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118

119 Summary

120  Today, Germanic languages, including German, English, Frisian, Dutch and the Nordic
121 languages, are widely spoken in northwest Europe. However, key aspects of the

122 assumed arrival and diversification of this linguistic group remain contentious'—. By

123 adding 712 new ancient human genomes we find an archaeologically elusive population
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entering Sweden from the Baltic region by around 4000 BP. This population became
widespread throughout Scandinavia by 3500 BP, matching the contemporaneous
distribution of Palaeo-Germanic, the Bronze Age predecessor of Proto-Germanic*-.
These Baltic immigrants thus offer a new potential vector for the first Germanic
speakers to arrive in Scandinavia, some 800 years later than traditionally assumed’ 2,
Following the disintegration of Proto-Germanic!*-!6, we find by 1650 BP a southward
push from Southern Scandinavia into presumed Celtic-speaking areas, including
Germany, Poland and the Netherlands. During the Migration Period (1575-1375 BP),
we see this ancestry representing West Germanic Anglo-Saxons in Britain, and
Langobards in southern Europe. We find a related large-scale northward migration
into Denmark and South Sweden corresponding with historically attested Danes and the
expansion of Old Norse. These movements have direct implications for multiple
linguistic hypotheses. Our findings show the power of combining genomics with
historical linguistics and archaeology in creating a unified, integrated model for the

emergence, spread and diversification of a linguistic group.

Main (531 words)

The arrival of Steppe-related groups in Europe around 5000 BP (calibrated years before
present/1950 CE) is commonly known as the last major prehistoric migration into the

region!”-18

. Archaeologically, two major European groupings of this time are the Corded
Ware and the Bell Beaker complexes. Linguistically, these are widely accepted as being
connected with the dispersals of multiple Indo-European language groups!®. In Scandinavia,

both complexes have been specifically associated with the introduction of the Germanic

language group’ ', However, this association is complicated by the significant time gap of
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148  ~2-3 millennia that exists between these first waves of Steppe-related ancestry (~5000—4500
149  BP) and the appearance of the earliest Germanic written evidence (~2000—-1800 BP)?!-22,

150

151  In Scandinavia, the arrival of Steppe ancestry (~4800 BP) coincides with the archaeological
152 transition from the Funnel Beaker Culture to the Corded Ware Complex?*. By ~4600 BP,
153  cultural boundaries emerged separating the Scandinavian Peninsula’s Battle Axe culture from
154  the Jutlandic Single Grave culture, with these showing connections respectively to the east
155  and the south?®. In addition, Scandinavia had cultural links associated with Bell Beaker

156  groups of western and central Europe®®. At this time, no linguistic data is available on the
157  distribution of the Germanic language group. Only by the Late Bronze Age do linguistic

158 interactions with Celtic-speaking groups in the south*>2¢ and Finno-Saamic-speaking groups
159  in the east®?’ suggest that an early form of Germanic was present in the area between

160  northern Germany and the East Baltic. Despite some preliminary evidence of genetic

161  structure at this time in Scandinavia?%-??

, its formation as well as its potential for tracing the
162 spread of Germanic remain unexplored.

163

164 By ~2000 BP, the common Germanic linguistic ancestor was diverging into several

165  subgroups, probably involving an initial East vs Northwest Germanic split'*~!63%, This

166  linguistic process was associated with various migrations during the Roman Iron Age (1950—
167 1575 BP) and the Migration Period (1575-1375 BP). However, at present, our understanding
168  of the relevant population dynamics is limited. Genetic studies have detected a northern

169  European origin for Late Iron Age and Migration Period individuals often ascribed by post-

31-35

170  Classical authors as Goths, Anglo-Saxons and Langobards’'—>, consistent with Late Antique

171  historical sources. However, these studies have not confirmed their specific regions of origin.
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Consequently, no comprehensive model for the spread and diversification of the Germanic

languages currently exists.

Ancient genomics have proven a means to address historical linguistic hypotheses!® but have
been constrained by limited sample sizes and an inability to distinguish between closely
related populations. However, recent studies reveal that with dense ancient DNA sampling, at
sufficient sequencing depth for imputation, the detection of fine-scale population structure is

now possible?$2%-3¢,

To investigate the formation and diversification of Germanic-speaking populations and link
the findings to historical linguistic theory, we sequenced the genomes of 712 ancient
individuals to above 0.01X (Supplementary Note S4, Supplementary Table S1.1), with a
focus on the Northern European Iron Age and the bordering Celtic-speaking region of
western Europe?®® (Fig. 1). Together with published ancient genomes from around the world,
we selected samples with suitable average depth of coverage for imputation (~0.1X for whole

genomes)?82%-37

. After overlapping with publicly available ancient SNP capture data suitable
for imputation (~1X on targeted SNPs), removing close relatives and applying quality filters,

the final imputed dataset contained 578 new and 4,009 published individuals covering

690,211 SNPs (Supplementary Note S4).
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i -
2 : ..
2 Source of Genomic Data

newly generated

@ published

NorthernEurope

WesternEurope

CentralEasternEurope

SoutherEurope

5000 4000 3000 2000 1000
Sample Age (Years before Present)

Fig. 1. Geographic and temporal sampling of a subset of ancient individuals included in
the final dataset. Newly generated (green) and published (light blue) ancient individuals
from the Late Neolithic / Early Bronze Age to the Viking Age. Grey bars on the timeline

represent the boundary between historical periods denoted in the top panel.

Fine-scale resolution of early Steppe ancestry in Europe (5000—4000 BP)

We explored the genomic affinities between all individuals in the dataset using the identity-
by-descent (IBD) hierarchical clustering method (Supplementary Note S5.2) and mixture
modelling (Supplementary Note S5.3) to discern the closely related genomic ancestries?.
Here, clusters form on the basis of the long shared genomic segments between all pairs of
individuals within the dataset, rather than by proportions of the deeply diverging ancestries
they carry. As discrete clustering does not display the complexities of admixture, potentially
giving false impressions of continuity, we applied IBD mixture modelling to assess the
genetic structure within the clusters. In brief, we created a ‘palette’ for every individual,
based on the total length of IBD segments shared between that individual and all 386 clusters

in the dataset. We then define sets of individuals from specific clusters as ‘sources’, and
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modelled the palettes of ‘target’ individuals as a mixture of all possible source palettes, using
an non-negative least squares approach, similar to chromosome painting?8. As a result, even
though a temporally distant source and target individual may share very few segments, the
shared segments with common intermediate populations are informative in the modelling. We
find this method to be effective for the sampling density and temporal distances relevant to
this study (Supplementary Note S5.3). To understand the general trends through time, we
applied ordinary spatio-temporal kriging®® to the mixture modelling results (Supplementary

Note S5.3, Extended Data Figures 1-7).

We focused our efforts within the last ~5000 years, commonly considered the hallmark for
introduction of Steppe ancestry across Europe and widely acknowledged as a likely terminus
post quem for the spread of the Indo-European language family!”:!8, We find the majority of
European individuals over the last 5,000 years fall within four main IBD clusters, with a
varying geographical and cultural distinction for each (Supplementary Note S5.2.1). Based on
this close correspondence with individuals assigned to various archaeological groups, we
refer to these clusters as Yamnaya-, Corded Ware (East)-, Corded Ware (North)-, and Bell
Beaker-related. Notably, individuals from each cluster are placed adjacent to each other in a
standard western Eurasian PCA (Fig. 2, Supplementary Note S5.1), and each cluster occupies
different positions along the well-established cline of Steppe-Farmer ancestry that formed in

Europe from the Bronze Age.
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Fig. 2. Distribution of the main four Steppe-related clusters in Geographical (inset) and

western Eurasian PCA space. Samples older than 2800 BP are indicated with a black point

Importantly, our mixture modelling results show that only samples that are modelled with a
high proportion of Steppe ancestry fall within these clusters (Supplementary Fig. S5.16,
Supplementary Note S5.2.3), meaning the Steppe ancestry of many individuals is not
represented by the clustering. Of particular importance are many Bronze Age and later
southern European individuals, whose clustering is informative of their Farmer rather than
their Steppe ancestry. To understand how the Steppe ancestry of individuals of primarily

Farming ancestry are related to the structure mentioned above, we applied IBD mixture
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modelling with sources representative of the Yamnaya, Corded Ware and Bell Beaker

clusters (Supplementary Note S5.3).

