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Abstract
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The genetic analysis of ancient human remains has revolutionized the study of human history,
opening a direct window onto the demographic and evolutionary events that shaped our species'
past. I use state-of-the-art ancient DNA methodologies, from sample collection and DNA
extraction to data analysis, to study the ancient past of the western Mediterranean region, where
climate does not favour DNA preservation. After the Last Glacial Maximum, amenable climatic
conditions enabled the development of agriculture in the Levant, initiating the Neolithic period.
In Europe, the transition from foraging to farming was driven by the migration of people from
Anatolia, but in North Africa, evidence indicates a cultural diffusion, instead of population
replacement. In this thesis, I show that this transition was in fact ignited by the migration of
early farmers from Iberia. Moreover, a different migration wave, originating in the Levant and
expanding within Africa, was associated with pastoralism in that region during the Neolithic.
While the Neolithic transition is one of the most studied periods of pre-history, earlier periods
are comparatively under-studied. Using whole genome sequencing data for 36 hunter-gatherers
from Iberia and France, I observed that genetic lineages rooted in the Palaeolithic, survived
throught the Mesolithic. Mesolithic hunter-gatherer populations formed social units that were
not based on familial bonds; exchanges between groups avoided consanguinity. Coexistence
with the first farming communities resulted in unidirectional admixture patterns, as we do not
find gene flow from farmers to the last hunter-gatherers. Finally, using a multidisciplinary
approach to study an exceptional individual of African descent buried in a Mesolithic shell
midden, we find that the burial of this man during the transatlantic slave trade period could
be an example of the maintenance of African cultural practices by African people displaced to
Europe. My thesis highlights the power of ancient DNA analysis to uncover events and patterns
of the human evolutionary history, but also that integrative approaches, where different lines of
evidence are combined, can lead to exciting findings.
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1. Introduction

The Mediterranean region, extending from the Levant to the Atlantic Ocean,
has witnessed some of the most revolutionary chapters in human prehistory.
During glacial periods, Mediterranean refugia harboured innumerable species
of flora and fauna, on which human populations relied, and from those re-
gions started the recolonization of other latitudes during interstadial periods.
These special environmental dynamics, with rich biodiversity and relatively
hospitable climate, make the Mediterranean a region of interest for human
evolutionary history, especially since the Last Glacial Maximum (LGM).

For millennia, the Mediterranean Sea, enclaved between southern Europe,
North Africa and the Levant, has impacted human societies: it either posed a
barrier or, upon the development of the necessary means, acted as a migration
corridor for human populations. The Iberian Peninsula, at the far west Euro-
pean Mediterranean, bridges the Mediterranean Sea and the Atlantic Ocean. In
the European Atlantic fagade, which extends from the current territory of Por-
tugal to Great Britain, Ireland and reaching Scandinavia, long-standing human
contacts have resulted in shared demographic and cultural dynamics. These
links are rooted in populations inhabiting the European Atlantic coast since
the Stone Age and are tangled with the ocean and its resources.

The field of population genetics aims at understanding demographic and
evolutionary processes by investigating patterns of genetic variation over time,
within and across populations. The analysis of ancient DNA (aDNA) under
the principles of population genetics has revolutionized the study of human
evolution. It opened a direct window onto the study of human evolutionary
history, allowing the reconstruction of past demographic events [1, 2, 3] that is
no longer limited to the genomic data of present-day humans. With my work,
I wish to contribute to understanding how, when and where (and ultimately
why) evolutionary events in the human past happened in the Mediterranean re-
gion, shaping the genetic diversity patterns of our species. For that, I retrieved
aDNA data from archaeological remains originating from western Europe and
northwestern Africa, where warm and wet environmental conditions do not
favour DNA preservation.

From a young age, I was fascinated by human history. The decision to
follow a scientific education was based on the desire to use science and tech-
nology to contribute to the future of mankind. My academic journey laid the
path and when the opportunity presented to join the young and challenging re-
search field of aDNA, I took it with excitement - I had found the combination
of both my biggest interests.



2. Ancient DNA

The analysis of the genetic profiles of ancient individuals has been a powerful
tool to reconstruct demographic events in the human past [1, 2, 3]. aDNA data
provide the opportunity to look directly into the evolutionary past without re-
lying on modern-day data to do so, and many surprising discoveries have been
made since the beginning of this field. Questions that have been traditionally
posed by linguists, archaeologists, anthropologists are now approached with
this set of tools and methods. Unlike those traditional disciplines, aDNA has
the advantage of not relying on artifacts, tools or scriptures for studying the
human past. Instead, these studies can be taken directly on biological human
remains, such as bones, teeth, hair or even feces. Moreover, as a result of
technological advances, aDNA analyses require very small fragments of bio-
logical tissue, as opposed to near-complete and morphologically informative
skeletons. aDNA studies are enabled by theoretic principles and computa-
tional developments of the discipline of population genetics, but pose addi-
tional challenges deriving from intrinsic characteristics of aDNA, discussed in
section 3, such as damage, contamination, small sample sizes.

Since the first attempts of retrieving aDNA in the 1980’s [4, 5], aDNA
development as a field was prompted by a series of technological advance-
ments, the most relevant being Next Generation Sequencing (NGS). NGS rev-
olutionised the study of genomics and molecular biology and was the real
breakthrough for aDNA studies given the quick, cheap and massive through-
put of sequences, compared to the previous Sanger sequencing. NGS allows
for the generation of billions of independent sequence reads, and depending
on the DNA preservation in each specimen, each position in the genome can
be covered several times, conferring analytical power.

DNA, the double-stranded macromolecule that encodes genetic informa-
tion, is thought to be preserved in bones and teeth because of its affinity to
hydroxyapatite and collagen, the main components of inorganic and organic
fractions in osseous materials [6]. But as a result of ceased DNA repairing sys-
tems after the death of an organism, DNA accumulates damages as it degrades
over time [7]. One of aDNA’s resulting characteristics is highly fragmented
molecules, which rarely reach 100 bp. Fragmentation was a problem for pre-
vious methods, based on Polymerade Chain Reaction (PCR) amplification.
NGS technology, in turn, actually requires that long DNA strands are cut into
short fragments prior to sequencing. This happens naturally in aDNA, making
NGS very suited for this purpose.

Successful aDNA studies are increasing due to the combination of reducing
costs of NGS technology, the development of specifically tailored molecular
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methods for aDNA retrieval, and the use of good DNA reservoirs. Molecu-
lar methods have been developed to suit the specific characteristics of aDNA:
short fragments, single-stranded sequences, chemical alterations, abasic sites,
etc. Several kinds of bone samples pre-digestion have been tested to improve
the recovery of endogenous molecules [8, 9, 10] and minimize human and
microbial contamination [11]. Extraction methods were optimized for retriev-
ing short fragments of aDNA, with silica columns and varying volumes of
guanidine-based binding buffers to increase the recovery of fragments as short
as 20bp, and library building methods were also adapted to aDNA [12]. More-
over, the identification of the best substrates as sources of aDNA added to the
success of aDNA research. Tooth roots have been identified as a good source
[13], and particularly the outer layer of the tooth - cementum - more than the
inner dentine [14, 9]. The petrous bone, which is part of the temporal bone
and the hardest and most dense bone in the mammal body, is one of the best
sources of endogenous aDNA, exceeding those obtained from teeth by 4- to
16-fold [15], even though these differences may be heavily dependent on spe-
cific inter-skeleton/-site variation [16]. Lastly, the optimization of bioinfor-
matic pipelines and analytical methods (reviewed in [17]) are crucial technical
advances that enable the exponential growth of the archaeogenetics field.
Many early aDNA studies relied on mitochondrial DNA (mtDNA), which
is more readily available for extraction, as there are usually several copies
available in the cell, whereas nuclear DNA is limited to one copy per cell.
However, mtDNA is only inherited maternally and is haploid, while the hu-
man nuclear genome is inherited from both parents (diploid) and consists of
more than three billion base pairs (bp). On average, between the two sets of
chromosomes, only a couple in a thousand of sites differ. Moreover, the vari-
ation found within a single human and between different individuals is within
the same range. This means that a lot more resolution can be obtained from
genomic studies (or the study of thousands or millions of genetic variants)
than single locus studies (such as mtDNA): the study of many of such variable
positions allows for powerful inferences about population structure [18].
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3. aDNA research challenges and
opportunities

NGS has brought aDNA to the centre of evolutionary biology through high-
throughput sequencing (Knapp 2010). The short fragment sizes, typical of
aDNA, are of ideal length for the preparation of sequencing libraries, which
include the ligation of universal sequencing adapters with intrinsic primer an-
nealing regions to both ends of DNA molecules in a DNA extracts [19]. The
untargeted cluster amplification of NGS also allows for massive parallel se-
quencing of DNA molecules, and impressive amounts of sequencing data can
be generated per ancient individual, at an ever reducing cost [20]. The amount
of data generated confers statistical power to the downstream analysis and
allows for distinguishing modern contamination and endogenous portions of
DNA, for example.

During NGS library preparation, adapter ligation is not species-specific and
the DNA library built from a aDNA extract will include the metagenomic pool
of DNA molecules extracted from the ancient sample. That is usually a com-
bination of endogenous DNA, environmental DNA from fungi and bacteria
and possible modern contaminant human DNA. Except for some rare cases
of preservation, microbial contaminants are often the most frequent source of
DNA extracted from an ancient human remain [12]. Microorganisms colonize
bones and teeth during the targeted individuals’ decomposition to such an ex-
tent that the endogenous proportion of DNA extracted from a human remain
rarely exceeds 5%. Modern human contamination, a particularly challenging
aspect of aDNA studies on humans (because contaminant DNA and endoge-
nous DNA originate from the same species), can be easily introduced during
handling at archaeological excavations or at museums, for example. To amend
the effects of contamination, several methods have been developed. The most
important way to handle microbial contamination is to bioinformatically map
the sequence data to the target species (in this case, human), and discard the
non-target species data. Microbial contamination can also be molecularly re-
duced (which maximizes the sequencing yield of target-species data gener-
ated) by hybridization-based enrichment of parts of the genome [21, 22] or of
the complete genome [23]. Modern contamination, on the other hand, can be
handled bioinformatically, as I describe below.

