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Abstract

The Maya civilisation, renowned for its advanced urban centres, sophisticated
architectural achievements, and rich cultural heritage, stands as one of the most
well-known and influential ancient societies. Understanding this history not only
deepens our knowledge of past civilisations but also provides valuable insights into
societal resilience—offering lessons that can help modern human societies adapt,
survive, and thrive in the face of contemporary global challenges. However, the genetic
history of the ancient Maya remains relatively understudied.

This thesis presents seven newly sequenced genomes from the city-state of
Copan during the Classic Maya period, including a dynastic ruler and his sacrificial
companion. Population structure analyses reveal genetic continuity in the Maya region
from the Late Archaic period to the present, alongside an influx of highland Mexican
ancestry appearing as early as the Early-to-Middle Classic period.

To enhance the resolution of ancient genomic data, this thesis also evaluates
GLIMPSE, an imputation tool for low-coverage ancient genomes. Imputation was
assessed across two high-coverage ancient individuals. GLIMPSE consistently achieved
high accuracy, particularly at homogenous sites, while heterogenous sites exhibited
improved performance above 0.1x.

Leveraging these methodological advancements, this thesis reconstructs
demographic patterns across ancient American populations using imputed genomes.
Analyses of identical-by-descent (IBD) segments and runs-of-homozygosity (ROH)
confirm small founding population size in most hunter-gatherers, but not populations
from the Early Holocene. In the Maya people, demographic reconstruction reveals
substantial growth coinciding with the incorporation of fully domesticated maize.

These demographic insights also contribute to the broader understanding of
civilisation decline and societal transformations: population size estimates in the Maya

region directly depict a decline coinciding with the Maya collapse.



Overview

This thesis explores the histories of the Classic Maya civilisation through the lens of
ancient genomics. It analyses newly sequenced genomes from Copan in Honduras, a
major city-state at the southeasternmost extent of the Classic Maya civilisation, as well
as recently published genomes from the Terminal Classic Maya at Chichén Itz4 and the
Colonial Maya from Campeche, both in Mexico. These analyses are contextualised
within a broader temporal and geographic framework of over 700 ancient and
present-day genomes from across the Americas. The thesis is structured into five
distinct chapters, each contributing to a comprehensive understanding of the Classic

Maya civilisation.

Chapter 1 explores the histories of American civilisations and highlights the potential of
ancient genomics to uncover social structures, kinships, and population demography.

This chapter sets the stage for the interdisciplinary approach adopted in the thesis.

Chapter 2 presents the archaeological contexts of individuals in Copan, Honduras. It
provides a detailed investigation of the historical and cultural significance of the region,

forming a crucial background for interpreting the genomic data.

Chapter 3 investigates the genetic affinity and ancestry of the Classic Copan population.
This includes a detailed analysis of a potential member of the ruling dynasty and an
associated sacrificial burial, using pseud-haploid ancient genomes from the Americas.
The results reveal that while local ancestry has persisted in the Maya region over the
last 4,000-5,000 years, gene flow from highland Mexican populations significantly
shaped the genetic and social foundations of the Classic Maya civilisation. This chapter

links genomic findings to broader historical narratives.

Chapter 4 highlights the effectiveness of genomic imputation, an increasingly valuable
tool for addressing the inevitable limitations of low-coverage ancient genomes by
computationally enhancing genomic resolution, with a specific focus on its application

to the datasets from the Americas.



Chapter 5 makes use of the imputation pipelines validated in Chapter 4 for all ancient
American genomes included in Chapter 3. After implementing a stringent cutoff for
missingness in imputed data, 324 phased genomes were retained for identifying
runs-of-homozygosity (ROH) and identical-by-descent (IBD) segments. These analyses
uncover patterns of inbreeding, kinship networks, and population structures, providing
deeper insights into the social organisation and demographic history of ancient

populations.

Chapter 6, as the concluding remarks, discusses the power of ancient genomics in

uncovering the rise and fall of the Classic Maya civilisation.

10



Chapter 1

Ancient DNA, the settling of the Americas,
and ancient American civilisations

L. The history of DNA and ancient DNA

Although Charles Darwin proposed the theories of evolution and natural
selection, and Gregor Mendel modelled the process of inheritance using mathematics in
the 19" century (Brookfield, 1996), it was in 1953 that the molecular structure of DNA
was solved through the efforts of Rosalind Franklin, Francis Crick and James Watson
(Watson and Crick, 1953), with the Nobel prize in Physiology or Medicine being
attributed to the latter two in 1962 (Maddox, 2003). Since, a series of technologies
breakthroughs—development of Sanger sequencing for more rapid and more accurate
decoding of nucleotides (Sanger et al., 1977), the ability to amplify targeted DNA
fragments through Polymerase Chain Reaction (PCR) (Mullis and Faloona, 1987; Saiki
et al., 1988), the first assembly of the human genome (International Human Genome
Sequencing Consortium et al., 2001), and the reducing costs together with increased
efficiency of Next-Generation Sequencing (NGS) (McCombie et al., 2019)—have led to
the mainstream and large-scale production of genomes. Sequencing the first human
genome in 2001, even as a haploid, took about 10 years harnessing the efforts of
multiple labs worldwide (Shendure et al., 2017), while sequencing a full diploid
individual can now be accomplished in just a few days with minimum input from a lab
technician (McCombie et al., 2019). Following the assembly of the human reference
genome, efforts have expanded to catalogue human genetic diversity across populations
worldwide. Initiatives such as the HapMap Project (The International HapMap
Consortium et al., 2003) and the 1000 Genome Project (The 1000 Genomes Project
Consortium et al., 2015) laid the groundwork by providing dense maps of human
genetic variation. More recent efforts, including the Simons Genome Diversity Project
(SGDP) (Mallick et al., 2016) and the Human Origins Array (HOA) (Patterson et al.,
2012) aim to catalogue common-to-rare genetic variation across populations globally. In
parallel, the Human Genome Diversity Project (HGDP) (Cavalli-Sforza, 2005)

contributed valuable data from underrepresented populations. Finally, as a strategy to
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democratise the field, the capture approach offers a cost-effective alternative to
whole-genome/shotgun sequencing (Pickrell and Reich, 2014).

Alongside the growth of genomic data, researchers have applied and refined
statistical methods to decode population histories from patterns of genomic variation.
For example, Principal Component Analysis (PCA) identifies population structures by
extracting the most informative features that explain variation across individuals in
high-dimensional genomic data (Patterson et al., 2006). ADMIXTURE is a widely used
method for modelling different ancestral components at individual levels (Alexander et
al., 2009). Population movement and isolation can be formally tested using f~ and
D-statistics (Patterson et al., 2012). However, many prehistoric ancestries are often
underrepresented by genomic variation of present-day populations, underscoring the
significance of directly sequencing ancient genomes extracted from archaeological
human remains.

In the 1980s, it was discovered that DNA could survive post-mortem (Higuchi et
al., 1984). However, ancient DNA is often degraded, resulting in short, fragmented
sequences with depurination at terminal ends. Its preservation depends on various
environmental factors, including soil minerals, pH (Burger et al., 1999; Kravanja et al.,
2025), and fluctuations in humidity and temperature (Kistler et al., 2017). Given
archaeological remains are buried underground, extracted DNA contains not only
endogenous human DNA but also exogenous DNA from bacteria, viruses, fungi and
plants, all living in the surrounding soil. Furthermore, anyone handling archaeological
samples could introduce contemporary human DNA contamination (Kazarina et al.,
2019; Mann et al., 2018). As a result, two decades ago, researchers still believed that
sequencing a complete genome from extinct species or even an individual who died
hundreds or thousands years ago was impossible (Der Sarkissian et al., 2015).

Still, several key discoveries have significantly advanced and popularised the
field of ancient genomics through selecting denser bones, such as petrous or teeth,
establishing dedicated facilities, avoiding substances like animal-based glues,
incorporating UV-radiation for contamination removal, and using Uracil-DNA
Glycosylase (UDG) treatment to correct DNA damage (Négele et al., 2022).

The first successful sequencing of autosomal DNA was achieved in 2008 with

woolly mammoths, producing a draft genome and insights into their genetic relationship
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with elephants (Miller et al., 2008). This milestone was followed two years later by the
sequencing of a 4,000-year-old paleo-Inuit genome from Greenland, marking the first
whole-genome in humans (Rasmussen et al., 2010).

That same year saw the sequencing of genomes from two archaic hominins. The
Neanderthal genome revealed evidence of admixture with non-African Homo sapiens
(Green et al., 2010), while the genome of a previously unknown hominin, named
Denisova, was identified (Reich et al., 2010). Based on just a finger bone and two teeth,
without morphological data, the Denisovan genome uncovered an additional
introgression with the ancestors of Asians and American Homo sapiens (Meyer et al.,
2012).

Pioneering work in archaic hominin genomics, led by Svante Pdébo, culminated
in his being awarded the 2022 Nobel prize in Physiology or Medicine. The prize
recognised his “discoveries concerning the genomes of extinct hominins and human
evolution” and “his achievement of what once seemed impossible”

(https://www.nobelprize.org/prizes/medicine/2022/press-release/).

Today, the field of ancient genomics continues to break new ground. Ancient
genomes are being sequenced more frequently as techniques and technologies evolve,
pushing the boundaries of what is possible. The oldest sequenced specimens to date
include 1-million-year-old mammoths (Van Der Valk et al., 2021), while
2-million-year-old environmental DNA extracted from sediments has provided new

insights into the flora and fauna of ancient ecosystems (Kjar et al., 2022).
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II. Stories from ancient DNA

Ancient DNA provides invaluable insights into our prehistoric past, illuminating
periods predating written records and addressing gaps left by scarce archaeological and
skeletal remains. Beyond uncovering archaic introgression into Homo sapiens, ancient
DNA has resolved long-lasting debates on human history. For instance, it identified
three distinct ancestral populations contributing to the genetic makeup of present-day
European populations (Lazaridis et al., 2014), confirmed that the nomadic tribes
associated with the Scythian culture were genetically diverse rather than homogenous
(Unterlander et al., 2017), and dated the arrival of Indigenous peoples into the Americas
to the Last Glacial Maximum (LGM) through a single wave of migration across
Beringia, rather than multiple waves (Raghavan et al., 2015).

Recently, ancient genomics has expanded its focus from prehistoric to historic
periods, complementing knowledge from historical records and sometimes challenging
their veracity (Antonio et al., 2024). For example, genetic analysis of a Viking warrior
burial revealed that an individual previously identified as male was biologically female,
which questioned contemporary perceptions of gender roles and refuted the notion that
female warriors in the Viking culture were purely mythical (Hedenstierna-Jonson et al.,
2017). Similarly, ancient DNA revised the timeline of Anglo-Saxon migration to
England, showing it began earlier than 8™-century historical accounts suggested and

extended into the 11™

century (Gretzinger et al., 2022).

Ancient genomics plays a pivotal role in resolving legal and ethical disputes.
The case of Kennewick Man, discovered in 1996 in the United States and dated to
approximately 9,000 years ago, illustrates this potential. Indigenous tribes, referring to
the remains as “the Ancient One,” sought their repatriation under the Native American
Graves Protection and Repatriation Act (NAGRA). However, earlier morphological
analyses ruled out Indigenous American ancestry, leading to a judicial decision against
repatriation. In 2015, ancient DNA analysis established Kennewick Man’s genetic
affinity to Indigenous people in the Americas, resolving the dispute in favour of
repatriation (Owsley and Jantz, 2001; Rasmussen et al., 2015).