We find the Steppe ancestry of the majority of the more southern individuals to be modelled
as Bell Beaker-related (Fig. 3, Supplementary Note S5.2.3, Supplementary Fig. S5.17),
together with a series of previously unidentified admixture clines (Fig. 4, Extended Data Fig.-
8, Supplementary Note S5.3.3). For the Yamnaya, Corded Ware and Bell Beaker-related
source clusters, we found the difference in the mean proportion of Steppe ancestry to be
significantly higher for other individuals archaeologically assigned to the corresponding
culture, than to the other cultures (Supplementary Note S5.3.7). For many samples, an
archaeological assignment was not present, however we found that samples with Steppe
ancestry modelled primarily as Corded Ware-, Bell Beaker- or Yamnaya-related tend to

correspond closely with the regions ascribed to each culture in the archaeological record (Fig.

3).

During the Late Bronze Age (3150-2450 BP), the linguistically inferred presence of Palaeo-
Germanic in Southern and Eastern Scandinavia falls within the geographic boundaries of the
Corded Ware-related ancestries and cultures (Fig. 3). By the Roman Iron Age, Germanic-
speaking regions continue to fall within the broader range of individuals of Corded Ware-
related ancestry, bordered to the south by Celtic-speaking regions and Bell Beaker-related
ancestries (Fig. 3). For Iron Age regions assigned as likely Germanic- or Celtic-speaking, we
similarly find in all instances highly significant correlation with Corded Ware and Bell
Beaker ancestries (Supplementary Note S5.3.7). This correspondence and continuity suggest
that Germanic emerged and primarily continued to be spoken by populations of Corded

Ware, rather than Bell Beaker-related ancestry.
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270  Fig. 3. Geographical distributions of major archaeological cultures, language families
271  and Steppe ancestry sources. Individuals modelled with less than 10% Steppe ancestry or
272 less than 66% from one of the source groups are indicated with an ‘x’. Archaeological

273 boundaries reproduced from Furholt et al.*°,
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276  Fig. 4. A subset of mixture modelling results highlighting admixture between various
277  Steppe and Farming-related sources displayed on the western Eurasian PCA

278  (Supplementary Note S5.3.1, Supplementary Fig. S5.20). Auxiliary Set 1 highlights the
279  well-established clines representing the diversity of western Eurasian Hunter-Gatherers (C
280  and D), the arrival of Neolithic Farmers (B) in Europe admixing with the local Hunter-

281  Gatherers (C), and the arrival of Yamnaya-related ancestry (A) admixing with European
282  Farmers. Mixture modelling Set 5 further highlights the clines between various Steppe-
283  related ancestry sources: E) Yamnaya-related, F) Corded Ware-related and G) Bell Beaker-

284  related, and Farmer ancestry-related sources: H) Globular Amphora Culture-related, I)
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European Farmer-related and J) Levant/Bronze Age Anatolia-related. Source individuals are
circled here and detailed in Supplementary Table S5.3 (Set 5) and S5.4 (Aux Set 1).

Admixture proportions follow a gradient from full colour (100%) to grey (0%).

From the Late Bronze Age onwards, irrespective of clusters, the Steppe ancestry in almost all
Europeans is modelled by either Corded Ware (East) or the Bell Beaker sources (Fig. 3,
Extended Data Fig.-4). Notable exceptions appear in the coastal region of the Netherlands
and in Bohemia, where the two complexes overlap (Supplementary Note S5.7.2). In the
Netherlands, we identify an ‘Eastern North Sea’ cluster that persists from 3700 BP to 1700
BP and is modelled with equal proportions of Corded Ware- and Bell Beaker-related ancestry
(Supplementary Fig. S5.172, Supplementary Note S5.7.2). The existence of this genetic
outlier has a linguistic analogue in the so-called ‘Nordwestblock’ hypothesis, which claims
that the Netherlands harboured an Indo-European language distinct from both Celtic and

Germanic*!.

Scandinavian population dynamics from the Late Neolithic/Bronze Age to

the Iron Age (40002500 BP)

Although Corded Ware-related ancestry persisted in northern Europe from the Bronze Age to
the Iron Age (Fig. 3), the extent to which migrations occurred within this region is poorly
understood. Linguistically, this period encompasses the prehistoric evolution of the Germanic
branch following its split from the Indo-European proto-language and comprises two phases:
Palaeo- and Proto-Germanic. Lexical exchanges with Celtic in the south*> and Finno-Saamic
in the east®?’ indicate that Palaeo-Germanic was present between northern Germany and the

East Baltic by the Late Bronze Age. The timing of these lexical exchanges is evident in loans
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310  predating the so-called Germanic sound shifts, which had happened by the beginning of the
311  Iron Age, which in Scandinavia started around 2500 BP. The entry of Germanic loans into
312 the Finnic Uralic group cannot be earlier than the putative arrival of their speakers in the

313  Baltic, which according to the latest studies coincides with the arrival of Siberian ancestry
314  after 3500 BP and likely with the cist graves from around 3150-3050 BP*2. Some early Celtic
315 loans likewise predate the Germanic sound shifts. As a result Palaco-Germanic can be said to
316  have been in contact with both Finnic in the east and Celtic in the south during the period
317 3200-2500 BP, a period corresponding to the Late Bronze Age. To investigate relevant

318  demographic shifts at this time, we first established the population substructure within

319  Bronze Age Scandinavia by reclustering all ancient samples older than 2800 BP

320  (Supplementary Note S5.2.2, Supplementary Table S5.2).

321

322 Within Scandinavia, three clusters are apparent (Extended Data Fig.-9): 1) an Early

323  Scandinavian cluster, including individuals from the Swedish Battle Axe Culture, some of the
324  oldest Danish individuals, and nearly all Norwegians; 2) a later ‘Southern Scandinavian’

325  cluster restricted to Denmark and the southern tip of Sweden; and 3) an even later ‘Eastern
326  Scandinavian’ cluster, spanning Sweden and geographically overlapping with the Southern
327  Scandinavia cluster. In all three clusters, we see a striking correspondence between Y-

328  haplogroups and IBD clusters (Extended Data Fig.-9A), largely driven by different

329  frequencies of haplogroups I1a (I1a-DF29), Rlalalbla3a (R1a-Z284) and R1blalblalal
330  (R1b-U106), all being strongly associated with Scandinavian ancestry (Supplementary Note
331  S5.2.2). We find a large degree of geographic overlap between the Early, Southern and

332 Eastern Scandinavian clusters of the pre-2800 BP individuals and three subclusters detected
333  in the original northern Corded Ware cluster: Western, Southern and Eastern Scandinavian,

334  respectively (Extended Data Fig.-9B, Supplementary Note S5.2.2). The presence of genetic
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335  structure in the Bronze Age has previously been detected?®, however, its formation and

336  relation to the Bronze Age distribution of Palaco-Germanic, and to the genetic structure of
337  Iron Age Scandinavia, have not been addressed.

