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a b s t r a c t

The number of ancient human DNA studies has drastically increased in recent years. This results in a
substantial record of mitochondrial sequences available from many prehistoric sites across Western
Eurasia, but also growing Y-chromosome and autosomal sequence data. We review the current state of
research with specific emphasis on the Holocene population events that likely have shaped the present-
day genetic variation in Europe. We reconcile observations from the genetic data with hypotheses about
the peopling and settlement history from anthropology and archaeology for various key regions, and also
discuss the data in light of evidence from related disciplines, such as modern human genetics, clima-
tology and linguistics.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

Within the field of ancient DNA (aDNA), considerable focus has
been placed on exploring the genetics of ancient hominins and the
population history of anatomically modern humans. Despite the
controversial early days of aDNA work and inherent pitfalls, espe-
cially when working with ancient human samples (Cooper and
Poinar, 2000; P€a€abo et al., 2004; Gilbert et al., 2005), recent
studies on prehistoric individuals have now advanced sufficiently
to produce reliable insights into specimens from past populations
by applying strict authentication criteria, including ‘DNA-free’
sampling in the field, dedicated aDNA facilities, a series of decon-
tamination procedures and experimental controls, and a hierar-
chical framework of independent replication of results (see e.g.,
Gilbert et al., 2005, 2006; Malmstr€om et al., 2005; Deguilloux
et al., 2011a, 2012; Brandt et al., 2013 for more details on this
topic). In contrast to modern DNA studies, which can only infer past

events from present-day distribution patterns, aDNA studies have
the advantage of providing direct genetic evidence at a given point
in time (either from a radiocarbon date of the sample itself or its
stratigraphic layer and archaeological context). This allows us to
directly test hypotheses about the genetic affinity of ancient in-
dividuals and/or past populations as a whole.

The temperate and cooler climate zones of the Americas and
Europe are the two main areas best studied at this point, due to
their natural conditions favorable for DNA preservation. The large
number of aDNA laboratories, close and regional collaborations
with archaeologists and anthropologists, and significant resources
available to study the peopling history of these regions can also be
listed as factors. These days, the number of aDNA records amounts
to several hundreds of individuals for both America and Europe or
Eurasia. The paleogenetic record of Europe has been summarised
recently (e.g., Deguilloux et al., 2012; Pinhasi et al., 2012; Lacan
et al., 2013), and implications for neighboring fields such as phys-
ical anthropology and zooarchaeology (considering domestication
events accompanying major cultural transitions) have been dis-
cussed (e.g., Vigne, 2011; von Cramon-Taubadel and Pinhasi, 2011;
Pinhasi and von Cramon-Taubadel, 2012; Larson and Burger, 2013).
However, two more recent studies have substantially solidified the
observed population events forming the European genetic land-
scape, resulting in a four-fold increase of aDNA data available from
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Europe, which warrants a fresh synthesis of the work to date
(Fig. 1A). The first study has provided more data on Mesolithic
hunter-gatherers and the complexity surrounding the Meso-
Neolithic transition (Bollongino et al., 2013). The second one, a
study by our group, has established the first comprehensive genetic
transect through time in Central Germany's Mittelelbe-Saale region
(Brandt et al., 2013), which can serve as a genetic reference stra-
tigraphy to anchor and assess single site/culture studies in adjacent
regions. In short, this detailed chronological study has revealed a
series of population events in Central Europe, which in sum could
explain most if not all of the genetic diversity observed today:

! The initial peopling event providing a Paleolithic and Mesolithic
genetic substratum

! The impact of incoming farmers during the Early Neolithic
(event A)

! A period of genetic continuity followed by an assimilation of
surrounding hunter-gatherers in peripheral contact zones
(events B1 and B2)

! A period of renewed genetic influx during the Late Neolithic
with variable regional repercussions (events C and D).

In this review we will use this chronological reference dataset,
updated with most recent studies, and discuss parallels and dif-
ferences to various regions in Europe with specific focus on the
more recent ‘Holocene’ population history. We will summarise the
current status of uni-parentally inherited markers (i.e., mostly
mitochondrial sequence data but also Y-chromosome data) and the
first exciting results from genome sequencing efforts, but will also
discuss further implications of genetic results in light of linguistic
and climatic records.

Setting the scene e The genetics of pre-agricultural Europe

In order to shed light on the peopling of Europe, and especially
the process of Neolithisation1 with associated genetic changes in
various regions of Europe, it is of utmost importance to fully un-
derstand the genetic substratum, i.e., the prevailing genetic di-
versity in Europe at the time of the LateMesolithic. The genetic data
available at present consist mostly of mitochondrial DNA (mtDNA)
studies, but nuclear genomic data will undoubtedly widen our
knowledge about past populations. This will include information
about timing, number and mode of admixture events, population
structure as well as sex-biased migration patterns, which cannot be
inferred from uni-parentally inherited mtDNA. However, the
chances of retrieving nuclear data at a sufficiently high level of
complexity decrease as we gradually move from cooler and
temperate climate zones to warmer and more challenging regions
(Burger et al., 1999; Bollongino and Vigne, 2008; Pruvost et al.,
2008), such as the Mediterranean coastlines including North Af-
rica and the Near and Middle East, which promise to hold the ul-
timate answer to many of the questions tackled here. In all
likelihood and despite great technological advances (Meyer et al.,
2012; Gansauge and Meyer, 2013), aDNA studies in these regions
will require intensive screening of many samples in order to find
ones with suitable DNA preservation, and will often remain
restricted to mtDNA evidence for the majority of specimens
(Salamon et al., 2005; Hughey et al., 2013).

To date, 83 mtDNA sequences from 32 hunter-gatherer sites of
Central, East, North, and South Europe have been published
(Caramelli et al., 2003; Chandler, 2003; Chandler et al., 2005;
Bramanti et al., 2009; Malmstr€om et al., 2009; Krause et al., 2010;
Hervella et al., 2012; Sanchez-Quinto et al., 2012; Skoglund et al.,
2012; Bollongino et al., 2013; Der Sarkissian et al., 2013; Fu et al.,
2013; Lazaridis et al., 2014) (Fig. 1A, sites 1e30, 63, 80). However,
some of these forager populations, such as the Pitted Ware culture
(Malmstr€om et al., 2009; Skoglund et al., 2012) or the Ostorf site in
northern Germany (Bramanti et al., 2009) were contemporaneous
with Neolithic cultures of the relevant regions and therefore
potentially influenced by farming communities. In the latter case,
archaeological research has suggested that the Ostorf people were
formerly farmers who became fishermen (Lübke et al., 2007). The
57 remaining sequences from confirmed Mesolithic contexts
clearly cement the Upper Paleolithic and post-glacial Mesolithic
female substratum as predominantly members of mtDNA hap-
logroup2 U, e.g., U2, U4, U5a, U5b, and U8 (Bramanti et al., 2009;
Krause et al., 2010; Hervella et al., 2012; Sanchez-Quinto et al.,
2012; Bollongino et al., 2013; Der Sarkissian et al., 2013; Fu et al.,
2013; Lazaridis et al., 2014). In sharp contrast, the genetic lineages
of Early Neolithic farmers from Central and Southwest Europe (238
individuals from 30 sites (Fig. 1A, sites 31e58, 81)) are comprised of
a wider array of mtDNA lineages with a generally higher diversity
(e.g., H, HV, V, K, J, T2, X, W, N1a), in which U lineages are generally
less frequent, or in the case of Central Europe very rare or even
absent (Fig. 1B and Fig. 2AeC) (Chandler et al., 2005; Haak et al.,
2005, 2010; Bramanti, 2008; Lacan et al., 2011a; Gamba et al.,
2012; Hervella et al., 2012; Lee et al., 2012; Brandt et al., 2013;
Lazaridis et al., 2014), supporting a genetic discontinuity of
maternal lineages at the advent of farming (Bramanti et al., 2009;
Haak et al., 2010; Brandt et al., 2013).

The wide geographic distribution of haplogroup U in the Upper
Paleolithic and Mesolithic ranging from sites in Portugal (Chandler
et al., 2005) and the two La Bra~na individuals (possibly closely
related; Sanchez-Quinto et al., 2012) in the far West to the Yuzhny
Oleni Ostrov site in Karelia's North (Der Sarkissian et al., 2013),
Kostenki in Russia (Krause et al., 2010) and the Mal'ta boy in the
Lake Baikal region (Raghavan et al., 2014) is very interesting and
argues for a relatively small population size of hunter-gatherer
bands, stretching across vast longitudinal space. Associated cul-
tural attributes, such as ornaments and figurines seem to indicate
cultural affinities across large geographic distances (Sanchez-
Quinto et al., 2012; Olalde et al., 2014).

The finding of U types in pre-agricultural Europeans is consis-
tent with a study of Richards and colleagues (Richards et al., 2000),
who, based on coalescence age calculation of modern-day Euro-
pean population data, suggested that haplogroup U was one of the
oldest Eurasian branches in the mitochondrial phylogeny and
therefore a prime candidate for an expanding lineage during the
initial peopling of Eurasia by anatomically modern humans ~42 kya
(thousand years ago) (Mellars, 2006). Another interesting aspect is
that some of the oldest samples (e.g., Mal'ta and Dolní Vĕstonice)
show basal U haplotypes (Fu et al., 2013; Raghavan et al., 2014),
which cannot be attributed to any of the known sub-clades. This
not only supports the authenticity of individual results but also
matches our expectations about sequence evolution (with the age

1 The process of Neolithisation describes the shift from a nomadic or seasonally
changing hunter-gatherer-fisher lifestyle to more sedentary subsistence strategies
involving agricultural practices, animal and plant husbandry, and accompanying
changes in material culture and social organisation.

