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1. Introduction

Humans have always been curious about our past, wanting to understand
where we come from and how we fit into the world. This interest has inspired
people throughout history to explore and keep alive their stories, traditions,
and beliefs in ways that can still teach us today. We can read chronicles in-
scribed on clay tablets in Mesopotamia (Nissen 1985), or predictions of the
future on oracle bones from Shang Dynasty China (Thorp 2005). Rock art in
the Sahara Desert depicting giraffes, hippos, and buffalo (Gallinaro 2013) pro-
vides a glimpse of the desert's green past. In Australia, Indigenous oral tradi-
tions that have been passed down for tens of thousands of years preserve val-
uable knowledge systems about land management, astronomy, and historical
migrations (Mawson 2021). In South America, Andean cultures such as the
Inca used khipu — knotted strings — as a unique form of record-keeping (Urton
and Brezine 2005). These are just a few examples of the many kinds of records
that provide valuable sources for studying the past.

Language has also played a crucial role in uncovering human history. By stud-
ying how languages relate to each other, linguists can identify connections
between groups of people and their migrations. For example, research into
Sub-Saharan languages has provided insights into the Bantu expansion — a
large-scale migration that spread Bantu-speaking peoples across much of sub-
Saharan Africa beginning around 5,000 years ago (Bostoen 2018). Similarly,
the variety of Indigenous languages in the Americas reflects the deep histories
of different communities throughout the continent (L. Campbell 2024). These
studies reveal how languages have evolved together with migration and the
exchange of cultures, showing how closely language is tied to the movement
and interaction of people.

Man-made objects and language are not the only clues to our past. The remains
of people themselves — bones, teeth, and sometimes even soft tissues — can
offer valuable insights into how people lived, moved, and interacted with their
environments (Makarewicz and Sealy 2015). These remains tell stories of
health, diet, and cultural practices, providing a deeply personal view of history
that adds to what we learn from artefacts. Through the study of human



remains, mortuary archaeology reveals how different cultures approached
death, shedding light on their burial practices and attitudes toward mortality
(D. L. Martin et al. 2013). For example, burial sites from Neolithic Europe
reflect shifting social structures, while mummification in ancient Egypt
demonstrates a complex understanding of the afterlife.

Human DNA has provided another dimension to our understanding of the past,
offering insights into human origins, migrations, and adaptations over tens of
thousands of years. Genetic research has revealed that the Khoe-San people
of southern Africa form one of the oldest branches in the tree of all current-
day modern humans, with the other branch containing the rest of the world’s
populations (Schlebusch et al. 2017, 2020). This supports Africa being the
cradle of humankind. Genetic analysis has also identified adaptations to di-
verse environments, such as tolerance to extreme altitudes in Himalayan pop-
ulations (Beall et al. 2010), lactase persistence in pastoralist societies (Ranci-
aro et al. 2014), and protection against high levels of arsenic in various popu-
lations of the South American Andes (Schlebusch et al. 2015; De Loma et al.
2022). However, studying present-day DNA has limitations, as it may over-
look groups that no longer exist as distinct populations today but did contrib-
ute genetic variation to present-day populations.

The study of ancient DNA (aDNA) has revolutionised our ability to fill these
gaps. For example, aDNA has led to the discovery of a previously unknown
hominin group, the Denisovans, identified from genetic material found in a
finger bone from the Denisova Cave in Siberia (Krause et al. 2010). Ancient
DNA also makes it possible to track gene flow events, such as those between
humans, Denisovans, and Neanderthals (Villanea and Schraiber 2019; Sanka-
raraman et al. 2016), and to understand how populations adapted to changing
environments. For instance, aDNA has clarified the peopling of the Americas
via Siberian ancestors and detailed the spread of agriculture in East Asia.
These discoveries show how ancient DNA can give us a unique view into our
past, providing insights that build on what we have learned from other areas
of study.

1.1. A brief overview of human history

Our ancestors first diverged from the lineage we share with other great apes
between 6 and 7 million years ago. In the millions of years that followed, the
hominin family tree branched into several species, each uniquely adapted to
their environments and challenges. Fossils like Lucy (Australopithecus
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afarensis) and the Nariokotome Boy (Homo erectus) provide valuable insights
into the physical and behavioural adaptations that shaped the evolutionary
path leading to Homo sapiens. Around 1.8 million years ago, Homo erectus
began migrating into Asia, becoming the first hominin species to expand be-
yond Africa. Subsequent movements eventually led to the development of
other hominin species, including the ancestors of Neanderthals, who evolved
in Europe and western Asia around 400,000 years ago.

Anatomically modern humans evolved in Africa around 300,000 years ago,
with fossils such as those found in Jebel Irhoud in Morocco, dated to approx-
imately 315,000 years ago (Richter et al. 2017), Florisbad in South Africa,
dated to around 260,000 years ago (L. R. Berger and Hawks 2023; Griin et al.
1996), and Omo Kibbish in Ethiopia, dated to at least 233,000 years old (Vidal
et al. 2022), providing examples of early modern humans. However, the exact
process of our evolution remains an active area of research. Some theories
propose that modern humans arose in a single region of Africa, while others
suggest a more complex scenario involving multiple regions across the conti-
nent (Mirazon Lahr and Foley 1998; Harding and McVean 2004; Scerri et al.
2019; Henn et al. 2018). In this model, populations in different areas, such as
North, East, and Southern Africa, interacted and exchanged genetic variation
over time, shaping the shared traits of Homo sapiens. Fossils and genetic evi-
dence increasingly support this multi-regional African model, emphasising
Africa’s role not just as a point of origin but as a dynamic and interconnected
network of early human populations. By around 70,000 years ago, some hu-
man groups began migrating out of Africa, spreading across the globe. Genetic
evidence shows that, as they encountered other hominins, such as Neander-
thals in Europe and Denisovans in Asia, interbreeding occurred, leaving last-
ing traces in modern human genomes (Ahlquist et al. 2021; Sankararaman et
al. 2016; Gokcumen 2020; S. R. Browning et al. 2018). These interactions
contributed to variations in traits connected to immune system and skin
pigmentation (Simonti et al. 2016; Dannemann and Kelso 2017), as well as
adaptations to high altitudes, such as those found in Tibetan populations who
inherited genetic variants from Denisovans (Huerta-Sanchez et al. 2014).

The expansion of modern humans into Eurasia marked the start of the Initial
Upper Palaeolithic (IUP), beginning around 47,000 years ago. During this
period, modern humans spread into regions previously occupied only by
Neanderthals and Denisovans, leading to interactions and, in some cases,
genetic admixture. [UP sites such as Bacho Kiro in Bulgaria and Ust’Ishim in
western Siberia provide evidence of early modern human presence, with
genomic data revealing varying levels of Neanderthal ancestry from both
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earlier and more recent encounters (Hajdinjak et al. 2021; Fu et al. 2016, 2015;
Priifer et al. 2021; Posth et al. 2023). However, a major climatic disruption
between 40,000 and 38,000 years ago, known as Heinrich Stadial 4,
potentially exacerbated by the Campanian Ignimbrite (CI) volcanic eruption,
created harsh conditions and dramatically decreased the area suitable for
human existence (Klein et al. 2021; Golovanova et al. 2010; Fitzsimmons et
al. 2013). Anatomically modern humans did not contribute genetic variation
to populations after this climatic event, and Neanderthal remains are not found
after this period. A new wave of migration from 37,000 years ago introduced
new genetic ancestries, distinct from earlier populations (Lazaridis 2018; E.
A. Bennett et al. 2023).

Following the Initial Upper Palaeolithic, Europe experienced significant
cultural and demographic shifts, shaped in part by the climatic extremes of the
Last Ice Age. During the Last Glacial Maximum (LGM), which peaked
around 25,000 years ago, much of northern Europe was covered by ice,
forcing human populations into refugia in more temperate regions (Wren and
Burke 2019). The Solutrean culture developed in the Iberian Peninsula and
parts of southern France, later giving rise to the Magdalenian, which spread
across western and central Europe as the climate improved. Genetic studies
have linked Magdalenian populations to ancestry associated with earlier
Upper Palaeolithic groups in western Europe. (Posth et al. 2023).

The Epigravettian culture developed in Italy and the Balkans and persisted
throughout the LGM (Peresani et al. 2021; Bortolini et al. 2021). After 14,000
years ago, as temperatures rose during the Balling/Allerad warming event,
populations expanded northward, facilitating increased movement and
interaction across Europe. Genetically, Epigravettian groups contributed to
what is known as Villabruna or Oberkassel ancestry, which became
widespread across Europe after the Ice Age. The Villabruna cluster carries
additional Near Eastern genetic ancestry compared to Magdalenian groups,
reflecting contact between populations from different regions as environments
and migration patterns shifted. Villabruna ancestry formed the core of the
Mesolithic Western Hunter-Gatherer (WHGQG) ancestry, and largely replaced
Magdalenian-related Goyet Q2 ancestry (Posth et al. 2023; Villalba-Mouco et
al. 2023; Fu et al. 2016).

Further east, a distinct genetic ancestry known as Eastern Hunter-Gatherers
(EHG) emerged, representing a mixture of WHG-related ancestry and genetic
influences from further east, particularly from Ancient North Eurasian (ANE)
populations. EHG ancestry, which has been found in individuals from western
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Russia dating back to around 10,000 BCE, became particularly prominent in
regions of the East European Plain (Mattila et al. 2023; Saag et al. 2021; Wong
etal. 2017; H. Yu et al. 2020; Lazaridis et al. 2014; Jones et al. 2015).

To the south, Caucasus Hunter-Gatherers (CHG) occupied the region between
the Black and Caspian Seas. While they remained genetically distinct from
both WHG and EHG groups, later interactions contributed to the formation of
early Neolithic populations in the Near East and Anatolia, as well as the
Pontic-Caspian steppe. Genetic evidence suggests that CHG ancestry mixed
with EHG in the eastern European steppe during the late Mesolithic, forming
the genetic foundation for later groups such as the Yamnaya (de Barros
Damgaard, Martiniano, et al. 2018; Jones et al. 2015; Saag et al. 2021).

Around 11,700 years ago, an abrupt end of the cold Younger Dryas period —
which also marked the end of the Last Glacial Period and the beginning of the
Holocene — brought warmer temperatures and fewer climate fluctuations.
More predictable seasonal cycles and fertile landscapes enabled the gradual
development of agriculture in several regions across the globe, named ‘centres
of origin’. In these areas, people began cultivating plants and domesticating
animals, allowing for a more sedentary lifestyle. One of these areas was the
“Fertile Crescent” of the Middle East, where humans began cultivating wheat
and barley and domesticating animals like sheep and goats (Zeder 2011),
marking the start of the Neolithic. This transition spread into Anatolia (Baird
et al. 2018), where around 12,000 years ago, individuals with mostly local
hunter-gatherer ancestry, and small amounts of admixture from Levantine
farmers and hunter-gatherers from the Caucasus or Iran (Feldman et al. 2019;
Lazaridis et al. 2016), adopted a farming subsistence strategy.

Pottery was introduced later, around 9,000 years ago, marking the beginning
of the Pottery Neolithic (Ozdogan 1997). The transition gradually spread into
Europe by migrating groups of people, referred to as Early European Farmers
(EEF), who brought with them the Neolithic package — a combination of
domesticated plants and animals, new technologies, ceramics, and a sedentary
lifestyle (Nowak 2021; Skoglund et al. 2012; Haak et al. 2010, 2015; Kiling
et al. 2017; Mathieson et al. 2018; Lazaridis et al. 2016, 2014). By around
6,000 BCE, agriculture had taken root in south-eastern Europe, spreading into
the continent along two primary routes. One pathway followed the
Mediterranean coast, bringing farming practices to regions such as Greece,
Italy, and the Iberian Peninsula. The other moved inland along the Danube
River, facilitating the spread of agriculture into Central and Eastern Europe.
As farming expanded, interactions with local hunter-gatherer groups varied
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across regions, leading to differences in genetic admixture. Some early
farming populations integrated more hunter-gatherer ancestry, while others
retained stronger genetic continuity with earlier farming groups (Olalde et al.
2015; Rivollat et al. 2020; Olalde et al. 2018; Allentoft, Sikora, Refoyo-
Martinez, et al. 2024; Simdes et al. 2024).

The introduction of agriculture transformed Europe’s landscapes and
societies. Forests were cleared to make way for fields, and farming settlements
appeared (Roberts et al. 2018). Early Neolithic cultures emerged, such as the
Linearbandkeramik (LBK), characterised by distinctive pottery styles and
stone tools. These farming communities spread steadily across Central and
Western Europe, reaching the British Isles and Scandinavia by around 4,000
BCE. This period also saw the construction of megalithic monuments, such as
dolmens and passage graves (Malmer 2002), which remain visible today.

Independent agricultural revolutions occurred in other parts of the world, for
example the domestication of sorghum and pearl millet in the Sahel, teff and
ensete in the Ethiopian highlands, sugarcane in New Guinea (Dinesh Babu et
al. 2022), rice and chickens in South-east Asia, turkeys in North America,
maize, squash, and beans in Mesoamerica, and camelids (Diaz-Maroto et al.
2021), guinea pigs, quinoa (Lopez and Recalde 2016), potatoes, and peanuts
in South America. These changes show the different ways humans adjusted to
their surroundings and transitioned to farming.

Europe’s transition to agriculture was shaped by interactions between farming
and hunter-gatherer populations, a pattern observed in many regions across
the world (M. A. Yang et al. 2020; Yamamoto et al. 2024; A. E. Bennett et al.
2025; McColl et al. 2018; Vicente et al. 2019). In some regions, genetic
evidence suggests significant mixing between the two groups, while in others,
farming communities largely replaced earlier populations (Fernandes et al.
2018; Mathieson et al. 2018; Skoglund et al. 2012). These processes reflect
the complexity of Europe’s Neolithic period, as farming adapted to different
landscapes and contexts.

By 4,000 BCE, farming had transformed the continent, creating a patchwork
of interconnected cultures. While some groups continued as hunter-gatherers
in regions less suited to agriculture, farming had become the main subsistence
strategy shaping European societies. This foundation would lead to the rise of
Late Neolithic and Bronze Age cultures, which would shape the course of
Europe’s history (Haak et al. 2015; Malmstrom et al. 2019; de Barros
Damgaard, Marchi, et al. 2018; Egfjord et al. 2021).
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The transition to agriculture led to significant population growth and increased
social complexity, but it also introduced new health risks, environmental
challenges, and increased labour demands. Early farmers relied heavily on a
limited number of cultivated crops, leading to nutritional deficiencies,
increased rates of dental caries, and skeletal stress indicators compared to their
hunter-gatherer predecessors. The high carbohydrate content of domesticated
cereals contributed to increased oral infections, while a more sedentary
lifestyle led to a rise in joint and spinal disorders (Larsen 2006).

The shift to denser, more permanent settlements also facilitated the spread of
infectious diseases, including zoonotic pathogens transmitted through close
contact with domesticated animals. Evidence from sites like Catalhdyiik
suggests that early farmers experienced higher rates of systemic infections,
possibly due to poor sanitation and increased population densities. These
conditions also contributed to what have been termed ‘diseases of
civilisation’, including cardiovascular disease and other systemic conditions
(Larsen et al. 2019, 2015).

Once societies became reliant on food production, they faced what some
describe as a ‘ratchet effect’ — as populations grew, they became increasingly
dependent on maintaining agricultural output, making it difficult to return to
a more flexible subsistence strategy. This dependence made societies highly
vulnerable to environmental fluctuations. For example, the 8.2-kiloyear event
was a 160-year period of sudden cold and dry weather conditions, which
disrupted early farming communities in the Near East and Anatolia, leading
to food shortages and abandonment of some sites (Weninger et al. 2006;
Roffet-Salque et al. 2018; J. F. Berger and Guilaine 2009). Similar
vulnerabilities were seen later in history, such as during the Great Famine of
1315 — 1317, which left Europe's population vulnerable, as seen in the effects
of the Black Death just a few decades later (B. M. S. Campbell 2016; Zhang
et al. 2007, 2011).

1.2. Scandinavian prehistory: A Regional Perspective

The earliest evidence of human presence in Scandinavia after the Last Glacial
Maximum dates to the Late Glacial, with some dated material suggesting
occupation already around 14,000—15,000 years ago. Although large parts of
the Scandinavian Peninsula remained covered by ice during this period,
increasingly accessible coastal areas and other newly deglaciated
environments allowed human groups to expand into the region. In southern
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and eastern Scandinavia, early groups produced stone tools using direct blade
lithic technology associated with the Ahrensburgian tradition, as well as tools
made from bone and antler (Breivik 2014; Hughes et al. 2016; Fuglestvedt
2007; Jessen et al. 2015).

