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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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Europeanindividuals as partof 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 confirm that 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
complexgenetic 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.
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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 - f;(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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haplogroups among different hunter-gatherer groups. Thelengthofeach  than twoindividuals and, for this reason, individuals from the GoyetQ116-1

coloured barrepresents the fraction of individuals carrying the corresponding  clusterareincluded hereinto the Fournol cluster.
haplogroup (legend on theright of each panel). The number of individualsin
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jackknife, respectively. This figure shows that the Gravettian-associated
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Extended DataFig.5|Summary of ROHsegments detected in Eurasian
hunter-gatherers. We visualize the totalamount 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
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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 isdrawn in 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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of post-LGM hunter-gatherers. Present-day individuals (gray dots)

genotyped onthe Human Origins dataset are used to define the PCA variation
ontowhich ancient genomes (coloured symbols) are projected. The newly
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Extended DataFig.7| Admixture datesbetween Oberkassel/Villabruna
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triangles show the average calibrated dates of the tested groups and the
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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
proportionsin post-14 ka hunter-gatherers. The bivariate plots show the
expansion of Oberkassel and Sidelkino ancestries through time in two
European areas (longitude below and above 30 degrees). The x-axis shows the
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groups associated withthe Comb Ceramic Culture (CCC) that show amarked
increase in Sidelkino-related ancestry compared to older Baltic HG groups.
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Extended DataFig.9|Graphical summary depicting the main genetic
transformationsin post-40 ka hunter-gatherers from Europe. This figure
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indicated witharrows. In panel b, the colour code does notimply archaeological
similarities.
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Extended Data Table 1| Summary statistics for individuals with newly reported genomic data

Site (Individual ID) Label main text Element Sex_Cal BP (95%) Culture Country Latitude Longitude Genetic cluster SNPs used Y haplo MT haplo
Goyet (Q376-3) Goyet Q376-3 Humerus M 3517034519 Aurignacian Belgum 5045  5.01 GoyetQ116-1 23,348 C ™M
Cioclovina (1)* Cioclovina 1 Cranium M 33293-32014 Unassigned Romania 45.35 23.84 Unassigned 12,840 cT u
Paglicci (PA133)* Paglicci 133 Tooth M 34691-31239 Early Gravettian Italy 41.65 15.61 Unassigned 6,648 Cc Usc
Dolni Vestonice (DV14)* Véstonice Petrous M 31146-30867 Gravettian Czechia 48.88 16.65 Vestonice 771,744 I us
Dolni Vestonice (DV15)* Véstonice Petrous M 31108-30847 Gravettian Czechia 48.88 16.65 Vestonice 690,387 Cla2 us
Ormesson (2988) Ormesson 2988 Molar F 31835-29970 Gravettian France 48.24 2.65 Foumol 406,999 - us
Paglicci (PA12) Paglicci 12 Petrous F 29104-28678 Gravettian Italy 41.65 15.61 Vestonice 730,846 i Usc
Foumol (FL15) Foumol 85 Petrous M 29024-28451 Gravettian France 44.53 1.00 Foumol 610,492 Cla2 M
Goyet (Q53-1)* Goyet Gravettian Fibula F 28390-27773 Gravettian Belgium 50.45 5.01 Vestonice/Foumol 6,935 = u2
Goyet (2878-15) Goyet Gravettian Humerus F 28257-27703 Gravettian Belgium 50.45 5.01 Vestonice/Foumol 26,638 - u2
Goyet (Q-1) Goyet Gravettian Clavicle M 28012-27626 Gravettian Belgium 50.45 5.01 Vestonice/Foumol 21,964 C u2

