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H U M A N  G E N E T I C S

Late Neolithic collective burial reveals admixture 
dynamics during the third millennium BCE and the 
shaping of the European genome
Oğuzhan Parasayan1†, Christophe Laurelut2,3, Christine Bôle4, Lola Bonnabel2,  
Alois Corona5, Cynthia Domenech-Jaulneau6, Cécile Paresys2,7, Isabelle Richard2,7,  
Thierry Grange1‡*, Eva-Maria Geigl1‡*

The third millennium BCE was a pivotal period of profound cultural and genomic transformations in Europe as-
sociated with migrations from the Pontic-Caspian steppe, which shaped the ancestry patterns in the present-day 
European genome. We performed a high-resolution whole-genome analysis including haplotype phasing of sev-
en individuals of a collective burial from ~2500 cal BCE and of a Bell Beaker individual from ~2300 cal BCE in the 
Paris Basin in France. The collective burial revealed the arrival in real time of steppe ancestry in France. We recon-
structed the genome of an unsampled individual through its relatives’ genomes, enabling us to shed light on the 
early-stage admixture patterns, dynamics, and propagation of steppe ancestry in Late Neolithic Europe. We iden-
tified two major Neolithic/steppe-related ancestry admixture pulses around 3000/2900 BCE and 2600 BCE. These 
pulses suggest different population expansion dynamics with striking links to the Corded Ware and Bell Beaker 
cultural complexes.

INTRODUCTION
Past population migrations followed by admixture between migrat-
ing and autochthonous populations have been shown to leave traces 
in the genomes of the descendants (1, 2). In Holocene Europe, two 
major population transformations occurred, both involving pro-
found cultural transitions and changes in the genomic composition 
of descendent populations. The first transformation was associated 
with the introduction of Neolithic cultures into Europe, leading to a 
radical lifestyle change from hunting and gathering to farming and 
animal husbandry. The process started around 6500 BCE in south-
east Europe, with the spread of farming across other regions taking 
around 2000 years to complete [e.g., (3)]. The accompanying ge-
nomic transformation was the result of admixture between migrat-
ing Neolithic farmers descended from populations in western 
Anatolia and/or the Aegean, and Mesolithic hunter-gatherers (HGs) 
[e.g., (4–12)]. The second transformation in Europe was linked to 
profound social and economic change in Late Neolithic societies in 
Europe over a relatively short time period of ~600 years [e.g., (13, 
14)]. This societal transformation appears associated with Pontic-
Caspian Steppe pastoralists migrating westward and admixing with 
local Late Neolithic populations, as attested by genomic evidence 
from burials, first in the Corded Ware complex (CWC), later in the 
Bell Beaker complex (BBC), and ultimately in Bronze Age contexts 

[e.g., (5, 15–17)]. The detailed processes of population transforma-
tions, however, are not yet well resolved everywhere in Europe.

In the following paragraphs, we will highlight the main charac-
teristics of the societies involved in the transformation process of 
the third millennium BCE in Europe with a focus on western Europe, 
first from the archaeological and second from the paleogenomic 
perspective.

At the end of the fourth millennium BCE, the Middle Neolithic 
cultures in Europe diversified and regionalized into a patchwork of 
cultures with various funerary practices, such as various expressions 
of the French Late Neolithic (“Néolithique récent”) in the west, the 
Funnel Beaker culture (~4300 to 2800 BCE) in the north, the Baden 
(~3600 to 2900 BCE) and the Globular Amphora (GAC; ~3200 to 
2600 BCE) cultures in the center-east, as well as the Chalcolithic 
Gumelnița–Kodžadermen-Karanovo VI (~4500 to 4000 BCE) and 
the Eneolithic Cucuteni-Trypillia complex (~5500 to 2750 BCE) in 
the southeast, to name only the most prominent [e.g., (18–26)]. 
Starting at the end of the fourth millennium BCE, there is evidence 
of a remarkable increase in interregional mobility in central and 
eastern Europe, generating “translocal” communities (27, 28). New 
cultural elements, such as animal traction using plows, wheels, and 
wagons, became widespread in eastern and central Europe [re-
viewed in (29)]. In northern and western Europe, however, this pe-
riod seems to be culturally stable, despite increased competition 
between groups (23). The funerary evidence is dominated by collec-
tive tombs with successive deposition of corpses of varying numbers 
accompanied by grave goods (pottery, axes, ornaments), in monu-
ments that are often megalithic constructions. In the Paris Basin 
between 3600 and 2900 BCE, gallery tombs and hypogea were con-
structed [e.g., (23)], some of which remained in use into the Late 
Neolithic (see below).

The situation changed at the turn of the millennium when pro-
found transformations affected most of Europe during the following 
centuries [e.g., (14, 20, 23, 29–32)]. The beginning of this transformation 
is recorded in central and eastern European sites associated with the 
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GAC (3400 to 2800 BCE) [e.g., (20, 23, 29)]. There is rich archaeo-
logical evidence for three successive Europe-wide cultural expan-
sions in Neolithic Europe during the period between ca. 3100 to ca. 
2450 BCE, namely, (i) nomadic cultures from the Pontic-Caspian 
steppes between the Carpathians and the Ural with an agro-pastoral 
economy, single, gender-specific pit graves and burial mounds (kurgan/
yamna), metallurgy, decorated vessels, and battle axes as common 
denominators; (ii) the CWC in central and northern Europe that 
incorporated components of these steppe cultures; and (iii) the BBC 
[e.g., (14, 20, 22, 29–32)].

The roots of the transformation process associated with the ap-
pearance and spread of the CWC lie in the eastern European steppes. 
During the second half of the fifth millennium BCE, steppe commu-
nities extended their range to the steppe-forest zone and connected at 
the beginning of the fourth millennium BCE in the west to the 
Cucuteni-Trypillian communities and in the east to the Maykop com-
munities of the northern Caucasus (3700 to 3000 BCE) (26, 30, 33, 
34). At the end of the fourth millennium BCE, starting in the Dniester-
Dnieper area, this steppe-derived cultural complex spread into eastern 
and central Europe (Poland, Hungary, Bohemia, and Germany). Sin-
gle grave burial rituals were introduced in eastern and central Europe 
through the encounter between steppe communities, such as the 
Yamnaya, and fourth millennium BCE Eneolithic traditions around 
the Carpathians, such as the GAC, the Baden, and the Cucuteni-
Trypillian cultures (18–21). Moreover, a new pottery style appeared in 
Lesser Poland and the adjacent areas up to the Dniestrer river basin: 
the corded ware vessels, with elements of both the Yamnaya culture 
and the GAC [e.g., (20, 23, 29)]. The CWC then spread further north 
in a patchy fashion, arriving at the Baltic Sea in the 29th c. BCE, last-
ing until the middle of the 24th c. BCE, and ultimately covering the 
area from western Russia to the Netherlands and from Switzerland to 
Norway [e.g., (13, 14, 20, 21, 29) and references therein].

The CWC is marked by strong regional differences in cultural 
traits, but there are shared elements, such as cord-decorated ceramic 
beakers, particular stone axes, or mace heads (“battle axes”) 
deposited mostly, but not exclusively, in single graves with gender-
specific burial positions [e.g., (14, 20, 22, 29–32)]. The CWC 
includes numerous “communities of practice” (20) and coexisted 
with other cultural groups [e.g., (22, 35) and citations therein]. The 
association of single graves and grave goods considered to be weap-
ons, such as daggers and battle axes, has been interpreted as signs of 
the rise of social stratification, individual aggrandizement, institu-
tionalized warriorhood and marked gender roles favoring males, 
and thus an ideology influenced by the steppe people [e.g., (13, 14, 
20–22, 29, 32) and citations therein]. Around 2600 BCE, All-Over-
Ornamented (AOO) and their subgroup the All-Over-Corded 
(AOC) beakers, a specific type of CW beaker, appear in single 
graves in the Rhine-Meuse-Delta [e.g., (35, 36)], often in associa-
tion with Pressignian flint daggers originating from the Paris Basin 
(36–38). In northern and west-central France, individual graves 
with AOC/AOO beakers argue in favor of a fast north-south “leap-
frog” dispersal along preexisting Neolithic flint networks (14). The 
AOC burials of Blignicourt dating to 2857 to 2488 cal BCE (39) 
and Ciry-Salsogne « La Bouche à Vesle » dating to 2574 to 2452 cal 
BCE (40) belong to a small series of burials across northern 
France and the eastern Netherlands containing AOC vessels and 
Grand Pressigny flint knives that hint at a vast exchange network 
in western Europe linking the north and the south of western Europe 
(22, 40, 41).

The third phenomenon, the BBC, encompassed roughly the 
second half of the third millennium BCE with a regional-specific 
chronology, overlapping in time and space with the CWC and in 
western Europe the AOO/AOC complex [e.g., (14, 22, 42–45)]. In 
its earlier phase, the BBC was not characterized by a typical form 
of grave or burial custom. Rather, BBC artefacts were found in pre-
existing burial contexts, scattered in insular concentrations across 
a vast area from the Atlantic coast to east-central Europe and the 
southern Mediterranean. Subsequently, the phenomenon developed 
into a coherent archaeological culture, in which single burials pre-
dominated (44). The main cultural expression of this eventually 
pan-European phenomenon was the characteristic bell-shaped ce-
ramic beaker, the only reliable feature for its identification, shar-
ing similarities throughout time and space [e.g., (14, 29, 32, 44) 
and citations therein]. There is no agreement, however, on the clas-
sification of the decorative styles of the beakers, leading to incon-
sistencies of assignments and their interpretations (46).

Graves with Bell Beakers and often daggers and archery equip-
ment were found all over western and central Europe, from Morocco 
to Scotland, Sicily to northwest Norway, and Denmark to Hungary 
(21). Bell Beaker material was also found in fortified settlements in 
the Iberian Peninsula and in northern Europe associated with metal 
production, in megalithic graves and caves in France and Italy, and in 
single graves with and without gender differentiation in the British 
Isles and in Central Europe where they overlap with CWC burials 
[e.g., (21, 35, 47)]. The origin of the BBC is still debated (see Sup-
plementary Text) but is important to consider if one wants to un-
derstand whether its expansion was due to acculturation or demic 
diffusion, a question that will be addressed in the present study. 
Radiocarbon dating could not resolve the chronology due to a ra-
diocarbon plateau in the third millennium BCE yielding wide calibra-
tion spans (48). Nevertheless, there is more archaeological evidence 
pointing to an Iberian origin than to a Dutch origin and there is 
agreement that the Maritime Bell Beakers (MBB) mark the begin-
ning of the BBC sequence (see Supplementary Text). These MBBs 
spread quickly from the Tagus estuary along the Atlantic coast and 
down the Rhine (14, 44, 49), as well as along the Mediterranean coast 
and up the Rhône-Saône valleys, the Upper Rhine being the region 
with the largest MBB collection known in central Europe (42, 44, 45, 
48, 50, 51). The early Bell Beaker practices seem to have spread along 
the big European rivers from enclaves and then developed into 
the Europe-wide Bell Beaker civilization with four geographically 
distinct Beaker groups in the southwest, south, north, and east of 
Europe [e.g., (13, 14, 44, 50–55)].

The Rhine river, a natural environmental boundary and the 
western edge of the CWC zone, seems to have formed the contact zone 
where AOO/AOC beaker–associated practices from the Lower Rhine 
and the MBB-associated practices from the Upper Rhine met, blended, 
and spread further eastward at a high mobility rate (51, 56) [e.g., 
(14, 42, 44, 51, 56, 57) and references therein]. In central Europe, the 
BBC did not immediately replace the CWC but coexisted with it 
through a division of territories (30, 58). The BBC eventually replaced 
the CWC as far as Poland, but assimilated its funerary practices while 
catalyzing a shift from a herding to an agricultural economy (59).