During the early Holocene, Scandinavia was populated through movements
from more than one direction. Groups linked to eastern lithic traditions and
eastern hunter-gatherer-related ancestry appear to have entered Scandinavia
from the north-east, likely following the ice-free Norwegian Atlantic coast
southwards (Giinther et al. 2018). Because EHG-related ancestry is already
present in western Scandinavia by around 10,000 BP, these movements must
have begun earlier than 8,200 BCE. These groups are associated with the
spread of pressure blade technology, which is thought to derive from north-
eastern Europe, including the Upper Volga region of the East European Plain
(Rankama and Kankaanpdi 2011; Hartz et al. 2010; Kashuba et al. 2019).

On the Scandinavian Peninsula, these two groups of people met and through
admixture formed a distinct population, the Scandinavian Hunter-Gatherers
(SHQG), with a gradient of more EHG ancestry in the north-west and more
WHG ancestry in the south-east (Gilinther et al. 2018). Further south, localised
cultures developed such as the Maglemose (9000 — 6000 BCE), Kongemose
(6700 - 6000 BCE), and Ertebglle (5500 - 4900 BCE) cultures. In contrast to
populations further north, individuals from these regions have no genetic
affinity with the EHG, but rather fall within the WHG variation.

The Neolithic period in Scandinavia began around 4,000 BCE when farming
communities from Central Europe, associated with the Funnel Beaker Culture
(FBC) began migrating into Scandinavia (Skoglund et al. 2012; Sanchez-
Quinto et al. 2019; Allentoft, Sikora, Fischer, et al. 2024; Skoglund et al.
2014). These people, descended from Anatolian farmers who had spread
across Europe millennia earlier, introduced domesticated crops and livestock,
as well as new stone tools and pottery. In Sweden, most FBC artefacts and
remains are found on the west and south coasts, as well as in the Falbygden
area, to the west of Lake Vittern (Skoglund et al. 2014, 2012; Mittnik et al.
2018). Some settlement sites and megalithic tombs have also been found on
the Baltic islands of Gotland and Oland (Sanchez-Quinto et al. 2019;
Malmstrom et al. 2009; Fraser et al. 2018).

Around 3,300 BCE, the Pitted Ware Culture (PWC) emerged in Scandinavia.
These people were hunter-gatherers, with a subsistence largely based on seal,
and had distinct pottery, with deep, pitted impressions. Artefacts and remains
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of the PWC have mainly been found along the east and west coasts of Sweden
and north-eastern Denmark, as well as on the Baltic Sea islands Aland,
Gotland, Oland, and Bornholm. The PWC seems to have appeared slightly
earlier in central Sweden than in southern Sweden and Denmark, suggesting
a more northern origin (T. D. Price 2015).

Since the PWC only appeared 700 years after the end of the Mesolithic, it was
long assumed that the PWC arose from a change in lifestyle from farming to
hunting and gathering by people related to the FBC (Browall et al. 1991;
Malmer 2002; T. D. Price 2015). However, ancient DNA research shows that
people associated with the PWC were genetically distinct from people
associated with the FBC, and were genetically more similar to Mesolithic
SHG, with only small amounts of admixture between them (Malmstrom et al.
2009, 2015; Mittnik et al. 2018; Skoglund et al. 2012, 2014).

Despite their genetic differences, archaeological evidence indicates that the
FBC and PWC did interact and trade. For example, farming products such as
cereals have been found at PWC sites, suggesting that economic interactions
facilitated the movement of goods between these culturally and genetically
distinct groups (Svizzero 2015). Pottery from Fagervik has played an
important role in typological chronologies of the Middle Neolithic, and
different Fagervik phases have been associated with different archaeological
contexts, illustrating the close chronological and material connections
between these cultural traditions.

Around 2,800 BCE, the Battle Axe Culture (BAC), a regional variant of the
Corded Ware Culture, emerged in Scandinavia. Genetic evidence links this
culture to major migrations from the Pontic-Caspian Steppe, bringing new
genetic lineages into Scandinavia, alongside new burial rituals, material
culture, and potentially Indo-European languages (Haak et al. 2015; Allentoft
et al. 2015; Lazaridis et al. 2025). The arrival of the BAC coincided with the
rapid decline of the FBC, which may have been partly assimilated into the
expanding BAC. Another contributing factor to the disappearance of the FBC
could be the broader Neolithic Decline, a period of societal instability and
population decrease observed in various Neolithic farming communities
across Europe, possibly linked to climate fluctuations, resource depletion, or
disease (Colledge et al. 2019; Rascovan et al. 2019; S. Rasmussen et al. 2015;
Hinz et al. 2012; Shennan et al. 2013). Although the BAC had contact with
the PWC through trade and BAC influence can be seen in aspects of PWC
material culture and burial practices, no BAC admixture has been found
among PWC individuals’ genomes (Coutinho et al. 2020). The subsequent
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Scandinavian Late Neolithic displays cultural and genetic elements of both
PWC and BAC (T. D. Price 2015). The main archaeological periods and
cultural groups discussed in this thesis are summarised in Figure 1, and the
archaeological sites that provide the material basis for the studies are shown
in Figure 2.

| o .

10,000 8,000 6,000 4,000 2,000
BCE

Figure 1. Timeline main archaeological periods discussed in this thesis, showing the
SHG (subdivided in Maglemose, Kongemose, and Ertebelle), the Funnel Beaker
Culture (FBC), the Pitted Ware Culture (PWC), the Battle Axe Culture (BAC), and
the Late Neolithic Bronze Age.
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Figure 2. Geographic distribution of the archaeological sites discussed in the papers
included in this thesis. Sites associated with the Funnel Beaker Culture (FBC) are
shown in green, and sites associated with the Pitted Ware Culture (PWC) are shown
in pink. Several closely spaced sites in Falbygden are displayed as separate points but
labelled collectively. The label “Alvastra” represents both the Alvastra dolmen and
the Alvastra pile dwelling.

1.3. Challenges and approaches in ancient DNA
research

Despite these advances, studying aDNA still presents significant challenges.
DNA degradation is influenced by several environmental factors, including
temperature, humidity, soil acidity, and microbial activity. Cold, dry, and
stable environments, such as caves or permafrost, provide ideal conditions for
DNA preservation by minimising chemical reactions and microbial decay
(Pruvost et al. 2007; Hofreiter et al. 2015). Conversely, tropical and temperate
climates accelerate DNA degradation due to higher temperatures, fluctuating
humidity levels, and acidic soils, which break down the phosphate backbone
of DNA and reduce its longevity (Dabney et al. 2013). Additionally,
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contamination from modern DNA during excavation, handling, or laboratory
procedures remains a significant hurdle (Pilli et al. 2013; Llamas et al. 2017,
Malmstrém et al. 2005), requiring rigorous protocols to authenticate ancient
sequences (Cooper and Poinar 2000).

To maximise the information recovered from ancient samples, researchers use
two primary approaches: whole genome sequencing (WGS), also known as
shotgun sequencing, and targeted capture (M. Knapp and Hofreiter 2010).
WGS aims to sequence all DNA present in a sample, providing data across the
entire genome. This method is particularly powerful for discovering novel
genetic variation, reconstructing complete genomes, and enabling future
analyses as computational techniques improve. Furthermore, WGS is essential
for the assembly of novel genomes, where no existing reference genome is
available or where significant genomic differences might exist between the
studied population and current references. Beyond human DNA, shotgun
sequencing also retrieves microbial and viral DNA, including that of
pathogens associated with the individual. This approach enables the
identification of ancient infectious diseases, the reconstruction of historical
pathogen genomes, and insights into their evolution over time (Rasmussen et
al. 2015; Rascovan et al. 2019; Miihlemann et al. 2020; Sun et al. 2014;
Spyrou et al. 2019; Krause-Kyora et al. 2018; Feldman et al. 2016). However,
WGS requires high-quality samples with sufficient endogenous DNA and
demands greater sequencing depth, increasing costs.

Targeted capture, in contrast, focuses on specific genomic regions, such as
mitochondrial DNA, genes of interest, or areas of known variation (Carpenter
et al. 2013). This approach is more cost-effective for studying predefined
genetic variants and works well with low-quality samples containing minimal
endogenous DNA. By concentrating sequencing efforts, targeted capture
enables the analysis of larger numbers of samples for the same budget.
However, as only predetermined regions are retrieved, variation outside the
targeted areas or species cannot be detected. This limitation introduces
ascertainment bias, where genetic diversity is underestimated due to the
exclusion of previously unknown variants, potentially skewing population
genetic analyses and limiting the ability to detect novel adaptations or rare
alleles
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1.4. The foundations of genetics

The study of heredity and phenotypic variation has long intrigued scientists,
with pioneers like Carl Linnaeus, Charles Darwin, and Gregor Mendel laying
the foundations of modern genetics. In the 18th century, Carl Linnaeus
developed a classification system grouping organisms based on shared traits,
building upon earlier work by Gaspard and Johann Bauhin (1623). This
system, which introduced the binomial nomenclature (1759), is still used
today.

In the 19th century, Charles Darwin revolutionised biology with his theory of
evolution by natural selection, which he described in his seminal work On the
Origin of Species (1859). Darwin proposed that organisms with traits better
suited to their environment were more likely to survive and reproduce, and
pass on those advantageous traits to their offspring. Over time, this process
drives the adaptation of species to their environments, creating the diversity
of life we see today.

Around the same time, Gregor Mendel’s experiments with pea plants
established the basic principles of inheritance, revealing how discrete units,
now known to be genes, determine phenotypic traits. Mendel observed
patterns in traits such as flower colour and seed shape, which followed clear
and consistent patterns across generations. His findings revealed predictable
patterns of inheritance across generations (Mendel 1866). Although Mendel’s
work went largely unrecognised during his lifetime, it provided the basis for
understanding heredity, even as we now know that many traits are influenced
by interactions between multiple genes and environmental factors (Rowe and
Tenesa 2012).

The discovery of DNA as the molecule responsible for heredity marked
another major breakthrough. In 1953, James Watson and Francis Crick
proposed the double helix structure of DNA (Watson and Crick 1953),
building on Rosalind Franklin’s pioneering work in X-ray crystallography
(Rapoport 2002). Their findings revealed how DNA encodes genetic
information through sequences of four bases — adenine (A), thymine (T),
cytosine (C), and guanine (G) — and how this information is replicated and
transmitted during cell division. This discovery established DNA as the
central molecule of inheritance and genetic function.

The ability to study DNA at the molecular level advanced rapidly with the
invention of DNA sequencing techniques. In the 1970s, Frederick Sanger
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developed the first method for sequencing DNA (Sanger, Nicklen, et al. 1977),
known as Sanger sequencing, which became the gold standard for several
decades. This method relies on the random incorporation of chain-terminating
dideoxynucleotides (ddNTPs) instead of regular deoxynucleotide
triphosphates (ANTPs) by DNA polymerase during replication, and allowed
scientists to read the exact order of bases in DNA, with the genome of the
bacteriophage ®X174 being the first genome sequenced in 1977 (Sanger, Air,
et al. 1977). The subsequent development of fluorescently labelled ddNTPs
and primers led to the partial automation of DNA sequence analysis. New
milestones followed, such as the sequencing of the first eukaryotic genome,
yeast (Saccharomyces cerevisiae), in 1996, and the nematode worm
(Caenorhabditis elegans), the first multicellular organism, in 1998.

A pivotal breakthrough during this era was the development of the polymerase
chain reaction (PCR) (Mullis and Faloona 1987; Saiki et al. 1985, 1988),
which enabled scientists to amplify minute amounts of DNA, making it
possible to analyse degraded or very small samples, which proved to be
incredibly impactful in ancient DNA studies (Mitchell et al. 2005; Malainey
2010), as well as in forensic science (Decorte and Cassiman 1993; Reynolds
et al. 1991). These technologies culminated in the Human Genome Project
(HGP), an ambitious global initiative carried out by the International Human
Genome Sequencing Consortium, a unique collaboration of research centres
and scientists worldwide. In 2001, this collective effort produced the first draft
of the human genome, a milestone in genomics showcasing the power of
international  scientific cooperation (International Human Genome
Sequencing Consortium, 2001).

The need for faster, high-throughput methods led to the development of next-
generation sequencing (NGS) in the early 21st century. Also referred to as
high-throughput sequencing, second-generation sequencing, or massively
parallel sequencing, NGS revolutionised DNA analysis by enabling millions
of short DNA fragments (typically 50-300 base pairs) to be sequenced
simultaneously (Hu et al. 2021; Mardis 2013). NGS operates primarily
through sequencing by synthesis (SBS), as implemented on platforms like
[lumina (Bentley et al. 2008), where nucleotides are incorporated one at a
time without terminating the chain, generating fluorescent signals that reveal
the sequence. While this method is highly efficient and accurate, it has
difficulty resolving repetitive regions of the genome or large structural
variants due to the challenges of assembling short fragments (Treangen and
Salzberg 2012).
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More recently, third-generation sequencing technologies, also known as long-
read sequencing, have been introduced. Techniques such as single molecule
real-time (SMRT) sequencing (Wenger et al. 2019) and nanopore sequencing
(Shafin et al. 2020) can process DNA fragments tens to hundreds of kilobases
long (Logsdon et al. 2020). Long-read sequencing can resolve complex
genomic regions and structural variations, significantly improving genome
assemblies. However, it remains more costly and error-prone compared to
short-read sequencing methods (Bleidorn 2016).

While third-generation sequencing has revolutionised the study of modern
genomes, it is less suited to ancient DNA due to its reliance on long DNA
fragments. aDNA is highly fragmented — often less than 100 base pairs long —
and chemically damaged, characteristics that align well with the capabilities
of short-read sequencing. Combining NGS with PCR, strict contamination
protocols, and the use of cleanroom facilities has enabled the recovery and
analysis of aDNA with remarkable accuracy. Computational tools now allow
the assembly of fragmented sequences, authentication of ancient DNA, and
identification of modern contamination, transforming ancient genetic material
into robust datasets.

1.5. Milestones and impact of ancient DNA research

Since its inception, aDNA research has achieved several ground-breaking
milestones. The sequencing of the quagga's mitochondrial DNA in 1984
marked the first use of ancient DNA in studying extinct species (Higuchi et
al. 1984). The sequencing of mitochondrial DNA from Otzi the Iceman in
1994 (Handt et al. 1994) further demonstrated the potential of aDNA for
reconstructing ancient human populations. In the same year, researchers also
believed they had sequenced DNA from a Cretaceous dinosaur (Woodward et
al. 1994), an announcement that sparked excitement and captivated public
imagination, amplified by the release of Jurassic Park the year before.
However, further analysis revealed the sequences were modern contaminants,
likely introduced during laboratory handling. This event highlighted the need
for strict contamination controls and robust authentication protocols, which
have since become standard practice in ancient DNA research (Cooper and
Poinar 2000; Llamas et al. 2017).

The sequencing of the Denisovan and Neanderthal genomes in 2010 further

demonstrated the power of these tools, offering new insights into human
evolution and admixture with archaic hominins (Green et al. 2010; Reich et
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al. 2010). That same year, the first ancient modern human genome was
published, from a 4,000-year-old Palaco-Eskimo individual (M. Rasmussen et
al. 2010). This milestone was followed by the first large-scale population
genomic study of ancient DNA in 2012, which revealed key patterns of
genetic continuity and admixture between Neolithic farmers and hunter-
gatherers in Europe (Skoglund et al. 2012). In 2014, researchers successfully
sequenced nuclear DNA from a 430,000-year-old individual from Sima de los
Huesos in Spain, revealing links to Neanderthals and the deep evolutionary
history of archaic humans in Europe (Meyer et al. 2016). aDNA research has
also shed light on major migration events, such as Viking expansions, which
left a lasting genetic imprint on modern populations in Scandinavia, the British
Isles, and beyond (Margaryan et al. 2020). The study of extinct species, such
as the woolly mammoth, has uncovered genetic adaptations to cold
environments (Lynch et al. 2015) and revealed the effects of inbreeding in
small populations shortly before their extinction (Diez-del-Molino et al.
2023). With tens of thousands of ancient genomes now available (Mallick et
al. 2024), ancient DNA has transformed our understanding of past
populations, migration events, and the genetic structure of ancient human
populations.

In addition to tracing the history of species and populations, aDNA has shed
light on the genetic history of ancient pathogens, demonstrating their role in
shaping human history. For example, the reconstruction of Yersinia pestis
genomes from the remains of ancient plague victims has identified it as the
causative agent of the plague in pandemics like the Black Death (Bos et al.
2011) and earlier outbreaks during the Neolithic and Bronze Age (Rascovan
et al. 2019; S. Rasmussen et al. 2015). These studies also revealed how the
bacterium evolved its flea-borne transmission, a key adaptation that
contributed to its devastating impact on human populations. Similarly, studies
of smallpox have traced the evolution of the Variola virus and its historical
spread (Duggan et al. 2016; Miihlemann et al. 2020), while research on ancient
hepatitis B genomes has shed light on the origins and diversification of the
virus, revealing its presence in human populations for thousands of years
(Krause-Kyora et al. 2018).