338

339  The three pre-2800 BP clusters are found across the region in which Palaeo-Germanic is

340  assumed to have been spoken, and understanding their formation may be informative for the
341  introduction of the Germanic branch of the Indo-European language family to Scandinavia.
342 To investigate this, we applied mixture modelling, using a variety of deep Hunter-Gatherer
343  sources. We find the Yamnaya-related ancestry in the three Scandinavian clusters to be

344  modelled as Eastern Hunter-Gatherer and Caucasus Hunter-Gatherer (Supplementary Fig.
345  S5.27, Supplementary Fig. S5.23: Set 2). This is in agreement with expectations for Steppe
346  ancestry in Europe*. However, the early (4100-2800 BP) Eastern Scandinavians are distinct
347  in their relatively high proportion of Eastern Hunter-Gatherer ancestry, compared to Western
348  and Southern Scandinavians (Supplementary Note S5.3.4). To identify the specific source of
349  this Hunter-Gatherer ancestry, we included additional Hunter-Gatherer sources from the

350  region (Norway, Sweden, Denmark, Latvia and Lithuania) together with Yamnaya. We find
351 that the Eastern Scandinavians’ Hunter-Gatherer ancestry is modelled entirely by the

352  Latvian/Lithuanian Hunter-Gatherer source from across the Baltic, rather than the local

353  Scandinavian Hunter-Gatherers (Supplementary Note S5.3.4, Supplementary Fig. S5.23: Set
354  3). In contrast, the Southern and Western Scandinavians are modelled with additional

355  Western Hunter-Gatherer ancestry. These mixture modelling results are consistent with the
356  subtle differences in the distribution of individuals older than 2800 BP in the Scandinavian
357  clusters in the western Eurasian PCA (Supplementary Fig. S5.7, Supplementary Fig. S5.8,
358  Supplementary Fig. S5.9). To confirm these patterns, we ran rotating qpAdm models with 10

359  different Hunter-Gatherer clusters as sources, including representatives of the previously
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identified genetic structure of Mesolithic Scandinavia* 6. While an early Corded Ware
cluster could be modelled as only Yamnaya and Globular Amphora, the Southern and
Western Scandinavians each required a contribution by Hunter Gatherers from continental
Europe and Scandinavia respectively. Only when including a second Hunter-gatherer source
could the Eastern Scandinavians be well modelled, in many combinations, suggesting the true
source has not yet been sampled. The presence of a non-local Hunter-Gatherer ancestry
suggests the three clusters did not diversify from a single migration into the region. Although
individuals from all three clusters likely spoke Indo-European languages, the Corded-Ware
related Battle Axe Culture of the Scandinavian Peninsula and the Single Grave Culture of the
Jutlandic Peninsular are traditionally assumed to be the vectors for Indo-European dialects
ancestral to Germanic (Supplementary Note S7.1.3), fitting closely with the early distribution
of Western and Southern Scandinavian clusters respectively. However, the Eastern
Scandinavian cluster must also be considered as a potential vector for the arrival of

Germanic.

The Eastern Scandinavians first detection 6-800 years after the earliest Corded Ware
populations in Scandinavia (Extended Data Fig.-9A), and the presence of a Hunter-Gatherer
ancestry, not well represented by the three waves of Hunter-Gatherers previously identified in
Scandinavia, points to an additional, late arrival into Scandinavia by the ancestors of the
Eastern Scandinavians. The Hunter-Gatherer ancestry suggests a link across the Baltic or
from the northeast along the Baltic coastline. With regards to their Steppe-related ancestry,
the Corded Ware individuals from Lithuania (4842-4496 BP), Latvia (4833 BP) and Estonia
(4638—4400 BP) are not well-modelled by the Eastern Scandinavians, suggesting a source
region further north (Supplementary Fig. S5.28). Notably, Corded Ware and Hunter-Gatherer

genomes from Finland and the northeast coast of Sweden are not represented in the dataset,
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and may also be a suitable source for the Hunter-Gatherer ancestry in Eastern Scandinavians.
Such a location would be consistent with strontium isotopes of the Late Neolithic Swedes of
Central Sweden which link with eastern and northern Sweden, Finland and possibly Karelia
and with similarities in pottery styles between Late Neolithic Sweden and the Kiukainen
culture (4500-3800 BP) of southwestern Finland and the Aland Islands*’°. Combined, the
results point to the presence of an unsampled hunter-gatherer population, likely carrying I1
haplogroups, admixing with a Corded Ware-related population, similar to those of
Scandinavia, to form the Eastern Scandinavians somewhere between Finland and Northeast

Sweden. At present, no genomes from this region and time period exist.

Interestingly, the arrival of this first Eastern Scandinavian ancestry coincides with a new
burial rite of gallery graves in South Sweden, the Danish Isles?® and Norway>!, a new house

32-54 and the first durative bronze networks’>. These events culminated at the onset of the

type
Nordic Bronze Age (3550 BP) with cultural homogenisation and the end of the east-west

divide in northern Europe™.
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Fig. 5. A timeline showing Archaeological Periods, Spatiotemporal Kriging results with

the general trends of the proportion of ancestries using Bronze Age European sources

(Set 5), and relevant events in the formation of Germanic languages. During the Late

Neolithic, the highest proportions of Eastern, Western and Southern Scandinavian Bronze

Age ancestry are in the local region, however some ancestry remains modelled as Corded

Ware (East)-related. Throughout the Bronze Age and into the Iron Age, Eastern Scandinavian

ancestry becomes widespread, coinciding with loan words passing from Celtic to Germanic,
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410  and Germanic to Finno-Saamic (indicated by the arrows). Samples within 250 km of the

411  coordinates assigned to each country are indicated with an ‘x’, providing insight into the

412 confidence with which we can assess the timing of the transition at these coordinates. The
413  coordinates representing each country can be found in Supplementary Fig. S5.134.

414

415  The Nordic Bronze Age is key in linking the three genetic clusters of the Late Neolithic with
416  the demographic structure of the Iron Age. Archaeologically, the Nordic Bronze Age is a

417  period of strong cultural homogenisation in southern Scandinavia, starting around 3600 BP,
418  forming the so-called Nordic Cultural Zone, which lasted until the start of the Iron Age (2450
419  BP)°%°7. This homogenisation is mirrored genetically. At the beginning of the period, we

420  observe a number of admixed Norwegian and Danish Bronze Age outliers, each carrying

421  local and Eastern Scandinavian ancestry (Supplementary Fig. S5.29). By the Iron Age,

422 however, the population structure has become more homogenised by the widespread presence
423  of Eastern Scandinavian ancestry, the trend of which is visible in the spatio-temporal kriging
424  results produced from the mixture modelling output (Fig. 5, Supplementary Note S5.3.8). The
425  impact of this expansion is most apparent on the Danish Isles, followed by Norway and

426  finally the Jutlandic Peninsula. The least impact is seen in Jutland, where a large degree of
427  genetic structure distinguishes it from the rest of Scandinavia (Fig. 5).

428

429  To assess whether the spread of Eastern Scandinavian ancestry is compatible with being a
430  vector for Palaco-Germanic, understanding the timing of this migration is crucial.

431  Linguistically, the Late Bronze Age is the period during which Palaeo-Germanic donated
432 vocabulary to Finno-Saamic in the east®?” and adopted vocabulary from Celtic in the south*?
433 suggesting that Palaco-Germanic was spoken within Sweden and Denmark*>. However, no

434  demographic vector has yet been identified to match this distribution. Although genomes are
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scarce for this period due to prevalent cremation practices, we used DATES?® to date the
admixture time between the Eastern Scandinavians and the Southern Scandinavians for
various Bronze Age and Iron Age clusters in Denmark, to confirm the formation of the Iron
Age populations matched that of the earliest admixed individuals we detect directly
(Supplementary Note S5.5). The timing of the earliest admixed individuals fits closely with
the point estimates from the DATES results, suggesting an admixture time of 3750-3250 BP,
consistent with widespread Eastern Scandinavian ancestry within the spatio-temporal range
proposed for Palaco-Germanic. The admixture time for Eastern and local Bronze Age
ancestry in Norway (4200-2600 BP) presents a similar range, with point estimates again
closely matching the first direct evidence of admixed Western Scandinavian and Eastern
Scandinavian individuals. Conversely, at the time of the incorporation of loanwords (3200—
2500 BP), Western Scandinavian and Southern Scandinavian Bronze Age ancestry had
decreased both in geographical range and proportion. Even at its most expansive distribution,
Southern Scandinavian ancestry did not border the region in which Finno-Saamic was
spoken, and by 4200-4000, Western Scandinavian bordered neither Finno-Saamic nor Celtic.
Combined we find Eastern Scandinavian to be the most parsimonious vector for Palaeo-

Germanic.