These European-wide third millennium BCE cultural transfor-
mations were seemingly accompanied by population transforma-
tions. Paleogenomic analyses revealed large genomic shifts over 
short time periods, hinting at migrations to northwest Europe 
of people from the Samara steppe in present-day Russia, whose 
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genomes can be modeled as a mixture of Steppe Eneolithic, i.e., 
Zagros-Caucasus and Eastern Hunter Gatherers (60), and Caucasus 
Eneolithic/Maykop ancestry comprising early Neolithic Anatolian 
farmer ancestry (61). Long-lasting cultural interactions between the 
Balkans and the northern Pontic steppe have been known from the 
archaeological record (62) and involved the exchange of material cul-
ture and admixture, since Anatolian Neolithic Farmer (ANF) and 
steppe ancestry has been identified in fourth millennium Cucuteni-
Trypillia farming communities (33). Admixture continued between 
westward moving steppe peoples and local individuals with Neo-
lithic ancestry (i.e., ancestry from Neolithic farmers of northwest 
Anatolian origin and western Mesolithic HGs, henceforth called 
“Neo-ancestry”) associated with various cultural Late Neolithic 
practices in eastern Europe, such as the GAC [e.g., (5, 11, 15–17, 61, 
63–67)]. This migration with admixture led to an east-west cline of 
the proportion of the Pontic-Caspian steppe-related ancestry (here-
after “steppe ancestry”) in the CWC-associated population (68), 
with varying proportions of steppe ancestry (64). Concomitantly 
with the dispersal of steppe ancestry throughout central and west-
ern Europe, a shift in Y-chromosome haplotypes was detected with 
rapid expansion of the R1b M269 (R1b1a1b) lineage, similar to the 
one found in Samara Yamnaya (R1b Z2103, R1b1a1b1b) (5, 60, 
64). The major Y haplogroup spreading in north-eastern Europe 
during the CWC was the R1a M417 (R1a1a1) and its derivative 
Z465 (R1a1a1b) (10, 69). Thus, the dispersal of Y-chromosome lin-
eages during the third millennium BCE period suggests both com-
plex steppe ancestry diffusion patterns involving various steppe 
populations and complex population dynamics in central Europe 
starting already during the fourth millennium BCE.

This complexity is also observed in Bohemia during the subse-
quent BBC expansion between 2400 and 2000 BCE, where the 
R1b-P312 (R1b1a1b1a1a2), another derivative of the L151 lineage, 
became dominant in tandem with progressive erosion of the per-
centage of steppe ancestry (17). On the basis of the geographic distri-
bution of L151 Y-haplogroups, Papac and colleagues (17) suggested 
that the R1b-P312 lineage originated around the Lower Rhine val-
ley and expanded in association with the BBC, and thus that the 
BBC expansion into Bohemia was concomitant with an eastward 
migration from western steppe ancestry groups. These replacement 
waves of Y-lineages hint to changing male dominance patterns in 
groups whose movements are associated with cultural shifts.

The expansion of steppe ancestry in western Europe is less pre-
cisely documented since the distribution in time and space of geneti-
cally analyzed ancient individuals is patchy and uneven. Because of a 
denser dataset, the timing of the arrival of the steppe ancestry in 
present-day Switzerland has been estimated to have taken place 
around 2700 BCE, between 2860 and 2460 BCE, with a rapid increase 
upon arrival to ~60% followed by a decrease to 25 to 35% over the 
following 1000 years (70). Assuming no sampling bias, the steppe 
ancestry seems to have arrived slightly earlier in Switzerland than in 
northern Germany (5, 71), where it is detectable about 100 years later 
(70). Yet, not all individuals in Switzerland carried steppe ancestry, 
and even 1000 years after its arrival, there were still individuals with-
out the corresponding signature. This pattern suggests limited ad-
mixture between carriers of steppe ancestry and local farmers with 
Neo-ancestry.

In the Iberian Peninsula, steppe ancestry arrived later and was 
detected in northern Spain around 2400 BCE (72) and in southern 
Spain around 2200 BCE (73). Here, BBC-associated individuals 

with and without steppe ancestry lived together for a few hundred 
years but ultimately steppe ancestry permeated into all genomes (15, 
72, 73). Steppe ancestry arrived in the British Isles at a similar peri-
od, around 2450 BCE, and this arrival is associated with the spread 
of the BBC (15) and the introduction of Y-haplogroup R1b L21 
(R1b1a1b1a1a2c1), derived from the P312 haplogroup (74).

Since its initial observation, a male bias in the steppe ancestry 
propagation in Europe has been contentious (75, 76). The sensitivity 
and specificity of the sex bias detected depend both on the methods 
used and the quality and richness of the X-chromosome data, with 
particular variations linked to the single-nucleotide polymorphism 
(SNP) density of the capture array and to the coverage of the shotgun 
genomes. Papac et al. (17) report a female-biased assimilation pro-
cess of pre-CW people into early CW societies in Bohemia, while in 
CWC individuals from Germany, a male sex bias was detected in two 
individuals dated around 2600 BCE but was not detectable in later 
Bronze Age individuals (77). A sex bias has also been observed in 
Switzerland where the increase of Neo-ancestry between 2700 and 
2000 BCE was driven by women (70). In Estonia, during the CWC 
between 2800 and 2000 BCE, steppe ancestry propagation was male-
biased, although it involved a population distinct from the Yamnaya 
that carried Y-haplogroup R1a Z645 (69).

To better understand the spread of steppe ancestry in western 
Europe in conjunction with the cultural transformations, a clear view 
of the phenomenon in France is required. France represents a key-
stone geographic position not only between eastern and central Europe 
and the far west (British Isles) but also between the northwest and 
southwest of Europe (Iberian Peninsula) and thus between the CWC 
zone and the area in which the BBC expansion unfolded. The third 
millennium BCE transformation of the genomic landscape in France 
has, however, been sketched only in broad strokes. The genomes of 
roughly a dozen individuals in Bell Beaker and Bronze Age contexts 
in both northern and southern France are characterized by a sub-
stantial steppe ancestry–related genomic portion, around 50% 
(38 to 68%), and by males who were carriers of the steppe-related Y-
chromosome haplotype group R1b-M269, with most individuals 
typed at higher resolution belonging to the P312 group (11, 15, 65). 
The aforementioned AOC burial CBV95 (Ciry-Salsogne « La Bouche 
à Vesle » in northern France), a single burial dated to 2574 to 2452 cal 
BCE, was a carrier of both a substantial genomic portion of steppe 
ancestry and the Y-chromosome R1bM269 lineage (11), while PEI2, 
an individual from a BBC collective grave dated to 2562 to 2308 BCE 
(Dolmen des Peirières, Villedubert, Aude, southern France), had 
no substantial steppe ancestry (11) akin to individual I1392 from 
Hegenheim, Alsace, dated to 2832 to 2476 cal BCE (15). This heteroge-
neous situation is also seen in the Iberian Peninsula where only some 
BBC-associated burials carry steppe ancestry, and individuals with-
out any steppe-related ancestry were present until at least 1950 BCE 
(15, 73).

From these various lines of evidence arises a picture of third mil-
lennium BCE European societies with diverse genetic origins facing 
each other, with regionally different outcomes. The CWC seems to 
have emerged after the encounter between Neolithic populations in 
Central Europe, mainly GAC-associated, and various migrating steppe 
people from eastern Europe (17, 66, 67). In contrast, it is not clear 
whether the BBC resulted from the encounter between local people 
with Neo-ancestry and migrants with steppe ancestry, or if it devel-
oped before the arrival of steppe ancestry. Most of the early Iberian 
MBB-associated individuals were found to be unadmixed descendants 
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of the previous Neolithic populations (15). The propagation of the 
MBBs from the southwest/west to Europe’s north and east, such as 
southern Poland, apparently involved carriers of both Neo-ancestry 
and steppe ancestry of the R1b M269 and its derivative P312 (17, 64). 
Little is known, however, about the speed and fine-scale processes 
that led to these profound genomic transformations accompanying 
the cultural transformations at the individual level. Genetic data 
from archaeologically contextualized individuals involved in these 
processes are necessary to compensate for this limitation and fill in 
the information gap, in particular in areas with a dearth of genomic 
data, such as in northern France.

It is with this aim that we present here the paleogenomic study 
of seven individuals of a Late Neolithic collective burial dated to 
~2500 BCE from the Paris Basin in northern France, Bréviandes les 
Pointes. We produced whole genome sequences for these individu-
als, including mitogenome and Y-chromosome sequences, as well 
as radiocarbon dates and 87Sr/86Sr data. We report a “real-time” ob-
servation of steppe ancestry introduction into the Neolithic gene 
pool in northern France. Moreover, we model the origins of the 
different ancestral components, shedding light on the admixture 
dynamics and the origins, directions, timing, and mechanisms of 
the expansion of steppe ancestry at the end of the fourth to the first 
half of the third millennium BCE in western Europe, i.e., at the 
beginning of a cultural transition period between the Stone Age 
and the Metal Ages that coincides with the BBC. We correlate 
movements of populations and individuals with archaeological evi-
dence to address questions about the evolution of the CWC and the 
BBC. Finally, we analyze an individual BBC burial from Saint-
Martin-la-Garenne dated to ~2300 BCE, representing the first ge-
nomic analysis of a proper BBC burial in the Île-de-France, in the 
middle of the Paris Basin where BBC burials are rare. The results of 
these analyses uncover important features of the admixture pro-
cesses associated with the CWC and the BBC.

RESULTS
Archaeological context of a Late Neolithic collective burial
The archaeological site of “Bréviandes les Pointes” et les Grèvottes 
(hereafter “Bréviandes”), near Troyes in the southern Paris Basin, was 
repeatedly used as a burial ground from the Early Neolithic (~5200 cal 
BCE) to the beginning of the Final Bronze Age (~1200 cal BCE). 
Several noncontemporaneous graves with few or no associated arti-
facts, hampering cultural assignment, were radiocarbon-dated to the 
later Neolithic. A collective burial of seven individuals in a subcircu-
lar pit named BRE445 (Fig. 1A) produced no other finds apart from 
a circular bone bead and a dog paw (fig. S3). This burial mode lack-
ing diagnostic artefacts was typical for the period in the Île-de-France 
and in Champagne [e.g., (78, 79)]. The bones of the individuals (BRE445 
A-E, FK, HI, hereafter abbreviated as A, B, C, D, E, FK, HI) are well 
preserved and unfragmented. The burial comprises three adult women, 
an adult man, two young children. and a neonate. Anthropological 
analysis estimated age at death of the three women A, B, and E to be 
respectively 20 to 39, 20 to 30, and about 60, while the adult man was 
estimated to be 20 to 30 years old at death. The two children HI and 
C were estimated to be respectively 4 to 8 and 6 to 10 years old at 
death. Direct radiocarbon dates were obtained from bones of indi-
viduals B, FK, and E and range between 2580 and 2275 cal BCE 
(98.9%), 2580 and 2284 cal BCE (99.6%), and 2706 and 2287 cal BCE 
(96.9%), respectively (see table S1 and fig. S8), assigning the burials 

to the last part of the Late Neolithic period. There is one additional 
burial excavated that is contemporaneous to the burial BRE445, but 
the skeleton lacked the skull and DNA was poorly preserved, pre-
venting its full analysis. The neighboring graves date to earlier peri-
ods. No osteological indications of pathology were found apart from 
signs of general stress and ageing (see Supplementary Text). Varia-
tions in bone morphology discriminate individual FK from the oth-
ers and suggest biological relatedness between individuals E and HI 
(see Supplementary Text). Signs of violence were not identified. A 
temporal succession of the inhumations could partially be deter-
mined from stratigraphic data (see Supplementary Text). The spatial 
layout of the skeletons shows that some bones of the earlier burials 
had been disturbed by the later arrival of a new corpse, although there 
was no evidence of intentional spatial displacement. The archaeologi-
cal and anthropological analysis suggested that this was most likely a 
family burial (see Supplementary Text).