The field continues to push boundaries with record-breaking discoveries.
Currently, the oldest aDNA discoveries include 1.2-million-year-old
mammoth genomes from Siberian permafrost, which unveiled a previously
unknown lineage (van der Valk et al. 2021), and two-million-year-old genetic
material from sediments in Greenland, revealing an ancient ecosystem (Kjer
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et al. 2022). These findings demonstrate how aDNA can connect long-extinct
species to their environments.

The integration of advanced sequencing technologies with rigorous
contamination controls and analytical tools has transformed aDNA research
into a powerful tool for exploring the past. By bridging genetics, archacology,
and paleoecology, the study of ancient DNA offers unique insights into our
evolutionary history and the forces that have shaped the world we live in
today.

1.6. The Human Reference Genome

The human reference genome, first released in 2001 as part of the Human
Genome Project, provides a critical framework for studying genetic variation
(Venter et al. 2001; International Human Genome Sequencing Consortium,
2001). It is a mosaic, assembled from the DNA of several anonymous donors
to create a generalised representation of the human genome, capturing
common genetic elements while acknowledging individual wvariability.
However, even though elements of more than 20 individuals are incorporated
in the latest version (GRCh38), 70% of it still derives from a single person.
Furthermore, the reference genome predominantly represents individuals of
European ancestry, introducing biases that may underrepresent genetic
diversity from other populations. In ancient DNA studies, this can lead to
uneven interpretations, as populations that left more genetic traces in modern
humans are overrepresented, potentially skewing reconstructions of genetic
history.

The Human Pangenome Reference Consortium has produced a draft
pangenome that includes 47 phased diploid assemblies from genetically
diverse individuals (W. W. Liao et al. 2023). Rather than being a mosaic
representation of individuals like the standard reference genome, the
pangenome retains all genetic variation present in these genomes, providing a
more comprehensive representation of human diversity. It captures known
variants and haplotypes, introduces new alleles at complex loci, and adds
approximately 119 million base pairs of euchromatic polymorphic sequences
and 1,115 gene duplications relative to the GRCh38 reference. The
pangenomic framework reduces bias and improves variant detection and
discovery. To further improve its representation of global genetic diversity,
ongoing efforts aim to increase the number of genomes contributing to the
pangenome, ensuring that a broader range of human populations is included
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in future iterations. However, integrating the pangenome into research
presents significant computational challenges, requiring the adaptation of
existing tools and the development of new methods capable of handling the
complexity of graph-based genome representations (W.-W. Liao et al. 2023).

1.7. Human genetic variation: The blueprint of
diversity

Human genetic variation lies at the heart of our species' diversity, shaping the

traits that define individuals and populations. This variation is the result of

millions of years of evolution, migration, and adaptation, revealing the genetic

legacy of our species. By studying these differences, researchers uncover

insights into human history, health, and the processes that drive evolution.

The human genome consists of approximately 6.2 billion base pairs, organised
into 46 chromosomes: 22 pairs of autosomes and one pair of sex
chromosomes. These chromosomes carry DNA, which encodes the genes that
determine traits and regulate biological processes. Each individual inherits one
set of chromosomes from each parent. During meiosis, recombination
exchanges genetic material between homologous chromosomes, creating new
combinations of alleles. This process is a key driver of genetic diversity,
giving each individual a unique genetic makeup.

In addition to nuclear DNA, humans inherit mitochondrial DNA (mtDNA), a
circular molecule of exactly 16,569 base pairs, passed on exclusively through
the maternal lineage. mtDNA serves as a valuable tool for tracing maternal
ancestry and studying population history due to its direct inheritance, not
subject to recombination (Underhill and Kivisild 2007).

1.8. Sources and patterns of genetic variation

Genetic variation arises from several mechanisms, including mutations,
recombination, gene flow, genetic drift, and chromosomal alterations.
Mutations are the ultimate source of new genetic diversity and include single-
nucleotide polymorphisms (SNPs), insertions, deletions, duplications,
inversions, and translocations.

Mutations can occur in both coding and non-coding regions of the genome.
Coding-region mutations may be synonymous (silent), having no effect on the
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amino acid sequence of the resulting protein, or non-synonymous, which alter
the protein's amino acid sequence and potentially affect its function. Non-
coding mutations can influence gene expression by altering regulatory
elements, such as promoters or enhancers, or by disrupting splicing sites or
transcription factor binding regions. These changes can have substantial
downstream effects on gene activity and fitness. Frameshift mutations, caused
by insertions or deletions not in multiples of three, disrupt the reading frame
of genes and often produce non-functional or truncated proteins, with
significant effects on fitness.

Mutations are categorised as either neutral or non-neutral based on their effect
on fitness. Neutral mutations do not affect an organism's fitness and are
primarily influenced by genetic drift. Non-neutral mutations, by contrast,
affect fitness either positively or negatively, and can be subject to selection.
Comparative genomics and population genetics methods are used to infer
whether a mutation is neutral or non-neutral. For example, mutations in highly
conserved regions of the genome are likely subject to selective pressure, while
variability in non-conserved regions often suggests neutrality. Positive
selection may cause selective sweeps, where advantageous mutations rise in
frequency, reducing genetic diversity in linked genomic regions. Conversely,
balancing selection maintains higher genetic diversity in a population by
preserving multiple alleles.

Other evolutionary processes also shape genetic variation. Recombination, the
exchange of genetic material between homologous chromosomes during
meiosis, creates novel combinations of alleles, increasing genetic diversity.
Gene flow, or the exchange of genetic material between populations,
introduces new alleles and alters allele frequencies, while genetic drift causes
random fluctuations in allele frequencies, decreasing genetic diversity, with
the strongest effects in small populations. Finally, bottlenecks and selective
sweeps can drastically reduce genetic diversity, altering the evolutionary
trajectory of a population.

Despite these processes causing variation, humans are remarkably genetically
similar, sharing 99.9% of their DNA. This similarity underscores our recent
common ancestry and contrasts sharply with the much greater genetic
divergence seen among populations of other species, including our closest
relatives, such as gorillas and chimpanzees (N. Yu et al. 2004). Most variation
(80 — 90%) exists within populations rather than between them (Jobling et al.
2013). The highest levels of genetic diversity are found in African
populations, consistent with an African origin of modern humans deeper than
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300,000 years ago (Schlebusch et al. 2017, 2020). In contrast, populations
further from Africa, such as those in the Americas and Oceania, show lower
genetic diversity due to genetic bottlenecks during migrations and subsequent
founder effects, where only a subset of the original genetic variation was
carried into newly settled regions.

Aside from our genetic homogeneity, humans are geographically widespread
and live in diverse environments, to which they had to genetically adapt when
moving into new regions. Environmental pressures have driven adaptations,
such as changes in the EPASI gene, inherited from Denisovans, which
improve oxygen efficiency in Tibetans in response to living at high altitudes
(Huerta-Sanchez et al. 2014). Likewise, native Siberians have been shown to
carry genetic adaptations to cold climates (Clemente et al. 2014), and
Greenlandic Inuit show genetic signatures of adaptation to a diet containing
high amounts of seafood (Fumagalli et al. 2015). The advent of agriculture
likely introduced new selective pressures related to diet and immunity
(Barreiro and Quintana-Murci 2010; Bolognini et al. 2024) and immunity-
related genes (Barreiro and Quintana-Murci 2010). Later, dietary changes
associated with dairy farming led to the evolution of lactase persistence in
pastoralist populations in Europe and Africa (Ségurel and Bon 2017). In
addition to migration and selection, admixture with archaic hominins like
Neanderthals and Denisovans has contributed to modern human genomes.
non-African populations carry around 1-2% Neanderthal DNA, while some
Oceanian populations carry up to 6% Denisovan ancestry (Vernot and Akey
2014; Larena et al. 2021; Sankararaman et al. 2016; Priifer et al. 2021; Stimer
et al. 2025; Priifer et al. 2017; S. R. Browning et al. 2018).

1.9. Population genetics: exploring the structure of
genetic diversity

Population genetics provides a framework for studying how evolutionary
forces shape genetic variation. Genetic drift, one of the central forces,
describes the random changes in allele frequencies caused by stochastic
processes, particularly pronounced in small populations. Drift can lead to the
fixation or loss of alleles, reducing genetic diversity and increasing
differentiation between groups.

The Wright-Fisher model, first introduced in the 1930s by Sewall Wright and
Ronald Fisher, is a key tool for understanding the effects of genetic drift. It
describes an idealised population where genetic variation is shaped solely by
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drift. It assumes random mating, non-overlapping generations, constant
population size, and no migration, mutation, or selection. These simplified
conditions make it possible to isolate and study the impact of drift without
interference from other evolutionary forces. While the assumptions of the
Wright-Fisher model greatly simplify the complexities of real-world
populations, it serves as a valuable null hypothesis. By comparing observed
genetic data to the patterns expected under this model, deviations caused by
real-world processes can be identified, such as natural selection, gene flow, or
changes in population size.

Building on the Wright-Fisher model, the concept of effective population size
(N.) quantifies the number of individuals contributing to genetic diversity. It
represents the size that a Wright-Fisher population would have if it
experienced the same amount of genetic drift as the population of interest.
Effective population size often differs from census population size due to
unequal reproductive success or population structure, and can be used to infer
the strength of drift over time and its impact on genetic variation.

Coalescent theory, developed by British mathematician John Kingman in the
1980s, models the ancestry of alleles within a population. Unlike forward
simulations, which track all genetic lineages over time, coalescent theory takes
a retrospective approach, tracing genetic lineages backward to their most
recent common ancestor (MRCA). This method is computationally much
more efficient, as it ignores lineages that did not leave any descendants in the
sampled generation, focusing only on those contributing to the present-day
gene pool. Coalescent models incorporate the effects of genetic drift as
described by the Wright-Fisher model, with smaller effective population sizes
leading to faster coalescence and larger populations delaying the process.
After constructing a genealogical tree of sampled lineages using coalescent
models, mutations can be mapped randomly onto the tree's branches, guided
by known mutation rates.

Just like the Wright-Fisher model, coalescent theory was developed before
DNA sequence data became widely available, relying solely on mathematical
principles. At the time, it offered theoretical insights into how genetic
variation might be shaped over time. The advent of sequencing technologies
revolutionised the field, allowing these models to be tested and applied to real-
world populations. What was once purely theoretical could now be aligned
with empirical data, transforming coalescent theory into a practical tool for
understanding population history. This approach links theoretical models with
observable genetic data, allowing researchers to simulate patterns of diversity
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under diverse evolutionary scenarios. By integrating recombination, mutation,
and other evolutionary forces, coalescent theory provides a robust method for
reconstructing genealogies and elucidating the dynamics of genetic variation.

This approach provides a foundation for exploring key aspects of demographic
history. Using theoretical models like the Wright-Fisher framework and
coalescent theory, population geneticists can interpret patterns of genetic
variation to infer historical events. For instance, bottlenecks, characterised by
sharp reductions in population size, leave distinct signatures of reduced
genetic diversity and heterozygosity, while population expansions are marked
by increased genetic variation. Migration events introduce gene flow between
populations, detectable through shared alleles and shifts in allele frequencies,
revealing the movements and interactions of populations over time.

While modern DNA reflects the cumulative record of countless generations,
ancient DNA offers a more focused perspective by capturing snapshots of
genetic variation at specific moments in the past. These snapshots allow
theoretical models to be applied in novel ways, refining timelines of
migrations and admixture, reveal lineages that no longer exist, and highlight
genetic changes associated with cultural transitions. For example, aDNA
studies have shown that the Neolithic transition in Europe involved significant
genetic contributions from migrating farming populations, alongside
interactions with local hunter-gatherers.

By integrating insights from theoretical models, modern genomes, and ancient
DNA, population genetics offers a powerful lens for reconstructing human
evolutionary history. Theoretical frameworks like coalescent theory anchor
these analyses, enabling researchers to explore how genetic drift, migration,
admixture, and fluctuations in population size have shaped genetic diversity
over time.
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2. Theoretical and methodological
background

The study of ancient human remains relies on the integration of multiple lines
of evidence, each providing different but complementary information about
past individuals and populations. Genomic data can be used to infer ancestry,
biological relationships, and population structure, while isotopic analyses
provide insight into diet and mobility, and metagenomic approaches allow the
identification of pathogens and microbial environments. None of these
approaches alone provides a complete picture, but when considered together,
they allow more detailed reconstructions of past lives.

Archaeological sites
and contexts

HUman remains
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Sample selection and laboratory processing
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Biointormatic and statistical analyses
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Figure 3. Analytical framework used in this thesis. Genomic, isotopic, and
metagenomic data were generated from human remains and integrated to investigate
ancestry, kinship, mobility, diet, pathogens, and social context.
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The analytical framework used in this thesis is outlined in Figure 3. It
illustrates how different types of material and data are processed and
integrated, from archaeological context and biological remains to genetic,
isotopic, and metagenomic analyses, and finally to the reconstruction of
individual life histories and broader social patterns.

2.1. Sample processing

The generation of ancient DNA data begins with the careful selection and
preparation of samples. Because DNA preservation varies substantially
between skeletal elements and depositional environments, sampling strategies
are designed to maximise endogenous DNA vyield while minimising
contamination. Laboratory procedures are carried out under controlled
conditions to further reduce the introduction of modern DNA.

2.1.1 Sample selection

Careful sample selection is essential for maximising the chances of obtaining
sufficient endogenous DNA. Most of the samples used in ancient DNA
research come from museum collections, where permissions and restrictions
influence which remains can be analysed. If the museum permits, bones and
teeth are visually inspected to identify the most promising candidates for DNA
extraction.

The type of the bone element plays a critical role in DNA preservation. Harder
bones are generally more likely to have retained endogenous DNA, as the
denser material offers better protection from environmental degradation over
time. The petrous part of the temporal bone is the hardest bone in the human
body, and is therefore the best candidate for recovering high amounts of
endogenous DNA (Gamba et al. 2014). Tooth roots are also commonly
selected, as they are relatively hard and often well-preserved (Adler et al.
2011; Hansen et al. 2017).

Although these options are favoured, other bones can still provide DNA, and
in some cases, alternative skeletal elements must be used due to availability
and museum restrictions. The first Denisovan DNA, for instance, was
successfully extracted from a finger bone, demonstrating that genetic material
can be preserved in a variety of bone elements.
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In addition to containing DNA from the individual, tooth roots are also more
likely to hold traces of potential pathogens that may have been present in the
bloodstream. The overall appearance and condition of the bone or tooth is also
taken into account, as features such as low weight, brittleness, and a light
colour can indicate significant degradation of the material, which reduces the
likelihood of obtaining usable DNA. This careful evaluation ensures that
selected samples provide the best chance of extracting sufficient quantities of
DNA.

Sample selection also depends on the specific research questions being
addressed. Population genetic studies require non-related individuals to
accurately reconstruct broader demographic patterns, while kinship studies
require sampling from multiple individuals within the same site or burial
context to determine genetic relationships. These factors guide decisions in
sample selection and study design, ensuring that the best possible data can be
obtained given the available material.

2.1.2 Dedicated ancient DNA lab

Ancient DNA labs are specialised facilities designed to minimise
contamination. The lab is divided into separate rooms, each dedicated to
specific stages of the workflow to minimise the risk of cross-contamination
(Fulton and Shapiro 2019). One room is used exclusively for drilling bone
material. Another room is designated for DNA extraction and library
preparation. The lab is equipped with HEPA filters to decontaminate incoming
air and maintain a sterile environment. Additionally, positive air pressure
ensures that air flows outward when doors are opened, preventing airborne
contaminants from entering the lab. UV lights are activated at night to degrade
any DNA contaminants that may be present on surfaces. All surfaces are
cleaned with bleach (sodium hypochlorite solution) before and after use.

Strict protocols regulate personnel movement to further prevent
contamination. Before entering the clean lab, personnel must not have been in
any post-PCR environments, such as rooms where amplified DNA is handled.
This precaution ensures that highly concentrated modern DNA molecules do
not enter areas where ancient DNA is processed. Lab personnel wear full-body
protective suits, shoe covers, masks with visors, and at least two layers of
gloves to ensure that their own DNA does not contaminate the ancient
samples. All tools are cleaned with bleach or RNase Away Surface
Decontaminant solution (Thermo Scientific), and both tools and reagents are
UV-irradiated to further minimise the risk of contamination.
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2.1.3 Sample preparation

The surface of the bone or tooth is cleaned with bleach to remove
contaminants from the surface. The samples are then UV-radiated in a cross-
linker at 254 nm to 6J/cm?, which degrades any remaining surface DNA
without affecting the DNA preserved within the interior of the material. Once
the surface has been cleaned, a portion of the bone or tooth root is carefully
cut using a rotary tool equipped with thin drill bits, diamond cutting wheels or
plug bits, depending on the type of bone element being sampled. Typically,
30 — 150 mg of drilled-out bone powder or small bone pieces are collected for
DNA extraction.