2 Human mitochondrial sequence polymorphisms are commonly described as
‘haplotypes’, whereas characteristic polymorphisms, which are shared between
individuals, are combined in ‘haplogroups’ (or lineages), following a hierarchical
phylogenetic structure and nomenclature, including macro- and sub-haplogroups.
Haplogroups commonly found in Europe today include
U2eU5,K,R0,HV,V,H,J,T,W,I,X, and N1a (Richards et al., 1998).
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Figure 1. Location and principal component analysis (PCA) of paleogenetic data published to date. (A) Map showing the location of prehistoric sites from which aDNA data have
been published. Symbols indicate populations from Central Europe (squares and diamonds), outhern Scandinavia (circles), South/Southwest Europe (triangles), and East Europe/Asia
(stars). Colour shadings denote hunter-gatherer (grey), Early Neolithic (brown), Middle Neolithic (orange), and Late Neolithic/Bronze Age (yellow) samples. (B) The majority of these
ancient DNA sequences were pooled into 22 groups according to cultural affiliation or spatial and temporal relations. The mtDNA haplogroup frequencies of these groups were used
to perform PCA as described in Brandt et al. (2014). Each haplogroup is superimposed as component loading vector (grey), proportionally to its contribution. Striped colours on the
map indicate data that were not included in the PCA due to small samples sizes. Abbreviations: BAC ¼ Baalberge culture, BAK ¼ Bronze Age Kazakhstan, BAS ¼ Bronze Age Siberia,
BBC ¼ Bell Beaker culture, BEC ¼ Bernburg culture, BLA ¼ Bl€atterh€ohle, CAR ¼ (Epi)Cardial culture, CWC ¼ Corded Ware culture, FBC ¼ Funnel Beaker culture, HGC ¼ hunter-
gatherers Central and North Europe, HGE ¼ hunter-gatherers East Europe, HGS ¼ hunter-gatherers Southwest Europe, LBK ¼ Linear Pottery culture, NBQ ¼ Neolithic Basque Country
and Navarre, NCA ¼ Neolithic Catalonia, NPO ¼ Neolithic Portugal, PWC ¼ Pitted Ware culture, RSC ¼ R€ossen culture, SCG ¼ Sch€oningen group, SMC ¼ Salzmünde culture,
TRE ¼ Treilles culture, UC ¼ Unetice culture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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of the older samples being closer to the coalescence date and
therefore closer to the root of the branch).

Despite the apparent uniformity at the haplogroup level, there is
increasing evidence for a Mesolithic population structure in Eura-
sia, justifying a closer look at the available data. Malyarchuk et al.
(2010) studied the modern-day distribution of subhaplogroup U5
in particular and proposed different places of origin during the
Upper Paleolithic for each of the sub-clades, with U5b in the West
and U5a in the East. This is in accordance with studies that linked
sub-haplogroups of U5b, such as U5b1b1 and U5b3, with an
expansion after the Last Glacial Maximum from southwestern
refugia in Franco-Cantabria and Italy, respectively (Achilli et al.,
2005; Pala et al., 2009). So far, final conclusions cannot be drawn
from the small number of ancient individuals from each separate
aDNA study. However, when taken together it appears that ancient
hunter-gatherer samples confirm the hypothesis of different places
of origin for each of the U5 sub-clades, showing higher frequencies
of U5b in the West (Chandler et al., 2005; Hervella et al., 2012;
Sanchez-Quinto et al., 2012), with U5a more common in the
(North)east (Bramanti et al., 2009; Krause et al., 2010; Der
Sarkissian et al., 2013; Lazaridis et al., 2014), and a mixed compo-
sition in Central Europe (Bramanti et al., 2009; Bollongino et al.,
2013; Fu et al., 2013). This is also indicated by the separation of
distant hunter-gatherer groups from Central, East, and Southwest
Europe in the principal component analysis (PCA) (Fig. 1B). Inter-
estingly, sub-clade U4 seems to be most common around the Baltic
region and South Scandinavia today and has been proposed to have
originated in a Southeast European glacial refugium (Malyarchuk
et al., 2008) and is indeed more frequent in central and north-
eastern hunter-gatherers (Bramanti et al., 2009; Malmstr€om et al.,
2009; Der Sarkissian et al., 2013; Lazaridis et al., 2014) (Fig. 1B),
which also argues for structured ancient populations during Upper
Paleolithic and Mesolithic times. This picture becomes more com-
plex with the observation of non-U lineages in peripheral regions in
the far West (haplogroup H and N*) and Northern Russia (hap-
logroup H and C), while these are absent in Central European for-
agers. Haplogroup H has been reported with high frequencies (38%)
from hunter-gatherers in Portugal and the Basque country
(Chandler et al., 2005; Hervella et al., 2012) and one individual from
the Yuzhnyy Oleni Ostrov site in Northern Karelia (Der Sarkissian
et al., 2013), indicating a widespread and possibly clinal distribu-
tion of haplogroup H in Mesolithic Europe. Under this hypothesis it
seems to be a question of time when the first H lineage will be
reported from Central European hunter-gatherers. In addition,
haplogroup N* has been described in Mesolithic individuals from
Portugal (Chandler et al., 2005) and one Paleolithic individual from
South Italy (Caramelli et al., 2003), suggesting a distribution across
Southern Europe during Paleolithic andMesolithic times. While the
data from Portugal have not been published in a peer-reviewed
journal and therefore are best viewed cautiously, the reported
presence of U5b in this Mesolithic dataset is absolutely plausible,
while N* and H have seemingly been confirmed by independent
studies (Caramelli et al., 2003; Hervella et al., 2012). N* has also

described from the Cardial culture in Northeastern Spain (Gamba
et al., 2012), which represents the first farming culture of the Ibe-
rian Peninsula. If we accept that N* was already present in Meso-
lithic Southwestern Europe, this can be likely interpreted as the
result of admixture between immigrant farmers and local hunter-
gatherers. As such, based on the current state of research, the
presence of haplogroups N*, H, U5b, and U4 (albeit at low fre-
quency) and the absence of U2 and U5a, could be interpreted as the
genetic Mesolithic substratum of Southwestern Europe. In contrast,
East European hunter-gatherers show a different haplogroup
composition, which is based on higher frequencies of U2, U4, and
U5a than in Central and South Europe, very low frequencies of H,
and the absence of U5b and N*. Haplogroup U2 has been identified
in Paleolithic individuals from Kostenki (Krause et al., 2010), Motala
in Sweden (Lazaridis et al., 2014) and Mesolithic data from the
Republic of Karelia in Northwest Russia (Der Sarkissian et al., 2013).
In contrast, U2 has been detected only rarely in Central Europe
(Bollongino et al., 2013), and has not yet been observed in South-
western Europe. Therefore, it appears that haplogroup U2 was
more frequent in the Mesolithic of North and East Europe than in
Central or Southwest Europe. Furthermore, a considerable amount
of haplogroup C, common in Asia and the Americas today, has been
detected in forager populations of Northwest Russia, which was
interpreted as genetic influx from West Siberia during the Meso-
lithic (Der Sarkissian et al., 2013).

The emerging genome data from a few Mesolithic and early
farming individuals (Keller et al., 2012; Sanchez-Quinto et al., 2012;
Skoglund et al., 2012; Lazaridis et al., 2014; Olalde et al., 2014;
Raghavan et al., 2014) confirms the discontinuity between
hunter-gatherers and early farmers by identifying at least two
distinct genetic components. Skoglund and colleagues attributed
the first component to South/Southeast European farmers, which is
best represented by modern-day Sardinians, but also matches
genomic data from the famous Tyrolean Iceman (Keller et al., 2012;
Skoglund et al., 2012). The second component characterises
Northwest European hunter-gatherers and is still present in many
modern-day North European populations. Low coverage genome
sequencing of two Mesolithic individuals from Iberia confirms this
discontinuity in Western Europe (Sanchez-Quinto et al., 2012).
Importantly, the first autosomal data not only support the discon-
tinuity seen in the mitochondrial results, and as such critically
undermine the idea of an exclusively cultural diffusion of the
Neolithic way of life, but also suggest a more complex population
structure in pre-agricultural Europe, which in turn will affect our
interpretation of the events following the initial Meso-Neolithic
transition. In particular, the most recent study by Lazaridis et al.
(2014), including high coverage genome data from one Mesolithic
individual from Loschbour/Luxembourg plus additional low
coverage data from the Swedish hunter-gatherer site Motala and
one early farmer of the Linear Pottery culture or Linearbandker-
amische Kultur (LBK) from Stuttgart-Mühlhausen, is most eluci-
dating, suggesting at least three ancient populations, contributing
in various proportions to all modern-day Europeans. The first is an

Figure 2. Shared haplotype analyses. Shared haplotype analyses were performed in three key regions of Europe including Central Germany's Mittelelbe-Saale region (A),
Southwestern Europe (B) and Southern Scandinavia (C), following the concept described in (Sz!ecs!enyi-Nagy et al., 2014). Available Neolithic data from each region were combined
with respective hunter-gatherer and modern-day metapopulations (CEM ¼ Central European metapopulation, SEM ¼ South European metapopulation, NEM ¼ North European
metapopulation) and placed in chronological order. The modern-day metapopulations are each represented by 500 randomly selected individuals. To estimate the amount of
lineages in each region, which were present during the Paleo/Mesolithic and likely have been brought in by incoming farmers or emerged in later Neolithic periods, we traced each
lineage of a temporal group back to its earliest match in the chronology and regarded it as an ancestral lineage that appeared in this group for the first time. Colored lines indicate
summarised matches with lineages from hunter-gatherers (grey), Early/Middle Neolithic (brown) and Late Neolithic/Early Bronze Age (yellow) cultures. Haplotypes without direct
matches in previous cultures/populations were not resolved and defined as others (black dotted line). Since the available data from Mittelelbe-Saale provides a gapless genetic
record from the introduction of farming to the Early Bronze Age, we used this genetic reference stratigraphy together with respective Mesolithic data to also evaluate the amount of
hunter-gatherer, early farmer and Late Neolithic components in Southwestern Europe and Southern Scandinavia via direct comparison with Mittelelbe-Saale data. Abbreviations are
consistent with Figure 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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ancient North Eurasian population, exemplified by the Upper
Paleolithic Mal'ta boy from Siberia (Raghavan et al., 2014), the
second is a Western hunter-gatherer component (represented by
Loschbour and also the two La Bra~na individuals; Sanchez-Quinto
et al., 2012), and the third is an early European farmer compo-
nent, which is represented by the LBK farmer from Stuttgart, the
Iceman (Keller et al., 2012) and a Scandinavian farmer (Skoglund
et al., 2012), closely related to modern-day Sardinians. The Scan-
dinavian hunter-gatherers from Motala form their own cluster
together with data from Skoglund et al. (2012), explained by the
proportion of shared alleles with the ancient North Eurasian pop-
ulation, which is otherwise absent in the Western hunter-gatherer
and early European farmer clusters.