La Rochette (OSUT 7074) La Rochette Ulna M 27834-27440 Gravettian France 45.00 1.08 Foumol 6,905 cT M
Goyet (Q376-19)" Goyet Gravettian Humerus F 27717-27301 Gravettian Belgium 50.45 5.01 Vestonice/Foumol 72,242 - u2
Goyet (Q100-8) Goyet Gravettian Rib M 27678-27246 Gravettian Belgium 50.45 5.01 Vestonice/Foumol 16,799 n/a u2
Serinya (Mollet Ill M17 QM84 54) Serinya Tibia M 27322-27076 Gravettian Spain 4217 274 Foumol 183,027 c M
Goyet (2878-18) Goyet Gravettian Tibia F 26360-25944 Gravettian Belgium 50.45 5.01 Vestonice/Foumol 103,294 - us
Serinya (Reclau Viver RVS-H-1) Serinya Femur M 26355-25939 Gravettian Spain 4217 274 Foumol 28,762 c usb'e
Le Piage (II) Le Piage Il Tooth M 23757-23193 Solutrean France 44.80 1.40 Foumol 22,530 cT us

La Riera (Level 14) La Riera Cranium M 21011-20725 Solutrean Spain 43.42 -4.86 Foumol 13,999 n/a U2'3'4'7'8'9
Maszycka (1/1) Maszycka 1/1 Skull M  18586-18184 Magdalenian Poland 49.98 20.28 GoyetQ2 25,832 cT u2'3'47'8'9
La Marche (LMR-B113-115) La Marche B113-115 Tooth M 18223-17908 Magdalenian France 46.41 0.66 GoyetQ2 34,431 cT U2'3'47'8'9
Maszycka (1/5) Maszycka 1/5 Mandible M 15754-15357 Magdalenian Poland 49.98 20.28 GoyetQ2 127,759 c U2'3'47'8'9
Rigney (1) Rigney 1 Mandible F 15646-15271 Magdalenian France 47.23 6.10 GoyetQ2 37,867 = U2'3'4'7'8'9
Pincevent (IV0-35,M104,26) Pincevent Femur F 15360-15041 Magdalenian France 48.37 2.89 GoyetQ2 39,758 - U2'3'4'7'8'9
HohleFels (49)* Hohle Fels Femur M 15975-14286 Magdalenian Germany  48.22 9.45 GoyetQ2 24,288 12 Usa
Brillenhohle (OSUT 5827)" Brillenhdhle Skull M 15117-14475 Magdalenian Germany 48.24 9.46 GoyetQ2 7,746 CF usa
HohleFels (10/79)* Hohle Fels Cranium/Femur M 15051-14306 Magdalenian Germany 48.22 9.45 GoyetQ2 81,958 12ala Usa
Burkhardtshohle (Ta 33/32 420)* Burkhardtshéhle Skull M 15077-14161 Magdalenian Germany 48.32 9.35 GoyetQ2 10,166 cT Usa
Riparo Tagliente (Tagliente 2)* Tagliente 2 Tooth M 16976-16510 Epigravettian Italy 45.54 11.01 Villabruna 519,960 12a1b U2'3'4'7'8'9
San Teodoro (ST2) San Teodoro 2 Ear ossicle F 13577-13347 Epigravettian Italy 37.85 14.69 Villabruna 651,908 - u2'3'47'8'9
Pradis (Grotte Pradis 1) Pradis 1 Tooth M 13089-12898 Epigravettian Italy 46.25 12.89 Villabruna 244,508 l2ata Usbid
Arene Candide (AC16) Arene Candide 16 Petrous F 12824-12725 Epigravettian Italy 44.16 8.33 Villabruna 871,260 - Usb1