The specific part of the bone used for sampling is determined in collaboration
with museum curators, balancing the need to preserve important
morphological features while selecting the densest area of the bone, which is
most suitable for ancient DNA retrieval. This careful approach ensures that
the scientific value of the sample is maximised while minimising damage to
irreplaceable specimens.

2.1.4 DNA extraction and library preparation for shotgun
sequencing

Different extraction methods are available for retrieving ancient DNA
(aDNA), with silica-based methods being among the most widely used. The
method described here is based on (D. Y. Yang et al. 1998), originally
designed for silica spin-column extraction, though it has since been modified
by replacing SDS with urea in the overnight digestion step to improve the
recovery of degraded DNA (E. M. Svensson et al. 2007). A variation of this
approach, optimised for bone fragments, was later developed by Svensson et
al. (2021).

The bone powder or fragments are placed in a digestion buffer containing
proteinase K and EDTA. Proteinase K breaks down organic components,
while EDTA chelates calcium to dissolve the mineral matrix (Meyer and
Kircher 2010). This “melting” step results in a solution containing released
DNA fragments. To isolate DNA, the solution is processed using silica-based
spin columns or magnetic beads, which bind DNA molecules. This step
enables the removal of impurities through a series of washes, followed by
elution to recover the purified DNA.
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The extracted DNA is then used to create blunt-end libraries, with
approximately 20 ul of DNA extract typically used per library preparation.
The process begins with end-repair, which creates "blunt ends" at both termini,
allowing for the addition of synthetic adapters. These adapters are then ligated
to both ends of each DNA fragment. [llumina sequencing uses two types of
adapters: the P5 adapter, which binds to the 5’ end of flow cell
oligonucleotides (oligos), and the P7 adapter, which binds to the 3’ end. Each
adapter contains three essential components:

1. Flow cell binding sequences: These sequences enable the DNA
fragments to bind to complementary oligos immobilised on the
flow cell during sequencing.

2. Indices: Unique sequence tags that identify individual libraries,
allowing for pooling of multiple libraries (multiplexing). Unique
dual indexing (UDI) is used, a system where each i5 index is paired
exclusively with a single i7 index (Meyer and Kircher 2010;
Kircher et al. 2012). While not required for Illumina sequencing,
this choice improves the reliability of the sequence data by allowing
the detection of index hopping, a phenomenon where indices
transfer between fragments. Reads with invalid index combinations
can be filtered out, enhancing data quality.

3. Primer binding sites: These sequences facilitate the initiation of
DNA replication during amplification and sequencing.

4. After adapter ligation, the double-stranded DNA fragments are
denatured to produce single-stranded DNA.

Following library preparation, quantitative PCR (qPCR) is performed to
estimate DNA concentration. This step verifies the success of the preceding
procedures and determines the optimal number of PCR cycles required for
amplification. The libraries are then amplified using PCR, after which they
undergo another cleaning step to remove unwanted by-products. DNA
concentration is measured again to ensure sufficient yield, and multiple
libraries are pooled (multiplexed) for sequencing, allowing for efficient
processing of multiple samples in a single run.

When new bone or tooth samples are analysed, libraries are initially prepared
for a screening sequencing run, ensuring efficient use of resources. This step
evaluates the usability of the samples by assessing key indicators of aDNA,
such as short fragment length and the presence of characteristic damage
patterns (increased C to T mutations towards fragment ends).
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2.1.5 Damage repair (Uracil-DNA glycosylase (UDG)
treatment)

If screening confirms the presence of authentic ancient DNA, uracil-DNA
glycosylase (UDG) treatment can be used to repair damage characteristic of
aDNA and improve data quality (Kircher et al. 2012; Briggs and Heyn 2012).
Over time, cytosine residues in aDNA are often deaminated to uracil,
particularly at the exposed overhangs of fragments. During PCR
amplification, these uracil residues pair with adenine instead of guanine,
resulting in C to T mutations in sequencing data. This type of post-mortem
damage is especially pronounced near the ends of DNA fragments and creates
a distinct damage pattern typical of ancient DNA (Sawyer et al. 2012;
Hofreiter et al. 2001).

UDG treatment removes uracil residues by cleaving the bond between the
uracil base and the sugar backbone, creating abasic sites that prevent the DNA
polymerase used in PCR from proceeding past the site of damage. By
eliminating uracil, UDG treatment largely removes the characteristic C to T
mutations observed in sequencing data, ensuring that any remaining C to T
mutations are more likely to reflect authentic genetic variants rather than
artefacts of post-mortem damage. However, this process also eliminates the
characteristic damage patterns, making it less suitable for initial screening
phases where these patterns are used to verify the authenticity of ancient DNA.

2.1.6 Sequencing

Pooled libraries are sequenced using [llumina sequencing. Library preparation
is the first step of the Illumina workflow. The remaining steps take place in
the sequencer and are fully automated:

1 Immobilisation

The single-stranded DNA fragments are introduced to the Illumina flow cell,
a glass surface coated with oligos complementary to the adapter sequences.
The fragments hybridise to these oligos, anchoring them to the surface. A
single PCR cycle is then performed to synthesise complementary strands. The
DNA strands are then denatured, and the original sample strands are washed
away, leaving only the newly synthesised strands bound to the flow cell. These
immobilised strands form the starting point for subsequent cluster generation.
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2 Cluster generation (amplification)

Amplification takes place directly on the flow cell, creating clusters of
identical DNA fragments. The DNA fragment attached to the flow cell bends
over, allowing the flow cell binding site at the free end to hybridise with
complementary oligos immobilised on the surface. This forms a bridge
structure. Polymerases then synthesise complementary strands, creating
double-stranded DNA bridges. These bridges are subsequently denatured,
separating the strands. The process of bridge formation, amplification, and
denaturation is repeated several times, producing clusters of approximately a
thousand identical copies of each DNA fragment. Once amplification is
complete, the reverse strands are selectively cleaved and washed away,
leaving only the forward strands anchored to the flow cell. These clusters of
forward strands serve as the template for sequencing.

3 Sequencing

Sequencing is carried out in cycles using sequencing by synthesis (SBS).
During each cycle, fluorescently labelled ddNTPs are incorporated into the
growing DNA strand. These modified nucleotides lack the hydroxyl group
required for further extension, ensuring that only one nucleotide is added per
cycle. Each of the four bases (adenine, thymine, cytosine, and guanine) is
labelled with a distinct fluorescent dye, allowing the sequencer to capture the
specific signal emitted. After imaging, the fluorescent label is enzymatically
removed, and the hydroxyl group is restored, enabling the addition of the next
nucleotide. This cycle is repeated until the entire strand is sequenced.

For paired-end sequencing, after the first round of sequencing is complete, the
newly synthesised strand is washed away, and the reverse strand is prepared
for sequencing. The forward strands are cleaved off, and the process is
repeated for the reverse strand. The two resulting reads, read 1 and read 2,
represent the sequences from opposite ends of the original DNA fragment. By
aligning these paired reads, it is possible to reconstruct more of the original
DNA fragment. This alignment improves accuracy, particularly for short or
degraded DNA fragments, making paired-end sequencing particularly
advantageous for ancient DNA studies.

In contrast, single-read sequencing generates data only from one end of the
DNA fragment, sequencing the forward strand alone. While this approach is
faster and less expensive, it provides less positional information, limiting its
effectiveness for fragmented DNA. Paired-end sequencing, though more
resource-intensive, yields a greater depth of information and higher alignment
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precision, making it the preferred choice for the challenges posed by ancient
DNA analysis.

2.2. Sequence data processing and genomic analysis

Sequence data generated from ancient remains must first be processed and
authenticated before biological interpretation can begin. This includes the
removal of adapters, the merging and mapping of reads, and the filtering of
low-quality and duplicate sequences, together with the evaluation of
characteristic ancient DNA damage patterns and potential contamination.
Once reliable genomic datasets have been obtained, they provide the basis for
analyses of individual characteristics, biological relationships, and broader
population-level patterns.

2.2.1 Initial data processing: from sequencing to BAM files

The output of NGS sequencing is typically a set of FASTQ files, a widely used
format that encodes raw sequencing data along with base-specific quality
scores. These files contain sequencing reads that have already been
demultiplexed, meaning that each read has been assigned to its respective
library based on its unique index sequences. Each sequencing read in a
FASTQ file is represented by four lines:

1. Header line: Provides metadata, including the read identifier and
sequencing information. Always starts with @.

2.  Nucleotide sequence line: Contains the string of bases (A, T, C,
G) representing the DNA fragment.

3. Separator line: A line containing only “+”, serving as a separator,
serving as a placeholder without additional information, separating
the sequence from its quality scores

4. Quality score line: Encoded in ASCII format, these scores (Phred
or Q scores) represent the confidence of the sequencing platform
in the accuracy of the base calls, where Q = —10 X log,((P)
(Ewing and Green 1998). Illumina Q scores typically range from
0 to 41. A Q score of 30 corresponds to a 0.001 probability of an
incorrect base call, or 99.9% accuracy, and is usually considered
unreliable (O’Rawe et al. 2015).

When analysing aDNA retrieved by shotgun sequencing, the majority of the
sequencing reads are exogenous, originating from environmental
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contaminants or microbial DNA rather than the target organism. The
proportion of endogenous DNA (DNA from the target organism) varies
widely, often constituting less than 1% of the total reads. This makes careful
data processing necessary to identify the fraction of human DNA for
downstream analyses.

The amounts of data generated are vast, requiring substantial computational
resources for processing. High-performance computing clusters, such as
UPPMAX (Uppsala Multidisciplinary Center for Advanced Computational
Science), are commonly used to handle the intensive processing steps
involved in filtering, mapping, and analysing sequencing reads.

Processing raw sequencing data into usable genomic datasets involves several
computational steps:

1 Adapter removal

Adapter sequences ligated during library preparation are removed before
further processing. Tools such as AdapterRemoval (Schubert et al. 2016)
(Schubert et al. 2016) or Cutadapt (M. Martin 2011) are commonly used for
this step and can also trim low-quality bases from the ends of reads. This
ensures that downstream analyses are based on authentic DNA fragments
rather than artificial sequences introduced during library preparation.

2 Merging of paired-end reads

In ancient DNA studies, the short length of DNA fragments often leads to
overlap between paired-end reads. When such overlap is present, the forward
and reverse reads can be merged into a single consensus sequence using tools
such as AdapterRemoval or FLASH (Mago¢ and Salzberg 2011). This
improves sequence accuracy by using the overlapping region to resolve
mismatches and reduces redundancy in downstream analyses.

3 Mapping to the human reference genome

The processed reads are aligned to a human reference genome, such as
GRCh37 or GRCh38, using mapping algorithms such as BWA (Burrows-
Wheeler Aligner). Mapping assigns each read to its most likely genomic
location and allows endogenous human reads to be distinguished from
exogenous sequences. The resulting alignments are first stored in SAM
(Sequence Alignment/Map) format and are then typically compressed into
BAM (Binary Alignment/Map) format for more efficient storage and
processing.
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4 Filtering and quality control of mapped reads

Mapped reads are subjected to several filtering steps to ensure the reliability
of downstream analyses. Reads shorter than 35 base pairs are typically
excluded in order to reduce spurious alignments, and only reads with at least
90% similarity to the reference genome are retained. Reads are also filtered
on the basis of mapping quality, with a minimum MAPQ score of 30
commonly used to retain only reads that align uniquely and confidently. In
addition, PCR duplicates, identified as reads with identical start and end
coordinates, are removed or collapsed into single consensus reads using tools
such as MarkDuplicates (Picard) or custom scripts. Together, these steps
reduce noise from ambiguous alignments, sequencing artefacts, and
amplification bias.

Merging libraries and generation of final BAM files

For each individual, reads generated from multiple sequencing libraries are
combined into a single final dataset after filtering and duplicate removal.
Tools such as samtools merge are commonly used for this purpose. The
resulting final BAM file contains the unique mapped reads associated with
that individual and serves as the primary dataset for downstream analyses.

2.2.2 Authentication of ancient DNA

Although the fragmented and chemically altered nature of aDNA creates many
challenges, it also provides distinct patterns that enable the differentiation of
ancient and modern DNA. Ancient DNA fragments are typically short, with
average lengths often below 100 base pairs, due to extensive degradation over
time. The distribution of fragment sizes can reveal patterns consistent with
aDNA. The most common type of chemical modification in ancient DNA is
cytosine deamination. This modification converts cytosine into uracil,
resulting in cytosine-to-thymine (C—T) substitutions during sequencing.
These substitutions are particularly concentrated near the overhanging ends of
DNA fragments. Examining the prevalence and distribution of such
substitutions provides a robust method for distinguishing aDNA from modern
DNA, which lacks these characteristic damage patterns.

To assess contamination with modern DNA, analyses of the mitochondrial
genome are often employed. As the mitochondrial genome is haploid, a single
individual should exhibit only one set of variants. The presence of multiple
alleles at a given position indicates contamination. A method first introduced
by Green et al. (2008) estimates contamination based on the ratio of the allele
found in highest proportion and alternative alleles across the mitochondrial
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genome. Another approach, described by Fu et al. (2013), uses a probabilistic
model and a Markov chain Monte Carlo (MCMC) framework to estimate the
proportion of authentic DNA. This method evaluates the likelihood of
observed data under various contamination scenarios, providing a statistically
rigorous estimate of contamination levels.

2.2.3 Biological sex assignment and the complexity of sex and
gender in genetic studies

Biological sex assignment from ancient DNA is typically achieved by
analysing the ratio of sequences aligning to the X, Y, and autosomal
chromosomes. These methods are based on the assumption that biological
females have two X chromosomes, while biological males have one X and one
Y chromosome. The approach introduced by Skoglund et al. (2013) calculates
the proportion of sequencing reads mapped to the X and Y chromosomes. In
contrast, the method described by Mittnik et al. (2016) uses the ratio of X
chromosome reads to autosomal reads. Because biological females carry twice
as many X chromosomes as biological males, the ratio of X chromosome reads
to autosome reads is higher in females than in males. Since the X chromosome
is larger and less repetitive than the Y chromosome, this method yields a
higher read count, making it especially valuable for low-coverage genomes,
as it provides a more confident estimation of biological sex.

However, biological sex is more complex than this binary framework
suggests. For most individuals, biological sex does correspond with the
karyotype and with traditional definitions of male and female, making these
methods effective tools for sex assignment. However, biological sex is
influenced by more than just the karyotype. The SRY gene, located on the Y
chromosome, plays a critical role in the initiation of male sex determination
by triggering the development of male-specific structures during embryonic
development. Mutations in this gene have varying effects on an individual’s
phenotype (Schafer 1994).

Beyond the SRY gene, chromosomal irregularities, such as Turner syndrome
(X0), Klinefelter syndrome (XXY), or Trisomy X (XXX) can lead to diverse
phenotypic presentations (Lin and Achermann 2009). Conditions like
androgen insensitivity syndrome (AIS) can result in individuals with an XY
karyotype developing predominantly female characteristics, whereas in other
cases, the SRY gene is copied to the X chromosome, leading to an individual
with two X chromosomes developing male traits. These variations mean that
karyotype does not always align with biological or phenotypic sex. Intersex
individuals — those with biological traits that do not fit typical binary
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definitions of male or female — further highlight the diversity in biological sex.
Anastasiadou et al. (2024) have recently developed a tool that can detect
chromosomal aneuploidies, which can help take some of these variations into
account.

In archaeology, osteological sex assignment remains a key method. This
approach relies on the examination of sexually dimorphic traits in skeletal
remains. However, it is important to note that osteological sex estimation is
generally only possible for individuals who have reached puberty, as the
differences in skeletal morphology between males and females emerge after
the onset of puberty. Consequently, osteological sex cannot usually be
assigned for subadult remains, underscoring the importance of integrating
genetic approaches to provide a more comprehensive analysis.

Archaeological evidence further challenges binary assumptions about sex and
gender. The Suontaka burial in Finland provides an example of an individual
with an XXY karyotype interred with a mixture of masculine and feminine-
associated grave goods, suggesting a non-binary gender identity within the
cultural context of early medieval Finland (Moilanen et al. 2022). Similarly,
the Birka warrior grave was long assumed to belong to a high-status male
warrior due to its weaponry but was later confirmed through ancient DNA
analysis to contain a biologically female individual (N. Price et al. 2019). In
Armenia, the Bover I burial revealed an osteologically female individual who
suffered extensive battle injuries and was buried with weapons, indicating that
women could have held warrior roles in certain societies (Khudaverdyan et al.
2020). Furthermore, studies have challenged the assumption that hunting was
an exclusively male activity in the Palaeolithic. Lacy & Ocobock (2024) argue
that the idea of a strict sexual division of labour is a modern construct rather
than a reflection of prehistoric realities, with evidence suggesting that women
actively participated in hunting.