The recent study by Lazaridis and colleagues (2014) also reports
the first Y-chromosome results for five European hunter-gatherers
(Loschbour and four males fromMotala). Most interestingly, all five
samples can be attributed to Y haplogroup I, which appears to be
the predominant haplogroup in European hunter-gatherers and so
far parallels the relative antiquity and constraint to one single (but
major) branch as seen in mtDNA haplogroup U. This is consistent
with population genetic studies that described the highest fre-
quencies of Y haplogroup I in present-day Scandinavian and
Southeast European populations, and proposed that I subgroups
had been present in Europe since the late Upper Paleolithic and
expanded after the Last Glacial Maximum from the Franco-
Cantabrian and a Southeast European glacial refugium (Rootsi
et al., 2004; Pericic et al., 2005; Karlsson et al., 2006; Lappalainen
et al., 2009). However, the available Y data from early farmers do
not parallel the diversity indicated by the mitochondrial data and
appear, at the moment at least, restricted to only a few haplogroups
among which G2a is predominant. G2a is rather rare in modern-
day Europeans but was found in one out of three samples from
LBK farmers in Central Europe (Haak et al., 2010), five out of six
males at an Epicardial site in Spain (Lacan et al., 2011a), 20 out of 22
males at the Mid/Late Neolithic site Treilles in Southern France
(Lacan et al., 2011b), and the Tyrolean Iceman (Keller et al., 2012). A
recent study of late hunter-gatherers and early farmers from the
Carpathian Basin by our group confirms this pattern further,
observing predominantly G2a and to a smaller proportion I in nine
male individuals (Sz!ecs!enyi-Nagy et al., 2014).

While the presence of haplogroup I in Neolithic contexts could
be interpreted as a signal of hunter-gatherer introgression in
farming communities, and therefore represents a Paleolithic legacy,
the precise way in which modern-day European Y-chromosome
diversity was formed remains elusive. To date, the only other Y-
haplogroups observed in early farming sites are haplogroup F in
Germany and Hungary (Haak et al., 2010; Sz!ecs!enyi-Nagy et al.,
2014), and E1b in one individual in Spain (Lacan et al., 2011b).
The presence of haplogroup F is very surprising, as it is very rare in
modern-day European populations and therefore not well studied.
It has been reported at a low frequency in Southeast Europe and the
Near East (Underhill and Kivisild, 2007), whereas subgroups of F
have been primarily found in India (Kivisild et al., 2003). E1b and J2
are common in extant South and Southeast Europeans and were
thought to have spread with the Neolithic expansion (Semino et al.,
2004), and while E1b has been observed, J2 and other common
modern haplogroups, such as N1c (frequent in Siberian and
Northeast European populations; Rootsi et al., 2007; Balanovsky
et al., 2008) have yet to be observed in prehistoric contexts. Simi-
larly, the most predominant haplogroups in modern-day European
populations (R1b in West Europe and R1a in East Europe;
Balaresque et al., 2010; Underhill et al., 2010; Myres et al., 2011)
have not been found in early farming sites, but instead have been
reported from Late Neolithic contexts with a surprisingly matching
geographic distribution of the associated archaeological cultural

complexes, namely the Bell Beaker complex in Western Europe
(R1b; Lee et al., 2012) and the Corded Ware culture in East Europe
(R1a; Haak et al., 2008; see also below). Interestingly, the afore-
mentionedMal'ta boy from Siberia carries a basal R haplogroup and
likely predates the split into subgroups R1a, R1b and R2 (frequent
in India). Since R is a sister-clade of Q, which is common in Native
Americans, this argues for a common origin of RQ in Siberia (Wells
et al., 2001; Raghavan et al., 2014). Howandwhen the now frequent
R1 subtypes reached Western Eurasia is an important question,
which will need to be addressed in future aDNA studies (Underhill
et al., 2010; Myres et al., 2011). In light of the population events
AeDmentioned above, which contributed substantially tomodern-
day Central European mtDNA diversity (Brandt et al., 2013), it could
be speculated that similar demographic processes had also shaped
the European Y-chromosome variability. However, apart from the ‘I
versus G2a pattern’, which now has been detected in sufficient
numbers and from various sites, the presence/absence of other Y-
chromosome haplogroups in prehistoric contexts is clearly of sto-
chastic nature and can only serve as a working hypothesis until
more information becomes available.

The importance of the Meso-Neolithic transition

The transition to farming (or the process of Neolithisation)
emerged in the Near East's Fertile Crescent about 12,000 years ago
and is described as one of if not the most fundamental cultural
change in human history (Whittle, 1996; Price, 2000; Whittle and
Cummings, 2007). It is deeply linked to the transition from
foraging to agriculture and animal domestication alongside a more
sedentary lifestyle, which was accompanied by radically new eco-
nomic strategies and numerous changes in material culture, social
life, customs and ideologies (Price, 2000; Whittle and Cummings,
2007). Over the course of the following millennia farming spread
across Europe and replaced the foraging lifestyle of indigenous
hunter-gatherer populations.

The nature and mode of the transition from a foraging to a
farming lifestyle are the matter of longstanding debate in archae-
ology and adjacent fields (Rowley-Conwy, 2011). Archaeologists
have described and discussed two major and largely contempora-
neous routes of the expansion of farming, namely the Continental
and the Mediterranean route (Price, 2000; Whittle and Cummings,
2007; Rowley-Conwy, 2011). The emergence and dispersal of
Neolithic cultures, as well as the speed of the Neolithisation, varied
across different regions in Europe in a series of complex in-
teractions and temporal fluctuations (Bocquet-Appel et al., 2009).
Traditionally, scholars explained the Neolithic transition either by
expansion of early farmers from the Near East, who brought new
ideas as well as new genes (demic diffusion) (Childe, 1925;
Ammerman and Cavalli-Sforza, 1984; Cavalli-Sforza et al., 1994;
Chikhi et al., 1998, 2002) or by adoption of innovative subsistence
strategies of indigenous hunter-gatherer populations by a transfer
of ideas with little or no genetic influence (cultural diffusion)
(Whittle, 1996; Richards et al., 1996, 2000; Semino et al., 2000).
Consequently, both the existence and the extent of a Neolithic
contribution to the gene pool of present-day Europeans have been
intensely debated until recently (Achilli et al., 2004; Dupanloup
et al., 2004; Currat and Excoffier, 2005; Balaresque et al., 2010;
Soares et al., 2010; Pala et al., 2012; Pinhasi et al., 2012; Olivieri
et al., 2013).

Uni-parentally inherited markers, such as mtDNA and Y-chro-
mosome, have earned their merits in population genetics as they
are relatively easy to track through generations, but the true
advantage is that the respective modes of inheritance provide us
with a uniquely male and female perspective of human evolu-
tionary history (Pakendorf and Stoneking, 2005). It is crucial to
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investigate these two lines of evidence in parallel to data from the
recombining autosomes, as they provide insights into social and
demographic parameters, such as sex-biased introgression or
mobility, which are important for the reconstruction of past soci-
eties (Haak et al., 2008).

Ethnographic and demographic studies have shown that eco-
nomic factors (status and wealth) and social differentiation drive
variation in sex-biased mobility (e.g., Bentley et al., 2009, 2012, and
references therein). It is generally assumed that the transition from
a foraging to a farming lifestyle brought about drastic changes to
the social structure and residence patterns, shifting from bilocality
to patrilocality in farming societies, which guaranteed the inter-
generational transfer of status, wealth and territory (Marlowe,
2004; Wilkins, 2006; Wilkins and Marlowe, 2006; Rasteiro et al.,
2012). Ethnographic research in contact zones between forager
and farmer societies has also highlighted the social and economic
imbalance between the two societies, often resulting in a ‘culture
clash’, in which the farmers directly compete with hunter-
gatherers, and the sustainable practices of farming seem to be an
important economic drawing card. As a consequence, mobility
under such a demographic scenario is most often uni-directional,
with hunter-gatherer women marrying into farmer communities,
but never or very rarely the opposite. At the genetic level, wewould
therefore expect to see a consolidation of farmer Y lineages
replacing hunter-gatherer lines, whereas the female hunter-
gatherer lineages would contribute to the diversity of farmers.
Such a scenario is highly likely in contact zones at the wave-front of
an expanding farming culture and would provide a plausible
explanation for a slow but steady increase (or comeback) of e.g.,
mtDNA U lineages in cultural horizons, following the first assimi-
lation and consolidation phases. At the same time, this would also
explain the relatively limited diversity of Y lineages in early farming
communities.

The early farmers of the LBK in Central Europe

A recent genetic study by our group has substantially extended
the dataset for LBK farmers (Brandt et al., 2013), now comprising
109 individuals from 13 sites in Germany, Austria and the Czech
Republic (Fig. 1A, sites 31e43). This represents to our knowledge
the largest dataset from a single cultural horizon, and can be
considered a sample size large enough to be truly representative,
allowing for minimal statistical error. The resulting genetic profile
is surprisingly consistent with our previous results from this cul-
ture (Haak et al., 2005, 2010) and fully confirms the conclusions
drawn from the analysis: the haplogroup compositions of the last
hunter-gatherers and early LBK farmers are virtually exclusive and
a genetic discontinuity during the Meso-Neolithic transition ap-
pears to be ‘set in stone’, as shown by tests for population conti-
nuity (Brandt et al., 2013) and coalescent simulations (Bramanti
et al., 2009; Haak et al., 2010). Several lines of analytical evi-
dence support affinities of the LBK to modern-day populations of
the Near East and reveal that the transition from a foraging to a
farming lifestyle in Central Europe in the mid-sixth millennium BC
was clearly associated with genetic influx via expanding LBK
communities (event A, ~5500 cal BC, Fig. 3A), which brought new
genetic elements from regions in Southeast Europe, Anatolia, the
Caucasus and the Near East (Haak et al., 2010; Brandt et al., 2013).
A shared haplotype analysis shows that only 1.8% of the LBK
haplotypes match hunter-gatherers lineages, while the remaining
98.2% have not yet been reported from the Central and Northern
European Mesolithic (Fig. 2A). The majority of these lineages
(79.8%) can be assigned to haplogroups N1a, T2, K, J, HV, V, W, and
X, which appear to be the most characteristic for the LBK period
(Fig. 1B) and can thus be defined as the ‘mitochondrial Neolithic

package’ that reached Central Europe in the sixth millennium BC
(Brandt et al., 2013). The remaining lineages belong to haplogroup
H (16.5%), U3 (0.9%), and U5a (0.9%). If we followed the logic above,
then the U haplotypes could likely be interpreted as a Mesolithic
legacy. However, the situation is more difficult to decipher in the
case of haplogroup H, which has not been observed in Mesolithic
Central Europe and Scandinavia but is present in Iberian hunter-
gatherers (as shown above). A recent aDNA study by our team
has revealed that the distribution of H subgroups in Central Europe
changes over the course of the Neolithic, arguing for a more
complex evolutionary history of this branch rather than being
attributed to a single major event (Brotherton et al., 2013). Hap-
logroup H is the most common maternal lineage in extant Euro-
pean populations with frequency peaks of over 45% in Western
Europe. The origin of H has been attributed to the Near Eastern
Upper Paleolithic, fromwhere it branched off from its sister-clades
R0 and HV0 upon entering Europe. Most of the subgroups in
present-day Europe show late glacial or post-glacial coalescence
dates, arguing for a re-expansion during the major warming pha-
ses after 15 kya (Achilli et al., 2004; Pereira et al., 2005; Soares
et al., 2010). Subgroups H1, H3, and H5 are believed to have
spread from a Western refugium in Franco-Cantabria based on
largely overlapping dates (11.1 kya, 11.5 kya, 13.9 kya, respectively)
(Soares et al., 2010) and the fact that these are the most common
types in Western Europe. While haplogroup H has been reported
from Iberian Mesolithic individuals, the typing resolution unfor-
tunately does not provide an unambiguous assignment to any of
these subgroups (Chandler et al., 2005; Hervella et al., 2012).
However, all Middle Neolithic individuals from Treilles in Southern
France could be assigned to subgroups H1 and H3 via coding re-
gion SNP typing (Lacan et al., 2011b). In contrast, near complete
mitochondrial genome sequences from LBK individuals show that
only three out of nine fall within subgroup H1. The remaining six
individuals carry basal and ancestral H lineages, which are rare
today and show affinities to the Caucasus, Anatolia and the Near
East, in support of an origin of basal H in this region (Brotherton
et al., 2013). Based on these preliminary results, we feel that
there is considerable structure within this large branch, which
necessitates a higher resolution (complete mtDNA genomes)
before we can ascribe certain subgroups to a specific time period in
prehistory.

