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Summary - Ancient DNA (aDNA) studies have deployed genetic material from archaeological contexts
to investigate human dispersals and interactions, corroborating some longstanding hypotheses and revealing
new aspects of human history. After drawing the broad genomic strokes of human history, geneticists have
discovered the exciting possibilities of applying this method to answer questions on a smaller scale. This
review provides an overview of the commonly used methods, both in the laboratory and the analyses,
and summarizes the current state of genomic research. It reviews human dz’sperxﬂls across the continents
and additionally highlights some studies that integrated genomics to answer questions beyond biology to
understand the cultural and societal traits of past societies. By shining a light from multiple angles, we gain

a much better understanding of the real shape of the human past.
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Since the 1980s (Higuchi et al. 1984; Piibo
1985), when ancient DNA (aDNA) (Hofreiter et
al. 2001) recovery was the subject of skepticism,
the field has grown to become a widely used,
significant and robust line of evidence in recon-
structing the past (Stoneking and Krause 2011).

Two types of DNA are present in ani-
mal cells. MtDNA is a small, haploid, circular
genome found in the mitochondria. Because they
are very abundant (Giles et al. 1980), and the cir-
cular nature of the genome stabilizes it, this type
of DNA is more likely to preserve. However,
mtDNA is inherited maternally, does not recom-
bine and therefore reflects only the maternal
genealogies and population history of an indi-
vidual, but its fast mutation rate provides insight
into relatively recent evolutionary timescales.
The decades of work on this marker have resulted
in well defined lineages, also called haplogroups,

and provide a great basis for comparative research
(Bisso-Machado and Fagundes 2021).

To understand the genetic diversity of both
parental lineages combined, it is necessary to
study the nuclear genome. The nuclear genome
consists of 23 pairs of chromosomes, of which
two are the sex chromosomes. This genome is
a recombination of the genomic information
of both parents, with the exception of the non-
recombining portion of the Y-chromosome.
This region is inherited from fathers to sons,
and can trace the paternal lineage of an indi-
vidual. Despite the protection of the cell core,
the large DNA molecules are only present in two
copies per cell, and degrade faster after a cell’s
death. However, the large number of mark-
ers each provide an independent information
about the genetic ancestry (Mathieson and Scally
2020), and provides more statistical power and
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resolution to study genetic history (Stoneking
and Krause 2011).

After refining the methods and tackling
problems such as contamination (Llamas et al.
2017) and poor preservation, aDNA can today
be retrieved from a variety of archaeological
and palacontological remains. Genomes recov-
ered from skeletal tissue (Higuchi et al. 1984;
Piibo 1985), hair (Rasmussen et al. 2010),
calcified dental biofilms (Warinner et al. 2014;
Warinner et al. 2015), mummified soft tissues
(Schuenemann et al. 2017), plants (Kistler et
al. 2020, Swarts et al. 2017), coprolites (Poinar
et al. 2003), sediment and ice cores (Dommain
et al. 2020; Slon et al. 2017), among oth-
ers (Bro-Jorgensen et al. 2018; Duggan et al.
2020; Hansson and Foley 2008; Hartnup et al.
2011; Jensen et al. 2019; LeBlanc et al. 2007;
Oskam et al. 2010; Ramos-Madrigal et al. 2019;
Schablitsky et al. 2019; Sullivan et al. 2021;
Teasdale et al. 2015) have broadened our under-
standing of the evolution of various species,
including humans (Orlando et al. 2021).

Ancient DNA retrieval

Ancient DNA preservation is impacted by a
variety of factors and is difficult to predict. Time
is an essential factor (Adler et al. 2011; Allentoft
et al. 2012), but other environmental conditions
can considerably impact the degradation pro-
cess. The chemical properties of certain miner-
als interact with the DNA, leading to different
preservation states depending on soil pH and
mineral content. Additionally, the microclimate
of a site impacts the degradation process. Cave
sites provide a more stable environment and
show better preservation compared to open-sites
(Mendisco et al. 2014; Ramos Madrigal et al.
forthcoming). Considering the macro-climate,
regions with high humidity and with high tem-
perature fluctuations show generally worse DNA
preservation (Kistler et al. 2017). In areas with
stable and cold conditions, much older ancient
DNA can be retrieved (Orlando et al. 2013; van
der Valk et al. 2021).

In an extract dominated by environmental
contaminants such as bacterial, viral, fungal, plant
and contemporary human DNA (Kazarina et al.
2019; Mann et al. 2018), the target molecules are
drowned out. Targeting skeletal elements suited
for the goals of an analysis are key to the success
of ancient genomic studies. The petrous portion
of the temporal bone, surrounding the inner
ear, preserves DNA molecules better than other
tissues (Hansen et al. 2017; Parker et al. 2020;
Pinhasi et al. 2015), as do auditory ossicles (Sirak
et al. 2020). Teeth have been shown to be a good
source of ancient DNA, although less effectively
preserving the molecules. In areas or sites with
conditions beneficial for ancient DNA preser-
vation, postcranial bones can be used to source
ancient DNA. Regardless of the element, ancient
DNA sampling is mostly destructive (Pinhasi et
al. 2015; Sirak et al. 2017). Considering a variety
of reasons (Charlton et al. 2019; Ponce de Leén
et al. 2018) (See Box 1), alternative substrates
can be considered (Parker et al. 2020).

The handling of the sample at the excavation
site or in the curating facility can contribute to
reducing the environmental contamination, i.e.,
by using gloves when retrieving elements, avoid-
ing application of substances such as animal
based glues and avoiding washing steps. These
measures can substantially increase the likeli-
hood of recovering sufficient genomic material
and reduce cross contamination (Llamas et al.
2017). Using dedicated pre-and post-amplifi-
cation facilities, UV-radiation of elements and
control of contamination through negative
controls (Piibo 1989; Piibo et al. 2004) con-
tribute to the reduction of contamination. Post-
sequencing, the sample is authenticated in silico
through investigation of DNA damage and frag-
ment size (Fellows Yates et al. 2021; Peltzer et al.
2016). Both measures are the result of the lim-
ited chemical stability of DNA molecules. After
death, the absence of cellular repair mechanisms
(Lindahl 1993) and beginning autophagy of
cells (Darzynkiewicz et al. 1997) contribute to
the decomposition process. Microbial digestive
processes (Eglinton and Logan 1991; Lindahl
1993) further fragment DNA, as do hydrolytic
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reactions altering the chemistry of the molecules
(Dabney et al. 2013; Lindahl and Andersson
1972), which result in short fragment sizes of,
on average, 40base pairs (Krause et al. 2010).
Another typical type of DNA damage used for
authentication is depurination, visible in the
misincorporation patterns, particularly at the
end of the reads, referred to as “the smiley plot”
(Dabney et al. 2013). This type of damage can
be repaired enzymatically (Rohland et al. 2015)
or be removed bioinformatically (Skoglund et al.
2014) to reduce the systematic errors introduced
into the analysis.

After selection of suitable samples, ancient
DNA labs document the state of the received
element, before sampling in dedicated ancient
DNA laboratories (see also Figure 1). Sampling
of ancient bones is a difficult step in which many
considerations have to be weighed. Minimizing
the impact on the sample is an ethical impera-
tive, as other researchers, especially future gen-
erations, might want to study these irreplace-
able samples with other - improved - methods.
Therefore, most protocols aim to retrieve the
most genomic material from a minimal amount
of material (Bolnick et al. 2012; Dabney et al.
2013; Harney et al. 2021; Rohland and Hoftreiter
2007). However, not all methods are equally
suited for all types of samples, and the goals of
retrieving DNA and minimally impacting the
perhaps rare or culturally significant sample
have to be balanced by the involved stakehold-
ers (Austin et al. 2019; Fox and Hawks 2019;
Nieves-Colén et al. 2021). Protocols combining
samples for several types of analyses should be
prioritized (Fagernis et al. 2020; Korlevi¢ et al.
2018). Most importantly, double-sampling of an
individual by several labs should be avoided to
save the invaluable resources of human remains,
but also those of the respective labs.

After sampling, DNA has to be extracted.
Standardly, DNA is isolated and purified
(Dabney et al. 2013; Glocke and Meyer 2017).
Shorter molecules in a range between 25 and
45 base pairs are likely constituting the major-
ity of authentic DNA fragments in the sample,
usually referred to as “endogenous DNA”, but

can also contain modern and ancient contami-
nants (Carpenter et al. 2013). To stabilize the
fragments retrieved during extraction, they are
converted into synthetic copies in sequenc-
ing libraries (Gansauge et al. 2017; Meyer and
Kircher 2010). The synthetic strands contain
adapters, which can be used to further increase
the number of copies for this fragment during
sequencing, and allow to store and rebuild the
composition of the extract. In theory, the librar-
ies are immortal, as they can be re-amplified and
used again for a variety of downstream processes
(Orlando et al. 2021). After stabilizing the mol-
ecules and equipping them with adapters, those
can be used to finally “read” the sequences. In
the early years of DNA sequencing, producing
genomes was slow, cost intensive, and held great
limitations. Today, Next-Generation-Sequencing
(NGS) platforms can sequence massive amounts
of (short) fragments at low costs, with a very low
error rate, while identifying the sequences of all
fragments in an extract in parallel (Goodwin etal.
2016). Due to the non-specific and non-targeted
sequencing, this method has been dubbed “shot-
gun sequencing”. This approach is well suited
for modern DNA samples and well preserved
ancient samples, allowing to retrieve data not
only from the source, but to assess the presence
of specific pathogens or commensal microbes
(Orlando et al. 2021). However, for most aDNA
purposes it is only the first step, after which levels
of damage and amount of fragments of a certain
organismic origin can be assessed, but genomic
coverage is too low to perform reliable data anal-
yses (Carpenter et al. 2013).

