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In brief

Vyas, Koncz, et al. conduct a
multidisciplinary analysis of 5th-6th
century communities from the territory of
former Roman Pannonia. Despite
archaeological similarities, they find
significant differences in genomic
ancestry between the sites as well as
evidence of gene flow from Northern
Europe into the region starting in the late
5th century.
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SUMMARY

As the collapse of the Western Roman Empire accelerated during the 4th and 5th centuries, arriving
“barbarian” groups began to establish new communities in the border provinces of the declining (and even-
tually former) empire. This was a time of significant cultural and political change throughout not only these
border regions but Europe as a whole."? To better understand post-Roman community formation in one
of these key frontier zones after the collapse of the Hunnic movement, we generated new paleogenomic
data for a set of 38 burials from a time series of three 5™ century cemeteries®™ at Lake Balaton, Hungary.
We utilized a comprehensive sampling approach to characterize these cemeteries along with data from 38
additional burials from a previously published mid-6th century site® and analyzed them alongside data
from over 550 penecontemporaneous individuals.”~'® The range of genetic diversity in all four of these local
burial communities is extensive and wider ranging than penecontemporaneous Europeans sequenced to
date. Despite many commonalities in burial customs and demography, we find that there were substantial
differences in genetic ancestry between the sites. We detect evidence of northern European gene flow
into the Lake Balaton region. Additionally, we observe a statistically significant association between dress
artifacts and genetic ancestry among 5" century genetically female burials. Our analysis shows that the
formation of early Medieval communities was a multifarious process even at a local level, consisting of genet-
ically heterogeneous groups.

RESULTS AND DISCUSSION

With the dissolution of the Western Roman Empire, the 5th cen-
tury was a period of great political, cultural, and demographic
changes in Europe.'*® This was particularly true in the Middle
Danube Region, which had long served as a frontier zone of
the Roman Empire and also became a border zone after its

Gheck for
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division into the Western and Eastern Empires after 395 CE.
With the abandonment of the Pannonian provinces by the Ro-
man civil and military administration, most likely in 433 CE, it
had already lost its former political and military importance.
The region’s subsequent development was first determined by
the period of Hunnic rule in the middle of the 5th century, after
which it came under the influence of various “barbarian” groups
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(Goths, Heruls, Langobards, etc.). While the political history of
the region is well documented in written sources, these come
from contemporary or later external authors writing in Greek or
Latin (such as Marcellinus Comes, Priscus of Panium, Sidonius
Apollinaris, Jordanes, Procopius of Caesarea, Menander Protec-
tor, etc.) from the Western or Eastern Roman Empire'?° who put
much emphasis on the movement of various ethnic groups but
did not describe how these impacted the life of communities.
The archaeological record shows the transformation of settle-
ment structures and patterns, the appearance of new archaeo-
logical phenomena, and the continuous emergence of new
communities that founded small burial sites in the region, quite
unlike the large late Roman cemeteries of the 4th century, which
could sometimes contain thousands of graves. '

Amorim et al.° performed a comprehensive paleogenomic
characterization of Szélad, a Langobard-period cemetery found
on the southern shore of Lake Balaton, in present-day Hungary,
dating to the middle of the 6th century. We demonstrated that the
community was organized primarily around a large, three-gener-
ation male biological kindred (i.e., sets of closely biologically
related individuals) enriched for genomic ancestry found in mod-
ern northern Europeans, and that it was possible to distinguish at
least two groups of burials with different genomic ancestry that
varied with regard to the design of the graves, the dress
accessories, and other grave goods.

In this study we present the analysis of paleogenomic data
derived from a dense spatial and temporal sampling
approach'®?"?? for 38 individuals from three cemeteries (Fo-
nyéd, Hacs, and Balatonszemes) near Szolad that date to the
middle and second half of the 5th century CE. They were chosen
for analysis based on their geographical proximity to Szélad and
are considered fairly typical of the region and this period. They
chronologically represent a time transect of the second part of
the 5th century, with Fonydd dated to the middle third, Hacs to
the second half, and Balatonszemes to the end of the 5th century
(Figure 1). This allowed us to investigate whether the genetic het-
erogeneity observed at Szolad represented a long-standing
post-Roman structure in the region or was the result of 6th cen-
tury population movements as described in the written sources.
In particular, we were interested in (1) to what extent the contin-
uous emergence of these short-lived communities was the result
of extensive human mobility in the region and the appearance of
new population groups, as attested by the written sources, and
(2) what role biological relatedness played in the construction of
social kinship and organization of these post-Roman commu-
nities.®?* In other words, did genetic variation correspond to sig-
nificant social and cultural differences in burial customs and
spatial organization of the sites?

5th century Pannonia: Fonyoéd, Hacs, and
Balatonszemes

Fonyod, Hacs, and Balatonszemes (STAR Methods) are located
within 18 km of each other on elevated loess ridges close to the
southern shore of Lake Balaton, Hungary. Archaeological dating
of these sites is based on certain jewelry types (brooches, pins,
earrings, etc.) and tools (“nomadic mirrors” of the Cmi-Brigetio
type, double-sided combs).>>252% All three sites likely represent
short-lived rural communities. 19, 29, and 19 graves were exca-
vated at the three sites, respectively; however, due to empty
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graves and taphonomic issues, only 14 graves had human re-
mains at Fonyéd, only 15 from Hécs had remains (including
Hacs_5, which is a mixture of two—a male and female —burials
due to modern disturbances) that were not lost or destroyed
and had adequate preservation, and only 13 had human remains
at Balatonszemes.

Including information from some of the lost, destroyed, or
badly preserved burials from Hacs (and, when available, genetic
sex in cases where adult osteological sex assessments are not
present), there was a substantial bias toward adult female burials
(i.e., 21 adult females, 5 adult males, 17 nonadults); this pattern
remains at each site (Fonydd, 7 adult females, 2 adult males,
5 nonadults; Hacs, 9, 2, 7; Balatonszemes, 7, 2, 5). Hacs and Ba-
latonszemes are also very similar in terms of burial customs, as
artifacts are mostly found in female burials, in contrast to male
burials, which are generally poorly furnished.***® Artificial cra-
nial deformation (ACD) is also observable in all sites, but it is
only prevalent in Fonydd (found in 7/11 preserved crania), while
the other two sites only contain single examples (STAR
Methods). The sites also show differences in terms of spatial or-
ganization of the burials, with Fonydd being unique®® due to its
six grave clusters lying at roughly equal distances of 50-60 m
from each other (Figure 2).

5th-8th century Italy: Bardonecchia and Torino Lavazza
The two penecontemporary Italian sites of Bardonecchia and
Torino Lavazza were included in this study, so as to increase
the number of available high-quality Medieval Italian sequenced
individuals. These data supplement the often lower-coverage
Italian data from Rome from Antonio et al.” (Table S1).

Genome sequencing

From Fonydd, we obtained genomic data from 13 of 14 graves
with human remains, from Hacs from 14/15 preserved burials
(the 15th, Hacs_23, was not accessible for sampling), and from
Balatonszemes 11 of 13 graves with human remains. Altogether
38 samples were newly sequenced and analyzed (STAR
Methods). Ten samples were used in whole-genome sequencing
(WGS) (coverage mean 8.36 X, range 5-11 x) and the remaining
28 in genome-wide SNP capture sequencing for ~1.2 million
SNPs (1240K)?®° (coverage mean 1.47%, range 0.02-3.46x)
(Table S1). Among WGS samples, virtually all of the 1,126,140
autosomal 1240K SNPs were covered (1,098,348 to 1,120,721
SNPs), while for captures the number of SNPs covered ranged
from 24,558 to 859,675 (Table S1). Mitochondrial contamination
rate medians®' were 1%-3% for all individuals, while nuclear
contamination point estimates®® from the 14 males were be-
tween 0.4% and 2%. In addition, 14 new samples from Bardo-
necchia and Torino Lavazza (5th-8th century ltaly) underwent
1240K capture with coverages from 0.39 to 3.85x (covering
306,226 to 845,032 SNPs), while one from Bardonecchia under-
went WGS (Bard_T1, coverage 6.54x, 1,121,223 SNPs).

Temporal variation in population genetic structure in the
5th century

We conducted a principal component analysis (PCA) of 561
ancient individuals (with coverage > 0.1X); ancient individuals
were transformed onto a background of modern POPRES®* refer-
ence individuals using a Procrustes-transformation technique®**
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473 - the Ostrogoths
leave Pannonia for

Italy

433 - Roman administration
officially abandons the
Pannonian provinces

453 -death
of Attila

ca. 500 - the Langobards
arrival to Pannonia

568 - departure of the
Langobards and arrival
ofthe Avars

Figure 1. Location and chronological position of the four investigated sites within the (Western) Roman Empire

Roman roads are indicated with red lines, while late Roman inner fortresses of the Lake Balaton area are marked with black. The Pannonian provinces (Prima,
Secunda, Valeria, and Savia) are outlined based on their combined borders c. 400 CE. Map created with QGiS v3.22.1 and resources used from Ancient World
Mapping Center. “Coastline, River, Inland water, Open water, Roman road.” http://awmc.unc.edu/wordpress/map-files/.>*

using smartPCA.*>¢ We found that all 5th/6th century Lake Bala-
tonindividuals (n =69 due to the coverage cut-off) reflected primar-
ily modern European genetic diversity (Figures 3Aand S1). In addi-
tion, we analyzed a penecontemporary (c. 4th-8th century CE) set
of 492 comparative individuals (477 previously published along-
side 15 newly produced from Bardonecchia and Torino Lavazza)
sampled from across Europe (Table S1; STAR Methods).%'%°7
Confidence ellipses of PC1 and PC2 coordinates demonstrate
that while the penecontemporary regions cluster primarily with
modern individuals from the same geographic regions (i.e., they
are localized) (Figure 3B), our 5th—6th century Lake Balaton

individuals have a much more diverse genomic ancestry, encom-
passing a range reflecting the entire north to south axis of modern
European genetic variation in the POPRES dataset®® (though not
western or eastern Europe) (Figure 3A). While all Lake Balaton in-
dividuals were sampled from a single region of 200 km? over
~100 years, the penecontemporary populations generally encom-
pass much larger geographic regions and wider time frames (and
thus we would expect more genetic diversity): this suggests that
this part of central Europe experienced particularly high rates of
gene flow during the 5th-6th centuries. We explicitly modeled
gene flow in a spatial context across Europe using our Lake
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Figure 2. Cemetery maps of Fonydd, Hacs,
and Balatonszemes

Burials are identified based on age, sex (osteological
and genetic), and sampling status as well as the
presence of amber beads, brooches, double- and
single-sided combs, and weapons. Dotted outlines
indicate biological relatedness. Pedigrees of the
biologically related individuals are overlaid on the
cemetery maps with colors corresponding to
fastNGSadmix results from Figure 4.

