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From AD 567-568, at the onset of the Avar period, populations from the Eurasian
Steppe settled in the Carpathian Basin for approximately 250 years'. Extensive
sampling for archaeogenomics (424 individuals) and isotopes, combined with
archaeological, anthropological and historical contextualization of four Avar-period
cemeteries, allowed for a detailed description of the genomic structure of these
communities and their kinship and social practices. We present a set of large pedigrees,
reconstructed using ancient DNA, spanning nine generations and comprising around
300individuals. We uncover astrict patrilineal kinship system, in which patrilocality
and female exogamy were the norm and multiple reproductive partnering and levirate
unions were common. The absence of consanguinity indicates that this society
maintained a detailed memory of ancestry over generations. These kinship practices
correspond with previous evidence from historical sources and anthropological
research on Eurasian Steppe societies®. Network analyses of identity-by-descent DNA
connections suggest that social cohesion between communities was maintained via

female exogamy. Finally, despite the absence of major ancestry shifts, the level of
resolution of our analyses allowed us to detect genetic discontinuity caused by the
replacement of acommunity at one of the sites. This was paralleled with changes in
the archaeological record and was probably a result of local political realignment.

Thekinship practices and social organization of past societies are hard
toassess using only the fragmentary archaeological and historical infor-
mation that has survived to modern times. Biological relatedness does
notnecessarily correspond to social kinship, butit cannevertheless pro-
videapowerfultooltoinfer elements of past kinship practices. Ancient
DNA has been used for pedigree inference®>, but being able to capture
the extent of relationships in ancient populations requires asampling
approachthatisfocused on entire cemeteries of considerable size®. Only
multiple observations of the same type of relatedness structure can
excludearandomoccurrence andindicate areliable pattern. Archaeo-
logical contextualization adds social meaning and can disentangle the
complexinterplay between biological relatedness and humanbehaviour
to help researchers to infer kinship practices on alarger scale.

From the late sixth century AD to the early ninth century, the Avars
were the dominant power in eastern central Europe®’. Originating from
eastern central Asia, probably from the Rouran khaganate destroyed by
the Turks, the Avars’ core group of mounted steppe warriors and their
families arrived north of the Caucasus in AD 557-558, where further
groupsjoined the marchinto the Carpathian Basinin 567-568 (refs.1,7).
This region became the centre of the Avar empire, where they settled
amongadiverse population derived from the previous Roman period
followed by the Gepid and Longobard kingdoms'®. After extensive raids
into the Byzantine Balkans ended in AD 626, the Avar society changed
in many ways. The archaeological record indicates that a sedentary
lifestyle in new, stable settlements emerged, with larger cemeteries
containing hundreds of graves, and cultural expressions became more
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Fig.1|Map of the Great Hungarian Plain showing the locations of the
four sites analysed in this study. Kunpeszér and Kunszallas are located in
the DTI; Hajdnanas and Rakdczifalvaarein the TT region. Right, typical
archaeological elements that characterize and distinguish between the two
main habitation areas of steppe-descent populations of the Avar period:
prestigious swords of the DTl elites (KUP) and evidence of burials with horse

homogeneous’. The Avar realm persisted until it was overcome by
the Frankish armies of Charlemagne in around AD 800. Turkic titles of
rank (such as khagan, iugurrus, tudun and tarkhan) mentioned in writ-
tensources document that the central Asian character of the political
structure was maintained until the end of Avar rule’. In terms of social
structure, patrilineal organization is the norm for Eurasian pastoralist
steppe peoples?, but we were unable to investigate the social practices
of the Avars until now owing to a lack of historical sources (Supple-
mentary Information).

By generating new genomic data (Supplementary Table 1) from
the exhaustive sampling of four fully excavated cemeteries from
present-day Hungary, combined with new isotope data and detailed
archaeological and anthropological characterization, we aimed to
investigate the population structure, kinship and social organization
of these communities at a high level of resolution. We identified 298
biologically closely related individuals that allowed us to reconstruct
extensive pedigrees and build networks of distant relatedness across
the Great Hungarian Plain. We found striking evidence of recurrent pat-
ternsthatallowed us totracekinship and social practices, gaininsights
into the mobility of men and women and refine the chronology of the
sites. In the largest cemetery, we were able to identify a community
replacement associated with changes inthe archaeological record and
dietary habits, suggesting local political realignment. This replacement
was not accompanied by an ancestry shift and was detected only by
changesin the biological relatedness pattern.

Analysis of entire cemeteries

The Great Hungarian Plain was the main settlement area for steppe
populations during the Avar period. We chose four cemeteries to cover
equally its two main regions, divided by the river Tisza: the Transtisza
region (TT) east of the river and the Danube-Tisza interfluve region

Last written
mention of Avars

Beginning of the
Carolingian wars

Period of stability with Decline

no major changes

oranimalskinat TT sites (RK). Bottom, timeline of the Avar period in the
Carpathian Basin highlighting the three main chronological phases (early,
middle and late) showing key historical events. Photo of Kunpeszér sword:
KatonaJ6zsef Museum (Kecskemét, Hungary); photo of Rakéczifalva
excavation: Sandor Hegedlis. The figure contains modified Copernicus
Sentinel data2024. The map was plotted using R**.

(DTI) tothe west (Fig.1). The DTIwas the power centre of the khaganate
(the Avarempire), where burials of the highest Avar elite (for example,
Kunbabony) were found, and these burials were also investigated ina
previous genomic study™. From this region, we sampled the site of Kun-
peszér (KUP; 33 burials), comprising an early Avar elite cemetery group
withrichgrave goods, exquisite gold- and silver-decorated swords, belts
andjewellery, and asecond cemetery group of poor late Avar burials™.
The site of Kunszallas (KFJ; 63 burials) from the same region, founded
inthe mid-seventh-century AD, already belongs to the more-uniform
material culture of the middle and late Avar period®. The TT region
is well known for burial customs associated with the steppe, such as
the placement of animals, animal skins or horse implements near the
deceased. We chose Rikoczifalva (RK) becauseitis one of the region’s
largest cemeteries (279 out of 308 graves sampled) that was continu-
ously occupied fromaround AD 570 to the mid-ninth century®. From RK
we additionally sequenced 56 individuals from the second to the sixth
century to extend the available data on pre-Avar periods and to capture
the Avar-period transitiononalocal scale. The cemetery of Hajdinanas
(HNJ; 18 burials) was selected to cover the northern section of the TT
region*" (Supplementary Information; Supplementary Table 2).

After quality controls (Methods; Supplementary Table 1) we obtained
genome-wide (around 1,240,000 single nucleotide polymorphisms
(SNPs); Methods) data for 424 individuals with an average coverage of
2.6x.Furthermore, we produced new strontium, carbon and nitrogen
isotope data (¥Sr/%¢Sr; 6*C and 8"N; Supplementary Table 3) for 154
individuals from RK, KUP and KFJ, and 57 new radiocarbon dates for
RK (Supplementary Tables 2 and 6).