This shortcoming can be mitigated by target-
ing molecules of a certain organismic origin, such
as humans or pathogens (Andrades Valtuena et al.
2017), enriching the mix for those while remov-
ing non-target fragments. By using complemen-
tary probes (Carpenter et al. 2013; Enk et al.
2014; Gonzdlez Fortes and Paijmans 2019) to
capture specific fragments, this approach not only
increases the yield of endogenous DNA, but also
removes possible contaminants which are washed
away. With this method, only the targeted frag-
ments will be amplified and sequenced, allowing
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to retrieve more analyzable data at much lower
cost. However, this method potentially introduces
a bias (Seguin-Orlando et al. 2015), resulting from
the ascertainment of markers based on and most
informative about variation in present-day popula-
tions (Orlando etal. 2021). Analyzing with ancient
DNA data, this can severely limit the detection of
genetic diversity in in certain groups, and might
introduce artifacts when comparing with other
datasets where markers were ascertained differently.

Ancient DNA analysis

Once sequenced, a bouquet of methods can be
deployed to analyze the ancient DNA data. The
specific method needs to be chosen based on data
quality, availability of reference data and the spe-
cific hypotheses to be tested. As part of the quality
control, determining the genetic sex is a standard
analysis. For molecular sexing, there are methods
detecting the genetic elements unique to the X
and Y chromosomes (Stone et al. 1996), or com-
paring the number of fragments aligning to the
respective chromosome (Buonasera et al. 2020;
Skoglund et al. 2013). Most males carry XY and
most females an XX karyogram, although varia-
tions in this pattern exist (see also Box 4). After
assessing the quality of the data, most population
genetic analyses start with methods allowing a first
understanding of the population composition and
structure. Commonly used methods are princi-
pal component analyses (PCA), decomposing
genetic distance between individuals into lower
dimensions (Patterson et al. 2006), and cluster-
ing approaches, classifying separate individuals
into clusters based on shared genetic ancestry and
admixture patterns (Lawson et al. 2018). These
methods provide a good basis for formulating
hypothesis and determine further, more formal
statistical tests and models to be used down-
stream. Formal statistics, e.g., fstatistics, compare
allele frequencies to identify shared drift, the rela-
tive time two populations have evolved together,
and can detect admixture between populations or
genetic continuity by examining differential affin-
ities (Durand et al. 2011; Patterson et al. 2012),

and estimate admixture times (Chintalapati et al.
2022; Loh et al. 2013). Measures of genetic dis-
tance and patterns of allelic diversity (Holsinger
and Weir 2009) can be used to construct models
of phylogenetic trees and networks (Bandelt et al.
1999; Bandelt et al. 1995; Mardulyn 2012) and
investigate evolutionary relationships between
groups. By adding ancient sequences of a known
date, these trees can hold a temporal dimension,
allowing estimations of group divergence, changes
of mutation rates (Molak et al. 2012; Rieux and
Balloux 2016) and other patterns of lineage diver-
sification, speciation and admixture between lin-
eages (Chang et al. 2017; Pickrell and Pritchard
2012; Reich et al. 2010). Large-scale palacog-
enomic studies include substantial numbers of
ancient genomes across wide temporal and geo-
graphic regions (Mathieson et al. 2018; McColl
et al. 2018; Narasimhan et al. 2019), harvesting
the power of aDNA to reconstruct demographic
histories of continents, sub-continents and island
regions (Fehren-Schmitz et al. 2017; Fernandes et
al. 2021; Haak et al. 2015; Lazaridis et al. 2014;
Matisoo-Smith 2015; Nigele et al. 2020; Olalde
et al. 2018; Posth et al. 2018; Pugach et al. 2021;
Raghavan et al. 2015; Skoglund et al. 2012). They
aim to reconstruct origins, migration patterns,
and interactions in human populations (Slatkin
and Racimo 2016), and — related — ancient epi-
demics and transmission patterns and adaption
to disease (Barquera and Krause 2020; Duchéne
et al. 2020; Guzmadn-Solis et al. 2021; Kerner et
al. 2021; Kocher 2021), but also animal dispersals
and domestication (see Box 3).

Ancient DNA analyses can also inform on
demographic patterns on a smaller scale, focusing
on local sites, communities, and investigate pat-
terns of genetic relatedness among ancient indi-
viduals. Kinship is a complex social construct, but
often pertains to genetic relation. By identifying
genomic segments shared between individuals as a
result of common descent (Feuerborn et al. 2021;
Monroy Kuhn et al. 2018; Ringbauer et al. 2021;
Vai et al. 2020), ancient family pedigrees can be
reconstructed and questions about ancient social
structures informed (See also Box Nr. 2). Extending
this approach beyond a burial group or site can
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s
BOX 1 - ETHICAL CONSIDERATIONS WHEN WORKING WITH ANCIENT DNA
The studies highlighted in this paper show that analytical methods of ancient DNA are a powerful
tool in reconstructing many aspects of the human past. However, they have inherent challenges and limita-
tions. Ethical challenges within biological anthropology, including bio-archeology, are becoming much more
widely discussed. A variety of publications aims to discuss ethical issues in the field (Avila-Arcos et al. 2022;
Cortez et al. 2021; Nieves-Colén et al. 2021; Wagner et al. 2020) and provide guidance for sampling (Fox
and Hawks 2019; Sirak and Sedig 2019), publication (Squires et al. 2022), community involvement and
collaboration (Argiielles et al. 2022; Avila-Arcos et al. 2022; Wagner et al. 2020). Ancient DNA sampling is
destructive. Despite usage of only 50-100 mg of material, elements often have to be destroyed. In general, but
especially when sampling unique individuals or poorly preserved elements, the reason and goals of the aBDNA
sampling need to be evaluated carefully, and double sampling should be avoided. The number of genetic
markers analyzed is too high to be processed, illustrated and communicated easily. Hence, genetic science
has to be reductive, introducing simplifications that are subjective to the hypothesis, methods, region and
researcher. Therefore, the results produced by archacogenetics will only ever be an approximation to the real
events. Most approaches are sensitive to the reference populations used, the choice of parameters, significance
thresholds and underlying assumptions, which will affect the interpretation of the data. Another limitation
affecting specifically ancient DNA is that it has to be combined with datasets produced in different ways,
often representing present-day individuals to be able to conduct comparative analyses. Preset-day populations
are not the best proxy for ancestry in ancient people for chronological reasons (Pickrell and Reich 2014),
especially in places impacted by large-scale population turnovers and cryptic displacements, i.e during the
colonial period. Additionally, the different production styles of genomes (i.e., shotgun, capture) and the pat-
terns of damage (Leonardi et al. 2017; Orlando et al. 2021) can result in artifacts in the analysis that have to
be taken into account during analysis (Callaway 2016; Gallego Llorente et al. 2015). Despite the seemingly
objective nature of genomics research, the reduction of complexity and particular processing of DNA leaves
much of the interpretation to the researchers, introducing subjective biases. So eventually, contextualizing
and integrating with other lines of evidence is imperative to reconstruct the human past. It becomes increas-
ingly evident that narratives about the past, especially in countries impacted by colonialism and imperialism,
have been and still are constructed often without inclusion of local perspectives, academic and non-academic.
Even within Europe, power dynamics between western and eastern European countries can resemble the
exploitation of cultural heritage in other countries, i.c., those impacted by the European invasion during
the colonial period. By including indigenous perspectives like oral traditions, and local experts within the
respective fields and regions (Pollard and Bray 2007), archacogenetic studies are more sustainable, and foster

academic sovereignty and knowledge exchange (Argiielles et al. 2022; Avila-Arcos et al. 2022).
L

\

J

inform on inter-site interactions, reconstruct resi-
dence patterns (Bongers et al. 2020; Fernandes et
al. 2021; Zegarac et al. 2021) and even elucidate
ancient diets and activities (Obregon-Tito et al.
2015; Racimo et al. 2020; Warinner et al. 2015).
After ancient DNA studies had been deployed
for investigations of human history on a macro-
scale, adding the broad strokes of human history
on the globe (Fig. 2), geneticists have discovered the
interesting possibilities of applying this method to
answer questions on a smaller scale, and advancing
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more into anthropological questions, including cul-
tural and societal traits. Most studies summarized
below do have the limitations mentioned in Box 1
and integrating genetic evidence with other lines of
evidence can be very difficult to interpret. However,
by shining a light from multiple angles we gain a
much better understanding of the real shape of the
human past. This paper aims to provide an over-
view of the findings on a continental scale, but pre-
sents case studies in which ancient DNA was inte-
grated to answer questions beyond biology.
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Africa