Despite these advancements, ancient genomics has predominantly focused on

histories in West Eurasia, leaving much of the world underexplored (De La Fuente
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Castro and Figueiro, 2024). Over a 1,000 ancient DNA studies have been published
(Andermann et al., 2020), most from West Eurasia, in particular Europe, with limited
representation from Africa, Asia, Oceania and the Americas (Fig. 1.1) (Dalal et al.,
2023; Liu et al., 2021). Expanding ancient DNA research beyond Europe is essential to
counter the colonial biases that persist in archaeology and to enrich our understanding
of global human history (“Diversity of thought and data enrich archaeology,” 2024). A
key technological development in this effort is the “1240k capture” method, which
enables genome-wide data recovery from ancient samples with low endogenous DNA
by targeting specific regions of the human genome (Pickrell and Reich, 2014). This
targeted approach offers a cost-effective alternative to whole-genome sequencing and
was originally promoted as a way to democratise the field. However, for commercial
reasons, access to the 1240k panel was not initially made broadly available, which
unintentionally concentrated its use among groups collaborating with its developers and
early adopters, thereby reinforcing disparities between well-funded laboratories in the
Global North and under-resourced institutions in the Global South' (Avila-Arcos et al.,

2022).

Figure 1.1. World map showing aDNA human-based research publications around
the globe, as of 2022. Figure sourced from a previous study (Dalal et al., 2023).

The development of methods to extract and sequence ancient DNA contributed
to a dramatic increase in the number of sequenced ancient genomes. Some researchers

now compare this surge to a “factory-like” approach (Dalal et al., 2023). With access

! Global South: a term commonly used to refer to lower-income countries, many of which have been
historically oppressed by colonialism
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concentrated among a handful of Global North institutions, and the appeal of aDNA in
the popular media coupled with the trend to publish such work in “high impact”
journals, the field has been dubbed a “bone rush”—a race to collect and sequence
ancient human remains. This has raised significant ethical concerns, particularly
regarding the extractive nature of research practices. In many cases, ancient samples
were collected from countries in the Global South without meaningful collaboration,
recognition, or involvement of local scholars and communities. Such practices have
been criticised as “parachute” or “helicopter” research, where the Global North
researchers extract data and publish findings with little engagement with the people and
regions from which those data originate (Avila-Arcos et al., 2022; Dalal et al., 2023).

In addition to research work being largely conducted in the Global North, the
majority of sequenced ancient genomes are of European origin. This geographical skew
results in the underrepresentation of populations from other parts of the world, despite
those regions harboring the majority of human genetic diversity (Liu et al., 2021).
Those ethical concerns are especially relevant in the Americas, where the societal
collapse of the 16" century—caused by colonisation, warfare, and disease—erased
much of the region’s genetic diversity (Willerslev and Meltzer, 2021). By focusing on
ancient populations from the Americas, this thesis seeks to reconstruct pre-colonial
population histories and contribute to a more equitable and inclusive understanding of

the region’s past.

16


https://www.zotero.org/google-docs/?rHS5mK
https://www.zotero.org/google-docs/?uB27sA
https://www.zotero.org/google-docs/?FOkm4V

III. Lessons from the ancient past: the settling of the Americas

The Americas were the last to be inhabited, with human arrival between 26,500
and 16,000 years ago (Silva et al., 2022). The first peoples arrived in the Americas from
Asia on foot. During the Ice Age, cooler temperatures exposed land masses, creating a
land bridge known as Beringia, which connected the two continents of Eurasia and the
Americas in the north. The Last Glacial Maximum (LGM), occurring between 23,000
and 19,000 years ago, caused sea levels to significantly drop by approximately 50
metres compared to today, forming a 1,800 km-wide land bridge. This land bridge was
accessible as early as 30,000 years ago, and remained traversable until about 12,000
years ago. While Beringia was largely ice-free, the harsher climatic conditions during
the LGM may have limited movements. Additionally, much of northern North America
was covered by the Cordilleran and Laurentide ice sheets, which blocked further
exploration, confining early settlers to present-day Alaska (Llamas et al., 2016;
Willerslev and Meltzer, 2021).

The first people to reach the Americas are considered descendants of a
population formed through admixture between Ancient North Siberian (ANS) and East
Asian ancestry around 23,000 years ago (Moreno-Mayar et al., 2018a, 2018b; Raghavan
et al.,, 2014b). This group diverged from the ancestors of Asian populations
approximately 25,000 years ago, a period marked by harsh climatic conditions (Llamas
et al., 2016; Moreno-Mayar et al., 2018a). This early immigrant population included
Ancient Beringians, exemplified by an 11,500-year-old individual USR1, as well as the
ancestors of present-day Indigenous American populations. Somewhere south of the
Yukon territory, the latter group split into two main branches, Ancestral-A (ANC-A) and
Ancestral-B (ANC-B), around 15,500 years ago (Moreno-Mayar et al., 2018b, 2018a;
Posth et al., 2018). A summary of these dispersal routes and lineages can be found in

Figure 1.2.
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Figure 1.2. Population demography into the Americas, with dates and geographic
locations of high-coverage ancient genomes. Arrows trace dispersal routes, with
dashed arrows for the ghost population UPopA. High coverage genomes are marked by
a dot in the colour of its dispersal route given its ancestry. Dates are in years before
present and indicate dispersal route timing, or branch splitting if located at a branch
intersection. The geographical outlines are slightly smoothed. The figure is modified
from a previous study (Willerslev and Meltzer, 2021).

Groups ancestral to the ANC-A and ANC-B lineages likely dispersed southward
from present-day Alaska via two potential routes: the ice-free corridor between the
melting Cordilleran and Laurentide glaciers, and west of the Cordilleran sheet along the
Pacific coast (Moreno-Mayar et al., 2018b). Geological evidence indicates that the
corridor was ice-free from around 14,000 years ago, but ancient DNA from fossil bison
and lake sediment indicate that plants and animals required to support hunter-gatherer
subsistence were not available until about 13,000 years ago (Heintzman et al., 2016;

Pedersen et al., 2016). Yet, this corridor is unlikely to have been the initial route for
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human migration, given that human activity from Monte Verde in south Chile has been
dated to between 18,500 and 14,500 years ago (Dillehay et al., 2015). Instead, early
human dispersal likely occurred along the Pacific coast, which was ice-free and
resource-rich between 16,000 and 15,000 years ago, allowing sufficient time to reach
and settle in South America (Raghavan et al., 2015; Rasmussen et al., 2014; Willerslev
and Meltzer, 2021).

The initial population, isolated in Beringia during the LGM, was relatively
small, only reaching a few tens of thousands at most (Llamas et al., 2016). Mitogenomic
data reveal a sudden burst in diversification and a significant increase in population size
starting around 16,000 years ago. Between 16,000 and 13,000 years ago, the population
expanded approximately 60-fold, coinciding with warming temperatures that marked
the end of the LGM. This rapid growth aligns with an initial expansion along the Pacific
coast route rather than through the ice-free corridor (Llamas et al., 2016).

After the LGM ended and the Cordilleran and Laurentide ice sheets melted, the
American continent became more accessible (Llamas et al., 2016). Populations carrying
the ANC-B lineage remained in northern North America, primarily in Canada and the
Arctic, while those with the ANC-A lineage migrated southward, dispersing into
southern North America and reaching Central and South America (Moreno-Mayar et al.,
2018a; Willerslev and Meltzer, 2021). Some North American populations, such as a
4,300-year-old individual from the ancient Southwestern Ontario (ASO) population,
show genetic evidence of admixture between ANC-A and ANC-B lineages
(Moreno-Mayar et al., 2018b; Reich et al., 2012; Scheib et al., 2018).

By 12,000 years ago, rising sea levels submerged Beringia, making it impossible
to travel from Siberia to America on foot. Crossing the Bering and Chukchi seas
required advanced seafaring technologies and skills to navigate the storm-prone and
ice-bound waters (Willerslev and Meltzer, 2021). In this context, the Arctic and Canada
experienced two additional waves of migrations from Siberia. The first wave was the
arrival of the Paleo-Inuit approximately 5,500 years ago (in cyan on Fig. 1.2),
represented by “Saqqaq”, a 4,000-year-old individual from Greenland (Raghavan et al.,
2014a). The second was the Thule expansion around 800 years ago (in blue on Fig. 1.2),
who eventually replaced Paleo-Inuit and are generally considered to be the ancestors of

present-day Inuit (Willerslev and Meltzer, 2021).
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Additionally, there is evidence suggesting gene flow from an unknown source of
ancestry, referred to as “Unsampled Population A” (UPopA) (in dashed yellow on Fig.
1.2). UPopA remains undiscovered, is neither Ancient Beringian nor ANC-A or
ANC-B, and likely represents a lineage diverged from the one that originated from the
admixture of ANS and East Asian ancestry between 30,000 and 22,000 years ago. Gene
flow from UPopA into Mesoamerican?® populations likely occurred around 8,700 years
ago. This timing suggests that UPopA-related admixture took place after the initial
settlement of South America, as the oldest ancient genomes from South America date to
approximately 10,000 years ago (Moreno-Mayar et al., 2018b).

Populations dispersed into South America through two primary routes: the
eastern route along the Atlantic coast and the western route using the Andean mountains
as a corridor. For instance, the 10,000-year-old Sumidouro individuals from Brazil and
the 5,100-year-old Ayayema individual from Patagonia cluster within the same clade,
suggesting that they descended from the same initial migration into South America,
which can trace back to the ANC-A lineage specifically related to Anzick-1
(Moreno-Mayar et al., 2018b).

However, genetic evidence from more recent South American individuals
supports admixture between populations like Sumidouro and groups from Mesoamerica,
suggesting that a second wave of ancestry, originating from Mesoamerica, entered
South America and intermixed with the descendants of the initial migration
(Moreno-Mayar et al., 2018b). The second migration also belonged to the ANC-A
branch, but was unrelated to Anzick-1. It followed the same dispersal routes—along the
Atlantic coast in the east and through the Andean mountain range in the west—and
involved widespread admixture with the initial populations. Given that evidence of
genetic continuity with present-day South American populations begins to emerge in
ancient genomes dated between 9,000 and 5,800 years ago, this admixture process had

largely occurred by then. Interestingly, this genetic influx did not reach Patagonia. The

2 Mesoamerica, or Middle America, is a region encompassing south Mexico, Belize, Guatemala, El
Salvador and western Honduras. While its boundaries can be defined using cultural/linguistic or
geographic criteria, in this thesis, I define Mesoamerica based on climatic features. By avoiding
present-day political borders and uncertain cultural/linguistic affiliations from the past, I believe this
approach to be more appropriate for ancient populations. Positioned between the arid desert of
Aridoamerica and the humid tropics of the Isthmo-Colombian Area, Mesoamerica alternates dry and wet
seasons. These boundaries, however, were not fixed—for instance, Aridoamerica expanded southward
during the drought of 1,000-1,200 CE (Villa-Islas et al., 2023)—and such shifts are taken into account
when contextualising ancient populations throughout this thesis.
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5,100-year-old Ayayema individual represents an exception, as their genetic profile
reflects continuity with the earlier Sumidouro-like populations (Posth et al., 2018; Silva
et al., 2022; Willerslev and Meltzer, 2021).

