAmo SYBR Green qPCRKit (Thermo Fisher Scientific) onthe
LightCycler 480 (Roche). EachaDNA library was doubleindexed®®in1-4
parallel 100 plreactions using PfuTurbo DNA Polymerase (Agilent). The
indexed products for eachlibrary were pooled, purified over MinElute
columns (Qiagen), eluted in 50 pl TET and again quantified using the
IS5and IS6 primers*® using the quantification method described above.
The purified products were amplified in multiple 100 pl reactions using
Herculase Il Fusion DNA Polymerase (Agilent) following the manufac-
turer’sspecifications with 0.3 uM of the IS5/IS6 primers. After another
MinElute purification, the product was quantified using the Agilent
2100 Bioanalyzer DNA 1000 chip. An equimolar pool of all libraries
was then prepared for shotgun sequencing on Illlumina Hiseq4000
platform using 75bp single-end reads for screening. Single-stranded
DNA libraries were built from 30 pl of DNA extract in the absence of
uracil DNA glycosylase (ss_nonUDG) followed by double indexing,
using an automated version of the protocols described in® on the lig-
uid handling system mentioned before. The single-stranded library
of Cuiry Les Chaudardes 1 was produced with partial UDG treatment
(ss_halfUDG)®? (Supplementary Data 1.B).

DNA enrichment and sequencing

Both double-stranded and single-stranded libraries were further ampli-
fied with IS5/1S6 primers to reach a concentration of 200-400 ng/pl
as measured on a NanoDrop spectrophotometer (Thermo Fisher
Scientific). Thelibraries underwent shallow shotgun sequencingonan
Illumina HiSeq 4000 instrument with 75 single-end-run cycles using
the manufacturer’s protocol, to evaluate the human endogenous DNA
contentand quality. Samples with a percentage of human DNA inshot-
gun data around 0.1% or greater were enriched for a set 0f 1,237,207
targeted SNPs (1240k capture) across the human genome®. mtDNA
capture®*was also performed for those libraries where mtDNA coverage
was not high enough to assess mtDNA haplogroup and contamination.
Illumina sequencing platforms were also used to sequence the 1240k
and mtDNA captured libraries (Supplementary Data 1.B).

The de-multiplexed capture sequencing reads were cleaned and
mapped to human reference genome hs37d5 using EAGER pipeline
1.92.55%. Within the pipeline, the adapters were removed by Adap-
terRemoval 2.2.0%, reads were mapped with BWA 0.7.12 aln/samse
algorithm®®, duplications were removed by DeDup 0.12.1 (https://
github.com/apeltzer/DeDup) and damage patterns of each library
were checked with mapDamage 2.0.6 and 2.0.9%". The deduplicated
bam files were filtered using PMDtools 0.60°® with a threshold of 3, to
reduce potential modern DNA contamination based on postmortem
DNA deamination. For ds_halfUDG libraries, we masked 2 bp fromboth
ends of the reads with trimBam inbamUtil 1.0.13 (https://github.com/
statgen/bamuUtil) to remove the damaged sites.

The mitochondrial capture sequencing reads were cleaned by Adap-
terRemoval2.2.0 to remove the adapters and reads with lengths below
30 bp. Thenthe cleaned reads together with cleaned reads from 1240k
capture sequencing were mapped to human reference mitochondrial
sequence NC_012920.1 with BWA 0.7.12 aln/samse algorithm (param-
eters —n 0.01, -116500) and realigned with CircularMapper¢*. The
mapped reads from the same individual and library set-up were merged
and duplications were removed with DeDup. Reads with a mapping
quality below 30 were then filtered with samtools, and the consensus
sequences were generated by Schmutzi®.

Ancient DNA authentication and genotyping

The sex of each individual was determined by the ratio of sequencing
coverages on sex chromosomes versus autosomes (Supplementary
Data 1.C). Individuals with libraries showing signs of contamination
were further tested using PMD-filtered bam files. Individuals with
at least one library showing Y/Auto ratio > 0.2 were determined as
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maleindividuals, and with Y/Auto < 0.2 were determined as female indi-
viduals* (Supplementary Fig.12).

The nuclear DNA contamination was estimated with several meth-
ods. We applied ANGSD 0.9347° and hapCon” for libraries from male
individuals, and applied contamLD’? and a newly developed method
that analyses contaminationin ROH for female and male libraries (see
Supplementary Information, section 2 for adetailed description). The
mtDNA contamination was estimated by Schmutzi (--notusepredC
--uselength)® for all the libraries. Libraries showing a mitochondrial
or nuclear contamination rate over 10% were considered substantially
contaminated whereas those between 5and 10% were considered mar-
ginally contaminated and were treated differently (details are provided
in Supplementary Information, section 3).