(A) Cemetery map of Fonyod. Due to the dimensions
of the cemetery, graves sizes are not to scale with
the size of the cemetery. This figure was modified
from Gallina and Straub.*®

(B) Cemetery map of Hacs. This figure was modified
from Kiss.®

(C) Cemetery map of Balatonszemes. Bal_26 is not
included in this figure, as this individual was buried
200 m west of the main site. This figure was modified
from Mihaczi-Palfi.””

See also Tables S1, S3, and S4.
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Balaton and penecontemporary individuals using FEEMS®® and
indeed found a strong rate of gene flow between the Lake Balaton
region and populations across Northern Europe ~1,000 km away
(Figures 3D and S2).

To further explore the structure within our Lake Balaton
cemeteries, we also used a model-based clustering method
(fastNGSadmix)®° to characterize the genomic ancestry of each
individual using 1000 Genomes Project (1000G)*° populations
as possible sources. In addition, given the localized geographic
structure observed in the PCA for the penecontemporary Euro-
peans, we constructed a panel of ancient c. 4th-8th century pe-
necontemporary reference individuals with a similar geographic
distribution to the 1000G populations to form eight ancient
panels (EASIA, MEDEU, NAFRICA, NGBI, SASIA, SCAND, and
SUBSAHARAN) (STAR Methods).”?'>"*"® The modern and
ancient reference sets yielded similar patterns (Figures 4A, 4B,
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and S3), with almost all individuals pos-
sessing some combination of primarily
Tuscan (TSI), Central European and Great
Britain (CEU+GBR), and Finnish (FIN) mod-
ern ancestry or Mediterranean (MEDEU),

Osteological Age:
Bold: Adult
Regular: Child
Italics: Unidentified

Osteological Sex:

: Male
gi Female northern Germany and British (NGBI), and
Genetic Sex: Scandinavian/Estonian (SCAND) penecon-
5%::: :gﬁ'; o temporary ancestry. We conducted linear
[ Female adult regressions comparing ancestry propor-
Female nonadult

tions of MEDEU versus TSI, NGBI versus
CEU+GBR, and SCAND versus FIN (for
441 individuals not in a reference panel)
and found R? values of 0.79, 0.54,

[ ] Grave with bad
preservation
[ |Empty grave

Archaeology:
® Amber beads

Brooch and 0.36, respectively (all comparisons
& oo p < 0.001). However, all three 5th century

cemeteries have distinct profiles with re-
gard to the relative proportions of these
components, with the penecontemporary
analysis showing these differences most
clearly. Most notably, there is a clear pro-
gressive significant increase in SCAND
ancestry and corresponding decrease in
NGBI ancestry over time for the 5th century sites (Fonydd,
Hacs, Balatonszemes; SCAND 0.07 < 0.26 < 0.38; NGBI
0.40 > 0.31 > 0.14; Figure 4C).

Fonyod, which dates to the peak of the Hunnic power in the re-
gion, differs markedly from the later two 5th century sites from
both an archaeological and genomic perspective (STAR
Methods). Its unique spatial structure suggests that it is a burial
site of a short-lived coexistence of Hunnic period groups, part
of them practicing ACD, a tradition that is considered a foreign
phenomenon in Pannonia and less prevalent in the later sites.*’
Genomically, Fonydd also has significantly (as assessed by non-
overlapping 95% Cls) more Mediterranean ancestry than the
other Lake Balaton sites and is somewhat southern shifted on
the PCA (Figures 3 and 4). Overall, the site shows more non-
European diversity, with two individuals possessing ~6% South
and/or East Asian ancestry (Fonyod_278 and Fonyod_316) and
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Figure 3. Principal component analysis and
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with individuals. Penecontemporaneous reference
individuals are colored in pastel colors based on
their region, while modern individuals from POPRES
are colored in gray.

(A) PCA results from the Lake Balaton communities
are plotted with covariance confidence ellipses with
radii corresponding to 1.5 standard deviations
overlaying the PCA. The dashed box identifies the
northern clusters from the Lake Balaton commu-
nities.
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(B) PCA results from the penecontemporary pop-
ulations are plotted with covariance confidence el-
lipses with radii corresponding to 1.5 standard de-
viations.

(C) A zoom~-in of the area within the dashed box from
(A). This plot focuses on the northern cluster of the
PCA with polygons identifying the lack of overlap
between the 5th century Lake Balaton communities.
(D) A FEEMS plot estimating gene flow between the
4th and 8th century communities analyzed in the
PCA with all four Lake Balaton communities
analyzed together. Bluer colors indicate more
migration, while brown indicates less/no migration.
See also Figures S1 and S2 and Table S1.
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one individual 12% African ancestry (Fonyod_469) (Figure 4).
Thus, the genomic profile of Fonydd may reflect heterogeneity
of the late Roman period and/or recent influx from the East.
Both Hacs and Balatonszemes are enriched for individuals
with very high proportions of northern European ancestry
(NGBI+SCAND) that are not as prominent at Fonyéd (Figure 3C),
potentially indicating the arrival of new groups to the region
consistent with written records describing the emergence of
new “barbarian” powers after the fall of the Hunnic empire, in
the second half of the 5th century. The high level of gene flow be-
tween Lake Balaton individuals and northern Europe is only seen
in our FEEMS analysis when examining these later two commu-
nities, while the use of the earlier Fonydd site results in a barrier
to gene flow to this region and greater gene flow with southern
Europe (Figure S2). However, because of variation in the relative
SCAND/NGBI components, individuals with higher PC1 values
(i.e., more northern European ancestry) show no overlap in the
PCA between the two sites (Figure 3C), with Hacs angling toward
the modern northwestern Europe and Balatonszemes north-
eastern Europe. These differences could indicate that groups
from similar, yet distinguishable, sources from northern Europe
arrived in the region in multiple waves during the second half
of the 5th century. On the other hand, the presence of individuals
with high amounts of MEDEU ancestry is a constant in all four
sites, and they show overlap in the PCA, suggesting this may
represent a more stable local genomic signature during this

Northwest Italy
Rome
Serbia

entire period. To test our findings of north-
ern gene flow into the Balaton region sub-
sequent to Fonydd, we also conducted
gpAdm?®® analyses; these findings are
consistent with our described findings from FEEMS and fastNG-
Sadmix, though we caution that the gpAdm method is not ideal
for analyzing closely related Late Antique/Early Medieval source
populations (STAR Methods; Figure S4; Table S2).

Interestingly, Szélad demonstrates a profile that encompasses
genomic variation observed in all three 5th century sites, albeit it
has a much larger sample size. Northern European ancestry is
even more prominent than at Hacs and Balatonszemes, driven
primarily (but not totally) by a large nine-member pedigree iden-
tified previously® (Figure 4). The individuals in this pedigree along
with most other northern-like individuals lack the high SCAND
component observed in Balatonszemes (qualitatively resembling
those from Fonydd and Hacs instead; the three notable excep-
tions being 2 second-degree relatives, Sz_41 and Sz_42, with
92% and 73% SCAND ancestry, respectively, and Sz_4 with
59%), suggesting no major direct continuity between these two
sites. Szoélad is notable for strontium isotope data, suggesting
most adults at the site were non-local, regardless of genomic
ancestry.® However our data make clear that the major patterns
of genetic ancestry observed at Sz6lad were already established
during the second half of the 5th century in and around the Lake
Balaton area. Thus, this community could have formed from the
existing diverse regional pool of genetic variation established
~50 years earlier, rather than just being the result of the arrival
of a new population group, i.e., the Langobards, as interpreted
by both historical and archaeological research.**™*°
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Figure 4. Supervised ancestry proportions from individuals from Fonyéd, Hacs, Balatonszemes, and Szélad

Individuals with <0.1x coverage were excluded from these analyses. The & and ¢ symbols identify genetic males and genetic females, respectively, while tri-
angles identify individuals buried with dress accessories (in the case of Fonydd, Hacs, and Balatonszemes) or brooches specifically (in the case of Szolad).
(A) Proportions were estimated using fastNGSadmix and using 1000 Genomes populations as references*® (CEU+GBR, Northern Europeans from Utah [CEU]
and British in England and Scotland [GBR]; FIN, Finnish in Finland; IBS, Iberian populations in Spain; TSI, Tuscans from ltaly; EAS, the East Asian super-pop-
ulation; SAS, the South Asian super-population; YRI, Yoruba in Ibadan, Nigeria).