Humans reached the Caribbean islands by crossing over to the Lesser Antilles,
located closest to the South American mainland, and then progressing through islands,
eventually reaching Cuba and the Bahamas. There were at least two waves of
migrations into the Caribbean: the first around 8,000 years ago leading to the Archaic
phase, and the second around 2,800 years ago, marking the beginning of the Ceramic
Age in the region. Although both groups coexisted on the islands, there is no evidence
of admixture between them (Nidgele et al., 2020; Schroeder et al., 2018; Willerslev and
Meltzer, 2021).
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IV. A non-exhaustive presentation of American civilisations

As peoples moved into the Americas, they domesticated endemic plants,
establishing farming settlements. Over time, their languages diversified into distinctive
families, and they developed complex civilisations characterised by large urban centres.
Among the most renowned civilisations in the Americas are the Inca, Aztecs, and Maya,
as summarised in Table 1.1 (Amplify Core Knowledge Language Arts. Grade 5, 2022;
Children of the sun: the Aztecs, 2019; Children of the sun: the Incas, 2019; Children of
the sun: the Maya, 2019).

The Inca civilisation thrived in the Andean mountains of South America.
Initially settled in the Cuzco valley, the Inca expanded into a vast empire between 1,425
and 1,532 CE, extending their influence over present-day Ecuador, Bolivia, Peru and
parts of Columbia, Chile and Argentina. At its height, the empire ruled over 200 tribes
(Amplify Core Knowledge Language Arts. Grade 5, 2022; Children of the sun: the
Incas, 2019; Cartwright, 2014). The emperor, regarded as the son of the Sun god, was a
divine ruler (Amplify Core Knowledge Language Arts. Grade 5, 2022; Children of the
sun: the Incas, 2019). He and his descendants were considered sacred and lived in
manner befitting their divine status—eating from gold plates, wearing gold-fringed
clothing, and residing in a golden palace of the Sun temple (Amplify Core Knowledge
Language Arts. Grade 5, 2022; Cartwright, 2014). From the capital Cuzco, the emperor
governed the empire with the aid of four governors, who divided the land into three
parts: one for priests, another for the emperor and nobility, and the third for commoners
(Amplify Core Knowledge Language Arts. Grade 5, 2022; Cartwright, 2014).
Commoners, primarily farmers, cultivated potatoes, maize, beans, peanuts, manioc,
chilli peppers, tomatoes, squash, cotton and quinoa, transforming steep hillsides into
cultivable terraces for agriculture (Amplify Core Knowledge Language Arts. Grade 3,
2022; Children of the sun: the Incas, 2019). In addition to granting two thirds of their
harvest to priests and nobles, commoners paid tribute’. This required households to
contribute labour, including military service, road construction, mining, or
administrative tasks (Amplify Core Knowledge Language Arts. Grade 5, 2022; Children
of the sun: the Incas, 2019; Cartwright, 2014). In return, the empire provided food

® Tribute: tax collected by a centralised government
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during famines, care for the sick and elderly, and housing for their people (Amplify Core
Knowledge Language Arts. Grade 5, 2022; Cartwright, 2014). The Incas meticulously
tracked tributes, taxes, and crop yields using quipus, an ingenious system of coloured
strings and knots maintained by experts. Couriers, running along the empire’s elaborate
24,000-mile road systems, carried gquipus and oral messages to keep the emperor
informed. Remarkably, a message could traverse the 2,300 miles separating Quito, at the
northern edge of the empire, to Santiago, at the southern edge of the empire, in just 23
days (Amplify Core Knowledge Language Arts. Grade 5,2022; Children of the sun: the
Incas, 2019; Engineering in the Andes Montains: History and Design of Inca
Suspension Bridges, 2005; Cartwright, 2014). The roads themselves showcased
advanced engineering, with tunnels, cliffside steps, suspension bridges, stone walls to
keep sand at bay, and waystations for travelers. Thousands of workers maintained this
infrastructure (Amplify Core Knowledge Language Arts. Grade 5, 2022; Children of the
sun. the Incas, 2019; Engineering in the Andes Montains: History and Design of Inca
Suspension Bridges, 2005; Cartwright, 2014). Inca stonemason demonstrated
extraordinary skills, as seen in temples and governmental buildings, where massive
stones were fitted seamlessly, like pieces from a jigsaw puzzle, without the need of
cement or mortar. The Sun Temple in Cuzco is a striking example, though how the Incas
transported such enormous stones across mountainous terrain without wheels remains a
mystery (Amplify Core Knowledge Language Arts. Grade 5, 2022; Children of the sun:
the Incas, 2019).

The Aztec empire was located in Mesoamerica, with Tenochtitlan as its capital.
Founded as a small settlement around 1,250 CE, Tenochtitlan was built on the swampy
shores of lake Texcoco. By scooping mud from the lakebed, the Aztec created a
habitable island (Amplify Core Knowledge Language Arts. Grade 5,2022). On this lake,
they also developed innovative chinampas, or floating gardens, to cultivate crops, such
as maize, beans, pumpkins, squash, tomatoes, avocadoes, amaranth, and chillies. The
high agricultural productivity of these floating gardens led to rapid population growth,
transforming the small settlement into a thriving metropolis within 200 years (Amplify
Core Knowledge Language Arts. Grade 5, 2022; Children of the sun: the Aztecs, 2019,
Van Dop Dejesus, 2015). As Lake Texcoco contained saltwater, the Aztecs built three

wide causeways that connected the city to the mainland and supplied fresh water to
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fountains, a sewage system, and public toilets. Waste was repurposed as compost for the
floating gardens, while urine was used for dyeing fabrics and tanning leather (Amplify
Core Knowledge Language Arts. Grade 5, 2022; Children of the sun: the Aztecs, 2019;
Garlinghouse, 2022; Van Dop Dejesus, 2015). A bustling marketplace, visited daily by
20,000 to 40,000 people, became a hub of economic activity. Farmers from surrounding
areas and long-distance marchants from the entire empire sold goods, equipment, and
slaves under shaded arcades. Supervisors at the market inspected goods, collected taxes,
and swiftly adjudicated cases of theft and forgery. Transactions were often conducted
using cocoa beans or, for higher-value items, grains of gold (Children of the sun: the
Aztecs, 2019; Hodge et al., 1993; Van Dop Dejesus, 2015). At the heart of Tenochtitlan
stood the Sacred District, dominated by the ruler’s palace and a large pyramid with two
temples. One temple was dedicated to the Sun god and the other to the Rain god
(Amplify Core Knowledge Language Arts. Grade 5, 2022; Children of the sun: the
Aztecs, 2019). The Aztecs believed that the Sun god required nourishment to complete
his daily journey across the sky. To prevent the world’s end, they performed daily
sacrifices, often of war captives, though tribute in the form of humans was occasionally
demanded from conquered territories. Other tributes included cacao, rubber, seashells,
cotton, feathers, and precious stones. Tribute payments allowed local rulers to remain in
power under Aztec military dominance. The Aztec army was highly skilled, in part due
to the compulsory education system that trained boys for combat from an early age. A
sophisticated writing system of logograms and syllabic signs enabled efficient
communication and governance. Combined with their military strength, this allowed the
emperor to exert firm control over the empire. Between 1,430 CE, and their defeat by
Spaniards in 1,521 CE, with assistance from local rebellions, the Aztecs expanded their
empire to encompass over 80,000 square miles and more than 500 cities (Amplify Core
Knowledge Language Arts. Grade 5, 2022; Garlinghouse, 2022; Van Dop Dejesus,
2015).

The Maya prevailed in the southeastern region around the Yucatan Peninsula,
encompassing southern Mexico, all of Guatemala and Belize, and western portions of
Honduras and El Salvador. Unlike the Inca and the Aztecs, the Maya were not unified
under a single emperor but were instead divided into numerous city-states, each

governed by its own royal dynasty. These city-states engaged in both warfare and trade.
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Traded goods included jaguar skins, feathers, jade, obsidian, and cultivated crops such
as maize, chillies, tomatoes, pumpkins, cocoa, avocadoes, and beans (Amplify Core
Knowledge Language Arts. Grade 5, 2022; Ferguson, 2007; Martinez de Velasco
Cortina and Vega Villalobos, 2015; Sharer, 2009). At the heart of each city-state was an
elevated acropolis, which served as the public square and housed temples, pyramids,
and palaces (Children of the sun: the Maya, 2019; Martinez de Velasco Cortina and
Vega Villalobos, 2015). Maya architecture is notable for its intricate decoration,
including stelae* and hieroglyphic writing that adorned plazas and buildings. A prime
example of this is the hieroglyph staircase in the city-state of Copan. Most Maya
inscriptions begin with a Long Count date, a linear calendar that records time since the
world was created by the gods. In daily life however, the Maya used two cyclical
calendar: the “Haab”, a solar calendar of 365 days divided into 18 months of 20 days
plus a special 5-day month called “Wayeb”; and the “Tzolk’in”, a divine calendar
divided into 20 periods of 13 numbers. By simultaneously rotating the two calendars as
wheels (Fig. 1.3), there are 18,980 unique combinations of glyphs, consisting of a cycle
of 52 years known as the “Calendar Round”. As Maya rituals were strongly connected
to astronomy, these calendars guided ceremonies, such as during the Wayeb (Davies,
2012; Fash, 1991; Martinez de Velasco Cortina and Vega Villalobos, 2015). To track
such events, the Maya applied their own counting system. Their numbers were made up
of three characters: a dot, a line, and a zero (Fig. 1.3). To count from 0 to 5, one would
need to write zero, one dot, two dots, three dots, four dots, and a horizontal line. And to
count from 6 to 9, one to four dots would be drawn right on top of the line, 10 being two
horizontal lines. As the Maya used a base twenty system, the number 15 would be
written as three horizontal lines, but the number 20 would require another glyph with a
dot for the top glyph and a zero for the bottom glyph. Continuing on higher numbers,
their number 80 would consist of four dots as the glyph above, and a zero for the glyph
below. Another example is a single dot for the glyph above (corresponding to twenty),
and four dots directly placed above two horizontal lines, to read the number 34
altogether. Similarly, the number 234 is written as a dot on top of two horizontal lines
for the glyph above, and four dots on top of two horizontal lines for the glyph below
(Sharer, 2009).

* Stelae: large blocks of monolithic stone carved by the Maya
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Figure 1.3. Maya calendars and numbers. The Tzolk’in divine calendar rotates inside
the Haab solar calendar, itself rotating inside the Long Count calendar (left). The Haab
calendar is decorated with 20 glyphs, while the Tzolk’in calendar is numbered from 1 to
13. Maya numbers from 0 to 19, as well as higher numbers, illustrates the counting

system (right). Pictures are sourced from an archeological blog (Davies, 2012).