Genetic and isotopic characterization of the individuals of 
the collective burial at Bréviandes
To better understand the BRE445 burial, we produced whole ge-
nomes from the petrous bones of each individual with coverage 
from 0.75× to 4.6× (median coverage 1×) through untargeted shot-
gun sequencing (table S1). Mitochondrial and Y-chromosome hap-
logroups yielded a first glimpse of the biological relationships in the 
burial (Fig. 1B and table S1). Shared mitochondrial haplotypes sug-
gest individuals FK, HI, and D to be related to the women E, A, and 
B, respectively. FK and HI shared the same Y-chromosome haplo-
type R1b-L151, suggesting, given their ages at death, that they could 
be biological father and son. Only individual C does not share her 
mitochondrial haplotype with any other individual of the burial. 
These conclusions were further confirmed following whole genome 
analysis with NgsRelate (80) and READ (81), allowing us to recon-
struct the genealogies (Fig. 1C and table S2). The burial consists of 
one biological family comprising three generations, a second mother 
and her biological child, and a single child who were not related 
genetically to the individuals of the nuclear family. Analysis of ge-
nomic runs of homozygosity using hapROH (82) showed that none 
of the individuals were inbred (fig. S9). The combination of genetic, 
anthropological, and archaeological results also enabled reconstruc-
tion of the most likely temporal sequence of the burials (Supple-
mentary Materials). Since the adult man FK and his son HI were the 
first to be buried, the mother of FK and grandmother of HI in the 
middle of the burial at an intermediate time point, and the mother 
of HI at the end, we can surmise that the genetically unrelated indi-
viduals embedded within the burial structure must have been part 
of the social community buried here.

To further characterize the individuals of this group and to reveal 
potential individual mobility, we performed stable strontium isotope 
analysis (87Sr/86Sr ratio) on both teeth and bones of the adult indi-
viduals and on faunal remains (Supplementary Text and table S9). 
The rationale behind this analysis is that the 87Sr/86Sr ratio in teeth 
show the incorporation into the forming teeth of water- and food-
borne Sr isotopes during early childhood, while Sr isotopes in bones 
correspond to Sr incorporation during the last 10 and 20 years before 
death (52, 56, 83). The Sr values obtained from these individuals were 
compared with those of contemporaneous faunal remains represent-
ing the local signature (table S9 and Supplementary Text). Only indi-
viduals E and B had 87Sr/86Sr ratio values that differed in teeth and 
bones, suggesting lifetime mobility of these two individuals but not 
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of the other ones. The comparison of the individual 87Sr/86Sr ratio val-
ues with the strontium isoscape map of present-day France (fig. S7) 
(84) suggests that individuals E and B moved to Bréviandes following 
childhood in another location, either in the Paris Basin or beyond 
from areas of similar geology, including the northeast or southeast 
of France.

Genomic composition of the individuals of the BRE445 
burial and haplotype reconstruction of the 
missing grandfather
To obtain deeper insight into the potential genetic origins of the 
Bréviandes individuals, we performed ChromoPainter analysis (85) 

on a dataset of 116 imputed ancient genomes. To this, we added one 
representative from each “biological family” of the collective grave 
of Bréviandes 445, identified as described above, excluding all other 
related individuals to avoid biases and artificial subclustering caused 
by excessive haplotype sharing among related individuals. Through-
out the following analyses, related individuals will thus be analyzed 
independently of each other alongside all other unrelated individu-
als. The corresponding results will be presented either in the Supple-
mentary Materials or, whenever possible without misrepresenting 
the results, combined within a single representation. With this data-
set, we generated a haplotypic coancestry matrix, on which princi-
pal components analysis (PCA) and fineSTRUCTURE (85) were 

A

CB

D

Fig. 1. A collective burial in the Paris Basin. (A) Map showing geographical locations of samples analyzed in this study. Schematic representation of the collective 
burial at Bréviandes. (B) Estimated age of death and uniparental haplogroup information of the Bréviandes individuals. (C) Pedigree plots showing kin relationships be-
tween the Bréviandes individuals. (D) Pedigree plots showing the genomic component of steppe-related and Late Neolithic ancestries between the Bréviandes individu-
als. The steppe ancestry proportions were plotted based on three-way qpAdm admixture modeling using northwest Anatolian Neolithic farmers (ANFs), Western 
hunter-gatherers (WHGs), and individuals with steppe ancestry represented by individuals associated with the Yamnaya culture of the Pontic steppe (see table S7). The 
sum of ANF and WHG ancestry proportions shown as the Late Neolithic ancestry. Empty boxes and circles indicate unsampled individuals. Dotted lines indicate the indi-
vidual whose genome is reconstructed. The white bones in the iconographic reconstruction of the burial, done by E. Vauquelin, are unassigned bones.
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performed (rather than ignoring haplotype phasing information and 
projecting the ancient genomes on a PCA defined by present-day ge-
nomes as often done). Both the dimensionality reduction through 
PCA and the dendrogram analysis with fineSTRUCTURE allowed us 
to identify and visualize different genetic clusters and structures with-
in the dataset. The first two PCs strongly differentiate three ancestral 
populations, i.e., northwest ANFs, Western hunter-gatherers (WHG), 
and individuals with steppe ancestry represented by individuals as-
sociated with the Yamnaya culture of the Pontic steppe (Fig. 2A and 
figs. S10 and S11). PC1 separates ANF from HG/steppe ancestries, 
whereas PC2 separates WHG from the steppe ancestries. The Euro-
pean individuals from Neolithic to Bronze Age contexts, including 
those from Bréviandes, are positioned between the three ancestry 
poles in a manner that reflects their ancestry proportions (Fig. 2A 
and figs. S10 and S11). Neo-ancestry individuals without any steppe 
ancestry are distributed on a line that can be drawn between the ANF 
and the WHG clusters. The proportion of steppe ancestry in the ge-
nomes of Late Neolithic and Yamnaya-associated individuals, esti-
mated using SOURCEFIND [(86); Fig. 2B], positions on the PCA the 
carriers of steppe ancestry along a line of increasing steppe ancestry 
[compare the individuals grouped in four clusters (a to d) in Fig. 2, A 
and B]. The five female individuals from Bréviandes cluster with Neo-
lithic and Chalcolithic genomes from France and Spain, respectively, 
in cluster “a” and are devoid of steppe ancestry (Fig. 2, A and B, and 
figs. S10 and S11). In contrast, the two related male individuals HI and 
FK are positioned within clusters “b” and “c,” respectively, because of 
varying steppe ancestry proportions, the steppe ancestry of the son 
HI being half of that of his father, FK, in agreement with the absence 
of steppe ancestry found in his mother A (Fig.  2, A and B, and 
figs. S10 and S11). This finding reveals that individuals FK and HI 
represent the early arrival of steppe ancestry in a Neolithic context in 
northern France.

Since the proportion of steppe ancestry found in FK was about 
35%, we predicted that this proportion should be twice as high again 
in his father, as the mother of FK, individual E, is devoid of this 
steppe ancestry (Fig. 2, A and B, and table S5). This high steppe an-
cestry proportion in FK indicates that his father would have a dom-
inant proportion of steppe ancestry, around 70% (represented in the 
pedigree analyses of Fig. 1D). This would make it the earliest arrival 
of steppe ancestry in France hitherto detected (fig.  S8), which 
prompted us to reconstruct the phased genotype of the unsampled 
father of FK, herein referred to as YY, using the phased genotypes of 
FK and E. Since only one haploid genome of YY could be inferred, 
that of the gamete (the spermatozoid) that led to FK, we modeled 
YY as a pseudo-diploid homozygous at all positions, using only the 
positions where the phased genotypes of FK and E allowed for un-
ambiguous deduction of the allele contributed to FK by YY (fig. S12). 
The date associated with the arrival of this individual was inferred 
from the radiocarbon date of his son FK who was between 20 to 
30 years old when he died, as inferred from anthropological analyses 
(see Supplementary Text and table S1). The pseudo-diploid genome 
of reconstructed individual YY is found on the PCA in cluster “d” 
(fig. S11B) along with other individuals of similar dates and showing 
similarly high steppe ancestry proportions, in particular an AOC 
individual from Ciry-Salsogne « La Bouche à Vesle » from north-
eastern France, CBV95 [(11) and table S4], and one of the earliest 
BBC-associated individuals from the Netherlands, I5748 [(15) 
and table S4], who are roughly contemporaneous to the Bréviandes 
individuals. This reconstructed genome of YY increases our ability 

to analyze the dynamics of the arrival of this ancestry in west-
ern Europe.

A new genome from a Bell Beaker–associated individual in 
northern France is carrier of steppe ancestry
The identification of steppe ancestry in the individual FK and 
the scarcity of contemporaneous shotgun genomes from northern 
France prompted us to improve the resolution of our analysis by 
adding another genome from an individual of nearby area and 
time period who was associated with the BBC, a cultural context 
linked to steppe ancestry. We produced the genome of an individual 
from Saint-Martin-la-Garenne (SMGB54), west of Paris in the Île- 
de-France (Yvelines), radiocarbon-dated to 2410 to 2129 cal BCE 
(97.8%) and representing a 30- to 49-year-old man buried with 
BBC funerary rituals, including a BBC-type shale wrist guard 
(figs. S4 and S5 and table S1). This individual is also a carrier of 
35 to 36% steppe ancestry (Fig. 2, A blue diamond, and B), similar 
to that of individual FK (table S5), and was therefore included in 
further analyses. SMGB54 is found in cluster c with FK and other 
BBC and Bronze Age individuals from France as well as Bronze Age 
Hungarian and Croatian individuals.

Spatiotemporal high-resolution analysis of Late 
Neolithic genomes
Our fineSTRUCTURE analysis reveals similar relationships be-
tween individuals as seen with the PC1-PC2 plot, yet it further de-
fines clusters with respect to geographical origins (Fig. 2C and 
fig. S13). The fineSTRUCTURE dendrogram first separates individ-
uals with a high proportion of steppe or HG ancestry from those 
with high ANF ancestry (branches 1 and 2, respectively, in Fig. 2C). 
Within the dendrogram’s first group, the next bifurcation separates 
steppe and HG ancestry (branches 11 and 12, respectively), and 
then, among the steppe ancestry group, the group comprising BBC, 
CWC, and Early Bronze Age–associated Europeans with high steppe 
ancestry from Yamnaya individuals (branches 111 and 112, respec-
tively). The reconstituted YY genome belongs to a subgroup of the 
Europeans with high steppe ancestry comprising mostly western 
individuals. Among the group with high ANF ancestry (branch 2), 
the first bifurcation separates individuals with and without steppe 
ancestry (branches 21 and 22, respectively). Among those with no 
steppe ancestry, the next bifurcation separates individuals according 
to their extent of WHG ancestry: a first group (branch 221) com-
prises all initial ANF and early European Neolithic individuals with 
low divergence from this initial population, whereas a second group 
(branch 222) comprises most European Neolithic individuals with 
WHG ancestry, themselves subdivided at fine scale roughly accord-
ing to their geographic origin. The Bréviandes individuals devoid of 
steppe ancestry (namely, the females A, B, C, D, and E) are found in 
a subgroup consisting mostly of individuals with southern France/
Iberian origin. Branch 21 comprises individuals with both substan-
tial WHG and steppe ancestries, dating to periods corresponding to 
the Late Neolithic and the Middle Bronze Age. This branch gives rise 
to two clusters discriminated by their extent of steppe ancestry: a 
first group (branch 211) with higher steppe ancestry later subdi-
vided into two subgroups of different geographical origins, Central 
Europe and France, the latter one including individual FK. The sec-
ond group (branch 212) carries lower steppe ancestry and is subdi-
vided into two subgroups, one including mostly Iberian individuals 
as well as individual HI.