The link between Eastern Scandinavian ancestry and Palaco-Germanic, and the arrival of
Eastern Scandinavian ancestry in Norway generates the hypothesis of a dialect of Palaeo-
Germanic being introduced to Norway, however we note that no linguistic evidence of a
presence in Norway at this time exists. Moreover, the apparent formation of Eastern
Scandinavians from the Baltic reigon potentially sheds new light on the well-known problem

of the similarities shared between the Germanic and Balto-Slavic branches of the Indo-
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European language family, pointing to prehistoric borrowing, a linguistic subclade or a

combination of both>°.

Early Iron Age Scandinavia and the formation of Proto-Germanic (2450

1950 BP)

By the onset of the Northern European Iron Age (2450 BP), Palaco-Germanic had
transitioned into Proto-Germanic, the last common ancestor of the Germanic languages,
through a series of defining sound changes®-%3, This linguistic transition has been ascribed to
the assimilation of speakers of an unknown language?!-*, potentially indicative of admixture.
The Proto-Germanic speech community is assumed to have been present in southern
Scandinavia and northern Germany throughout the Pre-Roman Iron Age (25001950 BP)®-66,
with the Nordic Iron Age and the Jastorf culture being likely archaeological contexts®®’. To

date, it remains untested whether such admixture occurred.

Based on IBD mixture modelling using the admixed Bronze Age individuals as sources (Fig.
5, Supplementary Fig. S5.32) and the DATES results (Supplementary Note S5.5), we find
evidence of genetic continuity in Jutland throughout this period. In the Danish Isles,
additional Eastern Scandinavian ancestry is present relative to Jutland; however, the DATES
analysis indicates that the formation of the structure of the two regions occurred at a similar
time. The absence of major admixture events around the supposed transition from Palaeo- to
Proto-Germanic suggests this linguistic phase shift may have been induced by other factors at
the onset of the Iron Age, such as changes in social organisation or language-internal

developments.
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484  Between 1950 and 1550 BP, the earliest runic carvings attest to relatively undiverged

485  Germanic dialects being spoken across Denmark, Norway and Sweden. At this time, although
486  Eastern Scandinavian BA ancestry was widespread across the region, the genetic structure
487  that formed during the Bronze Age still persisted between Jutland, the Danish Isles, Sweden
488  and Norway. In Iron Age Jutland, and to a lesser degree the Danish Isles and Norway,

489  individuals continue to be modelled with a minor proportion of the local Scandinavian

490  Bronze Age ancestry (Fig. 5, Supplementary Fig. S5.29: Set 5). The combined genetic and
491  linguistic insights reveal that these genetically distinct Iron Age populations were united by a
492  Germanic dialect continuum.

493

494 Roman Iron Age and the Migration Period expansions from Scandinavia

495  For the Roman Iron Age and Migration Period (1950—-1375 BP), Late Antique historical
496  sources suggest that multiple migrations of Germanic-speaking groups occurred out of
497  Scandinavia, with precise but often contradictory homelands®®. While genetic studies have
498  confirmed a northern European origin for some individuals associated with these

31-34

499  populations®' %, ascertaining precise source regions has proven challenging. To obtain more
500 precise geographical sources of migration, we included a series of the admixed Iron Age

501  clusters in the mixture modelling. These included subclusters from northern Jutland, the

502  Danish Isles, Sweden, and Norway (Supplementary Note S5.3.1, Set 6). At a broader scale,
503  we find a pattern south of the Nordic region that indicates independent migrations from

504  Jutland and the Scandinavian Peninsula. In western Europe, including present-day Germany,
505  the Netherlands and England, we find the Jutlandic Iron Age source to be the primary

506  Scandinavian ancestry (Fig 6A, Extended Data Fig.-10). In contrast, in the coastal region

507  south and east of the Baltic Sea, we find that populations are primarily mixtures of Swedish

508  Eastern Scandinavian and Baltic Bronze Age ancestries (Extended Data Fig.-10).
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512 Fig. 6. Spatiotemporal Kriging results showing the general trends of the proportion of
513  ancestries modelled for each Iron Age individual from across Europe, including Iron
514  Age European sources from Jutland, the Danish Isles, Sweden and Norway (Panel A,
515  Set 6), and also including northern Germany (Panel B, Set 7). Samples with 250 km of
516  these coordinates assigned to each country are indicated with an ‘x’. The coordinates

517  representing each country can be found in Supplementary Fig. S5.134.

518

519  Historical and archaeological evidence suggest various regions along the Eastern North Sea
520  coast, from the Netherlands to Jutland, as the sources of the migrations bringing the West
521  Germanic predecessor of Old English to Britain®®. Although genetic studies have indicated

522  that a large-scale migration indeed occurred at this time, the precise source region has
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523  remained unclear, with candidates ranging from the Netherlands to southern Sweden33. We
524  therefore added an additional Iron Age source from Mecklenburg, Northern Germany

525  (Supplementary Note S5.3.1, Set 7), to the mixture modelling. This showed ancestry in

526  Anglo-Saxons from England, Frisians from the Netherlands and Iron Age Germans to be

527  modelled as the northern German source (Fig. 6B, Extended Data Fig.-11). The observed
528  heterogeneity is consistent with the various homelands of the Angles, Saxons and Jutes along
529  the Eastern North Sea coast migrating to Britain during this period (Extended Data Fig.-12,
530  Supplementary Note S5.7.5). Prior to these expansions, individuals from northern Jutland, the
531  Danish Isles and Sweden on the contrary, are modelled primarily as the local Iron Age

532 ancestry. Therefore, we can reject Northern Jutland, the Danish Isles and Sweden as the main
533  source areas for the Anglo-Saxon migrations to Britain.

534

535 A similar cultural transition to that in Britain occurred in the Netherlands. Following the

536  Roman period, Dutch coastal areas saw a habitation hiatus around 1600 BP and the

537  subsequent appearance of a new material culture that is often referred to as Anglo-Saxon in
538  nature, and which may be related to the emergence of the Frisians’. As in Britain, we see a
539  genetic transition occurring from local to northern German/southern Jutlandic ancestry. Here,
540  the incoming ancestry becomes dominant in the area previously dominated by the distinct
541  Eastern North Sea population (Supplementary Note S5.7.2). Although no unadmixed Eastern
542  North Sea populations are found during the Migration Period, the population replacement
543  was not complete: many later individuals from Northern and Western Europe from this time
544  onward carry small proportions of Eastern North Sea ancestry.

545

546 A third West Germanic-speaking population, the Langobards’!, are historically documented

547  in the regions of today’s Czech Republic, Hungary and Italy and have genetically been linked
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to northern Europe®2. However, according to post-classical origin legends, their homeland is
in Southern Scandinavia specifically’>. We find that the majority of the Langobards are
indeed modelled by the Jutlandic Iron Age source (set 6), supporting a homeland around
Jutland or northern Germany (Supplementary Note S5.7.4). Notably, there are three outlier
Langobards from the Czech Republic and Hungary being of Eastern Scandinavian origin, and
a number of individuals who genetically appear to be local. This close link between Southern
Scandinavian ancestry and linguistically West Germanic groups is also seen in Germany
(Extended Data Fig.-14). Here, 56 of 76 individuals between 1650 and 775 BP fall within the
0 1 3 x clusters, who tend to be modelled by the Northern German source (Supplementary

Table S5.1).