(B) Proportions were estimated using penecontemporaneous individuals to form reference populations”°'>'%~9 (MEDEU, ltaly and Iberia [Mediterranean
Europe]; NGBI, what are now northern Germany and Britain; SCAND, what are now Scandinavia/Estonia; EASIA, what is now Hanben, Taiwan; NAFRICA, what is
now Sudan; SASIA, Roopkund Lake in what is now India; SUBSAHARAN, sites from sub-Saharan Africa). Individuals are sorted based on increasing MEDEU and
then by decreasing NGBI.

(C) Aline graph showing the change in ancestry proportions through time over the four sites. Error bars correspond to 95% confidence intervals calculated based

on bootstrap analyses.
See also Figure S3 and Table S1.

Biological relatedness and social relationships

The small burial groups at Fonydd were previously interpreted as
signs of strong social ties,”® and Hacs and Balatonszemes have
been described as family cemeteries.”*>*® We used IcMLkin"’
to identify close biological relatives in all three 5th century sites.
At all three sites, biological kindreds consisted of only a few very
close first- and second-degree relatives, mostly on the mother’s
side (Figure 2; Table S3). These analyses were also validated by
a READ analysis that found the same kinship relationships
(STAR Methods).“® This is in stark contrast to Szélad, where the
cemetery was organized largely around male biological relatives

3956 Current Biology 33, 3951-3961, September 25, 2023

with a large extended pedigree.® Biologically related individuals
at Fonydd and Balatonszemes were buried in close proximity to
each other, and inthe latter case their connectionis also clearly re-
flected by the similarities in the burial customs, suggesting that
these connections held meaningful social values (STAR Methods).
However, the relatively low number of biologically related individ-
uals, the small size of the kindreds, and the lack of biological rela-
tions in most burial groups— probably also influenced by the short
occupation period of the sites and the low number of buried indi-
viduals—suggest that other factors may have had a major influ-
ence on the formation of these 5th century communities.



Current Biology

To examine to what extent the broader biological backgrounds
of individuals (as determined by genomic ancestry) beyond close
biological kinship were acknowledged as meaningful social ties,
we also compared burial customs demonstrating variation with
the POPRES PCA PC1 and PC2 coordinates using a logistic
regression framework (Table S4). We observed a strong signifi-
cant association between the presence of various jewelry types
and dress accessories (i.e., polyhedral earrings, various brooch
types, bracelets, amber beads, etc.) characteristic of the 5th cen-
tury female burials*?*° and genetic variation (p = 0.008, n = 20 for
adults; p=0.002, n =23 for adults and nonadults). This appears to
be primarily driven by most individuals with dress accessories
possessing high amounts of northern European ancestry (13/16
are majority SCAND/NGBI) (Figures 4 and S1), and as such,
site-specific regressions are only significant for Hacs (p = 0.01,
n = 8) and Balatonszemes (p = 0.008, n = 7) but not Fonydd
(p = 0.08, n = 8) (despite all three tests having similar power;
Table S4). These results point to individuals with northern Euro-
pean genetic backgrounds being treated differently in death by
their respective communities, perhaps marking cultural and/or
social differences between locals and more recent migrants in
the region. We also found a strong association between the
PCA results and ACD for the individuals at Fonydd (with pre-
served crania) (p = 0.001, n = 10) (STAR Methods; Table S4).
Though close biological relatives were rare, it is also noteworthy
that all biological kindreds involved individuals with predomi-
nantly northern genomic ancestry, maybe reflecting another
aspect of this biologically structured social organization.

While Szélad shows a similar genomic profile to the three
5th century sites, it is strikingly different in terms of funerary
practices, spatial organization, and demographics. There was
no significant association between genetic variation and
brooches—an artifact that in various forms and types is present
in the 5th century sites as well as the 6th century Szélad —from
genetically female burials (including and excluding nonadults)
(p < 0.56, n = 11), suggesting that social and economic differ-
ences were no longer formulated along fault lines of genetic
background in this community. Whether this weakening of the
association between this artifact and genomic ancestry reflects
a more general shift in social kinship practices (at least with
respect to women) since the 5th century and the establishment
of Langobard rule is difficult to conclude with just our data, as
even among other 6th century Lake Balaton sites Szoélad is
considered somewhat unique, with the vast majority of adult
and adolescent males (15/19) being buried with weapons.***"
The importance of a northern genomic background appears to
still be manifested in this community socially, but rather through
the dominance of the cemetery by a spatially clustered and
primarily male kindred.

Conclusion

A common assumption of ethnoarchaeology posited a common
ancestral, ethnic, and cultural heritage of Early Medieval migra-
tory communities following the dissolution of the Roman Empire
in the West.>*>® Recent historical, archaeological, and anthro-
pological studies have found this to be a vast oversimplification,
with the material culture demonstrating significant complexity
both on site and on the regional level. This study adds striking
evidence of this complexity. Rather than homogeneity, our three
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post-Roman 5th century sites from Lake Balaton exhibit consid-
erable genomic diversity compared to penecontemporaneous
Europe. This region experienced particularly high levels of
gene flow during this period, and there are significant shifts in
genomic ancestry through our 5th century time transect over a
period of only ~50 years that indicate migration into the region
from various sources, probably from areas in northern Europe,
consistent with the continuously changing political landscape
of the period described in the historical record.’**> As these
post-Roman communities formed from mixtures of locals and
migrants, social ties between individuals of similar genomic
backgrounds appear to have still been maintained to some
extent, but these links could shift rapidly rather than being
enduring states of social organization, and the importance of
close biological relatedness varied considerably. Given the
immense complexity observed in just these four small ceme-
teries, itis clear that comprehensive fine-grained spatiotemporal
genomic sampling will be critical to unpack the processes that
underlie the subsequent development of modern Europe.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Ancient skeletal element This study Bal_26
Ancient skeletal element This study Bal_111
Ancient skeletal element This study Bal_143
Ancient skeletal element This study Bal_144
Ancient skeletal element This study Bal_146
Ancient skeletal element This study Bal_148
Ancient skeletal element This study Bal_149
Ancient skeletal element This study Bal_150
Ancient skeletal element This study Bal_267
Ancient skeletal element This study Bal_268
Ancient skeletal element This study Bal_269
Ancient skeletal element This study Fonyod_278
Ancient skeletal element This study Fonyod_304
Ancient skeletal element This study Fonyod_305
Ancient skeletal element This study Fonyod_316
Ancient skeletal element This study Fonyod_336
Ancient skeletal element This study Fonyod_444
Ancient skeletal element This study Fonyod_468
Ancient skeletal element This study Fonyod_469
Ancient skeletal element This study Fonyod_489
Ancient skeletal element This study Fonyod_490
Ancient skeletal element This study Fonyod_491
Ancient skeletal element This study Fonyod_536
Ancient skeletal element This study Fonyod_666
Ancient skeletal element This study Hacs_1
Ancient skeletal element This study Hacs_4
Ancient skeletal element This study Hacs_5
Ancient skeletal element This study Hacs_10
Ancient skeletal element This study Hacs_13
Ancient skeletal element This study Hacs_15
Ancient skeletal element This study Hacs_16
Ancient skeletal element This study Hacs_17
Ancient skeletal element This study Hacs_18
Ancient skeletal element This study Hacs_19
Ancient skeletal element This study Hacs_20
Ancient skeletal element This study Hacs_21
Ancient skeletal element This study Hacs_22
Ancient skeletal element This study Hacs_24
Ancient skeletal element This study Bard_T1
Ancient skeletal element This study Bard_T2
Ancient skeletal element This study Bard_T6
Ancient skeletal element This study Bard_T7A
Ancient skeletal element This study Bard_T8_rid
Ancient skeletal element This study Bard_T10
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ancient skeletal element This study Bard_T11

Ancient skeletal element This study Bard_T12

Ancient skeletal element This study To_Lav_T10US67_ind1
Ancient skeletal element This study To_Lav_T10US67_ind2
Ancient skeletal element This study To_Lav_T1US6
Ancient skeletal element This study To_Lav_T2US16
Ancient skeletal element This study To_Lav_T37US60
Ancient skeletal element This study To_Lav_T38US344
Ancient skeletal element This study To_Lav_T90US339

Chemicals, peptides, and recombinant proteins

Destilled Water DNA free, UltraPure
0.5 M EDTA pH 8.0

Proteinase K

Isopropanol

Guanidine hydrochloride

Sodium Acetate Solution (3 M), pH 5.2
Tween 20

Buffer PE

Buffer PB

Tris-EDTA buffer solution

10x Buffer Tango

ATP 100 MM

BSA 20 mg/mL

dNTP Mix

USER enzyme

Uracil Glycosylase inhibitor (UGI)

T4 Polynucleotide Kinase

T4 DNA Polymerase

Bst DNA Polymerase, large fragment
Ethanol

10x T4 Ligase Buffer

T4 DNA Ligase

10x Thermopol Buffer

Ampure XP

Agilent D1000 ScreenTapes

Agilent D1000 Ladder

Agilent D1000 Reagents

Agarose

HyperLadder 25bp (formerly HyperLadder V)
ECO Safe Nucleic Acid Staining Solution 20,000X
2X Hi-RPM Hybridization Buffer
PfuTurbo Cx Hotstart DNA Polymerase
Herculase Il Fusion DNA Polymerase
Sodiumhydroxide Pellets

Sera-Mag Magnetic Speed-beads.
Carboxylate-Modified (1 mm, 3EDAC/PA5)