The African continent harbors the great-
est genetic diversity, and also the world’s deep-
est populations divergence. The split among
ancestral southern, central and eastern African
hunter-gatherer communities formed the dis-
tinct genetic structure of present-day foraging
societies in various regions of sub-Saharan Africa
(Lipson et al. 2022; Skoglund et al. 2017). After
the populations split, the spread of agricultural-
ists and pastoralists across the contitnent greatly
altered the genetic landscape of Africa and shaped
the genetic structure of present-day African pop-
ulations (Lipson et al. 2022; Patin et al. 2017;
Pickrell and Pritchard 2012; Schlebusch et al.
2017; Skoglund et al. 2017; Wang et al. 2020)

aDNA allows to trace the deep lineages of the
hunter-gatherer populations back in time, reveal-
ing previously undescribed genetic ancestries and
connections. The publication of a 4500-year-old
Ethiopian individual “Mota” (Gallego Llorente
et al. 2015) distinguished the genetic ancestry

of ancient northeastern African individuals from
present-day northeastern and eastern African
populations. 3500-year-old genomes represent-
ing hunter-gathers from Nyarindi Rockshelter in
Kenya, along with Late Stone Age foragers from
Kenya and Tanzania represent the core ancestry
of ancient eastern African hunter-gatherers today.
The ancient hunter-gatherers from eastern to
southern Africa form a genetic cline in which the
geographically intermediate ancient hunter-gath-
erer groups fall in between, corresponding with
their proportion of eastern and southern genetic
ancestries, their positions mirror their laticude
and geographic location (Lipson et al. 2022;
Prendergast et al. 2019; Skoglund et al. 2017;
Wang et al. 2020). The ancient hunter-gatherers
in western Africa, represented by 8000-year-old
and 3000-year-old foragers from Shum Laka site
in Cameroon, represent a distinct genetic line-
age most similar to present-day western-central
African hunter-gatherer ancestry (Lipson et al.
2022) and imply a separate deep lineage differ-
ent from the east-to-south hunter-gatherer cline
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Beyond defining the deep ancestral line-
ages, ancient genomes have recovered the conti-
nental connections between Africa and Eurasia.
15,000-year-old individuals from the Taforalt
site in eastern Morocco show a genetic affinity
to early Holocene Near Easterners represented by
Levantine Natufians, linking the late Pleistocene
north Africa with the early Holocene Levant
(Van de Loosdrecht et al. 2018). The genetic link
between North Africa and the Levant continues
to be evident unitil early Neolithic in Morocco at
7000 BP, while late Neolithic individuals at 5000
BP appear to be associated with the European
Mediterranean regions (Fregel et al. 2018).
aDNA also revealed previously undescribed
interregional connections within Africa, such as
the long-range connection between eastern and
central African hunter-gatherers, represented by
an 3900-year-old genome from the Kakapel site
in western Kenya who carries ancestry found
in the present-day indigenous hunter-gatherer
communities of the Central African rainforests
(Wang et al. 2020). Such interregional connec-
tions are especially evident during the spread of
Bantu-speaking farmers and northeastern African
pastoralists across the continent. The 3000 year-
old genome from the Luxmanda site in Tanzania
records the first direct genetic evidence of the
arrival of pastoralist ancestry in eastern Africa
(Skoglund et al. 2017). Combined evidence from
Prendergast et al. 2019 and Wang et al. 2020
reveals a rather complex genomic formation of
ancient eastern African pastoralists. Groups car-
rying Levantine-related ancestry entered eastern
Africa during the Pastoral Neolithic period and
repeatedly mixed with local hunter-gatherers and
Nilotic-related pastoralists, today represented by
the Dinka from South Sudan. The three ances-
tral components persist to the Iron Age of east-
ern Africa ~2500 BP (Crowther et al. 2018;
Lane et al. 2013), and notably, the Iron Age
gene pool is marked by increased Nilotic ances-
try (Prendergast et al. 2019; Wang et al. 2020).
The ancient eastern African pastoralists further
spread southwards, and reached their south-
ernmost distribution in South Africa, recorded
by a 1200-year-old genome with southern
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hunter-gatherer and eastern pastoralist ancestry
(Skoglund et al. 2017). The arrival of pastoral-
ists, together with the footprint of the Bantu-
speaking famer’s expansion into southern Africa,
forms a notable mosaic pattern of farmer-pas-
toralist-hunter-gatherers today. Bantu-speaking
farmers, who originated in western Africa, haves
expanded across over half of the African conti-
nent, and arrived in eastern and southern Africa.
However, the routes of their dispersal remain
debated. Encouragingly, ancient DNA provides
direct genetic evidence on the dispersal route,
with the potential of resolving existing archaeo-
logical and linguistic debates. For instance, in
South Africa, four 400-year-old n individuals are
genetically indistinguishable from present-day
southern Bantu-speaking populations, with lit-
tle genetic contribution from indigenous south-
ern African hunter-gatherers (Schlebusch et al.
2017). Contemporaneously, in eastern Africa, a
600-year-old individual from Pemba Island in
Tanzania carries ancestry indistinguishable to
southern Bantu-speaking Ovambo (Skoglund et
al. 2017), together recording the arrival of Bantu-
speaking farmers in eastern and southern Africa.
In Botswana, 1400-year-old genomes from the
Xaro site show the first genetic evidence that
southern African foragers mixed with eastern
African pastoralists, and later recieved genetic
contribuition from Bantu-related farmers (Wang
et al. 2020). This unique mosaic of genetic
ancestry supports archeological and linguistical
hypotheses of pastoralists arriveong in southern
Africa first, and Bantu-speaking farmers later
(Guldemann 2008; Isern and Fort 2019), corrob-
orating previous inferences based on present-day
African genomes (Pickrell and Pritchard 2012).

Europe

As a result of favourable climatic conditions
and a particularly intense research dynamic,
western Eurasia is the most intensively studied
area of the world (Liu et al. 2021).

The genomes recovered from anatomically
modern humans dating to before 40,000 BP (Fu
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etal. 2015; Fu et al. 2014; Hajdinjak et al. 2021;
Priifer et al. 2021), have not directly contributed
to the subsequent European gene pool. However,
the Neandertal ancestry found in variable
amounts amongst them marks the main differ-
ence between sub-Saharan African populations
and those outside sub-Saharan Africa (Green et
al. 2010; Petr et al. 2019; Priifer et al. 2014).

In western Europe, the Aurignacian, the first
Upper Palaeolithic culture in western Europe,
is genetically represented by a single individual
from Belgium (Fu et al. 2016), which is geneti-
cally distinct from an individual from western
Russia, Kostenki 14 (Fu et al. 2016; Seguin-
Orlando et al. 2015). From 34,000 to 26,000
cal BP, the Gravettian culture spans the entire
European continent (Conard and Moreau 2004),
but the associated people’s ancestry, derived from
Kostenki 14, is represented only in central and
southern Europe (Fu etal. 2016), and refered to as
the Véstonice cluster. The discontinuity between
the genetic ancestries from the Véstonice cluster
and individuals in Western Europe, associated
with the Aurignacian, has been interpreted as the
result of a replacement by Gravettian associated
groups (Fu etal. 2016). During the Last Glacial
Maximum (LGM), a period of drastic climatic
cooling between 26,000 and 19,000 cal BP, mas-
sive glaciers pushed human groups to retreat to
southern areas. From 19,000 BP, two different
material cultures expanded at the same time, the
Epigravettian in the Italian Peninsula and south-
eastern Europe, and the Magdalenian in central,
western and southwestern Europe. All known
individuals associated with the Epigravettian
culture constitute the Villabruna genetic cluster,
showing no affinity with the previous Véstonice
cluster, but with the Near-East (Fu et al. 2016).
The genetic turnover mirrors the discontinuity
observed in the archaeological records and is pos-
sibly linked to the climatic LGM event. During
the LGM, the Solutrean archaeological culture
is present in western and southwestern Europe.
Following the Solutrean, the Magdalenian cul-
ture was present in most of Western and Central
Europe as far as Poland. Individuals associated
with the Magdalenian carry an ancestry linked to

the Aurignacian individual - in different propor-
tions - and affinity to hunter-gatherers in south-
ern Europe, forming the Goyet Q2 cluster and
suggesting northward population expansions
during the post-LGM period (Fu et al. 2016;
Haak et al. 2015; Olalde et al. 2019; Posth et
al. 2016; Villalba-Mouco et al. 2019). During
the following warming period, from 14,000 cal.
BP, the Magdalenian-related gene pool in most
of Europe is almost completely replaced by an
Epigravettian-related component, the western
hunter-gatherer (WHG) cluster (Fu et al. 2016;
Haak et al. 2015). This event is also detected at
the mitochondrial level (Bramanti et al. 2009; Fu
et al. 2013; Posth et al. 2016) where the previ-
ously dominant haplogroups U2’3°47°8’9 and
M are dwindling in frequency while haplogroups
U5a and USb become dominant. In eastern
Europe, the Eastern Hunter-gatherer (EHG)
cluster is contemporaneous to the WHG clus-
ter. Individuals in this cluster are genetically a
mixture of a Villabruna-related ancestry and the
Ancient North Eurasian (ANE) ancestry of Upper
Palaeolithic Siberians (Fu et al. 2016; Haak et
al. 2015; Raghavan et al. 2014). Meanwhile, a
new cluster appears in the Caucasus consisting
of two individuals from Georgia, referred to as
Caucasus Hunter-Gatherers (CHG). Dated
between 13,400 and 9,500 cal BP this cluster
separated from FEuropean Paleolithic groups
around 45,000 years ago and from the ancestors
of Neolithic farmers around 25,000 years ago
(Jones et al. 2015). It also shares genetic affinity
with Iranian Mesolithic individuals (Narasimhan
et al. 2019), related to a basal Eurasian genetic
component. From 14,000 cal BP onward, all
individuals from Europe show genetic affinity
with ancient individuals from Anatolia and the
Levant, as well as with CHG (Feldman et al.
2019; Fu et al. 2016; Jones et al. 2015; Lazaridis
etal. 2016).