While West Germanic groups appear closely linked with Northern German/Southern Jutland
ancestry, consistent with historical evidence, the genetic affiliation of East Germanic groups
is currently unknown. A 6th-century origin legend of the East Germanic Goths claims a
homeland on the Scandinavian Peninsula’3. The earliest evidence of plausibly East Germanic-
speaking populations out of Scandinavia are the individuals from the Wielbark culture of
present-day Poland, dated to around 1950 BP34. We find these individuals to be modelled
primarily by Eastern Scandinavian BA and Swedish Iron Age ancestry (Supplementary Note
S5.7.4), supporting a migration from a region and population distinct from those of the West
Germanic groups — a scenario consistent with Gothic oral history®®. In contrast, later
individuals associated with the East Germanic-speaking groups, the Ukrainian Ostrogoths
and the Iberian Visigoths, are modelled with local ancestries (Supplementary Note S5.7.4).
Two exceptions are the Iberian Visigoths, who genetically fall on the Baltic cline, suggesting
an origin in North East Europe, but not specifically in Eastern Scandinavia. The genetic

evidence here is consistent with a two-step model on the ethnogenesis of the Goths: an initial
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573  migration from Scandinavia, followed by the acculturalization of others, including Baltic and
574  Slavic groups’®.

575

576  Migration Period expansions into Denmark and Sweden

577  Unlike West and East Germanic, the distribution of North Germanic across Scandinavia is
578  not typically associated with population migrations. Runic inscriptions from across this area
579  testify to Germanic dialects that remained relatively similar to Proto-Germanic between 2000
580 and 1500 BP. However, from the beginning of the Migration Period to the Viking Period

581  (1575-1200 BP), accelerated linguistic change led to the formation of Old Norse’>, the

582  common language of Viking-Age Scandinavians. Following this linguistic transition, the

583  original Germanic runic script, known as the Elder Futhark, was fundamentally remodelled,
584  giving rise to the Younger Futhark, a script exclusively used to document Old Norse”®77.

585

586  Interestingly, we observe a striking genetic transition in the Danish Isles and southern

587  Sweden around the time of this linguistic transition. Prior to 1575 BP, individuals in these
588 areas are modelled almost exclusively with Eastern Scandinavian Bronze Age ancestry,

589  whereas by 1250 BP, i.e. approximately 100 years before the Viking Period, and increase in
590  Southern Scandinavian and ENS ancestry is detected (Fig. 6, Extended Data Fig.-13). By
591  using the Iron Age Scandinavian sources, the extent of the impact can be seen (Extended

592  Data Fig.-10). On the Danish Isles, the local ancestry that was widespread from 2200 to 1600
593  BP essentially disappears by 1250 BP, however the rate at which this transition occurs is not
594  clear . This contrasts with nearby regions, where Jutlandic Iron Age Southern Scandinavian
595  and Swedish Iron Age Eastern Scandinavian ancestry persists through to the Viking Age,

596  despite being less prominent than before.

597


https://doi.org/10.1101/2024.03.13.584607
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.13.584607; this version posted January 7, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

598  To understand the source of these migrations, we turned to the period from 1250 BP onwards,
599  when sampling improves as inhumation burials become more common. Here, most

600 individuals can be modelled with small proportions of ancestries that prior to 1575 BP were
601  primarily found south of Scandinavia: Eastern North Sea coast ancestry, Celtic ancestry from
602  Britain, Ireland and France, Slavic-related ancestry from Northeastern Europe

603  (Supplementary Note S5.7.6), and European Farming ancestry from western Europe

604  (Extended Data Fig.-10, Extended Data Fig.-14). While previous studies have documented an

605  influx of these more southern ancestries’®:"”’

, continuity of the local Scandinavian ancestry has
606  generally been assumed.

607

608  To further investigate the transition within Denmark and southern Sweden, we again applied
609  the mixture modelling with the Southern Scandinavian Iron Age sources from northern

610  Jutland and from northern Germany (Extended Data Fig.-11). We find the Scandinavian

611  ancestry of the later Danish Isles and southern Sweden individuals to be modelled as the

612  northern German IA source ancestry rather than the more local northern Jutland IA source.
613  This suggests large-scale population movements into Denmark and southern Sweden. In

614  Jutland, we also see an influx of northern German IA ancestry. However, the impact is much
615  less pronounced than for the Danish Isles. Due to the absence of samples between northern
616  Jutland and northern Germany, we cannot rule out a southern Jutland origin as a source.

617

618  The above findings of a large-scale demographic shift have potential relevance for

619  understanding the linguistic dynamics of Iron Age Scandinavia, suggesting that the

620  emergence of Old Norse coincides with a period of social and demographic instability®. In

621  addition, the spread of Southern Scandinavian ancestry may partially explain why the Old

622  Norse language was referred to by its speakers as donsk tunga, i.e. the Danish tongue, even in
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623  Norway, Iceland and Sweden?!:82. However, the close correspondence between Northern

624  German/Southern Jutlandic IA ancestry and Old Norse linguistic identity in Southern

625  Scandinavia is not seen in Norway. Here, similar social changes as in South Scandinavia

626  occurred during the same period, however, the Iron Age to Viking Age transition in Norway
627  is one of genetic continuity (Supplementary Note S5.7.3). In Norway, the cultural changes
628  occurred with limited genetic impact from populations from continental Europe. With the

629  exception of a single early Viking sample, the majority of Viking Age Norwegians display
630 either local ancestry or ancestry reflecting back-migrations from Celtic regions of Britain and
631  Ireland. Of note, the linguistic boundary between the East and West Norse dialect areas’™83
632  roughly corresponds to the border between Southern Scandinavian and Western Scandinavian
633  ancestry during the Viking Age (Figures S5.108 and S5.110).

634

635  Due to cremation practices, few genomes exist from the transition period (1575-1200 BP),
636  requiring us to rely on additional lines of evidence for population dynamics during this period
637  to assess when these major transitions in Denmark and Southern Sweden may have occurred
638  (Extended Data Fig.-15). Volcanic activity (1414 and 1411 BP) and the Justinian Plague

639 (1409 BP) caused a population decline in Scandinavia, from which the populations did not
640  fully recover until around 1300 BP (Supplementary Note S7.1.4)%4. However, despite some
641  abandonment or depopulation of marginal subsistence areas®>, there was continuity in more
642  fertile and southern areas (Supplementary Note S6.4). For those who survived, the

643  subsequent improving conditions and relative abundance of resources due to a lower

644  population size would have created the opportunity for rapid expansion, as attested to in

645  historical sources in other areas (Supplementary Note S7.1.4). Despite these dramatic events,
646  the major cultural transitions began earlier, between 1550 and 1450 BP, and persisted through

647  the Viking Age (Supplementary Note S7.1.4), according to antique sources mentioning the


https://doi.org/10.1101/2024.03.13.584607
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.13.584607; this version posted January 7, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

648  Danes living in South Scandinavia by 1450 BP*¢-%7 and oral histories indicating the South
649  Scandinavian royal lineage of the Danes, Swedes and Norwegians being initiated between
650 1550 and 1500 BP*®, Based on the present archaeological and historical evidence

651  (Supplementary Note S7.1.4), we may thus conclude that the major population shift in South
652  Scandinavia between the Roman and the Viking periods was not solely driven by the climate
653  events or plague of 1450—-1350 BP, but instead likely took hold between 1550 and 1450 BP,
654  coinciding with the Anglo-Saxon migrations and corresponding to a major cultural change
655  with the introduction of a new elite culture. Historical texts and legends suggest various

656  origins of the Danes 338 discussed in detail in Supplementary Note S7.1.4. Here we show
657  genetically that the Migration Period population influx in South Scandinavia had origins

658  around Northern Germany, with close similarity to that of the Anglo-Saxons.