Dynabeads MyOne Streptavidin
SSC Buffer (20x)
GeneAmp 10x PCR Gold Buffer

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma Aldrich

Sigma Aldrich

Thermo Fisher Scientific
Sigma Aldrich

Qiagen

Qiagen

Sigma Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Roche

Thermo Fisher Scientific
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
Merck

Thermo Fisher Scientific
Thermo Fisher Scientific
New England Biolabs
Bioscience

Agilent Technologies
Agilent Technologies
Agilent Technologies
Lonza

Bioline

Thermo Fisher Scientific
Agilent Technologies
Agilent Technologies
Agilent Technologies
Fisher Scientific

GE LifeScience

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 10977035
Cat# AM9261
Cat# AM2548
Cat# 19516

Cat# G4505
Cat# R1181

Cat# P2287

Cat# 19065

Cat# 19066

Cat# 93283

Cat# BY5

Cat# R0441

Cat# 10711454001
Cat# R1121

Cat# M5505
Cat# M0281
Cat# M0201
Cat# M0203
Cat# M0275L
Cat# 1009831000
Cat# ELOO11
Cat# ELOO11
Cat# B9004S
Cat# BCI-A63881
Cat# 5067-5582
Cat# 5067-5586
Cat# 5067-5583
Cat# 50004

Cat# BIO-33057
Cat# 3910001
Cat# 5190-0403
Cat# 600412
Cat# 600679
Cat# 10306200
Cat# 65152105050250

Cat# 65602
Cat# AM9770
Cat# 4379874

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Salmon sperm DNA Thermo Fisher Scientific Cat# 15632-011
Human Cot-I DNA Thermo Fisher Scientific Cat#15279011

5M NaCl Sigma Aldrich Cat# S5150

1M NaOH Sigma Aldrich Cat# 71463

1 M Tris-HCI pH 8.0 Sigma Aldrich Cat# AM9856

50x Denhardt’s solution Thermo Fisher Scientific Cat# 750018
Methanol, certified ACS VWR Cat# EM-MX0485-3
Acetone, certified ACS VWR Cat# BDH1101-4LP
Dichloromethane, certified ACS VWR Cat# EMD-DX0835-3
Hydrochloric acid, 6N, 0.5N & 0.01N VWR Cat# EMD-HX0603-3
5 M Sodium chloride solution Sigma-Aldrich Cat# S5150-1L

20% SDS Serva Cat# 39575.01
PEG-4000 Thermo Fisher Scientific Cat# ELOO1
PEG-8000 Promega Cat# V3011

Critical commercial assays

MinElute PCR Purification Kit QIAGEN Cat# 28006
TwistAmp Basic Kit TwistDX Cat# TABASO3kit
Qubit dsDNA HS Assay Kit, 500 assays Thermo Fisher Scientific Cat# Q32854

High Pure Extender Assembly from the Roche Roche Cat# 5114403001
High Pure Viral Nucleic Acid Large Volume

Kit,40 reactions

MiSeq Reagent Kit v3 (150 cycle) lllumina Cat# MS-102-3001
NextSeq 500/550 High Output Kit v2 (150 cycles) lllumina Cat# FC-404-2002
HiSeq Cluster Kit SR lllumina Cat# GD-410-1001
HiSeq 4000 SBS Kit (50/75 cycles) lllumina Cat# FC-410-1001/2
NextSeq 500/550 High Output Kit v2 (150 cycles) lllumina Cat# FC-404-2002

DyNAmo Flash SYBR Green gPCR Kit
Maxima SYBR Green kit
Oligo aCGH/Chip-on-Chip Hybridization Kit

Thermo Fisher Scientific
Thermo Fisher Scientific
Agilent Technologies

Cat# F415L
Cat# K0251
Cat# 5188-5220

Deposited data

WGS sequence data from Balaton sites

(BAM, fastq files) (NCBI Sequence Read Archive)
1240K sequence data from Balaton sites (BAM,
fastq files) (NCBI Sequence Read Archive)

1240K and WGS sequence data from ltalian sites
(BAM, fastq files) (NCBI Sequence Read Archive)

This Study

This Study

This Study

SRA: SRP362235

SRA: SRP362166

SRA: SRP423598

Software and algorithms

Admixtools (gpAdm, convertf)
Angsd v. 0.938

bcftools

bwav. 0.7.17-r1188
fastNGSadmix

fastq processing scripts
FEEMS

gatk v. 3.3

gatk v. 4.2

ggplot2

GLIMPSE v. 1.1
Google Maps API v3 Tool

Patterson et al.’®; Haak et al.”®

Korneliussen et al.*?
Danecek et al.”’

Li and Durbin®®
Jorsboe et al.*®
Kircher®®
Marcus et al.*®
McKenna et al.®°
McKenna et al.®®

Wickham®’

Rubinacci et al.®”
N/A
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https://github.com/DReichLab/AdmixTools
https://github.com/ANGSD/angsd
http://www.htslib.org/doc/1.0/bcftools.html
https://github.com/Ih3/bwa
https://github.com/e-jorsboe/fastNGSadmix
https://bioinf.eva.mpg.de/fastqProcessing/
https://github.com/NovembrelLab/feems
https://gatk.broadinstitute.org/hc/en-usq
https://gatk.broadinstitute.org/hc/en-us

https://cran.r-project.org/web/packages/
ggplot2/index.html

https://github.com/odelaneau/GLIMPSE
https://www.birdtheme.org/useful/v3tool.html
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REAGENT or RESOURCE SOURCE IDENTIFIER
IcMLkin Lipatov et al.*” https://github.com/COMBINE-lab/maximum-

mapDamage v.0.3.3
Mapping lterative Assembler

matplotlib
MitoTool v. 1.1.2
Picard Tools
Plink v. 1.90b6.9
QGiS v3.22.1
Rv.4.1.2

READ

samtools
Schmutzi
Sex.DetERRmine
smartPCA
vcftools
Veeramah lab genotype callers
vegan

WebPower

Ginolhac et al.®®

Briggs et al.**

Hunter®®

Fan and Yao®®

McKenna et al.®®

Purcell et al.®”; Chang et al.®®
QGIS Development Team?®
R Core Team®”

Kuhn et al.*®

Danecek et al.””

Renaud et al.*’

Lamnidis et al.”®

Price et al.*®; Patterson et al.*®
Danecek et al.”"

N/A

N/A

Zhang and Yuan’?

likelihood-relatedness-estimation
https://github.com/ginolhac/mapDamage

https://github.com/mpieva/mapping-
iterative-assembler

https://matplotlib.org/
http://mitotool.kiz.ac.cn/
https://broadinstitute.github.io/picard/
https://www.cog-genomics.org/plink/
https://qgis.org/
https://cran.r-project.org/
https://bitbucket.org/tguenther/read/
http://www.htslib.org/doc/samtools.html
https://github.com/grenaud/schmutzi
https://github.com/TCLamnidis/Sex.DetERRmine
https://github.com/DReichLab/EIG
https://vcftools.github.io/index.html
https://github.com/kveeramah
https://cran.r-project.org/web/packages/
vegan/index.html

https://cran.r-project.org/web/packages/
WebPower/index.html

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Krishna R.

Veeramah (krishna.veeramah@stonybrook.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o Our newly generated sequence data from 53 individuals are available from the NCBI Sequence Read Archive (SRA) database
under accession SRA: SRP362166 for 1240K data from Fonyod, Hacs, and Balatonszemes; under accession SRA: SRP362235
for WGS data from Hacs and Balatonszemes; and under SRA: SRP423598 for 1240K and WGS data from Bardonecchia and
Torino Lavazza. We accessed the POPRES (Population Reference Sample) dataset collected and published by Nelson et al.**
from dbGaP (accession dbGaP: phs000145.v4.p2).

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Archaeological material and ethics permission
The authors declare that they had requested and got permission from the stakeholders, excavator, and processor anthropologists
and archaeologists for the destructive DNA analyses of the anthropological material presented in this study.

We generated new genome-wide data from skeletal remains of 53 ancient individuals from the following sites:

Fonyéd - Mérnéki telep (n = 13); Archaeological context reported in Gallina and Straub (2014).%°

Héacs - Béndekpuszta (n = 14); Archaeological context reported in Kiss (1995).°

Balatonszemes - Szemesi berek (n = 11); Archaeological context reported in Mihaczi-Palfi (2018).%”
Torino - Lavazza (n = 7); Archaeological context reported in Pejrani Baricco and Ratto (2014).”°
Bardonecchia (n = 8); Archaeological context reported in Giostra et al. (2012)"* and Pejrani Baricco (2017).”°
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Description of archaeological sites

Fonyod, Hacs, & Balatonszemes (Hungary)

All three sites are located on elevated loess ridges close to the southern shore of Lake Balaton, Hungary, an area that became
increasingly important for the Roman military and civil administration with the foundation of a series of inner fortresses in the 3rd-
4th centuries. These inner fortresses remained in use at least until the middle of the 5th century, sometimes even after the Roman
abandonment of the area.”®’® These sites represent small, rural communities with similarities in both age and sex distributions
and burial customs. However, they show differences in terms of spatial organization of the burials and due to chronological differ-
ences in archaeological material (Figure 2). The three sites chronologically cover the second part of the 5th century with Fonyéd dated
to the middle third, Hacs to the second half, and Balatonszemes to the end of the 5th century.