Oberkassel (D-999) Oberkassel Petrous F 14081-13809 Federmesser Germany  50.71 717 Oberkassel 729,891 - Usb1
Oberkassel (D-998) Oberkassel Petrous M 13729-13186 Federmesser Germany 50.71 717 Oberkassel 680,469 12ata2 Usb1
Minino | (22/2) Minino A Tooth F 11089-10726 Mesolithic Russia 59.42 39.30 Sidelkino 186,053 & Usa2
Abri des Autours (AA3) Abri des Autours 3 Petrous F 11110-10573 Mesolithic Belgium 50.2 4.89 Oberkassel 1,059,472 - Usa2
Doggerland (A10-007_V005_M009) Cranium M 11063-10516 Mesolithic Netherlands 52.30 2.40 Oberkassel 36,222 CcT Usa2d
Minino 11 (V) Tooth M 10749-10576 Mesolithic Russia 59.42 39.30 Sidelkino 675,931 Riat Udat
Minino | (20) Tooth F 10747-10576 Mesolithic Russia 59.42 39.30 Sidelkino 728,007 - ua
Minino 11 (I/1) Minino A Petrous M 10660-10429 Mesolithic Russia 59.42 39.30 Sidelkino 322,969 Rla U4d
Minino Il (VI/1) Minino A Tooth M 10654-10413 Mesolithic Russia 59.42 39.30 Sidelkino 633,939 Riblal USa2
Minino | (19/1) Minino A Skull F 10646-10381 Mesolithic Russia 59.42 39.30 Sidelkino 1,065,580 - Uda1t
Vasilevka | (10072) Vasilievka | Petrous M 11056-9909  Mesolithic Ukraine 48.22 35.40 UkraineHG 152,457 12 K1
Vasilevka | (10075) Vasilievka | Petrous M 11056-9909  Mesolithic Ukraine 48.22 35.40 UkraineHG 325,129 Ribib  Usald
Vasilevka | (11094) Vasilievka | Petrous M 11056-9909  Mesolithic Ukraine 48.22 35.40 UkraineHG 489,882 12ala Uda1t
Waulsort Caveme X (WLS-10) Waulsort Caveme X Femur F 10644-10311  Mesolithic Belgium 50.2 4.84 Oberkassel 98,529 - Usbla
Malonne Petit Ri (MPR-1) Malonne Petit Ri 1 Petrous F 10681-10244 Mesolithic Belgium 50.43 4.8 Oberkassel 1,038,512 - Usb2a
Waulsort Caveme X (WLS-7) Waulsort Caveme X Femur F 10577-10305 Mesolithic Belgium 50.2 484 Oberkassel 40,480 - Usa2
Doggerland (A10-007_V003_M006) Doggerland Mandible M 10371-10188 Mesolithic Netherlands 52.36 3.27 Oberkassel 229,727 l2a1a2 Usb2atla
Farman (Loc 1-168/927-2322) Farman Mandible F 105809669  Mesolithic France 48.83 2.27 Oberkassel 107,018 - Usa2
Doggerland (A10-007_V006_M011) Doggeriand Humerus M 10222-9908  Mesolithic Netherlands 52.36 3.27 Oberkassel 88,054 I Usb1b
Krzyz (7) Krzyz 7 Skull F 10221-9906  Mesolithic Poland 52.87 16.00 Oberkassel 39,488 - Usb2
Doggerland (A10-007_V002_M003) Doggerland Femur M 9680-9536 Mesolithic Netherlands 51.98 4.07 Oberkassel 313,268 12atb1  USb1b
Urdhéhle (711/59) Urdhéhle Petrous M 9543-9332 Mesolithic Germany  50.69 11.64 Oberkassel 908,518 I2ata2  Udbla