Pedigrees: strict patriliny within sites
Toreconstructthe pedigrees, we estimated close biological relatedness
using recently published software, KIN (ref.16), which was designed to
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Fig.2|Thelargestsetofinterconnected pedigreesreconstructedinRKand
the cemetery map highlighting the burial location of related individuals.
a,Alarge (146 individuals) interconnected set of sub-pedigrees, numbered1to5,
and four smaller pedigrees (34 individuals) numbered 6,7,8 and 12. Levirate
unions areshown with pink lines connecting the individuals involved. The
maleindividuals’Y haplogroups are shown with coloured borders around the
individuals. Black symbolsrefer toindividuals whose ancient DNA we have and
white onesindicate missingindividualsinferred on the basis of the available
data. The horizontal axis to the left shows a timeline spanning the whole Avar
period, covering the nine or more generations of the pedigrees. b, Cemetery

identify first-, second- or third-degree related individuals (defined as
close genetic relatedness) in low-coverage ancient DNA (Methods). We
found no close genetic relatedness between sites, but most individu-
alsin each site were closely related, constituting a total of 373 pairs
of first-degree (235 parent-child and 138 siblings) and more than
500 pairs of second-degree relatives (Supplementary Table 4). Such
alarge number, especially of first-degree pairs, allowed us to recon-
struct a total of 31 pedigrees of varying sizes, ranging from 2 to 146
individuals (Fig. 2a, Extended Data Figs. 1-3 and Supplementary
Figs. 6,10 and 15). These extended genealogies show a strict patrilineal
descent with almost no exceptions. This finding provides compelling
evidence for patrilocality and female exogamy, which explains the
striking difference in Y-chromosome and mitochondrial DNA (mtDNA)
diversity observed among related individuals (Extended Data Fig. 4).

Within RK, 202 individuals had at least one close relative at the site
and only 64 were unrelated. Amongthe related individuals, 146 formed
anextended ‘macro’ pedigree spanning up to nine continuous genera-
tions. We divided this into five connected pedigrees (numbered1to 5;
Methods) descended from 11 founding male individuals. A further 34
individuals formed 4 additional multigenerational pedigrees (numbered
6,7,8and12) chronologically dated to the early Avar period (Fig. 2a), and
the rest formed smaller units (Supplementary Figs.15and 16).
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map of RK 8, withgraves colour coded according to the pedigree shownina.
Themiddle Avar period archaeological transition is exemplified by the different
abundance of graves with a horse harness and graves with post holes (each
image correspondstoafindinginagrave;silhouette ofahorseis from Pixabay).
This transition strikingly corresponds to the community shift and spatial
organization of the cemetery. The left part is where mostly early-to-middle
Avar period individuals andJ1a male individuals are found (pink halo), and the
right partis where mostly middle-to-late Avar period individuals and J2b
maleindividuals are found (yellow halo).

Adults (more than18 years old) represent 83% of the whole RK ceme-
tery, with nearly equal numbers of male and female individuals (Table 1).
However, the RK pedigrees contain twice as many male individuals as
female ones. This male bias is due to a higher ratio of sons to daugh-
ters: we found 102 sons (77 adults and 25 subadults) and 20 daughters,
mostly subadults (5 adults and 15 subadults). A strict patrilineality can
be observed from the descent structure of the pedigrees. Only one
adult daughter (RKC024) has offspring buried in the cemetery, and
her son (RKCO12) is second-degree related to other members of the
pedigree through the missing father (Supplementary Table 4). Conse-
quently, RKC024 and her missing partner are sixth-degree related. All
the other mothers lack parents at the site and are considered exoga-
mous partners. Instead, all the fathers are descendants of the founding
male individual(s) of their respective pedigree, with no exceptions
(Fig. 2a). The founding role in the life of the communities may have
been especiallyimportant? In several cases, founding male individuals
(or, in the case of brothers, one of the male individuals) were buried
with valuable grave goods considered status symbols: horse harnesses
andbeltsetsinthe early Avar period and belt setsin the middle and late
periods (Supplementary Fig. 10).

The KF) pedigree presents the same pattern of genetic related-
ness (Extended Data Fig. 1). Here, of the 45 individuals forming the



Table 1| RK Individuals with genetic data and age at death
information

Allindividuals Individualsin

pedigrees

Allindividuals 276 202
Adults (more than 18 years old) 229* 160
Subadults 47* 42

Adult male individuals (more than 123 106

18 years old)

Adult female individuals (more than 105 54

18 years old)

Subadult male individuals 28 26
Subadult female individuals 18 16

*Two individuals were of undetermined sex so these are not included in the male and
female totals.

second-largest pedigree, 21 are sons (10 of whom are subadults) and 13
aredaughters (11subadults). We observe a similar tendency in the small
KUP and HNJ cemeteries, although with fewer individuals (Extended
DataFigs.2and 3).

These patterns are reflected in the striking difference between
female lines (mtDNA haplogroups) and male lines (Y-chromosome
haplogroups). Only two Y-chromosome lineages, J1a-Z2317 and
J2b-CTS11760 (J1a and J2b hereafter), are found in pedigrees 1-8 and
12in RK, compared with around 50 different mtDNA haplogroups;
only one Y-chromosome lineage, N1a-Y16220 (N1a hereafter) is found
in both KFJ and KUP among related and unrelated individuals (com-
pared with around 20 mtDNA haplogroups); and another, Qla-L715
(Qlahereafter), isshared betweenall male individuals of HNJ pedigree 1
(Extended DataFig. 4).

A comparison of pedigrees with the spatial arrangement of graves
and grave groups allows us to assess how much biological and social
relatedness correspond, and demonstrates that the concept of descent
was central to the organization of the burial site. With few exceptions,
all individuals from the same pedigree are found in the same burial
cluster (Fig. 2b).

Interms of closer-descent units, we discovered that parents, infants,
juveniles and even adult male siblings were buried near each other,
forming clusters of close relatives (Supplementary Fig. 9). Within these
groups we often find unrelated female individuals. In fact, there is a
strong sex bias among the 64 unrelated individuals in RK, because 51
are female and only 13 are male. Most of these female individuals are
young adults. Male individuals have amore balanced age distribution,
and among related female individuals, older adults are more frequent
(Supplementary Fig. 11). The age distribution, positionin the pedigree
clusters, chronology, burial customs and grave goods suggest that the
unrelated female individuals are likely to be exogamous partners of
lineage male individuals who had not yet reproduced, or whose children
were not found at the site. Therefore, they are not detected as biologi-
cally related but could still be part of the social unit.

Onthebasis of the pedigrees, we can speculate that the beginning of
thereproductive age for women was 18-20 years. The youngest moth-
ers were 18-22 years old at death, whereas the youngest fathers were
24-29 years old at death. This is consistent with the observation that
juveniles are buried next to their parents (female individuals of 16-19
and male ones of 18-22 years old at death), and lineage female indi-
viduals disappear from the pedigrees at late juvenile-early adult age.

Marriage strategies and levirate unions

Another consistent pattern between sites is that male and female
individuals often had multiple reproductive partners. In RK only, we
discovered 15 cases involving a male partner and 7 cases involving a

female one (Supplementary Information). Male individuals had two
partners in ten cases, three partners in four cases, and four partners
in one case (RKF042); around 85% of these individuals are older men
(aged 35-59). The young ages of female partners at death may indicate
serial monogamy (RKCO11), but the presence of older female part-
nersinmultiple partnerships suggest polygyny (RKF042 and RKF180).
Multiple reproductive partners were also discovered inHNJ and KFJ (one
andfour cases, respectively). That means that polygyny might not have
beenrestricted to the highest stratum of society that is known from
the historical sources, but also occurred in the general population'.

We also identified multiple cases (five in RK and two in KFJ) and,
throughindirect evidence, another case in KUP, of closely related male
individuals having offspring with the same female partner: three pairs
of fathers and sons, two pairs of full brothers, one pair of paternal
half-brothers and one pair of paternal uncle and nephew (Extended
DataFigs.1and 2). We assume that these unions were levirate matches
(although in some cases concurrent polyandry cannot be excluded;
Supplementary Information). Eventhough the word levirate has a bibli-
cal origin”, in historical and anthropological research the term has a
wider applicationreferring to marriages between awidow and anagnate
ofthe deceased. Often found in pastoral societies, which are patrilocal,
patrilineal and observe female exogamy, the levirate custom was com-
monin Central Asia and the Caucasus until recent times'®'. Although
not mentioned for the Avars, levirate partnerships are attested to in
contemporary written sources for several steppe peoples?>?, which
suggests that what we find in the pedigreesis probably formal levirate,
not extramarital relationships.