It is also essential to distinguish between sex and gender. While sex is
typically defined based on chromosomes, hormones, and reproductive
anatomy, gender is a cultural construct encompassing a broad range of
identities and expressions, shaped by social and historical contexts rather than
by genetics. Concepts of gender vary significantly across cultures and time
periods, and the Western binary framework typically used in ancient DNA
studies may not align with the gender constructs of the societies being studied.

Although in Western societies, the recognition of gender diversity, including
non-binary and transgender identities, is a relatively recent development,
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many cultures throughout history and across the world have long embraced
more fluid understandings of gender, acknowledging and celebrating gender
identities that do not fit neatly into the male-female binary. These roles and
identities often exist independently of biological sex, reflecting the rich
diversity of human experience. Applying Western gender frameworks to past
societies risks oversimplifying or misrepresenting their social structures.
Acknowledging these cultural differences is crucial for interpreting ancient
DNA data responsibly.

2.2.4 Uniparental markers

Uniparental markers, which include mitochondrial DNA (mtDNA) and Y-
chromosome DNA, are widely used in population genetics and ancient DNA
studies to trace maternal and paternal lineages, respectively. These markers
are inherited in a uniparental fashion — mtDNA is passed down from mothers
to their offspring, while the Y chromosome is transmitted from fathers to their
sons. This inheritance pattern makes uniparental markers especially valuable
for tracing sex-biased migration or admixture. Additionally, these markers are
crucial in kinship studies. Since mtDNA is maternally inherited, individuals
with different mitochondrial haplotypes cannot share a maternal lineage.
Similarly, the Y chromosome, passed exclusively from fathers to sons, can
rule out paternal relationships when Y haplotypes differ.

Mitochondrial DNA

Mitochondrial DNA (mtDNA) is a small, circular genome located within the
mitochondria, distinct from the nuclear genome. It contains 16,569 base pairs
and encodes genes essential for cellular energy production. Because mtDNA
is inherited maternally without recombination, it accumulates mutations at a
relatively steady rate, approximately ten times faster than the nuclear genome,
making it a reliable molecular clock for studying maternal ancestry. Variations
in mtDNA sequences are grouped into mitochondrial haplotypes, which are
further classified into broader haplogroups representing shared maternal
lineages. These haplogroups are geographically and historically structured,
reflecting patterns of human migration and settlement. For example, certain
haplogroups are prevalent in specific regions, such as the various L
haplogroups in Africa, which represent the oldest maternal lineages, and
haplogroups H and U, which are common in Europe.

One advantage of mtDNA is that, unlike nuclear DNA, which exists as a single

genome per cell, mitochondria are present in multiple copies within a cell,
each containing its own mtDNA. This results in significantly higher
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mitochondrial genome coverage compared to the nuclear genome.
Consequently, mtDNA can often yield reliable results even when nuclear
genome coverage is too low for robust analyses.

In the early days of ancient DNA research, mitochondrial DNA was often the
only genetic material that could be studied due to its higher abundance
compared to nuclear DNA. As a result, mtDNA played a pivotal role in many
early aDNA studies (Di Benedetto et al. 2000; Bramanti et al. 2009;
Malmstrom et al. 2009; Haak et al. 2005), enabling foundational insights into
human evolution and migration. However, because mtDNA is inherited
without recombination, it effectively represents a single locus. This limits its
utility in population genetics compared to nuclear DNA, which provides a
more comprehensive view of genetic diversity and evolutionary processes.

Y chromosome

The Y chromosome, found only in males, can be used tracing paternal
ancestry. It is passed directly from father to son, with recombination with the
X chromosome restricted to the pseudoautosomal region. Mutations
accumulating over generations in the non-recombining region form distinct
Y-chromosome haplotypes that are grouped into haplogroups representing
shared paternal ancestry. The study of Y-chromosome haplogroups has shown
sex-biases in significant events in human history, such as the spread of
agriculture in Europe (Lacan et al. 2011; Rasteiro and Chikhi 2013) and
admixture following the Bantu expansion in Africa (Choudhury et al. 2021;
Baji¢ et al. 2018).

2.2.5 Kinship analysis

Kinship analysis in ancient populations infers biological relationships
between individuals, offering valuable insights into social structures, familial
organisation, and population dynamics in past societies. Several tools have
been developed for this purpose, each designed to address the challenges
posed by ancient DNA, such as low coverage and high levels of degradation.
Among these tools are genotype likelihood-based methods such as IcMLkin
(Lipatov et al. 2015) and ngsRelate (Korneliussen and Moltke 2015).
However, both tools typically require nuclear genome coverage of at least 2X
to 3X to perform reliably. This level of coverage is often not available for all
individuals in a study, which can result in missing relatedness pairs and limit
the completeness of kinship reconstruction.
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To address these constraints, methods such as READ (Relationship
Estimation from Ancient DNA) (Kuhn et al. 2018) have been designed to
operate effectively at much lower genomic coverage. Additionally, by relying
on allele sharing patterns rather than genotype likelihoods, READ requires
significantly less computational power compared to likelihood-based
methods, allowing for efficient analysis of large-scale datasets. READ
estimates biological relationships up to the second degree, including parent-
offspring, siblings, half-siblings, grandparent-grandchild, and avuncular
relationships. Its approach relies on comparing the frequency of allele sharing
and mismatches, enabling robust identification of kinship even in datasets
with sparse genome-wide coverage. An extension of this method, READv2
(Alacamli et al. 2024), enhances the original method by enabling the detection
of third-degree relationships, such as cousins, great-grandparents, and great-
grandchildren. It can also distinguish between parent-offspring and sibling
relationships, which was not possible in the original version.

Another recently developed method for kinship estimation is KIN (Popli et al.
2023). KIN employs a hidden Markov model to infer identical-by-descent
segments. This approach allows relatedness to be detected up to the third
degree, while also distinguishing between parent-offspring and sibling
relationships. Additionally, KIN accounts for contamination and inbreeding,
improving classification accuracy.

Kinship results can be combined with other data to better understand familial
relationships. Age at death and radiocarbon dates help establish generational
order within pedigrees. Uniparental markers trace maternal and paternal
lineage continuity, while genetic sex can potentially reveal patrilocal or
matrilocal social systems. Burial arrangements also provide insight into social
relationships, as the identities of those buried together — whether genetically
related or not — can reveal kin-based or community-wide burial practices. For
example, a study by Mittnik et al. (2019) on Bronze Age cemeteries in
modern-day Germany shows how high-status men were often buried
alongside unrelated lower-status individuals, including women and children,
revealing kinship-based social inequality.

Recent large-scale kinship reconstructions have provided new perspectives on
familial structures in ancient societies. A study by Rivollat et al. (2023)
reconstructed extensive pedigrees at the Neolithic site of Gurgy, France,
identifying two large multigenerational families spanning seven generations.
This analysis was consistent with a strongly patrilineal and patrilocal social
structure, with evidence of female exogamy and with closely genetically
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related male individuals often buried close to one another. Tools such as
PRIMUS (Staples et al. 2014), developed to construct pedigrees from data on
kinship coefficients, help to organise individual kinship estimates into
extended family trees. While kinship methods focus on identifying specific
biological relationships, related patterns of recent shared ancestry can also be
investigated through identity-by-descent analysis.

2.2.6 Identity-by-descent analysis

Identity-by-descent (IBD) analysis is used to identify genomic segments
shared between individuals through inheritance from a recent common
ancestor. Because these shared segments become shorter over time as a result
of recombination, their length and number provide information about recent
shared ancestry, fine-scale population structure, and the degree of biological
relatedness between individuals.

In ancient DNA research, IBD analysis generally requires diploid genotype
data and is therefore often carried out on imputed genomes. Imputation is a
statistical approach in which missing or uncertain genotypes are inferred using
haplotype information from a modern reference panel. This makes it possible
to refine low-coverage ancient genomes into a form that is more suitable for
analyses that depend on diploid genotype calls. Tools such as GLIMPSE
(Rubinacci et al. 2021) are commonly used for this purpose, after which
programs such as IBDseq (B. L. Browning and Browning 2013) can be used
to detect shared IBD segments between pairs of individuals. Patterns of IBD
sharing can then be used to identify clusters of genetically similar individuals
and to investigate recent demographic history.

The same imputed data can also be used to identify runs of homozygosity
(ROH), which provide additional insight into parental relatedness, endogamy,
and past population size (Ringbauer et al. 2021). In this way, IBD-based
approaches form a bridge between kinship reconstruction and broader
measures of genetic diversity.

2.2.7 Measures of genetic diversity

In addition to identifying close biological relationships and shared ancestry
between individuals, genomic data can also be used to investigate several
population-level properties. Heterozygosity is one of the most widely used
measures of genetic diversity and reflects the proportion of loci that are
heterozygous within an individual or population. In present-day human

46



populations, genetic diversity is generally highest in Africa and decreases with
distance from Africa, a pattern commonly linked to serial founder effects
during human expansion (Ramachandran et al. 2005). Another informative
property is linkage disequilibrium (LD), which refers to the non-random
association of alleles at different loci. LD is influenced by population history,
selection, and recombination rates, and broad-scale LD patterns in humans
tend to show the opposite trend, with lower LD in African populations and
higher LD in many populations outside Africa (Jakobsson et al. 2008).

Heterozygosity, another key measure of genetic diversity, is calculated as the
average proportion of loci across the genome (or part of the genome) that are
heterozygous. Higher heterozygosity indicates greater genetic variability
within a population, reflecting larger historical population sizes and more
extensive gene flow.

Measuring heterozygosity in ancient genomes is challenging because most
data come from low-coverage genomes, which do not reliably capture both
alleles at each locus. One of the earliest approaches to investigating diversity
in ancient DNA studies was conditional nucleotide diversity. This method
assesses genetic diversity by comparing pairwise mismatches between two
haploid ancient genomes that have been combined into a pseudo-diploid
individual. The conditional nucleotide diversity value is calculated as the
proportion of mismatching sites relative to the total number of overlapping
sites covered in both individuals, for sites known to be polymorphic in a
reference genome. This approach has shown differences in genetic diversity
between European Mesolithic hunter-gatherers and early Neolithic farmers
(Skoglund et al. 2012, 2014; Giinther et al. 2018).

In addition to heterozygosity, runs of homozygosity (ROH) serve as an
important measure of genetic diversity, providing insights into past population
sizes and inbreeding levels. ROH are contiguous stretches of the genome
where an individual has inherited identical alleles from both parents, reflecting
reduced genetic variation. Long ROH indicate recent inbreeding, often due to
close parental relatedness, such as in consanguineous populations, whereas
shorter, more evenly distributed ROH suggest more ancient shared ancestry
due to small effective population sizes and historical population bottlenecks.
These patterns can distinguish between different causes of reduced genetic
variation, making ROH a valuable tool in population genetics.

To overcome limitations posed by low-coverage ancient genomes, hapROH
(Ringbauer et al. 2021) was developed to detect ROH using haplotype

47



information from a phased modern reference panel, bypassing the need for
diploid calls. Regions where haplotypes lack heterozygous markers can be
identified even in low-coverage data.

2.2.8 SNP reference panels

The study of genetic variation in ancient populations depends on reference
datasets that provide a framework for comparing genomes across individuals
and groups. In an ideal scenario, a diploid genome would be reconstructed
directly from sequencing data, providing an unbiased representation of genetic
variation. However, in ancient DNA research, low coverage and post-mortem
damage make this approach difficult, often preventing the reliable
identification of both alleles at a given site, and leaving many genomic regions
with no coverage at all. To overcome these limitations, single nucleotide
polymorphism (SNP) reference panels are commonly used, providing a
predefined set of genetic markers that facilitate comparisons between
individuals and populations. These panels allow for robust population genetic
analyses despite the challenges posed by degraded and low-coverage ancient
genomes.

Although SNP reference panels are intended to capture broadly informative
variation, they are based on predefined marker sets and are therefore still
subject to ascertainment bias. However, because SNP panels are often
constructed using variants identified in a limited and unevenly sampled subset
of populations, variants common in well-sampled groups are more likely to be
included. While different panels vary in their representation of global genetic
diversity, European populations are often overrepresented. As a result, SNPs
that are common in well-sampled populations may be disproportionately
represented, while rare variants or diversity in under-sampled regions — such
as sub-Saharan Africa, Oceania, and parts of the Americas — may be less well
captured. This can create the impression that these underrepresented
populations have lower genetic diversity than they actually do, as fewer of
their population-specific variants are included in the reference panels. The
choice of reference panel thus directly influences the extent of ascertainment
bias, affecting inferences about population structure and evolutionary history
(Albrechtsen et al. 2010).

Two widely used reference panels are the Affymetrix Human Origins dataset
and the 1000 Genomes Project dataset. The Affymetrix Human Origins
dataset includes 594,024 autosomal SNP sites from 2,345 present-day
individuals representing 203 populations worldwide (Lazaridis et al. 2014).
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These SNPs were selected to maximise genome-wide representation while
minimising linkage disequilibrium, ensuring their suitability for population
genetic analyses. This dataset has become an invaluable resource for studying
human genetic diversity, admixture patterns, and ancient population
dynamics.

The 1000 Genomes Project dataset, on the other hand, encompasses over 88
million variants across the genome from 2,504 individuals spanning 26
populations (The 1000 Genomes Project Consortium, 2015). Although it
covers fewer populations than to the Human Origins dataset, its focus on
maximising the number of common and rare genetic variants makes it
particularly valuable for studying genome-wide patterns of variation and
structural diversity. In ancient DNA research, the extensive number of SNPs
in this dataset is particularly advantageous. Even when only a small fraction
of these SNPs is recoverable from low-coverage genomes, the absolute
number often remains sufficient to enable robust analyses. This allows
genomes that might otherwise be excluded to contribute valuable insights into
population history and help uncover a more complete picture, for example in
kinship analyses.

Together, the Human Origins and 1000 Genomes datasets offer
complementary tools for studying human genetic diversity. The Human
Origins panel is particularly valuable for exploratory population genomic
analyses, enabling comparisons across a wide range of ancestries. In contrast,
the 1000 Genomes panel is highly suited for more precise, formal analyses,
enabling investigations into fine-scale genomic differences with its dense SNP
coverage.

2.2.9 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is a widely used method in population
genomics to summarise and visualise genetic variation. It reduces the
complexity of high-dimensional genetic data into a smaller number of
dimensions, or principal components (PCs), that capture the greatest variation
in the data. These PCs represent linear combinations of genetic variants that
explain patterns of shared ancestry and genetic differentiation among
individuals or populations. By plotting individuals along the axes of the first
few PCs (representing the most significant variation within the dataset), PCA
enables the visualisation of genetic structure and relationships. These
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components often correspond to broad patterns of ancestry and demographic
history, providing a powerful tool for exploring population structure.

In genetic studies, PCA has been particularly valuable for identifying
population stratification and understanding genetic structure over time. The
foundations for this approach were laid by Menozzi et al. (1978) and Cavalli-
Sforza et al. (Cavalli-Sforza et al. 1993), who used synthetic gene frequency
maps to illustrate historical population movements in Europe. These maps
were later complemented and refined by Novembre et al. (Novembre et al.
2008), who demonstrated a striking alignment between genetic variation and
geographic coordinates within Europe.

In studies involving ancient DNA, the large proportion of missing data in
degraded genomes can introduce biases when included in PCA calculations.
To address this, ancient genomes are often projected onto PCs calculated from
modern reference datasets using methods like the lsqproject option in
smartpca, from the EIGENSOFT software package (A. L. Price et al. 2006;
Patterson et al. 2006).

This method uses a least-squares approach to assign the ancient genomes to
the existing PCA space based on their genetic similarity to the reference
individuals. By avoiding the inclusion of ancient genomes in the initial PCA
computation, this approach ensures that missing data in ancient samples do
not distort the overall structure of the PCA, allowing for more accurate
comparisons and interpretations.

While PCA is a powerful tool, it must be interpreted with caution. Studies like
those by Elhaik et al. (Elhaik 2022) and Sokal (Sokal et al. 1999) have
highlighted its susceptibility to biases arising from data preprocessing,
reference population selection, and methodological assumptions. PCA results
can be heavily influenced by the specific populations and SNPs included in
the dataset, potentially leading to over-interpretation or misleading
conclusions. For example, PCA visualisations may suggest historical
migration routes or admixture events, but these patterns could also result from
statistical artefacts or inadequate sample representation.

These considerations underscore the importance of complementing PCA with
other analytical methods and interpreting its results within a broader
framework of population genetics. By doing so, the insights gained from PCA
can be placed into an appropriate context, balancing its utility as a tool for
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exploring genetic relationships with the need for careful, scientifically
rigorous conclusions.
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Figure 4. Principal component analysis (PCA) of ancient individuals and reference
populations relevant to this thesis. Population abbreviations are shown in the legend;
WHG = Western Hunter-Gatherers, EHG = Eastern Hunter-Gatherers, SHG =
Scandinavian Hunter-Gatherers, CHG = Caucasus Hunter-Gatherers, Anatolian
Hunter-Gatherer, LBK = Linear Pottery Culture, FBC = Funnel Beaker Culture, PWC
= Pitted Ware Culture, CWC = Corded Ware Culture, and BAC = Battle Axe Culture.