In addition to inscribing texts on monuments, the Maya produced numerous books,
including codices that preserved their religious and historical traditions, along with
calendars and astronomical observations. Tragically, many of these books were burned
by Catholic priests during the Spanish conquest, who regarded them as heretical.
However, the Maya managed to preserve some of their knowledge by adopting the Latin
alphabet, allowing their traditions and rites to endure to the present day. The Maya
worshipped their gods through grand ceremonies held at the acropolis, which often
included feasts and blood sacrifices. Kings played a central role in these rituals, as they
were believed to mediate between the gods and their people. Bloodletting, for instance,
was a significant royal duty, as depicted on a stone carving from Dos Pilas (Children of
the sun: the Maya, 2019; Martinez de Velasco Cortina and Vega Villalobos, 2015;
Scherer, 2007). Around 900 CE, many Maya city-states experienced a rapid decline, a
phenomenon known as the “Maya collapse.” This event marked the transition from the
Classic (250-900 CE), considered the golden age of Maya civilisation, to the Postclassic
Maya periods (900-1,521 CE) (Fash, 1991; Martinez de Velasco Cortina and Vega
Villalobos, 2015). Several hypotheses have been proposed to explain the collapse, with
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the most plausible being a combination of factors. The timing of the collapse coincided
with severe and prolonged droughts, which likely caused famines and social unrest, as
kings failed to fulfill their role as appeasers of the gods. These pressures may have led
to wars, revolts, and possibly epidemics linked to widespread malnutrition. Analyses of
sediment cores indicate a series of droughts between 800 and 1,000 CE, accompanied
by increased offerings and sacrifices in temples dedicated to the rain god, as well as
heightened references to warfare (Andrews and Fash, 2005; Children of the sun: the
Maya, 2019). During this time, cities in the southern parts of the Maya region, such as
Copan, Tikal, and Palenque, declined, paving the way for the rise of northern cities like
Chichén Itza. Chichén Itza emerged as a regional centre, expanding its influence over
the eastern and western coasts of the Yucatdn Peninsula and likely controlling coastal
trade during the Postclassic period (Masson, 2012; Olga Hernandez Espinoza and
Marquez Morfin, 2015).

Table 1.1. Summary of characteristics of the Inca, Aztec, and Maya civilisations

Period (CE) | Geography | Gouvernance Sacrifices Construction Writing
Building without .
Andean Centralised mortar & elaborate No (but quipu
Inca 1,425-1,532 . No . knots to keep
mountains (Cuzco) roads with

. . track of taxes)
suspension bridges

City built on swamp Yes (with

Aztec | 1,430-1,521 | Mesoamerica Centrah.serd Y'es with aqueducts and | logograms and
(Tenochtitlan) (daily) . S
pyramids syllabic signs)
Classic: .
250-900 . Several Yes Pyramids and stelae Yes (with
Maya . | Mesoamerica . . oo complex
Postclassic: city-states (occasionally) with hieroglyphs .
900-1.519 hieroglyphs)

One reason that these three civilisations are so well-known is that Spanish
conquistadors documented them upon their arrival in the Americas during the Colonial
period. Equipped with superior weapons and bringing foreign diseases like smallpox,
the Spaniards triggered the collapse of all three cultures (Amplify Core Knowledge
Language Arts. Grade 5, 2022; Children of the sun: the Aztecs, 2019; Children of the
sun: the Incas, 2019; Children of the sun: the Maya, 2019; Cartwright, 2014;
Garlinghouse, 2022; Van Dop Dejesus, 2015). Warfare, combined with devastating

epidemics, reduced Indigenous populations of Mesoamerica and South America by
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90-95% from 1,492 CE onwards. This demographic collapse and subsequent loss of
genetic diversity pose significant challenges for genetic research (Livi-Bacci, 2006;
Silva et al., 2022). To address this gap, efforts must be made to reconstruct this lost
heritage using ancient DNA from archeological remains predating the arrival of Spanish

conquistadors.
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V. Genomic perspectives on American civilisations

Central and South America are home to some of the most iconic cultures,
including the Inca Empire, Aztec, and Maya. While archeological remains provide
valuable insights, they alone cannot fully unravel the complexities of these civilisations.
Ancient DNA complements this knowledge, offering a unique window into the genetic,
cultural, and social dynamics of past societies.

Genomic research on the Inca Empire has provided key insights into the role of
ritual practices in shaping their society. A recent study, for example, sequenced
individuals associated with the Qhapaq hucha ceremony, a ritual of high-altitude child
sacrifice in the Inca Empire (De La Fuente Castro et al., 2024). Among the three
individuals analysed, one child exhibited genetic affinity to coastal Peru, a finding
further supported by the textiles and footwear he was wearing. However, isotopic
analysis of his tooth enamel revealed a terrestrial diet, devout of marine foods in the last
year and a half before his death, suggesting long-distance movement before his final
burial at the Qhapaq hucha ceremony.

Genomic studies of individuals buried at Machu Picchu, the royal estate of
Pachacuti, have demonstrated the remarkable diversity of the community serving the
empire’s rulers (Salazar et al., 2023). Analysis of 34 individuals revealed that servants
were drawn from throughout the empire, with genetic ties to the Andean highlands, the
Peruvian coast, and even Amazonian regions of Ecuador and Colombia. Many
individuals exhibit mixed genetic ancestries, suggesting intermarriage between groups
from distant regions. These findings complement historical accounts of the empire’s
ability to mobilise and unite diverse populations within the Inca state, showcasing how
genomics can validate and expand on traditional archeological and historical
interpretations.

Genomic evidence has also shed light on the impact of Aztec imperialism on
conquered populations (Mata-Miguez et al., 2012). A study of ancient mitochondrial
DNA from Xaltocan, the capital of a pre-Aztec city-state, revealed a significant genetic
shift following the Aztec conquest. Maternal lineages from the pre-conquest period
were replaced by new lineages in the post-conquest era, implicating large-scale

population movement and reorganisation under Aztec rule. This genetic turnover is

29


https://www.zotero.org/google-docs/?IQi8MV
https://www.zotero.org/google-docs/?dJDXqR
https://www.zotero.org/google-docs/?A0DXlu

consistent with historical accounts of Aztec strategies for managing their empire, which
included the forced resettlement of conquered peoples and the establishment of trade
networks that spanned vast distances.

For the Maya, genomic analyses have revealed intricate connections between
mythology, ritual practices, and biological kinship (Barquera et al., 2024). A study of a
mass burial near the Sacred Cenote at Chichén Itza uncovered genome-wide data from
64 subadult individuals, all males, revealing numerous close kinships among them. This
included two pairs of monozygotic twins, a discovery with profound -cultural
implications given the prominence of twins in Mayan mythology. The Popol Vuh, a
sacred K’iche’ text, recounts the adventures of the Hero Twins, who undergo cycles of
sacrifice and resurrection to defeat the gods of the underworld. The presence of twins in
a subterranean burial context, viewed by the Maya as entrances to the underworld,
aligns with the ritual themes of duality, sacrifice, and rebirth central to Mayan
mythology. Ancient genomics also revealed that one-quarter of the individuals in this
burial were closely related, suggesting that kinships played a significant role in their
selection for sacrifice. Combined with dietary evidence indicating shared consumption
patterns, these findings suggest that sacrificial rituals may have been carefully
orchestrated family or community events. This integration of genetic data with
mythological and archaeological evidence provides a nuanced view of Mayan ritual
practices and their cultural significance.

These studies demonstrate the power of ancient genomics to uncover patterns of

mobility, diversity, and cultural integration during ancient civilisations in the Americas.
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Chapter 2

Archaeological contexts of the Classic Maya State, Copan in Honduras

Located in present-day western Honduras, Copan was one of the most powerful
Maya city-states. Through militarily, trade, and cultural influence, the city-state of
Copan dominated the southeastern Maya region (Fig. 3.1) (Fash, 1991; Martinez de
Velasco Cortina and Vega Villalobos, 2015). Renowned for its well-preserved sculptures
and stelae, the ruins of Copén stand as a testament to its former grandeur.

The earliest human occupation at Copan goes back to the Early Preclassic
(2,000-1,000 BP), or possibly even the Late Archaic period (5,600-3,700 BP),
characterised by small farming communities reliant on maize-based food production
(Fash, 1991; Rue et al., 2002). By 300-400 CE, these small settlements had developed
into a thriving city, marked by significant population growth and the emergence of
diverse economic activities (Andrews and Fash, 2005). In 426/427 CE, K'inich Yax
K’uk’ Mo’, the dynastic founder of Copan, arrived according to epigraphic evidence. He
commissioned the wvalley’s first Classic Maya style monument, inscribed with
hieroglyphic texts, and established the initial structure of the Acropolis. Over time, his
successors expanded these into a monumental complex (Andrews and Fash, 2005; Fash,
2002).

The Acropolis, spanning three hectares, was the epicentre of Copan's political,
economic, and religious life. It encapsulates the East and West Courts, temples,
administrative buildings, the royal residence and a ball court (Martinez de Velasco
Cortina and Vega Villalobos, 2015). High-relief sculptures adorned its facades, while
numerous stelae and altars decorated its plazas (Andrews and Fash, 2005; Martinez de
Velasco Cortina and Vega Villalobos, 2015). One of the Copan’s most impressive
monuments, the Hieroglyphic Stairway, was completed in 757 CE under the 15th ruler.
It remains the longest known pre-Columbian inscription across the Americas (Fash,
2002). Throughout the history of the Classic Copan, the dynastic succession saw 16
rulers, under whom Copén flourished as a political, economic, and ceremonial centre,
surrounded by elite and commoner residential structures. At its peak, around 800 CE,
the population is estimated to have reached approximately 20,000 inhabitants (Fash,
1991; Martinez de Velasco Cortina and Vega Villalobos, 2015; Webster et al., 1992).
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However, the political regime ultimately collapsed around 820 CE, marking the end of

the Late Classic period in Copan (Andrews and Fash, 2005).

Nomenclature

To date, more than 4,500 structures have been confirmed in the Copéan Valley (Andrews
and Fash, 2005), where a total area of approximately 24 km is organised into 500-metre
grid squares in order to identify and register each of these structures. Each square block
is designated by a combination of a number and a letter, indicating its vertical and
horizontal axes respectively (e.g., 10L, 9M, or 8N). Within a square block, different
structures are numbered sequentially, starting from one. For example, a structure
labelled as “10J-45” represents the 45-th structure within the block marked as 10J. This
nomenclature makes it possible to locate any structure on the archaeological map of the

Copan Valley, published in 1979 (Fash and Long, 1983).

Archaeological contexts of seven Classic Copan individual sequenced in this study

The structures, from which the Classic Copan individuals shotgun-sequenced were
excavated, are registered as two distinct residential clusters. The first cluster lies
approximately one kilometre west of the Acropolis, specifically within the 10J block,
comprising Structures 10J-39, 10J-45, and 10J-71. The second cluster, located north of
the Great Plaza, falls within the 9L block and consists of structures 9L.-104 and 9L-105
(Figs. 2.1-2.3).
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Figure 2.1. Locations of the 10J-39, 10J-45, 10J-71, 9L-104, and 9L-105 structures
relative to the Acropolis.
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Figure 2.2. Detailed locations of structures 10J-39, 10J-45, and 10J-71.
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Figure 2.3. Detailed locations of structures 9L-104 and 9L-105.