According to the sources?, no levirate union could occur if the
deceased’s agnate was related to the widow by blood. Indeed, we find
no cases of biological consanguinity, based on the absence of long
runs of homozygosity (ROH) segments in all analysed individuals
(Extended Data Fig. 5). We do not even detect ROH patterns consist-
ent with more-distant consanguineous unions, such as at the level
of second-degree cousins, despite a high occurrence of levirate and
multipartner unions. Among Eurasian steppe peoples, intermarriage
within the paternal line was permitted only after a certain number of
generations, which could range between five and nine?**. Such rules
would explain the absence of even distant biological consanguinity.
Itisintriguing that the only case we detected of reproductive partners
being related was to the sixth degree (which would still be consistent
withsuchrules) and involves the only non-exogamous female individual
inRK. This further suggests the uniqueness of this single case.

All the aforementioned phenomena lead us to assume that the seg-
ment of Avar society we investigated had a structure comparable to
that of Furasian pastoralist steppe people?*: the elementary social
unit is the patrilineally organized family. Patrilineal genealogies are
the constitutive elements of the society and, within them, descent
lines are traced and ranked according to the birth order of the male
founders. This concept results in a strictly hierarchical structure in
the smaller, aswell asinthe larger, units of society, asevidenced in the
archaeological material by various status indicators (Supplementary
Fig.10). We can consider as a contemporary parallel to Avar society
the old Turkic kinship system that has been reconstructed on the
basis of the Orkhon inscriptions, which date from the eighth century
(Supplementary Information).

Community links through female exogamy

We observe that exogamous female individuals have a central role
in connecting the different founding patrilines both within RK and
between the sites. One unique case is represented by the female indi-
vidual RKF140, who is part of two different levirate unions and had a
total of four reproductive partners from two different pedigrees, linking
the two large patrilineal units of the middle-late Avar period pedigrees
(3 and 4-5). In fact, most of the large RK pedigrees are connected
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Fig.3|Network analysis of ancIBD haplotype-IBD sharing between
Avar-periodindividuals. a, Visualization of the network of IBD connections
(edges) between individuals (nodes) coloured according to their site: RK, KFJ,
KUP and HNJ. The maleindividuals’Y haplogroups are shown with coloured
borders. The strength of the IBD connection is summarized by the maximum
IBD length (centimorgans) for each pair of individuals. The distribution of
theselengths from the lowest (>12 cM cut-off) to the highest (>280 cM for

through female lines: one missing first-degree-related female indi-
vidual (sister or mother) connects pedigrees1and 2, and two maternal
second-degree relatives connect pedigrees 2 and 3.

The role of exogamous female individuals becomes even more evi-
dent when analysing the patterns of pairwise ancIBD haplotype-IBD
(identical-by-descent) sharing within and betweenindividuals from the
four Avar sites (Fig. 3). Inthe network analyses of IBD sharing (Fig. 3a),
we can observe tight clusters, reflecting the close genetic relatedness,
expectedly within thelarge pedigrees of RK and KFJ. In the adults-only
network (Fig. 3b), we estimate that many female individuals plot out-
side each site’s cluster and have significantly fewer IBD connections
than do male individuals, reflected by the lower degree centrality

380 | Nature | Vol 629 | 9 May 2024

first-degreerelatives) isindicated by the width and colour scale of each edge.
b, Networks for adult male individuals only (top) and adult female individuals
only (bottom). ¢, Network statistics calculated on the adults-only network.
Left, degree centrality, k (the number of links held by the node), against the
cumulative density function of the degree distribution, defined as the
probability that kis more thanavaluex P(k > x). Right, total k plotted against
theratio of kcalculated between site edges (k) to total k.

distribution, corresponding to the number of connections each indi-
vidual has (P < 0.05 using the Kolmogorov-Smirnov test after 1,000
permutations; Fig. 3c). Female individuals instead show significantly
higher ratios of connections between sites (P < 0.05 using Welch’s t-test;
Fig.3c).Furthermore, we found seven cases of female individuals (and
nomaleones) whoare unrelated within site presenting IBD connections
with another site (Fig. 3a,b). Taken together, our evidence shows the
existence of networks of communities centred tightly around a patriline
and related to other communities by exogamous female individuals.
Weincluded data from previously published Avar-period sites'®*in
the IBD network, although thereis abiasin sampling strategies between
our entire-cemetery-sampling approach and previous sparse-sampling



approachesinwhich only afewindividuals per site were analysed, pre-
venting us from observing the full extent of the connections (Extended
DataFig. 6a).

Nevertheless, it is possible to observe geographic structuring,
because we find moreintra- thaninter-regional connections among the
DTland TT sites. Furthermore, the two nearby sites of Hortobagy-Arkus
and HNJ (which are about 50 km apart) are particularly highly con-
nected and share the same Y haplogroup (Extended Data Fig. 6a). We
also observe that DTImaleindividuals with the N1aY haplogroup tend
to cluster together. This lineage is not only common between KUP
and KFJ sites but is also shared among the early Avar-period DTl elite
sites. Interestingly, the supposedly highest-status individual among
these sites (the solitary burial of Kunbabony, which was interpreted
asapossible khaganburial on the basis of rich status symbols found in
the grave®) has the highest number of between-sites IBD connections
among all of the new and previously published individuals analysed
(Extended DataFig. 6b).

Realignment of local power

Archaeologically, RK spans the whole Avar period. By incorporating
the relative chronological framework provided by the generations of
the pedigreesin the Bayesian modelling of *C dates, which reduces the
uncertainties of the dates by up to 60% (ref. 24), we were able to refine
thestartand end events of three large pedigrees (witha maximum span
of around 300 years) and place them in a relative order (Supplemen-
tary Fig. 43, Supplementary Table 6 and Supplementary Information).
Integrating chronology and pedigrees allows us to observe ashiftin the
local community in the second half of the seventh century. First, ten
smaller pedigrees are found in the early Avar period, but only three con-
nected ones dominatein the middle and late phases (Fig. 2). Strikingly,
theJlamalelineageis mostly foundinthe early pedigrees, whereasthe
J2b haplogroup appears and becomes the predominant male lineage
inthelater ones (pedigrees 3,4 and 5all carry haplogroupJ2b). We can
clearly pinpoint when this shift occurs: going from pedigree 2 to pedi-
gree 3, through the connection between the two maternal half-brothers,
with one from pedigree 2 carryingJlaand one from pedigree 3 carrying
J2b.Infact, pedigree 2is the only one spanning fromthe early to the late
phase, continuing the only two remainingJ1a descent lineages after this
shift. The haplotype IBD network in RK shows an even clearer pattern,
indicating the community shift, because all of the differentJ1a-carrying
pedigrees and theJ2b pedigrees 3,4 and 5share more IBDs within them
than between them, forming two clearly distinct clusters separating
Jlaand)2b maleindividuals (Fig. 3a).

Interestingly, one generation above (generation 4, dating to the mid-
dle Avar period), in pedigree 2 there are 12 related male individuals, of
whom only three had childrenburied at the site. All the remaining male
individuals except twojuveniles (aged 18-22 and 15-17) were adults with
no childrenfoundinthe cemetery. This evidence further supports the
replacement of the patriline in the community buried in RK. No associ-
ated skeletal traumas were observed in these individuals, so the shift
inthe malelineage cannotbe clearly attributed toanact of violence. In
fact, all of them are buried close to unrelated female individuals, who
were potentially their exogamous partners, suggesting that the change
of community occurred in the following generation of their children
not buried at site. Given the strong patrilineality observed in all the
siteswe analysed, this change must have had strong socialimplications.