The most interesting feature of the Fonydd site is its unique structure: 19 graves forming six clusters lying at roughly equal
distances of 50-60 m from each other (Figure 2A). Some of the burial groups lay along the boundaries of the investigated area, so
the site cannot be considered completely excavated. The 19 graves contained 14 individuals with 7 adult females, 2 adult males,
5 children, and 5 graves without any human remains. Out of the 11 well-preserved skulls at least 7 showed signs of artificial cranial
deformation (henceforth ACD), that includes both adult male, female, and child burials. Curiously enough, adult male and adult female
burials never occurred in the same cluster; however, given the low number of burials, no far-reaching conclusions can be drawn from
this pattern. Most of the graves are simple pits with two exceptions found in Group VI: the pit of Fonyod_489 followed the contours of
the human body, while Fonyod_666 was a side niche grave. The site is dated to the middle of the 5th century, to the peak of the Hun-
nic movement based on the presence of certain artefact types, such as the so called ‘nomadic mirrors’ of the Cmi-Brigetio type from
Fonyod_444 and Fonyod_489 or the silver pins from Fonyod_491.

The cemetery at Hacs contains at least 29 burials with a very unbalanced sex ratio (13 identifiable adult females and only 3 adult
males) (Figure 2B). The burials form several clusters, but since the cemetery has not been completely excavated and at least four
graves were destroyed, its exact layout cannot be reconstructed. Burials were more concentrated in the northern section, while
they were more dispersed in the southern part, lying at distances of 5-10 m from each other or forming pairs. The site is dated to
the second half of the 5th century based on the Béndekpuszta-type brooches found in Hacs_19 and Hacs_20, while polyhedral ear-
rings and double-sided combs give a wider chronological frame.® The most remarkable finds of the cemetery are the delicate lead
sheet fragments—possibly used as an amulet—bearing a text inscribed with the Gothic uncial and Gothic cursive script, probably
found in the heavily disturbed Grave 5.”°

At Balatonszemes, 19 graves were unearthed with five adult females, one adult male, two unidentifiable adults, five children, and
six pits lacking any human remains (Figure 2C). A large grave cluster with twelve graves is arranged into a fairly irregular north to south
row. Three burials (Bal_267, Bal_268, Bal_269) lying some 7-8 m to its south form a separate cluster. Yet another burial (Bal_26) was
uncovered some 200 m west of the other graves, whose association with the cemetery remains unclear, even though the grave goods
indicate contemporaneity.?®> While most burials barely contained any artefacts, four burials (two adult females and two girls including
one girl with ACD) were remarkably richly furnished. Archaeological dating is again based on female jewelry and brooches found in
the four richly furnished burials are the best chronological indicators pointing to the end of the 5th century.®*

Torino-Lavazza (Italy)

In the close vicinity of a long-known, late Roman necropolis (to the north of ancient Turin, on the other side of the Dora river) that was
used between the 15t to 4™ centuries, an early Christian funerary complex including burials, mausolea, and a church (with single nave
and semi-circular apse) had been discovered in 2013.”° The complex developed as an organic extension of the late Roman necrop-
olis with the first burials and several mausoleums appearing at the site during the 3-4"" centuries. This phase is dated based on late
Roman artefacts (most notably glass) of the period, but also based on the structure and masonry technique of the buildings. One of
the mausolea—an apsidal hall—was probably turned into a funerary church sometimes later attested by the presumed later dating of
burials both in the apse and the hall.

Later, in the second half of the 4" century or during the 5" century a large building with a single hall and semi-circular apse facing to
the west, was erected above the foundations of the earlier mausolea in the northern part of the site. The building has been interpreted
as a suburban funerary basilica. Funerary use of the site continued well into the 5™ century with burials appearing inside and around
the church suggesting an intense and systematic funerary use. Most graves of this phase are similar to the late Roman tombs: rect-
angular pits with masonry walls (re)using Roman bricks, while their bottom is often paved with joined bricks or tiles. Due to the lack of
artifacts in the burials and the absence of epigraphic evidence, burials of this phase are dated based on their stratigraphy, their rela-
tive position to the earlier and later burials. The sampled burials belong to this phase, however due to the lack of absolute dating
methods, their dating can only be given as 5"-7'" centuries. Later phases also show the systematic and accurate exhumation of
the skeletal remains of the masonry tombs that suggest the partial abandonment of the site and degradation of the buildings probably
used as stone quarries, although there is some evidence in written records that suggests the survival of the church into the 11"-12t
centuries.

Bardonecchia (Italy)

In 2005 a small cemetery was excavated near the today’s commune of Bardonecchia, 90 kms west from Turin, Italy at an intersection
of multiple valleys and surrounded by mountains.”*’* Altogether 16 graves —four of them without any human remains, while others
containing multiple individuals—came to light, but as it is located on a steep, south-oriented slope, it is probable that an unknown
number of graves were destroyed by erosion. The east-west oriented graves are simple pits with occasional stone slab or stone lining
around the edges, and they form irregular north-south rows.
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From male burials belt buckles and mounts, knives, a double-sided comb, and a scramasax came to light. Female artefact types,
such as jewelry, are only known from the burial of a child, possibly a young girl, while other female burials lacked any grave goods or
dress accessories. Based on the artifacts the site can be dated from the second half of the 6th and to the 7th century, but the site
might have survived into the 8th century, as most of the burials are undatable due to the lack of grave goods. C14 dating of multiple
burials attest the wide dating range between the 6th and 8th centuries.

Based on the abundance of males and much fewer females, the presence of a weapon and the relatively large number of fractures
and cranial trauma, it has been suggested that the community using the Bardonecchia cemetery might have had a military role in
controlling the region and the mountain passes leading through the Susa valley.

Artificial cranial deformation

Artificial cranial deformation (ACD) was found at all three of the 5th century sites we studied, but it was most prominent at Fonyéd. Out
of the 11 well-preserved skulls at Fonydd, at least 7 showed signs of ACD, including adult male, female, and child burials. Based on
the techniques (i.e., placement and number of bandages) used, three different types of artificially deformed skulls were observed:
Fonyod_304, 305, 336, 490, 491 constitute Type 1; Type 2 is Fonyod_489 and Type 3 is Fonyod 666.

The first type is moderate fronto-occipital ACD with two bandages, where the first pressure bandage had been tied around the
forehead and the occipital bone and was adjusted more tightly than the second one. The second bandages were situated behind
the bregmatic region and either under the mandible or around the nuchal region. This is the most common type at the site
(Fonyod_304, 305, 336, 490, 491). Fonyod_468 shows similar characteristics, but the deformation is so mild that it can be the result
of natural variation as well.

The second type is severe oblique cranial deformation with one bandage: the modification was made by applying one bandage
fastened between the frontal and the occipital region producing an obliquely conical skull shape. This type is only present in
Fonyod_489.

The third type is severe oblique artificial cranial deformation with two bandages. The modification is the result of a strongly fastened
bandage encircling the frontal and occipital bone resulting in an oblique elongation and conical shape of the skull. The second
bandage had been placed in a vertical position around the bregmatic region and either under the mandible or around the nuchal re-
gion. This type is only present in Fonyod_666.

While it was possible to distinguish three types of ACD based on the techniques used, the second (Fonyod_489) and third
(Fonyod_666) types resulted in very similar, elongated skulls that would have been indistinguishable to people living at the time,
so only two distinctive forms (three including not-deformed) can be recognized. Additionally, Fonyod_468 has marks that might indi-
cate a slight modification, but any such deformation would have been unrecognizable during their lifetime.

There is a clear connection between the spatial organization of the site and ACD. All individuals with recognizable deformed skulls
were found in Burial group V and VI, where all preserved skulls showed signs of this tradition. Fonyod_489 and Fonyod_666 are both
found in Burial group VI. Individuals from Burial group |, Il Ill, or IV did not show any signs of ACD with the exception of the female with
the possibly slightly modified skull from Fonyod_468.

We conducted a logistic regression comparing ACD to our PCA results among the 10 sequenced individuals with well-preserved
skulls and coverage greater than 0.1 X; we coded Fonyod_468 as without ACD. We found significant associations between PCA re-
sults and ACD.

At the other two-fifth century sites ACD is less prominent, but is still present in Hacs (Hacs_23) and Balatonszemes (Bal_268).
Hacs_23 is an adult female (who was not sequenced), and Bal_268 is a young girl. Both of these individuals had deformed skulls
with similar shapes to type 2 and/or 3. Another interesting factor is that in our fastNGSadmix analyses, Bal_268 (unlike all other in-
dividuals from Balatonszemes and Hacs) has significant proportions of Asian ancestry components in both the fastNGSadmix ana-
lyses using 1000 Genomes Project and penecontemporaneous reference panels (Figure 3). Interestingly, her maternal half-sister
(Bal_267) lacks both ACD and these modern/historic Asian components.

METHOD DETAILS

Ancient DNA lab work and sequence processing

Petrous bone samples were collected from individuals from Fonydd, Hacs, and Balatonszemes (as well as two penecontemporane-
ous ltalian reference sites, Bardonecchia and Torino Lavazza), with the exceptions of Fonyod_304 and Fonyod_305 where tibial frag-
ments were collected instead. lllumina libraries were created and processed for all DNA samples. For Hacs, Balatonszemes, Bardo-
necchia, and Torino Lavazza exploratory shotgun sequencing was conducted. Based on endogenous DNA preservation, libraries
either underwent a target enrichment for ~1.2 million genome-wide SNPs (1240K)*®~*°) before sequencing or instead direct whole
deep genome sequencing (WGS). Alternatively, for Fonydd, all libraries directly went to 1240K target enrichment, omitting shotgun
sequencing.