Post-mortem DNA degradation is highly dependent on climacteric condi-
tions. This process involves both fragmentation and chemical changes to the
DNA molecules [24]. DNA fragmentation is induced by hydrolytic depurina-
tion, resulting in single-strand breaks [25, 24]. The hydrolysis of the amine
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group of cytosines to a carbonyl group, forming uracil, is the most typical
aDNA degradation signal. Methylated (by epigenetic processes) cytosines can
also be degraded into thymine [24]. NGS technology enabled the confirmation
of previous results about this very distinctive pattern of aDNA: C to T transi-
tions [26]. During DNA replication, adenines pairs with uracils (the deami-
nated cytosines) and following that, adenines are paired with thymines. This
way, original Cs are sequenced as Ts and these substitutions are incorporated
into the sequencing reads, resulting in an excess of Ts instead of Cs in com-
parison to the human reference genome [12]. This pattern is more prevalent
at fragments termini, which are more likely to be single stranded and more
exposed to hydrolysis [12].

However, the current understanding of these processes has transformed the
potential challenges into opportunities: observing the patterns of degradation
is now used to attest DNA authenticity and study epigenetic patterns from an-
cient genomes. C to T deamination rates at reads ends are usually plotted
for a visual inspection of the damage expected for authentic aDNA sequences
and average read length is also observed (Figure 3.1). The damaged nature of
aDNA becomes advantageous to discern authentic human aDNA from modern
contamination: C to T deamination changes are usually not found in modern
contaminating DNA [27] and based on those signals, bioinformatic methods
have been developed to separate the modern contaminating fraction from the
endogenous human aDNA fraction [28, 29]. To minimize the risk of intro-
ducing further modern contamination, aDNA laboratory work is performed in
specialised labs, where several measures and guidelines ensure that the envi-
ronment is kept as free from DNA as possible [30, 31].

Most aDNA studies these days use uracil-DNA-glycosylase (UDG) and en-
donuclease VIII partial or full treatment of libraries to cleave uracils and re-
pair the damaged ends of the fragments, mitigating the effects of deamination
on down-stream analyses [32, 33]. This in-vitro method removes abasic and
uracil sites prior to DNA library preparation [34, 35]. This can be done only
partially, meaning that the first two or three bases in each fragment will pre-
serve the damage signal (which can be used to validate data authenticity) or
fully, removing all uracils. This method brings the advantage of using all SNPs
during data analysis and maximizing the amount of genetic information that
can be retrieved from sequencing or genotyping data [32]. This way, analy-
ses are not restricted to transversion sites but can include transitions (C-T and
G-A SNPs); these frequently have to be omitted, or large proportions of the
sequencing reads discarded towards the termini, if libraries are not damage
repaired, since it is not possible to distinguish variation originating from DNA
damage and real polymorphic variation.

The climate of the region where the archaeological remains are retrieved
from has great impact on the extension and frequency of the DNA damage.
Environmental conditions such as humidity, temperature, salinity, and pH have
a strong effect on DNA preservation. However, conditions are likely to vary
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Figure 3.1. Deamination plots characteristic of authentic ancient DNA data, where an
increased frequency of C-T substitutions is observed towards the 5’ ends of the DNA
fragments, and G-A substitutions on the 3’ ends. The rate of observed substitutions
differs between (A) and (B); (A) corresponds to genomic data generated for a sample
from Portugal, dated to ca. 400 years ago, mug019/CAMI1, and (B) corresponds to
data generated for a sample from France, dated to ca. 7.000 years ago, hoe005. In
spite of the higher deamination rate, sample (B) yielded a higher proportion of human
sequences, 0.45, compared to 0.20 for sample (A).

within a site or even an archaeological stratum, making preservation vari-
able on a microscale [12]. Preserved environments, such as caves that act
as a buffer to temperature and other climacteric fluctuations, usually provide
aDNA samples with better preservation. There is no evident correlation be-
tween fragment length and age [36] and older samples that were frozen or
quickly desiccated after death are favoured by the inhibition of degradation
processes, presenting much better DNA preservation than younger samples
from hotter, more humid environments.
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4. Patterns and processes of human genetic
variation

Variation is introduced in the genome by mutation. Different variants of a
genetic marker (named alleles) can change in frequency due to selection, if
they are advantageous for an individual, but most commonly, due to random
genetic drift. This process corresponds to the random fluctuation of the fre-
quency of an allele over time in a finite population. When a population size
is drastically decreased (a process that is known as genetic bottleneck), the
effects of drift are quicker than in the pre-bottleneck population, which would
have more variation to draw the next generation from. Drift can bring a certain
allele to fixation (when it becomes the only allele in the population) or to loss
(when it is no longer observed in any individual in the population). Both of
these scenarios result in decreased diversity. Because genetic drift is random,
it will have different effects in two populations that split from a common an-
cestor, resulting in their differentiation. Note that gene flow, the successful
movement and transfer of genetic material resulting from the movement of
people from one region to another, can occur through large-scale migrations
as well as in small increments over many generations when two populations
live relatively close together but exchange only a limited number of migrants
[37]. If gene flow between two groups is low or absent, the genetic differences
accumulate in each of them.

Mutation will introduce new variants in each of the populations differently,
and those will be more noticeable if new variants rise in frequency as a conse-
quence of random genetic drift. On the other hand, if a newly generated variant
increases the fitness, or survival/reproductive success of its carrier individual,
it will more likely increase in frequency in that population. Selective pressures
are determined by the environment. If two populations with a common origin
are subject to different selective pressures, their genetic background will be
refined to better fit the environment, by favouring certain alleles and discard-
ing others [38]. It should be noted that in population genomic analysis it is
not easy to distinguish between the impacts of various demographic events,
such as a population bottleneck, and selection. These often result in similar
alterations in diversity patterns [39]. It is often assumed that demographic
events leave traces at a genome-wide scale, thus the importance of population
genomics, which studies numerous loci simultaneously to better understand
the roles of evolutionary processes such as genetic drift, gene flow or natural
selection [40].
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Besides mutation, also gene flow and recombination are sources that can
maintain genetic diversity. DNA recombination is the process in which genetic
material is exchanged between different regions of the same chromosome (or
between multiple chromosomes), resulting in the reshuffling of the sequences
inherited from both parents before their transmission to the offspring. It re-
duces Linkage Disequilibrium (LD), which is elevated when long blocks of
particular combinations of alleles of neighbouring variants are present and
common in a population. Such a block of alleles that is inherited together
from a single parent is called a haplotype.

Studies from the fields of genetics, palacontology and archaeology have
consistently shown that anatomically modern humans (AMH) originated in
Africa [41]. Genetically, African populations are more diverse than non-
Africans. That is evident when comparing for example Africans and non-
Africans observed heterozygosity, the proportion of genomic sites that have
two different alleles at a genetic locus. While heterozygosity in modern-day
Africans is (slightly) above 0.1%, in all non-African populations it is lower
than 0.08% [42]. LD is not only reduced in African populations but is also
found to increase in other groups as their geographic distance from Africa in-
creases [43]. Worldwide patterns of genetic diversity and differentiation are
best explained by a serial founder effect that started in Africa [44, 45, 43], fol-
lowed by an Out-of-Africa migration event that was the starting point for the
peopling of Eurasia, Oceania and Americas. This means that the patterns of
population diversity that we observe today are the result of population splits
and subsequent differentiation that have happened over ca. 300,000 years,
since the first modern human populations diverged in Africa [46].

A serial founder effect such as the described has the consequence of reduc-
ing the effective population size (N,). With reduced N,, a population under-
goes stronger genetic drift, leading to an increased random change of allele
frequencies and a loss of genetic diversity over time. N, represents the size of
an idealized population under the Wright-Fisher model (constant finite size,
non overlapping generations, random mating). However, human populations
cannot meet these conditions, as they are rarely constant in size, generations do
overlap and mating is not fully random. The term "inbreeding" is used when
offspring is produced from the mating of close relatives. This can happen
as a consequence of a small population size, where the background related-
ness between all individuals is high, or by consanguinity, if the parents had a
close kin relationship. Consanguinity can result from the social reproductive
behaviour of endogamy, or within-group marriage and can have deleterious
effects on the offspring. Exogamy, on the other hand, happens when mates are
exchanged between subpopulations. The mate choice and/or the population’s
social dynamics and structure have direct consequences on a population’s ge-
netic variation patterns, such as observed in Runs of Homozygosity (RoH,
section 7.5.5, Figure 4.1). Genomic DNA can be used as a powerful tool to in-
fer ancient populations’ social dynamics (Papers Il and III). As the field moves
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Figure 4.1. RoH for worldwide modern continental populations from the Simons
Genomes Diversity Project (SGDP) [48]. The number (NSEG) and cumulative length
(in kilobases, KB) of RoH correlates. It increases with distance from Africa (serial
founder effect). It is visible that some datapoints deviate from the correlation trend
between number and cumulative length of RoH, as a reflect of social and reproductive
behaviour, with small populations practicing consanguinity showing the longest and
more frequent RoH.

from large-scale studies to a more local perspective under a multidisciplinary
approach, ancient mating practices will be better understood, as well as other
socio-cultural dynamics [47]. However, datasets that allow such inferences for
ancient hunter-gatherers are still rare.
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5. Ancient genetic variation in Europe and
North Africa

AMH origin and morphological evolution is debated, as mosaics of feature as-
sociated with "modern" and "archaic" human groups are found in the African
archaeological record [49]. In North Africa, human fossils dating to ca. 300
thousand years ago (kya) from Jebel Irhoud, Morocco, are an example of such
mixed morphology [50] and show that the presence of hominid groups in that
region is long-standing.