Thisshift mirrors the archaeological evidence (Fig. 2b and Extended
DataFig.7).First, the western grave group of the RK site is made up of
the large pedigree 2 and the several smaller pedigrees from the early
Avar period. This part of the burial place was abandoned, and it is con-
ceivable that many of the descendants of pedigree 2 left at that time.
Exceptforafewscattered early burials, the central part of the cemetery
was then established in the middle Avar period by the founders of pedi-
grees 4-5, along with the eastern part, which is mostly composed of

pedigree 3 and thelatest group of individuals from pedigree 2, who are
the ones biologically related to pedigree 3. New burial customs, such
aswoodengrave constructions, distinguish the graves of newly settled
families, whereas the old ones, such as burial withahorse harnessora
pot next to the deceased person’s head, were phased out (Fig. 2b and
Extended Data Fig. 7).

InRK, we also foundssignificantly higher 6°C and lower 8N valuesin
the early Avar period than in the subsequent phases (Supplementary
Fig. 25). Especially during the early phase, the carbon isotope data
revealed a gradual change in dietary composition from substantial
contributions of a C,component, which was probably millet, a primary
staple crop in Eastern Asia®, to the predominance of C, plants. Although
millet was also consumed in the subsequent phases, individuals with
outstandingly high 8°C values are lacking in the middle and late Avar
periods. The higher 8°Nvaluesin the later phasesindicate anincrease
inthe consumption of meat and dairy products. However, largely over-
lapping ranges indicate that this affected only some of the individuals
(Supplementary Information and Supplementary Figs. 25 and 26).
Startinginthe early phase, but especially in the middle and late phases,
we observe a number of burials of male individuals with outstandingly
high 6N values (Supplementary Figs. 25 and 26).

Taken together, these findings indicate that there was areplace-
ment of the community buried, and thus likely to be living, inRK during
the middle Avar period. Although the ancestry of the individuals and
the descent system before and after the shift did not change (Fig. 4), the
succeeding community differed inits burial customs and dietary habits.
Itis noteworthy that the HNJ and KFJ cemeteries were established in
thislater period, implying that larger transformations occurredin the
Carpathian Basin in the second half of the seventh century®,

Steppe descent communitiesin Europe

Population-genomic analyses (Fig. 4, Extended Data Fig. 8, Supple-
mentary Information and Supplementary Figs.12-14) confirm that the
four cemeteries belonged to communities with steppe descent. Most
(88%) of the individuals carry portions of a northeast-Asian ancestry
profile thatis ultimately traceable to the eastern Eurasian Steppe'®*%
with varying degrees of admixture with western Eurasian sources. The
northeast-Asian ancestry ranges from a median of about 100% in the
DTl site of KUP to just 32% in the TT site of RK (Extended Data Fig. 8c
and Supplementary Information). Independent evidence from the
admixture modelling of qpWave/qpAdm and admixture dating of
DATES reveals a process of continuous admixture between western and
eastern sources over centuries that largely predates the Avar period,
and therefore the arrival of these populations in the Carpathian Basin,
and presumably took place in the steppe (Extended Data Figs. 8 and
9 and Supplementary Information). These analyses suggest that the
post-arrival admixture with the local contemporary (post-sixth cen-
tury) Carpathian Basin population was around 20% (Extended Data
Figs. 8 and 9 and Supplementary Information).

Despite these clear patterns confirming a recent steppe origin for
these populations, the strontium-isotope compositions (¥Sr/%¢Sr)
were largely similar, with values consistent with local and regional vari-
ations®® (Supplementary Fig. 23). The datasets from KUP and KF) were
isotopically indistinguishable from one another, whereas the burials at
RKYyielded substantially more radiogenic strontium, indicating asmall
variation of the local baseline values (Supplementary Information). This
homogeneity indicates that although local mobility (within the Great
Hungarian Plain, for example) is plausible, migration between distant
areas (such as across the Eurasian Steppe) is unlikely because they
would always need to be isotopically indistinguishable. This implies
that, with one potential exception (Supplementary Information and
Supplementary Fig.23), the first generation of migrants was notburied
at the cemetery, and that there was high regional continuity across
the Avar period.
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Fig.4 |PCAfornewlysequenced Avar-periodindividuals. a, ‘Eurasian PCA’
(principal component analysis; see Methods) for each of the four sites. Modern
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explained by the first two principal components (PCland PC2) is shownin
brackets. The approximate geographical locations of the most-relevant
modernindividuals are shown: northern (N.) and southern (S.) Europe, the
Caucasusregion and the eastern Eurasian Steppe (EES) to the Amur River

Thedensity of sampling allowed us to uncover a pattern of geographic
structuring of genomic ancestry that went unnoticed in previous stud-
ies. Thisis most evident between the DTl sites (KUPandKFJ) andthe TT
site of RK, which cover the whole Avar period. However, their admixture
profiles remainlargely distinguishable and non-overlapping (Fig. 4b).In
fact, although KFJ has high amounts of northeast-Asianancestryin the
late Avar period, RKindividuals, evenin the early phase, carry admixed
ancestries, 95% of whichwere dated pre-arrival (Extended Data Fig. 9).
Thisis in line with the observation of higher IBD sharing within DTI
and TT than between the two regions (Extended Data Fig. 6a). These
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Basin (ARB). Ancientindividuals are highlighted by symbols coloured by period
(early, middle and late) and black when dated generally to the Avar period: filled
coloured symbols representindividuals who have atleast one close genetic
relative at the site (first or second degree), and empty symbols indicate
unrelated individuals. b, Site-based density plot of Eurasian PCA Euclidean
distance of the first three PCs of each individual to the PC coordinates of the
Rourangenome, used asaproxy foranon-admixed EES ancestry.

differences mirror cultural differences found in the archaeological
record. Several features of the TT sites, especially at RK (Supplementary
Information), are strikingly similar to those of nomadic burials of the
sixthto seventh century in the Pontic Steppe, known as the Sivashovka
horizon? (Supplementary Fig. 3). Instead, some cultural elements of
theelite ofthe DTl area, whichincludes the early graves of the KUPssite,
can be traced back to the eastern Eurasian Steppe®® 32,

In conclusion, we confirm the arrival and establishment in the
Carpathian Basin of entire communities of steppe descent. We reveal
that genetically and culturally distinct steppe communities settled



in the area and, despite some admixture with the local population,
remained distinct during the course of the Avar period. This substan-
tial post-arrival genetic continuity, together with striking isotopic
homogeneity over time, poses a challenge to the long-lasting archaeo-
logical hypothesis** that there were successive large-scale migrations
from the steppe, indicating instead a pattern of local, small-distance
mobility once settled.