A wealth designation was used to provide an approximate measure of social
standing, with “0” representing the lowest and “5” the highest. This estimate was based
on various markers including the form of the burial structure and the number, size, and
complexity of accompanying burial offerings. The burial form, contexts, and contents,
marked by the vaulted stone chamber with two stone burial slabs, as well as the
presence of exquisite jade offerings inside and outside of the chamber provide
compelling evidence that CpM13 held a position as one of Copan’s dynastic rulers
(Cobos, 2004; Price et al., 2014). Notably, this individual was accompanied with two
jade pectorals. One of these pectorals features intricate engravings of mat motifs,
symbolising the rulership and divine power of the buried individual (Schele and
Mathews, 1998). The second pectoral displays a carved motif of the Pax god, signifying
the military prowess of the entombed individual. Adjacent to the burial site of CpM13
within the same structure (10J-45), CpM12 was found beneath the wall of the basement
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at the funerary temple constructed for CpM13, without accompanying any offering;
CpM12 is then identified as a sacrificial companion (Cobos, 2004; Price et al., 2014).

It is important to note that there is a discrepancy between the wealth designation
scores assigned to individuals and their archaeological contexts. These two structural
clusters are located in close proximity to the core of Copan, namely the Great Plaza and
Acropolis, indicating their significance in the Classic Copan state. Therefore, the
inhabitants of these structures can be regarded as part of the elite. However, it is worth
mentioning that the wealth designation measures are based on the criteria outlined by
Krejci and Culbert (Krejei and Culbert, 1995), which may not be fully applicable to

burial contexts in the ancient Copan society.

CpM0203 and CpM0506

Burial 7-2000, located within the interior of the southeast corner of Structure 10J-39,
was discovered in 2000, as part of the Integral Program for the Conservation of Copan
Archaeological Park (Programa Integral de Conservacion del Parque Arqueoldgico
Copan, or its acronym in Spanish, PICPAC). This archaeological project was conducted
by the Honduran Institute of Anthropology and History (IHAH), under the direction of
Seiichi Nakamura with the assistance of Melvin Fuentes. There were human remains
belonging to two distinct individuals; neither individuals were accompanied by any
artefacts as offerings. Burial 7(1) was identified as a primary in situ burial during field
work, whereas Burial 7(2) was subsequently recognized in a laboratory setting due to
the presence of identical bone elements. The remains of Burial 7(1), designated as
CpMO0203, were well-preserved, comprising an almost complete adult skeleton. In
contrast, the remains of Burial 7(2) (CpM0506) were fragmented. As evident in the
photograph taken by Seiichi Nakamura (Fig. 2.4), only a portion of the skull from
CpMO0506 was found resting beside the waist of CpMO0203. This burial arrangement
suggests that CpM0506 was a secondary burial accompanying CpM0203. While this
observation led us to hypothesise a potential kinship between these two individuals, our
analysis demonstrates that there is no close genetic relationship between them, at least

up to the second-degree level.
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Figure 2.4. Burial 7-2000. The photo was taken by Seiichi Nakamura.
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CpM11

Burial 27-2000 was uncovered during the PICPAC excavation in 2000. The remains of
an individual, CpM11, were discovered in situ outside the southern wall of Structure
10J-71, at the base brick-line level (Fig. 2.5). While the remains are generally
well-preserved, they were fragmented but identified as an adult. Due to the presence of

a jade bead left as an offering, this individual was categorised as level 1 in terms of

wealth designation.

Figure 2.5. Burial 27-2000. The photo was taken by Seiichi Nakamura.

CpM1I2

Burial 35-2000 was excavated as part of the PICPAC in 2000, exhibiting the
well-preserved remains of an adult. The human remains, designated as CpM12, were
discovered in situ directly beneath the first brick-line of the west-facing wall (front) of
the foundation of 10J-45-2nd, approximately 20 to 40 cm below the surface, without
any formal delineation for burial. Structure 10J-45-2nd was constructed as an adoration

shrine following the presumed burial of a governor (CpM13 from Burial 36-2000). The
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positioning of CpM 12, with the right arm placed in front of the chest and legs crossed as
if seated (Fig. 2.6), in close proximity to the burial chamber of Burial 36-2000, suggests
that this individual was the sacrificed companion of the presumed governor, CpM13.
Additionally, one of the jade pendants found within the offering box (5-2001),
unearthed near Burial 35-2000, depicts a figure displaying a gesture of respect and
subordination towards another individual, potentially the high-status individual 36-2000
(CpM13) (Fig. 2.7). This gesture is reminiscent of the burial posture observed in
CpM12. Contrary to early studies that concluded CpM12 was female based on
morphological characters, our genomic analysis clearly identifies this individual as

male.

Figure 2.6. Burial 35-2000. The photo was taken by Seiichi Nakamura.
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Figure 2.7. Jade pendants found within the offering box (5-2001), unearthed near
Burial 35-2000. The picture was made by PICPAC.
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CpM13

Burial 36-2000 represents one of the largest and most significant burials uncovered
outside the Acropolis in Copan’s 130-year history of archaeological investigation (Fig.
2.8). The excavation, conducted as part of the PICPAC project, was led by Seiichi
Nakamura, with the assistance of Melvin Fuentes, in September 2000. The exceptional
aspect of Burial 36-2000 lies in its contradiction of a commonly accepted hypothesis
that the ruling class of Copan were exclusively buried within the Acropolis, the

political, economic, and ritual hub of ancient Copan society.

Figure 2.8. Burial 36-2000 and the grave goods and interior of the chamber tomb.
The photo was taken by Seiichi Nakamura.

The body remains of CpM13 are in varying states of preservation, ranging from
regular to poor; they consist of fragmented and incomplete remains of an adult. Initially
presumed to be a secondary burial, further analysis uncovered this individual to be the
primary burial in situ. Red pigments were discovered on the surface of the bones. The
tomb exhibited the characteristic vault of a royal tomb and contained two enormous jade

pectorals (Fig. 2.9), one measuring 20 cm in length and the other 24 cm, adorned with
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engraved designs symbolising the political and military authority of the individual. The
archaeological evidence strongly suggests that this individual was one of the dynastic

rulers of the 5th century.

Figure 2.9. Jade pectorals from Burial 36-2000, with one measuring 24 cm in length
and the other 20 cm, adorned with engraved designs. The picture was made by PICPAC.
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CpM34 and CpM4243

Burial 94 and Burial 157, located in Structure 9L-104 and Structure 9L-105
respectively, were excavated in 2007 and 2016 as part of the new Copéan Archaeological
Project (known by its acronym in Spanish: PROARCO, Proyecto Arqueoldgico Copan).
PROARCO was conducted by the Honduran Institute of Anthropology and History
(IHAH), under the direction of Seiichi Nakamura with the assistance of Melvin Fuentes.
These two structures were found in group 9L-23, also known as the Nufiez-Chinchilla
group, located 150 metres north of the Great Plaza.

Burial 94 contained the fragmented and incomplete remains of a girl (CpM34;
Fig. 2.10), in a poorly preserved state. Archaeological evidence suggests that she may
have been a sacrificed companion of another burial found in a box within the same
structure, 9L-104. In contrast, Burial 157 consisted of the fragmented but
well-conserved cranium of CpM4243 (Fig. 2.10), accompanied by a ceramic offering.
However, there is a possibility that this offering might have belonged to a nearby burial
registered as Burial 159, one of the burial groups found in Structure 9L-105. Therefore,
CpM4243 may have been one of the companions of the main burial within Structure
9L-105. According to established ceramic chronology and C14 dating results, CpM4243
is contemporaneous with Burial 36-2000, despite the considerable distance between the

two structures, approximately 1 km apart.

Figure 2.10. Burial 94 (left) and Burial 157 (right). The photos were taken by Seiichi
Nakamura.
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Ethics statement

All archaeological human remains included in this study were acquired under
permission from the Honduran Institute of Anthropology and History, with
authorization granted by the General Manager, Dr. Rolando Canizales (see Fig. 2.11).
The findings of this study will be shared with the authorities at the Honduran Institute of
Anthropology and History. Furthermore, the results will be disseminated among local

communities through the institution.
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of Anthropology and History (IHAH), CERTIFIES THAT the IHAH has authorized the scientific
team lead by Prof. Seiichi Nakamura, Director of the Research Center for Next Generation
Archaeological Studies at Komatsu University, lapan, to carry out paleogenomic studies in
the laboratory facilities of Kanazawa University, Japan, using materials excavated from the
burials at the Mayan site of Copan by PICPAC and PROARCO projects. Likewise, hereby states
that permission has been granted to such team to present and publish the results of the
above mentioned research in scientific journals.

Honduran Institute of Anthropology and History (IHAT

Tegucigalpa, Honduras
February 29th, 2024

Willa Roy, Barrio Buenos Aires,
Tegucigalpa, M.D.C.
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Figure 2.11. Letters confirming approval for the use of archaeological samples in
DNA analysis. The original letter written in Spanish and its English translation are
provided.
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Chapter 3
Ancient genomes reveal demographic trajectories

during the Classic Maya period

Abstract

The genetic history of the ancient Maya remains relatively unexplored,
particularly in the Maya highlands. This chapter presents seven newly sequenced
genomes from the city-state of Copan, dating back to the Classic Maya period,
including a dynastic ruler and his sacrificial companion. Population structure analyses
reveal strong genetic continuity in the Maya region from the Late Archaic period
(~5,600 BP) to the present. However, this continuity was accompanied by genetic influx
from highland Mexican populations. Time-stamped genomes indicate that this ancestry
appeared in the Maya region as early as the Early-to-Middle Classic period, suggesting
interactions between Maya and non-Maya populations that may have shaped the

region’s genetic landscape.

Contributions:
This work is truly collaborative and interdisciplinary, and I here clarify contributions
from our team:

- Sample Provision: Rolando Canizales (Honduran Institute of Anthropology and
History or HIAH) and Omar Talavera (HIAH) supplied the bone samples used in
the research.

- Archaeology and Anthropology: Seiichi Nakamura (Komatsu University),
Melvin Fuentes (HIAH), and Masahiro Ogawa (Komatsu University) were
responsible for excavating the sites and gathering archaeological and
anthropological information.

- Excavation Support: Salvaldor Varela (HIAH), Zoila Madrid (HIAH), and
Carlos Carbajal (HIAH) provided logistical and practical support during the
excavation process.

- Radiocarbon Dating: Minoru Yoneda (The University of Tokyo) performed the

radiocarbon dating necessary to establish the age of the samples.
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Sample processing, DNA extraction, and Library preparation: Takashi
Gakuhari conducted laboratory analysis of ancient DNA from the samples.
Genomic Data Processing and Analysis: | processed and analyzed the genetic
data, with the support from Lara M. Cassidy (Trinity College Dublin) and
Shigeki Nakagome (Trinity College Dublin).
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Introduction

The ancient city of Copan, located in the Maya highlands of western Honduras,
is renowned for its well-preserved sculptures and the hieroglyphic stairway, reflecting
its rich cultural and historical significance (Fash, 1991; Martinez de Velasco Cortina and
Vega Villalobos, 2015). By 1,000 BCE, the inhabitants already practised agriculture and
constructed elevated stone platforms for their living quarters and for burying their dead
underneath it. By 300-400 CE, the small settlement had become a vibrant city with

economic opportunities for a growing population (Andrews and Fash, 2005).

Origins of royal families of the Classic Copan

Due to its geographical location at the southeastern edge of the Maya area (Fig.
3.1), it has been a subject of debate whether or not the inhabitants of Copan were
ethnically Maya (Andrews and Fash, 2005; Suzuki et al., 2020). Early studies on
mitochondrial’ haplogroups from Classic Copan populations identified frequencies
differing from those observed in both present-day Maya and in ancient Maya from other
city-states (Merriwether et al., 1997; Roca-Rada et al., 2020). Maya architecture, pottery
and hieroglyphs appeared in Copan only after 400 CE, whereas Preclassic and
Protoclassic pottery at Copéan share closer affinities with those from central Honduras
and El Salvador. This evidence suggests that the early inhabitants of the Copéan Valley
are unlikely to have been ethnically Maya. However, by 426/427 CE, Copan came
under the rule of a Maya elite who spoke a Maya language (Andrews and Fash, 2005).