Human history has been greatly influenced by climatic events, which often
resulted in alterations to the patterns of genetic diversity. The out-of-Africa
migration event was determinant for the peopling of other continents [51, 41]
and was likely facilitated by climatic changes [52]. Alternative routes for the
dispersal of AMH out of Africa, via Egypt or Arabia have been debated [53].
The Sahara Desert would be a natural obstacle to these dispersal of AMH out
of sub-Saharan Africa. Paleoenvironmental and paleoclimatic studies have re-
vealed recurrent humid episodes in North Africa, that resulted in green Sahara
periods (GSPs), with savanna expansion throughout most of the desert. As
many as 230 GSPs have been identified in the last 8 million years [54]. GSPs
take ca. 3 thousand years (ky) to develop and to end, after peaking for 4 to 8
ky. Studies have used different types of data to estimate the dates for GSPs
(e.g. [55, 56]). Many of these dates could broadly coincide with major human
migration events, including the genetically determined period for the out-of-
Africa migration; for example, wet phases were identified around 80,000 years
ago (80 kya) and 110/120 kya [54, 56, 57].

After the Out-of-Africa migration ca. 80 kya, AMH colonized Eurasia.
The first evidence of AMH in Eurasia is found in the Levant and dates to
the Middle to Upper Palaeolithic [58]. By 45 to 40 kya, AMH had dispersed
through Europe, with paleontological and archaeological records of occupa-
tion in Eastern, Central and Western Europe [59, 60]. As AMH made their
way into Eurasia, they met Neanderthals, a hominin group which had lived in
Europe since ca. 300 kya. The observation that these two groups met and pro-
duced fertile offspring is one of the most important findings made through the
analysis of genomic aDNA [61, 62]. A consequence of this admixture event
is the presence of ca. 2% of Neanderthal ancestry in all humans living outside
sub-Saharan Africa today [61, 62]. Human populations ancestral to all non-
sub-Saharan Africans have been estimated to have mixed with Neanderthals
between 37 and 86 kya [63], and thus shortly after the dispersal of AMH from
Africa.
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The LGM, between 26.5-19 kya, is another example of how climatic changes
resulted in dramatic changes in the demography of human populations. Ice
sheets reached their maximum extents and sea levels were at lowest point [64].
Then, in the Upper Pleistocene, average global temperatures were around 5 or
6°C lower than today and overall climatic conditions were drier, colder and
windier. The atmospheric dust loading was 10 times heavier than what we cur-
rently observe, which was reflected in strong differences in vegetation cover
[65]. While Northern Europe was covered with permanent summer ice sheets,
steppe and tundra environment dominated in southern Europe [66].

Before 35 kya, a genetic turn-over has likely happened in Europe. Between
34 and 26 kya, a genetic component associated to individuals of the Gravettian
culture became predominant in Europe. Pre-LGM European hunter-gatherers,
such as Goyet Q116-1 from Belgium [67], PM1 from Romania [10], Sunghir
IIT [68] and Kostenki 14 [69] from Russia, share genetic ancestry and ar-
chaeogenomic data has provided no evidence of substantial genetic influx from
elsewhere during that period [67, 70]. Sequenced individuals that predated that
period seem have made little genetic contribution to later populations [67].
However, the genetic ancestry of the population that preceded that cultural
change, represented by GoyetQ116-1, seems to have survived and is detected
in individuals associated with the Magdalenian culture in western Europe, ca.
19-12 kya. The LGM resulted in a severe bottleneck for the hunter-gatherer
populations [71], which is reflected in reduced genomic and mitochondrial
diversity [10, 72, 70].

With the end of the last ice age and the deglaciation of ice callots, sea levels
rose abruptly around 14 kya [64] and the climate became milder. This event
marked the end of the Palaeolithic, which had been dominated in Europe by
archaeological cultures such as the Gravettian, Magdalenian and Azilian cul-
tures. After the Palaeolithic, a new archaeological period started, a period
that covers the transition between late glacial hunter gatherers and Neolithic
farmers - the Mesolithic. A detailed picture of the patterns of genetic diversity
during the Mesolithic in Europe can be found in Paper I.

During the early Holocene, after the end of the LGM, the Sahara was nearly
completely vegetated, with abundant water availability [54, 52]. This Green-
Sahara phase (11-5 kya) was characterized by high amounts of rainfall that
supported a system of linked lakes, rivers, and inland deltas. The region was
then occupied by diverse vegetation, which facilitated the dispersal of species,
several aquatic, as well as the establishment of human populations [52, 73].
Human demographic patterns in this region changed rapidly between 10 and
5 kya. The archaeological record is rich and documents intensive human oc-
cupation, initially by pottery-using hunter-gatherers, and then by increasingly
mobile cattle livestock herders [74, 75], with rock engravings of large-game
hunting and livestock herding scenes. It has been estimated from the archae-
ological record that a massive population size increase happened shortly after
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11 kya, followed by a temporary decline 7.6 to 6.7 kya and a major collapse
between 6.3 and 5.2 kya [76].

Compared with the extensive ancient genomic studies in Eurasia, North
African pre-history remains largely unstudied from a genetic perspective. Ge-
netically, modern North African human populations result from a complex
human demographic history, greatly due to this region’s location, in between
sub-Saharan Africa, Europe and the Middle East. Modern [77] and ancient
[78] genetic data analysis have provided evidence for a back-to-Africa mi-
gration event, which is estimated to predate the onset of the Holocene (about
13 kya). In fact, late Pleistocene hunter-gatherers from Morocco have been
shown to have genetic affinity to Holocene hunter-gatherers from the Near
East (Natufians) and to sub-Saharan African populations. This finding cor-
roborates the pre-Neolithic gene flow between out-of-Africa populations and
north African populations, as well as across the Sahara [78]. However, definite
details about the back-to-Africa migration remain unknown.

The genetic make-up of Upper Palaeolithic north Africans is very distinct
from contemporary European populations; no quantifiable genetic contribu-
tion from European hunter-gatherers has been found in ancient north Africans
living ca. 15 kya [78]. A common ancestry with Europe has so far only been
identified in ancient north Africa during the Late Neolithic [79].
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6. Archaeological and genetic evidence of the
Neolithic transition in the Mediterranean
and western Europe

One of the most important events in human prehistory was initiated when the
warming climate of the Early Holocene favoured the transition from hunting
and gathering to producing food, in the Levant. This marked the beginning of
a new prehistorical age, the Neolithic, in Western Eurasia. Starting around
10,000 years ago, the hunter-gatherers from the Fertile Crescent gradually
shifted subsistence practices from hunting and gathering to sedentary farm-
ing [80]. Agricultural practices spread through the European continent and
the so-called "Neolithic package" included elements such as: managed culti-
vation of plants and animals, ceramics, food storage, sedentary settlements,
polished stone tools and other portable artefacts [81, 82]. The archaeological
record documents highly increased population numbers associated with the
new food-producing economies in Europe [83].

This is one of the most intensely studied periods in archaeology and has
also been a major focus of archaeogenetics. Prior to aDNA evidence, the
hypothesis of a cultural diffusion, with hunter-gatherer populations adopting
the new lifestyle and associated practices from neighbors or trade networks
was considered [83, 84]. Archaeogenomic studies have played a major role in
clarifying that the spread of the Neolithic lifestyle throughout Europe resulted
from the migration of people who carried the Neolithic traditions, farming
economy and associated material culture [85, 86, 87, 88, 89, 90, 91]. The
population discontinuity from the Mesolithic to the Neolithic has been shown
with uniparental markers, with the introduction of new mt haplogroups which
were absent in Europe before the Neolithic (e.g. K, J, W, X, H, HV, V, T2 and
Nla), and also new Y-haplogroups (e.g. G2a, J2, E3b and F). The simultane-
ous appearance of paternal and maternal lineages suggested that the migration
process was not associated with a strong sex-bias. Genomic aDNA data has
refined these findings [92].

The Neolithic transition in Europe has followed two main routes [93, 94].
The "Continental route" expanded across Central Europe, from the Balkan
Peninsula, following the river valleys of the Danubian and the Dnipro and fur-
ther west and north; this route is archaeologically associated with the Neolithic
Lineal Pottery complex (Linearbandkeramik, LBK). The "Mediterranean route"
followed the shores of the Mediterranean sea and is associated with Impressed
Ware technology in the eastern and central Mediterranean and with Cardial
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Figure 6.1. Main Early Neolithic cultures of Central and Western Europe approx-
imately 10,000 BP in Anatolia to 7,500 BP in West Iberia and Northwest Africa.
Adapted from [89, 95]

Ware in the western Mediterranean (Figure 6.1). Both routes expanded to
reach Brittany, modern-day France, after 7 kya.

The first chronological modelling of the Neolithic diffusion through the
Mediterranean suggested a regular population spread of ca. 1 km/year [96].
More recent models supported less linear scenarios based on a coastal diffu-
sion of the agro-pastoral system in the Western Mediterranean through seafar-
ing colonists [97, 98]. The spread of the earliest Neolithic settlements from
Southeast Italy (ca. 8000-7900 cal BP) to Portugal (ca. 7500 cal BP) was
rapid, but discontinuous (leapfrog diffusion). It has been suggested that when-
ever the progress was slower, technical and cultural blending of the Neolithic
traditions with preexisting local technology resulted in new developments and
acquisitions to the Neolithic package [99]. However, it remains hard to inter-
pret and evaluate the role of Mesolithic populations in the regional consolida-
tion of the Neolithic [100]. Genetically, we observe that the migrating early
farmers admixed to different degrees with local groups of hunter-gatherers
along the expansion routes [88, 90, 101, 102]. Early Neolithic populations
from Central Europe populations, such as LBK, show less extensive admixture
with WHG than Cardial Western European Neolithic populations, following
an East to West cline [102, 95]. During the Neolithic period, the proportions
of hunter-gatherer ancestry increased [87, 88, 103, 104].
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The Neolithic development in northwest Africa happened ca.7400 cal BP,
contemporaneously [105] or soon after the Iberian Neolithisation. Evidence
points to contacts and cultural exchange across the Strait of Gibraltar [105,
106, 107]. Different models for the Neolithisation of the Maghreb have been
proposed and debated [108]: an Iberian origin (preceded by an expansion from
Southern France) [109, 110], a north African route of expansion through the
Mediterranean Maghreb [111, 107], or even a synchronous arrival of Neolithic
in both Southern Iberia and coastal Morocco [105]. The oldest Sicilian pottery,
Pre-Sentinellian Impressa Arcaica from ca. 7900 years ago is distinguishable
from Cardial, but in the Tingitan peninsula (the African portion of the Gibral-
tar Strait), the first pottery is characterized as Cardial of archaic aspect, with
some features more typical of Impressed ceramics, and clear affinities with the
archaic Cardial from Catalonia-Valencia as well as, to a lesser extent, with dec-
orations present in examples of Impressa from other Iberian regions, mainly
Valencia (and Andalusia).