D
ow

nloaded from
 https://w

w
w

.science.org on June 22, 2024



Parasayan et al., Sci. Adv. 10, eadl2468 (2024)     19 June 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 24

Since the hierarchical clustering approach of the fineSTRUC-
TURE analysis produced clusters first reflecting admixture from the 
three source populations, but also reflecting, at a finer scale, the geo-
graphic origin, we explored whether this geographic signal could 
also be detected in the PCA. Although the proportion of the three 
source ancestries account for most of the signal detected in PC1 and 

PC2, PC3-PC4 reveals a correlation between haplotypes and geo
graphy, predominantly for later samples dating from the Late Neo-
lithic to the Middle Bronze Age (see Fig. 3A showing individuals 
colored according to geographic origin and where the presence of 
steppe ancestry is indicated by a square; see figs. S14, S16, and S17 
showing the lack of influence on PC3-PC4 of cultural association 

A C

B

Fig. 2. Haplotype-based clustering of Neolithic and Bronze Age individuals. (A) Principal components analysis (PCA) based on ChromoPainter haplotypic coancestry 
matrix of unrelated subsets of individuals. The fractions of variance explained by PC1 and PC2 are, respectively, 45.8% and 30.5%. Individuals E and HI were added to the 
ancestry plot independently of the PCA. To avoid biases and artificial subclustering caused by excessive haplotype sharing among related individuals, the PCA was per-
formed using unrelated individuals (see fig. S11 for the PCA plots performed independently using other family members from the Bréviandes grave). (B) SOURCEFIND 
ancestry component estimates of selected individuals in the PCA plot (see tables S4 and S5). The clusters a to d are ordered according to increasing steppe ancestry 
content and correspond to those shown on the PCA plot in (A). Individuals E and HI, who were not represented on this PCA plot, were attributed to clusters a and b, re-
spectively, based on the PCA plots of Fig. S11. (C) fineSTRUCTURE clustering dendrogram based on the same coancestry matrix. Zoomed clusters correspond to different 
fineSTRUCTURE dendrograms based on coancestry matrices including other related Bréviandes individuals as shown on fig. S13. From top to bottom, zoomed dendro-
grams originate from dendrograms in fig. S13 [(A) to (C)] and integrate data from figs. S13 [(B) and (D)]. Some individuals referred to in the text are highlighted with sym-
bols: CBV95 (*), I5748 (+), GBVPK (#). Two-letter country codes according to the International Organization for Standardization (ISO) are used in the group labels [FR: 
France (-N: North, -E: East, -S: South), DE: Germany, NL: Netherlands, ES: Spain, PT: Portugal, IT: Italy, GB: Great Britain, IE: Ireland, HR: Croatia, HU: Hungary, BG: Bulgaria, TR: 
Turkey, CZ: Czechia, PO: Poland, KZ: Kazakhstan, RU: Russia, UA: Ukraine].
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and steppe ancestry levels; and see fig. S15 for the Procrustes analy-
sis showing that the best correlation with geography is obtained 
with PC3-PC4). West to east and south to north clines are clearly 
visible in Fig. 3A, irrespective of the extent of steppe ancestry of the 
individuals, indicating that a fine-scale genetic structure was already 
established at the continental level during this time, possibly due to 
the accumulation of genetic drift and/or admixture during the Neo-
lithic expansion with genetically distinct HG populations in differ-
ent parts of Europe. Furthermore, Late Neolithic individuals from 
southern France and Iberia group together and are clearly distinct 
from most samples from northern France, with the notable excep-
tion of the five female Bréviandes individuals with no steppe ances-
try: A, B, C, D, and E (see fig. S16). The BBC individual SMGB54 is 
also associated with the southern France cluster. This association 
suggests that these individuals all have a stronger genetic link with 
southern than with local populations. In contrast, the reconstituted 
YY individual has a clear northern signature and is localized in PC3 
to PC4 at the outer boundary of the cluster of individuals from 
northern France/Netherlands/British Isles/Czechia, referred to here-
after as the northern European cluster (fig. S16B). YY’s son FK oc-
cupies an intermediate position between the southern and northern 
European clusters due to the southern component brought about by 
his mother E, which puts him in the middle of the northern Euro-
pean cluster (Fig. 3A). Finally, YY’s grandson HI is again located 
halfway between his father, FK, of northern European affinity and his 
mother, A, of southern affinity (fig. S16D). To substantiate the infer-
ence that the Late Neolithic ancestry of the BRE445 individuals was 
from southern origin, we performed a normalized haplotype donor 
test focused on Neo ancestry (Materials and Methods) using two 
reference donor populations from the same period, Late Neolithic, 
and geographic area, France: one is representative of northern France 
from the hypogea of Mont-Aimé (Marne), and one is representative 
of southern France, from the Rouquet cave (Hérault) (65). In the 
haplotype donation analysis represented in Fig. 3B, we used as re-
cipients, in addition to the Bréviandes 445 individuals devoid of 
steppe ancestry, two control individuals from the same sites of the 
reference populations but that were not included in the donor pools 
used, 1H04 from northern France and ROUQH from southern 
France, two Late Neolithic individuals from southwestern Europe 
from distinct sites, GBVPL from a southern France site near the Rouquet 
cave (65), and I5835, a Chalcolithic individual from the Atapuerca 
cave in northern Spain [Burgos, (9)]. The results show that the Brévian-
des individuals share more alleles with the individuals from southern 
France than from northern France comparable to all other individuals 
from southwestern Europe tested (Fig. 3B). Thus, members of the 
Bre445 grave carry ancestry typical of southwestern Europe despite the 
northern France location of the grave.

Steppe ancestry admixture dynamics in Europe reflected in 
the Bréviandes burial
To explore whether we could extend our findings to a larger number 
of individuals than those for whom complete genome data allowed 
haplotype inference, we used SNP-based approaches to incorporate 
individuals who had been genotyped using sequence capture with 
the 1240k SNP array. We used qpAdm analysis (87) to group sam-
ples based on their locations and associated cultural or contextual 
dates (Fig. 4A and tables S6 and S7). As previously reported (15), we 
observe a dilution of steppe-related ancestry through a northeast to 
southwest cline. It is striking that the Bréviandes burial recapitulates 

the general continental admixture dynamics, particularly the dilu-
tion of steppe ancestry with ANF-WHG ancestry. To better pinpoint 
the date when this ancestry dilution took place, we plotted individu-
als’ percentages of steppe ancestry as a function of their calibrated 
radiocarbon ages and color-coded them according to geographical 
location (Fig. 4B), and to visualize better the global trends, we rep-
resented the local polynomial regression fitting of relative steppe 
ancestry proportions using the LOESS method (Fig. 4C). In steppe 
ancestry carriers, we observe a progressive decrease in the propor-
tion of genomic steppe ancestry in western Europe over a 1000-year 
period between ~3000 and ~2000 BCE starting from levels above 
~75% found in early CWC-associated individuals from Czechia 
in the 3000 to 2500 BCE period, slowly decreasing to ~50% for the 
late CWC- and BBC-associated individuals from Central Europe, 
as previously reported (17). In the following 1000 years (2000 to 
1000 BCE), the percentage of steppe ancestry appears to reach regional 
equilibria. In the Netherlands and the British Isles, steppe ancestry 
mounted to ~50% and remained at this level for over 500 years, ar-
guing for the almost complete absence of admixture with local peo-
ples of Neo-ancestry [Fig. 4, B and C, and (15)]. In France, we 
observe a decrease in steppe ancestry within a few hundred years 
between 2500 and 2250 BCE to around 35 to 40%, a value that ap-
pears to remain stable to at least 1700 BCE. Further incorporation of 
Neo-ancestry into the steppe ancestry background occurred during 
the southward migration of steppe ancestry carriers toward the Ibe-
rian Peninsula, leading to the dilution of steppe ancestry from ~25% 
during the Chalcolithic to ~13% during the Bronze Age [(15) and 
Fig. 4, B and C]. This north-south gradient of steppe ancestry per-
sisted in Europe up to the present (5).

Strikingly, the Bréviandes collective grave gives a real-time snap-
shot of the dilution process of steppe ancestry during the southward 
migration, capturing it in action at the precise moment it occurred. 
The reconstituted YY corresponds to the earliest documented ar-
rival of steppe ancestry in France, between 2600 and 2500 BCE, fol-
lowed by the nearly contemporaneous individual CBV95 from 
nearby Ciry-Salsogne. This ancestry is found later in BBC individu-
als, whereas earlier individuals from these same regions do not carry 
this ancestry, whether associated with the BBC or not (table S7).

Two major pulses of steppe ancestry admixture
To infer the admixture dates between European Neo-ancestry– and 
steppe ancestry–related groups, we used fastGLOBETROTTER rely-
ing on phased haplotypes (88) and applied it to admixed individuals, 
FK and SMGB54, as well as 21 other admixed individuals post-2500 cal 
BCE. We estimated the timing of the admixture events in generations 
using a jackknife procedure to generate 95% confidence intervals 
(see Materials and Methods and raw results in table S8). We plot-
ted the calibrated mean sample age and inferred admixture dates as-
suming 28 years per generation (Fig. 5A and table S8). Since the 
distribution was suggestive of distinct pulses of steppe ancestry ad-
mixture, we evaluated whether every 21 measurements generated 
per individual through the jackknife procedure could reveal a multi-
modal distribution using a Gaussian mixture modeling (GMM) 
probabilistic clustering approach to represent the presence of sub-
populations. These 440 measurements led to a trimodal Pareto den-
sity estimation represented in Fig. 5B that was used to estimate the 
probability density function, and after using the expectation maximi-
zation algorithm for finding the local maximum likelihood, the data 
could be clustered in three Gaussian distributions (Fig. 5B), the best 
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Fig. 3. Fine-scale genetic structure of Late Neolithic ancestries. (A) The PC3-PC4 plot of the same PCA (top) showing only European Late Neolithic and Bronze Age 
samples colored based on their geographical locations and the locations of these samples on the geographical map (bottom). Individuals with and without steppe ances-
try are shown with squares and circles, respectively. The plot has been rotated clockwise to have a similar orientation as the geographical map. The fractions of variance 
explained by PC3 and PC4 are, respectively, 2.9% and 2.5%. (B) Normalized haplotypic length donations from two Late Neolithic groups, Northern France (Mont-Aimé) and 
Southern France (Rouquet), to the five female individuals from Bréviandes and other tested Late Neolithic individuals.
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Fig. 4. Spatiotemporal analysis of steppe ancestry. (A) Circular graph display of the three-way qpAdm models for Late Neolithic and Bronze Age individuals grouped 
by location, archaeological context, and dates. (B) Relative steppe ancestry proportions plotted against mean radiocarbon dating values. The names of individuals from 
France are shown with boxes and indication of geographical regions in France (E: East, W: West, S: South, N: North). For Bre445YY, the radiocarbon date of Bre445E is used. 
For Bre445HI, the radiocarbon date of Bre445FK minus one generation (28 years) is used. (C) Local polynomial regression fitting of relative steppe ancestry proportions 
plotted against mean radiocarbon dating values, excluding Bréviandes individuals and those without steppe ancestry. Gray areas represent a level of confidence intervals 
of 0.95.
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model supported by both the Bayesian information criterion (BIC) 
and a Pearson’s chi-square goodness of fit test (see Materials and Meth-
ods). The mean, SD, and proportion of these three Gaussian were esti-
mated to be 2611 ± 130 BCE (49.9%), 2947 ± 92 BCE (42.5%), and 
3266 ± 82 BCE (7.6%), and thus, the two most recent pulses account 
for more than 90% of the data. Strikingly, the admixture dates of the 
two individuals FK and SMGB54, 2949 ±  92 BCE and 2587 ± 
154 BCE, respectively, correspond almost exactly to the center of these 
two major pulses, showing that they are indeed representative of the 
global trends. Note that dating estimates of fastGLOBETROTTER 
rely on the size distribution of ancestral haplotype blocks, which are 
progressively reduced by meiosis-dependent recombination follow-
ing admixture. Since FK is an F1 hybrid between his steppe ancestry 
father YY and his Neolithic ancestry mother E devoid of steppe an-
cestry, no recombination event has yet taken place, and thus, the ad-
mixture date estimated between the two ancestries is that concerning 
his father YY. Nevertheless, FK is the product of an admixture event 
that took place around 2500 BCE, and is thus a direct witness of this 
most recent admixture pulse, although it cannot be detected from the 
size distribution of his haplotype blocks. Individuals associated with 

the BBC from southern France, the Netherlands, and Czechia showed 
initial admixture dates corresponding to the ancient major pulse, 
dating back to ~2950 BCE (YY showed a similar date, table S8). In 
contrast, admixture dates corresponding to around 2600 BCE, i.e., 
the most recent major admixture pulse, were inferred for other indi-
viduals from France including SMGB54, but also from the British 
Isles and Iberia.