Aside from the haplogroup H conundrum, the overall mtDNA
composition among and between extent LBK communities, ranging
from the well known archaeological sites Flomborn, Vaihingen and
Schwetzingen in Southwest Germany (Haak et al., 2005) to
Vedrovice in the Czech Republic (Bramanti, 2008) (Fig. 1A), is sur-
prisingly uniform with non-significant differences both on the
haplotype and haplogroup level (Brandt et al., 2014). This suggests
that the Neolithic transition in Central Europe driven by the LBK
affected large territories and replaced most of the known hunter-
gatherer variability with a relatively homogenous and coherent
mitochondrial signature. This finding is in accordance with the
archaeological hypothesis, which proposed a spread of farmers into
Central Europe along a Continental route following the Danubian
corridor (Gronenborn, 1999, 2007a; B!anffy, 2000; Price, 2000;
Bogucki and Crabtree, 2004; Whittle and Cummings, 2007;
Bocquet-Appel et al., 2009; Rowley-Conwy, 2011). Detailed
archaeological research has shown that the cultural characteristics
of the LBK emerged around 5600 cal BC from Early Neolithic cul-
tures in the Carpathian Basin (Star#cevo-K€or€oseCriş complex,
~6000e5400 cal BC) (Gronenborn, 1999; B!anffy, 2000). Our group
is currently investigating Neolithic samples from the Carpathian
Basin and the first results indeed hint at a close genetic affinity of
LBK farmers with its preceding neighbors (Sz!ecs!enyi-Nagy et al.,
2014).
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Linear Pottery culture (~5,600-4,750 cal BC)
Cardial culture (~5,600-4,700 cal BC)

?

Starčevo/Körös/Criş complex (~6,000-5,400 cal BC)
Impresso/Impressa culture (~5,800-5,300 cal BC)

A

Schöningen group (4,100-3,950 cal BC)
Rössen culture (~4,700-4,250 cal BC)
Lengyel culture (~4,900-4,200 cal BC)
Stroke Ornamented Pottery culture (4,925-4,650 BC)
Ertebølle culture (~5,400-4,100 cal BC)

?

B

Globular Amphora culture (~3,100-2,650 cal BC)

Baalberge culture (~4,100-3,400 cal BC)
Salzmünde culture (3,400-3,100/3,025 cal BC)
Bernburg culture (3,100-2,650 cal BC)

Funnel Beaker culture (~4,100-2,650 cal BC)

Michelsberg culture (~4,300-3,500 cal BC)
Chasséen culture (~4,500-3,500 cal BC)

C

Unetice culture (~2,300-1,550 cal BC)

Corded Ware culture (~2,900-2,000 cal BC)
Bell Beaker culture (~2,800-1,800 cal BC)

Yamnaja culture (~3,300-2,300 cal BC)

?

D

?

???

??
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Previous studies have singled out haplogroup N1a as a potential
mtDNA marker associated with the spread of the first farmers into
Central Europe (Haak et al., 2005, 2010). The enlarged dataset of
109 LBK individuals has revealed more N1a individuals, confirming
a stable frequency of N1a (11.9%) during the Early Neolithic. The
transect through time in Mittelelbe-Saale showed that the fre-
quency of haplogroup N1a decreases during the Early and Middle
Neolithic and is absent from the Bernburg culture and the Late
Neolithic/Early Bronze Age samples (Brandt et al., 2013). Other
associated early farming lineages (e.g., T2, K, J, HV, and V) also
decreased in frequency during theMiddle and Late Neolithic, which
can be explained by the impacts of subsequent migration and
expansion events (e.g., B, C and D in Fig. 3AeD; Brandt et al., 2013,
see also below). However, the reasons for the almost complete
disappearance of N1a (<1% in modern-day Eurasian populations)
are not fully understood. Interestingly, N1a has also been found in
one individual of the Megalith culture (4340e4076 cal BC) from
Southwest France (Deguilloux et al., 2011b) and one individual of
the Alf€old Linear Pottery culture (Ecsegfalva 23A, 5250e5000 BC;
Haak et al., 2005), which can be regarded as a parallel development
to the LBK in East Hungary (Alf€old region). In addition, data from
preceding cultures of the Carpathian Basin confirm the presence of
N1a during the Neolithic in this region (Sz!ecs!enyi-Nagy et al., 2014).
Future aDNA studies targeting archaeological cultures south and
east of the Carpathian Basin and from Eastern Anatolia are desired
to further trace the expansion of early farmers through space and
time.

GoingWest e the Neolithic transition in Southwest Europe via
the Mediterranean route

In parallel to the spread of farming along the Continental route,
the Neolithic way of life also expanded from the Near East Fertile
Crescent to the Iberian Peninsula on a route that followed the
coastlines of the northern Mediterranean Sea from the Aegean over
the Tyrrhenian and Ligurian Sea to Southern France and North-
eastern Spain. From there, farming spread further inland via major
river systems, such as the Rhône and Ebro, and along the Medi-
terranean coastlines into Portugal (Price, 2000; Gronenborn, 2003;
Rowley-Conwy, 2011). Additional ways for the distribution of
Neolithic elements have been put forward, such as an expansion
along the Pyrenees rather than the Mediterranean coasts
(Schuhmacher and Sanz Gonz!alez de Lema, 2013) or a parallel route
along the southern Mediterranean coastline in North Africa, which
is thought to have influenced the southern parts of the Iberian
Peninsula (Lewthwaite, 1989; Linst€adter, 2008).

The earliest Neolithic of the Iberian Peninsula is mostly con-
nected to the Cardial culture, which was established in the first half
of the sixth millennium BC primarily on the Mediterranean coast of
Spain and Southern France, concurrent with the appearance of the
LBK in Central Europe (Zilh~ao, 1997, 2001; Price, 2000; Rowley-
Conwy, 2011). Early Neolithic sites are known from the Ebro Val-
ley and Portugal from the mid-sixth millennium BC onwards,
arguing for a rapid spread along the Iberian Peninsula (Zilh~ao,
2001; Zapata et al., 2004; Rojo Guerra et al., 2006). Archaeolo-
gists have discussed numerous models for the transition from
foraging to farming, each suggesting varying impacts of Neolithic
encounters or Mesolithic residents (e.g., maritime pioneer

colonisation model, mosaic model, dual model, and capillary
model) (Vicent-García, 1997; Zilh~ao, 1997, 2001; Schuhmacher and
Sanz Gonz!alez de Lema, 2013, and citations therein). It seems that
different areas of the Iberian Peninsula present themselves with
varying degrees and densities of Neolithic versus Mesolithic com-
ponents. Moreover, older radiocarbon dates and questionable
contexts of many multiphase archaeological sites complicate the
interpretation of archaeological data. However, it has been widely
accepted that the complexity of the shift from foraging to farming
cannot be covered by oversimplifying models and should be
interpreted in the specific context of each region (F!ernandez L!opez
de Pablo and G!omez Puche, 2009).

Recent aDNA studies have provided direct insights into the
mitochondrial and Y-chromosome diversity of Southwestern
Europe during the Late Mesolithic and the Neolithic periods
(Chandler et al., 2005; Sampietro et al., 2006; Lacan et al., 2011a,b;
Gamba et al., 2012; Hervella et al., 2012; Sanchez-Quinto et al.,
2012) (Fig. 1A, sites 17e25, 48e58, 65e66). In particular, the
growing number of aDNA studies of early farmers from different
regions in Iberia, namely Northeast Spain, Northern Spain, and
Central Portugal, allow us to draw a more detailed picture of pop-
ulation dynamic processes at the onset of farming in the Iberian
Peninsula.

Four Early Neolithic sites of the Cardial and Epicardial culture
have been published covering the core region of Neolithisation in
Iberia (Lacan et al., 2011a; Gamba et al., 2012) (Fig. 1A, sites
48e51). The composition of mitochondrial lineages comprises
both southwestern hunter-gatherer haplogroups (U5b, H, and N*)
and haplogroups that are common among Early and Middle
Neolithic farmers from Central Europe (T2, K, and X), resulting in
an intermediate positioning between these two in the PCA
(Fig. 1B). On the haplotype level, 11.1% of the Cardial lineages can
be traced back to the pre-Neolithic gene pool of Southwestern
Iberia while 55.6% directly match those of early Central European
farmers (Fig. 2B). This sharp increase of farmer lineages suggests a
fast genetic turnover during the Neolithic transition in Southwest
Europe, similar to the scenario in Central Europe, and is also
supported by 14C dates ranging in a narrow temporal window
(Zilh~ao, 2001). In contrast, Early Neolithic samples from Central
Portugal (Chandler et al., 2005) and Northern Spain (Hervella
et al., 2012) harbor a larger number of forager lineages (41.2%
and 27.9%, respectively) and fewer shared farming lineages (11.8%
and 23.3%, respectively; Fig. 2B), resulting in greater affinities to
southwestern hunter-gatherers as shown by the PCA plot (Fig. 1B).
Taken together, this suggests that genetic elements of the
‘Neolithic package’, which had reached Central Europe via the
Continental route (event A), also arrived in Southwest Europe
through the Mediterranean route (Fig. 3A). However, the hunter-
gatherer legacy is more dominant in the Iberian Neolithic
compared with Central Europe, indicating a Neolithic transition
with a larger contribution of the indigenous population combined
with a reduced impact of early farmers. This apparent trend seems
to be accentuated with growing distance from Northeast Spain,
both inland and along the coast, and is consistent with a proposed
pioneer colonisation model for Southwest Europe, according to
which small farmer groups from the Near East spread along the
Mediterranean coastlines (Chandler et al., 2005; Gamba et al.,
2012; Hervella et al., 2012).

