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The maritime expansion of Scandinavian populations during the Viking Age (about
AD 750-1050) was a far-flung transformation in world history*?. Here we sequenced
the genomes of 442 humans from archaeological sites across Europe and Greenland
(toamedian depth of about 1x) to understand the global influence of this expansion.
We find the Viking period involved gene flow into Scandinavia from the south and east.
We observe genetic structure within Scandinavia, with diversity hotspots in the south
andrestricted gene flow within Scandinavia. We find evidence for a major influx of
Danish ancestry into England; a Swedish influx into the Baltic; and Norwegian influx
intolreland, Iceland and Greenland. Additionally, we see substantial ancestry from
elsewhere in Europe entering Scandinavia during the Viking Age. Our ancient DNA
analysis also revealed that a Viking expedition included close family members. By
comparing with modern populations, we find that pigmentation-associated loci have
undergone strong population differentiation during the past millennium, and trace
positively selected loci—including the lactase-persistence allele of LCT and alleles of
ANKA that are associated with theimmune response—in detail. We conclude that the
Viking diaspora was characterized by substantial transregional engagement: distinct
populations influenced the genomic makeup of different regions of Europe, and
Scandinavia experienced increased contact with the rest of the continent.

The events of the Viking Age altered the political, cultural and demo-
graphic map of Europe inways that are evident to this day. Scandinavian
diasporas established trade and settlements that stretched from the
American continent to the Asian steppe’. They exported ideas, tech-
nologies, language, beliefs and practices to these lands, developed
new socio-political structures and assimilated cultural influences
To explore the genomic history of the Viking Age, we shotgun-
sequenced DNA extracted from 442 human remains from archaeo-
logical sites dating from the Bronze Age (about 2400 BC) to the Early
Modern period (about AD1600) (Fig.1, Extended DataFig.1). The data
fromthese ancientindividuals were analysed together with published

data from 3,855 present-day individuals across two reference panels
(Supplementary Note 6), and datafrom1,118 ancient individuals (Sup-
plementary Table 3).

Scandinavian ancestry and Viking Age origins

Although Viking Age Scandinavian populations shared acommon
cultural background, there was no common word for Scandinavian
identity at this time'. Rather than there being a single ‘Viking world’, a
series of interlinked Viking worlds emerged from rapidly growing mari-
time exploration, trade, war and settlement, following the adoption

Alist of affiliations appears at the end of the paper.
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Fig.1|Overview of the Viking Age genomic dataset. a, Map of the Viking
World from eighth to eleventh centuries AD, showing geographical location
and broad age category of sites withancient samples newly reported in this
study. Age categories of sites (circles) are coloured-coded as: dark green, LNBA
(2400-5008BC); light green, Iron Age (500 BC-AD 700); yellow, Early Viking Age
(AD700-800); Viking Age (AD 800-1100); Medieval and Early Modern
(AD1100-1600). Red region, area of Viking origins; greenregion, area of Viking
raids, settlementand trade; dark blueregion, area of pioneer Viking
colonization. b, All of the ancient individuals from this study (n=442), and
previously published Viking Age samples from Sigtuna’® and Iceland®,
categorized on the basis of their spatiotemporal origin. The ancient samples
aredivided into the following five broad categories: Bronze Age (BA), Iron Age
(1A), Early Viking Age (EVA), Viking Age (VA), Medieval (MED) and Early Modern
(EM).Randomjitter hasbeenadded alongthe xaxisin each category toaid
visualization.LNBA, Late Neolithic and Bronze Age; Norse W, Norse western
settlement; Norse E, Norse eastern settlement; Norway S, southern Norway;
Norway N, northern Norway; Norway M, middle Norway.