From 8,000 years ago, genetic and geographic
proximity increasingly correlate (Mathieson et al.
2018). In the east, the EHG ancestry dominates,
including Russian and Ukrainian individu-
als, while in the west, the WHG ancestry is the
predominant ancestry, in different proportions
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corresponding  with geography (Giinther et
al. 2018; Haak et al. 2015; Jones et al. 2017;
Lazaridis et al. 2014; Mathieson et al. 2018;
Mittnik et al. 2018).

Around 12,000 BP, the transition from
a hunter-gathering subsistence to a sedentary
lifestyle based on animal and plant domestica-
tion starts in the fertile crescent. Ancient DNA
closed the debate about the modalities of the
“Neolithic revolution” in Europe. Instead of a
cultural diffusion, genomic studies favour the
demic diffusion hypothesis. Neolithic popula-
tions derive ancestry from Anatolian, Caucasus,
and Levantine hunter-gatherers (Feldman et al.
2019; Lazaridis et al. 2022a,b; Lazaridis et al.
2016; Lipson et al. 2017; Omrak et al. 2016).
Their ancestry spread westward from Anatolia
along two routes, one through Central Europe,
the other along the Mediterranean coasts, with
an important diversity in the admixture pro-
cesses with local Mesolithic hunter-gatherers
(Antonio et al. 2019; Brace et al. 2019; Brunel
et al. 2020; Hofmanovd et al. 2016; Lipson et
al. 2017; Marchi et al. 2022; Mathieson et al.
2015, 2018; Olalde et al. 2015, 2019, Rivollat
etal. 2020; Villalba-Mouco et al. 2019). Specific
Y-chromosome sub-haplogroups trace each
route (Rohrlach et al. 2021), and groups in the
Iberian peninsula show an additional Iranian
Neolithic or Levant component, admixed with
the Anatolian Neolithic source (Skourtanioti et
al. 2020; Villalba-Mouco et al. 2021). In south-
western Europe, the residual Goyer Q2 compo-
nent remains present in the Neolithic popula-
tions (Brunel et al. 2020; Rivollat et al. 2020;
Villalba-Mouco et al. 2019). By around 6000
years ago, the Neolithic ancestry reached all parts
of the continent. However, already after a farm-
ing lifestyle had been established, an increase
in hunter-gatherer genetic ancestry is observed
in farming groups (Brandt et al. 2013; Haak et
al. 2015; Olalde et al. 2019). Several examples
of this increase can be found in present-day
Germany and France (Bollongino et al. 2013;
Immel et al. 2021; Lipson et al. 2017; Rivollat et
al. 2020; Seguin-Orlando et al. 2021). Overall,
the Neolithic and Chalcolithic across Europe

show genetic continuity (Brace et al. 2019;
Haak et al. 2015; Lipson et al. 2017; Mathieson
et al. 2015; Olalde et al. 2018; Villalba-Mouco
et al. 2021), before the transition to the Bronze
Age in western Eurasia around 5000 BP marks
the second major shift in cultural and demo-
graphic aspects.

The Pontic-Caspian  steppe  pastoralist
cultures of Yamnaya and Afanasievo appear
around 5300-4600 BP. Their genepool formed
through contributions of Sidelkino, CHG and
Iranian Neolithic ancestries (Jones et al. 2017;
Narasimhan et al. 2019; Wang et al. 2019) and
led to a strong genetic shift all over Europe
most  significantly visible in the change of
Y-chromosomal frequencies, when Rla and R1b
haplogroups massively dominate after the third
millennium dispersals (Allentoft et al. 2015;
Haak et al. 2015; Olalde et al. 2018, 2019; Papac
et al. 2021; Villalba-Mouco et al. 2021).

Dispersals of various groups, mostly associ-
ated to the Corded Ware culture, carried this
steppe-related ancestry into different parts of
Europe (Allentoft et al. 2015; Brunel et al. 2020;
Dulias et al. 2022; Furtwingler et al. 2020; Haak
et al. 2015; Lazaridis et al. 2022a,b; Linderholm
et al. 2020; Malmstréom et al. 2019; Mathieson
et al. 2015; Moore et al. 2022; Papac et al.
2021; Patterson et al. 2022; Saag et al. 2017,
2021; Villalba-Mouco et al. 2021). In the west-
ern Mediterranean area, the Iranian Neolithic/
Levant component can also be tracked in Bronze
Age island populations in the Mediterranean and
south-eastern Iberia as part of the local Neolithic
ancestry (Fernandes et al. 2020; Lazaridis et al.
2017; Villalba-Mouco et al. 2021). By around
5000 BR, the steppe ancestry reached the Iberian
Peninsula and the British and Irish Isles, while
African ancestry in Iberian individuals reveals
contacts over the Mediterranean Sea (Olalde et
al. 2018, 2019; Patterson et al. 2022; Villalba-
Mouco et al. 2021).

The three genetic components inherited
from Mesolithic hunter-gatherers, Neolithic
farmers from Anatolia, and pastoralists from the
Steppes represent the three main components of
most Europeans today (Haak et al. 2015).
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BOX 2 - WHEN ANCIENT DNA CONTRIBUTES TO DISCUSSIONS ON SOCIAL STRUCTURES

Recently, the integration of large numbers of individuals from the same site marks an evolution of
the field from geographically broad sampling to analyses at local scales, allowing to explore kinship and
site organization, with enough power and resolution to investigate social structures, such as residence
patterns, sex-biased mobility, consanguinity, funerary practices. Biological relatedness or affinities are only
one aspect of human relationships among others, and ideas of kinship are not necessarily tied to genetic
relatedness. However, these elements can contribute to the discussion of the connection between biological
and social kinship.

Several Early Neolithic villages in Anatolia provide evidence of group structure through confirma-
tion of close genetic relatedness in house-related co-burials in the eatliest sedentary communities around
10,000 BP. A heterogeneity observed in the kin structures among different communities likely reflects a
transition from the Aceramic to the Ceramic period in Anatolia (Yaka et al. 2021). In monumental sites
in the Neolithic period (Cassidy et al. 2020) and (Sdnchez-Quinto et al. 2019) show the individuals buried
in passage tombs are connected to some degree to each other, implying a non-random mating across large
territories. The genome of one individual points to a mating between first degree related parents, and was
interpreted as ‘royal’ or ‘dynastic’ incest. The second group of individuals, buried in simple court and portal
tombs with no artwork and less prestigious grave goods, do not show these links, and seem to represent
smaller-scale societies. In contrast, in the megalithic monument Hazelton North in England (Fowler et al.
2022), the genetic relationships suggest the burial of a complex family. One male produced offspring with
four female partners, all buried within their female lineage. In monumental burials Fleury-sur-Orne, each
monument was built for one or two individuals, dedicated to a genetically independent lineage, suggest-
ing a male-mediated transmission of socio-political authority (Rivollat et al. 2022). In the late Neolithic
period, the mass grave of Koszyce in Poland revealed a large extended family violently killed (Schroeder
et al. 2019). The individuals’ position corresponded with their genetic relationship, evidently buried by
someone who knew the deceased. Evidence for patrilineal, patrilocal, and female exogamic systems are
found across Europe from the Neolithic to the Bronze Age (Furtwingler et al. 2020; Sjégren et al. 2020;
Zegarac et al. 2021). An exceptional example of interdisciplinary work reveals patrilocality and female
exogamy at the Lech Valley in southern Germany, revealing social inequality based on kinship (Mittnik et
al. 2019) in households consisted of high-status core families, buried in the same site as low-status unre-
lated individuals, a system that lasted at least 700 years.

Outside of Europe, a study on a Late Neolithic site in China associated with Longshan culture sug-
gested the extended family served as the basic household unit during this Late Neolithic transitional stage,
and showed consanguineous mating patterns from at least 4,000 BP (Ning et al. 2021). In the southern
United States, archaeogenetic research suggests a matrilineal system for the societies inhabiting the Chaco
Canyon between 1,200 - 900 BP (Kennett et al. 2017).

In medieval times, individuals with northern and central ancestries in Longobard cemeteries in Italy
and Hungary are buried with significantly more grave goods than individuals with southern ancestries
(Amorim et al. 2018). In Bavaria, six sites show heterogenous ancestries for females, some of them with
artificial cranial modifications, carrying south-eastern European ancestry (Veeramah et al. 2018). An
interesting pattern can be found in the Alemannic cemetery of Niederstotzingen in southern Germany.
Five genetically related males were buried with grave goods associated with three different cultural origins
(O’Sullivan et al. 2018).

Overall, a high variability of practices is observed across regions and periods, highlighting diverse
social practices in the past, and cautioning for reflection on the biases researchers bring from their own
societal organization when interpreting the results of archacological and genetic analysis.