659

660  This result has impacts on the interpretations of Gretzinger et al.3 in relation to the source
661  region for Saxon migrations, and Margaryan et al.”® in relation to the major influx of Danish
662  Viking Age ancestry into England (Supplementary Note S5.7.5.). Furthermore, the dense
663  sampling and high resolution demographic inference have allowed us to establish a baseline
664  ancestry for various regions and subsequently identify outliers (Supplementary Note S5.7.1).
665

666

667 Conclusions

668  Our findings constitute a fundamental revision to the formation of West Eurasian ancestry in
669  Europe. By additionally correlating these genetic findings with archaeological and linguistic
670  evidence, we complement previous interpretations of the archaeological record after the

671  Scandinavian Middle Neolithic B (4800 BP), identifying multiple populations movements,

672  and propose a new model for the emergence and spread of the Germanic languages.
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Following the arrival of Steppe ancestry in Scandinavia during the Middle Neolithic B (4800
BP), we detect the arrival of the closely related Eastern Scandinavian ancestry during the
Late Neolithic with links to the North East Baltic region (4000 BP), offering a previously
unknown vector for the introduction of an Indo-European language to Scandinavia. We
cannot rule out more complex scenarios, for example, in which Palaco-Germanic spread
through culture diffusion, with no genetic impact, in the opposite direction to the spread of
Eastern Scandinavian ancestry. However, the fact that Eastern Scandinavian ancestry was
widespread by the Nordic Bronze Age, encompassing the broad region where Palaeo-
Germanic is hypothesised to have been spoken, bordering Finno-Saamic in the east and Celtic
in the south, makes Eastern Scandinavians the most parsimonious vector for the spread of
Palaco-Germanic. By 3500 BP, Eastern Scandinavian ancestry admixes with West and South
Scandinavians in Norway and Denmark, suggesting that the linguistic phase shift between
Palaeo- and Proto-Germanic postdated the admixture event. The genetic structure that forms
at this time persists until the end of the Roman Iron Age (1600 BP), encompassing the
Palaeo- to Proto-Germanic periods as well as the subsequent period of linguistic
disintegration into East, North and West Germanic. Thus, we reveal that by around 2000 BP,
Germanic dialects unified a region divided by clear genetic borders that had existed for a
thousand years. In the Polish Wielbark culture, we find support for the Late Antique Gothic
origin myth of an exodus from Scandinavia. At the same time, however, we observe that the
sampled southern European Goths carry little Eastern Scandinavian ancestry, suggesting a
largely cultural adoption of Gothic language and identity for these individuals. Consistent
with linguistic consensus on a Proto-Germanic homeland in northern Germany and Southern
Scandinavia during the Early Iron Age, we find the descendant North and West Germanic

languages across Europe to be closely linked to Southern Scandinavian ancestry, in support
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of historical documentation of the West Germanic Anglo-Saxons and Langobards. Finally,
the linguistic changes leading to the formation of Old Norse appear to coincide with a back-
migration of Southern Scandinavians to the Danish Isles and southern Sweden, but not in the
more northern parts of Scandinavia, suggesting that a combination of demographic and
cultural mechanisms drove the evolution and transmission of this language. We later find the
dialectal division between Old West and Old East Norse to correspond to that of the Western

Scandinavian Vikings and the Southern Scandinavian Vikings.

These findings underline the potential of IBD approaches to unravel genetic, archaeological
and linguistic prehistories, at the same time revealing marked differences in the mechanisms
behind the proliferation of cultural and biological features. With the increasingly fine-scale
resolution of population genetics, additional sampling from along the Baltic coastline will
allow several unanswered questions to be addressed: 1) confirmation of the proposed Bronze
Age source of the Eastern Scandinavians along the Baltic coast; 2) identification of the Iron
Age genetic boundary between East Scandinavian and Jutlandic Iron Age ancestry in
continental Europe between Mecklenburg and Gdansk, potentially corresponding to the
linguistic border between East and Northwest Germanic; 3) determining whether the spread
of East Germanic dialects with Eastern Scandinavian ancestry extends beyond Poland; 4)
determining the more localised regions both along the Eastern North Sea coast and within
Britain representing each of the Angles, Saxons and Jutes; and finally 5) identifying the

regions in Northeast Europe related to the source of Baltic- and Slavic-speaking populations.
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Methods

Data Generation

All steps of generating the ancient genomes were undertaken using well established protocols
within ancient DNA, as described in Supplementary Note S1. In brief, samples were
inspected visually to identify suitable candidates. Teeth and petrous bone have previously

been identified as the optimal skeletal material for recovery of ancient DNA and were hence
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selected where possible. All drilling, extractions and library builds were carried out in
dedicated ancient DNA clean lab facilities at the University of Copenhagen, both manually

and with automatisation. Double and single stranded libraries®*-!

were built and sequenced
on the Illumina Hiseq 4000 and the Novaseq 6000. For the purpose of authenticating ancient
reads as human, non-USER treated libraries were built to allow for the detection of post-
mortem damage®?. Where possible, USER treated libraries were built from the authenticated
extracts to minimise the effects of post-mortem damage on downstream analysis®®. All reads
were mapped to the human reference genomes (build hs37d5) using bwa aln (0.7.17)°%, and
duplicates were removed using picard MarkDuplicates (2.25.0). Contaminated libraries were

identified using contamix®® and excluded. The final 712 samples included in this study ranged

from 0.01X to 32.83X in autosomal coverage.

Imputation

A set of 4,009 published ancient individuals with coverages suitable for imputation®®>’

was
curated, including whole genomes and SNP capture data. The published data were merged
with the 712 newly generated genomes and imputed with GLIMPSE v.1.1.1%
(Supplementary Note S4). As off-target capture sites have been shown to impute poorly, only
on-target sites were considered. In addition, sites that imputed poorly (imputation info score
<0.5) or did not pass the 1000 Genomes strict mappability mask were excluded. Individuals
with coverage lower than recommended (0.1-0.5X for whole genome, 1.0X for captured
samples?®*7) and average genotype probability resulting from the imputation (<0.9) were also
excluded. First and second degree relatives were identified using ngsRelate®” (Supplementary

Note S5.6), and were then excluded from later analyses. This resulted in a final set of 4517

individuals (including 578 new) covering 697,179 SNPs.
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IBD based analyses

Segments of identity-by-descent (IBD) shared between all individuals in the final imputed set
of 4517 individuals were detected using IBDseq”® (Supplementary Note S4). Potentially
spurious IBD segments with low LOD scores or in hotspot regions were removed as
described in Allentoft et al.?®,

To cluster ancient samples, a network-based hierarchical clustering® based on total shared
IBD lengths was performed, as described in Allentoft et al.?®. As short segments are less
informative on recent ancestry, single segments less than 2 ¢cM in length or total shared
segment lengths of less than 5¢cM were excluded. Clusters were then curated as described in
Allentoft et al.?®. For the deeper clusters, individuals were plotted on a map of western
Eurasia, showing clear correspondences through time and space. To better visualise IBD
clusters and finer-scale patterns in the data, we carried out PCA analysis using GCTA
(v1.94.1) showing the out-of-Africa and western Eurasian diversity and highlighted positions
of individuals from the IBD clusters within PCA space. A second clustering run was
performed containing only samples from the Bronze Age and earlier (2800+ BP), as later
admixed individuals can bias clustering of the Bronze Age structure (Supplementary Note
S5.2.2).