Doggerland (A10-007_V001_M001) Doggerland Tooth M 9526-9151 Mesolithic Netherlands 53.00 2.54 Oberkassel 457,869 12a2a Kie
Achéres (APP2018 Burial2022) Achéres 2002 Tibia M 9267-9018 Mesolithic France 48.96 2.07 Oberkassel 18,760 1 Usb1b
Maisons-Alfort (ZAC Alfort Str. 7) Alfort 11l Str. 7 Petrous M 9078-8651 Mesolithic France 48.80 243 Oberkassel 234,573 l2ata2  Usb1b
Doggerland (A10-007_V013_M023) Doggerland Cranium M 8990-8642 Mesolithic Netherlands 52.01 3.53 Oberkassel 88,835 I Usa2c
Wollersdorf (Gst. 1286/30/1286/31)  Wollersdorf Tooth M 8984-8606 Mesolithic Austria 47.86 16.18 Oberkassel 217,969 12ala Usa2
Doggerland (A10-007_V014_M024) Doggerland Cranium F 8980-8546 Mesolithic Netherlands 52.01 3.53 Oberkassel 53,531 N u
Doggerland (A10-007_V009_M017) Doggerland Tooth M 8636-8452 Mesolithic Netherlands 52.1 4.06 Oberkassel 25,618 F USb2ata
Minino | (2/1) Minino B Tooth/Petrous  F 8597-8457 Mesolithic Russia 59.42 39.30 Sidelkino 916,411 = Usat
Bockstein (Varia 1.1)* Bockstein Tooth F 8420-8362 Mesolithic Germany 48.33 10.09 Oberkassel 50,457 - Usb1d1
Karavaikha (8622) Karavaikha Tooth M 8416-8338 Mesolithic Russia 60.46 38.64 Sidelkino 93,901 R1 Usat
Gross Fredenwalde (2014-8) Gross Fredenwalde A Petrous F 8426-8224 Mesolithic Germany  53.13 13.80 Oberkassel 685,384 = Usb1b
Karavaikha (8623) Karavaikha Tooth F 8393-8208 Mesolithic Russia 60.46 38.64 Sidelkino 461,827 - Usatld2
Yuzhniy Oleniy Ostrov (153) Yuzhniy Oleniy Ostrov  Tooth M 8382-8196 Mesolithic Russia 61.94 35.26 Sidelkino 890,864 Qib1 Usa2
Cuiry-lés-Chaudardes (1)* Cuiry Les Chaudardes 1 Tibia M 8350-8036 Mesolithic France 49.24 3.46 Oberkassel 22,900 F Usbib
Yuzhniy Oleniy Ostrov (55) Yuzhniy Oleniy Ostrov  Tooth F 8341-8039 Mesolithic Russia 61.94 35.26 Sidelkino 478,782 - U4
Yuzhniy Oleniy Ostrov (59) Yuzhniy Oleniy Ostrov  Tooth M 8287-8024 Mesolithic Russia 61.94 35.26 Sidelkino 366,317 Qtat U2et
Yuzhniy Oleniy Ostrov (127) Yuzhniy Oleniy Ostrov  Tooth F 8250-8000 Mesolithic Russia 61.94 35.26 Sidelkino 77,913 - U2et
Yuzhniy Oleniy Ostrov (144) Yuzhniy Oleniy Ostrov  Tooth F 8250-8000 Mesolithic Russia 61.94 35.26 Sidelkino 787,327 - Uda2
Yuzhniy Oleniy Ostrov (161) Yuzhniy Oleniy Ostrov  Tooth F 8250-8000 Mesolithic Russia 61.94 35.26 Sidelkino 191,395 = Usat
Yuzhniy Oleniy Ostrov (31) Yuzhniy Oleniy Ostrov  Tooth M 8250-8000 Mesolithic Russia 61.94 35.26 Sidelkino 337,547 Qtat u4