Evidence against the North African route has increased since the 1970s,
with little documented presence of agriculture in Mediterranean Algeria before
7000 years ago, and no evidence of agriculture in Tunisia at that time. How-
ever, evidence of livestock husbandry and pottery can be found there. This
has been interpreted as a "failure" of the agricultural expansion in the East-
ern Maghreb [112], where the emergence of food-producing societies is con-
nected to native forager groups integrating new technologies and subsistence
strategies, adapting them to local traditions and needs [100]. Several studies
have highlighted the importance of the development of Epipaleolithic com-
munities to the Neolithisation process of North Africa [74, 113, 100]. Hunter-
gatherers exploited the broad range of environments that resulted from the
early Holocene climatic fluctuations [114, 115, 116]. Decreasing and fluctuat-
ing rainfall and climatic unpredictability may have resulted in the development
of strategies to manage resources, such as storage and delayed consumption of
wild plants [117] and the use of pottery [118, 113] and more importantly, the
development of an economy based on nomadic pastoralism and exploitation
of wild plants [119, 74, 118].

The multitude of archaeogenetic studies focusing on the European Neolithic
transition strikingly contrasts with the scarcity of analogous studies in North
Africa. A single study so far has reported aDNA data from this period in North
Africa [79], showing that Early Neolithic farmers at the site of Ifri n’Amr
0o’Moussa, in Central Morocco, show long-term genetic continuity since the
Upper Paleolithic, with no traces of the Anatolian ancestry found in Euro-
pean Early Neolithic farmers. Archaeological excavation campaigns have
retrieved Cardial-like ceramics from this site, similar to that found through-
out the western Mediterranean, as well as domestic cereals. In spite of some
striking similarities with the western Mediterranean European Neolithic pack-
age, the genetic evidence of Early Neolithic Morocco so far suggests that the
Neolithisation process occurred through the adoption of innovations by local
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Epipalaeolithic communities instead of a demic diffusion, as observed in Eu-
rope. This is in line with archaeological investigation supporting an important
development of the Epipaleolithic communities to the Neolithisation process
[105, 100]. With Paper V of this thesis, we present new evidence showing
that the first stages of the Neolithisation process in northwestern Africa were
started by the migration of Neolithic farmers from Europe across the Mediter-
ranean. The genetic component related to Anatolian farmers had so far only
been observed in North Africa in the Late Neolithic, with a 2000 years delay
to the arrival of that ancestry to West Mediterranean Europe [79]. Our study
shows that gene flow from western Europe to North Africa happened already
during the earliest Neolithic phase of northwestern Africa (Paper V).
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7. Methods

Unveiling the molecular record carried in the genomes of ancient individuals
and the populations they belonged to must comply with some specific method-
ologies, in order to obtain trustworthy results. While there are variations and
alternatives to those described in this chapter, I focus on summarizing the
methods applied in the research presented in this dissertation. Some of the
most commonly used techniques and methods used in aDNA research are also
introduced, even if not applied in this work, mostly as a reference for the state-
of-the-art of archaeogenomics.

7.1 Ancient samples collection and preparation

The samples analysed in my thesis were collected from museum collections
or directly from excavations in Portugal, Spain, France and Morocco (Fig-
ure 7.1). Human remains were inspected and the best element(s) for each of
the targeted individuals was evaluated and selected for sampling. Preference
was given to the petrous part of the temporal bone and teeth [120, 15, 16]. De-
pending on museum policies, which often do not allow whole bones to leave
the museum premises, for Papers II, III and IV, a majority of the bone/tooth el-
ements were sampled on site, in pre-cleaned museum facilities. If the museum
policies allowed, entire bone/tooth elements were directly taken to dedicated
aDNA facilities in Uppsala, Sweden, and sampled according to a protocol that
broadly follows the steps described next, but under a fully controlled, decon-
taminated laboratory. In museum facilities, bone elements were decontami-
nated prior to sampling, by mechanic cleaning and UV exposure. Based on
the recent discovery of improved DNA retrieval from bone pieces comparing
to bone powder [10], mostly bone/tooth pieces were sampled.

7.2 aDNA extraction

Two methods were used for aDNA extraction in the work of this thesis, pub-
lished by Yang et al. [121] and Dabney et al. [12], with punctual adaptations
described in the Papers. Extraction methods optimized for aDNA usually em-
ploy silica-based extraction columns and mostly differ from those used for
modern DNA given the need to minimize the co-extraction of potential in-
hibitors of downstream molecular analyses, such as library building or am-
plification [122]. Adaptations to the binding buffer composition and volume
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Figure 7.1. Overview of the entire ancient DNA dataset generated for the total of the
projects in this thesis.

used resulted in an optimized recovery of DNA fragments as small as 35 bp
[12], and therefore I applied this extraction method for particularly challeng-
ing, degraded samples. Extraction and library blanks were run alongside the
extraction and library building process to monitor possible contamination in-
troduced during the sample processing.

7.3 Library building and sequencing

The prime sequencing approaches for generating aDNA data are, since the in-
troduction of NGS technology, shotgun and target-enriched sequencing. Shot-
gun approaches involve sequencing of the whole genome (Whole Genome
Sequencing, WGS), or as much as available in the DNA extract and then
converted into a sequencing library. This ensures an unbiased sequencing of
the extracted DNA, including private mutations and rare alleles, which SNP
chips or SNP capture sets do not target [123]. However, poor aDNA preser-
vation and microbial contamination can make the shotgun sequencing of the
endogenous genomic DNA a strenuous and prohibitively expensive process.
Target-enriching methods selectively capture and enrich for genomic regions
of interest, such as the mitogenome [21, 124], one chromosome [22], or even
the entire genome [23]. A popular capture panel, developed to target 1,2
million autosomal SNPs (the so-called "1240k panel") for ancestry analyses
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[90], has been frequently used by laboratories doing aDNA research, and thus
a large number of individuals for which aDNA data is available today have
been processed using this method. In-solution targeted capture approaches in-
volve the hybridization of magnetic-beaded probes, designed to target genome
regions of interest, to complementary DNA fragments [22]. This can substan-
tially increase the relative fraction of endogenous DNA molecules in the total
metagenomic pool in the DNA library, maximizing the ratio between data ob-
tained and sequencing efforts, and be particularly efficient and cost-effective
for samples with extra low endogenous DNA proportions [90].

However, hybridization enrichment by targeted capture of a user-defined
panel of SNPs has disadvantages that can compromise the information ob-
tained from an ancient sample. The main issue arising from this method is pos-
sibly the comprehensive comparison of the captured samples with data from
other studies, since only overlapping target regions can be co-analysed [125].
Additional challenges include increased clonality and reduced data complexity
[23, 126], effective hybridization of targeted sequences for heavily degraded
molecules and the inevitably biased nature of the recovered library fragments
[127, 23]. Moreover, ascertainment bias, that results from non-random sam-
pling of SNPs [128, 123], may have downstream implications that are less
obvious than those listed above, such as systematic deviation of population ge-
netic statistics from theoretical expectations [129, 130]. The ascertained SNPs
will tend to be of intermediate frequency in the panel of individuals used to
ascertain the captured SNPs. Thus, SNPs of low minor allele frequency will
tendentially be missed and those obtained will be biased toward populations
related to the discovery panel [131]. Many approaches have been suggested to
correct for ascertainment bias [132, 129, 131], but SNP panels ascertainment
schemes are difficult to account for in aDNA statistical analyses, as SNPs are
usually ascertained from modern groups, with a tendency to European pop-
ulations, and therefore ancient, non-European genetic variation may not be
sequenced and available for analysis [123].

Archaeological remains are not a limitless resource and aDNA research re-
lies on its availability. Concerns about the sustainability and ethics of current
bone sampling practices and generated genomic data availability have been
raised [133, 134]. Current aDNA practices and methodologies are destructive
of the bone tissues; this means that the optimal tissues for extraction (accord-
ing to the current state-of-the-art), once studied, will not be available for future
generations.

Archaeological remains are also often rare, especially for older periods, in
regions where archaeological research is patchy and regions with sub-optimal
conditions for biological material preservation. Some specimens are unique
and unreproducible. Reconstructing the genomic signature of an individual
that lived in the past is one way to immortalize the past and its legacy. It is our
responsibility, as a scientific community, to ensure that the best possible out-
come of our research is reached and the WGS of an ancient individual when-
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ever possible is, as I perceive it, almost an ethical obligation. On one hand, the
more loci sequenced, the more independent instances of the same evolutionary
history are captured for an individual. On the other hand, the completeness of
data may open future possibilities, maybe enabled by future analytical meth-
ods, which are likely to bear new insights into human evolutionary history and
perspectives that are not within the reach of today’s analysis. We are already
observing examples of exciting discoveries that rise from the analysis of data
generated in the past under new perspective and different ideas [135]. The
field evolves as experiments are made, and while I do not believe that the re-
search done today should be restrained waiting for more advanced methods,
it is our duty to generate data in the best quality and amount possible, so that
the destructive process of archaeological remains results in the best possible
outcome for the future.