\ y,

203



Ancient genomic research

The Iron Age overall shows genetic con-
tinuity from the Bronze age period through-
out Europe, although as a result of an increase
in cremation of human remains, few data are
available at the moment (Allentoft et al. 2015;
Antonio et al. 2019; Brunel et al. 2020; Fischer
etal. 2022; Furtwingler et al. 2020; Gamba et al.
2014; Martiniano et al. 2016; Mathieson et al.
2018; Olalde et al. 2019; Patterson et al. 2022;
Schiffels et al. 2016). Specific migrations from
Siberia to eastern Scandinavia have been identi-
fied, correlated to Uralic language spread 3500
years ago (Lamnidis et al. 2018). In continental
Europe, dispersals to the British Isles at the early
Iron Age support archaeological evidence of con-
tact (Patterson et al. 2022). In the Mediterranean
area, Greek and Phoenician/Punic migrations
trace dispersals west starting in the Near East and
the Levant (Feldman et al. 2019; Fernandes et al.
2020; Marcus et al. 2020; Matisoo-Smith et al.
2018; Olalde et al. 2019). Evidence of mercenar-
ies with diverse ancestries fighting for the Greek
armies in Sicily shows how participation in war
played a role in large-scale mobility during this
period (Reitsema et al. 2022). From the Roman
Empire period, Near-Eastern ancestry increases
significantly the coasts, linked to dispersals
within the Empire as reported in historical
sources (Antonio et al. 2019; Posth et al. 2021).

During the first years of research in archaeo-
genetics, the majority of publications investigated
prehistoric societies, with no textual sources.
Recently, studies have focused more on historical
periods, often uncovering mismatches with the
historic narratives. During the late Antiquity and
the early Middle Ages historical sources describe
the “Barbarian migrations” leading to population
shifts from northern and central Europe toward
West and South, which are mirrored in ances-
try shifts (Amorim et al. 2018; Antonio et al.
2019; O’Sullivan et al. 2018; Olalde et al. 2019;
Veeramah et al. 2018). Moving from northern
continental Europe and southern Scandinavia
to England, these migrations involved entire
communities, and not war bands or elite men,
shaping the early Medieval English populations
(Gretzinger et al. 2022). During the 7* century

CE, genetic ancestries associated to the East Asian
steppe appears in the Carpathian Basin, proving
rapid trans-Eurasian migrations. This ancestry
remains present for over 200 years in local Avar
elites (Gnecchi-Ruscone et al. 2022). At the end of
the first millennium CE, gene flow in and out of
Scandinavia characterises the Viking period, with
genetic structure within Scandinavia, and evi-
dence of migration to England, Ireland, Iceland,
and Greenland (Ebenesersdéttir et al. 2018;
Krzewiriska et al. 2018; Margaryan et al. 2020).

Asia

Asia has received more and more attention
on its important role in understanding modern
human dispersals. A series of anatomically mod-
ern human remains dating back to 100-60 ka
have been discovered in West, East and Southeast
Asia (Bae et al. 2017). Based on these remains,
multiple early human dispersals have been pro-
posed, including the “Southern dispersal route”
hypothesis that suggested an early migration
happened between 130-70 ka along the Asian
coast from the Arabian Peninsula, via South
Asia to Southeast Asia, finally reaching Oceania
(Bae et al. 2017; Lépez et al. 2015). However,
genetic studies on both present-day and ancient
human DNA have shown that the majority of
the ancestry of non-Africans is shaped by a major
dispersal event around 60-50 ka (Bergstrom et
al. 2020). So far, an ~45,000-year-old individ-
ual from western Siberia (Fu et al. 2014) repre-
sents the oldest Asian genome, followed by the
40,000-year-old individual from Tianyuan Cave
in East Asia. Genetically similar is the 32 000
year old individual AR33K (Mao et al. 2021),
and both show a genetic link to present-day East
Eurasians (Yang et al. 2017).

From West Asia, modern humans dispersed
into different parts of Asia, following at least
two routes (Bae et al. 2017). Via North and East
Asia, the northern dispersal reached the Tibetan
plateau (Zhang et al. 2018, 2022) and Japanese
archipelago (Nakazawa 2017) around 40,000
-30,000 years ago. Jomon hunter-gatherers from
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Japan and an 11,000-year-old hunter-gatherer
individual from southern China represent
early lineages among North and East Asians
(Kanzawa-Kiriyama et al. 2019; McColl et al.
2018). Their genetic ancestry is distinct from
those who dispersed to South and Southeast Asia
(Bae et al. 2017; Macaulay et al. 2005), repre-
sented by Andamanese hunter-gatherers (Onge)
from South Asia and Hoabinhian hunter-gath-
erers from Southeast Asia (Lipson et al. 2018;
McColl et al. 2018).

In addition to the East Eurasian lineages, the
Palacolithic landscape of Siberia from ~ 30,000
years ago was home to a group of people geneti-
cally more closely related to present-day West
Eurasians (Sikora et al. 2019). They carried the
“Ancient North Eurasian” (ANE) ancestry, which
spread across Siberia and Central Asia during the
Upper Palaeolithic, and left genetic traces in peo-
ple across Eurasia and the Americas today (Fu et
al. 2016; Raghavan et al. 2014). Starting from
at least 16 ky ago, they mixed with Northeast
Asian hunter-gatherer groups and formed vari-
ous ancient Siberian populations (Kiling et al.
2021; Sikora et al. 2019; Yu et al. 2020). One
lineage constitutes the ancestral population to
the dispersal through Beringia and reached the
American continents (Moreno-Mayar et al.
2018). This First American lineage was likely
widely distributed in Siberia, the ancestry present
in a 14 000-year-old individual from the Lake
Baikal region in southern Siberia (Yu et al. 2020).

Admixcure with Neandertals likely first
occurred in the Near East (Green et al. 2010),
so similar to Europeans, ancient and present-day
Asian populations carry around 2% Neanderthal
introgression, including the individuals older
than 40 ka (Fu et al. 2014; Yang et al. 2017).
Additionally, most Asian people carry introgres-
sion from the Denisovan, today only known
from few sites in the Altai region and the Tibetan
plateau (Chen et al. 2019; Reich et al. 2010).
This archaic human lineage contributed between
0.1-3% to the gene pool of present-day popula-
tions (Bergstrdm et al. 2020; Priifer et al. 2014;
Reich et al. 2011; Sankararaman et al. 2016),
the ecarliest evidence found in the Tianyuan

individual and a ~34 000-year-old individual
from Salkhit in Mongolia (Massilani et al. 2020;
Yang et al. 2017). The Denisovan introgres-
sion likely happened multiple times from dif-
ferent sources, indicating complex interactions
between these two human groups (Browning et
al. 2018; Choin et al. 2021; Jacobs et al. 2019)
and introgressed genes led to adaptations in ana-
tomically modern humans (Choin et al. 2021;
Dannemann and Racimo 2018). However, the
paucity of genetic data from Pleistocene East
Eurasia, especially Southeast Asia, limits our
understanding of when, where and how these
interactions happened.

Home to multiple agriculture centers and lan-
guage groups, ancient DNA studies in Asia have
shed light on a series of key anthropological and
archaeological questions, including the spread of
Neolithization, emergence of language groups
and ancient social organization among others. In
East Asia, farming emerged between 10,000 and
8000 years ago in two major centers: the Yangtze
River and the Yellow River Basins (Yang et al.
2012; Zuo et al. 2017). From the Yellow River
Basin, farmers cultivating domesticated millet
spread across East Asia including Tibet (Wang
et al. 2021; Zhang et al. 2019, 2022), likely
spreading the Sino-Tibetan language. Genetic
studies on ancient and present-day Tibetan peo-
ple have shown they predominantly derive their
genetic ancestry from Late Neolithic farmers in
the Upper Yellow River region, but additionally
a minor contribution from an unknown deeply
divergent East Eurasian ancestry (Jeong et al.
2016; Liu et al. 2022). The West Liao River in
Northeast Asia is recognized as another early
center of millet farming (Lu et al. 2009; Yang
et al. 2012). Farmers there interacted with those
from the Yellow River, but also with hunter-
gatherers of the Amur River (Ning et al. 2020).
Whether they also spread the Transeurasian, also
known as “Altaic” languages across Northeast
Asia (Robbeets et al. 2021), is a controversial
theory still under debate (Robbeets et al. 2022;
Tian et al. 2022).

In the millenia after, population growth and
technology development triggered migrations
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BOX 3 - HOW ANCIENT DNA OF DOMESTICATED ORGANISMS HELPS TRACE HUMAN MIGRA-
TIONS AND CULTURAL CHANGES.

The domestication of plants and animals has impacted human societies, history and living environ-
ments as much as the genomes of the domesticated organisms themselves. By altering the evolution of
certain domesticates, humans have constructed ecological niches they became dependent on. This in turn
has altered human genetic makeup to adapt to the newly created environments (e.g., Lactase persistence
adapted to the dairy consumption). Studying the past of domesticated organisms can therefore inform
about the past of the closely associated human populations. While some aspects can be understood from the
analysis of modern domesticate DNA, ancient DNA can shed light on ancestors today extinct in the wild,
gene flow between domesticates and their wild ancestors, and the development of human domestication
practices (reviewed in detail in (Frantz et al. 2020; MacHugh et al. 2017).