The cleaned reads with base quality and mapping quality over 30
were piled up with mpileup in SAMtools 1.37 on the 1240k targeted
sites. For contaminated libraries we used the PMD-filtered bam files
as the input for genotyping. Then pseudo-haploid genotypes were
called using pileupCaller1.4.0.2 (https://github.com/stschiff/sequence-
Tools) under random haploid calling mode. For ds_halfUDG libraries,
we called genotypes on all targeted sites from 2bp-masked bam files;
for ds_nonUDG libraries, we called genotypes on transversion sites
only; for ss_nonUDG libraries, we called genotypes with single-strand
mode, whichignores forward reads at C/T polymorphisms and reverse
reads at G/A polymorphisms.

Then we merged the genotypes from different libraries of the
same individual, by randomly picking alleles from available geno-
type calls, using a custom script. After merging, individuals with less
than 6,000 SNPs on 1240k sites were excluded from further analy-
sis because of low coverage. We also genotyped a selection of previ-
ously published individuals with the same approach (Supplementary
Data 1.G)>***™78 Then we combined our newly generated genotypes
with published genotypes from ancient and modern individuals
from AADR v42.4 (Allen Ancient DNA Resource (https://reich.hms.
harvard.edu/allen-ancient-dna-resource-aadr-downloadable-genotypes-
present-day-and-ancient-dna-data) version 42.4) for downstream
analysiS1,4,7,14,16,23,36*40,42,43,45,79794.

For individual heterozygosity calculation, we also called pseudo-
diploid genotypes from each library, using pileupCaller 1.4.0.3 under
randomdiploid calling mode and the same strategy for different types
of libraries as pseudo-haploid genotype calling.

Uniparental markers

The mitochondrial haplogroups were determined using HaploGrep 2%,
based onthe consensus sequences generated from Schmutziinspected
for each sample at increasing quality filters (from qO to q20). Incon-
sistent haplogroup assignments were manually verified as indicated*
(Supplementary Data1.L). For phylogenetic reconstruction (Extended
Data Fig.1) we used MUSCLE (-maxiters 2)°® to create amultiple genome
alignment of previously published sequences and newly reported
mtDNA consensus sequences with q20 according to defined thresh-
olds (minimum average coverage >5-fold, contamination estimate
<20%, HaploGrep 2 haplogroup assignment consistent with manual
assignment). We built a Maximum Parsimony tree with 103 mtDNA
sequences plus an African sequence as the outgroup (not shown) after
the removal of individuals younger than 6.5 ka and mtDNAs from the
same site withanidentical placement. The tree was calculated on 16,528
positions (partial deletion 95%) and with 500 bootstrapiterations using
MEGA10”.

To determine the Y-chromosome haplogroups of male individuals,
we genotyped the Y-chromosome reads using a Y-SNP list (v.15.73)
fromthe International Society of Genetic Genealogy (ISOGG) dataset,
ignoring C-to-T and G-to-A transitions on the forward and reverse reads,
respectively. This procedure allowed us to manually traverse the ISOGG
Y-Haplogroup Tree, checkinginasemi-automatic way which positions
were covered. This process allowed us to assign an ancestral or derived

haplogroup for covered branches, and to make corrections to calls
in cases where, for instance, a more derived haplogroup was called
because of residual ancient damage (C-to-T or G-to-A mismatches) in
terminal read positions at diagnostic SNPs*® (Supplementary Datal.A).
For the placement of individuals onto a Y-chromosomal phylogenetic
tree (Extended Data Fig. 1), we used pathPhynder®® based on the tree
from Karmin et al.’°, We used the default posterior threshold of 0.01,
and mapping and sequencing quality cutoffs of 30. We then removed
samples with less than 0.04X coverage (calculated on the mappable,
non-recombining region of the Y chromosome?) to avoid arbitrarily
placing low-coverage samples at the root of major haplogroups. This
resultsinatree with 57 newly reported and previously published ancient
individuals while present-day sequences are collapsed in the major
Y-chromosome haplogroups (the most basal lineages are not shown).
The tentative placements of low-coverage ancientindividuals based on
their haplogroup assignment (Supplementary Datal.A) areindicated
with arrows on the respective branches.

Biological relatedness and population diversity

The analysis of biological relatedness was performed by calculating
relatedness coefficient (r) based on PMR on the autosomal SNPs (Sup-
plementary Data 1.F and Supplementary Information, section4). The
baseline of each population was determined using the average het-
erozygosity rate of individuals estimated from pseudo-diploid geno-
types (Supplementary Data 1.E).