of deep-seanavigation among coastal populations of Scandinavia and
the area around the Baltic Sea**. Thus, it is unclear to what extent the
Viking phenomenon refers to people with a recently shared genetic
background or how far population changes accompanied the transition
fromthe Iron Age (500 BC-AD 700) to the Viking Age in Scandinavia.
The Viking Age Scandinavian individuals of our study fall broadly
within the diversity of ancient European individuals from the Bronze
Ageand later (Fig. 2, Extended Data Figs. 2, 3, Supplementary Note 8),
but with subtle differences among the groups that indicate complex
fine-scale structure. For example, many Viking Age individuals from
the island of Gotland cluster with Bronze Age individuals from the
Baltic region, which indicates mobility across the Baltic Sea (Fig. 2,
Extended Data Fig. 3). Using f,-statistics to contrast genetic affinities
with steppe pastoralists and Neolithic farmers, we find that Viking Age

individuals from Norway are distributed ina manner similar to that of
earlier Iron Age individuals, whereas many Viking Age individuals from
Swedenand Denmark show a greater affinity to Neolithic farmers from
Anatolia (Extended Data Fig. 4a). Using the qpAdm program, we find
that the majority of groups can be modelled as three-way mixtures of
hunter-gatherer, farmer and steppe-related ancestry. The three-way
model was rejected for some groups from Sweden, Norway and the
Baltic region, which could be fit using four-way models that addition-
ally included either Caucasus hunter-gatherer or East-Asian-related
ancestry (Extended Data Figs. 4b, c)—the latter of which is consistent
with previously documented gene flow from Siberia®”.

Investigating genetic continuity with Iron Age groups that are tem-
porally more proximate to the Viking Age Scandinavian populations,
we find that most Viking Age groups can be fit using a single Iron Age
source and broadly fallinto two categories: (i) English Iron Age sources
(most of the Viking Age individuals from Denmark, as well as popula-
tions of the British Isles) and (ii) Scandinavian Iron Age sources (from
Norway, Sweden and the Baltic region) (Extended Data Fig. 5a). Notable
exceptions are individuals from Kirda in southern Sweden, for whom
only early Medieval Longobard individuals from Hungary can befitas
asingle source group (P> 0.01) (Extended Data Fig. 5a). Groups with
poor one-way fits can be modelled by including either additional north-
easternancestry (for example, Viking Age individuals from Ladoga) or
additional southeastern ancestry (for example, Viking Age individuals
fromJutland) (Extended DataFig. 5b). Overall, our analyses suggest that
the genetic makeup of Viking Age Scandinavian populations largely
derivesfromancestry of the preceding Iron Age populations—but these
analyses also reveal subtle differencesin ancestry and gene flow from
boththe southand east. These observations are largely consistent with
archaeological findings®’.

Viking Age genetic structurein Scandinavia

To elucidate the fine-scale population structure of Viking Age Scan-
dinavia, we performed genotype imputation on a subset of 298 indi-
viduals with sufficient (>0.5x) coverage (289 from this study, along
with 9 previously published individuals'®) and inferred the genomic
segments they shared viaidentity-by-descent with areference panel of
present-day Europeanindividuals (n=1,464) (Supplementary Notes 6,
10,11). Genetic clustering using multidimensional scaling and uniform
manifold approximation and projection (UMAP) shows that Viking Age
Scandinavian individuals cluster into three groups by geographical
origin, with close affinities to their respective present-day counterparts
(Fig.3a, Supplementary Fig.10.1). Some individuals—particularly those
from the island of Gotland in eastern Sweden—have strong affinities
with Eastern Europeans; this probably reflects individuals with Baltic
ancestry, as clustering with Bronze Age individuals from the Baltic
region is evident in the identity-by-state UMAP analysis (Fig. 2b) and
through f,-statistics (Supplementary Fig. 9.1).