For NGS sequencing, DNA extracts must be converted into sequencing li-
braries, that are used for untargeted cluster amplification for massive parallel
sequencing of DNA molecules. Even though single-strand library building
protocols are more efficient in retrieving short molecules, in part owing to
the reduction of purification steps to remove the excess of adaptors [136],
their practical optimization and implementation is not always straightforward.
Hence, for this thesis, only double stranded libraries were used for sequencing
aDNA. Double stranded library building utilizes a modified form of Illumina’s
library preparation kit and protocol [19]. The process starts with the reparation
of fragments’ ends, by extension of overhanging single strands at the fragment
termini; these present a high incidence of deaminated citosine sites and as a
consequence of the end-repair step, adenines are integrated in the sequence, as
complementary to uracils, instead of guanines. Adapters are ligated to blunt-
end aDNA fragments, and then filling in the adapters creates double stranded
molecules. Ligation of adapters allows the sample DNA to attach to a solid
flow cell in a sequencer machine, where the strand can then be amplified and
sequenced with fluorescent nucleotides [19]. The DNA library is prepared
to undergo PCR, with one or both primers indexed with individual "tags", to
discriminate between DNA samples. This allows for multiple samples to be
pooled and sequenced together, thus saving time and money [19].

Prior to library building, UDG and endonuclease VIII treatment may be
used to mitigate the effects of aDNA deamination; we used USER enzyme
(a premixed version of the two enzymes) [32]. This treatment excises uracils
from DNA sequences from DNA, leaving behind an abasic site and a single-
strand break, which compromises the reparation of overhanging single-strand
ends. This results in the reduction of the amount of sequence information
available for downstream analysis and thus it was only applied on extracts for
which good DNA preservation was verified during initial sample screening
stages.
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7.4 aDNA data processing

Subtle differences between sequencing platforms and bioinformatic pipelines
may result in small biases that can mimic fine-scale genetic signatures, and
even supersede the proportion of genetic variation resulting from geography
[137]. One attainable measure to reduce such biases is to uniformize the bioin-
formatic pipeline for processing the data, which was done in this thesis, in-
cluding for comparative aDNA data (whenever fastq files were available for
download) as described below. All data generated for this thesis was shotgun
sequenced on HiSeq 10X or on NovaSeq 6000. Sequencing data was first de-
multiplexed according to the indexing primer sequence used for each sample
in the sequenced pool. Raw fastq files were trimmed for sequencing adapters.

Forward and reverse paired-end reads were merged when an overlap of at
least 11 bp was found and mapped against the human reference genome, build
37 (hs37d5). Most libraries built were sequenced more than once, frequently
until depletion (ca. 50% clonality). Resulting bam files were merged per
library. To remove PCR duplicates, a consensus of reads with identical start
and end positions was generated. Reads shorter than 35 bp, with more than
10% mismatches to the human reference genome or a mapping quality of less
than 30 were filtered out. A single bam file per sample was finally created by
merging all 90 percent consensus library bam files.

7.5 aDNA Data analysis

While there are several types of polymorphism, or possible variation in the
DNA sequence, base substitutions (Single Nucleotide Polymorphism or SNP)
are the most common form, and also the form that is primarily studied in hu-
man population genomics studies, including aDNA. Recombination creates
statistical independence between markers. If two loci are statistically inde-
pendent, they can be seen as independent stochastic outcomes of the same
ancestral process, and the more loci are analysed, the greater is the resolution
of population genetic structure. However, certain regions of the genome do
not recombine, namely the mitochondrial DNA and the Y chromosome. This
results in the inheritance of these genetic markers as a block of alleles, in a
combination that is preserved from generation to generation - a haplotype.

7.5.1 Markers of genetic variation in aDNA studies

Haplogroup information for both mitochondrial DNA and Y-chromosome is
commonly analyzed in ancient DNA studies. Each haplogroup encloses re-
lated patterns of sequences (haplotypes) that are genetically relatively similar.
These patterns correlate with the geographic origins of populations, traced
through the maternal (mtDNA) and paternal (Y chromosome) lineages. Mi-
tochondrial and Y-chromosome haplogroup frequency and distribution tend to
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differ between ancient populations, which can be informative of migration his-
tory of males and females, for example [138, 139]. For aDNA studies, mtDNA
has the advantage of being present in a number of copies per cell, whereas the
nuclear DNA has a single copy per cell. Hence, mtDNA is more readily avail-
able for extraction and subsequent sequencing than nuclear DNA.

SNPs are genetic markers that present variation at single base pair positions,
where there is at least one alternative allele in the population. Since mutations
occur rarely in most organisms, it is generally reasonable to assume that there
are only two alleles at a single SNP locus (i.e. in most cases, only two of the
bases A, T, G or C exist at a certain position in the genome) for the purpose of
data analysis.

In studies where the complete genome sequence of an individual is gener-
ated, the near complete set of SNPs present is captured. Sequencing errors
can be mistaken for rare biological variants [140] which is more relevant in
cases where ancient populations are represented by a single or a few individ-
uals, and particularly for low coverage data. In most cases however, it is the
patterns of allele sharing between individuals that are informative of popula-
tion structure, and patterns of rare alleles sharing are particularly powerful for
inferring fine-scale population structure [141, 137].

7.5.2 Exploring population structure

A common first step in aDNA studies (after attesting data authenticity and
assigning uniparental markers) is to apply exploratory, non-parametric, un-
supervised methods, to first investigate population structure. This is possi-
ble with methods that subdivide genetic variation resulting from differences
in allele frequencies between groups [142]. Principal component analysis
and clustering-based approaches are usually applied to obtain an overview
of genetic affinities between individuals. These methods usually provide an
overview of the genetic dataset and a starting point for further hypothesis
testing, but one must beware of the risk of over-interpretation. As any other
method, PCA and model-based clustering have limitations, the most relevant
for aDNA studies possibly being driven by poor sample quality and conse-
quent scarcity of genetic information. Such samples usually yield a shallow
overlap with the SNP set in analysis; the implications are typically not related
to wrong assignment or position of these samples but rather related to higher
uncertainty in their placement in the PC space (with a tendency to be drawn
towards the plot’s origin) and in the estimated ancestry proportions [7]. A cut-
off of ca. 10.000 SNPs covered for inclusion of a sample in such analyses has
become standardized in palaeogenomic studies.

Principal component analysis (PCA)
PCA is a statistical tool that summarizes high-dimensional data (such as the
information encoded in thousands of genetic markers) by reducing it to uncor-
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related major axes of variation, the principal components (PCs). Usually, the
first PCs are used to visualize the genetic relationships between individuals,
because these explain most of the variance in the data. The output is usu-
ally a two-dimensional plot, corresponding to PC1 and PC2 (which captures
variance orthogonally to PC1) (Figure 7.2A). Individuals that are genetically
more similar tend to group closer together in the PCA space. PCA is useful
to determine study design, identify individuals and populations and draw hy-
pothesis for origins, evolution, dispersion and relatedness. Data from ancient
individuals will often show large amounts of missing data, and biases or false
patterns introduced by aDNA damage, contamination and pseudohaploidiza-
tion of the data are also a concern. Often, ancient data will not correspond to
the complete set of genetic markers analysed in the PCA due to low coverage,
or sometimes due to different processing methods, such as the use of different
genotyping arrays [143]. This is why it became common to use a variation of
PCA for aDNA studies where the PCs are computed on a set of modern-day
reference populations with little to no missing data and the ancient individu-
als’ variation is then projected onto the axes defined by modern populations’
genetic variation. This minimizes PCA issues that can be particularly critical
for aDNA studies, such as unbalanced sample sizes and the presence of out-
liers, which can influence the variance of the data. Other limitations that must
be accounted for are, for example, that isolation-by-distance gradients can be
misleadingly interpreted as specific migration events, which has been shown
by integrating spatial covariance data in the analysis [144]. SNPs under strong
selection may also influence the layout of the PCA.

Model-based clustering approaches

Alongside PCA, model-based clustering has become a popular approach to
visualise and explore genetic ancestry patterns. Models based on Bayesian al-
gorithms (implemented in e.g. STRUCTURE [145] and ADMIXTURE [146])
can use datasets with hundreds of thousands of genetic markers to define clus-
ters and assign individuals to them. Genetic similarity is used to assign in-
dividuals under a model of K components. The number of clusters (K) is
user-defined. Individuals’ ancestry fractions are assigned according to the
number of K, and the results are frequently visualised as an intuitive and col-
orful barplot that paints the proportion of each cluster per individual, corre-
sponding to the individual’s ancestry fractions (Figure 7.2B). It is common
to identify the number of K that statistically fits the data best; however, it is
counterproductive and often misleading to assume that there is a true value
or to try to assign the best fitting number of K to true biological populations
[147]. The underlying model is not assuming an explicit historical scenario
or that all populations have radiated from a single ancestral group and sub-
sequently mixed, which is anyway unrealistic especially when working with
individuals/populations from a range of chronologies. In fact, several demo-
graphic scenarios, such as recent admixture, ghost (unsampled) population
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Figure 7.2. Examples of the possibly most commonly used data analyses to visualize
population structure in population genetics studies and in archaecogenomics. (A) A
PCA of a global dataset of modern populations. (B) An ADMIXTURE plot of that
same dataset, with continental and sub-continental population labels, and an ancient
individual of African descent showing the same component proportion as found in
modern western Africans (unlabeled). Adapted from Paper I'V.

admixture and recent bottlenecks can produce indistinguishable results. Like
PCA, model based clustering is highly sensitive to sample sizes. Other fac-
tors, such as strong recent population-specific drift can lead to over-estimating
genetic differentiation [147].

7.5.3 Ancestry inferences

f-statistics

The suite of f-statistics tests has become increasingly used for the ancestry
characterization of ancient individuals and populations, and provides sensi-
tive statistical inference for admixture [148, 61, 128]. f-statistics allow for-
mal tests of population mixture by fitting tree-based models to genetic data,
namely by measuring allele frequency correlations between populations. The
shared genetic drift between sets of (most commonly) three (f3) and four (fy)
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populations is measured. A block-jackknife resampling is used for estimating
standard errors.