2.2.10 Multidimensional Scaling (MDS)

Multidimensional Scaling (MDS) is a statistical method used to visualise
genetic relationships by reducing high-dimensional data into a lower-
dimensional space. While conceptually similar to Principal Component
Analysis (PCA), MDS uses a different mathematical approach, making it a
complementary tool with unique advantages.

MDS begins by calculating a distance matrix, summarising the pairwise

genetic distances between individuals. These distances can be based on
metrics such as identity-by-state (IBS), Fsr, or allele sharing. The method then
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arranges individuals in a low-dimensional space, typically two or three
dimensions, while preserving the genetic distances as accurately as possible.
The accuracy of this representation is quantified by a ‘stress’ value, with
higher stress indicating a larger discrepancy between the original and
reconstructed distances.

One of the primary advantages of MDS in ancient DNA studies is its
robustness to missing data. Unlike PCA, which requires complete genotype
data or relies on projection methods that can introduce biases, MDS can
handle incomplete overlap in data. This makes it particularly effective for
comparing degraded ancient genomes with modern reference populations,
enabling the detection of fine-scale genetic patterns and relationships.

When comparing PCA and MDS, the two methods share the goal of
visualising genetic variation but differ in their approaches and strengths. PCA
directly analyses the variance in genotype or SNP matrices, identifying axes
that explain the greatest genetic variance. This makes PCA computationally
efficient and well-suited for exploring global population structure in large,
high-quality datasets. In contrast, MDS focuses on pairwise relationships and
is initiated from a distance matrix, allowing it to preserve these relationships
even when data quality is variable. As a result, MDS is more suitable for
datasets with significant missing data, where its focus on pairwise distances
avoids many biases introduced in PCA.

2.2.11 Model-based clustering

Model based clustering methods such as ADMIXTURE (Zhou et al. 2011;
Alexander et al. 2009) are another widely used way to visualise population
structure. ADMIXTURE uses a maximum-likelihood approach to cluster
individuals into different ancestry components based on their genotype data.
It assumes that each individual’s genome is a mixture of K ancestry
components, where K is a user-specified parameter representing the number
of components to infer. Choosing K is a model-selection step rather than an
attempt to identify a single ‘true’ number of ancestries. Different values of K
may capture population structure at different hierarchical levels, and several
values may therefore be informative for the same dataset. Cross-validation can
be used to compare the fit of models with different values of K, but the lowest
cross-validation error should not be interpreted as demonstrating a uniquely
correct number of ancestral populations.
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Additionally, ADMIXTURE analyses typically involve running multiple
iterations at each K, which allows assessment of the stability of the clustering
results. Combining these iterations provides a measure of confidence in the
inferred ancestry proportions, as highly stable clusters across runs suggest more
robust results, while unstable clustering indicates uncertainty in the chosen K.
While ADMIXTURE does not inherently provide error estimates, these can be
generated from multiple runs to assess variability in ancestry assignments.

ADMIXTURE produces two main outputs: the Q-matrix and the P-matrix.
The Q-matrix represents the ancestry proportions of each individual, with each
row corresponding to an individual and each column representing an ancestry
component. The P-matrix contains the allele frequencies for each SNP within
each ancestry component, providing insights into the genetic composition of
these components. These results are typically visualised as stacked bar plots,
where each individual is represented by a single bar divided into segments
corresponding to their ancestry proportions. This type of visualisation can be
generated using programming tools such as Python or R, or with specialised
software like Pong (Behr et al. 2016), which is designed for interactive
visualisation and comparison of population structure analyses.

While ADMIXTURE provides a useful exploratory tool for investigating
genetic variation, it is not a formal test of admixture between populations.
When two populations share the same ancestry component, it is unclear
whether this similarity results from recent gene flow between them or from
shared ancestry in the deeper past. Formal genetic tests, such as f-statistics or
D-statistics, are required to distinguish between these scenarios and to assess
whether gene flow has occurred. The inferred ancestry components do not
necessarily correspond to discrete, biologically meaningful populations but
rather reflect patterns of genetic variation influenced by the input data,
assumptions of the model, and the chosen value of K. Additionally, the lack
of error estimations in these methods introduces uncertainty about the
reliability of the results, making it difficult to determine the robustness of the
inferred patterns. As with PCA and MDS, ADMIXTURE results should be
interpreted cautiously and ideally alongside additional lines of evidence, such
as formal tests of divergence and admixture (Lawson et al. 2018).

2.2.12 Formal testing of genetic divergence: f-Statistics

f-statistics are an effective method for formally testing genetic divergence,
relationships, and admixture between populations or individuals. These
statistics quantify different aspects of genetic variation and historical
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relationships, and they have become essential in ancient DNA and population
genetics studies.

f-statistics play a crucial role in population genetics, enabling the
measurement of genetic differentiation, relationships, and admixture among
populations (Peter 2016). The foundational concept of Fsr, introduced by
Sewall Wright in the mid-20th century (Wright 1949), provides a measure of
genetic differentiation by quantifying the proportion of genetic variance
between populations relative to the total variance. This concept has since been
built upon by Reich et al. (Reich et al. 2009; Patterson et al. 2012) to develop
a suite of f-statistics (f2, f3 and f4), designed for more specific and complex
analyses of population structure, such as testing for shared drift, admixture,
and gene flow.

Fst: A measure of genetic differentiation

Fsr (fixation index) measures genetic differentiation between populations
based on allele frequency variance or heterozygosity. There are several
definitions of Fsr. For example, in its variance-based formulation,
o2
p(1— p)

where o2 represents the variance in allele frequencies among populations, and
p is the average allele frequency. Alternatively, in its heterozygosity-based
formulation,

Fsr

For = ——,
ST = H, — H,

where H, is the total heterozygosity and Hy is the average heterozygosity
within populations. These formulations are equivalent because H; is directly
related to p(1 — p), and the difference H; - H, corresponds to the variance
component ¢2. Fsr ranges from 0 (no differentiation; populations share
identical allele frequencies) to 1 (complete differentiation; populations share no
alleles). Fsr estimates the extent of genetic divergence due to drift or selection
and is influenced by demographic factors such as population size and migration.

f2: Measuring genetic distance

The f>-statistic measures the squared differences in allele frequencies between
two populations, offering a direct comparison of how much their allele
frequencies diverge. It is calculated as:

f2(P1, Py) = Z(Pl,i - Pz,i)z'

where p; ; and p, ; are allele frequencies at locus 1 in populations P; and P,.
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While both Fsr and f> quantify allele frequency differences, they focus on dis-
tinct aspects. f> provides an absolute measure of divergence by summing
squared allele frequency differences, making it particularly useful for
comparing specific pairs of populations. In contrast, Fsr standardises this di-
vergence by accounting for the total genetic diversity H;, offering a relative
measure of differentiation. The two metrics are mathematically related, as Fsr
incorporates information about population divergence captured by £, but it
also adjusts for within-population genetic variation, enabling comparisons
across multiple population pairs.

f3: Testing admixture
f31s a test for detecting admixture. It evaluates whether a target population X
is the result of admixture between two source populations P; and P,. The for-
mula is:

F3=(X; P, Pp) = Zi(pPX,i - PP1,i)(PPx,i — pPyy).
A positive f3-value suggests that population X has not experienced admixture
between P; and P,, but instead shares ancestry with both populations in a way
consistent with a simple tree-like relationship. A negative f;-value indicates
admixture, as it implies that X has excess shared drift with both P; and P,,
which is not explained by a simple tree model.

f4: Assessing population relationships
fa tests whether four populations Py, P, P3, P, conform to a simple tree-like
relationship or involve gene flow. It is expressed as:

fa(Py, Py; P3, Py) = Xi(pPri — P2i) (PP3i — PPyi)-
Deviations from zero imply admixture or other deviations from a simple tree
structure.

D-statistic: Quantifying admixture and gene flow

Patterson’s D-statistic, also known as the ABBA-BABA test, is closely related
to fy. It detects asymmetries in allele sharing among four populations
(P;, Py, P; and an outgroup 0):

D(Pppzi P3:0) =

ABBA — BABA

ABBA + BABA

Here, ABBA and BABA represent counts of specific derived allele patterns.
Deviations from zero indicate gene flow, such as admixture events. This
method has been pivotal in studies of gene flow between modern humans and
archaic hominins, such as Neanderthals and Denisovans.
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gqpAdm: Admixture quantification

Developed as part of the ADMIXTOOLS software suite (Patterson et al.
2012), gpAdm can be used to estimate the proportion of ancestry in a target
population by modelling it as a mixture of specified source populations. This
method relies on a set of outgroup populations to account for shared genetic
drift between sources and the target, effectively isolating the admixture signal.
The outgroups serve as a baseline for understanding how the target and
sources relate to other populations in the dataset.

The method evaluates whether a proposed admixture model fits the data by
calculating fs-statistics that compare allele frequency patterns among the tar-
get, sources, and outgroups. qpAdm then estimates admixture proportions that
minimise the differences between observed and expected statistics under the
specified model. qpAdm tests different models by varying the number and
composition of source and outgroup populations, allowing for iterative hy-
pothesis testing to find the best-fitting model.

2.3. Metagenomics

Metagenomic analyses provide an opportunity to investigate microbial and
pathogen DNA preserved in ancient remains. The following sections outline
the principles of metagenome analysis and the screening of ancient pathogens.

2.3.1 Metagenome analysis

When DNA is extracted from ancient remains, much of the recovered DNA is
exogenous, originating from microbes, environmental contaminants, and, in
some cases, pathogens, rather than from the studied specimen itself (Green et
al. 2006). Together with the endogenous DNA of the target organism, this
exogenous component forms the metagenome, that is, the total genetic mate-
rial present in a sample. Metagenomic analysis therefore makes it possible to
investigate not only the target organism, but also the microbial and pathogenic
environment associated with the remains.

A large proportion of the microbial DNA recovered from ancient remains is
not ancient, however, but derives from the burial environment and post-mor-
tem degradation. Distinguishing between ancient and modern microbial DNA
is therefore essential for reliable interpretations of past disease and microbi-
omes. One approach is to examine damage patterns typical of ancient DNA,
such as increased cytosine deamination at fragment ends. Pathogen DNA is
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often particularly likely to be recovered from tissues with a rich blood supply,
since many pathogens circulate through the bloodstream. Tooth roots, with
their direct connection to blood vessels through the root canal, are therefore
especially promising for pathogen detection and have been shown to preserve
ancient microbial DNA well (Margaryan et al. 2018).

The reconstruction of ancient pathogen genomes has provided important in-
sights into pathogen evolution and the role of infectious disease in the past.
For example, Yersinia pestis, the bacterium responsible for plague, has been
detected in human remains dating back more than 5,000 years. It has been
suggested that it may have been a contributing factor to the Neolithic decline,
a rapid population collapse between 3450 and 3000 BCE (Kristiansen 2014;
Rascovan et al. 2019). By the Bronze Age, Y. pestis had acquired the ym¢ gene,
enabling flea-borne transmission, together with other mutations associated
with increased virulence, which later contributed to pandemics such as the
Black Death (S. Rasmussen et al. 2015; Sun et al. 2014).

Ancient pathogen genomes have also been recovered for other infectious bac-
teria and viruses. Viking Age genomes of Variola virus show that smallpox
was present in northern Europe around 1,400 years ago and that these ancient
strains differed substantially from modern ones (Duggan et al. 2016; Miihle-
mann et al. 2020). Viral DNA from adenovirus, herpesvirus, and papilloma-
virus has also been identified in a Neanderthal individual dated to around
50,000 years ago, suggesting that some pathogens were already circulating
among archaic humans and demonstrating that pathogen DNA can be pre-
served for very long periods under favourable conditions (Ferreira et al. 2024).
More broadly, the shift to farming created conditions favourable for the spread
of infectious disease, including increased population density, closer contact
with domesticated animals, and new ecological relationships linked to seden-
tary life. These processes have been connected to the spread or emergence of
pathogens such as Mycobacterium tuberculosis, Brucella melitensis, and the
measles virus (Baker et al. 2015, 2017; Donoghue 2019; Diix et al. 2020;
L’Hoéte et al. 2024).

2.3.2 Pathogen screening in ancient DNA

To identify ancient pathogens within metagenomic datasets, specialised
screening and validation approaches are required. Several methods have been
developed for this purpose. Commonly used tools include Kraken (Wood and
Salzberg 2014; Wood et al. 2019), which uses a k-mer-based classification
approach; MEGAN (Huson et al. 2007, 2016), which applies taxonomic
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binning for the analysis and visualisation of metagenomic data; MetaPhlAn
(Blanco-Miguez et al. 2022), which profiles microbial communities using
clade-specific marker genes; and aMeta (Pochon et al. 2023), which incorpo-
rates machine learning to improve taxonomic classification and metagenome
profiling accuracy.

Kraken classifies sequencing reads on the basis of short nucleotide sequences
of fixed length, known as k-mers, and matches these to a reference database
containing microbial, viral, and human genomes. Reads are then assigned to
the most specific taxonomic rank supported by the majority of their k-mers.
Although this approach is fast and efficient, the use of shared k-mers can
sometimes lead to ambiguous classifications. KrakenUniq (Breitwieser et al.
2018) addresses this problem by additionally quantifying unique k-mers, that
is, k-mers specific to a given taxon and not shared across multiple taxa in the
database. This improves confidence in taxonomic assignments and reduces the
likelihood of false positives caused by database overlap. In addition to taxo-
nomic classifications, KrakenUniq reports summary statistics such as the total
number of reads assigned to a taxon, the number of unique k-mers supporting
the assignment, and the proportion of unique k-mers relative to all k-mers for
that taxon. Once authenticated, ancient pathogen DNA can be used to recon-
struct pathogen genomes and investigate their evolutionary history and rela-
tionships to modern strains.

2.4. Isotope analysis

While DNA provides a wealth of information about ancient populations, iso-
topic analyses contribute additional perspectives on chronology, diet, and mo-
bility. Together, these approaches make it possible to reconstruct aspects of
individual life histories that cannot be inferred from genomic data alone.

2.4.1 Radiocarbon dating

Radiocarbon dating is a widely used method for determining the age of ancient
organic remains. It relies on measuring the decay of carbon-14 (**C), a radio-
active isotope of carbon. Carbon-14 forms in the upper atmosphere when cos-
mic rays interact with nitrogen-14 (**N), converting it into radioactive carbon.
This isotope is then incorporated into carbon dioxide (CO:), which is absorbed
by carbon-fixing organisms such as plants, algae, and cyanobacteria, and en-
ters the food chain through their consumption by other organisms. While an
organism is alive, it maintains a relatively constant ratio of '*C to stable carbon
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isotopes (2C and *C) through exchange with the environment. After death,
however, '“C begins to decay, with a half-life of approximately 5,730 years
(Libby 1955). By measuring the remaining '*C in a sample and comparing it
with known atmospheric levels, the time since death can be estimated.

The production of '*C is not constant, however, and fluctuates through time as
a result of changes in cosmic ray intensity and geomagnetic field strength.
Periods of high cosmic ray activity increase '*C production, whereas a
stronger geomagnetic field reduces it. Rare events, such as Miyake events
caused by solar superflares, can produce short-term spikes in '*C levels, as
seen in 774 CE and 993 CE, leaving distinct radiocarbon markers in tree rings.
These fluctuations make calibration necessary, using reference datasets from
tree rings, corals, and other long-lived natural archives. At the same time, such
fluctuations can also provide highly precise chronological anchors for histor-
ical and archaeological events, such as the Viking presence at L.’ Anse aux
Meadows in Newfoundland in 1021 CE (Kuitems et al. 2022).

Radiocarbon dating is further complicated by the reservoir effect, whereby
aquatic organisms incorporate ‘old carbon’ from upwelling waters or dis-
solved carbonates, resulting in artificially older radiocarbon ages. This effect
occurs in both marine and freshwater systems, and local reservoir offset values
(AR) are used to correct for these differences. The reservoir effect is not lim-
ited to aquatic organisms themselves, since individuals consuming substantial
amounts of aquatic resources may also show elevated 5'°C values and require
dietary correction for accurate radiocarbon estimates. Additional variation
arises from the hemisphere effect. Because the Southern Hemisphere contains
a greater proportion of ocean relative to land, carbon exchange occurs more
slowly there than in the Northern Hemisphere. As a result, atmospheric '‘C
levels are slightly lower, and southern samples appear older if calibrated using
northern curves. Region-specific calibration curves, such as IntCal (Reimer et
al. 2013, 2020) for the Northern Hemisphere and SHCal (Hogg et al. 2013,
2020) for the Southern Hemisphere, are therefore used to account for these
differences.