Through in an interdisciplinary study of domesticated sheep and goat in Central Asian Kyrgyzstan,
(Taylor et al. 2021) showed sheep and goats had already been domesticated and seasonally slaughtered 8,000
years ago in Central Asia. Genetic analysis revealed their affinity to breeds in Anatolia and South Asia today,
indicating human movement or technology exchange between these areas. Not only did this finding sug-
gest pastoralism had been practised three millennia earlier than previously assumed, but also that networks
of pastoral mobility had been in place much earlier, and potentially drove exchange across Central Asia.
Another species associated with pastoral practice are horses. Extensive ancient genomic studies revealed the
expansion of Persian-related horse lineage associated with Islamic conquests (Fages et al. 2019) and connec-
tions between Anatolia, Caucasus and Eurasian steppe through the introduction of horses to Anatolia in
the Bronze Age (Guimaraes et al. 2020). However, the origin of modern horses remains unclear, as several
candidates (Iberia, Anatolia, Central Asia Botai) were ruled out by these studies (Gaunitz et al. 2018).

Dogs are likely the earliest domesticated animals, and have accompanied humans since more than
10,000 years. Along with their owners, they dispersed to new regions, and mirror the dispersals of humans
from the Mesolithic, with some notable exceptions. In Europe, German and Irish Neolithic dogs retained
the genetic make-up of their ancestors who accompanied the hunter-gatherers of Europe, while humans in
the region show a large contribution of Anatolian farmer ancestry (Bergstrom et al. 2020). Similar excep-
tions are found in ancient European pigs. Although the oldest European pigs ~ 8,000 BP carried signifi-
cant genetic contribution from Near Eastern wild boars, later populations until today show limited to no
Near Eastern ancestry. This indicates that after introduction of domestic pigs by Neolithic farmers, local
European wild boars were quickly involved in the domestication practice (Frantz et al. 2019).

In the Americas, Maize was an influential driver of subsistence change for many groups the conti-
nents. Originally domesticated ~ 9000 years ago, the use of a semi-domesticated version spread to South
America, possibly with people moving south. However, analysis of ancient Maize genomes suggests that the
highly domesticated versions spread back north prior to ~2000 BP (Kistler et al. 2020), likely mediated by
Indigenous farmers. Human population genomics suggests a reintroduction after 5600 BP, when an ances-
try shift in Belize, related to ancestry today found in Chibchan speakers from Costa Rica and Colombia
coincides with evidence for Maize horticulture (Kennett et al. 2022).

Ancient DNA analysis of domesticated organisms add to the adaption capacity of humans, and can
provide another line of evidence about past human movements. This might allow understanding of some
domesticates that are not used by humans anymore and be extended to non-domesticated organisms that
might have also influenced - or been influenced by - human migrations and history, like commensal species
(e.g., the black rat: Yu et al. 2022)
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and interactions between farmers from northern
and southern East Asia, leading to a North-South
genetic cline in present-day East Asians (Yang et
al. 2020). From southern East Asia, people dis-
persed into Southeast Asia, bringing their farm-
ing practices, genetic ancestry, and perhaps lan-
guages. There, they interacted with local hunter-
gatherer groups, evident in ~4,000 year old
early farmers in mainland Southeast Asia, who
carried southern East Asian and local hunter-
gatherer ancestries, similar to that in present-
day Austroasiatic language speakers, support-
ing the “two-layer” hypothesis of the peopling
of Southeast Asia (Lipson et al. 2018; McColl
et al. 2018; Wang et al. 2021). The genetic link
of ~8,000-year-old southern Chinese individu-
als with ancient and present-day Austronesian
speakers suggests southern China as the origin of
Austronesian languages, today mainly found in
Island Southeast Asia (Yang et al. 2020).

Unlike Southeast Asia, where farming was
probably introduced from East Asia, farming
in South Asia likely emerged from local hunter-
gatherers. The genetic study of an individual
associated with the Harappan, or Indus Valley
Civilization, revealed that this 4,000-year-old
ancient South Asian farmer didn’t carry Anatolian
or Iranian farmer ancestry. Instead, they were
a mixture of Iranian and South Asian hunter-
gatherers, suggesting the rise of farming in South
Asia didn’t involve large-scale migrations (Shinde
et al. 2019). The “steppe” ancestry only arrived
in South Asia after the Indus Valley Civilization
period, around 3900-3500 BP (Narasimhan et
al. 2019). Additionally, these findings provide
insights on the origin of Indo-European lan-
guages in South Asia, by concordantly supporting
the Steppe origin of these languages (Narasimhan
et al. 2019; Shinde et al. 2019).

Since the Early Bronze Age, the increase of
human mobility stimulated genetic and cultural
interactions across different parts of Eurasia,
especially in Central Asia - crossroads between
eastern and western Eurasia (Allentoft et al.
2015; Damgaard et al. 2018a,b; Narasimhan et
al. 2019; Sikora et al. 2019). Before the Bronze
Age, Central Asian local hunter-gatherers

carried ANE ancestry similar to the Siberians,
and Neolithic ancestry from Anatolia and Iran,
which also spread westward towards Europe
(Lazaridis et al. 2014, Narasimhan et al. 2019).
The Steppe ancestry expanded into Central Asia
and reached Mongolia and southern Siberia as
early as 5,000 BP, giving rise to a series of Bronze
Age archaeological cultures like Afanasievo and
Andronovo (Allentoft et al. 2015; Jeong et al.
20205 Jeong et al. 2018; Yu et al. 2020). The
spread of pastoralism and dairy consumption is
highly correlated with the unique Steppe ances-
try and lactase persistence phenotype in western
Eurasia. In contrast, various studies showed that
in Central and East Asia, many ancient pastoral-
ist groups practised pastoralism and consumed
dairy but carried limited to no Steppe ancestry
and the genetic variation related to lactase per-
sistence (Jeong et al. 2018; Zhang et al. 2022).
Exemplary are the mummies from the Tarim
Basin in southern Xinjiang. Combining genomic
and proteomic evidence, researchers revealed that
these earliest residents in the Tarim Basin car-
ried genetic ancestry inherited from local Upper
Palacolithic hunter-gatherers, carried no steppe-
related ancestry, but consumed milk products,
indicating communications of persistence prac-
tices independent from genetic exchange (Zhang
etal. 2021).

Pacific

During the Pleistocene, the first anatomically
modern humans to settle in the Pacific region were
the ancestors of present-day Australo-Melanesian
speakers, including Papuans, Aboriginal
Australians and Torres Strait Islanders, and some
groups in Near Oceania and Island South East
Asia. More than 55,000 years ago, they mixed
with Denisovans (see “Asia”) and crossed the
waters dividing the ancient land-masses of Sunda
(the Asian mainland and Western Indonesia)
and Sahul (today New Guinea and Australia)
(Clarkson et al. 2017; O’Connell et al. 2018;
Summerhayes et al. 2010). A cornerstone of their
route is represented by the ancestry present in an
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individual from Sulawesi, whos ancestry mainly
derives from a lineage related to this early disper-
sal (Carlhoff et al. 2021). They dispersed to the
islands of the Bismarck Archipelago (Leavesley
2006; Leavesley et al. 2002) and the Solomon
Islands (Walter and Sheppard 2017; Wickler
and Spriggs 1988) during the late Pleistocene.
Present-day genomes show genetic diversifica-
tion and regional structure in the following mil-
lennia (Bergstrom et al. 2017, 2020). Together
with ancient genomic data (Carlhoff et al. 2021;
Tobler et al. 2017), they add evidence to the
long cultural continuity of Indigenous cultures
in Papua and Australia, but also show the influ-
ence of later dispersals.

The archaeological record, present-day
genomics, and linguistics (Blust 2019), provide
good documentation for a dispersal associated
with  Austronesian-speaking seafaring farm-
ers, starting on the Asian mainland somewhen
between 7,000 and 5,000 years BP (Bellwood
1995; Bellwood et al. 2006; Blust 2019; Klamer
2019; Ko et al. 2014; Lansing et al. 2011; Soares
et al. 2016). From Taiwan, this Austronesian-
speaker associated ancestry spread across the
islands of South East Asia to the shores of
New Guinea and the islands offshore. Ancient
genomics have only just started to contrib-
ute to these questions (Oliveira et al. 2022;
Pugach et al. 2021), but the initial settlement
of Western Remote Oceania by descendants of
groups genetically most similar to present-day
Indigenous Taiwanese has been confirmed by
aDNA (Skoglund et al. 2016). Ancient genomes
show people with almost exclusively Asian ances-
try eventually settled Remote Oceania. There is
still debate about the details of this expansion,
and increasing critiques of Taiwan as the “home-
land” of this expansion (Choin et al. 2021;
Soares et al. 2016). The expansion was seem-
ingly fast, and some evidence suggests there was
not much interaction with the local populations
met along the way. Still, much evidence suggests
this “Fast train model” is too simplistic, and —
perhaps additionally — interaction happened in
Island South East Asia and Papua New Guinea
(Bergstrom et al. 2017; Oliveira et al. 2022). The

Lapita cultural complex formed in the Bismarck
Archipelago around 3,300 years BP as part of the
Austronesian expansion. Identified in the archae-
ological record by their distinct ornate pottery,
they quickly expanded into Remote Oceania,
bringing with them a cultural landscape of agri-
culture, seafaring technologies, and Austronesian
languages, and reached Vanuatu and Tonga in
Western Remote Oceania around 2,900 — 2,500
years BP (Petchey et al. 2014). Archaeological
evidence suggests that this inital expansion
halted here, and material culture changed in the
millennium after.