Yuzhniy Oleniy Ostrov (46) Yuzhniy Oleniy Ostrov  Tooth M 8250-8000 Mesolithic Russia 61.94 35.26 Sidelkino 463,552 Qial U2et
Yuzhniy Oleniy Ostrov (47) Yuzhniy Oleniy Ostrov  Tooth M 8250-8000 Mesolithic Russia 61.94 35.26 Sidelkino 69,959 Ria R1b
Yuzhniy Oleniy Ostrov (53) Yuzhniy Oleniy Ostrov  Tooth F 8250-8000 Mesolithic Russia 61.94 35.26 Sidelkino 757,123 - Usat
Yuzhniy Oleniy Ostrov (65) Yuzhniy Oleniy Ostrov  Tooth M 8250-8000 Mesolithic Russia 61.94 35.26 Sidelkino 498,520 Ria2 u4
Yuzhniy Oleniy Ostrov (72-75) Yuzhniy Oleniy Ostrov ~ Tooth M 8250-8000 Mesolithic Russia 61.94 35.26 Sidelkino 227,982 J1 R1b
Yuzhniy Oleniy Ostrov (94) Yuzhniy Oleniy Ostrov  Tooth F 8250-8000 Mesolithic Russia 61.94 35.26 Sidelkino 262,839 - U2ete
Gross Fredenwalde (6) Gross Fredenwalde A Tooth M 8180-7984 Mesolithic Germany 53.13 13.80 Oberkassel 48,265 I Usb1
Yuzhniy Oleniy Ostrov (71) Yuzhniy Oleniy Ostrov  Tooth M 8167-7939 Mesolithic Russia 61.94 35.26 Sidelkino 63,342 R1 R1b
Gross Fredenwalde (3) Gross Fredenwalde A Tooth F 8159-7934 Mesolithic Germany  53.13 13.80 Oberkassel 543,575 cT Usbla
Yuzhniy Oleniy Ostrov (163) Yuzhniy Oleniy Ostrov  Tooth M 8028-7876 Mesolithic Russia 61.94 35.26 Sidelkino 244,776 J1 Usa2d
Gross Fredenwalde (5) Gross Fredenwalde A Tooth M  8037-7867 Mesolithic Gemmany  53.13 13.80 Oberkassel 107,475 I Usbla
Casa Corona (2) Casa Corona Petrous M 8014-7865 Mesolithic Spain 38.68 -0.93 Oberkassel 791,255 I2a1a1b2 Usb1
Donkalnis (2) Donkalnis 2 Tooth M 8014-7862 Mesolithic Lithuania ~ 55.81 22.42 BalticHG 10,495 nla Usa2d
Casa Corona (1) Casa Corona Petrous M 7974-7794 Mesolithic Spain 38.68 -0.93 Oberkassel 737,132 I2a1alb USb1
Gross Fredenwalde (1962-4) Gross Fredenwalde A Petrous M 7972-7782 Mesolithic Germany ~ 53.13 13.80 Oberkassel 931,997 l2ata2  U5b2b
Gross Fredenwalde (1962-1) Gross Fredenwalde A Petrous M 7918-7682 Mesolithic Germany 53.13 13.80 Oberkassel 542,964 12atb2 USbla
Minino | (13) Minino C Petrous M 7664-7516 Mesolithic Russia 59.42 39.30 Sidelkino 100,023 R1 U2et
Minino | (5) Minino C Tooth M 7616-7505 Mesolithic Russia 59.42 39.30 Sidelkino 55,135 cT Udait
Drigge (skull) Drigge Petrous M 74126947 Mesolithic Germany 54.29 13.16 Oberkassel 813,323 I2ata2 USb2b
Hou Amieva (JA02) Hou Amieva 2 Tibia F 7256-7004 Mesolithic Spain 43.39 -4.90 Oberkassel 301,138 D Usa2a