We used ChromoPainter™ and a reference panel enriched with
Scandinavian individuals (n = 1,464) (Supplementary Notes 6, 11)
to identify long, shared haplotypes and detect subtle population
structure (Supplementary Figs. 11.1-11.10). We find ancestry com-
ponents in Scandinavia with (inexact and indicative) affinities with
present-day populations (Supplementary Fig.11.11), which we refer to
as ‘Danish-like’, ‘Swedish-like’,‘Norwegian-like’ and ‘North Atlantic-like’
(thatis, possibleindividuals fromthe British Isles entering Scandinavia).
The sampling is heavily structured, so these complex results (Sup-
plementary Fig.11.12) are visualized over time and space (Fig. 4) using
spatial interpolation™ to account for sampling locations and report
significant trends (Supplementary Table 11.2) using linear regression
(Supplementary Notes11,12).

Norwegian-like and Swedish-like components cluster in Norway
and Sweden, respectively, whereas Danish-like and North-Atlantic-like
components are widespread (Fig. 4, Supplementary Fig. 11.12,
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Fig.2|Geneticstructure of Viking Age samples. a, Multidimensional scaling
(MDS) of n=1,305 ancient genomes, on the basis of a pairwise identity-by-state
sharing matrix of the Viking Age and other ancient samples (Supplementary
Table 3). Outlier individuals with hunter-gatherer (VK531) or Saami-related

Supplementary Table 6). Unexpectedly, Viking Age individuals from
Jutland (Denmark) lack Swedish-like and Norwegian-like genetic
components (Supplementary Fig. 11.12). We also find that gene flow
within Scandinavia was broadly from south to north, dominated by
movement from Denmark into Norway and Sweden (Supplementary
Table11.2).

We identified two ancient individuals from northern Norway (des-
ignated VK518 and VK519) with affinities to present-day Saami popula-
tions in Norway and Sweden. The VK519 individual probably also had
Norwegian-like ancestors, which indicates genetic contacts between
Saami groups and other Scandinavian populations.

Thegenetic dataare structured by topographical boundaries rather
than by theborders of present-day countries. Thus, the southwestern
part of Sweden in the Viking Age is genetically more similar to Viking
Age populations of Denmark than to those of central mainland Sweden,
probably owing to geographical barriers that prevented gene flow.

We quantified genetic diversity using two measures: conditional
nucleotide diversity (Supplementary Note 9) and variationininferred
ancestry on the basis of ChromoPainter results (Extended Data Fig. 6,
Supplementary Note 11, Supplementary Fig.11.13). We also visualized
this diversity as the spread of individuals on a multidimensional scal-
ing plot based on a pairwise identity-by-state sharing matrix (Fig. 3b).

Diversity varies markedly from the more-homogeneous inland and
northern parts of Scandinavia to the diverse Kattegat (eastern Denmark
and western Sweden) and Baltic Searegions, which suggests animportant
rolefor these maritime regionsininteractionand trade during the Viking
Age.OnGotland, there are many more Danish-like and North-Atlantic-like
geneticcomponents (as wellas anadditional ‘Finnish-like’ ancestry com-
ponent) than Swedish-like components, which indicates extensive mari-
time contacts for Gotland during the Viking Age.

Our results for Gotland and Oland agree with archaeological indi-
cations that these were important maritime communities from the
Roman period (AD 1-400) onwards™™, A similar pattern is observed
on the central Danish islands (such as Langeland) but at a lower level.
The dataindicate that genetic diversity on theislands increased from
theearly (about eighth century AD) to the late Viking Age (about tenth
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ancestry (VK518 and VK519) are highlighted. b, UMAP analysis of the same
datasetasina, withfine-scale ancestry groups highlighted. HG,
hunter-gatherer.

to eleventh centuries AD), which suggests increasing interregional
interaction over time. Evidence for genetic structure within Viking
Age Scandinavia**>"V—with diversity in cosmopolitan centres such
as Skara, and trade-oriented islands such as Gotland—highlight the
importance of sea routes during this period.