The ROH segments in hunter-gatherer genomes were identified
using hapROH™, As recommended, we analysed individuals with
over 400,000 SNPs called on the 1240k panel'® and we called ROH
longer than4 cM (Supplementary Data 3.B). The effective population
sizes (N.) were then estimated using a maximum likelihood method,
after filtering individuals with a signal of close-kin inbreeding (indi-
viduals with at least 50 cM of their genome in ROH spanning >20 cM)
(Supplementary Information, section 9).

Population genetics analysis

ThePCA was carried out by smartpca in EIGENSOFT 6.0.1'%, with mod-
ernindividuals used for calculation and all the ancient individuals pro-
jected onthe calculated PCs. The “Isqproject: YES” parameter was used
to minimize the effect of missing datain ancientindividuals. The PCA
was calculated with1379 individuals from 87 western Eurasianmodern
populations onthe1240k_HO dataset, which was intersected between
the 1240k and Human Origins datasets (Supplementary Data 1.K).

The MDS analysis showing the genetic affinity among European
hunter-gatherers was based on the distance matrix derived from out-
group f;-statistics, in the form 1 - £;(Mbuti.DG; pop1, pop2) and per-
formed with classical MDS algorithm (cmdscale) implementedinR 3.5.1.
The hunter-gatherers were grouped based on their geographic origins
and dates (Supplementary Information, section5). Thef;-statistics were
calculated with qp3Pop 435 in ADMIXTOOLS 5.1 package'®.

The pairwise f, distance matrix of Epigravettian-associated groups
was generated with qpfstats 200 in ADMIXTOOLS 7.0.2 package, with
parameters “allsnps: YES, scale: NO”, and Mbuti.DG set as the out-
group. The neighbour-joining tree was then reconstructed using the
neighbour-joining methodimplemented in Ape 5.3 package'®* ofR3.5.1.

Thef,-statistics were calculated by qpDstat 755 with parameter “f4
mode: YES”, with the Mbuti.DG population from Africa used as outgroup
inallf-statistics analyses. The tool qpAdm 810 in ADMIXTOOLS 5.1was
applied tomodel the ancestries of admixed populations, with “allsnps”
mode and the outgroup set selection described in Supplementary
Information, section 11. Admixture graphs were reconstructed using
qpGraph 6450, with allsnps mode to correct for low-coverage sample
and Mbuti.DG set as the outgroup. Admixture events were dated using
the ancestry covariance pattern-based DATES 753 program'®, with abin
size of 0.1 cM for covariance calculation and the start of exponential
fittingatd = 0.5cM.
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Phenotypic SNP analysis

Asthe coverage for most ancient samples was not sufficient for diploid
genotype calling, we counted the reads covering selected phenotypic
SNPs onreference or alternative alleles and computed the group-based
allele frequencies following a maximum likelihood approach described
in Mathieson et al.””. Details on individuals involved in the analysis,
read counts processing and allele frequency computation are provided
in the Supplementary Information, section 12 and Supplementary
Datal.Jand3.G.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The aligned sequences of all individuals with new genomic data
reportedinthisstudy areavailable at the European Nucleotide Archive
(ENA) under study accession number PRJEB51862. The compiled geno-
type fileused for analyses, including re-genotyped published genomes,
has been uploaded at the Edmond Data Repository of the Max Planck
Society (https://edmond.mpdl.mpg.de/dataset.xhtml?persistentld=
doi:10.17617/3.Y1IKJMF).

Code availability

The code for the newly developed ROH based contamination esti-
mate method is available at https://github.com/hyl317/hapROH.
A user manual including an installation guide is available at https://
haproh.readthedocs.io/en/latest/hapROH_with_contamination.html.
The version used for this work is archived at https://edmond.mpdl.
mpg.de/dataset.xhtml?persistentld=doi:10.17617/3.Y1IKJMF.
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Extended DataFig.1|MtDNA and Y-chromosome phylogenies. Bold letters refer to (a) mtDNA and (b) Ychr haplogroups, whose boxes are coloured according
tothelegendin Extended DataFig.2. Thelabelsinitalic denote previously published individuals without new data generated in this study.
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Extended DataFig.2| Thedistribution of mtDNA and Y-chromosome eachgroupiswrittentotheright of each bar. We only plotted groups with more
haplogroups among different hunter-gatherer groups. The length of each thantwoindividuals and, for this reason, individuals from the GoyetQ116-1
coloured bar represents the fraction of individuals carrying the corresponding  clusterareincluded hereinto the Fournol cluster.