Gross Fredenwalde (2014-1/4) Gross Fredenwalde B Petrous M 7160-6946 Mesolithic Germany 53.13 13.80 Oberkassel 816,674 I2ata Usb2a
Hou Amieva (JO1) Hou Amieva 1 Petrous F 6849-6647 Mesolithic Spain 43.39 -4.90 Oberkassel 843,959 - Usb1
Criewen (1961-2) Criewen 2 Molar F 6839-6572 Mesolithic Germany  53.01 14.22 Oberkassel 593,686 = U4b1b1
Tutkaul (Burial n1) Tutkaul 1 Tooth M 8419-8026 Neolithic Tajikistan 38.30 69.28 ANE 239,609 Qib2a U7
Igren’ 8 (9317) Igren’ 8 9317 Petrous M 7661-7507 Neolithic Ukraine 48.48 35.19 Ukraine 668,196 Qib Usati
Vovnigi Il (9861) Vovnigi |-l Petrous M 7586-7434 Neolithic Ukraine 48.14 35.08 Ukraine 655,138 Ribib  U5b2
Vovnigi | (9479) Vovnigi |-l Petrous M 7562-7364 Neolithic Ukraine 48.14 35.08 Ukraine 163,305 12a1b Usa2d
Vovnigi | (9485) Vovnigi |-l Petrous M 7562-7364 Neolithic Ukraine 48.14 35.08 Ukraine 349,054 12a1lb1  USa2
Vovnigi | (9496) Vovnigi |-l Petrous M 7562-7364 Neolithic Ukraine 48.14 35.08 Ukraine 540,928 I2a1b2  Udat
Vovnigi | (9868) Vovnigi |-l Petrous M 7562-7364 Neolithic Ukraine 48.14 35.08 Ukraine 133,879 12atb1  Ud4d
Yazykovo (8619) Yazykovo 8619 Petrous F 7315-7167 Neolithic Russia 57.12 38.15 Sidelkino 739,545 - U5a2b2
Donkalnis (3) Donkalnis 3 Tooth M 6721-6455 Narva Lithuania ~ 55.81 22.42 BalticHG 17,109 F Usb2ct
Murzihinskiy Il (94-2) Murzihinskiy Il Tooth F 6664-6493 Eneolithic Russia 55.35 50.01 Sidelkino 315,702 - Udait
Murzihinskiy Il (102-2) Murzihinskiy Il Tooth M 6530-6317 Eneolithic Russia 55.35 50.01 Sidelkino 394,866 Qlal USa2b2
Murzihinskiy 11 (104) Murzihinskiy Il Tooth M 6530-6317 Eneolithic Russia 55.35 50.01 Sidelkino 328,035 Qiat U2e2a
Murzihinskiy Il (128-2) Murzihinskiy 11 Tooth M 6530-6317 Eneolithic Russia 55.35 50.01 Sidelkino 214,407 Qtat U5a2b2
Murzihinskiy I (91-1) Murzihinskiy Il Tooth M 6530-6317 Eneolithic Russia 55.35 50.01 Sidelkino 14,382 CcT U2e2a
Murzihinskiy Il (154) Murzihinskiy Il Tooth M 5896-5608 Eneolithic Russia 55.35 50.01 Sidelkino 270,031 Qiat U2e2a
Weyhe-Dreye (FWML) Weyhe-Dreye Femur M 5896-5661 Late Neolithic =~ Germany 55.32 8.87 Oberkassel 105,803 I2ata2 USb3b
Ostorf (2012-1) Ostorf 1 Tooth F 5466-5321 Late Neolithic =~ Germany  53.62 11.43 Oberkassel 157,309 = H1
Ostorf (2012-2) Ostorf 2 Petrous M 5436-5053 Late Neolithic =~ Germany ~ 53.62 11.43 Oberkassel 831,724 I2a2atb H
Ostorf (2012-3) Ostorf 3 Tooth M 5314-5052 Late Neolithic _Germany 53.62 11.43 Ol 705,687 n J1c3j