Conclusions

Thereconstruction of extended multigenerational pedigrees from four
Avar-period sites indicates a consistent reproductive strategy based
on patrilineal descent, patrilocality, female exogamy, strict avoidance
of consanguinity, and, in several cases, multiple reproductive part-
ners and the practice of what seems to have been levirate unions. We
found indications that social and biological relatedness overlapped
to alarge degree, because patterns of biological relatedness corre-
sponded to the spatial distribution of the graves and grave goods.
These social practices survived political changes, shifts in lifestyle
reflectedin material culture, dietary changes, and interactions with the
local population from the late sixth century to the early ninth century
AD. Descent units were strictly organized around patrilines but on a
larger scale were connected by exogamous female individuals, and
these connections may have been one of the main cohesive elements
of Avar society. Mostly small pedigrees, of two to four generations,
were found in the early phase, and larger ones, of four to seven gen-
erations, started in the mid-seventh century. This change reflects the
increasing size of cemeteries and settlements since the middle Avar
period and the development of the early medieval settlement system
inthe Carpathian Basin. The largest site we analysed (RK) experienced
acommunity shift in the second half of the seventh century, which was
probably caused by a realignment of local power, but it had no effect
onthesocial organization or general ancestry patterns. Detecting this
shift required the reconstruction of a biological-relatedness network
ofthe entire cemetery and shows that genetic continuity at the level of
ancestry might still conceal the replacement of whole communities.
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Methods

Ancient-DNA laboratory analyses

For the archaeogenetic investigations, petrous bones and teeth were
preferentially sampled (Supplementary Table 1). Samples were pre-
pared in dedicated ancient-DNA laboratory facilities at the HUN-REN
RCH Institute of Archaeogenomics in Budapest. Sample surfaces were
decontaminated using UVClight and cleaned by mechanical removal.
About 25-50 mg bone powder was obtained by drilling or powdering
and transferred to MPI-EVA in Leipzig, Germany. DNA extraction and
subsequent laboratory steps were done in the Ancient DNA Core Unit
of the MPI-EVA. DNA was extracted from between 25 mg and 52 mg of
powdered sample material using asilica-based method optimized for
therecovery of short DNA fragments®. Briefly, lysates were prepared by
adding 1 ml extraction buffer (0.45 M EDTA, pH 8.0, 0.25 mg ml ™ pro-
teinaseK, 0.05% Tween-20) to the sample material in 2.0-ml Eppendorf
LoBind tubes and rotating the tubes at 37 °C for approximately 16 h®53¢,
Using an automated liquid-handling system (Bravo NGS Workstation
B, Agilent Technologies), DNA was purified from 150 pl lysate using
silica-coated magnetic beads and binding buffer D, as described previ-
ously?. Elution volume was 30 pl. 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
previously®. Escherichia coli uracil-DNA-glycosylase (UDG) and E. coli
endonuclease VIl were added during library preparation to remove
uracils from the interior of molecules. Libraries were prepared from
both the sample DNA extracts and the extraction blanks, and further
negative controls (library blanks) were added. Library yields and effi-
ciency of library preparation were determined using two quantitative
PCRassays®. Libraries were tagged with pairs of sample-specificindices
by PCR extension using AccuPrime Pfx DNA polymerase as described
previously®. Indexed libraries were amplified and purified using SPRI
(solid-phase reversible immobilization) technology® as described
previously®,

Sample and control libraries were enriched in solution for 1,237,207
informative SNPs (amethod commonly used inthe field and known as
1240k capture*®) targeting 394,577 SNPs first reported in ref. 41 (390k
panel) and 842,630 SNPs first reported in ref. 42 (840k panel). Two con-
secutive rounds of 1240k capture were performed using the Bravo NGS
workstation B. Upto 20 libraries were pooled together and sequenced
single-read or pair-read ona HiSeq4000 sequencing platform (Illumina
Technology). Intotal, 440 1240k-enriched libraries were sequenced and
anaverage coverage of 2.6x (median 2.25x) for the 1,237,207 sitesin the
genome, corresponding toamedian of 708,514 1240k SNPs covered at
least once (Supplementary Table 1).

Ancient-DNA data process and quality controls

The raw sequenced read data (fastq files) were processed through a
nf-core/eager v.2.3.2 pipeline® (https://nf-co.re/eager). To remove
adaptors and short reads of less than 30 base pairs, AdapterRemoval
v.2.3.1was used*. The reads were then mapped to the Human Ref-
erence Genome Hs37d5 using the bwa v0.7.17 aln/samse alignment
algorithm* with the parameters -nand-Iset to 0.01and 1,024, respec-
tively. The reads with phred mapping quality of less than 30 were then
discarded using-q (q30-reads) in Samtools v1.9 (ref. 46). We then used
the Picard tools MarkDuplicates function (https://github.com/broad-
institute/picard) to remove PCR duplicates. To estimate the amount
of cytosine-to-thymine taphonomic deamination at the ends of the
mapped fragments, we used mapDamage v.2.0 (ref. 47) run on asubset
0f100,000 q30 reads. Exogenous human autosomal DNA contamina-
tion was estimated in male individuals by assessing X-chromosome
heterozygosity levels using ANGSD v.0.910 (ref. 48) and mtDNA contam-
ination in male and female individuals was estimated using Schmutzi®.
Schmutzi was also used to reconstruct the consensus mitochondrial

genome sequence of each individual used as input for HaploGrep2
(ref. 50) to assign mitochondrial haplogroups. For the purpose of
graphical representationin Extended Data Fig. 4, all the mitochondrial
haplogroups were pruned to thefirst three characters. If two individuals
had, respectively, atwo-and three-characters resolution, both of their
haplogroups were trimmed to the first two characters. Individuals with
only aone-character resolution were excluded from the plot.

Y-chromosome haplogroups were inferred using two different meth-
odologies and the results compared. The Y-chromosome variants were
called from in the bam files from samples whose genetic sex was esti-
mated to be male or unassigned using the Samtools v1.9* mpileup
and PileupcCaller (https://github.com/stschiff/sequenceTools) using
the mode --majorityCall; Y-chromosome haplogroup assignment was
performed using the software yHaplo (https://github.com/23andMe/
yhaplo), with ISOGG panel v.11.349 as a reference (https://isogg.org/
tree/; date of access: 2 February 2023). Y-chromosome haplogroups
were also defined using the Y-Lineage-Tracker subcommand ‘classify™’,
using asareference panel the ISOGG Y-haplogroup tree v.15.73 (https://
isogg.org/tree/); inthis case theinput files were genotypes fromeach
individual, estimated using the allelePresence method from the ATLAS
(https://bitbucket.org/wegmannlab/atlas/)* call tool, accounting for
post-mortem damage patterns and base-score recalibration patterns,
estimated respectively with the ATLAS tools PMD and recal.

The results from the two methodologies were then compared, tak-
inginto account the differences between the two reference panels. In
cases where the two methodologies yielded deeply diverging results
(that s, to the first two ISOGG alphanumeric classification symbols)
or were discordant with the estimated reciprocal genetic relatedness
betweenindividuals (described in the Biological relatedness section),
the haplogroup assessment was further investigated using the software
pathPhynder® with default options, using as reference the BigTree
Y-chromosome dataset and the reference phylogenetic tree for sample
placement provided by GitHub with the software and as input files
the bam files filtered for phred mapping quality more than 30. In any
other case, the conservative results from Y-LineageTracker (the column
Key haplogroup) were considered reliable, given the more-stringent
estimation of the genotypes and the updated ISOGG Y-chromosome
phylogenetic tree version.

The results of the whole procedure can be found in Supplementary
Table 1. PileupCaller (https://github.com/stschiff/sequenceTools)
was used to carry out genotype calling from the q30 reads with the
--randomHaploid flag that calls haploid genotypes by randomly choos-
ing one high-quality base (phred base quality score >30) on the 1240k
panel (pseudodiploid calls). We also used the --singleStrandMode,
which removes only real cytosine-to-thymine deamination observed
with single-stranded DNA libraries by ignoring cytosine-thymine
polymorphisms at reads aligning to the forward strand and guanine-
adenine polymorphisms at reads aligning to the reverse strand.

To produce the Y-chromosome haplogroup plotsin Extended Data
Fig. 4, all the haplogroup nomenclature was pruned to the first three
characters; haplogroups with less thanthree characters of ISOGG nota-
tion were excluded from the plots. Complete Y-chromosome haplo-
groups can be found in Supplementary Table 1.