haplogroup (legend on theright of each panel). The number of individualsin



Extended DataFig. 3 | F,-statistics comparing the affinity of pre-LGM individuals from western Europe (Fournol cluster) are closely related to Goyet

Europeanhunter-gatherers to Goyet Q116-1and Sunghir. The colours Q116-1while the Gravettian-associated individuals from central-eastern and
correspond to the grouping of tested populations, dots refer to thef,-values southernEurope (Véstonice cluster) are closely related to the Sunghir group,
andthe darkand lighterror bars to1*SE and 3*SE estimated from 5cM block representative of the Kostenki cluster. Details are provided in Data S2.B.

jackknife, respectively. This figure shows that the Gravettian-associated
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Extended DataFig.4|Admixturegraphmodelling of pre-34 kahunter-gathererlineages. In thisadmixture graph, the lineage related to Zlaty ki splits more
basally than the BachoKiro IUP group, who contributes to Tianyuan, Ust’Ishim and Goyet Q116-1 (indicated with red lines), but not to the Sunghir group.



Extended DataFig.5|Summary of ROHsegments detected in Eurasian
hunter-gatherers. We visualize the total amount of ROH longer than 4 cM for
(a) pre-LGM individuals, (b) Epigravettian-and Magdalenian-associated
individuals, (¢) individuals carrying high proportions of Sidelkino-related
ancestry, and (d) individuals carrying high proportions of Oberkassel-related
ancestry. Colour legendisshownin (e). Each bar represents one individual with
the ROH groupedin fourlength categories (grouped by colour). Theinferred

pattern of short ROH (4-8 cM, visualized in blue) being commonisinstark
contrast to most later farmer populations, where the majority of individuals
have noshort ROH whatsoever (see'®!), and evidences small effective
populationsizes across West Eurasian hunter-gatherer groups. A dashed line
of 50 cMtotal ROH is drawnin each panel to help comparison between panels
with differenty-axis scales. Details of the grouping and ROH segments are
providedinDataS3.B.
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Extended DataFig. 6| West Eurasian PCA showing the genetic positioning reported individuals with over 15,000 SNPs on the Human Origins dataset are
of post-LGM hunter-gatherers. Present-day individuals (gray dots) showninblack-outlined andfilled symbols, asillustrated in the legend on the
genotyped onthe Human Origins dataset are used to define the PCA variation right, while representative ancient genomes are shownin outlined symbols, as

ontowhich ancient genomes (coloured symbols) are projected. The newly illustrated inthe legend at the bottom of the PCA.



Extended DataFig.7| Admixture datesbetween Oberkassel/Villabruna
and ANE ancestriesin the oldest individuals from the Sidelkino cluster. The
triangles show the average calibrated dates of the tested groups and the

dots show the estimated admixture dates with the software DATES'® using
Oberkassel (red dots) or Villabruna (blue dots) clusters as one source and

ANE-related individuals asthe other source population. The generation time is
setto 29 yearsandthe error bars show the SE of the admixture date estimated
fromjackknife resampling (n = 22 autosomal chromosomes). Additional
detailsare providedin Supplementary Information, section11and
Supplementary Table 3.
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Extended DataFig. 8| Changes of Sidelkino and Oberkassel ancestry proportion of Sidelkino ancestry, relative to the total hunter-gatherer ancestry
proportionsin post-14 kahunter-gatherers. The bivariate plots show the (Oberkassel +Sidelkino) in each group. The three squares highlight BalticHG
expansion of Oberkassel and Sidelkino ancestries through timeintwo groups associated with the Comb Ceramic Culture (CCC) that show amarked
European areas (longitude below and above 30 degrees). The x-axis shows increasein Sidelkino-related ancestry compared to older Baltic HG groups.

the average age of each tested individual/group and the y-axis shows the



Extended DataFig.9|Graphical summary depicting the main genetic thegeographicregionsasdividedinFig.1a, and the y-axes reporttimein

transformationsin post-40 kahunter-gatherers fromEurope. This figure thousand years before present (kBP). In panel a, genetic affinity between
shows (a) the distribution of and interaction between hunter-gatherer differentancestriesisindicated by thick lines or shades, while admixture is
geneticancestries and (b) asimplified schematic representation of major indicated witharrows. In panel b, the colour code does notimply archaeological

chrono-cultural subdivisions of the European Upper Palaeolithic (greenblocks)  similarities.
followed by agrouped Mesolithic to Neolithic block (ingray). The x-axes report
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Extended Data Table 1| Summary statistics for individuals with newly reported genomic data

Previously published individuals with additional data generated in this study are marked with an asterisk in the first column. The table is sorted based on cultural association maintaining an
in-group temporal order from the oldest to the youngest individual.
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