Further factors can also influence radiocarbon accuracy. The type of plants
consumed by an individual affects the ratio of stable carbon isotopes, meas-
ured as

(13C/12C)sample
(13C/12c)standard

613C = — 1| x1000.
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Cs plants, such as wheat and rice, produce lower 813C values than Ca plants,
such as maize and millet. Human activity has also altered atmospheric 14C
levels. The Suess effect, caused by fossil fuel emissions diluting atmospheric
14C concentrations, makes industrial-era samples appear artificially older,
whereas nuclear testing between 1945 and 1963 caused a dramatic spike in
14C levels, producing the so-called bomb effect. Contamination during sam-
ple preparation, whether from modern carbon or older exogenous sources, can
likewise bias results by making samples appear younger or older than they
really are. Careful cleaning and pre-treatment are therefore essential for relia-
ble age estimates.

Radiocarbon dating is generally effective for samples up to around 50,000
years old, after which the remaining '“C levels become too low to detect reli-
ably. For older material, alternative methods such as argon-argon (**Ar/*°Ar)
dating or uranium-series dating can be used to estimate the age of volcanic
rocks, ash deposits, or cave sediments (Waas et al. 2011; Parés et al. 2013;
Mercader et al. 2009). Thermoluminescence dating can also be used for ce-
ramic materials, by measuring the accumulated radiation dose in minerals
since their last heating event (Richter and Krbetschek 2013).

2.4.2 Dietary isotopes

When radiocarbon dating is carried out on bone or tooth collagen, carbon
(8"3C) and nitrogen (3'°N) isotope values are often measured from the same
collagen extract, providing additional information about diet. These isotope
ratios reflect the types of foods consumed and the trophic level at which they
were obtained, making them valuable for reconstructing subsistence strategies
and dietary variation (Price 2015). The broad relationship between collagen
8'3C and 8"°N values and different food-resource categories is illustrated sche-
matically in Figure 5.
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Figure 5. Schematic overview of the relationship between collagen §'°C and 3N
values, broad food-resource categories, and dietary patterns. Lower 8'°C values are
associated mainly with terrestrial Cs-based resources, whereas higher §'3C values re-
flect a greater contribution from aquatic, especially marine, foods. Higher §'°N values
generally indicate a higher trophic level. The icons and dietary zones are illustrative
and show approximate rather than exact values.

Carbon isotopes

The §"°C value can help distinguish between terrestrial and marine diets, since
marine organisms typically show higher §'°C values due to their interaction
with dissolved carbon in the ocean (Chisholm et al. 1982). Marine organisms
generally fall between approximately -10%o and -16%o, whereas terrestrial or-
ganisms tend to range between around -20%o and -25%o, depending on the
types of plants and animals consumed (Schoeninger and DeNiro 1984). This
distinction makes it possible to assess whether individuals relied more heavily
on marine resources, such as fish and shellfish, or on terrestrial resources, such
as land animals and plants.

8'*C values also vary according to plant photosynthetic pathways (Cs, Cs, and
CAM) (O’Leary 1981, 1988). These pathways differ in the extent to which
they discriminate against the heavier carbon isotope, *C, during fixation, re-
sulting in distinct isotopic signatures. Cs plants fix CO: directly through the
Calvin cycle using RuBisCO (ribulose bisphosphate carboxylase), which
strongly discriminates against '*C. Their §"°C values therefore tend to range
from about -24%o to -34%o. These plants dominate temperate environments
and include crops such as wheat, rice, and barley, as well as most fruits, veg-
etables, and trees. C4 plants, in contrast, initially fix CO: into a four-carbon

61



compound using PEP carboxylase (phosphoenolpyruvate carboxylase), which
discriminates less strongly against '*C. They therefore show higher §'°C val-
ues, typically between about -9%o and -17%o, and include plants such as maize,
millet, sorghum, and sugarcane. CAM plants, including agave, cacti, and pine-
apples, combine elements of both pathways and tend to show intermediate
8"*C values, generally between about -10%o and -20%o. These distinctions pro-
vide useful information about diet, agricultural practices, and environmental
setting.

Edible mushrooms show considerable variation in §"°C values, ranging from
approximately -29%o to -21%o. Saprotrophic fungi, which break down plant or
animal-derived substrates, typically reflect the carbon isotope values of those
substrates and often fall within the terrestrial Cs range. Mycorrhizal fungi,
such as truffles and chanterelles, tend to show slightly more depleted §"°C
values because of their nutrient exchange with host plants (Hobbie et al. 1999;
O’Regan et al. 2016).

In human remains, §'°C values reflect reliance on terrestrial or marine re-
sources and, in some settings, the relative importance of Cs and Ca plants, with
an enrichment of roughly 0-2%o from primary food sources due to fractiona-
tion (Bocherens and Drucker 2003). For example, populations dependent on
maize, a Ca plant, typically show higher §"°C values than those relying on
wheat or barley, while individuals consuming large amounts of seafood show
values closer to the marine range. Variation within a population can in turn
provide insight into dietary diversity, potentially linked to age, status, or other
social differences.

Nitrogen isotopes
The "N value
(15N/14N)sample
SN = [ — ~ 1 ]% 1000
( N/14N)standard

reflects the ratio of nitrogen isotopes °N to '“N and provides a measure of an
organism's position in the food chain, or trophic level (Eriksson and Lidén
2013). As nitrogen isotopes are transferred through the food chain, heavier '°N
isotopes become enriched relative to lighter '*N isotopes. This process, known
as trophic level enrichment, occurs because lighter isotopes are preferentially
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excreted during metabolic processes, such as deamination. On average, 6'°N
values increase by approximately 3 — 5%o with each step up the food chain
(O’Connell et al. 2012; Bocherens and Drucker 2003).

At the base of the food chain are plants, which rely on nitrogen present in the
soil and tend to exhibit '°N values ranging from 3%o to 5%o (Schoeninger and
DeNiro 1984). These values are influenced by factors such as soil composi-
tion, microbial activity, and the use of fertilisers, which can enrich the availa-
ble nitrogen and elevate §'°N values. Legumes, such as beans and lentils, have
a unique symbiotic relationship with nitrogen-fixing bacteria, allowing them
to directly utilise atmospheric nitrogen (N). This process leads to lower §'°N
values for legumes, typically closer to 0%o, as they are less reliant on enriched
nitrogen from the soil.

Herbivores, which consume plants, occupy the next trophic level above pri-
mary producers. Their §'°N values generally range from 2%o to 8%o, reflecting
the isotopic composition of the plants in their diet, enriched due to trophic
level transfer. Carnivores, which primarily consume herbivores, experience
further isotopic enrichment as nitrogen isotopes accumulate with each step up
the food chain. Their 5'°N values typically range from 8%o to 14%o, depending
on the trophic level of their prey. Carnivores that feed on other carnivores,
such as polar bears, occupy an even higher trophic level, resulting in the high-
est 0'"°N values within an ecosystem. Omnivores, which consume both plant
and animal matter, display intermediate 5'°N values that depend on the relative
contributions of plant and animal protein to their diet. For instance, omnivores
with diets rich in animal protein, such as wolves, may exhibit §'°N values
closer to those of carnivores, while those with plant-heavy diets, such as
brown bears may align more closely with herbivores (Garcia-Vazquez et al.
2018, 2023).

Nitrogen isotopes in edible mushrooms are even more variable than carbon
isotopes, with 8'°N values ranging from approximately -1%o to +12%o. This
wide range is influenced by the ecological strategies of fungi, as well as the
nitrogen content and isotopic composition of their substrates. Saprotrophic
fungi generally reflect the nitrogen isotope signature of the decomposed ma-
terial they consume. In contrast, mycorrhizal fungi are often enriched in §'°N
compared to saprotrophic fungi, due to isotopic fractionation processes asso-
ciated with their symbiotic relationships with host plants (Hobbie et al. 1999;
O’Regan et al. 2016). The mean §'°N value for edible mushrooms is approxi-
mately +7%o (O’Regan et al. 2016).
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In humans, §'°N values vary depending on dietary practices. Plant-based diets
typically result in lower 8'°N values, similar to those of herbivores, while diets
rich in animal protein, such as meat or fish, produce higher §'°N values akin
to those of carnivores. Individuals relying heavily on marine resources tend to
exhibit particularly high §'°N values due to the longer food chains in marine
ecosystems. For example, populations consuming a diet dominated by marine
fish can display 8"°N values exceeding +14%o. Additionally, breastfeeding in
infants introduces a unique isotopic effect (Minagawa and Wada 1984; De
Armas et al. 2022). Milk represents a higher trophic level relative to the moth-
er's diet, leading to 8'°N values in infants that are approximately 2 — 3%o higher
than those of their mothers. These values decline after weaning as children
transition to diets similar to the rest of the population. Additionally, physio-
logical conditions in individuals can also affect '°N values. During periods
of starvation or metabolic stress, 8'°N values are often elevated because indi-
viduals metabolise their own body proteins, which leads to the preferential
excretion of lighter nitrogen isotopes ('*N) and the retention of heavier iso-
topes ('°N). Additionally, §"°N values can reflect broader ecological and cul-
tural dynamics, such as the role of fishing, hunting, or agriculture in support-
ing human populations.

By analysing 5'°N values alongside 8'*C and other isotopic data, it becomes
possible to reconstruct dietary practices and explore the social, cultural, and
ecological factors that shaped ancient populations. For example, §'°C and §°N
data have been used to explore the spread of farming, the reliance on marine
resources in coastal communities, and shifts in subsistence strategies across
major cultural transitions, such as the advent of agriculture or urbanisation
(Terberger et al. 2018).

2.4.3 Mobility isotopes

Strontium isotopes, particularly the ratio of radiogenic strontium-87 to stable
strontium-86 (*’Sr/**Sr), are widely used to investigate human and animal mo-
bility. Strontium isotope analysis is based on the principle that the *’Sr/*Sr
ratio in an individual’s tissues reflects the local geology of the region in which
those tissues formed. Strontium enters the body through food and water and,
because it is chemically similar to calcium, becomes incorporated into bones
and teeth.

Variation in ®’Sr/*’Sr ratios arises from differences in the age and type of bed-

rock. Older rocks, such as granite and metamorphic rocks, tend to show higher
ratios because of the long-term decay of rubidium-87, whereas younger rocks,
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such as basalts and many sedimentary formations, tend to show lower values.
These geological differences influence soils, plants, animals, and local water
sources. By comparing the strontium isotope composition of an individual’s
tissues with the local isotopic baseline, it becomes possible to assess whether
that individual likely grew up locally or originated elsewhere. Figure 6 shows
the modelled bioavailable strontium isotope baseline used as a comparative
framework for interpreting mobility in southern Scandinavia.

Strontium isotope ratios are most commonly measured in dental enamel or
bone. Dental enamel forms during childhood and does not remodel, thereby
preserving a record of early-life residence. Bone, by contrast, remodels con-
tinuously and reflects the isotopic composition of the place in which an indi-
vidual lived during the last years of life. This distinction makes it possible to
investigate mobility over the course of an individual’s lifetime.
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Figure 6. Modelled bioavailable strontium isotope baseline for southern Scandinavia,
showing how #Sr/*¢Sr values vary across the region. Maps like this provide a baseline
for interpreting archaeological strontium values and assessing whether individuals
may have grown up in the area where their remains were found, or whether they likely
moved there from elsewhere. Reproduced from Kjallquist and Boethius (2026), under
CC BY 4.0.
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Strontium isotope analysis is especially valuable for reconstructing migration,
movement, and patterns of residence. The identification of non-local individ-
uals in burial contexts can indicate migration, while differences between
groups, for example between males and females, can provide evidence rele-
vant to questions of patrilocality or matrilocality. Strontium isotopes can also
be combined with other isotope systems for more refined interpretations. Ox-
ygen isotopes, for example, are influenced by climate and water sources and
can help narrow down possible regions of origin.

More broadly, variation in mobility within a population can provide insight
into social organisation, cultural practice, and access to resources. Differences
in strontium isotope values by age, sex, or burial treatment may reflect struc-
tured patterns of movement rather than random mobility. When combined
with archaeological and genetic data, strontium isotope analysis contributes to
a more detailed and multidimensional understanding of past communities.

2.5. Interpretative and ethical perspectives

The interpretation of biomolecular data from ancient remains depends not only
on analytical methods, but also on how different forms of evidence are brought
together and communicated across disciplinary boundaries. Because this kind
of research relies on collaboration between fields and engages directly with hu-
man remains and human histories, questions of synthesis, responsibility, and
ethics are central to how it is carried out and how its results are understood.

2.5.1 The multidisciplinary nature of studying the human past

Because the study of the human past often relies on the combination of differ-
ent types of data and disciplinary perspectives, effective collaboration be-
comes especially important. Archaeological, genomic, isotopic, and meta-
genomic evidence are generated through different methods and interpreted
within different disciplinary traditions. Bringing these lines of evidence to-
gether can greatly deepen interpretation, but it also requires that the different
approaches are not treated as isolated parallel tracks.

For this reason, multidisciplinary research depends not only on the inclusion
of multiple forms of evidence, but also on clear communication between
fields. Differences in terminology, methodological assumptions, and analyti-
cal frameworks can make collaboration challenging, even when researchers
are addressing closely related questions. Results must therefore be
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communicated in ways that remain accessible to specialists from other disci-
plines, while still maintaining analytical precision and scientific rigour (B.
Knapp et al. 2015). When this is achieved, the different strands of evidence
can be brought into a more coherent synthesis.

Beyond research itself, this kind of integration can also strengthen communi-
cation with wider audiences. When evidence from different approaches is
brought together into a clearer overall narrative, the study of the human past
becomes easier to engage with both within and beyond academia.

2.5.2 Ethical considerations

Ethical considerations are inseparable from research on humans, whether this
involves living people, recently deceased individuals, or ancient remains. Re-
search should be carried out with profound respect for the individuals it seeks
to understand, while also recognising the wider social, cultural, and historical
contexts in which such work is embedded. In the case of ancient DNA, this
responsibility extends not only to present and future people who may be af-
fected by the research, but also to the dead themselves. Human remains are
not merely sources of data; they are the remains of once-living people, and
should be treated accordingly, with care and dignity. Ethical responsibility
therefore cannot be reduced to legal compliance alone but must be present
throughout the research process, from the formulation of research questions
and the choice of methods to the interpretation, communication, storage, and
future reuse of data (Wagner et al. 2020; Alpaslan-Roodenberg et al. 2021;
Fleskes et al. 2022).

With no possibility for ancient individuals to provide or withhold consent, and
often no legal requirement for ethics board approval, the responsibility falls
heavily on researchers to ensure that their work is carried out with the utmost
care. This includes minimising physical damage to remains, using the least
invasive techniques available, and ensuring that any material is collected care-
fully and used to its full capacity. Ethical guidance has emphasised the im-
portance of clear research design prior to sampling, minimisation of destruc-
tive analysis, and long-term stewardship of both physical material and derived
molecular data (Wagner et al. 2020; Alpaslan-Roodenberg et al. 2021; Fleskes
et al. 2022). Advances in sequencing now allow large amounts of information
to be obtained from small quantities of material. From this perspective, gen-
erating whole genome data rather than using targeted capture approaches may
often be ethically preferable, as it reduces the demand for repeated destructive
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sampling and allows data to be revisited as new analytical methods and com-
parative datasets emerge.

The ethical handling of genomic data requires similar care. Open science, re-
producibility, and critical re-examination remain important scientific values,
and the FAIR principles have provided a widely used approach to making data
findable, accessible, interoperable, and reusable (Wilkinson et al. 2016). At
the same time, UNESCO’s Recommendation on Open Science emphasises
that openness should be balanced with responsibility, equity, and respect for
different knowledge systems. In this context, openness cannot be treated as an
unconditional ethical default. Ancient DNA data may intersect with questions
of ancestry, identity, and heritage, and therefore require careful consideration
of how, where, and under what conditions data are shared. Several recent con-
tributions have emphasised that decisions about data governance should be
discussed in advance with relevant stakeholders and adapted where appropri-
ate, particularly when working with sensitive material or when combining an-
cient DNA with private genetic databases (Kowal et al. 2023; Harney et al.
2023; Gibbon et al. 2024).