We found low mitochondrial contamination estimates (Supple-
mentary Table 1). Most were less than 5% and only five samples had
values between 5% and 10%. Of these we excluded one female individual
(RKF048) with 7% contamination and one individual (KFJ019) with 5%
contamination and ambiguous sex determination (an indirect sign
of possible contamination); the remaining male individuals had low
nuclear contamination and were therefore kept for nuclear genomic
analyses. We also found low nuclear contamination estimates among
the maleindividuals. We excluded four further individuals with values
of more than 7%; RKF094 (15% contamination) was still counted among
the related as showing high likelihood of close genetic relatedness
with other individuals (Supplementary Table 4). We also excluded
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individuals with particularly low coverage (more than 20,000 SNPs)
because they were not practically usable for further analyses (additional
filtering for higher coverage thresholds is detailed for specific analyses
inthe following sections); theseinclude two individuals also excluded
for contaminationand another15individualsstillincluded as showing
high likelihoods of close relatedness (RKF225, HNJOO5, HNJOO9 and
RKF128). We kept 419 individuals for further analyses, 413 excluding
one pairamongtheidentical pairs found, and 424 including the previ-
ously published individuals from the KUP and KFJ sites’® (Supplemen-
tary Table 1). We then merged them with a reference genome-wide
panel of 2,280 modern individuals genotyped with microarray tech-
nology using the commercial HumanOrigins chip>*¢ and previously
published ancient-individuals’ genotypes sequenced with the same
1240k capture method or a 1240k SNPs subset from data obtained
using whole-genome shotgun sequencing'®?**> 7 downloaded from
Poseidon (https://poseidon-framework.github.io). We produced two
datasets, oneincluding the modern dataand the SNPs overlap between
the 1240k sites and the HumanOrigins SNP chip (1240KHO dataset,
around 600,000 SNPs), and one with ancient dataand the whole 1240k
panel (the 1240k dataset).

Genomicancestry modelling with PCA, qpWave/qpAdm, DATES
We used principal component analysis (PCA) with smartpca v.16000
in the EIGENSOFT v.6.0.1 package™ on the 1240KHO dataset using the
Isqproject and the autoshrink parameters to project the genotypes of
the ancient individuals (containing variable amounts of missing data)
on top of the principal components calculated on the set of modern
worldwide populations. For one PCA (Fig. 4a) we used asubset of Eura-
sian populations (the Eurasian PCA) as originally in reference® adapted
asinreference”, and for another PCA (Extended DataFig. 8b) we used
astandard subset of only west Eurasian populations (the west Eurasian
PCA), as originally reported’ and then adapted™.

We used the software qpWave/qpAdm (v.1520) of the ADMIXTOOLS
package® to run thef,-statistics-based ancestry analyses on the 1240k
dataset*””. Standard errors for the computed f-statistics were estimated
using ablock jack-knife with a 5-cM block. We used the default allsnps:
NO parameter, thereby calculating all the underlyingf,-statistics using
the SNP overlap between all the groups for each test. We used a set of
outgroups (or right populations) that are similar to those of a previ-
ousstudy™ thatincluded representatives of ancient Eurasian lineages
(European Mesolithic hunter-gatherers, European/Anatolia Neolithic,
Levant Neolithic, Iranian Neolithic for western Eurasia, and ancient
North Eurasian lineage (ANE”), ANA, ancient Siberian and southern
East Asiafor eastern Eurasia, and key non-Eurasian ones (African, South
Asian, Native American) when available, otherwise hte present-day
proxies Mbuti.DG, Levant_N, Onge.DG, Iran_N, Iron_Gates_HG, EHG,
Mixe.DG, Anatolia_N, DevilsCave_N.SG, Tarim_EMBAI1, Kolyma_M.SG
and YR_LN. The only difference with respect to ref. 10 is that we used
Tarim_EMBALI (ref. 72) instead of the three Russia_Bolshoy individu-
als®, which is a higher-coverage dataset of 12 individuals and a better
representative of the ANE lineage” than any other high-ANE ancestry
group available in the literature.

To select the sources (or left populations) to model the admixed
ancestry of our newly sequenced individuals (the targets), we fol-
lowed the following rationale. Among the data available from pre-
vious studies, we selected only ancient populations (of more than
two individuals) that are either approximately contemporaneous or
temporally preceding but are as close as possible to the time period of
our targetindividuals, as suggested previously’. In our selection, we
also considered the findings from a previous genomic study of the Avar
period’, as well as populations that are geographically, historically
and archaeologically relevant. This led to a selection of 13 different
source groups fallingin 3 categories. (1) Sources representative of the
east Eurasian Steppe ancestry that include ancient populations and
cultures available from preceding time periods in the east Eurasian

Steppe and surrounding areas in east Asia. (2) ‘Pre-Avar’ populations
thatare foundinthe Carpathian Basinin the first centuries AD, before
the Avar period. (3) Relevant temporally preceding (first millennia
BC and AD) populations available from across the Pontic- and central
Asian Steppe (the ‘steppe’ sources).

Two- and three-way combinations of these sources led to a total of
190 different combinations being tested, all with gpWave P-values of
much less than 0.05, which means that the sources are sufficiently
differentiated withrespect to the set of outgroups. They are therefore
suitable sources to be tested” (Supplementary Table 5), applying the
following rationale, which is the same as that used in a previous study'™
based on suggestions discussed previously’. We first tested two-way
admixing sources using all combinations of eastern Eurasian Steppe
groups plus the pre-Avar and steppe sources. If we could reject one
but not the other, between the pre-Avar and steppe source models
(if one had P< 0.05 we canreject; if the other had P > 0.05 we cannot
reject), we considered the one we cannotreject (P > 0.05) as valid. Ifthe
two-way models did not significantly reject one or the other between
the pre-Avar and steppe sources (both with P > 0.05) or produced
no fitting results at all (both with P < 0.05), we proceeded by testing
three-way competitive models, including the eastern Eurasian popula-
tions and contrasting directly the pre-Avar plus steppe sources as well
as pre-Avar plus pre-Avar, accounting for the variability in ancestry and
time period between the pre-Avar populations.

Ifthe three-way models resulted in one of the two contrasting sources
between pre-Avar plus steppe resetting the other (bringing its esti-
mated admixture proportion to 0%), we considered these models.
If the contrasting sources had intermediate admixture proportions,
we considered as successful only those tests that could reject one of
the two scenarios between either pre-Avar plus steppe or pre-Avar
plus pre-Avar. The individuals who still had unresolved or non-fitting
models between a pre-Avar or a steppe source were considered
unsolved or failed and were not used for further meta-analyses or
interpretations.

For the sake of simplicity and consistency, we chose one eastern Eura-
siansourcetoincludeinour plots and summary statistics: the geneti-
cally easternmost group of individuals from the early Avar periodinthe
DTIregion (DTI_EA_East; Fig.4 and previously published™), towhichwe
added data from unrelated individuals at the early-period site of KUP
that presented the same genomic profile (Supplementary Fig.12). We
always used this eastern proxy, except in the few instances in which it
did not produce fitting models, in favour of another one, suggesting
an existing heterogeneity in the eastern component although much
reduced with respect to the variability in the western sources (Supp-
lementary Table 5). Nevertheless, it isimportant to note that although
DTI_EA _East is the source that overall produced more fitting models,
several other easternsources (including lateXiongnu, AR_Xianbei_P_2c)
resulted in many equally fitting models as well (Supplementary
Table5).