The (f3)-statistics test has typically two major applications: to test if a target
population is admixed and to measure shared drift between two populations
after their split from a common outgroup. In the first case, an unrooted tree
topology of the form (A,B;C) is tested with two source populations (A and B)
and a tentative admixed population (C). In the second case, the same topology
is applied but with an outgroup (C) and two more closely related populations
(A and B). The test statistics is computed as the product of allele frequency
differences between population C to A and B, respectively:

f3(A,B;C) = {(c—a)(c—b)}

Where {} denote the average over all markers and a,b and ¢ denote the
allele frequency for a given site in the three populations A, B and C.

For admixture testing, f3-statistics can be negative if population C is indeed
admixed because the the allele frequency of C is on average (and in many
positions) intermediate between the allele frequencies of A and B. However,
if population C has undergone stronh genetic drift after the admixture event
(such as a severe founder event), it can mask the signal and the test result might
not be negative [128]. In f3-outgroup, the test becomes a similarity measure
of how closely related A and B are in relation to an outgroup. It focuses the
shared branch length between the outgroup C and the internal population node
(A,B) [149].

The fy-statistics test is also used for admixture testing. Similarly to the D-
statistics (or ABBA-BABA) tests [61, 128], a four population tree topology is
tested, with the topology (A,B;C,D). Instead of counting instances of ABBA
and BABA topologies, (fy)-statistics is defined in terms of allele frequency
correlations. The statistics is defined:

f4(A;B;C,D) = {(a—b)(c—d)}

Where {} denote the average over all markers and a, b, ¢ and d denote the
allele frequency for a given locus in the four populations A, B, C and D.

Under an unrooted population model without any admixture, the allele fre-
quency difference between A and B should be independent from the allele
frequency difference between C and D, resulting in a f; that approaches zero.
However, and assuming that the general tree topology is correct, the statistics
will significantly deviate from zero in case of gene flow from C or D into A
or B. Significantly negative results imply gene flow between either C and B,
or D and A; significantly positive results indicate gene flow between A and C,
or B and D. To refine the test results and sift the interpretation, population A
is usually set as a divergent outgroup with no history of admixture with the
remaining populations. This way, a negative result is interpreted as admixture
between B and C, whereas a positive statistics will be the result of admixture
between B and D.
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gpAdm and gpGraph

gpAdm has been used in aDNA studies to quantify admixture proportions, af-
ter gene flow has been tested with f-statistics. This method has the advantage
of not requiring explicit modelling of previous historical relationships between
all populations included in the analysis [88]; gpAdm exploits the patterns of
shared genetic drift between various populations in order to statistically infer
if a population can be modelled as descending from a common ancestor of
one or more source populations, and estimates the corresponding proportions
of each source. Models are deemed implausible if their estimated admixture
proportions fall outside the biologically relevant range (0-1) or if they are re-
jected statistically by having a small P-value. Based on f-statistics, qpAdm
relies on a list of user-specified target and source populations and a list of ad-
ditional reference populations which provide information about the relation-
ships among the target and source populations [88, 150]. The method is robust
to low coverage, missingness and pseudo-haploid data, but less effective when
co-analyzing ancient and present-day data, using an extremely large number
of reference populations or analyzing population histories involving extended
periods of gene flow [150].

Admixture graphs are a way of representing the correlations between al-
lele frequencies of several individuals or populations. They can be fitted once
the general genetic structure between the studied individuals, groups or pop-
ulations has been observed, to investigate their underlying historical relation-
ships. qpGraph is possibly the most implemented admixture graph software
in recent aDNA studies. It relies on an user-defined topology of the admixture
graph to reconstruct the genetic relationships between different groups. The
best-fitting admixture proportions and branch lengths are calculated based on
estimated f>, f3 and fy-statistics, providing mixture proportions and branch
lengths [128]. The proposed models can thus be favoured or rejected.

The recently developed function find_graphs() (implemented in ADMIX-
TOOLS?2) systematically searches for admixture graphs comprising a given set
of individuals or populations (including an outgroup) that are compatible with
the observed f-statistics. This has the major advantage of exploring a range
of graphs beyond those based on previous indications of splits and admixture,
instead of leaving a vast majority of alternative models unexplored [151]. It
starts with a random admixture graph, and continuously improves it by making
random and targeted changes to the graph. The number of admixture events
is user defined and prior knowledge can be incorporated by constraining the
graph search or by defining the starting graph.

7.5.4 Admixture dating

Admixture between two genetically differentiated populations generates LD
patterns that are characterized by previously unshared polymorphism in LD
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with each of the diverged source ancestries. Such admixture LD patterns
extend longer than LD in non recently admixed populations and decay with
genetic distance and over time due to recombination: ancestry-specific seg-
ments will become shorter as the number of generations since admixture in-
creases. Methods such as ALDER [152] use simple, single-pulse admixture
model between two source populations to infer time since admixture on a tar-
geted population based on the fitting of exponential LD decay curves. A more
recent method (DATES [153, 154]), suited for small sample sized, low cov-
erage ancient genomic data, has been shown to outperform LD-decay based
methods, which in turn rely on measuring the extent of the allelic correlation
across markers to infer the time of admixture. DATES models the ancestry
covariance patterns of an admixed individual as the combined likelihood of
ancestries from populations A and B, even if these are closely related to each
other or if highly divergent surrogates of the true source populations are used
[154].

7.5.5 Describing genetic diversity with diploid ancient data

The methods described thus far have a wide application in aDNA studies as
they are suited for pseudo-haploid data. Pseudo-haploid genotype calling re-
quires a minimum coverage of a single sequencing read at a given locus. If
there is higher coverage at a certain SNP, one read is usually randomly drawn
and that locus is assumed to be hemizygous, or haploid, for that allele. This
can be strongly affected by reference bias and result in underestimation of the
genomic variation on the individual- and population-level (which may sub-
sequently bias the measurements of shared genetic drift in, e.g. f-statistics).
However, this effect is diluted over the large number of loci analysed and by
allowing the analysis of low coverage data, this method results in the inclusion
of more individuals per population, conferring statistical power to the analy-
ses.

When high coverage data is available, confident diploid calls can be made.
In this case, a high number of reads covering a given locus provides confi-
dence to identify it as heterozygous (carrying different alleles), homozygous
reference or homozygous alternative (carrying the same allele on both mater-
nal and paternal chromosomes, comparing to the reference genome sequence).
This type of data allows for the application of analyses - particularly at the
individual level - that are not possible with pseudo-haploid calls. Haplotype-
based methods perform chromosome painting or local ancestry inference at
each locus in the genome. This requires accurate phasing and inference of
local ancestry, which is harder the older the samples are: molecular phasing
is impossible given the fragmented nature of aDNA molecules and statistical
phasing relies on a good reference dataset for haplotype inference on the an-
cient individuals. When studying ancient populations whose ancestry is not
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well represented in modern populations, or for which admixture has occurred
long ago so haplotypes were effectively broken down by recombination, there
is a higher risk of introducing biases. This is the case for Stone Age hunter-
gatherers (the main study object of this thesis) and the reason why such meth-
ods were not attempted.

Heterozygosity and Homozygosity

Heterozygosity can be determined as the fraction of observed heterozygote
sites in an individual or sample. Assuming that the parents of the individual
in study were not related (and belonged to the same population), heterozy-
gosity is often informative about past demographic events, as these impact a
population genetic diversity: for example, bottlenecks tend to reduce genetic
variation while admixture tends to increase it.

Homozygosity also holds information about a population’s history. Runs
of Homozygosity (RoH) are regions of the genome where an individual is ho-
mozygous across all sites, showing no variation between both copies of that
part of the genome. Such stretches appear when an individual receives two
identical copies of an ancestral haplotype from each parent. Combined, the
number and the length of RoH are indicators of genetic diversity [155], and
can be particularly informative about inbreeding. The burden of ROH relates
to the size of the population: populations with long-standing low effective size
having more and longer ROH than larger populations. Bottlenecks increase the
number of ROH, but these usually remain relatively short (Figure 4.1). Admix-
ture introduces different haplotypes, and recombination acts at breaking down
long RoH stretches and reducing the number of RoH. Recent consanguinity
has the effect of adding very long ROH, thus also increasing the variance in
the sum of ROH [156].
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8. Research aims

The main objective of this thesis is to investigate patterns of genomic diversity
of pre-historic human populations from understudied periods and places, with
a focus on the Mesolithic and Neolithic periods in the western Mediterranean
region. To do so, I generated genomic data from arcaheological human re-
mains originating from that region. This thesis central goals are to improve
our understanding of the genetic diversity patterns prior to the advent of the
Neolithic both in Western Europe and Northern Africa, and to study the impact
of the Neolithic transition on extant human genetic variation in North Africa.
Specific aims included:

L

IL.

III.

IV.

VL

VIL

Generating whole genome sequencing data (including high coverage)
to characterize the demographic history of hunter-gatherer and farming
populations of western Europe and northern Africa;

Improving the understanding of the demographic events that shaped the
human genetic variation in underrepresented pre-historic populations,
such as those of North Africa;

Dating and quantifying the extent and direction of contacts across the
Mediterranean Sea;

Integrating genomic, isotopic and archaeological data to generate a more
comprehensive knowledge of the demic and socio-cultural dynamics of
past populations;

. Investigating the socio-cultural and behavioural patterns that shaped the

genetic diversity patterns of Mesolithic hunter-gatherer communities in
western Europe and the impact of the first contacts with incoming farm-
ing populations;

Understanding the role of Ice Age refugia, such as Iberia, on the pat-
terns of genetic diversity of Mesolithic hunter-gatherer communities in
western Europe;

Investigating the use of pre-historic burial grounds during historic times.
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9. Summary of results

9.1 Patterns and processes of West European
hunter-gatherers’ genetic diversity (Papers I, II and
I10)

Even considering the bias in archaeogenomics research for European sites,
compared to the rest of the world, pre-Neolithic populations are still under-
studied. This is possibly tied to the higher density and better preservation of
archaeological sites (and corresponding human remains) in later periods. Sin-
gle studies have yielded genome-wide data for dozens or even hundreds of
individuals from European contexts [104, 157, 95] and while the vast majority
dates to the Neolithic and later periods, usually only a few predate the Ne-
olithic. Until very recently, the Mesolithic Western European hunter-gatherers
were thought to belong to a rather homogeneous genetic pool; since 2018 a
few studies have highlighted diversified patterns of admixture on geographic
and temporal scales.