We explored the results that could be inferred using an alterna-
tive admixture approach, DATES, which is based on unphased 
data (89), and thus does not leverage the extra resolution provided 
by haplotype blocks. Instead, DATES relies on the ancestry covari-
ance pattern between the test genome and those of two source 
populations. Previously, simulations revealed that DATES pro-
vides varying values in cases of complex admixture involving un-
equal contributions of three ancestral groups (89). Accordingly, 
when using DATES to evaluate admixture between steppe ancestry 
and Neo-ancestry farmers that are themselves admixed between 
ANFs and HGs, very different admixture dates were obtained for 
some test individuals, depending on which individuals were used 
to represent the Late Neolithic source population. These results 
show that the method is highly sensitive to uncertainties in the true 
structure of the source population: This is the case here as the east-
west migration of steppe ancestry occurs on a population substrate 
shaped by the east-west migration of Early Neolithic farmers of 
Anatolian origin increasingly admixing with HGs (table S10). In 
contrast, admixture dates estimated with fastGLOBETROTTER 
appear to be much more resistant to such uncertainties in the source 
population (table S10) as previously discussed (88).

The presence of admixture pulses between individuals with steppe 
ancestry and Neo-ancestry suggests that most steppe ancestry indi-
viduals preferentially interbred with individuals of similar ancestries 
and only rarely mated with Neo-ancestry carriers except during the 
pulse periods, thus preserving high levels of steppe ancestry for many 
generations. In contrast, when an individual with steppe ancestry in-
tegrated into a Neo-ancestry farmers’ group, his/her steppe ancestry 
would have been diluted in a few generations. Such an event can be 
detected clearly only in the first generations, as observed here in the 
collective burial of Bréviandes.

Sex-biased spread of steppe ancestry
To detect any potential sex bias in the spread of steppe ancestry, we per-
formed a ChromoPainter analysis on the imputed X-chromosome da-
taset of the best covered whole genomes, followed by a SOURCEFIND 
analysis to compare, in steppe ancestry carriers, the ancestry pro-
portions on the X chromosome with those found on the autosomes 
(Fig. 6 and table S11). To quantify potential sex biases, we calcu-
lated the ratio of steppe ancestry on the X chromosome to that of the 
autosomes and used a log2 transformation. An excess of steppe ances-
try on the X chromosome gives rise to a positive value, whereas a 
depletion, resembling an excess of Neo-ancestry, yields a negative 
value (e.g., +1 reveals a twofold steppe excess and −1 reveals a two-
fold steppe depletion and thus corresponding to Late Neo excess, i.e., 
ANF + WHG). As seen in Fig. 6, there is variability among individuals 
in the extent of ancestry transmitted preferentially on the maternal 
side, with some individuals showing a slight excess of steppe ances-
try on the X and others showing an excess of Neo ancestry. Among 
the 38 steppe ancestry carriers from CWC, BBC, and Bronze Age 
Europe for whom whole genomes are available, 18 showed at least 
20% excess of steppe ancestry on the X [log2(ratio) > 0.26], while 
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Fig. 5. Inference of admixture dates. (A) Admixture dates and their 95% confi-
dence interval of generation times (in black) inferred by the fastGLOBETROTTER 
software and mean radiocarbon dating values of individuals. (B) Density curve of 
admixture dates calculated from the number of inferred generations per autosome 
subset of individuals that were estimated by the jackknife resampling step of fast-
GLOBETROTTER, corresponding to 22 estimations from each chromosome subsets 
per individual from a total of 20 individuals or grouped individuals. The 440 date 
estimations are represented at the bottom of the graph as bars. The blue curve 
represents the Pareto density estimation computed from these 440 measurements 
that was used for Gaussian mixture modeling (GMM) probabilistic clustering. The 
three Gaussian issued from the best supported model (see Materials and Methods) 
are represented by black lines, whereas the red line represents the best GMM mod-
el corresponding to the Pareto density estimation of the data.
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12 showed a similar depletion of steppe ancestry, and thus at least 20% 
excess Neo-ancestry on the X [log2(ratio) < −0.26], and the remaining 
8 were balanced [−0.26 <  log2(ratio) < 0.26] (Fig. 6 and table S11). 
Among the 12 individuals with depleted steppe ancestry on the X 
chromosome, 5 had an even lower level (ratio of steppe ancestry 
X:A < 0.4 corresponding to a 2.5-fold or more higher Neo-ancestry on 
the X): the 3 individuals from southern France, 1 BBC man from the 
British Isles (I2445), and individual Bre445FK who had no steppe an-
cestry on the X. Although there were more individuals with an excess 
of steppe ancestry on the maternal lineage, this excess was generally of 
smaller amplitude: Among these 18 steppe ancestry individuals, only 
1 showed steppe ancestry that approached the level of excess observed 
for the individuals with high Neo ancestry: the male BBC individual 
SMGB54. He had a 2.4-fold excess of steppe ancestry on the X, reach-
ing 86% on this chromosome, well above the 36% found on the auto-
somes, indicating that his maternal lineage had a higher proportion of 
steppe ancestry than his paternal lineage, although his Y chromosome 
showed characteristic steppe ancestry (R1b1a1b1a1a, also known as 
P310/PF6546/S129). SMGB54, as well as two BBC or early Bronze Age 
individuals from the British Isles, two BBC individuals from the 
Netherlands, two BBC individuals from Czechia, and one CWC indi-
vidual from Poland, have very high proportions of steppe ancestry 
(>80%) on the X chromosome. This pattern of maternal lineages with 
strong steppe dominance indicates that steppe ancestry women mated 
less frequently with Neo-ancestry men than steppe ancestry–carrying 
men mated with Neo-ancestry women. These asymmetric admixture 
events, when captured a few generations after the mating event, at the F1 
level as in the case of BRE445 males, or a few generations later, as in the 
case of the southern France individuals or the British Isle BBC individ-
ual, led to a marked imbalance of Neo-ancestry on the X chromosome. 
Thus, the sex bias appears bimodal when analyzed on the present data-
set, with Neo-ancestry women admixing more frequently with steppe 
ancestry men than Neo-ancestry men admixing with steppe ancestry 
women. This low frequency of admixture involving Neo-ancestry men 
is also visible on the Y chromosome since out of 21 men of steppe an-
cestry in this well-covered genome dataset, only 2 carried a Y chromo-
some distinct from the typical steppe ancestry R1b1a1b1 (Fig. 6 and 
table S11), as previously observed in several studies (11, 15).

DISCUSSION
Our high-resolution genomic analysis of the Late Neolithic collec-
tive burial BRE445 illuminated the mechanisms and direction of 
admixture processes in western Europe between Neolithic farmers 
and descendants of Pontic-Caspian steppe nomads. The genome 
coverage was sufficiently high to impute and phase the haplotypes 
and enabled us to use tools that maximize the precision inherent to 
haplotype analyses, and thus detect signatures distinguishing Neo-
ancestry individuals by geographic origin.

Biological and social relatedness between the individuals of 
a Late Neolithic collective burial in the Paris Basin
In the collective grave of Bréviandes 445, the genomes of the three 
Neo-ancestry women show closer affinity to Neo-ancestry individu-
als from southern France and the Iberian Peninsula than to contem-
porary individuals from northern Europe, suggesting that either the 
women or their ancestors came from southwestern Europe (Fig. 3). 
Among these women, only two show 87Sr/86Sr isotopic signatures 
that might reveal lifetime mobility, whereas all other individuals 

show signatures of lifetime residency in the area. The isotopic signa-
tures obtained for the BRE445 individuals do not provide unambig-
uous identification of the origins of these two women, but in tandem 
with their genetic signatures, they are compatible with earlier-life 
mobility from southern France. This result would be in line with 
previous results of combined genetic and isotopic analyses of BBC 
burials revealing large-scale mobility and at least partial female ex-
ogamy during the Middle Neolithic, BBC, and Bronze Age periods 
(90, 91). Although it cannot be firmly established that the point of 
origin of the lifetime mobility of these two women is in southern 
France, we note that for a southern genetic signal to be preserved in 
northern France, one would need to consider preferential mating 
over generations among Neolithic people of southern ancestry. 
The southern genetic signature detected in all BRE445 women of 
pure Late Neolithic ancestry buried in the same grave suggests that 
this common southern origin may be one of the factors that have 
contributed to their shared identity, i.e., their cognate kinship rela-
tions maintained beyond death, which is in support of a preferential 
mating pattern. The more generations separate the southern source 
population from the migrant individuals living in northern France, 
however, the stronger the mating preference must have been to 
maintain for several generations a genomic signature from the 
south. Therefore, it seems more parsimonious to us to consider that 
the Bréviandes individuals or their ancestors migrated recently from 
the south to the north, women E and B possibly during their life-
times as this is compatible with their strontium isotope signatures.

Through use of ancestry profiles, genealogies, and 87Sr/86Sr iso-
topic signatures, we propose the following narrative, although others 
are possible: E moved to Bréviandes before or after having met YY, 
likely a member of an ethnic group descending from steppe nomads. 
YY might have been a member of the “warrior youth bands,” hypo
thesized by Kristiansen and colleagues (31), who “abducted” Neo-
ancestry women, but this remains speculation. Neo-ancestry E, however, 
continued her life in a Neolithic community where she gave birth to 
FK who grew up in this Neolithic context. FK had a son, HI, with the 
Neo-ancestry woman A. Father FK and son HI died at the same time, 
or HI shortly after his father. FK, A, and B, all died as middle-aged 
adults. The only older individual belonging to the first generation was 
E. Individual B, who might also have come from another location, 
maybe as a child, settled at Bréviandes and had a child with a Neo-
ancestry man not present in the burial. Individual C might have been 
a foster child. The combined genetic, anthropological, and archaeo-
logical results identify this collective grave as a kin group with both 
purely social and biological ties important enough to be conserved in 
the burial. Kingroups are indeed recognized as social constructions 
and kinship practices known to vary largely (92). The physical appear-
ance of the individuals, as determined through genotyping analysis 
on the forensic HIrisPlex-S assay (93), did not distinguish them from 
other Neolithic individuals [e.g., (63, 64, 71, 94)]. They all had genetic 
signatures suggesting brown eyes, intermediate to darker skin, and 
dark hair, except for FK and E whose hair could have been chestnut-
colored. Thus, their physical appearance does not deviate much from 
other Neolithic individuals published.

European-wide sex-biased admixture process involving 
steppe ancestry revealed in genomes of the 
Bréviandes burial
While most details of these individuals’ life histories cannot be re-
constructed, this peculiar burial reveals some aspects of the arrival 
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of steppe ancestry in France. Grandfather YY was the carrier of the 
steppe ancestry that we found in the genomes of his son FK and 
grandson HI (Figs. 2B and 4A). While the proportion of steppe an-
cestry in the reconstructed pseudodiploid genome of YY (~66%) 
resembles that seen in contemporary CWC individuals in Poland 
(16, 64) and Bohemia (17), it is reduced twofold in his son FK to a 
proportion otherwise found in Late Neolithic and Bronze Age indi-
viduals from Germany, Switzerland, and southern France (15, 65, 
70, 77). In YY’s grandson, this steppe ancestry is further reduced 
twofold to levels found in Bronze Age Spain and Italy (15, 95, 96). 
Thus, within only two generations, incorporation of Neo-ancestry 

into the admixed steppe-Neo gene pool reduced steppe ancestry to 
a level otherwise observed in individuals post-2500 cal BCE. The 
speed of this ancestry reduction, and the low frequency of admix-
ture during the initial steppe ancestry expansion in western 
Europe, might explain why steppe-Neo admixture has escaped ob-
servation so far: It must be captured in real time to be visible, as was 
possible in BRE445. This burial is a lucky case, a snapshot of a mat-
ing event involving a steppe ancestry individual who could be con-
sidered as an early steppe ancestry pioneer. He probably came to 
France from the Lower Rhine, given his northern European genetic 
signature.