Figure 3. Summary of population dynamic events during the Neolithic period in Europe. Different shadings and patterns denote the geographic distributions of cultures during the
Neolithic period until the Bronze Age: Early Neolithic (A and B), Middle Neolithic (C), and Late Neolithic/Early Bronze Age (D). Striped areas indicate archaeological cultures for
which no aDNA data is available so far. Green arrows display potential geographic expansions and their associated mtDNA (mt) and Y chromosomal (Y) haplogroups. The mtDNA
variability of indigenous hunter-gatherer populations from Central/North, Southwest, and East Europe is given in the respective regions (A). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).
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To date, only two studies have focused on later Neolithic periods
in Southwestern Europe. The first study analyzed individuals from
the Middle Neolithic period in Catalonia, Spain (~3500e3000 cal
BC) (Sampietro et al., 2006), and the second one investigated the
Treilles culture (~3030e2890 cal BC) in Southeastern France (Lacan
et al., 2011b). While the Treilles culture shows a genetic composi-
tion comparable with the Cardial culture with 20.7% hunter-
gatherer and 58.6% early farmer lineages, the samples from the
Middle Neolithic in Northeastern Spain harbor a higher amount of
forager (27.3%) and a lower frequency of farming lineages (18.2%), a
composition very similar to the Early Neolithic samples from
Portugal, Northern Spain, and present-day populations of South-
west Europe (Fig. 2B). As a result, the high abundance of charac-
teristic farmer haplogroups observed in the Treilles culture leads to
a positioning closer to the Early and Middle Neolithic cultures from
Central Europe in the PCA plot (Fig. 1B). Despite the fact that all
individuals from Early andMiddle Neolithic Northeast Spain as well
as the Treilles culture were sampled in regions where farming was
first established in Southwest Europe, the varying amount of early
farming lineages between these populations argues for a complex
population history through time and across space.

Coalescent simulations suggested that the effect of genetic drift
in structured populations must have played an important role be-
tween the Early andMiddle Neolithic, resulting in a dilution of early
farmer lineages from the Near East, and an mtDNA composition of
Middle Neolithic individuals similar to present-day Iberians
(Gamba et al., 2012). The mitochondrial composition of the Treilles
group on the other hand points to more stable conditions in
Southern France, in which farming lineages from the Near East
persisted for a longer period of time than in neighboring regions of
Northeastern Spain. However, Early Neolithic data from Southern
and Central Spain and other parts of France would be desirable to
test this hypothesis. In conclusion, the spread of farming into and
over Southwest Europe and the transition to later Neolithic periods
were characterised by several and varying processes at a regional
level (Hervella et al., 2012). Despite the ostensible wealth of avail-
able aDNA data, we feel that the emerging regional complexity
necessitates further detailed investigations both at larger
geographic scale and chronological resolution to increase our
knowledge about (regional) demographic processes during the
Neolithisation and subsequent periods in Southwest Europe.

Population shifts in Southern Scandinavia

The Middle Neolithic period in Central Europe is characterised
by the Neolithic expansion into regions outside the former LBK
territory, especially North and Northeast Europe. In addition to the
abundance of natural resources along the coastlines of the North
and Baltic Sea, which did not necessitate a change in subsistence
strategy, harsher climatic conditions and less fertile soils north of
the preferred loess plains also prevented a rapid spread of agri-
culture in these regions (Whittle and Cummings, 2007). As a
consequence, local hunter-gatherer communities of North Ger-
many, Denmark, and South Sweden (Ertebølle culture, ~5400e4100
cal BC) still retained a foraging lifestyle for more than 1500 years
after the emergence of the LBK, despite contacts with Central Eu-
ropean farmers (Bogucki and Crabtree, 2004; Whittle and
Cummings, 2007; Rowley-Conwy, 2011). There is a considerable
debate in the archaeological literature examining whether farming
was introduced but failed, after which people reverted back to the
original/alternative subsistence strategies (Rowley-Conwy, 2011).
However, farming was eventually established in Southern Scandi-
navia with the emergence of the Funnel Beaker culture complex or
Trichterbecher Kultur (~4100e2650 cal BC), which had a clear
emphasis on animal husbandry over cultivation of crops, while

contemporaneous cultures like the Pitted Ware culture still
retained their Mesolithic lifestyle (Bogucki and Crabtree, 2004;
Rowley-Conwy, 2011).

Recent studies focusing on Mesolithic/Neolithic hunter-
gatherer and farmer communities of Northern Europe have pro-
duced useful insights into the population history of the region
(Bramanti et al., 2009; Malmstr€om et al., 2009; Skoglund et al.,
2012; Lazaridis et al., 2014) (Fig. 1A, sites 13e16, 63e64). Seven
individuals from the site of Motala in Southern Sweden represent
genuine Mesolithic data from this region (Lazaridis et al., 2014),
and show exclusively haplogroup U (U2, U4, U5a), consistent with
other data from Central/Northern Europe (as outlined above). In
contrast, samples attributed to the Funnel Beaker culture
(Bramanti et al., 2009; Malmstr€om et al., 2009) can be charac-
terised by a mixture of typical hunter-gatherer lineages (U5a and
U5b) and haplogroups from the ‘Neolithic package’, such as T2, J,
and K. This results in an intermediate position of the Funnel
Beaker culture between hunter-gatherer populations and the
Early/Middle Neolithic cultures on the PCA plot (Fig. 1B). On a
more detailed haplotype level, 20% and 40% of the Funnel Beaker
samples match hunter-gatherer and early farmer haplotypes,
respectively (Fig. 2C), suggesting genetic influence from Central
Europe into Funnel Beaker communities in Southern Scandinavia.
We therefore proposed a dynamic population or migration event
B2 at ~4100 cal BC (Brandt et al., 2013) (Fig. 3B), which can be
considered as delayed extension of the initial farming expansion
during the LBK. Genomic sequence data from one Funnel Beaker
individual has shown the greatest similarity to present day
South(east) European populations, Sardinians in particular, and
has supported genetic influx from the South into Southern Scan-
dinavia at the advent of farming (Skoglund et al., 2012). Interest-
ingly, contemporaneous Neolithic foragers of the Pitted Ware
culture from the Island of Gotland (Malmstr€om et al., 2009) also
show a mixed mtDNA composition of hunter-gatherer and farmer
elements comparable to the Funnel Beaker culture, albeit with
higher proportions of Mesolithic lineages (26.3%), predominantly
consisting of haplogroup U4, and lower amounts of farming line-
ages of haplogroups T2, K, HV, and V (21.1%) (Fig. 2C). The high U4
frequency in the Pitted Ware culture is in accordance with a
proposed eastern Baltic refugium for some of the European
hunter-gatherer populations during the Last Glacial Maximum
(Malmstr€om et al., 2009), which has been further supported by
genomic affinities of three Pitted Ware culture individuals to
modern-day Northeast European populations (Skoglund et al.,
2012). The presence of farmer lineages in the Pitted Ware cul-
ture can be interpreted either as direct gene flow from the south,
i.e., Central Europe, or indirectly via admixture between Funnel
Beaker and the Pitted Ware groups. However, the amount of
hunter-gatherer lineages in both Scandinavian cultures is
remarkably higher than in any Early/Middle Neolithic Mittelelbe-
Saale culture indicating a stronger contribution of Mesolithic fe-
males during the Neolithic transition in Southern Scandinavia. It
seems highly plausible to us that the process of Neolithisation was
much slower in northern frontier zones and had at least partially
relied on Mesolithic subsistence or good relations to hunter-
gatherer-fisher neighbors compared with Central Europe. Pre-
sumably, subsistence was introduced by small pioneer groups
from the former LBK area, using what Rowley-Conwy (2011) de-
scribes as ‘lurches of advance’, which encouraged local hunter-
gatherer groups of the Ertebølle culture to slowly adopt the new
lifestyle. Archaeologists have described contacts of the Ertebølle
culture with southern farming communities, such as the LBK and
the R€ossen culture, which likely introduced new farming tech-
niques and subsistence strategies in Southern Scandinavia result-
ing in the manifestation of the Funnel Beaker complex about 1500
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years later (Behrens, 1973; Beier and Einicke, 1994; Preuss, 1998;
Bogucki and Crabtree, 2004; Whittle and Cummings, 2007;
Rowley-Conwy, 2011).

The combined genetic data from Central Europe and Scandi-
navia also reveal a reflux of hunter-gatherer lineages from the
North to Central Europe by representatives of the Funnel Beaker
culture complex, which becomes evident in increasing frequencies
of haplogroups U5a and U5b inMittelelbe-Saale's Bernburg culture,
leading us to propose event B2 at ~3100 cal BC (Fig. 3C). However,

the archaeological record has described a more detailed cultural
sequence, in which the Bernburg culture represents only the latest
phase of a longer and more complex development (Behrens, 1973;
Beier and Einicke, 1994; Preuss, 1998). The Bernburg culture arose
from the preceding Walternienburg culture (3325e3100 cal BC),
which in turn emerged from the preceding Tiefstich Pottery culture
(3650e3325 cal BC), even though all of these represent subtle
variations of the Funnel Beaker culture complex (Fig. 4). In fact, the
Tiefstich Pottery culture originated from northern Funnel Beaker
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Figure 4. Complexity of cultural interactions in Germany's Mittelelbe-Saale region during the Neolithic. Archaeological cultures of the Mittelelbe-Saale region are placed in
chronological order from top to bottom, also including cultures with main distribution outside the Mittelelbe-Saale region, based on contextual importance. Striped fields mark
archaeological cultures for which no aDNA data is available so far. Green arrows denote contacts or influences that affected the emergence of a new cultural horizon, whereas red
arrows indicate cultural developments that lead to the end of a preceding culture. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).
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groups of the North German Plain, which were thought to have
expanded southwards to Central Europe, even suggesting a
migration event from the North at this time (Beier and Einicke,
1994; Preuss, 1998). In the light of this cultural sequence, it is
likely that population event B2 was initiated by earlier Funnel
Beaker groups, but penetrated slowly further south reaching
Mittelelbe-Saale with the Bernburg culture. Thus, the Early and
Middle Neolithic of Central Europe appears to have been, at various
times, both a source and sink area for population dynamic events.
However, more direct and detailed aDNA evidence from the various
geographically and temporally distinct Funnel Beaker groups is
desired to confirm and specify the timing of the proposed southern
expansion.