To understand the relationship between and diversity within the clustering, we performed

IBD mixture modelling as described in Allentoft et al.?8

, allowing us to model target
individuals as mixtures of source clusters. For every individual in the dataset, a palette is
created, formed by the normalised proportion of total IBD lengths that each individual shares
with all 386 clusters in the dataset. As such, the different ways in which the target and source
individuals are related to non-source or target individuals are leveraged when modelling the

target palette with the source palettes. Here, the single segment length cutoff was 1 ¢cM and

no total shared segment length cutoff was applied, as deeper relationships between samples
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were of more relevance than to clustering. We first replicated previous results for the
formation of European populations before systematically including more proximal sources in
a series of sets to reveal insight into the genetic structure of the ancient individuals. We then
plotted the mixture modelling proportions on the PCA showing western Eurasian diversity to
identify a series of novel admixture clines within the well established PCA structure
(Supplementary Note S5.3.3). For some specific questions, auxiliary source sets were used
(Supplementary Note S5.3.2.). To understand how the results of the IBD mixture modelling
were reflected on a regional level, we applied spatio-temporal ordinary kriging ¥, as detailed
in Supplementary Note S5.3.8. Spatiotemporal variograms were fit via a metric covariance
model using the R package gstat. We used two sets of parameters, one similar to the original
publication for ancestries relevant to Europe more broadly (IBD mixture modelling sets 1-4),
and a second allowing for the closer proximity between populations of relevance during the

Iron Age (Set 5-7) .

Admixture dating

To assess the time of formation of admixed populations detected through the mixture
modelling, DATES>® was run using default settings (Supplementary Note S5.5). A mean
generation time of 25 years, and the midpoint of the mean radiocarbon ages of all dated

individuals in the target population were used.

Y-chromosome and mitochondrial genomes analyses

Genetic sex and the presence of karyotypes 47,XXY and 47,XYY were determined from the
ratios of reads mapping to the autosomes, X, and Y chromosomes (Supplementary Note
S5.4.3). For individuals with an XY karyotype, we used bcftools v1.17 mpileup to call

genotypes for positions located in the single-copy short-read callable 10Mb region of the Y-
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1044  chromosome, excluding indels, triallelic locus and variants with less than 95% frequency in
1045  the population of non-clonal reads in a locus. Haplogroup paths were called conservatively by
1046  matching ancestral and derived calls from ISOGG 2019-2020 in a root-to-tip direction

1047  (Supplementary Note S5.4.2). For reads that mapped to rCRS mitochondrial reference

1048  genome, a consensus was called and the haplogroups classified using Haplogrep 2.0'% for all
1049  samples with over 5X mitochondrial coverage. Sequences were then aligned with mafft, and
1050  a phylogenetic tree was generated using raxML (Supplementary Note S5.4.1).

1051

1052  Dendrochronology

1053  We used dendrochronological data based on tree-ring measurements from 654 wood samples
1054  of Quercus sp. from 42 sample sites in Denmark covering the years between AD 300 and AD
1055 800 (Supplementary Note S6.2). From the dendrochronological data we constructed an

1056  average growth-curve for Denmark within this time interval by use of TSAP-Win™ (version

1057  4.82b2).

1058  Pollen data in southern Sweden

1059  We used all available pollen data from the province of Scania to investigate the

1060  anthropogenic vegetation changes before the Viking age (Supplementary Note S6.2). The
1061  pollen records were grouped into four characteristic biogeographical regions, standardised to
1062  include the 87 most common pollen/plant taxa and the period 4000-900 BP. We applied a
1063  simplified indicator-species approach using eight pollen taxa from which changes through
1064  time are expected to be mainly due to land-use change. Pollen proportions for these pollen

1065  indicators were then summarised in 100-year intervals.

1066  Data availability

1067  Sequence data were deposited in the ENA under accession: XXXXXXXX
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1125 Extended Data Figures
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1129  Extended Data Fig. 1. Spatiotemporal Kriging results showing the general trends of the

1130  proportion of ancestries using Hunter Gatherer and Early Neolithic Farming Sources
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1131  (Set 1). The arrival of Steppe Ancestry, modelled as EHG (pink) and CHG (light green), onto
1132 a backdrop of Farming related ancestry, modelled as Early Anatolian Farming (brown) and
1133  Western Hunter-Gatherer (orange) is apparent. The ‘Europe-wide’ kriging parameters are
1134 applied here. Individuals within 250 km of the point used for each country (Supplementary
1135  Fig. S5.134) are indicated with an ‘x’. While these results represent the general trends, they
1136  do not capture the heterogeneity present in many regions, and hence should be interpreted

1137  together with the full mixture modelling results (Supplementary Fig. S5.18).
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1140  Extended Data Fig. 2. Spatiotemporal Kriging results showing the general trends of the
1141  proportion of ancestries when adding a ‘Yamnaya-related’ source (Set 2). Here, Steppe
1142 Ancestry that was previously modelled as EHG (pink) and CHG (light green), is now

1143 modelled directly (darker green). The ‘Europe-wide’ kriging parameters are applied here.

1144  Individuals within 250 km of the point used for each country (Supplementary Fig. S5.134)
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1145 are indicated with an ‘x’. While these results represent the general trends, they do not capture
1146  the heterogeneity present in many regions, and hence should be interpreted together with the

1147  full mixture modelling results (Supplementary Fig. S5.18).
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1150 Extended Data Fig. 3. Spatiotemporal Kriging results showing the general trends of the
1151  proportion of ancestries of when including additional Farming-related sources (Set 3).
1152 To the north, Bronze Age populations are modelled only as Yamnaya and Globular Amphora,
1153  whereas in the south, some European Farming ancestry persists. The ‘Europe-wide’ kriging
1154  parameters are applied here. Individuals within 250 km of the point used for each country
1155  (Supplementary Fig. S5.134) are indicated with an ‘x’. While these results represent the

1156  general trends, they do not capture the heterogeneity present in many regions, and hence

1157  should be interpreted together with the full mixture modelling results (Supplementary Fig.

1158  S5.18).
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A. Genetic structure
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Extended Data Fig. 4. Spatiotemporal Kriging results showing the general trends of the
proportion of ancestries when including additional Corded Ware and Bell Beaker-
related sources (Set 4). Steppe Ancestry from the Bronze Age populations are modelled only
as Corded Ware-related to the North, and Bell Beaker-related in the south. The expansion of
Bronze Age Anatolian-related ancestry in Italy during the Iron Age, and to lesser degrees
Czech Republic, France and England is apparent. The ‘Europe-wide’ kriging parameters are
applied here. Individuals within 250 km of the point used for each country (Supplementary
Fig. S5.134) are indicated with an ‘x’. While these results represent the general trends, they
do not capture the heterogeneity present in many regions, and hence should be interpreted

together with the full mixture modelling results (Supplementary Fig. S5.18).
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1176  Extended Data Fig. 5. Spatiotemporal Kriging results showing the general trends of the
1177  proportion of ancestries when including additional Bronze Age Scandinavian and

1178  Baltic-related sources (Set 5). In the Late Neolithic / Chalcolithic, the regions of Northern
1179  Europe are distinct and modelled by various sources. Throughout the Bronze Age and Iron
1180  Age, Eastern Scandinavian ancestry becomes widespread, despite the persistence of some
1181  local Bronze Age ancestry. During the Migration Period, individuals from England and the
1182  Netherland experience an increase in Scandinavian ancestry reflecting Iron Age Jutland.
1183  Individuals from Denmark and Sweden experience and increase in East North Sea ancestry.
1184  Norway experiences an increase in Bell Beaker-related ancestry during the Viking Period.
1185  The transition in Poland from Iron Age (East Germanic) to Medieval (Slavic) coincides with

1186  the arrival of ‘Baltic BA’-related ancestry. The ‘North / West Europe’ kriging parameters are
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1187  applied here. Individuals within 200 km of the point used for each country (Supplementary
1188  Fig. S5.134) are indicated with an ‘x’. While these results represent the general trends, they
1189  do not capture the heterogeneity present in many regions, and hence should be interpreted

1190  together with the full mixture modelling results (Supplementary Fig. S5.18).
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1193  Extended Data Fig. 6. Spatiotemporal Kriging results showing the general trends of the
1194  proportion of ancestries when including Iron Age sources from Norway, Sweden, the
1195  Danish Isles and Jutland (Set 6). Here, the migration period shows an increase of ‘Jutland
1196  IA’-related ancestry in England, the Netherlands, the Danish Isles. The ‘North / West Europe’
1197  kriging parameters are applied here. Individuals within 200 km of the point used for each
1198  country (Supplementary Fig. S5.134) are indicated with an ‘x’. While these results represent

1199  the general trends, they do not capture the heterogeneity present in many regions, and hence
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1200  should be interpreted together with the full mixture modelling results (Supplementary Fig.