Fig. 6. Comparative analyses of the extent of steppe ancestry on chromosome X and autosomes. The two upper panels represent the proportion of steppe, WHG, 
and ANF ancestry as estimated using SOURCEFIND on either the autosomes or the X chromosome (top and bottom panels, respectively). The third panel represents the 
log2 of the ratio of steppe ancestry of the X chromosome to that of the autosomes. The fourth and lower panel represents the radiocarbon dating of the samples (average 
and 95% confidence interval). The women whose steppe ancestry proportion on the X is contributed by two chromosomes are indicated by the Venus symbol. The Y-
chromosome haplogroup of the two men that do not carry the typical steppe ancestry (Y haplogroup R1b1a1b1) are indicated: One CWC man from Poland (haplogroup 
I2a1b1a2b1) is indicated as I2, and one man from Bronze Age Croatia (haplogroup G2a2a1a2a2a1) is indicated as G2 (see table S11 for the various ancestry proportions 
and ratios and the precise Y haplotypes).
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This result unveils the fundamental elements of the early-phase 
admixture process between local Neo-ancestry and migrating 
steppe ancestry groups, as well as the groups’ most likely mating 
behavior. The stark dilution of steppe ancestry within two genera-
tions following admixture as observed in the Bréviandes family 
snapshot highlights the difference in mating behavior in this case 
versus situations when steppe ancestry dilution was much slower or 
almost inexistent. For individuals to retain substantial steppe ances-
try across generations, exceeding the at least 70% found in most Late 
Neolithic and Bronze Age individuals from eastern and Central Europe 
(5, 15–17, 70, 77, 95), they must have mated mostly with people of 
similar ancestry, and only sporadically with Neo-ancestry farmers. 
This mating pattern matches previous demographic inferences based 
on modeling of captured genomic data (97).
One minor and two major steppe-Neo admixture pulses
Using an admixture dating tool adapted to haplotypes, fastGLOBE-
TROTTER (88), we estimated that admixture between individuals 
with steppe- and Neo-ancestry was not linear but rather followed a 
trimodal distribution pattern (Fig. 5 and table S8). A first but small 
admixture pulse observed around 3300 BCE may have resulted from 
the encounter of steppe nomads and Late Neolithic individuals in 
the steppe-forest zone between the Dniester and Dnieper. These 
pastoralists were genetically distinct from the Eneolithic steppe 
groups as they bore also small amounts of ANF-related ancestry in 
their genomes that can be explained by occasional admixture be-
tween Early Bronze Age individuals from the western Black Sea re-
gion and steppe pastoralists whose graves have been found as far 
west as the Carpathian Basin (61).

This first admixture event seems to have been of limited extent. It 
was followed some 300 years later by a larger admixture pulse around 
2950 BCE (Fig. 5), identified in individuals from central and north-
ern Europe [e.g., (5, 16, 17, 66, 98)]. The second admixture pulse 
involved many more individuals than the first, and we therefore re-
fer to it henceforth as the “first major admixture pulse.” This major 
admixture process corresponds to the admixture observed in previ-
ous studies (5, 66, 67, 99, 100). The corresponding communities must 
have been steppe-related on one hand and GAC-related on the 
other. The genetic legacy of the GAC-associated individuals has been 
identified as major contributors to later CWC-associated individu-
als (66). These first minor and major admixture pulses between mi-
grating individuals with steppe ancestry and local individuals with 
Neo-ancestry appear sex-biased, as early CWC-associated individu-
als were detected with higher steppe ancestry on the autosomes than 
on the X chromosome (77). These first admixture pulses were fol-
lowed by a period of relative stasis, when CWC-associated individu-
als mated preferentially with individuals of similar, predominantly 
steppe ancestry, leading to many generations of individuals with 
stable 70 to 80% steppe ancestry. This slightly admixed population 
pursued its migration to the north and west of Europe and only oc-
casionally mated with local Neo-ancestry farmers, as described, for 
example, in southern Poland (64).

In western Europe, around 2600 BCE, we detect a new pulse of 
admixture between Neo-ancestry and steppe ancestry in the ge-
nome of SMGB54 from Saint-Martin-la-Garenne “Les Bretelles” as-
sociated with the BBC (2339 to 2139 cal BCE) and harboring ~40% 
steppe ancestry (Fig. 5 and table S8). The high proportion of steppe 
ancestry and the long steppe ancestry haplotype chunks in the 
SMGB54 genome point to a recent admixture event, about 12 gen-
erations before his birth. This event could have occurred in northern 

France, where individuals with northern steppe ancestry admixed 
with carriers of southwestern Neolithic genomes without steppe an-
cestry as seen in the BRE445 grave. Thus, both SMGB54 and the 
male individual FK from the Bréviandes grave are evidence of the 
major second pulse of admixture between steppe- and Neo-ancestry 
individuals. FK being an F1 hybrid, his haplotype block length was 
not yet reduced by recombination, and therefore did not affect the 
admixture date inferred from the size distribution of the haplotype 
blocks, but this new admixture could be inferred from its F1 hybrid 
status. The high amount of steppe ancestry introduced by this sec-
ond admixture pulse is detected also in later Bronze Age individuals 
from western Europe who, like SMGB54, do not show further ero-
sion of steppe ancestry. This observation let us infer that following 
the major second pulse, most individuals resumed their traditional 
mating preference for steppe ancestry carriers (44, 77).
Sex bias of the admixture process
Using a haplotype-based approach, we also detect differences in the 
extent of steppe ancestry on the X chromosome and autosomes in 
European individuals around 2000 BCE (Fig. 6 and table S11). The 
pattern reveals a bimodal sex bias of the admixture process between 
steppe- and Neo-ancestry individuals. Some individuals show a 
marked excess of Neo ancestry on the X chromosome. The two male 
individuals of BRE445 have an infinite excess of Neo-ancestry on 
the X chromosome since their mothers were devoid of steppe ances-
try. A male BBC individual from England [I12445, (15)] also showed 
a high excess of Neo-ancestry on the X chromosome. His maternal 
X chromosome, however, bore traces of steppe ancestry, and his 
steppe ancestry amounts to half of his genome, indicating that the 
maternal autosomes must have substantially contributed, although 
he was not an F1 hybrid between parents of pure Neo-ancestry and 
steppe ancestry. The excess of Neo-ancestry on the X chromosome 
of this BBC individual from England reveals a history of several 
generations of admixture with women of Neo-ancestry. Such an ex-
cess of Neo-ancestry on the X chromosome is also visible in the 
three individuals from southern France whose genomes were ame-
nable to this analysis. This high frequency of Neo-ancestry excess on 
the X chromosome in southern France may indicate regional biases 
in the pattern of admixture. The finer evaluation of such regional 
and temporal differences in the admixture pattern, however, will re-
quire more extensive and high-quality whole-genome sequencing to 
be reliably detected.

In contrast, many individuals did not show an excess of Neo-
ancestry on the X chromosome. On the contrary, a larger propor-
tion of individuals showed an excess of steppe ancestry on the X 
chromosome, although this excess was not as high as that found in 
individuals with very recent maternal Neo-ancestry. The highest 
excess of steppe ancestry on the X chromosome was found in the 
male BBC individual from the Parisian Basin, SMGB54, whose ma-
ternal X chromosome has more than 80% of steppe ancestry. Twen-
ty percent of the individuals analyzed (8 of 40) showed an excess of 
80% steppe ancestry on the X chromosome. The maintenance of 
such a high proportion of steppe ancestry on the X chromosome 
indicates that for many generations women have not received an X 
chromosome with full Neo-ancestry from their father, since such a 
situation would have introduced large chunks of Neo-ancestry on 
the X chromosome. Thus, the bimodal pattern of ancestry on the 
X-chromosome appears to result from a mating bias: Men of steppe 
ancestry occasionally mated with women of Neo-ancestry, where-
as women of steppe ancestry mated less frequently with men of 
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Neo-ancestry. Such a pattern of admixture is also supported by the 
vast excess of steppe ancestry Y haplotypes detected during the 
Late Neolithic to Bronze Age transition in western Europe (11, 15) 
as well as in the dataset analyzed herein where 22 of 24 male indi-
viduals carry a R1b1a1 Y haplotype. Although admixture of steppe 
ancestry men with Neo-ancestry women occurred at various points 
in time, the bimodal pattern detected in the admixture timing indi-
cates that these admixture events were more frequent during the 
two phases of westward expansion of individuals with steppe an-
cestry. Individual FK could be considered the earliest representa-
tive of this major second sex-biased admixture pulse, detected as it 
occurred.

This brief but rather general pattern of admixture with Neo-
ancestry women in western Europe around 2600 BCE suggests a 
modification of the modalities or rhythm of the westward expansion 
of steppe ancestry carriers when reaching the Rhine. Between the 
first and the second pulse, wandering pioneers would have main-
tained contacts with their original CWC groups, a behavior that 
would have presented sufficient opportunities for mating with part-
ners with similar steppe ancestry. An exchange pattern of females of 
steppe ancestry was detected in the Lech Valley in Germany during 
the BBC and Bronze Age (77). This pattern may thus have been a 
general trend associated with steppe ancestry groups, which could 
explain the relative population stasis after the first pulse of admix-
ture. The three admixture pulses suggest rapid expansion of male-
dominated pioneer groups moving in a single generation over 
distances too long to maintain “mating links” with their community 
of origin. This process would have led to more active recruitment of 
local women of Neo-ancestry and more rapid dilution of steppe an-
cestry, as seen in Bréviandes where we observed the phenomenon in 
real time. Grandfather YY likely represents such a pioneer and is the 
first witness of the arrival of steppe ancestry in France. The traces 
left in the later steppe ancestry descendants reveal that similar 
events happened elsewhere. This dilution of the steppe ancestry in 
the Neo gene pool is in agreement with archaeological data and pro-
vides no evidence for a replacement of the local Neolithic cultures 
by the early phase BBC (44). Strikingly, the second major admixture 
pulse occurred at the time when the BBC spread throughout Europe, 
in association with steppe ancestry. It is tempting to speculate that 
these two events were linked, particularly in light of the proposal 
that the MBBs originated from a Neolithic/Chalcolithic community 
of Neo-ancestry in the Iberian Peninsula (54).

Blending of populations and associated cultures
Encounters between steppe people and Neolithic communities 
and the emergence of the CWC
The first minor admixture pulse must have occurred around 3270 BCE 
in the steppe-forest contact zone in eastern Europe between emerg-
ing Yamnaya pastoralists from the steppes, whose graves have been 
found as far west as the Carpathian Basin, and the Neolithic world 
further west. This admixture must have taken place when steppe 
people moved to the west and the Baden culture expanded to the 
east and the GAC from eastern Poland to the Danube delta and the 
Dnieper area [e.g., (20, 48)]. The contact between these communi-
ties did not lead to large-scale cultural transformations identifiable 
in the archaeological record and might have been driven by small 
pioneer groups.