We used DATES v.753 (https://github.com/priyamoorjani/DATES) to
date the average time of the east-west Eurasian ancestry admixture
estimated for most of the Avar period individuals from the four sites
analysed. This method is based on the same principle as many admix-
ture dating methods’®’?; it assumes an admixture event between two
admixing source populations, an east Asian and awest Eurasian one;in
our case we used the unadmixed and high-SNP-covered LBA/IA group of
the Ulaanzuukh_SlabGrave in Mongolia® or the same DTI_EA_East group
used inthe main qpAdm models as an ANA proxy and the pre-Avar Car-
pathian Basinancientsources, Sarmatian'® and Longobard period*® indi-
viduals, as awest Eurasian ancestry proxy. DATES calculates the decay
of ancestry covariance coefficients between every pair of available
overlapping SNPs between the test individuals and the source popula-
tions over increasing-genetic-distance windows™. Population-genetic
theory suggests thatif admixture happens, an exponential function can
befitted to the decay of weighted ancestry covariance, and the number
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of generations since admixture can be derived from the parameters of
such functions”. The higher age limit of admixture events that would
still produce detectable decaysis theoretically considered to be around
4,000years®. In practice, recentadmixture events (about one to three
generations ago) are not properly detected because chromosomal
recombination had insufficient generation time to start producing the
expected decay pattern®®, To estimate the goodness of a fit, DATES
calculates standard errors and Z-scores using a jack-knife approach,
dropping achromosome at atime. We set amaximum distance param-
eter of 0.5 cM, a bin size of 0.001 and a starting genetic distance of
0.45 cM. Theintegrated least-square function was used to estimate the
number of generations since admixture parameter. If the raw datashow
no decay, the exponential function either cannot be fitted or is fitted
withlow Z-scores, muchlessthan2, and unreasonable dating estimates
with negative values, or large numbers over the theoretical maximum
of 4,000 years backin time. Allsamples showing such values were also
inferred as non-admixed by PCA and qpAdm and were excluded from
our inferences. For Extended Data Fig. 9, we also included dates with
Z-scores of less than 2 (shown with a transparency factor) because in
part they reflect the recent (for example, first or second generation)
admixture events that we can observe directly inthe pedigrees. These
DATES estimates are mostly not significant because there is no decay
patternyet tofitanexponential function, but somestill provide quali-
tatively correct recent admixture dates (Supplementary Table 1). We
used astandard of 29 years per generation’ to convert the generation
times in years since admixture, and used the Avar-period chronological
phase of the individuals as the date at death.

Biological relatedness

We used KIN as the primary method to assess biological relatedness
between each pair of individuals from the four sites we investigated,
although we validated the relatedness estimates with the independ-
ent methods of haplotype-IBD (detailed below) and BREAD (https://
github.com/jonotuke/BREADR) (Supplementary Information). Given
that single-stranded UDG-half treated libraries still preserve aroughly
10-30% proportion of C-to-T deamination at the last two base pairs
of the mapped fragments, for this analyses we masked two base pairs
atboth ends of the q30 reads using the trimBam module of bamUtil
v.1.0.13 (ref. 83) and used these masked bam files as input data. KIN
can confidently identify first- and second-degree relations while dif-
ferentiating between parent-child and sibling relations®. Although the
method does not explicitly differentiate relationships within the second
degree, itoutputsinformation about IBD sharing that can help to differ-
entiate between avuncular and grandparent-grandchild relationships.
We simulated avuncular, half-sibling and grandparent-grandchild
pairs (Supplementary Information) to show that the length of IBD seg-
ments and the number of IBD segments can be used to differentiate
betweenavuncular and grandparent-grandchild relationships, while
half siblings overlap withboth cases. Furthermore, KIN provides indi-
cations about third-degree relationships (with around 70% accuracy
at 4x sequence coverage). Although these analyses are not sufficient
to confidently identify within second-degree relationships, and may
lack the power to identify third-degree relatives, they can be crucial
when combined with other information, such as pedigree information
from different pairs as well as from information about the skeletal age
atdeath, the sexand the uniparental haplogroups (Y chromosome and
mtDNA). Therefore, all this information was considered when building
and cross-checking the pedigrees of biological relatedness (Supple-
mentary Information). For clarity, we numbered the pedigrees that we
found and we define one pedigree as a group of individuals who can
bedirectly connected with close genetic relatedness and forwhomaline
of descent can be traced. In the case of the largest pedigree we recon-
structed (146 individuals from RK), we divided it into five pedigrees
descending from five different groups of 11 ‘founder male individuals’
(including multiple brothers as co-founders).

Simulations onsecond-degree relationships

We followed the methods section for KIN' and simulated eight diploid
individuals using msprime®* with default parameters for the mutation
rate (1 x 10°® per base per generation), the recombinationrater(1x 1078
per base per generation) and an effective population size of 3,000. For
eachindividual, we simulated 22 chromosomes with the same lengths
as the GRCh38.p14 genome. To form a pedigree, we first simulated a
recombined set of chromosomes for each parent and combined them
tocreate the progeny. We obtained recombination points for each chro-
mosome from the software Ped-sim®. We matched the genotype density
and the coverage of reads to that of our samples. We simulated 60 such
pedigrees (see figure S9 in ref. 16 and Supplementary Figs. 17 and 18).

Consanguinity test (ROHs)

Consanguinity can be tested genetically by a straightforward approach:
counting the length and number of long stretches of homozygous por-
tions along the genome of anindividual. This analysisis usually defined
asROHs. To estimate ROH, we applied a method called hapROH?®¢ that
was designed to infer them on pseudo-haploid, lower-coverage and
higher-missing-data ancient DNA samples; the method has also been
shown empirically to be highly consistent withindependent ROH esti-
mates calculated on the same ancient imputed diploid genomes™.
Specific patterns of long ROH (more than 4 cM) along the genome
of an individual are typical of consanguineous unions between some
of its recent ancestors (up to second-degree cousins®). In Extended
DataFig. 5we plotted ROH using the python package implementedin
hapROH (https://pypi.org/project/hapROH/).

Genotype likelihood calls and imputation/phasing
Haplotype-based analyses (such as IBD described below) require infor-
mation of the phase for each pair of paternal and maternal chromo-
somes of an individual, and this in turn requires there to be virtually
no missing data along the genome. Obtaining such data from ancient
genomes has been shown by recent studies®”®8 to be reliable in other
similar contexts for coverage of more than 0.5-0.7%, and it has also
beenapplied to 1240k capture data'®® through simultaneous statistical
imputation and phasing. We used the ancient-DNA-specific genotype
caller MLE function of ATLAS (https://bitbucket.org/wegmannlab/
atlas/)** to call genotype likelihoods. ATLAS can also calculate the
base-quality recalibration (the recal function) that we performed
in batches among libraries sequenced in the same sequencing run,
accounting for specific sequencing errors. ATLAS recalibration also
corrects the base qualities accounting for the empirical ancient
DNA-damage pattern observed from the data and reduces the effect
of reference bias introduced by genome mapping by relying on a list
of 10 million highly conserved genomic positions across 88 mammal
species downloaded from ensembl (https://grch37.ensembl.org/). We
called genotype likelihoods on the whole 1,000-genomes SNPs panel
of around 20 million SNPs and used these calls as input data forimpu-
tation with GLIMPSE®?, for which we used the phased 1,000 genomes
phase-3 release data as reference haplotypes®. We ran GLIMPSE with
the default parameters using sex-averaged genetic maps from Hap-
Map, as suggested previously®. The function GLIMPSE_phase was
used to perform simultaneous imputation and phasing on genomic
chunks 0f2,000,000 base pairs with abuffer of200,000 base pairs. We
then used the integrated GLIMPSE_ligate and GLIMPSE_sample func-
tions and beftools v1.3 (refs. 88,92) to obtain the final phase/imputed
vcf files with the genotypes posterior probabilities at every 1240k
position.