1201 S5.18).
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1204  Extended Data Fig. 7. Spatiotemporal Kriging results showing the general trends of the
1205  proportion of ancestries when including an additional Iron Age source from Northern
1206  Jutland (Set 7). Here, we show migration period migrations transitions mentioned in Set 6
1207  are better modelled by the Northern/Germany Southern Jutland source. In addition, Jutland
1208  sees a transition from local to Northern Germany/Southern Jutland ancestry. Individuals
1209  within 200 km of the point used for each country (Supplementary Fig. S5.134) are indicated
1210  with an ‘x’. While these results represent the general trends, they do not capture the

1211  heterogeneity present in many regions, and hence should be interpreted together with the full
1212 mixture modelling results (Supplementary Fig. S5.18).
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1216  Extended Data Fig.-8. A subset of mixture modelling results from Set 5 displayed on the
1217  western Eurasian PCA, (Supplementary Note S5.3.1, Supplementary Fig. S5.20),

1218  showing mixture modelling proportions for a series of subclusters from the Corded
1219  Ware (North) (A, B, C) and Bell Beaker (D, E) clusters, revealing clines admixing with
1220  groups of varying European Farmer- and Bronze Age western Mediterranean-related
1221  ancestry. Source individuals are circled, and admixture proportions follow a cline from full
1222 colour (100%) to grey (0%).
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1227  Extended Data Fig.-9. Scandinavian IBD clusters from pre-2800BP clustering. (A)

1228  Geographical distribution of individuals within the Scandinavian sub-clusters from the pre-

1229 2800 BP re-clustering. For males with sufficient coverage, major Y-haplogroups are noted.

1230  (B) Sankey diagram showing the correspondence between the three main Scandinavian

1231  clusters and the Eastern Corded Ware clusters in the Full and pre-2800 BP clustering.

1232

1233

1234


https://doi.org/10.1101/2024.03.13.584607
http://creativecommons.org/licenses/by-nc-nd/4.0/

1235
1236

1237

1238

1239

1240

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.13.584607; this version posted January 7, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

ion [0 1121 2w0 W o225 w0 Wovzscam Worescomo Woziznicm Wozazticmon Woooomo Wosersawor 03417 200 vazreomon [osz21 2o [lossrs o [l 0600
Source poplaton
population B o 2 12.c.omn- [l o120 mm0e | 012450 e | 014302000 [ 021 5.comor [ 022700 o0ncmor o342 comor [l 0as sz oo [losoorimo. Joszoozmo [ 053200

1. DenmarkSweden, 2500 — 1575 BP

Denmarkc_dutland
Denmark Isiands

Sweden

DenymarkSweden, 1575 - 1230 BP

\S]

Denmark Isiands
Sweden
Denmark_Jutiand

Swoden

H
i

P Do s

Netheriands
England
Germany
Denmark_Baltic

Estonia.
Poland
Lihuania
Finlandt
Latia

Extended Data Fig.-10. A northern European subset of IBD mixture modelling results
for Iron Age sources (Set 6). Row 1 shows variation from Denmark Jutland to the Islands
of Denmark, to southern Sweden. Row 2 shows Denmark and Sweden during the Migration

Period (1575-1200 BP, left) to the Viking Age (1200—-800 BP, right). Row 3 shows the
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surrounding regions to the west (left) and east (right). Subset from Supplementary Note S5.3,

Supplementary Fig. S5.18.
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Extended Data Fig.-11. A subset of IBD mixture modelling results showing the

proportion of Southern Scandinavian Iron Age ancestry for northern Europe with

varying source sets. A) Set 6, which contains a single Southern Scandinavian Iron Age

Mecklenburg (northern Germany). The proportion of ancestry modelled is indicated by the

proportion filled and the size of each circle. Full mixture modelling results for northern

Europe are shown in Supplementary Fig. S5.25 and Supplementary Fig. S5.26
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1256  Extended Data Fig.-12. A subset of IBD mixture modelling results showing the

1257  proportion of ancestry in Britain and Ireland (Set 7). In column 1 (2800-1575 BP), the
1258  dominant ancestry modelled is 0 2 1 1 2 Celtic Bronze Age. In column 2 (1575-1200 BP)
1259  during the Anglo-Saxon period, a transition causing individuals to be modelled primarily as
1260 0 _1 3 2800- Southern Scandinavian Iron Age (Mecklenburg, northern Germany) has

1261  occurred, with small proportions of 0 1 2 3 C 2800- Southern Scandinavian Iron Age
1262 (northern Jutland, Denmark). In column 3 (1200-800 BP), the appearance of other

1263  Scandinavian ancestries (cluster 0 1 3 2 2 2 Eastern Scandinavian Iron Age (Sweden) and
1264  cluster 0 1 6 2 Western Scandinavian Iron Age (Norway)) is apparent during the Viking

1265  Age. Full mixture modelling results for northern Europe are shown in Fig. S5.26.
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Extended Data Fig.-13. A northern European subset of IBD mixture modelling results

for Bronze Age sources (Set 5). Row 1 shows the decreasing proportion of Southern

Scandinavian ancestry from Denmark Jutland to the Islands of Denmark, to southern
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1273 Sweden. Row 2 shows Denmark and Sweden from the Migration Period (1575-1200 BP,
1274 left) to the Viking Age (1200-800 BP, right). Row 3 shows the surrounding regions to the
1275  west (left) and east (right). Subset from Supplementary Note S5.3, Fig. S5.18
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1281  Extended Data Fig.-14. A northern European subset of IBD mixture modelling results
1282  for Iron Age sources, when including two Southern Scandinavian Iron Age sources (Set
1283 7). Row 1 shows variation from Denmark Jutland to the Islands of Denmark, to southern

1284  Sweden. Row 2 shows Denmark and Sweden during the Migration Period (1575-1200 BP,
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1285  left) to the Viking Age (1200-800 BP, right). Row 3 shows the surrounding regions to the

1286  west (left) and east (right). Subset from Supplementary Note S5.3, Fig. S5.18.

1287
1288
1420 BP - Elite institution and hall-culture described by Beowulf (530 CE)
1414 BP -Volcano (536 CE)
1411 BP - Volcano (539 CE)
1409 BP - Justinian Plague (542 CE)
1400 BP - Danes mentioned in S. Scan by Jordanes + Procopius (550 CE)
Elite ideology — Odin as main god | Christianity
S.Scan Animal Art-style
Dannevirke | No record of war | Raiding, etc |
Royal lineage, kingly houses, new (pagan) institution
Agriculturally stable ofmerginal aress | stable |
Stable population size | Decline | Recover | Stable |
North Germanic Syncope period | Old Norse |
Eastern Scandinavians ? | Southern Scandinavians
Late IA | Viking Period |
| 1 I | ] I 1 I 1 1 1
T T T T T T e T T T Ll T
2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 (BP)
1289 0 100 200 300 400 500 600 700 800 900 1000 (CE)

1290  Extended Data Fig.-15. Timeline showing climatic events, and social, demographic,

1291  linguistic and genetic shifts in the Danish Isles and southern Sweden from the Migration
1292  Period to the Viking Age.
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