Viking migrations

Our fine-scale ancestry analyses of genomic data are consistent with
patterns documented by historians and archaeologists (Figs. 3, 4,
Supplementary Fig. 11.12): eastward movements mainly involved
Swedish-like ancestry, whereas individuals with Norwegian-like
ancestry travelled to Iceland, Greenland, Ireland and the Isle of Man.
The first settlementin Iceland and Greenland also included individ-
uals with North-Atlantic-like ancestry’®. A Danish-like ancestry is
seen in present-day England, in accordance with historical records?,
place names?, surnames? and modern genetics****, but Viking Age
Danish-like ancestry in the British Isles cannot be distinguished from
that of the Angles and Saxons, who migrated in the fifth to sixth cen-
turies AD from Jutland and northern Germany.

Viking Age execution sites in Dorset and Oxford (England) contain
North-Atlantic-like ancestry, as well as Danish-like and Norwegian-like
ancestries. If these sites represent Viking raiding parties that were
defeated and captured®?, then these raids were composed of indi-
viduals of different origins. This pattern is also suggested by isotopic
datafromawarrior cemetery in Trelleborg (Denmark)?. Similarly, the
presence of Danish-like ancestry inanancient sample from Gnezdovoin
present-day Russiaindicates that eastern migrations were not entirely
composed of Viking individuals from Sweden.

Our results show that ‘Viking’ identity was not limited to individu-
als of Scandinavian genetic ancestry. Two individuals from Orkney
who were buried in Scandinavian fashion are genetically similar to
present-day Irish and Scottish populations, and are probably the first
Pictishgenomes published (see ‘Evidence for Pictish genomes’in Sup-
plementary Note 11, Supplementary Figs.11.3,11.12,11.14, Supplemen-
tary Table 6). Two other individuals from Orkney had 50% Scandinavian
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Fig.3|Geneticstructure and diversity ofancient samples. a, UMAP analysis
ofn=1,624 ancientand modern Scandinavianindividuals, on the basis of the
first 10 dimensions of MDS using identity-by-descent segments of imputed
individuals. Large symbolsindicate median coordinates for each group.

b, Genetic diversity inmajor populations of the Scandinavian Viking Age. Plots
next to the map show MDS analysis on the basis of a pairwise identity-by-state
sharing matrix. Norway denotes all the sites from Norway. The scale isidentical
forallthe plots.

ancestry, and five such individuals were found in Scandinavia. This
suggests that Pictish populations may have beenintegratedinto Scan-
dinavian culture by the Viking Age.

Viking Age gene flow into Scandinavia

Non-Scandinavian ancestry in samples from Denmark, Norway and
Sweden agrees with known trading routes (Supplementary Notes11,12):
for example, Finnish and Baltic ancestry reached modern Sweden
(including Gotland), but is absent in most individuals from Denmark
and Norway. By contrast, western regions of Scandinavia received
ancestry from the British Isles (Supplementary Notes 11, 12). The first
evidence of South European ancestry (>50%) in Scandinavia is during
the Viking Age in Denmark (for example, individuals VK365 and VK286
from Boggvej) and southern Sweden (for example, VK442 and VK350
from Oland, and VK265 from Kirda) (Fig. 4, Supplementary Table 6).

Disappearance from Greenland

Fromaround AD 980 to 1440, southwest Greenland was settled by peo-
ple of Scandinavian ancestry (probably from Iceland)*?°. The fate of
these populationsin Greenland remains debated, but probable causes
of their disappearance are social or economic processes in Europe

(for example, political relations within Scandinaviaand changed trad-
ing systems) and natural processes, including climatic change? 3.,
According to our data, the Greenland Norse populations were an
admixture between Scandinavians (mostly from Norway) and individu-
als from the British Isles, similar to the first settlers of Iceland™®. We see
no evidence of long-term inbreeding in the genomes of Greenlandic
Norseindividuals, although we have only one high-coverage genome
from the later period of occupation of the island (Supplementary
Note 10, Supplementary Figs. 10.2,10.3). This result could favour
arelatively brief depopulation scenario, consistent with previous
demographic models* and archaeological findings. We also find no
evidence of ancestry from other populations (Palaeo-Eskimo, Inuit or
Native American) inthe Greenlandic Norse genomes (Supplementary
Fig.9.4), whichaccords with the skeletal remains®. This suggests that
sexual interaction between the Greenland Norse populations and
these other groups was absent, or occurred only ona very small scale.