Molecular work for the specimens from Hacs, Balatonszemes, Bardonecchia, and Torino Lavazza and from Fonydd was carried
out at the University of Florence and the Institute of Archaeogenomics, E6tvos Lorand Research Network in Budapest (respectively).
Initial steps were identical between all three sites. Work was conducted in dedicated ancient DNA clean room facilities, applying strict
criteria to prevent contamination during all experimental procedures.®*®! A silica-based protocol was used for DNA extraction and
purification.®” Moreover, blank controls were processed along with the samples during DNA extractions and libraries preparation to
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monitor for contamination in reagents. Before sampling the bone powder, the outer layer of the temporal and petrous bones was
brushed with disposable tools and irradiated by ultraviolet light (254 nm) for 30 min, to remove external contaminants. To maximize
the recovery of well-preserved endogenous DNA, powder was collected from the densest part of the pars petrosa (inner ear) as
described in Pinhasi et al.?® (or from the tibia in case of Fonyod_304 and Fonyod_305), using a low-speed micro drill equipped
with a disposable disk saw and dental burs. Subsequent steps differ between data from Hacs, Balatonszemes, Bardonecchia,
and Torino Lavazza (which were processed in 2018) and data from Fonydd (which were processed in 2021). Also, for the four sites
processed in 2018 double-stranded, non-UDG treated libraries were generated; alternatively for Fonydd single-stranded libraries
that were generated and UDG treated in a manner with results functionally similar to partial UDG treatment or UDG-half.®*

For Hacs, Balatonszemes, Bardonecchia, and Torino Lavazza, libraries were were prepared at the University of Florence, Italy and
1240K library captures were conducted at the Max Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany
(Table S1). For Fonyéd, all libraries were prepared and underwent 1240K capture at the Max Planck Institute for Evolutionary Anthro-
pology (MPI-EVA) Leipzig, Germany. All 1240K enrichment was conducted using the wetlab protocols from Fu et al.,”® Haak et al.,**
and Mathieson et al.*°

Hacs, Balatonszemes, Bardonecchia, and Torino Lavazza

Libraries from Hacs, Balatonszemes, Bardonecchia, and Torino Lavazza were sequenced in 2018, while the libraries from Fonyéd
were sequenced separately in 2021. For the sites processed in 2018, all sequencing was performed at the New York Genome Center
(NYGC) (New York City, USA). Initially, 40 double-stranded libraries were shotgun sequenced at Stony Brook University using an Il-
lumina benchtop sequencer (MiSeq). All 40 libraries passed screening and were chosen for further sequencing; the libraries that had
the most reads mapping to the human reference genome (GRCh37) were chosen for whole genome sequencing (WGS), whereas the
other libraries underwent 1240K capture sequencing for 1.24 million SNPs. In total, eleven were chosen for WGS, nine from Hacs, one
from Balatonszemes, and one from Bardonecchia. For 1240K sequencing from Hacs (n = 5), Balatonszemes (n = 10), Bardonecchia (n
=7), and Torino Lavazza (n = 7), double-stranded libraries were sequenced using paired-end 125bp sequencing on an lllumina HiSeq
2500 sequencer at NYGC. For WGS sequencing, double-stranded libraries were sequenced using single-end 100bp sequencing on
an lllumina NovaSeq S4 sequencer at NYGC with each WGS library sequenced over four different flow cell lanes.

Between 46 and 55 mg of bone powder per sample were used for DNA extraction at the Laboratory of Molecular Anthropology and
Paleogenetics at the University of Florence (ltaly). Extraction was conducted using a silica-based protocol that allows ancient DNA
molecules to be efficiently recovered even if highly fragmented.®? For these four sites, lllumina sequencing libraries without enzymatic
damage repair were prepared from 20 pL of each extract using a double-strand and double-indexing protocol optimized for ancient
samples.®>#° After quality control on Agilent 2100 Bioanalyzer (DNA 1000 chip), libraries were pooled in equimolar amounts and sent
to the New York Genome Center (NYGC) for sequencing where all 40 double-stranded libraries were shotgun sequenced using an
lllumina benchtop sequencer (MiSeq) along with libraries from other sites (not discussed here). All libraries passed screening.

Genomic libraries were subsequently sent to the Max Planck Institute for the Science of Human History (MPI-SHH) where libraries
were enriched for endogenous human DNA using capture probes targeting ~1.24 million SNPs (1240K)*®~*° using a protocol similar
to Fonydd described below. These 1240K libraries were sent to NYGC for paired-end 125bp sequencing on an lllumina HiSeq 2500
sequencer. Nine libraries from Hacs, one from Balatonszemes, and one from Bardonecchia (Hacs_1, Hacs_4, Hacs_5, Hacs_10,
Hacs_13, Hacs_17, Hacs_18, Hacs_21, Hacs_22, Bal_268, and Bard_T1), which performed best in the screening, also had WGS li-
braries prepared at the University of Florence. WGS libraries were sent to NYGC for single-end 100bp sequencing on an lllumina
NovaSeq S4 sequencer with each WGS library sequenced over four different flow cell lanes.

Fonyod

For Fonydd, all available genomic libraries underwent 1240K capture sequencing without any screening phase. These libraries were
single-stranded®”:®® and were UDG treated in a manner with results functionally similar to partial UDG treatment or UDG-half.®* These
libraries were sequenced using single-end 76bp sequencing on an lllumina HiSeq 4000 sequencer at the MPI-EVA.

DNA extraction and subsequent steps of sample preparation were performed in the Ancient DNA Core Unit of the Max Planck Insti-
tute for Evolutionary Anthropology (MPI-EVA), Leipzig, Germany. DNA was extracted from between 21.8 and 35.7 mg of sample ma-
terial using the same silica-based method optimized for the recovery of short DNA fragments.® Briefly, lysates were prepared by
adding 1 mL of extraction buffer (0.45 M EDTA, pH 8.0, 0.25 mg/mL proteinase K, 0.05% Tween 20) to the sample material in
2.0-mL Eppendorf Lo-Bind tubes and rotating the tubes at 37°C for approximately 16 h.52%° Using an automated liquid handling sys-
tem (Bravo NGS Workstation B, Agilent Technologies), DNA was purified from 150 pL lysate using silica-coated magnetic beads and
binding buffer D as described in Rohland et al.?? Elution volume was 30 uL. Extraction blanks without sample material were carried
alongside the samples during DNA extraction.

DNA libraries were prepared from 30 pL extract using an automated version of single-stranded DNA library preparation®® described
in detail in Gansauge et al.”" E. coli Uracil-DNA-glycosylase and E. coli endonuclease VIIl were added during library preparation to
remove uracils in the interior of molecules. Libraries were prepared from both the sample DNA extracts and the extraction blanks, and
additional negative controls (library blanks) were added. Library yields and efficiency of library preparation were determined using
two quantitative PCR assays.”' The libraries were amplified and tagged with pairs of sample-specific indices using AccuPrime
Pfx DNA polymerase as described in Gansauge et al.”’ Amplified libraries were purified using SPRI technology®® as described in
Gansauge et al.”’
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Sample and control libraries were enriched for endogenous human DNA using capture probes targeting ~1.24 million SNPs
(1240K).25~2° Two consecutive rounds of in-solution hybridization capture were performed using the method of Fu et al.?® automated
on the Bravo NGS workstation B. Pools of up to 24 libraries (also of different projects) were created and sequenced in single-end
mode for 76 cycles on 3 lanes of 2 independent runs of an lllumina HiSeq 4000 sequencer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Processing of novel genomic dataset

Sequencing data were processed based on a pipeline from Kircher.°° Reads were trimmed and merged (when necessary) and map-
ped to GRCh37 using samtools.®” Duplicate reads were marked using Picard Tools,®® and reads less than 30bp long were filtered out.
Alluntrimmed reads were excluded from processing and analysis, as these reads are more prone to contain contaminant sequences.
Alignment was conducted with BWA.>® For WGS data, as each library was sequenced over four flow cell lanes, data from each lane
were initially processed separately and BAM files were merged prior to marking duplicate reads. We used mapDamage 0.3.3 to
assess postmortem DNA damage patterns.®®

We calculated coverage for all individuals for the autosomal 1240K SNPs (as well as for the mitochondrial genome) using gatk v4.2
DepthOfCoverage; for novel WGS data, we also calculated full autosomal coverage using gatk v3.3 DepthOfCoverage in multi-
threaded operation.®® For each individual, we calculated the number of autosomal 1240K SNPs based on the number of these
SNPS covered by at least one read with mapping and base quality scores greater than or equal to 30. This was calculated for
each BAM file using samtools depth.®” Individuals’ genetic sex was identified using the Sex.DetERRmine pipeline based on relative
X and Y chromosome coverage (https://github.com/TCLamnidis/Sex.DetERRmine).”® Subsequently, we used Angsd to estimate nu-
clear contamination rates of genetic males based on the hemizygous X chromosome.®? We also used Schmutzi to estimate mito-
chondrial contamination rates for all individuals.®' For seven individuals, Schmutzi failed to complete (Bard_T2, Bard_T6, To_Lav_
T10US67_ind2, To_Lav_T1US6, To_Lav_T2US16, To_Lav_T37US60, To_Lav_T38US344), likely due to insufficient non-duplicate
reads, similar to the results from Gnecchi-Ruscone et al.®® However, six of these seven were males with successful Angsd results
suggesting low contamination (thus only To_Lav_T38US344 lacks any contamination estimates) (Table S1).

BAM files from these novel sites were called using in-house scripts (https://github.com/kveeramah). Non-UDG treated data was
processed using a caller that incorporates damage patterns from mapDamage, while UDG treated data was instead processed using
an indent caller that disregarded the first and last five bases of any given read. Output VCF files include diploid genotypes as well as
genotype likelihoods. Information about all individuals newly processed and analyzed for this paper are presented in Table S1.