To address questions surrounding the origins of the pre-Neolithic genetic
ancestry in western Europe, we generated whole genome sequencing data for
36 western European hunter-gatherers, from the Iberian Peninsula and north-
western France, with a focus on the late Mesolithic period. We analysed
the patterns of admixture between two European Late Pleistocene lineages
- one associated with central European Magdalenian hunter-gatherers, such
as Goyet Q2 (12 kya from Belgium) and El Mirén (19 kya from Spain), and
another with southern European Epigravettian hunter-gatherers, such as Vill-
abruna (14 kya from Italy). To do so, we combined our data with previously
published ancient hunter-gatherers from Europe. We find that the proportion of
shared ancestry with GoyetQ?2 is significantly correlated to both the chronol-
ogy and the geography of hunter-gatherers from the European Atlantic facade,
being more pronounced in older and southernmost individuals. This is con-
sistent with a strong gene flow of Villabruna-related ancestry to western and
southwestern Europe during the Mesolithic. Analysing patterns of kinship,
as well as heterozygosity and runs of homozygosity in high coverage hunter-
gatherers, and integrating those results with stable isotopes data, we find that
late Mesolithic hunter-gatherers from coastal regions of western Europe likely
had structured social dynamics (Papers II and III). Their social units were not
based on familial bonds, as we do not find extensive intra-site kin relation-
ships, but apparently relied on exogamic practices such as intermariage net-
works to avoid inbreeding. This contributed to the maintenance of relatively
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high effective population sizes. Such strategies could be rooted in hunter-
gatherer practices since the Early Upper Palaeolithic [68] and still prevail in
present-day hunter-gatherer populations [158, 159]. We also observe that in
spite of confirmed chronological overlap with the arrival of Neolithic farm-
ers, the admixture between these groups was not bidirectional, as we do not
find farmer ancestry in any of the late Mesolithic hunter-gatherers analysed.
The presence of local hunter-gatherer ancestry in Neolithic farmers from this
region [160, 161] shows that the interactions between these groups involved
unidirectional admixture, from hunter-gatherer into farmer populations.

Some of the analysed individuals from Iberia dated to an older period, the
Upper Palaeolithic, ranging from ca. 22.000 to ca. 18.000 years ago (Paper
II). To date, the number of European individuals from this period that have
been genetically analysed remains very low, and included a single individual
from Iberia (EI Mir6n). Our results indicate a genetic component that was pre-
viously unappreciated in Iberia, present at least in the North of the Peninsula
during and after the LGM.

9.2 Shell middens: burial grounds from the Mesolithic
to the modern Era (Papers 11, III and IV)

Shell middens are conspicuous deposits of residues of marine and terrestrial
animals gathering, consumption, and disposal, but most visibly sea shells.
Over the past 140 ka, people have created these singular and prominent land-
scape features as a result of their activity [162]. Shell middens can be found
in coastal, lacustrine and river environments worldwide, from arctic regions
to the tropics, and have been intensely studied by archaeologists, due to their
typically good preservation of organic remains. The iconic shell middens of
Hoedic and Téviec in southern Brittany, France, and of the Tagus and Sado
valleys in Portugal have revealed astonishing burials of some of Europe’s last
hunter-gatherers. These sites, at the Atlantic facade of Europe, are known for
the unusually well-preserved and rich human burials [163].

We retrieved aDNA sequences from hunter-gatherers buried in these sites
and revealed that, against longstanding archaeological interpretations, these
burials were not based on kin relationships (Papers II and III). That includes
multiple burials, which are common across these sites, and even joint burials
of adults (namely females) and children, which were previously thought to
correspond to mother and child (Paper II). Biological unrelatedness in graves
with adult female-child seems to be relatively common in other contexts and
periods [164], suggesting that social bonds were established beyond biological
kinship and that even after the death of those individuals, those links retained
social importance.

In the context of the previous research, we found a surprising outlier: a
young adult individual, whose burial in a Portuguese shell midden in Muge,
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Portugal, was thought to date to the Mesolithic (Paper IV). This outlier was
first spotted through aDNA analysis, which revealed that the mt haplogroup
was L3bla, one of the most common L3 subclades in West and Central Africa
[165]. We explored multi-disciplinary data integrating genetics, archaeology,
radiocarbon dating, carbon, nitrogen and oxygen isotope analyses, and dif-
ferent sources of historical records to uncover the story behind this burial.
Genome-wide analysis indicates that this male buried in Portugal sometime
between the sixteenth and the eighteenth centuries, was originally from Senegam-
bia, in line with records of shipments of slaves arriving in Portugal during that
time. Isotopic data showed that his diet was based on C4 plants and, to some
extent, marine foods, consistent with traditional diets on the coastal semi-arid
region of Africa where he probably lived for several years before arriving to
Portugal. Oxygen stable isotopes data confirmed a coastal region origin. Inter-
estingly, shell middens are actively used in western Africa up to present day,
and in Senegambia their uses include ancient and modern cemeteries [166].
We suggest that the burial of this man in an 8000-years old site could be an ex-
ample of the maintenance of African cultural beliefs and practices by African
people translocated to Europe, even though this practice is not documented
in the historical records. Our study shows the power of multidisciplinary ap-
proaches to investigate individual histories. The different lines of research
converged to the same conclusion, conferring reproducibility to the results,
which would not be achievable otherwise. We also discuss the continued use
of Stone Age mortuary grounds (such as the Mesolithic shell middens) during
modern times.

9.3 The role of the Mediterranean in human pre-history
(Papers III and V)

Prehistoric contact across the western Mediterranean have been proposed based
on observed similarities in material culture or synchronous developments in
subsistence strategies [167, 109]. Archaeogenomics studies, however, have
to date found no evidence of the crossing of the Mediterranean Sea prior to
the Late Neolithic, when European ancestry is found in Northwestern Africa
[79]. Even though long distance connections between northwestern African
and Levantine hunter-gatherers is observed prior to 15,000 years ago [78], the
Mediterranean Sea acted as a barrier to gene flow for millennia. In papers III
and V, we generated genomic data that predates the Neolithic transition from
Iberia and Northwestern Africa. In line with previous studies, we find no indi-
cation of gene flow between these populations. While Late Mesolithic hunter-
gatherers from Iberia (paper III) show shared ancestry with central and east-
ern European hunter-gatherers, an Epipalaeolithic hunter-gatherer from North
Africa (oub002, paper V) exhibits a remarkable 8,000 years population con-
tinuity and isolation since the Upper Palaeolithic; a distinct group of humans
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with a unique "Maghrebi’ genetic make-up. With newly generated high cov-
erage genomic data we confirmed that trans-Gibraltar migration across the
Mediterranean did not happen until the Neolithic. We show that northwestern
Africans went through a severe population bottleneck, similarly to to Eurasian
populations, which is consistent with the Maghrebi lineage being related to
out-of-Africa populations.

The lifestyle of the people in northwestern Africa rapidly transitioned from
foraging to food-production some 7,400 years ago, but recent archaeogenetic
data [79] and previous archaeological studies [100] suggested that farming
started with local developments of local Maghrebi foragers. We show that
human remains from the earliest Neolithic contexts in northwestern Africa
had European Neolithic ancestry, in contrast to other farming groups that dis-
play exclusively local Maghrebi ancestry. This result leads to the conclusion
that farming was introduced by Iberian migrants. The European newcomers
brought new ways of life, agriculture, domesticates and pottery traditions that
were subsequently adopted by local populations. This makes North Africa Ne-
olithization uniquely different from most other regions: local hunter-gatherers
did persist as a genetically differentiated group instead of being replaced or in-
tegrated into incoming farming communities. Furthermore, we identified gene
flow across the Mediterranean Sea more than 2,000 years earlier than it was
previously observed.

We also generated new genomic data from the Maghrebi Middle Neolithic
and identified the introduction of new ancestry, from the Levant. This ancestry,
which has not been observed on the European side of the Mediterranean, is
identified in association with a new ceramic tradition in northern Morocco and
a pastoralist lifestyle, as a consequence of the expansion of cattle pastoralism
in the current Sahara territory [168]. Levantine gene flow has been previously
identified in pastoralist Neolithic East African individuals living around 4,000
years ago [169].

Interestingly, gene flow from North Africa into Europe has only been de-
tected much later, around 4000 years ago [104, 170]. The first available evi-
dence of gene flow from North Africa into Iberia is the male individual 14246
from the Copper Age site of Camino de las Yeseras (Madrid, Central Iberia)
[104]. Dated ca. 4200 Cal BP, this finding fits with the Bell Beaker Hori-
zon in Iberia, when North African importations are documented (e.g. elephant
ivory tusk, ostrich egg shells). At that same time, a clear Iberian influence in
Morocco is noted (with e.g. Beaker vessels of Andalusian type, copper dag-
gers and arrowheads of Iberian typology). The North African gene flow into
Iberia is confirmed in later individuals dated more recently than 4000 cal BP:
COV20126 from Sima del Angel (Cordoba, Southern Iberia) [171], and 17162
from Loma del Puerco (Cadiz, Southern Iberia) [104]. A predictable increase
in North African ancestry much later, during the Iron Age would, however, be
related to Punic influence around ca. 2500 cal BP.
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10. Conclusions and future prospects

Prior to the start of this dissertation, ancient genomic data from Late Mesolithic
hunter-gatherers from Iberia was scarce and no aDNA study had been done
on North African prehistory. During the past years, a few of studies have
gathered pre-Neolithic genomic data from the west Mediterranean region [78,
79, 104, 160]. Geographic, preservational, socio-economic and cultural bi-
ases are likely to have an influence on the higher amount of aDNA (and as a
likely cause, archaeological) studies for later periods and higher latitudes. In
practice, this is reflected on a much better and more detailed understanding
of the demographic processes underlying the Neolithisation of other parts of
Europe, compared to the Neolithic transition and previous periods in Mediter-
ranean regions. I expect that in the future, archaeogenomic studies focusing
on underrepresented areas of the world and older periods become abundant,
encouraged by technological advances in the field.