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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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
/N 0nly common tests should be described solely by name; describe more complex techniques in the Methods section.

X| A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
/N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OO0 0005%

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  AADRv42.4 (https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-downloadable-genotypes-present-day-and-ancient-dna-data",
version 42.4)
EAGER v.1.92.55
BWAv.0.7.12
circularmapper v.1.93.5
AdapterRemoval v.2.2.0
dedup v.0.12.1
mapDamage v.2.0.6 and 2.0.9
samtools v.1.3
pileupCaller v.1.4.0.2
PMDtools v.0.6
ANGSD v.0.934
hapCon v.0.1
contamLD v.0.1
newly developed code for contamination estimate (https://github.com/hyl317/hapROH and https://zenodo.org/
record/74211494#.Y5Q7WuyZOWg)

Data analysis OxCal v.4.4
schmutzi 1.0
HaploGrep2
EIGENSOFT v.6.0.1 (smartpca)
AdmixTools 5.1 (qp3Pop, qpDstat, gpF4Ratio, gpWave, gpAdm, qpGraph) and 7.0.2 (gpfstats)
hapROH 0.1
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MUSCLE v.3
HaploGrep v.2
MEGA10
pathPhynder vl.a

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The human reference genome used in this study is version hs37d5 and the accession of human mitochondrial genome reference is NC_012920.1. The aligned
sequences of all individuals with new genomic data reported in this study is available at the European Nucleotide Archive (ENA) under the study accession number
PRJEB51862. The compiled genotype files used for analyses, including re-genotyped published genomes, is uploaded at the Edmond Data Repository of the Max
Planck Society (https://edmond.mpdl.mpg.de/dataset.xhtml?persistentld=doi:10.17617/3.Y1KIMF).
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to determine ancient DNA sample size a priori. The number of genomes analyzed in this study depends on
available human remains associated with hunter-gatherer individuals with signature of preserved ancient DNA. Those specimens are very
limited because of the scarce availability and poor molecular preservation of human remains from that period.

Data exclusions  For ancient DNA screening analysis, libraries with less than ~0.1% human DNA and/or with no ancient DNA damage pattern are not carried on
for SNPs capture. For alighment, sequencing reads with fragment length <30bp and mapping quality/base quality <30 are excluded from
genotyping. For ancient DNA authentication, libraries with indication of substantial contamination levels or individually-analyzed libraries with
marginal contamination levels are filtered to analyze only sequencing reads that carry signs of post-mortem DNA damage. For whole genome
analysis, individuals with less than 6,000 usable SNPs are excluded.

Replication Multiple libraries (1-8) are prepared for a subset of samples as replication. The genotypes from different libraries (both single stranded and
double stranded) are merged for downstream analysis after confirming of similar statistical behaviour. Each sample is analyzed for up to 1.24
Million markers across the human genome that represent an internal replication of the findings.

Randomization  Randomization is not relevant to this study. Samples are grouped based on sampling locations, dates and genetic affinities.

Blinding Blinding is not applicable for ancient specimens as the sampling locations and dates are known as prior. In downstream data analysis blinding

is also not relevant since the newly generated ancient genomes are co-analyzed with previously published present-day and ancient human
genomes.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

XX XXX X s
OO0O0OXOO

Palaeontology and Archaeology

Specimen provenance Specimen provenance is described in Supplementary section 1 and Data S1.A. The skeletal remains analyzed in this study derive from
multiple collections and museums. All specimens were sampled with the approval of the appropriate institutions for the handling of
archaeological samples and/or in collaboration with local scientists and curators listed among the authors of this study.
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Specimen deposition Contact persons for each archaeological site/sample are listed in Supplementary Information section 1. The genetic libraries
generated from DNA extracted from the skeletal remains are stored at the Max Planck Institute for Evolutionary Anthropology (MPI-
EVA) in Jena and Leipzig, Germany.

Dating methods In this study we report 47 new Accelerator Mass Spectrometer (AMS) radiocarbon dates from skeleton remains of 40 individuals,
performed 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), Zurich (ETH, n=3), International Chemical
Analysis (ICA, n=2), Natural History Museum in Paris (Echo Lab, n=1) and Vilnium (FTMC. n=2). Conventional radiocarbon ages were
calibrated using the OxCal 4.4 program and the IntCal20 calibration curve, with uncertainties reported at 95.4% confidence interval.
Details of the radiocarbon dating methods are provided in Supplementary section 1.

|Z| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight No ethical approval or guidance was required as the research did not involve human participants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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