Mitochondrial and Y chromosome analyses
For mitochondrial analysis, BAM files from the four Balaton region sites (as well as Bardonecchia and Torino Lavazza) were filtered
down to reads aligning to the mitochondrial genome as fastq files using samtools. Mitochondrial genomes from individuals with
>1500 mitochondrial reads were assembled using Mapping lterative Assembler® (which was designed for ancient mitochondrial
genome assembly). Haplotype assignment was made using MitoTool 1.1.2.5°

We also identified the Y chromosome haplogroups for the genetic males from Fonyéd, Hacs, Balatonszemes, Bardonecchia, and
Torino Lavazza. We restricted the analysis to 1240K Y chromosome SNPs among 1240K-captured males but analyzed the whole
chromosome for the five WGS males. Phylogenetic position of each Y chromosome SNP was ascertained based on published da-

tabases (https:/isogg.org/)**?~°° and used to identify NRY haplogroups.

Comparative dataset
We analyzed our newly sequenced data alongside comparative datasets.® '>'4~'%37 All individuals analyzed had date ranges over-
lapping with the 4th-8th centuries CE with the exception of four individuals from Olalde et al.,’"' where date cut-offs were broadened
to increase the number of Iberian reference individuals (given our cut-off coverage of 0.1 x). For all comparative individuals, coverage
of the autosomal 1240K SNPs was calculated using gatk DepthOfCoverage,®° and (with the exception of four individuals from Szélad)
individuals with <0.1 x coverage were excluded from our dataset and all analyses. In most cases, we used the BAMs published in the
study, but in some cases we used BAMs that were re-processed in the Veeramah lab from published fastq files using the same type of
pipeline as our novel data. BAMs were called using in-house genotype callers consistent with our novel data. Information on all
comparative individuals analyzed are presented in Table S1.

All individuals (both reference and novel) were called for genotypes from the whole genome, imputed for all diploid, dinucleotide
sites within the 1000 Genomes Project Phase 3 v5a VCF files using GLIMPSE v1.1°? (using the 1000 Genomes Project data as the
imputation reference),*® and filtered down to the 1240K positions.

Biological relatedness assessment

We used the software package IcMLkin to identify close biological relatedness between the individuals from all four Balaton sites (as
well as Bardonecchia and Torino Lavazza).”” All individuals were included regardless of level of coverage. We used a modified
version of IcMLkin that included external allele frequency data, similar to Amorim et al.® Analyses were performed using genotype
likelihood data from 1,079,996 autosomal 1240K sites as input. We used allele frequency data from the 1000 Genomes CEU and
TSI populations (as well as the merger of the two, CEU+TSI).40 We ignored all relationships between low-coverage individuals
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with minimal common SNP coverage (i.e., less than 5,000 shared SNPs in an IcMLkin analysis) as these are likely spurious (not real)
relationships. We also conducted a READ analysis*® using pseudohaploid genotypes for 164,127 transversions with minor allele fre-
quencies greater than 0.05 in the CEU+TSI merged population. For this analysis, we used 87 individuals with coverage > 0.1x from
the four Balaton sites (as well as Bardonecchia and Torino Lavazza). READ results were completely consistent with IcMLKkin results for
all first/second degree pairs.

A major aim of this study was to examine to what extent genetic connections between individuals observed at these post-Roman
5th century Pannonian sites were known and acknowledged by members of their communities and thus could be understood as a
component of social kinship. We cannot assume that all genetic relationships were known or acknowledged by the communities, so
these genetic connections do not necessarily manifest in social reality. But if they are reflected in the archaeological data, we can
assume that they have held importance in the life of the individuals, as the community (or part of the community responsible for
the funeral) chose to express them in the burial customs through the placement of the burials or similarities in grave goods, etc. Bio-
logical relatedness might form the basis of or play an important role in the construction of social kinship, but social kinship can also be
organized based on shared space, imagined or real descent, economical connection, social agreement, etc. as it is an outcome of
social actions, developed and expressed through culturally defined social practices, including funerals®’~°° While there is a slight
chronological difference between the three sites) the sites show similar characteristics in demography, funerary customs, and burial
representation, and at all three sites, biological kindreds consisted of very close, first- and second-degree relatives, mostly on the
mother’s side. This is in stark contrast to Szélad where the cemetery was organized largely around male biological relatives with
a large extended pedigree.

In Fonyéd and Balatonszemes biologically related individuals are buried near each other suggesting that biological relatedness
likely had social value to the community. Except for the three related females buried in richly furnished burials (Bal_267, Bal_268,
and Bal_269) in Balatonszemes, these connections are not observable in the grave goods, probably as a result of differences in burial
representation between the different genders. Adult male and child burials contain very few if any artefacts (notable exceptions to the
latter are Bal_267 and Bal_268), while social differences are more clearly expressed in female burials.*®°° At Hacs, in contrast, the
lack of spatial clustering and similarities in terms of burial representation may initially suggest a reduced role for biological relatedness
among the three individuals directly related along the maternal line, a connection that is especially hard to hide among members of a
small community. Previous stable isotope results*® suggest that Hacs_4 was most likely raised locally, but probably gave birth to her
daughter elsewhere, as the 87Sr/86Sr ratio of Hacs_20 falls completely outside of the regional values of the Lake Balaton area.
Ancestry clustering analysis shows that across the generations of this kindred that SCAND proportions are being replaced with
NGBI proportions (Figures 2B and 4), suggesting that. Hacs_4 and Hacs_20 had children with men who had predominantly NGBI
ancestry. This signal of replacement is not visible when using the 1000 Genomes Project reference panel. The fact that both women
came back to this community later during their lives and were buried at Hacs indicates that their connection to the community never
ceased to exist and that their biological relatedness nevertheless reflected social ties as well.

Principal component analysis

We analyzed the data from the Balaton region sites alongside data from 492 penecontemporaneous comparative individuals. PCAs
were conducted to place ancient individuals one-by-one onto a background of modern individuals. A Procrustes transformation®>*
was used to merge 561 ancient Europeans onto a single PCA (with a background of modern individuals) using smartPCA.*>*° PCAs
were plotted using matplotlib.®® We used modern European populations from the POPRES dataset®® as imputed by Veeramah et al.®”
We conducted analyses using all overlapping 328,670 SNPs. For each Balaton region site as well as for each geographic region, we
also calculated covariance confidence ellipses based on Pearson correlation coefficients; ellipses were given radii corresponding to
1.5 standard deviations.

For this analysis, we converted our diploid 1240K VCF files to pseudohaploid transposed Plink®”:°® datasets using a custom, in-
house script. Heterozygous genotype calls were converted to calls for the allele with greater allele depth; when both alleles had the
same depth, an allele was chosen at random. All analyzed POPRES genotypes were also made pseudohaploid by randomly choosing
one allele for all heterozygous genotypes.

We used an automated script to use smartPCA®>° to perform PCAs on the POPRES dataset including one ancient individual at a
time (https://github.com/ShyamieG/). We then used an in-house script to conduct a Procrustes transformation,®>* merging all
ancient individuals (with 1240K coverage of at least 0.1x) onto a single principal component analysis (Figures 3 and S1). In our
PCA plots for these analyses, we divide POPRES populations into regions (i.e., CE, EE, NE, NEE, NWE, SE, SEE, and WE) as demar-
cated in Veeramah et al.®’

We also use normalized PC1 and PC2 results from the PCA for our logistic regressions for testing association between artefacts (or
ACD) and genetic ancestry (Table S4). Logistic regressions testing association of PCA results with dress accessories and ACD were
calculated using R v4.1.2°%; power analyses were conducted using the WebPower package.”? Hosmer and Lemeshow’s R? and chi-
square p values for each regression were calculated within R (Table S4).

Gene flow modeling analysis

We used FEEMS®® in order to model gene flow in a spatial context across Europe using our Lake Balaton and penecontemporary
individuals. We used GLIMPSE imputations described above. FEEMS has a native imputation feature for missing data, but this simply
relies on the mean allele frequencies across individuals for a given SNP, and does not account for low coverage. FEEMS also relies on
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population allele frequencies, which are likely to be estimated more accurately for low coverage data than individual genotypes. Of
the 566 4-8" century Europeans available to us, 26 were removed due to inferred 1-3" degree relatedness between other individuals
due to the reliance on unbiased population frequencies. We further set a maximum of n = 100 for individuals represented from a
particular macro-region (for example British Isles) in order to mitigate as much as is possible against biases that result from oversam-
pling in one region and undersampling in others. For macro-regions with more than 100 individuals, we randomly chose 100 repre-
sentatives. We filtered out SNPs with a minor allele frequency less than 0.1 in the CEU 1000 Genomes populations® and performed
linkage disequilibrium filtering using Plink 1.9 using —indep-pairwise 50 5 0.2.°7:°% Thus the final dataset consisted of 371 4-8'" century
individuals from across Europe with imputed diploid genotypes at 76,669 SNPs. We note that this compares favorably to the example
use case of FEEMS in Marcus et al.*® using 111 grey wolves from across North America genotyped at 17,729 SNPs (though that data-
set has a more even geographic spread and relies on true diploid genotypes rather than imputation). An approximate polygon of Eu-
rope encompassing the geographic location of our sampleset was obtained using a Google Maps API tool (https://www.birdtheme.
org/useful/v3tool.html). FEEMS was run under default parameters under three different lambda values (20, 2, 0.2). Decreasing
lambda decreases the smoothing but can lead to overfitting, but we found a lambda of 0.2 to provide the best resolution of meaningful
geographic barriers, with larger numbers leading to overly smooth surfaces that were not informative, and thus we provide visuali-
zations from using this value. We conducted this analysis using all Lake Balaton individuals simultaneously (Figure 3C) and for each of
the four populations individually (Figure S2).