It has been posited that members of a widespread Maya elite network,
potentially originating from the central Petén region of Guatemala—home to the
city-state of Tikal-—migrated to Copan. These elites may have intermarried with local
residents, establishing themselves in the region. Hieroglyphic inscriptions at Copan
identify its first dynastic founder, K 'inich Yax K'uk’ Mo’, as an outsider who assumed
power in 426/427 CE. Although his name is distinctly Mayan, meaning “Great Sun
Green Quetzal Macaw,” and early depictions present him in traditional Maya regalia,

later portraits emphasise his foreign, Teotihuacdn-style elements (Andrews and Fash,

> Mitochondrial DNA is present in the cell mitochondria rather than in the nucleus. It is passed down from
mother to child. It is present in multiple copies, facilitating its sequencing.

48


https://www.zotero.org/google-docs/?8EAQXL
https://www.zotero.org/google-docs/?8EAQXL
https://www.zotero.org/google-docs/?sxF9YE
https://www.zotero.org/google-docs/?WdkIGp
https://www.zotero.org/google-docs/?ylejnr
https://www.zotero.org/google-docs/?OqT2no
https://www.zotero.org/google-docs/?A9cMqV

2005; Ferguson, 2007). On Altar Q, which features the 16 rulers of Copan, K inich Yax
K’uk’ Mo’ is the only figure explicitly depicted as a Teotihuacan warrior (Bell et al.,
2004).

Archaeological and epigraphic evidence indicate that Teotihuacan, a large
city-state in the valley of Mexico, established trade with Tikal in the 3" century CE,
using Tikal as a hub to extend political influence across Petén and beyond, reaching
distant centres such as Copan, Quirigua and Pusilha. Prior to its collapse in 600 CE,
Teotihuacan reached its maximum splendour much earlier, between 350-450 CE,
coinciding with the arrival of the dynastic founder in Copéan. Altar Q inscriptions state
that, before acceding to the throne, K 'inich Yax K'uk’ Mo’ undertook a 156-day journey
to a distant region to receive symbols of rulerships. Whether this distant region was
Teotihuacan, Tikal, or elsewhere remains uncertain. However, he brought two pyrite
mirrors—similar to those excavated at Tikal—as gifts for his wife (Martinez de Velasco
Cortina and Vega Villalobos, 2015).

Isotopic evidence from tooth enamel further supports the foreign origin of
K’inich Yax K'uk’ Mo’. Oxygen isotopic ratios, which reflect the rainfall of a person’s
childhood environment, and strontium isotopic ratios, which vary with geological
substrates and enter the body through food and water, both indicate a non-local origin
for K’inich Yax K'uk’ Mo’ and local origin for a royal woman presumed to be his wife
(Price et al., 2010). Further isotopic analysis of Classic Copan populations reveals that
nearly 50% of individuals—especially elites—were non-local, suggesting that many
elites buried at Copan grew up elsewhere before relocating to the city (Suzuki et al.,
2020).

Overall, it is unlikely that K’inich Yax K uk’ Mo’ originated from Teotihuacén.
Instead, his adoption of Teotihuacén-style imagery may have been a strategic effort to
legitimise his authority and that of his successors. His exact birthplace remains
uncertain, as isotopic data require regional comparisons for precision. Furthermore, the
extent of social and cultural assimilation among these non-local elites, along with their

potential genetic contributions, warrants further investigation.
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Figure 3.1. Major urban centres in Mesoamerica during the Classic period. The
Maya area is highlighted in yellow and orange for the Maya lowlands and highlands
respectively. City locations are pinpointed by a pyramid, and regions are in italic.

Archaeogenetics in the Maya region

Previous analyses of ancient genomes in the Maya region have uncovered the
presence of a distinct genetic ancestry dating back to the Early Holocene, approximately
9,300 to 7,300 years before present (BP) (Posth et al., 2018), which constitutes a lineage
likely diverged from the initial southward migrations through the Americas. By the Late
Archaic period, around 5,600 to 3,700 years BP, the region saw gene flow from further
south (Kennett et al.,, 2022). While a later influx of highland Mexican
ancestry—represented by indigenous groups from Oaxaca, Mixe and Zapotec—has
influenced the genetic makeup of present-day Maya populations (Kennett et al., 2022),
the timing of its arrival remains elusive. Recent analysis of the Terminal Classic
genomes from Chichén Itz4 in Yucatan provides evidence of genetic continuity into a

contemporary population from the same region (Barquera et al., 2024).
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Aims of Chapter 3

This study presents seven newly sequenced ancient genomes from Copan, all
dating to the Classic Maya period (Table 3.1). This dataset includes the genome of an
enigmatic dynastic ruler buried outside the Acropolis (labelled as CpM13) and an
individual discovered nearby, likely linked to a sacrificial burial (labelled as CpM12),
and five commoners (Price et al., 2014). By integrating these Copan genomes with a
broader ancient and modern genomic dataset spanning North-to-South Americas and
Siberia, my work aims to enhance our understanding of the genetic ancestry of the
Classic Copan, as well as other ancient and present-day populations from the Maya

region.
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Results

This section is organised into six subsections, each presenting results from distinct

analyses as follows:

I.

I1.

I11.

IV.

VI.

Describing the newly sequenced genomes from the Classic Copan, assessing
their authenticity, and exploiting isotopic data.

Contextualising paternal and maternal haplogroups from the Classic Copan into
variation in their compositions across ancient Maya populations.

Establishing and validating a masking strategy to exclude non-American
genomic segments in present-day American individuals.

Examining genetic structures of ancient and present-day American populations.
Exploring genetic affinities between ancient and present-day Maya populations,
as well as between the Maya and other American populations.

Modeling admixture scenarios in the populations from the Maya region.
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L. Ancient genomes from the Classic Copan

L. 1. Genomic data generation of Classic Copan individuals

The initial screening focused on 16 ancient skeletal remains excavated from the
sites of Copan, as part of two projects (PICPAC and PROARCO), both led by our
archaeological collaborator, Seiichi Nakamura. Based on mapped reads after filtering
and duplicate removal, endogenous® human DNA contents above 1% were achieved in
ten of these bone extracts (Table S3.1), which were then further shotgun-sequenced to
higher coverage. Out of these ten extracts, three pairs were identified as genetically
identical (CpMO02-CpMO03, CpMO5-CpM06 and CpM42-CpM43) by the kinship
program READ (Relationship Estimation from Ancient DNA) (Fig. S3.1) (Monroy
Kuhn et al., 2018). Given that these pairs were found in the same burial tomb, they were
subsequently merged into single genomes: CpMO0203, CpM0506 and CpM4243
respectively. Genomic coverage’ for the seven final individuals range between 0.033x

and 0.491x (Table 3.1).

Table 3.1. Summary of Classic Copan genomes and their associated profiles

Top: Structure . . .. | Haplogroup .
Individual | Middle: Burial | Endo%; | C°V¢T28¢ | Molecular | COMtamination; Wealth Isotopic data
(Project) | Bottom: Dating | clonalit Wwhole sex mtDNA designation | - ("'Sr/"Sr;
1 (me dian: Zc)g Y x5y coverage mtDNA | Y-chr. | (0-5) 31%C; 5"%0)
9
10J-39 .| 0.4486 .
gﬁlggﬁg 712000 | ! 655941"//0 (0.2823; | Female | 0.00%;21.563 | A2ad | - 0 409;2,1 137 s
716;657-774 CE| ~~77° | 0.0005) I
10J-39 .| 0.4908
&ﬂggzocg 7(2)-2000 l? ;’510/”’ (0.2987; | Female | 0.48%;13.284 ’ﬁggg‘g - 0 -
717;659-775 CE| "~77° | 0.0005)
103-71 .| 00051
(PCI‘é]\&é) 27-2000 10%1‘0/2 ©.002; | Mae | 000%0125 | N4 | M4 1 -
721; 667-774 CE| 0.0004)
10J-45 .. | 03076 0 _
(151%1\;;%) 35-2000 13?55/; 0.1203; | Male | 0.00%;13.900 | Cled | Qb | (Sacrificed _008‘;9?:’39
ND 25% 1 0.0236) burial) 89; 4.
10J-45 .| 00925 5 _
(Pcllél\éié) 36-2000 9652550/; 0.0335; | Male | 1.09%;2301 | A2u1 | Qb | (Dynastic -308?9725 s
484; 425-542 CE| &% | 0.0065) ruler) 81 2.
9L-104 .| 00334 .
(P}%%}i?: o 94 31'%690//‘: 0.029; | Female | 0.00%;2.047 | A2 - 0 _2%9?;‘ "
574; 543-605 CE| 1 0.0001) 40; -3.
9L-105 .| 0.0498
(P%pgfé&) 157 % 132//“ (0.0387; | Female | 029%;6.466 | clc | - 1 ;
495; 431-558 CE| 9387 [ 0.0001)

® As ancient DNA is contaminated by DNA from the environment (ancient and present-day), the
endogenous DNA refers to the human DNA belonging to the bone remains.

7 Genomic coverage is the mean number of sequencing reads for each genomic position. The higher the
coverage, and the more certain is the DNA base read by the sequencing machine.
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It is important to note that our team also attempted an enrichment approach using
the myBaits Expert Human Affinities Kit (Daicel Arbor Biosciences) to recover DNA
from the Classic Copan individuals. However, the enrichment was unsuccessful because
the libraries failed to yield sufficient coverage at the targeted 1240k SNP positions, even
for individuals with relatively high endogenous content such as CpM0506 (CpMOS5:
15.3%; CpMO06: 16.8%) and CpM12 (30.76%). This outcome was likely due to the
extreme fragmentation of their DNA with median fragment lengths ranging from 37 to
42 bp (Fig. 3.2). Given this limitation, we focused on generating as much genomic data
as possible through whole-genome shotgun sequencing. This approach, coupled with
UDG treatment of the DNA, is widely recognized as the best practice for maximising
data yield and quality from highly degraded ancient DNA. By employing this strategy,

we ensured that our methodology was robust and appropriate for the nature of the

samples.
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Figure 3.2. Fragment length distributions for newly sequenced Classic Copan
genomes. Read length distributions are shown for the seven Classic Copan individuals,
with forward strands in red and reverse strands in blue. The black dashed line indicates
the median fragment length for each individual.
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Radiocarbon dating conducted on collagen extracted from the corresponding
bones reveals that all individuals align with the Classic Maya period, yet they are split
into two temporal groups: either the Early-to-Middle (circa 250-550 CE) or the
Middle-to-Late Classic (circa 550-830 CE) Maya phases.

I. 2. Authentication, kinships, and molecular sexing

To remove any first- or second-degree relatives, READ was re-ran on the seven
Classic Copan individuals (Fig. S3.2). The kinship analysis indicated potential
second-degree relationships between CpM11 and CpM34 or between CpMI11 and
CpM4243. However, due to large error bars, these kinship estimates may be unreliable.
Consequently, CpM11 was excluded from all downstream analyses.