The first major admixture pulse that peaked around 3000 to 
2900 BCE was a large-scale event, and it likely drove the spread of the 

regionally diversified material cultures unified under the term CWC/
single grave culture manifested in eastern Europe at the turn of the 
third millennium BCE (20). The earliest radiocarbon-dated single 
graves associated with the CWC have been found in northern Germany 
and Denmark around 2900 BCE [e.g., (48)]. This first major admix-
ture pulse came to a halt rather quickly, less than 10 generations later, 
and can be explained only with a stark diminution of the interac-
tions between CWC-associated and other Neolithic groups. There is 
archaeological evidence in support of this hypothesis. For instance, 
in the Netherlands, a lack of interaction is recorded between CWC-
associated and coexisting Late Neolithic Vlaardingen/Stein–associated 
groups (~3400 to 2450 BCE), and exotic objects originated exclusively 
from areas occupied by other CWC communities (22). It also has been 
recognized that throughout the third millennium BCE, the CWC 
communities were strongly interconnected and individual mobility 
was high (21, 27).
North-south and south-north movements of pots and people 
in western Europe
In the middle of the third millennium BCE, French Pressignian dag-
gers appeared in AOO/AOC graves and exotic objects were traded 
over long distances throughout Europe (22). These elements coin-
cide with the second major admixture pulse inferred around 2600 BCE 
and recorded in the archaeological record of France. The cultural 
attributes of the 2574 to 2452 cal BCE individual CBV95 from 
Ciry-Salsogne [notably an AOC beaker and a Grand-Pressigny flint 
dagger (40)] associate him with the single grave AOC/AOO com-
plex. His cultural origin is reflected in both his high steppe ancestry 
proportion (~68% steppe ancestry) and his Neolithic genomic pro-
portion that relates him to the northern/central European cluster 
associated with the Late Neolithic and Early Bronze Age single burial 
complex established in central Europe (5, 29). This individual could 
be the descendant of an admixture event dated to the first major 
admixture pulse, but the genome coverage was not high enough for 
a high-resolution analysis. The genome of the male individual 
from Saint-Martin-la-Garenne (SMGB54) is characterized by ~36% 
steppe ancestry. SMGB54 was buried according to BBC funeral ritu-
als (body in a crouched position on the left side, head oriented to the 
north-east), and his shale wrist guard might be the attribute of an 
archer, either a hunter and/or a warrior, but could also be symbolic 
(58, 101). Stone wrist guards are prestigious grave goods only found 
in some BBC graves and rarely in domestic contexts. While their 
functional role is debated, they might indicate a higher-ranked so-
cial status (22, 32, 58, 101). This cultural attribute, along with his 
steppe ancestry and genomic clustering with people from south-
western Europe, could make SMGB54 a witness of admixture in one 
of his ancestors between northern AOC pioneers moving southward 
and Neolithic/Chalcolithic MBB users from southern France or the 
Iberian Peninsula moving northward. Thus, SMGB54 might reflect 
both northward movement of his ancestors during the early stage of 
the BBC along the Atlantic coast followed by inland incursion along 
the river Loire and across the Gâtinais to the Seine valley, and south-
ward movement from AOO/AOC pioneers (see also Supplemen-
tary Text).

Although thus far in northern France, the individuals found buried 
with AOO/AOC beakers and MBBs have all been carriers of steppe 
ancestry, this is not the case in southern France and the Rhine valley. 
The collective grave goods in southern France showing Iberian 
influence assigned to the early BBC period can be associated with 
individuals who are not steppe ancestry carriers, as follows: (i) two 
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individuals from the Grotte Basse de la Vigne Perdue, one of whom 
(GBVPL; 2574 to 2473 cal BCE) was contemporaneous to the clas-
sical Veraza culture when the first BBC intrusions could have taken 
place, whereas the other (GBVPK; 2461 to 2299 cal BCE) belonged to 
the Late Pyrenean BBC, carrying steppe ancestry (65); (ii) an indi-
vidual from the BBC period buried with others in the Dolmen des 
Peirières [PEI2; 2563 to 2308 cal BCE (11)]; (iii) a BBC burial at 
Hegenheim in Alsace accompanied by a vessel decorated in mixed 
maritime style from the early BBC tradition [I1392; 2832 to 2476 cal 
BCE (15)]. These individuals may be evidence of the Rhône-Saône 
valley BBC expansion through traveling craftspeople such as potters 
or archers (51). The Upper Rhône Valley records discontinuities 
between the Neolithic and the Bronze Age funerary pottery styles 
change between 2600/500 and 2200 BCE (51). The modifications of 
funerary monuments and stele engravings, as well as the individual-
ization and modification of grave goods indicate a profound cultural 
change in these interconnected “communities of practice” (51). This 
change is also reflected in the shift from distant raw material sources 
(such as the Grand-Pressigny flint mines) to local ones, thus hinting at 
a transformation of exchange networks (51).
The establishment of the BBC in France
The genomic heterogeneity in the BBC horizon in France can be 
considered as a representative snapshot of the continuous assimila-
tion of the BBC sociocultural model without abrupt population re-
placement by people with steppe ancestry, contrasting the situation 
in the British Isles where the population with Neo-ancestry seems 
to have been replaced by steppe ancestry carriers (15). The transfor-
mation process in southern France may thus have integrated region-
ally diverse trends with varying rejection and acculturation, as 
observed in the archaeological record [(102) and citations therein]. 
The spread of this new BBC ideology in France seems to have been 
accompanied by heterogeneous local and intra-regional admixture, 
involving only certain individuals. Their admixed descendants were 
absorbed in the Late Neolithic communities, as at Bréviandes, and 
buried in collective graves following various Middle and Late Neo-
lithic deposition customs that differ from those of the CWC and 
later BBC traditions (see text S1), or alternatively, the admixed de-
scendants were not buried, thus escaping archaeological and pale-
ogenomic studies. Other admixed individuals of groups that had 
developed or adopted the new ideology, however, were buried in 
single graves (29, 59). Those individuals that have been excavated 
and analyzed genomically revealed that further admixture with the 
local population was not common, leading to both the gradual dis-
appearance of the former Neolithic culture and the transformation 
of the Neolithic genome.

The integrated analysis of genomic data from this study with pre-
viously published genomes from other areas unveil that northward 
traveling MBB and collective grave users from southwestern Europe 
and southward-traveling AOO/AOC beaker–using steppe ancestry 
carriers met in northern France. We propose that this meeting led to 
the second major admixture pulse detected in this study. Therefore, 
we hypothesize that the BBC arose as a synthesis of cultural ele-
ments from the encounter in France of southwestern Chalcolithic 
MBB and collective grave users and northwestern AOO/AOC bea-
ker users with single grave burial rituals, leading to an admixed 
group, in agreement with the proposal that both the CWC and the 
BBC arose through interaction and mixing of individuals with a mi-
grant background and people with stronger local roots (13, 29). 
While the BBC integrated into the preexisting cultural fabrics, most 

settlements associated with the previous Neolithic traditions ceased 
to exist a few generations after the emergence of the single grave 
burial rituals in these regions [e.g., (29, 45, 101)]. This observation 
suggests that the populations with local roots increasingly adopted 
elements related to the settlement and economic customs of the im-
migrants by adopting their lifestyle [e.g., (29, 44, 45, 51, 102)].

After 2500 cal BCE, the descendants of this admixed group 
moved southward, as postulated by the “Rückstrom hypothesis” 
(103), probably via ancient western Alpine jadeite trade routes, 
mating in southern France and the Iberian Peninsula with individ-
uals associated with preexisting Neolithic traditions and forming 
Mediterranean enclaves, thus recruiting additional southwestern 
Neo-ancestry into the admixed steppe-Neo ancestry. Interactions 
between MBB users and local Neolithic groups have been reported 
from graves in southwest and southern Mediterranean areas con-
taining beakers of both styles, AOO/AOC and MBB, with the local 
traditions being more associated with the indigenous production 
of the latest Neolithic [(102) and citations therein]. This process 
would explain the establishment of a north-south steppe ancestry 
gradient, as it is still present today. The persistence of this ancestry 
gradient, and the maintenance of steppe ancestry in the European 
genome to the present day, argues for a higher reproductive rate of 
individuals with steppe ancestry in the later phase of the BBC, ulti-
mately outcompeting the farmers carrying solely Neo-ancestry. The 
merging of genomes and cultural practices would have led to the 
emergence of a “hybrid” culture that continued to evolve and rap-
idly spread all over Europe. In support of this hypothesis are vari-
ous bell beaker decorative styles in northwestern France that have 
been interpreted as hybrids, reflecting mutual influences between 
the Iberian and the Rhine decorative traditions (46). Thus, the hy-
pothesis of merging genomes and blending of cultural elements 
matches and supports previous propositions solely based on ar-
chaeological evidence.

To conclude, our study of a Late Neolithic burial enables direct, 
quasi–real-time observation of the trimodal admixture processes in 
Europe between 3300 and 2600 cal BCE as steppe ancestry people 
dispersed and mixed with local Neo-ancestry groups or individuals. 
The generalization of the results obtained from our data suggests 
that this genomic transformation took place during a period of pro-
found cultural change. The proposed admixture processes via two 
major pulses would also explain a shift to the profoundly different 
societal system observed in the Bronze Age (77) that eventually led 
to the replacement of the Neolithic genomes. Thus, this transforma-
tion concerned both the cultures and the biology of the populations 
involved, and led to the establishment of the genomic structure of 
the European population that still exists today.

MATERIALS AND METHODS
Radiocarbon dating and strontium isotope analysis
The samples were AMS 14C-dated at Tandem Laboratory, Uppsala 
University, Uppsala, Sweden. The 87Sr/86Sr isotope analyses were 
performed by P. Fullagar under the direction of T. D. Price (Archae-
ological Chemistry, University of Chapel Hill, NC 27599, USA).

DNA extraction and library construction
Ancient DNA work was carried out in a high containment labora-
tory as described (104–106). The dense pyramidal parts of the pe-
trous bones of the individual BRE445 and the individual SMBG54 
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were isolated using a flame-sterilized diamond disc of a Dremel. 
Bone pieces were then ground to fine powder in a 6775 Freezer/Mill-
Spex SamplePrep in liquid nitrogen as described previously (11). 
The further protocol deviated from the previous one. Briefly, about 
100 mg of bone powder was washed three times for 15 min each with 
1 ml of 0.5 M sodium phosphate buffer at pH 8.0. Each sample was 
rinsed with 1 ml of TT buffer made of 10 mM tris-HCl (pH 8.0) and 
0.1% Tween 20. One milliliter of extraction buffer [0.5 M EDTA (pH 
8.0), 0.05% Tween 20, proteinase K (250 μg/ml), and 0.14 M β-
mercaptoethanol] was added to each sample and incubated on a ro-
tating wheel for ~30 hours at 37°C. After this first incubation, the 
samples were centrifuged at 6000g for 1 min. The supernatant was 
removed and kept for purification. Another 1 ml of extraction buffer 
was added to the pellet and, after resuspension, incubated for an-
other 30 hours on a rotating wheel at 37°C. After this second incuba-
tion step, all samples were centrifuged at 6000g for 1 min. The 
supernatants from both incubation periods were pooled together in 
2-ml tubes, mixed well, and then centrifuged at maximum speed for 
2 min. One milliliter of the supernatant was used for the following 
purification step using 5M40 binding buffer [5 M guanidine HCl, 
40% isopropanol, 120 mM sodium acetate (NaAc) (pH 5.2), 0.05% 
Tween 20; (107)]. One milliliter of each sample extract was purified 
with ~10 ml of 5M40 binding buffer through Qiagen columns under 
vacuum, rinsed twice with 1 ml of Buffer PE (Qiagen), and eluted 
with twice 30 μl of TET buffer [10 mM tris-HCl (pH 8.0), 1 mM 
EDTA, 0.05% Tween 20] following (108).

Libraries were constructed using 6 μl of extract and the NEBNext 
Ultra II DNA Library Prep Kit for Illumina (NEB, Ipswich, MA, 
USA) after a pretreatment with USER enzyme mix (NEB, Ipswich, 
MA, USA) as described by the manufacturer. An unindexed Y-
shaped adapter was ligated, the ligated libraries were first amplified 
for eight cycles with the Illumina Rd1 and Rd2 sequencing primers, 
and then 20% of the library was further amplified for 12 cycles with 
Illumina unique dual indexed adapter primers. The libraries were 
purified using 1.3 volume of SPRI beads (Macherey-Nagel Nucleo-
Mag NGS Clean-up and Size Select) for two successive rounds of 
purification.