Genetic composition of earliest Viking voyage

Although maritimeraiding has been a constant of seafaring cultures for
millennia, the Viking Age is partly defined by this activity®. However, the
exact nature and composition of Viking war parties is unknown®. One
raiding or diplomatic expedition has left direct archaeological traces:
atSalmein Estonia, 41 menfrom Swedenwho died violently were buried
in two boats, accompanied by high-status weaponry***. Importantly,
the Salme boat burial predates the first textually documented raid (on
Lindisfarne (England) in 793) by nearly halfa century.

Kinship analysis of the genomes of 34 individuals from the Salme
burial reveals 4 brothers buried side by side and athird-degreerelative
oflofthe4 brothers (Supplementary Note 4). The ancestry profiles of
the Salmeindividuals were similar to one another when compared to the
profiles of other burials of the Viking Age (Supplementary Notes 10, 11),
which suggests arelatively genetically homogeneous group of people
of high status (including close kin).

The five Salme relatives are not the only kin in our dataset; we also
identified two pairs of kin in which the related individuals were exca-
vated hundreds of kilometres apart from each other, which markedly
illustrates the mobility of individuals during the Viking Age.

Positive selectionin northern Europe

Welooked forsingle-nucleotide polymorphisms (SNPs) withallele frequen-
cies that have changed significantly in the last 10,000 years®***, beyond
what canbeexplained by temporal changesin ancestry alone (Supplemen-
tary Note14). Extended Data Figure 8ashows thelikelihood ratio scoresin
favour of selectioninthe entire10,000-year period (the generalscan), the
period upto 4,000 years before present (the ancientscan) andthe period
from 4,000 years before present up to today (the recent scan).

As expected®?, the strongest candidates for selection are SNPs
near LCT, the frequency of which increased after the Bronze Age***,
Our dataset traces the frequency of the lactase-persistence allele
(rs4988235) and its evolution since the Bronze Age. Extended Data
Figure 8b shows that Viking Age groups had very similar allele frequen-
ciesatthe LCTlactase-persistence SNP to those of present-day northern
European populations. Conversely, Bronze Age Scandinavian individu-
als, as well as individuals from central Europe associated with Corded
Ware and Bell Beaker assemblages, have a low frequency of this SNP
despite evidence for milk consumption. Our Iron Age samples have
intermediate frequencies, which suggests ariseinlactase persistence
during this period. The frequency is higher in the Bronze Age of the
Baltic Searegion than in Bronze Age Scandinavia, which is consist-
ent with gene flow between the two regions explaining the increasing
frequency of lactase persistence in Scandinavia.

Other candidates for selection include previously identified regions,
including the one containingthe TLR1, TLR6 and TLR10 genes, the HLA
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Fig.4|Spatiotemporal patterns of Viking and non-Viking ancestryin
Europe during thelron Age, Early Viking Age and Viking Age. We performed
inverse distance-weightinginterpolation of the ancestry painting proportions
of eachindividual genome onadense grid of points covering the European
continent, to better visualize the distribution of ancestry paintings at different
periods (Supplementary Note12). Top, distinct spheres of influence in the
Viking world. Middle, Danish Viking ancestry insouthern Britain, Norwegian

region, and the genes SLC45A2 and SLC22A4*. We also find additional
candidate regions for selection that have associated trajectories that
startbefore the Viking Age, which suggests shared phenotypesbetween
ancient Viking and present-day Scandinavian populations (Supplemen-
tary Note 14). These regions include one that overlaps DCCand that is
implicatedin colorectal cancer*?, as well as one that overlaps AKNA and
isinvolved in the secondary immune response®.