Deamination profiles at the terminal ends of DNA fragments were analysed to
confirm the ancient origin of sequence reads generated from the DNA extracts of the
Copan individuals. Ancient DNA accumulates damage patterns over time, with
deamination being the most prevalent. This damage is observed as C-to-T or G-to-A
misincorporation in ancient genomes (Briggs et al., 2007; Do and Dobrovic, 2012). All
of the Copén individuals show clear evidence of postmortem damages (Fig. 3.3), along
with short DNA fragment lengths (Fig. 3.2), providing strong support for their
authenticity as ancient DNA.

These low levels of contamination were further supported by the X-chromosome
data from males, which provides an additional method to assess and control for
non-endogenous DNA contamination. Since males have only one X-chromosome
(compared to two in females), a single allele is expected at each site, and any observed
polymorphism likely results from contamination or sequencing errors (Rasmussen et al.,
2011). Molecular sexing identified three males among the seven individuals analysed,
including CpM12, a sacrificed victim previously classified as female based on their
morphological characteristics (Mizoguchi and Nakamura, 2006; Price et al., 2014).
Contamination estimates measured using Analysis of Next Generation Sequencing Data
(ANGSD) are presented in Table 3.2. Both methods compare the number of minor reads
to the number of major reads, however Method 1 assumes that sequencing errors are
independent across all reads and sites, while Method 2 accounts for the fact that errors

are often correlated, particularly in dataset filtered for coverage depth (Rasmussen et al.,
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2011). While the results indicate low contamination levels, they are not considered

statistically significant, likely due to limited genomic coverage.
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Figure 3.3. DNA damage plots for newly sequenced Classic Copan individuals.
Damage patterns on the left plot show C>T misincorporations at the 5’-end, while those
on the right plots show G>A misincorporations at the 3’-end. As sequencing libraries
were constructed with the NEBNext Ultra II DNA Library Prep Kit that uses USER
enzyme for exercising adaptors taking a hairpin loop structure, C-to-T substitutions
observable at the 5’-end become less pronounced compared with G-to-A substitutions at
the 3’-end.

Table 3.2. Contamination estimates in males based on X-chromosomes.

CpM11 CpM12 CpM13
Method 1 | Method 2 | Method 1 | Method 2 | Method 1 | Method 2
p-value 0.6101 1 0.6101 0.3758 0.6101 1
Contamination [ 0.009% | 0.007% | 0.009% | 0.225% | 0.009% | 0.007%
log-likelihood 7.55 0.27 7.55 7.55 7.55 0.64
SE 0.0006 0 0.0006 0.0024 0.0006 0

Similar to quantifying X-chromosome mismatches in males, mitochondrial DNA

can be used to estimate contamination in both males and females (Furtwéngler et al.,

2018). Unlike the Y-chromosome, which is transmitted only from father to son,
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mitochondrial DNA is inherited from the mother by all offspring. Furthermore,
mitochondrial DNA is present in greater quantities than nuclear DNA within a cell,
resulting in higher sequencing coverage and facilitating its analysis (Merriwether et al.,
1997). Contamination based on mtDNA is detected by measuring levels of
heterozygosity at positions where endogenous ancient DNA is expected to be
homogenous. Deviations from the expected homogeneity—such as the presence of
multiple alleles at a single site—indicate contamination from exogenous sources, such
as present-day human DNA (Furtwingler et al., 2018). In the Copén individuals,
mitochondrial coverage ranged from 0.125x for CpMI11 to 21.563x for CpMO0203
(Table 3.1). Contamination levels ranged from 0% to 1.09%, confirming minimal

modern human contamination.

L. 3. Isotopic profil

In previous studies, isotopic data were collected from tooth enamel for four out
of the seven Copén individuals (unavailable for CpM0506, CpM11, and CpM4243)
(Price et al., 2014; Suzuki et al., 2020), which are summarised in Table 3.1. Isotope
ratios from archeological remains can provide valuable insights, including human
mobility. Strontium, which varies based on geology and rock types, is incorporated into
bones and teeth through the food chain. Since tooth enamel forms during early
childhood and undergoes minimal change afterward, strontium isotope ratios (*’Sr/*Sr)
can reveal childhood geographic origins when compared to baseline data from
surrounding areas (Price et al., 2010). Previous studies of Classic Maya individuals
from Copan identified nearly 50% of the individuals analysed as
non-locals—specifically 2 in 10 in Price et al. (2010), 14 in 32 in Price et al. (2014), and
28 in 66 in Suzuki et al. (2020)—particularly among elite groups. This includes the
“stranger-king” K'inich Yax K'uk’ Mo’ (Price et al., 2014, 2010; Suzuki et al., 2020).
Using a general baseline measurement from across the Maya region for comparison
(Suzuki et al., 2020), ¥’Sr/*¢Sr ratios from the Copan individuals suggest a local origin
for CpM12 and CpM34 (within the Copan baseline range of 0.7060-0.7072). In
contrast, CpM0203 and CpM13 are likely non-locals, with a potential origin from the
Maya mountains of southern Belize for CpM0203, and a possible southern Petén origin

for CpM13.
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Another indicator of the place of birth is the isotopic ratio of oxygen. Clouds
forming over tropical and coastal regions are typically enriched with heavier oxygen
isotopes ('®0), which precipitate first, leaving polar and inland rains lighter with higher
proportions of '®O. This isotopic ratio becomes sealed in tooth enamel during childhood
through the consumption of local drinking water, providing a signal of the water sources
at the place of birth (Price et al., 2014, 2010; Suzuki et al., 2020). The oxygen isotopic
ratios (8'%0) of CpM0203, CpM12, and CpM34 fall within the range typical of locales
near Copan, unlike that of CpM13, which differ significantly (Suzuki et al., 2020).
When considered alongside, these data indicate a local Copan origin for CpM12 and
CpM34. However, the birthplace of CpM0203 and CpM13 remains uncertain. Since
baseline measurements remain sparse throughout Mesoamerica, it is indeed challenging
to accurately identify specific birth origins solely from isotopic data (Price et al., 2014).
More importantly, isotopic analysis cannot identify non-local individuals beyond first
generation immigrants. Genetic data is required to explore long-term interactions
between local and non-local populations, for a better understanding of subsequent social
and cultural change.

Isotopic ratios in tooth enamel also reflect dietary practices. Carbon isotopes
(8"C) are influenced by the types of plants consumed, while nitrogen isotopes (5'°N)
distinguish between terrestrial and marine food sources (Kennett et al., 2022;
Somerville et al., 2013). By comparing isotopic data from Copan individuals with those
of Preclassic and Classic Maya individuals (Kennett et al., 2022; Somerville et al.,
2013), it is evident that the Copan population aligns with other Classic Maya in their

heavy reliance on maize as a primary dietary source (Fig. 3.4).
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Figure 3.4. Isotopic profiles of the Classic Copan individuals (red) and ancient
Maya individuals with pre-maize (green), transitional maize (blue), and stape
maize diets (orange). The top and bottom plots show values of 8'3Cconagen (x-axis) and
3" Neoiagen (v-axis) or those of 8"°C,e (x-axis) and 8°Cyagen (v-axis), respectively. Due
to a lack of isotopic data, CpM12 or CpM0506, CpM 11, and CpM4243 are not included
in the top or bottom plot. All data, except for the Classic Copan individuals, are referred
from previous studies (Kennett et al., 2022; Somerville et al., 2013).
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I1. Uniparental markers of the Classic Copan

II. 1. Identifying paternal markers from the Classic Copéan

Two uniparental markers are widely studied in genetics: mitochondrial DNA
(mtDNA) and the Y-chromosome. Mitochondrial DNA is maternally inherited and
present in all individuals, while the Y-chromosome is paternally inherited and present
exclusively in males. These distinctions in inheritance allow geneticists to trace
maternal and paternal lineages separately. By analysing these markers, it is possible to

reconstruct the origins and divergences of human ancestry.

Given a high degree of genetic similarity in maternally and paternally inherited
markers among Indigenous Americans (e.g., the Y-chromosome haplogroup Q shared
by nearly all American males) (Grugni et al., 2019; Llamas et al., 2016), they possibly
descended from a single migratory subset of a Eurasian gene pool that entered the
Americas via Beringia between 20,000 and 15,000 years ago.

Out of the seven ancient individuals sequenced from Copan, three were
identified as males: CpM11, CpM12 and CpM13 (Table 3.1). Genomic coverage varied
among these individuals, affecting the resolution of Y-chromosome haplogroup
assignments. For CpMI11, low genomic coverage prevented the detection of

Y-chromosome markers, making it impossible to identify its paternal haplogroup..

CpM13, sequenced at a nuclear genome coverage of 0.0925x%, carried a limited
number of Y-chromosome markers (Fig. 3.5). Specifically, 17 mutations aligned with
the BT branch and 6 with the CT branch on the phylogenetic tree. However, these
markers are located close to the root of the tree and provide limited insight. A sub-group
within the D branch was detected, but this classification was excluded due to conflicts
with four other markers diverging from the CT branch and not associated with the DE
branch. These conflicting markers included one mutation from the GHIJK branch,
which diverged from the F branch (supported by two markers), and one from the CF
branch. Additionally, two informative markers, Z12681 and L57, were identified as
belonging to sub-groups H3a2a2 and Qlb, respectively. Given the limited number of
markers, my analysis classified the Y-chromosome haplogroup of CpM13 as either

H3a2a2 or Q1b, with low certainty.
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CpM12, sequenced at a higher coverage of at 0.3076%, provided more
Y-chromosome markers (Fig. 3.5). Similar to CpM13, the most abundant markers
aligned with the BT (39 hits) and CT (22 hits) branches. A subgroup E classification
was detected, but this was excluded due to inconsistencies with other markers that did
not belong to the DE branch. There were six markers aligned with the F branch, which
diverges from the DE branch. Among the remaining 16 markers, the majority were
associated with the Q branch: two markers for Q, four for Q1, and two for Q1b. These
mutations—M 1074, F1728, F1304, F1426, CTS2006, CTS5804, L57 and
F2122—support the assignment of CpM12 to the Q1b branch.
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Figure 3.5. Y-chromosome hits for individuals CpM12 and CpM13. Number of hits
are in red circles for individuals CpM12 (left) and CpM13 (right), overlaid on a
simplified version of the Y-chromosome tree by collapsing branches which are
symbolised by three grey dots. The Y-chromosome tree is based on
https://www.yfull.com/tree/.

II. 2. Interpreting paternal haplogroups from the Classic Copan
When counting the number of hits alone, CpM13 is equally likely to be
classified as H3a2a2 or Q1b, with one hit for each sub-group. However, considering that

most of published ancient American males belong to the Q1 branch, it is more probable
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that CpM13 also belongs to the Q1 branch rather than the H branch (Campelo dos
Santos et al., 2022; Capodiferro et al., 2021; de la Fuente et al., 2018; Kennett et al.,
2022; Néagele et al., 2020; Nakatsuka et al., 2023, 2020a, 2020b; Popovi¢ et al., 2021;
Posth et al., 2018; Scheib et al., 2018; Severson et al., 2022; Villa-Islas et al., 2023).