Processing of sequencing data
All data processing steps were performed using shell instructions 
and in-house written scripts. The raw output of Illumina sequencers 
was in the BCL format. Because of the high number of in-house bar-
codes used, we performed the initial demultiplexing and fastq con-
version using bcl2fastq (Illumina) on the laboratory server. Sequence 
quality was assessed using FastQC (Babraham Bioinformatics, http://
www.bioinformatics.babraham.ac.uk/projects/fastqc). Paired-end 
reads were merged and trimmed for adapters using leeHom (109). 
Reads larger than 28 base pairs were selected using awk and mapped 
onto the Human Reference Genome hs37d5 using BWA (Burrows-
Wheeler Aligner) version 0.7.17 (110) with a seed length of 18. 
Aligned sequences in BAM format were processed with Samtools 
v.1.9 (111) to create index files and flagstat reports and to select and 
sort mapped reads. Picard tools (http://broadinstitute.github.io/
picard/) was used to remove duplicates. Multiple libraries were 
merged by Samtools v.1.9 before filtering by mapping quality (-q 20). 
Damage patterns were analyzed using mapDamage v.2.2.1 followed 
by end-clipping using BamUtil (https://genome.sph.umich.edu/
wiki/BamUtil:_trimBam). According to the damage pattern, three to 
four bases at the ends of each read were clipped for the User-treated 

libraries and 10 bases for non–User-treated libraries. Five Mbuti 
genome sequences (SRR1157019, SRR1157021, SRR1157023, 
SRR1157024, and SRR1157055) were mapped onto the hs37d5 hu-
man genome using bwa mem deduplicated and filtered for a map-
ping quality higher than 30.

Uniparental haplogroups, sex identification, and 
contamination estimation
To determine the sex of each individual, chromosome counts 
were performed using index statistics (idxstats) of Samtools on 
bam files by using exclusively the reads with mapping quality 
higher than 20 to prevent confounding effects from repetitive re-
gions. Then, the ratio of the proportion of read counts normalized 
to chromosome length for both the X and Y, normalized for each 
to the average of the autosomal proportion, was used. Mitochon-
drial and Y-chromosome variants were called using bcftools mpile-
up (options -B -q30 -Q30) and call (option –ploidy GRCh37) for all 
female and male individuals, respectively. The output mtDNA and 
Y chr vcf files were used as input to run HaploGrouper (112) to 
classify mitochondrial and Y haplogroups, respectively, following 
the example provided online (https://gitlab.com/bio_anth_decode/
haploGrouper) (table S1). The clipped bam files were used as in-
put to run Haplocheck (113, 114) for the estimation of contamina-
tion level. No contamination was detected in the mtDNA data. We 
used the ANGSD software to estimate contamination based on 
the X chromosome for male individuals (115).

Genotype calling and dataset preparation
We followed two different genotyping approaches, genotype imputa-
tion and pseudo-haploid calling, to prevent possible false calls from 
direct diploid genotyping due to low coverage of most ancient samples. 
To generate an imputed and phased dataset, first GLIMPSE (v.1.1.1) 
(116) was used to impute the ancient genomes, namely, 8 individuals 
from the current study and 111 publicly available ancient individuals. 
We followed the procedure described in the online Glimpse tutorial 
(https://odelaneau.github.io/GLIMPSE/glimpse1/tutorial_hg19.
html), using Genotype Likelihoods (GL) computed with Bcftools 
(mpileup -I -E, call -Aim parameters) using the 1000 Genomes Project 
phase 3 reference panel excluding the indels. Following imputation, we 
filtered out positions with minor allele frequency lower than 5% in the 
1000G reference panel. Under these conditions, based on the imputa-
tion accuracy (r2) estimated using the same procedure and reference 
dataset for ancient European genomes (117), we estimate that the im-
putation accuracy would range from about 0.95 for the least covered 
genome (BRE445A) to about 0.99 for the best covered one (BRE445FK). 
Then, we applied a further filtration to remove positions with any pos-
terior genotype probability lower than 0.99 and any missing genotype. 
For the bam files from shotgun sequencing or in-solution target cap-
ture, we used the autosomal sites in the 1240k SNP capture (71) using 
Samtools mpileup and the pileupCaller pipeline (https://github.com/
stschiff/sequenceTools), the bam files resulting from either shotgun 
sequencing or in-solution target capture.

Estimation of genealogy, pigmentation profile, and runs 
of homozygosity
We inferred the relatedness between individuals coming from the 
complex burial described in the current study using a combination 
of two complementary approaches, NgsRelate and READ (80, 81). 
We used a mixed group of 56 ancient western European individuals 
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covering the periods of the Middle Neolithic and Late Neolithic, as 
well as Bronze Age to provide a distribution of background allele 
frequencies with ancestry proportions similar to those found in 
the complex burial. The first NgsRelate (v.2) analysis was per-
formed using the allele frequency of these 56 individuals calculated 
from the genotype likelihoods of the bam files for all autosomes 
processed through ANGSD. To infer the pedigree, we performed a 
second NgsRelate analysis using ANGSD and the X chromosome 
data in the same manner. A third NgsRelate analysis was per-
formed using the imputed genotypes of these 56 individuals in vcf 
format. The estimated genetic relationship (theta) and Cotterman 
(k0, k1, k2) coefficients from these three analyses were compared 
to the ideal values obtained using simulations by Yaka et al. (118) 
(table S2). READ was used to analyze pseudo-haploidized geno-
types of individuals from the complex burial to further corrobo-
rate the NgsRelate-inferred relationships. We also calculated the 
normalized 1-P0 (mismatch rate) values from the output of Read 
as described (118) (table S2). To establish the pedigree shown in 
Fig. 1, we used the genetic relationships determined by these anal-
yses, the uniparental haplogroups (mitogenomes and Y chromo-
somes), the genetic sex, and the anthropological estimation of the 
ages at death.

To predict the pigmentation profile of the newly reported indi-
viduals, we used HIrisplex-S (93) on the imputed genotypes. We 
checked the HIrisplex-S output for consistency by manual verifica-
tion of the genotypes and allele depths obtained without imputa-
tion. Inbreeding was analyzed through HapROH (82) to identify 
ROH (runs of homozygosity) blocks longer than 4 cM on the Neo-
lithic individuals from France.

Population genetic analyses
We ran ChromoPainter/fineSTRUCTURE (85) on the imputed and 
phased data using different sets of individuals so that no relatives were 
analyzed simultaneously. We used four datasets including all unrelat-
ed individuals with the related individuals grouped as follows: (i) FK-
A-D, (ii) E-A-B, (iii) HI-B, and (iv) YY-A-D. After estimation of 
switch and mutation rates using 10 expectation-maximization (EM) 
iterations, each haplotype was painted using the others (-a 0 0). We 
applied fineSTRUCTURE’s Markov chain Monte Carlo (MCMC) 
model on the resulting coancestry matrices with 3,000,000 burn-in 
and 2,000,000 sampling iterations. After the extraction of the maxi-
mum observed posterior probability state and 100,000 hill-climbing 
iterations, the trees were inferred by using the maximum concordance 
state as it is used in the PoBI study (119). The PCA and the den-
drogram constructions were performed using the R functions from 
FinestructureLibrary.R (https://people.maths.bris.ac.uk/~madjl/fin-
estructure/finestructureR.html). For the Procrustes analysis to eval-
uate the correlation between various combinations of PCs with the 
geographic coordinates of the samples, we used the “vegan” package 
in R with procrustes() and protest() commands (120).

To obtain input files for SOURCEFIND v2 (86) and fastGLO-
BETROTTER (88) and haplotype donation profiles, we ran 
ChromoPainter v2 with 10 iterations of EM to infer parameters on 
chromosomes 1, 8, 15, and 22. Subsequently, the copy vector and 
painting sample files were generated for the 22 autosomes on one 
hand and for the X chromosome on the other hand using the in-
ferred parameters. To identify the haplotype donation from north-
ern and southern France, we used two groups of individuals from 
the contemporary Late Neolithic sites of Mont-Aimé (2H10, 2H07, 

1H13) and Rouquet (ROUQE, ROUQF, ROUQV) (65), respective-
ly, as the donor populations in the ChromoPainter v2 run. Neo-
lithic individuals from Bréviandes were used as recipient groups, 
alongside, as controls, two individuals not used in the initial donor 
populations, one from Mont-Aimé (1H04) and one from Rouquet 
(ROUGH), another southern France Late Neolithic individual 
from a distinct site in the vicinity of Rouquet (GBVPL), and a 
Chalcolithic sample from Northern Spain (I5838). Using the coan-
cestry matrix of chunk lengths, the expected length of haplotypes 
that the given recipient individual copies from two Late Neolithic 
donor populations were normalized by the average values for each 
recipient individual to show their haplotype donation profile. For 
SOURCEFIND and fastGLOBETROTTER analyses, the ancestral 
groups, ANF (Bar31, Bar8, I0707, I0745, I0708, I1580), WHG 
(Loschbour, Bichon, R15, La Brana, KO1, SC2), and Yamnaya 
(I2105, RISE548, RISE552, Yamnaya) (see table S4), were used as 
donor populations to paint recipient individuals. For SOURCEFIND 
estimations on the X chromosome, individual-based datasets were 
prepared including only one test individual together with ANF, WHG, 
and Yamnaya groups. This allowed us to keep only shared genomic 
positions between tested individuals and ancestral groups after geno-
type probabilities (GP) and missingness filtrations without any loss 
of data due to unshared positions between tested individuals. For 
fastGLOBETROTTER inferences, we prepared a subset of the dataset 
used in ChromoPainter/fineSTRUCTURE analysis by including only 
the recipient individuals (see table S8) and donor populations to re-
duce the loss of data after GP and missingness filtrations, thus using 
4,281,610 site sets for analysis. We ran fastGLOBETROTTER to infer 
the admixture dates for each individual by using Yamnaya and Late 
Neolithic (1H13, 2H10, ROUQE, ATP2, Koszyce_3_10, Koszyce_3_1) 
ancestral groups as surrogate populations followed by a jackknife 
resampling step dropping one of the 22 autosomes at a time as de-
scribed (88) to calculate the confidence intervals. These confidence 
intervals were calculated using the delete-mj jackknife variance esti-
mator formula of Busing et al. (121). Density curves were computed 
using admixture dates calculated from the number of inferred genera-
tions per autosome subset of individuals that were estimated by the 
jackknife resampling step of fastGLOBETROTTER, corresponding to 
22 estimations from each chromosome subsets per individual from a 
total of 20 individuals or grouped individuals, thus using 440 date es-
timations for density plot analyses. Since the data distribution indi-
cated the presence of distinct pulses of steppe ancestry admixture, we 
used a GMM probabilistic clustering approach for representing the 
presence of subpopulations. To do this, we used two R packages, 
mclust (122) and AdaptGauss (123). Using mclust, we identified the 
most likely mixture model as three Gaussian of unequal variance us-
ing the BIC for parameterized mixture models given the log likeli-
hood, the dimension of the data, and number of mixture components 
in the model. We explored it further using AdaptGauss that also es-
timated the three-Gaussian model as most likely after deriving the 
Pareto density estimation represented in Fig. 5B and using the expec-
tation maximization algorithm to find the local maximum of the like-
lihood. The resulting three Gaussian curves (Fig. 5B) had a mean, SD, 
and proportion estimated at 2611 ± 130 BCE (49.9%), 2947 ± 92 BCE 
(42.5%), and 3266 ± 82 BCE (7.6%). The null hypothesis that the esti-
mated data distribution does not differ significantly from the GMM 
was not rejected using a Pearson’s chi-squared goodness of fit test 
(χ2  =  0.86295), whereas it was clearly rejected when using two 
(χ2 = 0.000445) or a single Gaussian (χ2 = 0).
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qpAdm (87) was performed using the Admixtools package (124) 
on the 1240k dataset for individuals coming from both shotgun se-
quencing and in- solution target capture data (125). We used Mbuti, 
Ust’- Ishim, Kostenki14, Sunghir3, Karelia, Motala12, and Iranian 
Neolithic genomes as the reference groups (see references in table S4). 
Target individuals that could not be modeled as the product of a 
three- way admixture event were modeled as the product of a two- way 
admixture event. Local polynomial regression of relative steppe an-
cestry proportions using the LOESS method was plotted versus mean 
radiocarbon dating values using geom_smooth() from ggplot2 that 
also allowed representation of the 95% confidence interval. DATES 
(89) was applied on the 1240k dataset for individuals from France that 
were used in fastGLOBETROTTER runs.
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