A further ethical concern in genomics relates to the representation of human
diversity in genetic studies. Historically, research has been heavily dominated
by individuals of European ancestry, leading to an incomplete understanding
of global genetic variation. Bustamante, De La Vega, and Burchard (2011)
reported that approximately 96% of genome-wide association studies have
been conducted on individuals of European descent, despite Europe represent-
ing only a fraction of global human genetic diversity. This imbalance has con-
sequences not only for the reconstruction of human history but also for medi-
cal genomics. Underrepresentation can lead to incomplete or biased interpre-
tations and may limit the applicability of genetic findings across populations
(Sirugo et al. 2019). For example, studies of breast cancer have identified dis-
tinct somatic evolutionary patterns in Nigerian patients, indicating that find-
ings derived primarily from European datasets may not be directly transfera-
ble to other populations (Ansari-Pour et al. 2021). Expanding diversity in ge-
nomic research is therefore essential both for a more accurate understanding
of human evolutionary history and for more equitable outcomes. This requires
not only broader sampling but also meaningful involvement of local research-
ers and communities in study design, interpretation, and benefit-sharing.

An equally important aspect of ethical research lies in relationships with com-
munities that have connections, whether cultural, historical, territorial, or ge-
netic, to the remains being studied. Open and continuous dialogue with these
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communities helps ensure that their perspectives are not overlooked and fos-
ters mutual understanding and respect. Such engagement should begin early
and continue throughout the research process, rather than being introduced
only after results have been produced. Recent work has emphasised that com-
munity partnership is a central component of ethical ancient DNA research,
alongside transparency, support for local expertise, infrastructure, and long-
term research independence, as well as responsible data stewardship (Wagner
et al. 2020; Alpaslan-Roodenberg et al. 2021; Kowal et al. 2023). Approaches
such as informed proxy or relational consent have also been proposed, allow-
ing affected communities to participate in decisions made on behalf of the
dead (Gibbon et al. 2024).

The Nagoya Protocol provides an additional perspective on the ethical use of
genetic resources. Although human genetic material is not formally included
within its scope, the principles it establishes, including prior informed consent,
mutually agreed terms, and fair and equitable benefit-sharing, remain highly
relevant to genomic research more broadly. Those principles highlight that
research does not emerge from nowhere; it depends on people, places, living
systems, and often local knowledge, all of which require recognition. In that
sense, the Nagoya Protocol offers a useful reminder that scientific value should
not be separated from questions of reciprocity, responsibility, and justice.

The interpretation and presentation of results also require particular care. Re-
search should aim to celebrate the complexity and diversity of human history
in a way that avoids harmful simplifications. It is essential to emphasise the
interconnectedness of human experiences while resisting interpretations that
might reinforce division or exclusion. This commitment to nuanced and re-
sponsible communication helps to ensure that the significance of findings is
understood in their broader context. Genetic data can provide powerful in-
sights into the past, but it should not be treated as a determinant of identity or
belonging, nor should individuals be reduced to samples or data points.

Through a combination of careful methodology, collaboration with communi-
ties, and thoughtful communication, the study of human history and genetics
can continue to expand understanding while preserving the dignity of those
who are studied. This balance is critical not only for the integrity of the re-
search itself but also for its enduring value to society and the communities it
represents.
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3. Research aims

The overall aim of this thesis is to investigate Neolithic Scandinavia on a fine
scale, with a particular focus on the Funnel Beaker Culture (FBC) and the
Pitted Ware Culture (PWC). By integrating archaeological, genomic, isotopic,
and metagenomic evidence, the thesis seeks to reconstruct both broader de-
mographic developments and more individual aspects of life, death, and social
organisation in Neolithic southern Scandinavia.

More specifically, the aims are to:
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investigate the demographic processes that shaped genetic
variation in Neolithic Scandinavia, with particular empha-
sis on the FBC and PWC;

examine how Neolithic Scandinavian populations relate
genetically to contemporary groups elsewhere in Europe,
and what this reveals about migration, ancestry, and inter-
action;

reconstruct kinship patterns and familial relationships
within and between Neolithic communities;

investigate mobility and subsistence strategies in Neolithic
Sweden using isotopic data;

assess the presence and possible significance of infectious
disease in Neolithic Scandinavia through metagenomic
analyses.



4. Summary of papers

Paper I

This study investigates population history, admixture, kinship, diet, and mo-
bility among Neolithic groups in south-eastern Scandinavia using genomic
and isotopic data from Alvastra, Korsnés, and Fagervik. The Neolithic indi-
viduals from the Alvastra dolmen fall within the broader genetic variation of
previously studied Funnel Beaker Culture (FBC) groups, while Mesolithic in-
dividual from the Alvastra area clusters with Scandinavian hunter-gatherers
(SHQG). In contrast, the individuals from the inner archipelagic Pitted Ware
Culture (PWC) site Korsnds show much lower levels of farmer-related ances-
try than previously published PWC individuals from Gotland, suggesting
stronger continuity with SHG-related ancestry in parts of coastal eastern Swe-
den. At the same time, the individual from PWC site Fagervik appears more
admixed than the Korsnés individuals, indicating regional variation within the
PWC. In the Alvastra dolmen, kinship analyses identified a probable founding
lineage in which the earliest-dated Neolithic individual, who also appears to
have been non-local based on strontium isotope data, was the father of one
individual and the grandfather or uncle of another. At Korsnés, kinship anal-
yses identified a second-degree relationship, while strontium isotope data in-
dicate substantial mobility among the individuals.

Paper 11

This study investigates the individuals represented at the Alvastra pile dwell-
ing using genomic, isotopic, and metagenomic data. Skeletal elements recov-
ered from different parts of the site were shown to belong to the same individ-
uals, indicating that human remains from single individuals had been distrib-
uted across the site rather than deposited as intact bodies in one place. The
analysed individuals fall within the genetic variation of previously published
FBC-associated groups in southern Scandinavia. Kinship analysis revealed
only limited close relatedness within the assemblage, including one pair of
likely identical twins, one sibling pair, and one probable second-degree rela-
tionship. The assemblage also shows a strong male bias, with 13 of the 14
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confidently assigned individuals carrying XY chromosomes. Strontium iso-
tope data indicate that most individuals were local or regional, but a small
number stand out as possible non-locals. Notably, the only confidently as-
signed XX individual also stands apart in both strontium and dietary isotope
values.

Paper 111

This paper investigates co-burial practice and social structure at Ajvide on
Gotland, one of the best-preserved burial sites associated with the Pitted Ware
Culture (PWC), using new genomic data from co-burials together with previ-
ously published data from Ajvide and other Gotlandic PWC sites. The results
show that co-burial practice at Ajvide was strongly associated with young in-
dividuals and close biological relatives. All analysed co-burials involved first-
, second-, or third-degree relatives, and relatedness within co-burials was sig-
nificantly higher than between burials. More broadly, the Gotlandic PWC
showed predominantly Mesolithic hunter-gatherer ancestry with approxi-
mately 20% Anatolian Neolithic-related admixture, while individuals from
different Gotlandic sites showed low differentiation and some relatedness
across sites.

Paper IV

This paper investigates ancestry, kinship, and infectious disease in Neolithic
Scandinavia using genomic data from 108 individuals from eight megalithic
graves and one stone cist. Most individuals belonged to Funnel Beaker Culture
(FBC)-associated groups, although two women showed substantial hunter-
gatherer-related admixture, and the dataset also included later Battle Axe Cul-
ture (BAC)-associated and Late Neolithic to Late Bronze Age Steppe-related
individuals. The paper reconstructs four multigenerational pedigrees, the larg-
est spanning six generations and comprising 38 sampled and inferred individ-
uals, and identifies a strongly patrilineal social organisation in Falbygden,
with direct evidence of female exogamy. Pathogen screening identified Yer-
sinia pestis in 18 of the 108 sampled individuals, showing that plague was
widespread in southern Scandinavia during the Neolithic and present across
multiple sites. Genomic analyses of the pathogen further indicated at least
three distinct infection events within around 120 years.
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5. Conclusions and future prospects

In this thesis, I examine Neolithic Scandinavia by combining genomic, iso-
topic, and metagenomic evidence with archaeological contexts. Each method
captures only one part of a life, but together they make it possible to recon-
struct something closer to a whole life history. This makes it possible to move
beyond isolated measurements of ancestry, mobility, kinship, or disease, and
instead ask how these different aspects intersected in the lives and deaths of
people in Neolithic southern Scandinavia.

One of the clearest conclusions of this thesis is that migration, continuity, and
interaction all shaped the Neolithic populations of southern Scandinavia, but
not in the same way everywhere. The ancestry associated with the Funnel
Beaker Culture (FBC) is largely connected to the wider expansion of farming
groups ultimately deriving from Neolithic Anatolia, while also including
hunter-gatherer admixture, as seen more broadly among European Neolithic
farming groups. In contrast, the Pitted Ware Culture (PWC) shows strong af-
finity to Scandinavian hunter-gatherers (SHG), but does not emerge as a uni-
form genetic entity across Sweden. The inner archipelagic material defines an
important pattern: the individuals from Korsnés carry much less, if any, Ana-
tolian Neolithic-related admixture than the PWC individuals from Gotland,
while the individual from Fagervik falls between these groups. Taken to-
gether, these results show that continuity from Mesolithic hunter-gatherers re-
mained particularly strong in parts of mainland Sweden, while interaction with
farming groups varied across PWC contexts. They also show that the demo-
graphic relationship between FBC and PWC groups cannot be reduced to a
single model, but depended on both geography and chronology.

A second conclusion is that genetic relatedness mattered in mortuary practice,
but in different ways in different settings. At Ajvide, co-burial practice was
strongly associated with young individuals and close biological relatives, and
the analysed co-burials involved first-, second-, and third-degree relatives.
This is especially interesting because detailed evidence for kinship-structured
burial and residence patterns has been much clearer in Neolithic and Bronze
Age farming societies than in prehistoric hunter-gatherer contexts. At the
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same time, the Ajvide results suggest that kinship could also structure mortu-
ary practices in hunter-gatherer contexts, adding an interesting contrast to pat-
terns observed at some other hunter-gatherer mortuary sites in Europe. In Fal-
bygden, kinship appears on a different scale, through multigenerational pedi-
grees, strongly patrilineal social organisation, and direct evidence of female
exogamy. The Alvastra pile dwelling, by contrast, points to a different kind of
mortuary structure. There, skeletal elements recovered from different parts of
the site were shown to belong to the same individuals, indicating that human
remains from single individuals had been distributed across the site rather than
deposited intact in one place. Within this assemblage, close biological rela-
tionships were relatively limited, and the strong male bias suggests that the
people represented there were selected in ways that differed from both Ajvide
and Falbygden. Together, these results suggest that mortuary practices in Ne-
olithic Scandinavia were shaped both by biological relationships and by site-
specific forms of social selection and ritual practice.

This thesis also shows why the integration of methods matters. Each method
captures a different fragment of a person’s story. Genomic data can reveal
ancestry and biological relationships, isotopic analyses can trace movement
diet and chronology, and metagenomic data can point to infectious disease and
even past epidemics. Only when these strands are woven together does some-
thing closer to a life history begin to emerge. When these approaches are com-
bined, the result is not just more data, but a fuller picture of a person’s life. At
Korsnis, strontium isotope data indicate substantial mobility. At the Alvastra
dolmen, strontium isotope data suggest that the earliest Neolithic individual
may have been non-local and perhaps part of the founding generation, as his
son and his granddaughter or niece were also found in the tomb. At the Al-
vastra pile dwelling, the only confidently assigned XX individual was also
among the individuals who stand out most clearly in the isotopic data, and she
also appears to have had a different diet from the rest of the assemblage. In
Falbygden, metagenomic analyses identified Yersinia pestis in 18 of 108 sam-
pled individuals, showing that plague was widespread in southern Scandinavia
during the Neolithic, present across multiple sites, and associated with at least
three distinct infection events within around 120 years. Seen together rather
than in isolation, these results allow the people behind the data to come more
clearly into view: not as separate measurements, but as individuals with ori-
gins, relationships, movements, diets, burial histories, and, in some cases, in-
fectious disease.

Several directions for future work follow from these results. One is the con-
tinued expansion of geographic coverage, especially in mainland Sweden and
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in contexts beyond the areas that have so far received the most archaecogenetic
attention. The mainland PWC result in particular shows how much the picture
can change when the temporal and spatial scope of the material is expanded.
Another is more systematic within-site sampling, since both Ajvide and the
Alvastra pile dwelling show how much can be learned when individuals are
studied in relation to one another within a shared mortuary context. A third is
the further integration of pathogen analyses into studies of Neolithic Scandi-
navia. The plague results from Falbygden show the potential of this approach,
but many questions remain about the prevalence, diversity, and social impact
of infectious disease in other Neolithic settings. The Alvastra pile dwelling
also remains an especially important site for future work. Its structured human
deposition and unusual mortuary character make it a key site for understand-
ing how ancestry, mobility, kinship, and mortuary practice intersected in Mid-
dle Neolithic Scandinavia.

Overall, this thesis contributes to a more fine-grained understanding of the
Scandinavian Neolithic by showing how communities were shaped by ances-
try, kinship, movement, interaction, and disease, and by demonstrating the
value of studying these processes together rather than in isolation.
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6. Svensk sammanfattning

Neolitikum 1 sddra Skandinavien kdnnetecknades av migration, kontinuitet
och langvariga kontakter mellan grupper med olika forsorjningsstrategier, ma-
teriella traditioner och gravpraktiker. I denna avhandling undersoks dessa pro-
cesser genom att genomiska, metagenomiska, isotopiska och arkeologiska
data kombineras, med sérskilt fokus pé trattbdgarkulturen (TRB) och den
gropkeramiska kulturen (GRK). Syftet har varit att underséka hur genetisk
variation formades i neolitisk tid, hur slidktskap, mobilitet och diet varierade
mellan individer, samt vilken roll infektionssjukdomar kan ha haft i dessa
samhéllen.

Den forsta delen av avhandlingen behandlar Alvastra-désen i Ostergotland
samt GRK-lokalerna Korsnis i Sédermanland och Fagervik i Ostergdtland,
som under neolitikum 14g i Ostersjons inre skirgardsomraden. Resultaten vi-
sar att individerna fran Alvastra-ddsen faller inom den genetiska variation som
tidigare har observerats for TRB-grupper i andra delar av Skandinavien, vilket
utvidgar det geografiska underlaget for denna bild till sydostra Sverige. Sam-
tidigt framtrdder GRK inte som genetiskt enhetlig. Individerna frén Korsnis
uppvisar ldgre nivaer av bonde-relaterad hiarkomst an tidigare publicerade
GRK-individer fran Gotland, vilket tyder pa starkare kontinuitet fran skandi-
naviska jagar-samlare 1 delar av Ostra Sverige, medan Fagervik visar pa reg-
ional variation inom GRK. Vid Alvastra-dosen identifierades ocksa en mdjlig
grundande sléktlinje, och strontiumisotopdata tyder pa att den tidigast date-
rade neolitiska individen kan ha vuxit upp utanfor Alvastraomréadet.

Den andra delen av avhandlingen behandlar Alvastra palbyggnad, en plats
med ovanliga praktiker kring de doda. Dar visades att skelettdelar frdn samma
individer hade deponerats i olika delar av platsen, vilket visar att ménskliga
kvarlevor hade fordelats ver platsen snarare &n lagts ned som intakta kroppar
pa en enda plats. De analyserade individerna faller inom variationen for tidi-
gare publicerade TRB-associerade grupper, men materialet framstar samtidigt
som socialt selektivt. Den néra biologiska sldaktskapen var begransade, materi-
alet uppvisade en tydlig mansdominans, och tvé individer, déribland den enda
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sdkert bestimda kvinnan, uppvisade isotopvarden som tydligt avvek fréan res-
ten av materialet.

Den tredje och fjarde delen av avhandlingen visar hur sldktskap och sjukdom
kunde ta sig olika uttryck i olika neolitiska sammanhang. Vid Ajvide pa Got-
land var sambegravningar starkt kopplade till unga individer och néra biolo-
giska slaktingar, vilket visar att biologiskt sliktskap hade betydelse i den grop-
keramiska gravritualen. I Falbygden och angrinsande omraden kunde fyra
slakttrad over flera generationer rekonstrueras, dir det storsta omfattade sex
generationer, och resultaten visar en starkt patrilinjér social organisation med
direkt evidens for kvinnlig exogami inom trattbdgarkulturen. Samtidigt pévi-
sades Yersinia pestis i flera individer fran flera platser, vilket visar att pest var
spridd i s6dra Skandinavien under neolitikum och att minst tre skilda infekt-
ionstillféllen intrdffade inom en tidsram pa ungefar 120 ar.

Sammantaget visar avhandlingen att neolitikum i sédra Skandinavien inte kan
forstas genom en enda modell for migration, kontakt eller social organisation.
I stéllet framtrédder en mer finskalig bild déir regional variation var avgdrande.
TRB i sydostra Sverige foljer det genetiska monster som tidigare har doku-
menterats i andra delar av Skandinavien, medan GRK i Ostersjons inre skir-
girdsomraden visar starkare kontinuitet med mesolitiska jdgar-samlare &n vad
det gotlindska materialet ensam har antytt. Gravpraktiker, mobilitet, sléktskap
och sjukdom framtrader dirmed som sammanflitade delar av samma forflutna.
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