Further population shifts in Southern Scandinavia after the
initial Neolithic transition become apparent when the prehistoric
data is compared to a pooled present-day metapopulation of North
Europeans. The modern populations reveal an increase of lineages
that match those of Late Neolithic and Early Bronze Age individuals
in Central Europe (21%), and which predominantly contain hap-
logroups H, I, U2, U4, and U5a. Intriguingly, the increase of these
haplogroups has been attributed to genetic influx into Central
Europe via the Corded Ware and Bell Beaker cultures, corre-
sponding to the migration events C and D (see below) (Brandt et al.,
2013) (Fig. 3D). In contrast, the amount of hunter-gatherer and
early farming lineages in the North European metapopulation is
reduced to 3.4% and 26.6%, respectively (Fig. 2C). This composition
suggests that further migration events occurred after the Funnel
Beaker culture, which affected the contemporary mitochondrial
variability of North Europe in a similar way as the Late Neolithic
events C and D contributed to the formation of the Central Euro-
pean diversity. Archaeological studies have shown that the Funnel
Beaker and Pitted Ware cultures were replaced by the subsequent
Corded Ware culture in the third millennium BC (Bogucki and
Crabtree, 2004), virtually skipping the Middle Neolithic. Thus,
despite the fact that the aDNA evidence from Late Neolithic and
Early Bronze Age North European is limited to only three samples
(showing a preserved Mesolithic substratum consisting of hap-
logroups U4 and U5a (Melchior et al., 2010)), more recent Iron Age
samples from Denmark show the presence of haplogroup I, U2 and
a high frequency of H (Melchior et al., 2008). It therefore seems
highly likely that Pan-European cultural phenomena, such as the
CordedWare and Bell Beaker cultures, leading up to the Bronze Age,
also contributed to the formation of the present-day mtDNA di-
versity in Southern Scandinavia.

Calmer waters? Cultural and genetic diversity in Central
Europe after the LBK

During the first half of the fifth millennium BC, the homogenous
unity of the LBK in Central Europe disintegrated into several smaller
cultural groups with rather regional dispersal. These groups
included the Stroke Ornamented Pottery culture (4925e4550 cal
BC) in the eastern part, the Lengyel culture (~4900e4200 cal BC) in
the southeastern part, and the R€ossen culture (~4700e4250 cal BC)
in the western part of the former LBK area (Preuss, 1998; Bogucki
and Crabtree, 2004; Whittle and Cummings, 2007) (Fig. 3B). The
cultural differentiationwas seemingly based on a series of local and
regional developments, which in turn affected the emergence of
other cultural groups during the following millennia. The Lengyel
culture emerged in Western Hungary through influences from
adjacent cultures in Southeast Europe and spread across Austria,
the Czech Republic, Slovakia, and Poland (Preuss,1998; Bogucki and
Crabtree, 2004). Archaeological research describes the Lengyel
culture as one of the major horizons, which affected various local
cultures in Central Europe, such as Balaton Lasinja, Münchsh€ofen,

Sch€oningen, Gatersleben, Baalberge and other groups of the Funnel
Beaker culture complex. The Chass!een culture (~4500e3500 cal BC)
forms aWestern European parallel, which emerged from preceding
Early Neolithic farming communities of the Cardial/Epicardial
around the mid-fifth millennium BC in southeastern France. The
Chass!een subsequently expanded northeastwards eventually
covering most of present-day France. It is nowwidely accepted that
the Chass!een had influenced the emergence of the Michelsberg
culture (4300e3500 cal. BC) in Central Europe, which in turn then
replaced the LBK derived R€ossen culture in the Paris Basin and
Western Germany (Jeunesse, 1998, 2010; Bogucki and Crabtree,
2004; Whittle and Cummings, 2007). Together with the Funnel
Beaker culture, which expanded from Southern Scandinavia
slightly later, it appears that Central Europe had witnessed several
cultural influences from the Southeast, West, and North after the
initial Neolithisation (Fig. 3B and C). This led to a complex network
of sociocultural interactions between farming communities of the
Early and Middle Neolithic period, as exemplified in Central Ger-
many's Mittelelbe-Saale region in Fig. 4.

Genetic data from cultural groups, following the initial Neolithic
transition in Central Europe through the LBK, are currently avail-
able from the R€ossen, Sch€oningen, Baalberge and Salzmünde cul-
tures (in chronological order) from 10 sites in Central Germany
(Fig. 1A, sites 36, 39, 68, 44e47, 59e61) with sample sizes of 17, 29,
19, and 33 individuals, respectively (Brandt et al., 2013; Lee et al.,
2013). These data support a genetic continuity of early farmer lin-
eages in its subsequent regional and cultural derivates, which be-
comes evident in very similar haplogroup compositions including
almost exclusively lineages of the genetic ʻNeolithic packageʼ, and
results in a clustering with the LBK individuals in the PCA plot
(Fig.1B). Shared haplotype analyses reveal that the largemajority of
sequences (R€ossen: 58.8%, Sch€oningen: 72.7%, Baalberge: 57.9%,
Salzmünde: 75.9%) predominantly match lineages first observed
during the LBK, whereas hunter-gatherer lineages (0.0e5.9%)
remain rare (Fig. 2A). These findings argue for a long-lasting
continuation of LBK mtDNA diversity during the Early and Middle
Neolithic period, despite the split of the vast LBK area into smaller
territories. Thus, the cultural changes observed during the first
2500 years of farming in Central Germany can be explained as a
process of cultural regionalization of local farming communities,
consistent with the complex archaeological framework of cultural
relations (Fig. 4), rather than by larger population movements
(Brandt et al., 2013). We feel that it is important tomention that the
potential occurrence of (repeated) gene-flow during the Early and
Middle Neolithic period on a smaller and more regional scale via
multiple or continuous migrations from one to another farming
culture, followed by admixture with local communities, cannot be
entirely excluded. However, the complex pattern of cultural in-
teractions outlined above, and the relative genetic similarity of all
LBK successor cultures is challenging to resolve and contrast
against the dominant genetic signature, which had been intro-
duced by the LBK to vast regions in Central Europe.

A recent study from the Western German cave site Bl€atterh€ohle
(Fig. 1A, site 3) provides new insights into genetic diversity during
the Early and Middle Neolithic (Bollongino et al., 2013). Radio-
carbon dates from this site revealed a Mesolithic and a Neolithic
occupation phase, of which a total of 25 skeletonswere analyzed for
aDNA and isotopes. Of these, the five Mesolithic samples could be
assigned to mtDNA haplogroup U and its subgroups U2, U5a and
U5b (consistent with other data from Central and North European
foragers), whereas the 20 individuals of the Neolithic occupation
phase (~3900e3000 cal BC) revealed a mixed composition, con-
sisting of 12 U (U5 and U5b) lineages and eight lineages assigned to
haplogroup J and subgroups of H (H1, H5, H11). Dietary stable
isotope analysis could distinguish two distinct groups among the
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Neolithic samples: one with terrestrial diet and one with a high
freshwater fish diet. Interestingly, individuals with an inferred
fisher-hunter-gatherer diet also exclusively belonged to hap-
logroup U, whereas the non-U lineages were solely observed in
Neolithic samples with a terrestrial diet. This was interpreted as
evidence for a parallel existence of two societies with seemingly
contrasting lifestyles and genetic signatures a long time (~2000
years) after the initial advent of farming in this region. These
findings further contribute to our understanding of the complexity
of foragerefarmer interactions. It is the large temporal gap of 2000
years in the Bl€atterh€ohle example that argues for a scenario in
which well-defined cultural boundaries between distinctly
perceived societies form the most plausible explanation (Bentley
et al., 2009). The presence of hunter-gatherer lineages in
Neolithic samples with a Neolithic diet also shows that this
boundary was at least semi-permeable, which can also explain the
evidence of U lineages in other Middle Neolithic cultures such as
Bernburg (as shown above).

The picture becomes more complex when the geographic and
chronological location of the Bl€atterh€ohle is considered. The
absence of characteristic finds and bioturbation of the layers inside
the cave do not allow a classification to a particular archaeological
culture. However, the Bl€atterh€ohle site is located in former LBK and
R€ossen territory and radiocarbon dates of the samples point to a
period when the cultural boundaries of the Michelsberg culture
and northern Funnel Beaker groups were formed in this region.
Therefore, genetic elements of early farmers, such as LBK and
R€ossen, but also from western emerging cultures, such as
Michelsberg and northern expanding groups of the Funnel Beaker
culture, could have influenced the genetic composition of the
Neolithic Bl€atterh€ohle remains.

Interestingly, the majority of haplogroup H lineages from the
Neolithic Bl€atterh€ohle individuals can be assigned to sub-
haplogroup H5, which is also present in the LBK dataset, but more
frequent in the R€ossen culture (Brandt et al., 2013; Lee et al., 2013).
Thus, the H5 types could be interpreted as female lineages that
were already present in this region at this time. In general, the
mtDNA variability observed at this site is very low. Other early
farmer haplogroups, such as T2, K, HV or N1a have not been found
among the Neolithic individuals, and the absence of subgroup U5a
among the many U5 individuals also argues for a limited diversity
(see comment on U5 phylogeography above). As a consequence, the
mtDNA haplogroup composition at the Bl€atterh€ohle site results in
more pronounced affinities to southwestern hunter-gatherers on
the PCA plot (Fig. 1B). While a western influence in this region
would be supported from a mere archaeological point of view
(Chass!een/Michelsberg complex), a seemingly skewed haplogroup
composition could also be due to the effects of genetic drift in a
small and genetically isolated group. Therefore, a Western influ-
ence has to be taken with caution and would require further direct
aDNA evidence from these respective neighboring cultures in the
West. In more general terms, since the cave site is situated at the
border of the former distribution of the Funnel Beaker cultural
complex, for which we also observe rising frequencies of U lineages
in other Funnel Beaker associated sites in Mittelelbe-Saale (as dis-
cussed above), the evidence from the Bl€atterh€ohle supports an
increasing assimilation of female hunter-gatherers (or their
respective ancestral components) towards the end of the Middle
Neolithic around 3500e3000 cal BC.

Bell Beaker and Corded Ware culture interactions and the
emergence of the Early Bronze Age

The Late Neolithic in Central Europe is characterised by the
appearance of two contrasting Pan-European phenomena: the

Corded Ware culture across Eastern Europe and the Bell Beaker
complex in Western Europe with an overlapping zone in Central
Europe (Fig. 3D). Here, both cultures coexisted for more than 300
years, sometimes even at the same site, and were finally replaced at
2200 cal BC by the emerging Unetice culture of the Bronze Age era.
This raises questions about interactions between these contrasting
cultural phenomena and their influence on the genesis of the
Unetice culture (Beier and Einicke, 1994; Preuss, 1998; Czebreszuk
and Szmyt, 2003; Heyd, 2007; Hille, 2012).