Evolution of complex traits in Scandinavia

To search for signals of recent population differentiation at SNP markers
associated with complex traits, we compared genotypes of Viking Age
individuals with those of a panel of present-day Danish individuals*. We
obtained summary statistics from16 well-powered genome-wide associa-
tion studies through the GWAS ATLAS* and tested for a difference in the
distribution of polygenicscores between the two groups (Supplementary
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Note 15). The polygenic scores of Viking Age individuals and present-day
Danishindividuals differed for threetraits: black hair colour (P=0.00089),
standing height (P=0.019) and schizophrenia (P=0.0096), although the
latter two were not significant after accounting for the number of tests
(Extended DataFig.7). Currently, we cannot conclude whether the observed
differencesinallelefrequenciesare duetoselectionactingonthesealleles
betweentheViking Age and the present time or tosome other factors (such
as more ethnic diversity in the Viking Age sample). A binomial test of the
number ofblack hair colourrisk alleles at higher frequencyinthe Viking Age
sample and the present-day sample was also significant (65/41; P=0.025),
whichsuggeststhat thesignalisnotentirely driven by afew large-effect loci.

Viking geneticlegacy in populations today
Totest whether present-day Scandinavian populations shareincreased
ancestry with their respective counterparts in the Viking Age, we first



computed D-statistics of the form D(Yoruba (YRI), ancient; present-day
population 1, present-day population 2), which measure whether an
ancient test individual shares more alleles with present-day popula-
tion 1or with present-day population 2. Viking Age individuals shift
subtly from Scandinavia towards their present-day counterpartsin the
distributions of these statistics (Extended Data Fig. 5¢, Supplementary
Figs.9.2,9.3).

We further examined ancient ancestry in present-day populations
using fineSTRUCTURE (Supplementary Note 11, Supplementary
Fig.11.14). Within Scandinavia, most present-day populations resemble
their Viking Age counterparts. The exception is Swedish-like ances-
try, whichis present at only 15-30% within Sweden today: one cluster
from Sweden is closer to ancient Finnish populations, and asecond is
more closely related to Danish and Norwegian populations. Danish-like
ancestry is now high across the whole region.

Outside of Scandinavia, the genetic legacy of Viking Age populations
is consistent—although limited. A small Scandinavian ancestry compo-
nentis presentinPoland (up to 5%). Within the British Isles, it is difficult
to assess how much of the Danish-like ancestry is due to pre-existing
Anglo-Saxon ancestry, but the Viking Age contribution does not exceed
6% in England (Supplementary Note 11). The genetic effects are stronger
inthe other direction. Although some North-Atlantic-like individuals
in Orkney became culturally Scandinavian, others found themselves
inIceland, Norway and beyond, leaving a genetic legacy that persists
today. Present-day Norwegian individuals vary between 12 and 25%
in North-Atlantic-like ancestry; this ancestry is more uniformly 10%
in Sweden.

Discussion

Our genomic analyses shed light on long-standing questions raised by
historical sources and archaeological evidence from the Viking Age. We
largely confirm the long-argued movements of Vikings outside Scandi-
navia: Vikings from present-day Denmark, Norway, and Sweden going
to Britain, theislands of the North Atlantic, and sailing east towards the
Baltic region and beyond, respectively. However, we also see ancient
Swedish-like and Finnish-like ancestry in the westernmost fringes of
Europe, and Danish-like ancestry in the east, defying modern histori-
cal groupings. It is likely that many such individuals were from com-
munities with mixed ancestries, thrown together by complex trading,
raiding and settling networks that crossed cultures and the continent.