Model-based clustering analyses

We conducted supervised ancestry clustering analyses using fastNGSadmix.*® In our study, we took a new approach to supervised
model-based clustering analyses. Instead of solely using modern data for reference panels, we also conducted analyses using pe-
necontemporary reference populations. All penecontemporary individuals used in reference panels were imputed for the entire
genome (based on the 1000 Genomes Project Phase 3 v5a vcf files)*® using Glimpse v1.1%? and then filtered down to the autosomal
1240K positions. Due to a bias in coverage in favor of the more northern reference populations in our set (Table S1), imputation was
necessary. Preliminary, non-imputed analyses found considerable bias towards the northern components as there was substantially
more genotype data from the higher coverage data from northern Europe.®'*'? Furthermore, this bias also made it impossible to filter
imputed genotypes based on genotype probabilities (as these are closely linked to coverage).

For panel construction, we attempted to construct penecontemporaneous reference panels”*~'%'“~"° to mirror the 1000 Genomes
Project populations (as used by Amorim et al.®). We constructed seven reference panels of imputed penecontemporaneous individ-
uals representing Mediterranean Europe (ltaly/Iberia; MEDEU, n = 40), Northern Germany/Britain (NGBI, n = 40), Scandinavia/Estonia
(SCAND, n = 40), East Asia (EASIA, n = 16), South Asia (SASIA, n = 17), North Africa (NAFRICA, n = 20), and sub-Saharan Africa
(SUBSAHARAN, n = 8).”97'21%"19 We could not create a working historic analog for the IBS population; thus, instead we merged
the penecontemporaneous Italian and Iberian groups into a single MEDEU panel.

For the three European panels (MEDEU, NGBI, and SCAND), we picked individuals with the highest coverage while preventing any
kin pairs from being put into a panel together.”*~'? We also included two Asian and two African panels: EASIA (n = 16 from what is
now Hanben, Taiwan), NAFRICA (n = 20 from the island of Kulubnarti in what is now Sudan), SASIA (n = 17 from Roopkund Lake in
what is now India), and SUBSAHARAN (n = 8 from various sites).'*"'? The reduction in SUBSAHARAN size owes directly to the rarity
of ancient DNA from sub-Saharan Africa, especially from our time window. Given the closer relationships between the European
reference panels, we used larger sample sizes (n = 40) for these panels, while using fewer for the non-European panels. We also con-
ducted analyses using modern 1000 Genomes Project populations, CEU+GBR, FIN, IBS, TSI, YRI, EAS, and SAS; as per Amorim
et al.,° we merged the CEU and GBR populations into a single population, as the two populations are not properly distinguishable
by these types of analyses.

We generated the Beagle PL files for the genotype likelihoods used by fastNGSadmix for all individuals with coverage >0.1x for
1,091,054 autosomal 1240K sites using vcftools.”! For each individual, we ran the fastNGSadmix analysis 50 times and selected the
run with greatest (i.e., least negative) likelihood. For the selected run, we re-ran the analysis using the exact same random seed to
replicate the final result and calculate 100 bootstraps for Lake Balaton individuals and ten bootstrap for penecontemporary individ-
uals. This approach was necessary as calculating bootstraps 50 times per individual would have been too computationally taxing,
and even more so on lower coverage individuals who take longer to converge. All fastNGSadmix results were plotted using ggplot2.°©"
In Figure 4 of the main text, we have presented our analyses for the four Lake Balaton sites using both modern and penecontempo-
rary panels. In Figure S3, we have also presented our results from the penecontemporaneous individuals. We found that for the most
part the bootstrap analyses were largely consistent with the converged results. When we analyzed the reference individuals, we
found essentially perfect recall (i.e., each individual is assigned the ancestry that they are a reference for) (Figures S3B and S3C).
It is important to note that while the reference panel was imputed, the data put into fastNGSadmix were raw, un-imputed genotype
likelihoods; thus, this supports the accuracy of our imputations.

We also conducted a version of the analysis where we used separate IBERIA (n = 25) and ITALY (n = 40) reference panels (Fig-
ure S3C). The IBERIA panel was smaller due to fewer available individuals; outside of Olalde et al.,'' we were unable to find additional
published, penecontemporary Iberians and even extended our 4th-8th century date cut-offs to include 18339, 110866, 110892, and
110895. Based on analyzing bootstraps the IBERIA component frequently appeared and disappeared within individuals between
bootstraps. We particularly found these cases in Fonyod_304, Fonyod_316, and Fonyod_489 as well as several individuals from
the datasets from Veeramah et al.*” and Gretzinger et al.” We also noticed the lack of IBERIA in individuals such as Bard_T11,
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FN2, 13056, and INDOO6, that were clustered with Iberians in our PCAs and contained significant IBS proportions in the 1000 Ge-
nomes Project analysis (Figures 3 and S3). Based on these findings, we found that the IBERIA component could not be fully differ-
entiated, and thus opted to merge IBERIA and ITALY into MEDEU for our primary analyses.

Analyses using gpAdm

In order to validate the results from our fastNGSadmix and FEEMS results suggesting an increase in post-Fonydd northern European
gene flow into Lake Balaton, we also conducted a gpAdm analyses®® using admixtools (https://github.com/DReichLab/
AdmixTools).®® For this analysis, we used pseudohaploid genotype data. As gpAdm can be sensitive to coverage differences be-
tween individuals, we conducted these analyses using pseudohaploid genotype calls generated with a random read indent caller
that disregarded the first and last eight bases of any given read (https://github.com/kveeramah/). This calling method is consistent
with the approach (https://github.com/DReichlLab/adna-workflow) used in the lab where gpAdm was designed. We used a dataset of
144,109 biallelic transversions from the autosomal 1240K sites.

Each of the four Balaton communities were successively set as the target population. Consistent with the FEEMS analysis, we
removed individuals with inferred 1-3'® degree relatedness with other individuals. For our “right” (reference) populations, we use
72 prehistoric individuals of Anatolian_Neolithic (n = 26), Steppe_Eneolithic (n = 18), Western Hunter-Gatherer (WHG) (n = 15),
Iran_Neolithic (n = 9), and Morocco_lberomaurusian (n = 4) origin (Table $1).29°%1997199 |ndividuals for these populations were cho-
sen from the union of individuals used in prehistoric analyses by Amorim et al.® and Antonio et al.” We obtained published BAM files
for all these individuals and called them for the autosomal 1240K SNPs consistent with all other individuals. For our “left” (source)
populations, we used the penecontemporaneous reference individuals used in our fastNGSadmix panels. Due to a limit of four
different source populations (when using five reference populations), for each Balaton community we ran six different sets of source
populations. For the first four, we used the three European panels (NGBI, SCAND, and MEDEU) alongside one non-European panel
(EASIA, SASIA, NAFRICA, or SUBSAHARAN). For the next set, we only included the three European panels (NGBI, SCAND, and
MEDEU). For the final set, we merged NGBI and SCAND (i.e., NGBI+SCAND and MEDEU). We present the results from all the
“best” models in Table S2 and we plot the model with the highest tail probabilities from the two European-only sets in Figure S4.
It is important to remember that for gpAdm probability interpretation p values higher than 0.05 indicate that you cannot reject the
model.""°

It must be noted that the gpAdm approach was developed assuming a model involving the evolution of drift in discrete source
populations with little or no gene flow followed by a single pulse of admixture to create the target population.’'" As such, it is has
proved useful for analyses involving highly diverged source populations (for example such as estimating mixtures of WHG,
Anatolia_Neolithic, and Steppe_Eneolithic in the earliest European farmers'°° or estimating mixtures of African, European, and Native
American ancestry in African Americans''?). As far as we are aware, it has not been shown to be applicable to studying closely related
populations, such as modern Europeans or the penecontemporary populations examined here (who largely reflect the same level of
diversity as modern populations). Using the program Angsd,* we estimated Fgr values for NGBI, SCAND, and MEDEU as well as
WHG, Anatolia_Neolithic, and Steppe_Eneolithic. Among the three penecontemporaneous panels, we calculated unweighted Fgr
values of 0.009 (SCAND vs. NGBI), 0.012 (SCAND vs. MEDEU), and 0.009 (NGBI vs. MEDEU), while for the prehistoric individuals
(which we used for reference populations), we found values approximately an order of magnitude larger of 0.082 (WHG vs.
Anatolia_Neolithic), 0.066 (WHG vs. Steppe_Eneolithic), and 0.057 (Anatolia_Neolithic vs. Steppe_Eneolithic). These Fst demon-
strate that the Late Antique/Early Medieval source populations we are studying are much more closely related than the typical gpAdm
use case, which has likely resulted in some of our tail probabilities being very low for even the “best” models calculated by gpAdm,
and the models generally showing poor stability from run to run and very coarse estimated admixture proportions.

Despite the fact that the assumptions of the gpAdm model does not fit our use case in almost all respects, it is still noteworthy that
our results appear to broadly validate our findings from FEEMS of increased northern European ancestry post-Fonyod (Figures 3D
and S2). However, studies of ancient populations involving spatially varying gene flow and with low genetic differentiation are likely to
be a better fit for approaches such as FEEMS®® (or EEMS'"® or MAPS'"'%) as they do not require discrete source populations and
instead explicitly model drift in a spatial context on which estimates of gene flow between neighboring populations/demes can be
calculated.
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https://github.com/DReichLab/AdmixTools
https://github.com/DReichLab/AdmixTools
https://github.com/kveeramah/
https://github.com/DReichLab/adna-workflow
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