Ancient DNA data from the Corded Ware, Bell Beaker, and
Unetice culture sites are available from Central Germany (Haak
et al., 2008; Lee et al., 2012; Brandt et al., 2013) with sample sizes
of 44, 35, and 94 individuals, respectively. In addition, two Bell
Beaker samples have been reported from Denmark (Melchior et al.,
2010) (Fig. 1A, sites 39, 59, 67e79, 88). The Corded Ware and
Unetice cultures have been characterised by a common mtDNA
composition consisting of haplogroups I, U2, T1, U4, and U5a,
alongside haplogroups derived from early farmers, which indicates
a linked maternal ancestry of both cultures at the transition from
the Neolithic to the Bronze Age (Brandt et al., 2013). In contrast, the
Bell Beaker individuals show a high frequency of diverse H lineages.
Intriguingly, these lineages have been shown to be different from
those of all preceding Early andMiddle Neolithic cultures in Central
Europe (Brotherton et al., 2013).

As a consequence, the contrasting mtDNA compositions of the
Late Neolithic cultures result in distinct geographic affinities when
comparedwith data from extant populations. The CordedWare and
Unetice individuals show highest similarities to modern-day
Eastern Europeans, whereas the Bell Beaker individuals show
greater affinities to Southwestern Europeans. In light of the
geographic distribution of each culture, this led us to suggest Late
Neolithic migration event C (~2800 cal BC) and D (~2500 cal BC)
had brought additional genetic diversity to Central Europe (Fig. 3D)
(Brandt et al., 2013). Intriguingly, some of the characteristic hap-
logroups of the Corded Ware and Bell Beaker people, such as U2,
U4, U5a and H, appear to match the respective Mesolithic sub-
stratum of Eastern and Southwestern Europe. Assuming a pre-
agricultural population structure in Europe with a Western and
Eastern hunter-gatherer component (as outlined above), it seems
highly plausible that Mesolithic mtDNA variability of distant
geographic regions spread into Central and potentially also North
Europe in the course of migrations, assimilations and acculturation
processes during the later Neolithic.

However, despite the contrasting mtDNA signature of the
Corded Ware/Unetice and Bell Beaker individuals, a shared haplo-
type analysis revealed that 20% of the maternal Bell Beaker lineages
match those of the preceding Corded Ware culture (Fig. 2A),
arguing for a considerable amount of admixture and continuity
between both Late Neolithic cultures in the overlapping zone. Bell
Beaker individuals from the Kromsdorf site in Thuringia, Germany,
are a good example (Lee et al., 2012). These individuals show pre-
dominantly characteristic Corded Ware haplogroups, such as I, T1,
U2, U5a, of which 50% directly match Corded Ware lineages in
Mittelelbe-Saale. Similarly, one of the two Danish Bell Beaker
samples (Melchior et al., 2010) shares a U4 lineage identical with
the Corded Ware dataset. It appears that the female contribution of
lineages attributed to the Corded Ware had a stronger and more
lasting impact in this region as individuals of the subsequent
Unetice culture, show a high proportion of Corded Ware hap-
logroups, in particular I and U2. In contrast, the frequency of hap-
logroup H decreased substantially and none of the Unetice lineages
could be linked back to Bell Beaker individuals.

The genetic continuity between Corded Ware and Unetice and
the amount of shared lineages between the Corded Ware and Bell
Beaker individuals could potentially be interpreted as admixture
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with sex-biased migration during the Late Neolithic. If we assumed
a diffusion of Bell Beaker males into Central Europe and admixture
between Corded Ware and Bell Beaker groups, we would expect to
see introgression and persistence of preceding CordedWare female
lineages in the Bell Beaker culture, but also the appearance of
specific maternal Bell Beaker elements, as indicated by the high
amount of shared Corded Ware lineages in the Bell Beaker culture
and the increasing frequency and diversity of haplogroup H. In the
subsequent Unetice culture we would expect to observe persis-
tence of Corded Ware lineages and a dilution of the mitochondrial
Bell Beaker signal, which is apparent from the distinct haplogroup
profiles of the Corded Ware/Unetice and Bell Beaker individuals,
respectively. Simultaneously, wewould also expect to observemale
gene flow in the Bell Beaker culture as shown by the example of Y-
haplogroup R1b from the site of Thuringia (Lee et al., 2012), in
contrast to R1a1a observed from the Corded Ware culture (Haak
et al., 2008). R1b is most frequent in Western Europe today and
has a proposed origin and current geographic distribution very
similar to mtDNA haplogroup H (Myres et al., 2011), whereas Y-
haplogroup R1a1a is most frequent in present-day East European,
West, South, and Central Asian populations, which strikingly re-
sembles the former geographic distribution of the CordedWare and
preceding Kurgan cultures (Semino et al., 2000; Underhill et al.,
2010). Together, these findings suggest that the migration event
associated with the Bell Beaker culture (event D) was potentially
driven by male diffusion followed by admixture with residential
Corded Ware communities, which finally resulted in the formation
of the Unetice culture.

The development of two roughly contemporaneous cultural
complexes at the dawn of metallurgy with nearly Pan-European,
but opposing geographic distribution, is a highly interesting phe-
nomenon in archaeology (Heyd, 2007). The overlapping region in
Central Europe will be of key interest in reconstructing the cultural
and biological interactions between the two groups. However,
more aDNA evidence from geographically distant Corded Ware and
Bell Beaker sites (covering the vast eastern and western distribu-
tion area) will be needed in order to fully characterise the genetic
signature of these important cultural horizons, the proposed
contribution of new and old lineages (assuming a distinct Meso-
lithic substratum in each area), and to estimate the amount of
admixture in the overlapping distribution area of Central Europe.

Implications beyond the genetic record

The available wealth of paleogenetic data for Central Europe
allows us to start correlating/comparing temporal genetic datawith
other lines of evidence, such as climatic and linguistic records. Such

reconciliations have to remain speculative at the moment, but
could serve as starting point or directions for further detailed
investigations.

Paleoclimate

The potential impact of Holocene climate fluctuations on the
rise and fall of prehistoric societies has been increasingly discussed
in the archaeological literature over the past decade (e.g., Weiss and
Bradley, 2001; Bonsall et al., 2002; Arbogast et al., 2006; Migowski
et al., 2006; Gronenborn, 2007b, 2012; Weninger et al., 2009;
Medina-Elizalde and Rohling, 2012). Archaeological research has
convincingly shown that the speed and mode of agricultural ex-
pansions, and also the success of their lasting establishments, were
based on a combination of numerous factors, of which suitable
environmental and climatic conditions are widely agreed on
(Whittle, 1996; Gronenborn, 1999; Price, 2000; Whittle and
Cummings, 2007; Rowley-Conwy, 2011). It is also clear that
farming practices remained vulnerable to these factors, especially
at the wave-front of the expansion into more climatically unstable
northerly latitudes, and also when climatic conditions changed
over longer periods of time. This raises the question whether the
observed events AeD, as proposed in Brandt et al. (2013) and
further explored here, might correlate with changes or fluctuations
in environmental conditions observed in climatic records.

Paleoclimatological research has shown that lower levels of
solar activity, i.e., when sunspot numbers are minimal, correlate
with increasing 14C production during the 11-year sun cycle
(Solanki et al., 2004). Accordingly, peaks in the 14C production curve
can be generally interpreted as times of weak solar intensity and
colder winters in Eurasia (Lockwood et al., 2010; Woollings et al.,
2010; Sirocko et al., 2012). Beside the advantage that the 14C pro-
duction curve is one of the best-dated climate proxies currently
available, numerous studies have linked solar intensity to other
terrestrial proxies (Burga and Perret, 1998; Haas et al., 1998; Spurk
et al., 2002; Blaauw et al., 2004; Magny, 2004), suggesting a rela-
tionship between environmental changes and atmospheric 14C
levels. We used the 14C production curve published in Kromer and
Friedrich (2007) to compare the proposed genetic shifts from our
genetic transect data from Central Europe to climatic fluctuations in
Europe for the time period ranging from the Late Mesolithic to the
Early Bronze Age.

The climate data suggests that periods of extremely cold winters
precede the events A, B1, and B2, and potentially C/D (Fig. 5). During
the Late Mesolithic (~7000e5650 cal BC) the climate was generally
stable with warm summers and temperate winters. However, these
favorable climate conditions changed between 5650 and 5200 cal
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Figure 5. Holocene climate fluctuations. Climate fluctuations inferred from the record of solar induced 14C production (Kromer and Friedrich, 2007) indicate phases of generally
stable climate conditions with warm summers and temperate winters (non-shaded areas) and intermittent cooling phases (blue shaded areas). Within these cooling phases, peaks
in the 14C production curve suggest decades of extremely cold winters (blue shaded peaks). Clusters of cold decades appear before events A and B, and potentially C/D. (For
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G. Brandt et al. / Journal of Human Evolution 79 (2015) 73e9286

Ximena  Suarez Villagran

Ximena  Suarez Villagran



BC. During this period, the record of solar induced 14C production
reaches clear maxima at 5,610, 5,460, 5,300, and 5210 cal BC,
pointing to decades of cooler winters around the time of the
emergence of the LBK in Western Hungary at ~5600 cal BC and the
continuous expansion across Central Europe within the following
500 years (event A). Similarly, the period between 4400 and 2800
cal BC signals a number of climate changes with alternating phases
of temperate and extreme cold winters. The latter can be postulated
around 4320, 4220, 4040, 3940, 3630, 3490, 3330, and 2860 cal BC.
The decades of cold winters between 4320 and 3940 cal BC can be
potentially related to the introduction of farming to Southern
Scandinavia by expanding Central European farmers, which resul-
ted in the emergence of the Funnel Beaker culture ~4100 cal BC
(event B1). In turn, periods of cold winters around 3630, 3490, and
3330 cal BC occurred in the lead up to the expansion of Funnel
Beaker groups into the highly productive loess plains of Central
Germany (event B2), for example with the Bernburg precursors
Tiefstich Pottery (~3650 cal BC) and Walternienburg cultures
(~3325 cal BC). Hence, it is possible that changing climatic condi-
tions were driving factors of both the Neolithisation of Southern
Scandinavia and the southward expansion of FBC groups into
Central Europe. Another major cold event is also apparent at 2860
cal BC, contemporaneous with the expansion of the Corded Ware
culture in East Europe (event C) and the Bell Beaker culture in
Southwest Europe (events D) starting at ~2900 cal BC and ~2800 cal
BC, respectively.

Potential reasons for such matching patterns of climatic and
genetic data are manifold and we are fully aware that climate
fluctuations alone cannot explain the causes of population dynamic
events. However, a possible scenario would be that harsher and
more challenging climate conditions resulted in a reduction of
natural resources, which might have forced prehistoric societies
into lifestyles with a higher mobility, and triggered adaptations of
cultural practices, leading to advanced stockpiling strategies.
Especially the latter would be a plausible scenario for the intro-
duction of farming to Southern Scandinavia, where local societies
practiced foraging for a long period of time after farming was
already established in Central Europe and then adopted the new
subsistence strategies when the climate changed to cooler condi-
tions around 4300 BC.