During the Viking Age, different parts of Scandinavia were not evenly
connected, leadingto clear genetic structurein the region. Scandinavia
probably comprised alimited number of transport zones and maritime
enclaves*¢ with active external contacts, and limited external gene flow
into therest of the Scandinavian landmass. Some Viking Age Scandina-
vianlocations arerelatively homogeneous—particularly mid-Norway,
Jutland and the Atlantic settlements. This contrasts with the strong
genetic variation of populous coastal and southern trading communi-
ties such as in the islands of Gotland and Oland*~*. The high genetic
heterogeneity in coastal communities implies increased population
size, extendinga previously proposed™ urbanization model for the Late
Viking Age city of Sigtuna (which suggested that more-cosmopolitan
trading centres were already present at the end of the Viking Age in
Northern Europe) both spatially and further back in time. The formation
oflarge-scale trading and cultural networks that spread people, goods
and warfare took time to affect the heartlands of Scandinavia, which
retained pre-existing genetic differences into the Medieval period.

Finally, our findings show that Vikings were not simply a direct contin-
uation of Scandinavian Iron Age groups. Instead, we observe gene flow
from the south and east into Scandinavia, starting in the Iron Age and
continuing throughout the duration of the Viking Age, from anincreas-
ing number of sources. Many Viking Age individuals—both within and
outside Scandinavia—have high levels of non-Scandinavian ancestry,
which suggests ongoing gene flow across Europe.
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Extended DataFig.1|Viking Age archaeologicalsites. Examples of afew
archaeological Viking Age sites and samples used in this study.a, Salmell

ship burialsite of the Early Viking Age, excavated in present-day Estonia:
schematic of skeletons (top left) and aerialimages of skeletons (top right, and
bottom). b, Ridgeway Hill mass grave dated to the tenth or eleventh century
AD, located onthecrest of Ridgeway Hill near Weymouth, onthe south coast
of England (reproduced with permission from Dorset County Council/Oxford
Archaeology). Around 50 predominantly young adult maleindividuals were

excavated.c, Thesite of Balladoole,around AD 900, a Viking was buriedinan
oak ship atBalladoole (Arbory) inthesoutheast of theIsle of Man. d, Viking
Agearchaeologicalsitein Varnhem, in Skara municipality (Sweden). Schematic
map ofthe churchfoundation (left) and the excavated graves (red markings) at
the early Christiancemetery in Varnhem; foundations of the Viking Age stone
churchinVarnhem (middle) and the remains of a182-cm-long male individual
(no.17) buriedinalimestone coffin close to the church foundations (right).
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21),Iceland™®(n

146).

of 378 ancientsamples from this study; Viking Age samples from Sigtuna

(Sweden)™ (n
(n

2

5)for 567 ancientindividuals, spanning 71 populations. This figureisa
subset of the most relevantindividuals and populations from Supplementary

Fig.7.2;seeSupplementary Note 7 for further details. This plot consists

Extended DataFig.2|Model-based clustering analysis. Admixture plot (K
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Extended DataFig.3|Fine-scale population structure. The point cloud at
thetop centreshows an alternative view of the UMAP result from Fig. 2b, with
allancientindividuals coloured on the basis of analysis group. The framed
panelssurrounding the point cloud highlight particular ancestry clusters

(asindicated), withlabels and larger symbols corresponding to the median
coordinates for the respective group. Similarly, the larger bottom panel shows
mediangroup coordinates for the large central point cloud, which includes the
vast majority of Europeanindividuals from the Bronze Age onwards.
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Extended DataFig.4|Ancestry modelling for distal sources. a, Contrasting
allele-sharing between Anatolian farmers (Barcin_EN) and Steppe pastoralists
(Yamnaya_EBA) for Europeanindividuals from the Bronze Age and later. Violin
plots showing distributions of statistics f,(YRI,test individual;Barcin_
EN,Yamnaya_EBA) for n=515 individuals with a minimum of1,000,000 SNPs
with genotypesand groups withatleast2suchindividuals. b, Ancestry
proportions of analysis groups from the Bronze Age and later inferred using
qpAdm. Target groups were modelled using three distal sources representing