In the north-western region of Remote
Oceania, often referred to as “Micronesia”,
archaeological sites show people navigated to
the Marianna Islands and Palau around 3,000 —
3,400 BP. The mosaic of languages, cultural prac-
tices, and genetic affinities today (Liu et al. 2022;
Petersen 2009) reflects the complex history, and
the origins and details of the settlement are still
a matter of debate. Archacogenetic insights show
that multiple dispersals contributed to the for-
mation of the different societies and that a set-
tlement via the Philippines — deemed unlikely
because of unfavorable currents — cannot be
excluded (Liu et al. 2022; Pugach et al. 2021).

Similarities in the ceramic tradition and
exchange of resources show that the communi-
ties across western Remote Oceania - in Samoa,
Tonga and Fiji - remained in contact in the
millennium after initial settlement (Green and
Kirch 1997). In the archaeological record, a shift
in material culture is visible. From decorated
Lapita-style pottery to “Polynesian-plainware”
to the absence of pottery, these shifts have been
interpreted as a changing society, settling in and
adapting to the environment (Kirch 2017). In
the last millennium, intensified food production
and specialized and monumental architecture
suggest a population growth before an expan-
sion to the remaining areas of the Pacific Ocean.
Radiocarbon dates of early sites in Central and
Eastern Oceania suggest that the Cook Islands,
Society Islands, and the Marquesas Islands were
settled in rapid sequence starting from 1,000

BP (Spriggs and Anderson 1993), and served
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BOX 4 - HOW ANCIENT DNA PROVIDED A KEY TO UNDERSTANDING THE DISSENT OF LAN-
GUAGE AND GENETICS IN VANUATU

The ancestry of present-day Pacific Islanders shows, in addition to the ancestries introduced with the
colonial invasion, ancestry related to the present-day inhabitants of the Papuan Highlands. The amount of
Papuan ancestry varies across the Pacific region. While Polynesians carry around 40 %, some Archipelagos
in Western Remote Oceania have much higher proportions. At the same time, the languages spoken across
Remote Oceania are most closely related (Gray et al. 2009). Still, they have isolated speakers in various
islands across Near Oceania, and the cultural, linguistic and genetic diversity in the region show that the
population history of the region is much more complex. In Vanuatu, where first record of Lapita pot-
tery in Remote Oceania was recovered, the Ni-Vanuatu (as people self-identify today) speak a plethora of
Austronesian languages, linking them to the earliest settlers in the region. However, cultural aspects and
genetic composition suggest relations to Near Oceania. The genetic ancestry of Ni-Vanuatu is most similar
to that of present-day Baining-speaking people from the Bismarck Archipelago. This peculiar mismatch
in genetic and linguistic evidence is rare, if not unprecedented, in human history. A potential explana-
tion is the succession of events in the settlement of the archipelago and the subsequent interactions. From
ancient genomes, spanning the close to 3000 years of occupation of the islands, the connections to other
regions within the Pacific could be traced by inferring mixture events. Individuals from the Teuoma cemetery
with almost exclusively Austronesian-related ancestry (Posth et al. 2018; Skoglund et al. 2016), dating to
~2,900 BP are followed by a genetically diverse population displaying variable proportions of Austronesian-
related and Papuan-related ancestry between 2,600 and 2,100 BE, including one individual with exclusively
Bismarck-related ancestry. In the period from 2,000 BP to 1,100 BP today, the Austronesian-related compo-
nent declines to levels similar to those in Ni-Vanuatu. The dating of the admixture event showed a particular
pattern: the older the individuals were, the farther back in time the admixture event was inferred, suggesting
that there were multiple such events. A single, substantial migration, as observed in other parts of the world,
not only would have led to a complete change in the genetic signal within a very short timeframe, but also
very likely changed the language spoken to that of the new-coming group. In this case, the region should
have shifted to languages spoken in the Bismarck Archipelago today. Perhaps the repeated arrival of people
with Bismarck-related ancestry over millennia, and their integration into the local society led to the genetic
turnover, while retaining the local languages.

L

J

as a hub for the navigation to other islands in
eastern Oceania. A recent study on the genomes
of people living in the region today shows
sequential bottlenecks retracing the settlement
sequence. Although the inferred dates should be
interpreted cautiously and are partly in conflict
with the radiocarbon sequences for this region,
the study adds detail to the settlement history
(Ioannidis et al. 2021). The oldest reliable dates
in the most remote islands suggest the settlement
of Hawaii (910 — 731 BP), Rapa Nui (900 — 600
BP), and Aotearoa (700 — 650 BP) mark the end
of the last initial settlement period of human his-
tory. One aspect of the genetic landscape of the

Pacific is still debated. Present-day inhabitants
of Rapa Nui and Central Oceania carry Native
American ancestry proportions from different
source populations in the Americas (loannidis
et al. 2020; Moreno-Mayar et al. 2014). The
ancestry dominant in the Native American pro-
portion in Rapa Nui was likely introduced in the
late 19* century after Chile’s annexation of Rapa
Nui. In addition to this ancestry, a second one is
more similar to that of populations in the Pacific
region of Colombia. Various Islanders in Central
Oceania carry the same ancestry, but the inferred
date of this introgression sparks controversy. An
inference from present-day genomes suggests a
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very early introduction starting from 800 BI
However, this result conflicts with the archaeo-
logical record, that lacks evidence for an early
American influence. Only two ancient genomes
are recovered from this region, and while those
do not show a Native American proportion,
they are too few to rule out this possibility with
certainty. The great seafarers of the Pacific were
likely able to navigate to the Americas and per-
haps brought innovations and even people or
their ancestry with them. For now, it seems less
likely that the journey was undertaken in the
opposite direction, although many Indigenous
peoples of the Americas are and were skilled in
water navigation.

Americas

The ancestors of the indigenous peoples
of the Americas were at home in Asia (Yu et
al. 2020). During the last glacial maximum,
around 26,000 to 19,000 BE the lower sea-
level exposed a landmass bridging what is today
Siberia and northern America (Lambeck et al.
2014). Massive glaciers bordered this landmass,
preventing passage into the American continents
(Meltzer 2004). Into this area, the ancestors of
Native Americans moved, and were likely isolated
from their ancestral population in Asia (Moreno-
Mayar et al. 2018a,b; Sikora et al. 2019; Yu et
al. 2020). This isolated population differentiated
into three lineages: the merely inferred “unsam-
pled Population A”, the “ancient Beringian”,
genetically represented by genomes from Alaska
with equal genetic affinity to all Native American
populations, and “Ancestral Native Americans”
(Moreno-Mayar et al. 2018a,b). How these pop-
ulations differentiated while occupying the same
region is still unknown, but perhaps they occu-
pied different environments within Beringia.
The lower sea levels likely exposed a number of
islands south of Beringia between 30,000 and
8,000 years ago, providing marine resources and
perhaps inspiring the development of seafaring
techniques. Some groups in Beringia might have
exploited the marine and coastal environment,

others specialized in the hunting of megafauna,
leading to different lifestyles, adaptions, and a
differentiation of the gene pool.

Towards the end of the LGM the glaciers
retreated to open a corridor along the Rocky
Mountains (Perego et al. 2010; Potter et al.
2018), but only after the first occupational sites
were established, this corridor was viable enough
to allow human passage (Pedersen et al. 2016).
Therefore, the earliest settlers of the Americas will
likely have taken a different route into the con-
tinents. Along coastal shore lines of the Pacific
(Davis and Madsen 2020), the productive Kelp
forests provided subsistence, and possibly facili-
tated the dispersal along the coasts (Erlandson
et al. 2007). Around 15,000 years ago, the
“Ancestral Native American” lineage split. Where
exactly this split happened is still unclear, and
both north and south of the ice shield are options
(Moreno-Mayar et al. 2018a,b; Willerslev and
Meltzer 2021). Since only few genomes are
recovered from this time and region, it is diffi-
cult to discern if the observed ancestry pattern is
a result of later (re)dispersals, or if it reflects the
geography of the branching pattern. One line-
age likely remained in North America, and most
groups there are descendants of this lineage. The
other spread southward. Again, different ways
of dispersal are possible. The Pacific coast pro-
vided resources facilitating a coastal expansion.
Individuals buried with arrowheads and other
goods implying a hunter-lifestyle suggest hunt-
ing megafauna was part of the subsistence, and
facilitated an inland dispersal to the south.