The matching pattern of cultural shift with marked peaks in
climate proxy data has been recognised in archaeological research
(Gronenborn, 2009, 2012), and the available data from various
disciplines now encourage in depth analyses of genetic, archaeo-
logical and climate data, which involves multiple proxies, each
informative for the relevant regions under investigation, in order to
examine the role of climate fluctuations as potential driving factors
for population movements in the past.

The Indo-European language dispersal

The origin and timing of the spread of the Indo-European lan-
guage family has been heavily debated in archaeology and lin-
guistics. Archaeological and linguistic models have proposed either
an expansion of Proto-Indo-European from Anatolia associated
with the spread of farming (Renfrew, 1987, 1999), a Near Eastern
model with origin south of the Caucasus slightly later and largely
decoupled from the spread of farming (Gamkrelidze and Ivanov,
1984), and an origin in the Pontic-Caspian steppes northwest of
the Black Sea and dispersal via Kurgan communities (Gimbutas,
1991; Anthony, 2007). While some scholars consider it a ‘cardinal
sin’ to conflate linguistic with archaeological and genetic data (see
Lawler, 2008; Soares et al., 2010 paraphrasing Phil Kohl), we rather
agree with Balanovsky et al. (2013) in that we can learn more about
past populations when we look at linguistic and genetic data in

parallel and attempt integrative analyses, than keeping the fields
separated. The quantity and quality of data are decisive factors for
such questions with wide implications as the search for the origins
and the spread of the Indo-European language. A recent example of
parallel evolution of (non-Indo-European) languages and genes in
the Caucasus (Balanovsky et al., 2011) seems to have met these
prerequisites by showing a strong correlation between the two
factors language and genes. We believe that the field of human
genetics and genomics (includingwork on ancient human DNA) has
made major advances in the last five years, now providing a solid
genetic framework against which archaeological and linguistic
models can be tested. This includes progress in dating of divergence
times of population and/or particular lineages of interest (Soares
et al., 2010; Scally and Durbin, 2012; Fu et al., 2013). Conse-
quently, the ‘props of the edifice are not as shaky’ anymore as they
were a decade ago (Sims-Williams, 1998, 2012), which at least
holds true for the genetic data. We feel that data gleaned from the
most recent aDNA studies now allow a cautious reappraisal
(perhaps not a new synthesis) of the issues raised above. We would
therefore like to address the potential implications of some of the
migration events AeD identified in Brandt et al. (2013) for the
origin and spread of the Indo-European language family.

A recent ‘glottochronological’ study supporting an Anatolian
origin of the Proto-Indo-European language and a dispersal across
Europe and Asia starting around ~7500e6000 BC, and in favor of
Renfrew's model (the ‘long chronology’; Heggarty, 2013), has re-
ignited the debate among linguists and anthropologists
(Bouckaert et al., 2012). This finding and the date in particular are
strikingly concurrent with the expansion of early farmers into
Central Europe via the Continental route and would argue for an
involvement of early farming cultures such as the LBK (event A). As
outlined above, genetic data strongly support a discontinuity be-
tween the last Mesolithic hunter-gatherers and early farmers,
providing the basis for a substantial genetic changeover. In all
likelihood, such a sharp shift must have been accompanied by a
common language across a larger territory, not only facilitating the
speed at which the spread of farming throughout Europe occurred
but also evidenced by the relative homogeneity of the genetic
signal carried by the earliest farmers (Skoglund et al., 2012; Brandt
et al., 2013). Bouckaert and colleagues go even a step further and
provide divergence dates for the subfamilies Celtic, Germanic,
Balto-Slavic and Indo-Iranian; all of which emerged between 4000
and 2000 BC (Bouckaert et al., 2012). Considering the temporal
overlap and the genetic influx from the East, the Corded Ware
culture in association with Kurgan people could be likely inter-
preted as a key candidate for either the spread of the Germanic or
the Balto-Slavic branch of the Indo-European language family
(event C). Modern genetic studies also hinted at this possibility
based on matching distributions of Y-chromosome variability, in
particular R1a1a in Slavic and to a lesser extent in Germanic
speaking countries (Soares et al., 2010; Underhill et al., 2010).
Similarly, the genetic influx from the southwest associated with the
Bell Beaker culture could be correlated with an earlier spread of the
Celtic language family across Western Europe than assumed, as
recently suggested by linguists (Koch, 2009; Cunliffe and Koch,
2010). Such a coherent cultural package in the West could there-
fore also be linked with the pattern of high frequencies of mtDNA
haplogroup H and Y-haplogroup R1b in modern-day West Euro-
peans, as suggested in Brotherton et al. (2013) and hypothesised by
Barry Cunliffe's model of Atlantic Europe, which rests upon a
common cultural element emerging during the Megalithic, i.e.,
Middle Neolithic in Western Europe (Cunliffe, 2001).

Alternatively, if we consider a later spread of Indo-European
through steppe cultures (the ‘short chronology’) (Gimbutas, 1991;
Anthony, 2007), this would most likely coincide with an arrival in
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Central Europe via the Corded Ware cultural complex and its cul-
tural predecessors further east (Globular Amphora culture and the
Yamnaya culture north of the Black sea; Fig. 3D). Event C would in
theory provide a good candidate for an accompanying and lasting
genetic impact around this time. The remaining temporal frame-
work would then foresee a spread of Celtic during the Celtic Iron
Age in Western and Central Europe, superseding/replacing non-
Indo-European speakers. However, the repeated replacement
with Latin during Roman times (another Indo-European language)
shortly after requires that the respective Indo-European-branches
in place at the time (Celtic, Latin, Germanic in the barbaric North)
must have undergone a rapid dissemination after geographic
structuring and emergence from the common root during the
Bronze Age, or perhaps early Iron Age at latest.

Seeing the forest for the trees… and the trees for the forest

Another point we would like to address concerns the level of
resolution achievable with genetic studies. High-resolution
genome data allows not only personal identification and the
reconstruction of interpersonal relationship, potentially across
several generations and degrees of relatedness, analogous to multi-
loci DNA fingerprinting techniques used in forensics, but also the
reconstruction of intra-population or infra-group relationships.

This level of ‘genealogical’ resolution is most likely too high for
‘big picture’ population studies, but will be needed to further
disentangle the complex succession of cultures as described in the
archaeological record as well as in later ‘historic’ periods leading up
to the present day. Fig. 4 illustrates the many interactions that have
shaped the cultural diversity in Germany's Mittelelbe-Saale region,
resulting in an already complex flow chart for a relatively small
region and temporal snapshot, and we can only imagine an even
higher complexity at a continent wide level and wider temporal
windows. However, it shows that a high level resolution and dense
temporal sampling is needed to test whether the cultural succes-
sion is accompanied by changes in the genetic makeup. Our recent
study has highlighted the usefulness of sampling in gapless tem-
poral transects to reconstruct and understand the genetic stratig-
raphy (Brandt et al., 2013). It is obvious that the patterns of
discontinuity versus continuity will not be as clear as the di-
chotomy between hunter-gatherers and expanding farmers, as we
follow the timeline to the present. The archaeological record in
Europe lets us expect a very vivid (pre-)history with many episodes
allowing for genetic influx and mixing events, resulting in a
complicated genetic stratigraphy, which has aptly been described
as incremental genetic ‘palimpsest’ (Renfrew, 1998; Richards,
2003). It is also clear that we should not expect a genetic entity
(population?) or signature (genealogy?) behind every culture or
cultural horizon. The duration of many later periods is certainly not
long enough to allow for the formation of a unique signature
through concerted effects of genetic drift in isolation. In other
words, if we assumed a constant rate of genetic changes over time
(Scally and Durbin, 2012), more time is needed to have such
changes become fixed in a population and to lead to differentiation
without any outside influence or selection pressure. On the other
hand, the effects of group size (effective population size) and
relative isolation will also play a role. This is of particular interest
for older periods of human history, including those of archaic
hominins such as Neanderthals and Denisovans, for which we
won't be able to produce a dense temporal and geographic reso-
lution. While it is impossible to overcome the taphonomic biases in
the paleoanthropological records or issues related to the visibility
of Paleolithic andMesolithic hunter-gatherers in the archaeological
record, we can safely say that group sizes and population growth
rates were smaller in pre-agricultural societies. As such, genetic

changes have had a higher chance of rising to fixation in smaller
bands of people, which in combination with relative geographic
isolation or limited gene flow can produce a genetic signature
distinct from populations or groups in other regions. As a result, the
genetic differentiation between these ancestral groups is expected
to be more pronounced when compared with more recent periods
or modern-day populations. This effect is visible from recent
studies on Paleolithic and Mesolithic hunter-gatherers, which form
distinct geographic clusters outside modern-day Eurasian varia-
tions (Lazaridis et al., 2014; Olalde et al., 2014; Raghavan et al.,
2014). Whether we will be able to reconcile observed genetic
changes with, for example, climatic fluctuations and/or expanding
group sizes will rest on the increasing precision of dating tech-
niques and the availability of new finds to fill critical gaps between
the last occurrence and first appearance of certain features
(including genetics) in the paleoanthropological and archaeological
record (e.g., Higham et al., 2014).

Overall, the duration and geographic spread of an archaeological
horizon is not necessarily indicative of its potential to harbor new
genetic elements. Even a short-lived horizon could hold the po-
tential of having experienced ‘exotic’ genetic influx, which can
affect subsequent layers. A recent study on modern-day autosomal
population data has highlighted the power of statistical methods in
disentangling recent admixture events with a temporal depth of up
to 4000 years (Hellenthal et al., 2014). From an ancient DNA
perspective, it is therefore important to study individuals from
before, during and after a particular period in order to understand
the temporal mechanisms at work, and to render estimates of
timing and admixture proportions more precisely. While some
scholars might argue that genetics hold the potential to indepen-
dently test hypotheses put forward by archaeologist and anthro-
pologists, we think that it is important to incorporate the
archaeological framework as exemplified in Fig. 4 as a basis for
hypothesis testing in future genetic studies.

The expected increase in available ancient human DNA studies
with high-resolution data in the near future will finally also allow
us to perform intra-population or infra-group analyses, which
will help in understanding the internal structure of small and large-
scale cultural layers, and whether thesewere driven by overarching
economic factors (potentially vulnerable to climatic fluctuations)
and/or by the power of social structures (clans, dynasties, etc.) with
a traceable genetic signal, and perhaps a common language.
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