With this work, I aimed at contributing to narrowing that gap and showed
that, even within that relatively small, regional scale, there is diversity in the
demographic processes that shaped human prehistory, but also much of a com-
mon evolutionary, adaptive and cultural path. This thesis contributes to under-
standing the evolutionary history of hunter-gatherers from the European and
North African sides of the Mediterranean: with the analysis of high cover-
age genomic data from individuals who lived more than 7,000 years ago, we
were able to demonstrate that a common history is shared until ca. 60.000
years ago. This is broadly coincident with the estimates of the out-of-Africa
migration events, which resulted in a major decrease in genetic diversity, com-
pared to sub-Saharan African populations, due to a decrease in population size
[44]. However, the population split between Western Mediterranean shores
was deep and maintained for millennia by the Mediterranean Sea: in spite of
being separated by only ca. 13km, the evidence presented in this thesis veri-
fies that the North African and Iberian Palaeolithic and Mesolithic populations
did not mix. This strong barrier to gene flow was only overcome by human
resourcefulness in the Neolithic. The transition from foraging to farming is
one of the most drastic shifts visible in the archaeological record, and arc-
aheogenomic research has shown the importance of the migration of human
populations to that revolution. Here, I show that the Neolithisation process of
northwestern Africa and Europe shows some similarities - that migrants intro-
duced new ways of life - but with unique and outstandingly different charac-
teristics too - that local foragers adopted farming practices and coexisted with
incoming farmer communities in North Africa. We were able to elucidate long
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standing archaeological questions about the Neolithic transition in this region,
but a lot more are left to be answered. Did the last hunter-gatherers in Europe
and North Africa resist to the incoming farmers? Was the mixing process dif-
ferent in both sides of the Mediterranean? Perhaps future studies will be able
to further elucidate the role of human behaviour in such transitions.

A big part of my work in this thesis relied heavily on the integration of ar-
chaeological, stable isotopes and genetics data. The importance of multidisci-
plinary collaborations to understand human history is highlighted in papers II
and IV, where different lines of investigation bring in complementary informa-
tion that only when tied together, allow enhancing and magnifying the studies’
outcome. The nature of archaeogenetics is, in its genesis, cross-disciplinary.
It is also still a recent field of research, that draws together lines of investiga-
tion with different traditions, that "speak different languages", and that are not
frequently taught together. The fact is that genetics can only assess biolog-
ical and demographic processes. Links between genetics and culture can be
hypothesised but should not presumed. Given that the first aDNA studies fo-
cused on a few individuals representing major population changes which were
associated with strong cultural transitions, the usage of cultural terms to iden-
tify biological populations became common. This was a prevalent drawback
in some of the papers in this thesis and as a team, we find it pertinent to try to
abandon ambiguous lingo and instead adopt clearer terminology. For exam-
ple, population replacement as interpreted by archaeologists or general public
may imply a certain level of intention and/or violence, which is not what ge-
neticists mean. The successful development of aDNA as a field implies, in my
opinion, the establishment of effective and dynamic collaborations, which I
was fortunate to be a part of.

The multidisciplinary work allowed me to shed light on social aspects from
very different time points: the Mesolithic and the slave trade period. We show
that the social dynamics of European Mesolithic hunter-gatherers had a strong
impact on their demographic history and ultimately their survival as a pop-
ulation. Within Neanderthal populations, for example, inbreeding has been
genetically demonstrated [62] and pointed as having an important role in the
collapse of their lineage [172, 173]. Avoiding inbreeding depression may thus
have played a role on the maintenance of hunter-gatherer populations, before
the onset of the Neolithic. On a much different scale and time period, we
gathered lines of evidence that point to the maintenance of some native socio-
cultural practices by Africans who were brutally dislocated from their home-
lands and families during the slave trade period, while forced to adopt new
religions, languages and social conducts.

In recent years, a new focus on finer-scale processes has gained momentum
in the aDNA field of research. A more nuanced human evolution history will
continue to be revealed in the future, as complex processes are better under-
stood, with resources to ever improving data quality, geographic and chrono-
logical coverage. Environmental DNA has uncovered million year-old forest
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[174]. The oldest human aDNA from African human remains dates to about
15,000 years ago [78]. In Europe, nuclear DNA from hominins dating to the
Pleistoce has been retrieved [175, 176]. Genome-wide data from mammoths
more than one million years old is now available [177]. Who knows what the

future of aDNA research holds?
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11. Svensk sammanfattning

Genetiska analyser av forntida ménskliga kvarlevor har revolutionerat hur vi
studerar ménsklighetens historia. Upptickten att DNA finns bevarat i ben och
tander har oppnat ett direkt fonster till att undersoka demografiska och evolu-
tiondra hiandelser som format var arts forflutna. Forskningen om forntida DNA
har trots flera utmaningar genomgatt en snabb utveckling under de senaste tva
decennierna, dir flera av utmaningarna har vints till mojligheter. 1 takt med
att forskningsfiltet mognat har nya molekyldra, bioinformatiska, teoretiska
och analytiska verktyg utvecklats for att kunna analysera forntida DNA. I min
avhandling har jag genererat och analyserat forntida DNA-data fran vistra
medelhavsregionen, som ir ett omrade med stora skiftningar i livsmiljoner
under manniskans forhistoria, men som ocksa ir ett omrade dir klimatforhal-
landena inte &r idealiska for DNA-bevarande i arkeologiska lamningar.

Den senaste istiden, med ett maximum mellan 26500-19000 &r sedan, re-
sulterade i dramatiska fordndringar i den ménsklig demografin. Medelhavsre-
gionen var isfri under den hir perioden och ménniskor kunde leva hir, medan
norra Europa var tickt av inlandsisen. Slutet pa istiden férde med sig ett mer
fordelaktigt klimat, vilket senare mojliggjorde utvecklingen av jordbruket och
fasta bosittningar i Mellanostern. Den processen &r kdnd som den neolitiska
revolutionen (perioden kallas ofta yngre stenaldern).Studier av forntida DNA
har 16st en langvarig fragestillning: att 6vergéngen fran samlande och jakt
till jordbruk spreds 6ver Europa genom migration fran Anatolien, och inte
via overforing av idéer och tekniker mellan folk. I Nordafrika finns det dock
indikationer pa att 6vergangen till Neolitikum skedde genom att lokala jagare-
samlare anammade jordbruket. Med hjélp av genomisk data fran forntida indi-
vider, daterade till bade fore och efter den neolitiska revolutionen i nordvéstra
Afrika, visar jag att denna Overgang startade med ankomsten av bonder fran
Iberiska halvon, och att deras levnadssitt spred sig till nordafrikanska grup-
per. Jag visar ocksa att en annan migrationsvag nagra tusen ar senare, med
ursprung i mellandstern, spred pastoralismen till nordvéstra Afrika.

Den neolitiska revolutionen &r en av de mest studerade perioderna i forhis-
torien, men ldngre tillbaka i tiden #r det svarare att hitta vilbevarade arkeolo-
giska lamningar. Detta har fatt till f6ljd att det fran de perioder som foregick
yngre stenaldern — mesolitikum och #nnu ldngre tillbaka paleolitikum — finns
mycket begrinsat med genomiska data. I min avhandling genererade jag helgenom-
data for 36 jagare-samlare fran Iberiska halvon och den franska Atlantkusten.
Jag fann tva genetiskt distinkta grupper med rétter i paleolitikum, som bada
bidrog till grupperna som levde under mesolitikum. Baserat pa genetiska data
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fran individer begravda i samma grav eller gravplatser kan jag dra slutsatsen
att mesolitiska jagare-samlare bildade sociala enheter som inte var baserade pa
familjeband och som forlitade sig pa utbyte mellan grupper for att undvika in-
avel. Jag kan ocksa visa att de sista jagare-samlarna inte genetiskt beblandade
sig med de forsta bonderna som levde i samma omrade under nagra hundra
ar. Men genflodet gick i motsatt riktningen, da genetiskt material fran jagare-
samlarna finns hos de forsta bonderna.

I studien av de iberiska jigare- och samlarpopulationerna hittades en ovan-
lig individ som visade sig vara av afrikansk hirkomst. Genom att anvénda ett
tvarvetenskapligt tillvigagangssitt, som innefattade genetiska analyser, arke-
ologi, kol-14 datering, analys av stabila isotoper och historiska dokument,
kunde vi avsldja historien bakom denna gravsittning. Individen visade sig ur-
sprungligen komma fran kustregionen vid Senegal och Gambia och anlidnde
formodligen till Portugal genom slavhandel nidgon gang mellan 1600- och
1800-talet. Det dr mojligt att begravning av denna man i en 8000 &r gammal
kokkenmodding (avskriadeshog for sndckskal) skulle kunna vara ett exempel
pé uppritthallandet av kulturella seder och bruk hos individer som flyttats till
Europa da okkenmoddingar har anvinds som begravningsplats i véstra Afrika
under flera hundra ar och fram till idag.

Min avhandling lyfter inte bara fram potentialen med DNA-analyser av
forntida ldmningar, utan den belyser ocksa vikten av ett tvirvetenskapligt
tillvigagangssitt for att kartligga méanniskans historia.
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