A treelike model of ancient individuals sug-
gests that the dispersal south happened very
fast, and the currently oldest confirmed sites
show that at least by 14,000 BP (Dillehay et al.
2008; Prates et al. 2020), people had settled the
southern cone of the Americas. Additionally,
the genomes of people who lived in South and
Central America around 10,000 BP show close
genetic links, despite their geographical distance
(Moreno-Mayar et al. 2018a,b; Posth et al.
2018). However, there is variability in the ances-
try observed through time in South America,
and assuming an initial expansion followed by
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BOX 5 - HOW ANCIENT DNA HELPS RE-EXAMINING GENDER CONSTRUCTIONS IN THE PAST

Genderhasbecomean importantfield of study in many disciplines. Heated discussionsaboutwhat genderis,
howmanythereareandwhatthismeansforoursocieties permeatenewspapers, political debateand nearlyall public
exchange platforms. The definition of gender rolesand theirimpactonlived experienceshave resurged during the
pandemic, where many found themselves in constellations reminiscent of what they had believed lay in the past.
Understanding gender roles in the distant past is incredibly difficult, seeing evidence is usually interpreted
from the experiences with the topic of today.

Ancient genomes allow us to infer the genetic sex, and in the Americas, this was applied to an individual
that had been buried with an impressive amount of burial goods, suggesting the person had been an expert
hunter, well respected by their community (Haas et al. 2020). Initially assuming it was the grave of a male
leader, the genetic sex provided reason to re-examine other hunter burials, and close to half of all burials
suggestive of a “hunter burial” were in fact genetically female. This result shattered the “man the hunter —
woman the gatherer” hypothesis that has shaped narratives about gender roles in the present-day, which in
turn “inform” interpretations of such and similar contexts in archaeology.

In Europe, the graves of high-status Viking warriors were mostly interpreted as those of men. The
genome of one such individual, excavated near the Swedish town of Birka, proved this practice to be
improper (Hedenstierna-Jonson et al. 2017). The genetic sexing revealed this individual to be female, and
the grave goods showed she was of high rank. Critiques of this paper included the objection that this person
might have been genetically female, but it was unknown which gender she identified with. Seeing transgen-
der, in the sense that someone does not identify with the (binary) gender connected to their reproductive
sex, is a concept known and accepted in cultures on nearly every continent and throughout recorded history,
this argument is valid. However, to understand the complicated details of gender constructions in the past,
more than grave goods and genetic sex are necessary.

The idea of a binary biological sex is something that does not fit with the many variations in the sex
Chromosomes. While most females carry two X-Chromosomes, and most males an X- and a Y-Chromosome,
other combinations are observed in human populations. X, XXX, XXY, XYY, XXXY are all possibilities.
They do somewhat determine the level of hormones, which lead to the external representation of the repro-
ductive sex, but not always do they correspond with what would be expected from the karyotype.

In Finland, a grave featuring two swords and dress accessories and jewelry gendered feminine was inter-
preted by some as the burial of a powerful female warrior. Others were doubtful, believing the Swords
should not be part of a female burial. A detailed analysis of the grave (Moilanen et al. 2021) included
Chromosomal analyses, and revealed that this individual showed a karyotype of XXY, today known as
Klinefelter Syndrome, one of the most common sex-chromosome aneuploidies. The physical appearance of
this karyotype is male, and in other individuals found with this aneuploidy from Iceland and Germany, the
contexts are not ambiguous. It is still difficult to interpret this evidence, because — as mentioned above — bio-
logical sex has several variations, and chromosomal sex is different from gender. This individual might have
identified anywhere on the gender spectrum, but this evidence cautions us not to impose modern “western”
binary gender constructs onto the past.

\
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long periods of no dispersal and interactions

is

Southern Native American lineages. Genomes

affinity to a genome associated with the Clovis-

too simplistic. Some groups from Central  culture (Posth et al. 2018; Rasmussen et al.
America show affinity to both Northern and ~ 2014). In the Central Andes, ancestry related to

individuals from the California Channel Islands

from the site of Los Rieles in today’s Chile show  is present before 4,200 BP (Posth et al. 2018)
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and might be linked to the spread of agriculture
from Mesoamerica (Sutter 2021). When exam-
ined on a local scale, South and Central America
are a mosaic of genetic continuity and ancestry
shifts. In some parts, for example in Peru and in
the Southern cone, genetic continuity through
millennia links some Indigenous groups inhabit-
ing the regions today with the ancient individu-
als studied through ancient genomics (Posth et
al. 2018). In other regions, the lack of continuity
suggests additional dispersals or complex inter-
actions between groups with different genetic
ancestries. In Belize, an ancestry shift in individ-
uals occupying the area between 9,600-7,300
cal. BP and 5,600-3,700 cal. BP shows that dis-
persals were bi-directional, also occurring south
to north (Kennett et al. 2022). In the Andes, the
abovementioned affinity to the Anzik individual
vanishes before 5,000 B, and in Brazil, ancient
individuals show no, or complex relations to
later groups, including Indigenous People in
the Amazon today (Posth et al. 2018; Ferraz da
Silva et al. forthcoming ) One ancestry signal
was first described in present-day groups from
the Amazon and the Central Brazilian Plateau,
(Skoglund et al. 2015), but has since been
detected in ancient individuals from Lagoa Santa
in Brazil (Moreno-Mayar et al. 2018a,b) and
present-day groups from the Central-Western
Brazilian region and Peru (Castro e Silva et al.
2021). The low excess affinity to Australasians
was assumed to derive from an unsampled
population, named “Ypikuéra”, or “Population
Y” (Skoglund et al. 2015). Originally linked to
the presence of certain cranial features carried by
the “Palacoamericans”, a group of first inhab-
itants of South America (Neves and Hubbe
2005), their ancestry does not differ markedly
from other ancient Native Americans. The
"Population Y” ancestry remains a conundrum,
but each ancient genome recovered showing this
affinity (Campelo dos Santos et al. 2022) helps
understanding the link between the populations
today and the deep past of South America.

In the Caribbean, there is only very litte
continuity between the ancient genomes and
people today. The colonial atrocities committed

altered the cultural, linguistic and genetic land-
scape to an extreme extend. However, the assess-
ment of ancient genomes and their affinity to
the American ancestry proportion in people
living in some parts of Cuba and Puerto Rico
today — and more obviously the Indigenous
groups such as the Kalinago and Garifuna -
show that the common narrative of the extinc-
tion of the Indigenous peoples of the Caribbean
is not true. Still, a reconstruction of the settle-
ment history of the Caribbean was only possi-
ble through archaeological evidence, including
ancient genomics. The origin of the first set-
tlers of the Caribbean is a continuing debate.
The oldest sites date to - 7,000 — 5,000 BP,
the Archaic Age in the Caribbean. The com-
bined pattern of sites, dates and material cul-
ture does not allow to trace the origins to one
geographical region on the mainlands, and
neither do ancient genomes. North-, Central
and South America remain potential regions.
The genomes of the early settlers of the west-
ern Caribbean show equal affinity to ancient
and present-day Central- and South Americans
(Nigele et al. 2020) and can be modeled as part
of the South and Central American radiation
(Fernandes et al. 2021), but also as a mixture
of South American ancestry, mixed with a more
ancestral lineage (Nigele et al. 2020), suggest-
ing multiple dispersals. Starting from 2,800 BP,
an additional dispersal from northeastern South
America into the islands is well supported by
archaeological, linguistic and genetic evidence.
The dispersal of groups crafting decorated
ceramics and practicing larger-scale agriculture
heralds the Ceramic Age in the Caribbean. They
are surprisingly homogenous in their genomic
affinities, seeing the multiple ceramic traditions
have been interpreted as originating from mul-
tiple dispersals, and accounts of the colonizer’s
chroniclers mention many groups with different
continental origins. Genetically they are clearly
distinct from the previous populations, and
surprisingly little mixture between the two has
been reported so far.

The last major dispersal in the Americas
occurred around 5,000 BP in the far north,
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and is represented by the Paleo-Inuit archaeo-
logical traditions. Only few genomes from this
period are preserved, but individuals recovered
from this context (Raghavan et al. 2014; Sikora
et al. 2019) show genetic similarities to ancient
Siberian populations, and suggest bi-directional
interactions. Their tradition persisted until 500
BP, when a suite of technologies present from
about 1,800 BP both east and west of the Bering
strait - the Thule culture - became the only
material culture found in the Arctic. From 800
BP, this culture rapidly spread through the Arctic
to Greenland. Many of the cultural artefacts and
tools present in the Thule context are still pro-
duced and used by Arctic people today, and their
oral traditions tell of links to the past populations
(Raff 2022). However, their relations to ancient
groups is still unresolved. Many groups, in the
Arctic, among them Inuit from Siberia through
Greenland, and interestingly also Na-Dene
speakers from further south, do harbour ancestry
also present in Palaco-Inuit. Whether this repre-
sents a direct link to these populations, or is a
reflection of additional gene flow from Siberia is
currently a disagreement between different stud-
ies (Flegontov et al. 2019; Moreno-Mayar et al.
2018a,b; Sikora et al. 2019).

The past decade of archacogenomic research
has mainly focused on the broad strokes, and
inferred the dispersal of humans on a large scale,
but from few anchor points in space in time. In
recent years, studies with a more regional focus
have increased, and the results have almost always
shown that the narratives based on the broad-
scale investigations are too simple. Additionally,
we are now moving into periods where written
sources are available, and ancient genomics can
provide alternative insights, questioning the nar-
ratives of the chroniclers. In the next few years,
we can expect a steeper rise in such studies, dis-
cussing societal changes and drivers, possibly
leading to the observations from the broader
picture. The true power of the smaller scale stud-
ies comes not from ancient genomics alone, but
from the integration of all available lines of evi-
dence, creating a better sense of the true shape
and fabric of human history.
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