European hunter-gatherer (Loschbour_M), Anatolian farmer (Barcin_EN) and
Steppe pastoralist (Yamnaya_EBA) ancestry. Sample sizes for target groups can
befoundinSupplementary Table 10. Error barsindicate standard error
obtained from qpAdm. ¢, Ancestry proportions of analysis groups for which
the three-source model was rejected using qpAdm (P<0.05). Target groups
were modelled including one additional distal source representing either
Steppe hunter-gatherer (Botai_EBA), Caucasus hunter-gatherer
(CaucasusHG_M) or East-Asian-related (XiongNu_IA) ancestry.
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Extended DataFig. 8| Positive selectionin Europe.a, Manhattan plots of the
likelihood ratio scoresin favour of selection looking at the entire 10,000-year
period (top, general scan), the period up to 4,000 years before present (middle,
ancientscan) and the period from4,000 years before present up to the present
day (bottom, recent scan). The highlighted SNPs have ascorelarger than the
99.9% quantile of the empirical distribution of log-likelihood ratios, and have at
least two neighbouring SNPs (+ 500 kb) with ascore larger thanthe same

quantile.n=1,185genomes are usedin the selection scan. b, Frequencies of the
derived Aallelers4988235SNP responsible for lactase persistencein humans
for different Viking Age groups, present-day populations from the 1000
Genomes Project as well asrelevant Bronze Age population panels. The
numbers at the top of the bars denote the sample size onwhich the allele
frequency estimates are based.
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Data collection No specific software was used for data collection. All software used in this study is listed below.

Data analysis All software used in this work is publicly available. Corresponding publications are cited in the main text and supplementary material. List
of software and respective versions:
CASAVAv1.8.2
AdapterRemoval v2.1.3
bwa v0.7.10
bwa mem 0.7.10
picard tools v1.127
bamuUtil v1.0.14
samtools v1.3.1
GATKv3.3.0
pysam 0.7.4 (python module)
bedtools 2.27.1
mapDamage2.0
contamMix v1.0-5
SHRIMP 2.2.3
YFitter v0.2
Haplogrep 2.0
FineSTRUCTURE
ANGSD v0.915
IBDseq v.r1206
PRANK v.150803
pathPhynder
BEASTv1.8.2
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schmutziv.1.5.4
Yleaf v2
admixtools v4.1
NGSrelate v.1
GLOBETROTTER
READ

PRIMUS v1.9
plink and v1.9
ADMIXTURE v1.3
RAXML-8.1.15
SnpEff
SPAdes-3.9.0
R3.2.3

Ohana

Beagle v4.1
python 2.7.12
perlv5.22.1
CALIB
FigTreev.1.4.4

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/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

Sequence data are available at the European Nucleotide Archive under accession number PRJIEB37976.

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.
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Life sciences study design

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

Sample size We did not rely on statistical methods to predetermine sample sizes. Sample sizes in ancient population genetic studies are limited by the
number of samples yielding endogenous DNA proportions amenable to whole genome sequencing.

Data exclusions  We selected 442 samples for whole-genome sequencing, out of all (n=528) screened samples, based on their endogenous content and low
contamination estimates. These criteria are described in detail in Supplementary Notes 2 and 3. Furthermore, closely related individuals were

excluded from analyses requiring population allele frequencies.

Replication We did not attempt to specifically replicate experimental findings. But we note that samples from the same population carry similar genetic
signatures. Moreover, genome-wide data allows for the analysis of multiple realisations of the sample history, by studying hundreds of
thousands of SNP sites.

Randomization  We did not implement any randomization as no experimental groups or effect sizes were measured in this study.

Blinding No blinding techniques were implemented, as experimental group assignment is not relevant for population genetic studies of this kind.

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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