Haplotype IBD sharing analysis

We performed haplotype IBD analysis with ancIBD, arecently developed
method that accounts for the high phasing errors of ancient DNA®,
This analysis searches for long haploid blocks along the genomes
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of two individuals that are identical by descent (IBD), meaning they
have been inherited by acommon ancestor at some time in the past.
Therefore, it can detect close genetic relatives (first to third degrees
of relation) as KIN does, but it can also detect more-distant relations,
up to sixth degree, within ranges of biological stochasticity®’. How-
ever, it requires a much higher threshold of coverage, reducing the
number of individuals analysed relative to KIN. We used imputed
or phased data, including only those individuals with more than
450,000 SNPs obtained with our pseudo-haploid calls and SNPs with
genotype posterior probabilities greater than 0.99 after imputation.
We used the HapBLOCK function of ancIBD to perform the pairwise
estimation with default parameters and only shared blocks of more
than 8 cM containing more than 220 SNPs per centimorgan were
considered. To further filter for possible false-positive hits, we con-
sidered only shared IBD segments longer than 12 cM, and if a pair of
individuals had segments of less than 16 cM, we included them only
if they had more than one such segment (Supplementary Table 4).
We used Cytoscape v.3.9.1 (ref. 94) to plot the networks of pairwise
IBD relations.

Network analysis

For the IBD network analysis, only the Avar-period individuals were
included. Because subadultindividuals might be aconfounding factor
when assessing the sex-specific patterns of mobility and connected-
ness, we made an additional network that included only adults. The
threshold of adulthood was set at 18 years of age, based on the lower
limit of the estimated age of the youngest parent. The entire network
consisted of 257 nodes, of which195 represented adults (105 male and
90 female individuals) and 62 subadults (35 male and 27 female indi-
viduals) from four archaeological sites. The links of the network are
represented by the IBD connections, whichnumber 2,658 if the entire
networkis considered and1,211if only the adults are selected (Supple-
mentary Table4).In our analysis, we considered both unweighted and
weighted networks. The unweighted network represents a configura-
tioninwhich the found IBD relations define the presence or absence of
linksirrespective of their values. However, in the weighted network, the
links are weighted by the maximum IBD values of the analysis, allow-
ing the magnitude of relatedness to be evaluated. Both networks are
undirected because sharing of IBD segments between two individuals
has no directionality.

Degree centrality (k) is defined as the number of links held by the
node. The average degree <k) of the Avar-period adults’ network is
18.07. Considering the assigned weights on the links, which in our case
isthe sum of the weights (max_IBD) of the links attached to each node,
the mean strength (w) is 1,620.54. When sex is considered as a node
attribute, the degree and the strength distributions are significantly
different between male and female individuals (Fig. 3c and Supple-
mentary Figs. 47 and 48). For male individuals, <k) is 27.39 and (w) is
2,392.37, whereas for female individuals, <k} is 7.21 and {w) is 720.08.
The two-sample Kolmogorov-Smirnov test revealed significant differ-
ences between the male and female individuals’ degree and strength
distribution (P < 0.05).

The degree centrality of anode canbe partitioned into within-module
(ky) and between-module (k;) links by considering the archaeologi-
cal site of the burial as amodule. The kg/k ratio represents the ratio
of between-module connections over the total connections, which
canrange between 0 and 1, with O indicating that related individu-
als are buried solely at the same site and 1 indicating that related
individuals are buried only at a different site. To evaluate this ratio,
the value of degree centrality must also be considered because indi-
viduals with small degree centrality may have a higher ky/k ratio.
The other results of the analysis are explained in Supplementary
Figs. 44-48. The analysis was performed using R and the node meas-
urements were calculated using customized R scripts with the igraph
package®.

Isotope analysis and *C dating

14C dating and isotope analysis (6°°C, 8°N) was performed in the same
bone materialintheisotope and radiocarbon laboratories at the Curt
Engelhorn Centre Archaeometry in Mannheim, Germany. Bone sam-
ples were cleaned, chemically treated and collagen extracted using a
modified Longin method®. For stable isotope analysis of carbon and
nitrogen, triplicates of the resulting collagen were combusted in an
elemental analyser (PYROcube, Elementar) and isotopic ratios were
measured by isotope ratio mass spectrometry (precislON, Elementar).
The same collagen extract was used for *C dating. After ultrafiltration
toremove short-chained macromolecules, the collagen was reduced to
graphite using either acommercially available system (AGE3, lonPlus)
oracustom-made system. A MICADAS-type accelerator mass spectrom-
eter (IlonPlus) was used to determine the conventional **C ages”. *C
dates were modelled in the software Oxcal v.4.4.4 (ref. 98) and terrestrial
samples were calibrated using IntCal20 (ref. 99). Bayesian modelling of
“C datesinclude prior information of relative chronological informa-
tion provided by pedigrees following methods outlined previously*.
Model results and detailed explanations are given in Supplementary
Tables 2 and 3 and Supplementary Information.

For all strontium measurements, the tooth enamel was extracted
inalaboratory at the Institute of Archaeogenomics in Budapest. The
surface of the teeth was cleaned by a Dremel tool with an abrasion
tip, then, after a ten-minute ultrasonic bath, the enamel was carefully
powdered with adiamond-coated dental drill bit attached to the Dremel
tool, until 25-50 mg was obtained. Strontium separation chemistry for
all samples followed a previous method'®. Analyses were performed
on a Nu Instruments NuPlasma HR at the MC-ICP-MS facility in the
Department of Geological Sciences at the University of Cape Town in
Rondebosch, South Africa, and followed the procedure and referenc-
ing values (SRM987 ¥ Sr/%¢Sr of 0.710255) described previously'®. Past
4.11software'®was used for the statistical analysis of the isotope data.

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

Data availability

The sequence data have been deposited in the European Nucleotide
Archive (ENA) with the accession number PRJEB72021. The haploid gen-
otype data are available through the Poseidon framework via GitHub
at https://github.com/poseidon-framework/community-archive/
tree/master/2024_GnecchiRuscone_CarpathianBasinAvarPedigrees
(ref.103). Geographic maps were plotted with R*.
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Data exclusions  Data from specimens that showed insufficient levels of ancient DNA content or high levels of DNA contamination were excluded from further
analyses.
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applicable. But we note that samples from the same population carry similar genetic signatures. Moreover, genome-wide data allows for the
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Specimen provenance The Rékoczifalva (RK) cemetery was excavated in 2005-2006 by the Institute of Archaeological Sciences of the E6tvos Lordnd
University (Katalin Sebék, Gédbor Szabd, Katalin Kovécs, and Gabor Vaczi). The Hajdinanés-Furj-halom-jaras site (M3 motorway Site
41A) was a rescue excavation in 2005 led by Gabor Szabd from the Institute of Archaeological Sciences of the Eétvos Lorand
University. The cemetery of Kunszéllas-Fulopjakab was excavated by Elvira H. Toth between 1967 and 1979. The site of Kunpeszér,




Fels6peszéri Ut (Bacs-Kiskun county, Hungary) was retrieve during a rescue excavation, between 1982 and 1984 conducted by Elvira
H. Toth from the Katona Jozsef Museum (Kecskemét). Both KFJ and KUP skeletal specimens are conserved at the Department of
Biological Anthropology, University of Szeged (Hungary).

Specimen deposition Specimens were returned to the owning institutions after laboratory analyses. Left over bone powder samples from the specimens
are conserved at the Institute of Archaeogenomics, Research Centre for the Humanities, E&tvos Lorand Research Network, Budapest
(Hungary).

Dating methods New AMS 14C dates were obtained from ultra-filtrated collagen. Collagen extraction and 14C measurements were carried out at the

Curt-Engelhorn-Center Archaeometry gGmbH (CECA), Manheim, Germany.

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

Ethics oversight No ethical oversight was required strictly. However, we confirm that all analyses followed established ethical guidelines for
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Advisor of the ERC funded project HistoGenes (grant agreement number 856453 ERC-2019-SyG), approved the study
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