CpM12 is confidently classified in Q1b. Considering that the Maya practiced
patrilineal succession, with power typically passed from father to son (Martinez de
Velasco Cortina and Vega Villalobos, 2015; Verdugo et al., 2020), the paternal
haplogroup of CpM13 offers potential insights into the lineage of the royal family of
Copan. The discovery of CpMI12—a sacrificial individual—within CpM13’s royal
burial tomb raises intriguing questions about their relationship. Could CpM12 have
been a war captive from a lower social class, or was an elite individual, possibly a war

captive from a rival city-state, sacrificed to honour the deceased king?

Sacrifice played a central role in Maya civilisation. Royal rulers, regarded as
semi-divine mediators between the natural and the supernatural worlds (Martinez de
Velasco Cortina and Vega Villalobos, 2015), were believed to possess blood imbued
with special power. This belief may have led to the preference for elite individuals
during sacrificial rituals. However, due to the limited sample size and insufficient
Y-chromosome reads, we are unable to definitively address these questions with the

current data.

1L 3. Identifying maternal haplogroups from the Classic Copan

Among Indigenous Americans, six mtDNA haplogroups have been identified:
A2, B2, Cl, D1, X2a and more recently identified and rarely found D4h3 (Bandelt et
al., 2003; Gonzalez-Martin et al., 2015; Kumar et al., 2011). Five haplogroups—A2, B2,
Cl, DI, D4h3—are of Asian origin. Their coalescence time and geographic
distributions support the theory of a single migration from East Asia, followed by a
period of isolation in Beringia, and subsequent expansion into the Americas. Although
the evolutionary history of X2a is debated due to its West Eurasian origin, its presence
in early Holocene individuals such as Kennewick Man (~8500 BP) suggest it may have
arrived with the initial peopling of the Americas, pointing to a more complex migration
history than previously assumed (Bandelt et al., 2003; Kumar et al., 2011; Rasmussen et
al., 2015; Sandoval et al., 2009).

62


https://www.zotero.org/google-docs/?rFT9jT
https://www.zotero.org/google-docs/?rFT9jT
https://www.zotero.org/google-docs/?rFT9jT
https://www.zotero.org/google-docs/?rFT9jT
https://www.zotero.org/google-docs/?Ur1Ppl
https://www.zotero.org/google-docs/?Ur1Ppl
https://www.zotero.org/google-docs/?urdOWE
https://www.zotero.org/google-docs/?urdOWE
https://www.zotero.org/google-docs/?u1WCod
https://www.zotero.org/google-docs/?u1WCod
https://www.zotero.org/google-docs/?PdNSge
https://www.zotero.org/google-docs/?PdNSge

In the ancient Copan individuals, mtDNA analysis identified haplogroups A2
and C1 (Table 3.1), supporting their Indigenous American origin. CpM0203 belongs to
haplogroup A2ad, while CpM13 is classified as A2ul, and without additional markers,
CpM34 is assigned to A2. CpMO0506 also harbours the markers for the A2 haplogroup
but with additional mutations that prevent precise subgroup assignment. Its mtDNA
may represent an undefined branch of A2. Similar undefined subgroups, such as
“A2+(64),” have been identified in ancient individuals from the southern cone
(Nakatsuka et al., 2020b), the Caribbeans (Fernandes et al., 2021; Nagele et al., 2020),
New Brunswick in Canada (Raghavan et al., 2015), and Belize in Mesoamerica
(Kennett et al., 2022). The subgroup “A2+(64)” may represent extinct lineages found

only in ancient Americans.

CpM12 and CpM4243 fall within the C1 haplogroup, with CpM12 classified as
Clc4 and CpM4243 as Clc (“PhyloTree,” 2016; van Oven and Kayser, 2009). Lastly,
CpM11 could not be confidently typed due to low mitochondrial coverage (<0.1x%

compared to >2x for the other individuals).

I1. 4. Comparing Classic Copén maternal haplogroups to present-day Mesoamericans
Consistent with studies on present-day Central American populations, the
haplogroup X2a was not detected in any of the Classic Copan individuals, further
supporting its restriction to North American populations (Gorostiza et al., 2012;
Sandoval et al.,, 2009). In present-day Mesoamericans, the previously reported
frequencies of haplogroups A2, B2, C1, D1 and D4h3a based on 520 individuals are as
follows: 49.4%, 24.2%, 19.4%, 4.4% and 2.3% (n=520) (Gonzélez-Martin et al., 2015).
Among the Maya, who inhabited the southeastern region of Mesoamerica, haplogroup
A2 is the most prevalent at 79.6%, followed by C1 (9.1%), B2 (6.8%) and D1 (4.5%)
(n=44) (Gorostiza et al., 2012). The haplogroup frequencies observed in Classic Copan
individuals align with those of present-day Maya, with A2 as the most common
haplogroup, followed by C1, though the proportions differ. Among the Classic Copan
individuals, four individuals (CpM0203, CpM0506, CpM13 and CpM34), which are
corresponding to 67%, belong to haplogroup A2, compared to 79.6% in present-day
Maya. The remaining two individuals (CpM12, and CpM4243; 33%) fall within
haplogroup C1, compared to 9.1% in present-day Maya. These differences may reflect
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the influence of small sample size in this study, but also potentially population

heterogeneity among the Maya.

Heterogeneity within present-day Maya groups has been previously suggested
by Gonzéalez-Martin and colleagues (Gonzalez-Martin et al., 2015). The study found
that Fg; values become significant only when the Maya were divided into individuals
from the Yucatan Peninsula and those from other regions. Furthermore, the Maya from
the Yucatan Peninsula exhibited the highest genetic diversity of all Mesoamerican
groups. These results support a potential population structure within the Maya, which
may result from differences in past trade, politics and migration routes between Classic

Maya states.

I1. 5. Contextualising the Classic Copan with ancient Maya

Ancient DNA can elucidate when and how genetic heterogeneity in the Maya
region emerged. Given the abundance of mtDNA relative to nuclear
DNA—approximately 1,500 times more copies per cell—mtDNA offers a significant
advantage for such studies (Merriwether et al., 1997). This abundance made mtDNA the
primary focus of ancient DNA research before the advent of next-generation sequencing

technologies enabled more comprehensive analyses of autosomal DNA.

Mitochondrial DNA has been widely sequenced in the context of ancient Maya,
which are summarised in Figure 3.6. Ochoa-Lugo and colleagues sequenced the
mitochondrial genomes of 38 individuals from various sites across the Maya region
(Ochoa-Lugo et al., 2016). Gonzales-Oliver et al. typed 24 individuals from Xcarat in
Mexico; Verdugo et al. studied 17 individuals from Midnight Terror Cave in Belize; and
Merriwether et al. examined 9 individuals from the Copéan site in Honduras

(Gonzalez-Oliver et al., 2001; Merriwether et al., 1997; Verdugo et al., 2020).
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Figure 3.6. Overview of mitochondrial haplogroups in ancient Maya from
published studies. Arrows correspond to the geographic location of ancient Maya
individuals (the Maya region is highlighted in a darker shade of green). Pie charts
represent the frequencies of each mitochondrial group found. For visual clarity,
mitochondrial groups belonging to A, B, C and D are coloured in orange, yellow, blue
and green respectively. Original study, sample sizes and archeological dates are
displayed next to corresponding pie charts.

All studies including the data from newly sequenced Classic Copan, except for
those from Merriwether and colleagues, support A as the most common haplogroup
found across ancient Maya cities, followed by haplogroup C (Gonzalez-Oliver et al.,
2001; Ochoa-Lugo et al., 2016; Verdugo et al., 2020). Nine Copan individuals
sequenced by Merriwether and colleagues show a markedly different haplogroup
distribution, with eight individuals typed as C and one as D. Based on this distinct
composition, the study suggested that Copan may have been genetically isolated from
other Maya cities. In contrast, my analysis reveals a different haplogroup distribution
(four individuals as A and two as C), aligning more closely with other ancient Maya

populations.

While both studies are limited in sample size in representing true frequencies
(Merriwether et al., 1997), several factors may explain the discrepancies. First, the
unusually high frequency of haplogroup C in Merriwether et al., (1997) may reflect
consanguinity among elite individuals (Gonzalez-Oliver et al., 2018). Second, concerns
about contamination are not adequately addressed in Merriwether et al., (1997). The
study took a PCR-based approach to amplify and sequence mtDNA, which did not leave

any signature of post-mortem damages typically observed in ancient DNA when data
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are generated by next-generation sequencing (Roca-Rada et al., 2020). By contrast, in
my study, contamination estimates were negligible (<2%) (Table 3.1), post-mortem
damage patterns were confirmed (Fig. 3.3), and familial relationships were rigorously

screened (Fig. S3.2).

The haplogroup frequencies observed in the Classic Copan (67% typed A2 with
5e=19.2%, and 33% typed C1 with se=19.2%) closely match those reported for other
ancient Maya cities (73% typed A2 with se=5.0%, and 20% typed C1 with se=4.5%).
This alignment challenges earlier interpretations of genetic isolation at Copan,
particularly on the maternal side, and instead suggests connections to other Maya
kingdoms. These findings are consistent with inscriptions and archeological records,
which highlight a cohesive Maya culture characterised by long-distance trade, inter-city
marriages, and frequent conflicts (Fash, 1991; Martinez de Velasco Cortina and Vega

Villalobos, 2015; Sharer, 2009; Sochtig et al., 2015).

I1. 6. Population structures of ancient Maya through mtDNA

Based on mtDNA variation observed between present-day northern and southern
Maya groups, possibly reflecting past demographic events (Gonzalez-Martin et al.,
2015), I investigated population structure in ancient Maya. Individuals from this study,
as well as from previous studies, were categorised geographically into two regions: the
Yucatan Peninsula lowlands (north) and the highlands (south). I also analysed temporal
variation, dividing individuals into two periods: the Classic period (250-900 CE) and
the Postclassic period (900-1,521 CE), which marks the rapid decline and abandonment
of many Maya cities (Fash, 1991; Martinez de Velasco Cortina and Vega Villalobos,
2015). Finally, given the Maya’s highly stratified society, I compared mtDNA
haplogroups between elites and commoners (Fash, 1991; Martinez de Velasco Cortina
and Vega Villalobos, 2015; Sharer, 2009). Social status was inferred through
archeological contexts, though often with uncertainty. Only CpM13 from the Classic
Copan could be confidently classified as a royal elite, and a limited number of
individuals as commoners, based on their tombs’ locations in working quarters
(Ochoa-Lugo et al., 2016). Results of these analyses are presented in Figure 3.7.
However, due to the limited representation of elites (n=1), social class-related structure

could not be reliably assessed.
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Figure 3.7. A comparison of published ancient Maya mitochondrial frequencies.
The error bars show the proportion and standard error of the four haplogroups (A, B, C
and D in red, yellow, blue and green respectively), across geography (the lowlands
versus the highlands), periods (Classic versus Postclassic) and social status (elite versus

commoner). Standard error was calculated as follows: SE = -an_EL The categories

lowlands, highlands, Classic, Postclassic, elite and commoner consist of 58, 27, 45, 18,
1 and 13 individuals respectively.

Geographically, the highlands showed higher frequencies of haplogroups C and
D and lower frequencies of haplogroups of A and B, compared to the lowlands.
Temporarily, the Classic period exhibited similar patterns, with higher frequencies of
haplogroups C and D and lower frequencies of haplogroups A and B compared to the
Postclassic period (Fig. 3.7). It is important to note that, while the lowlanders are
equally divided between the temporal periods (18 individuals each), all highlanders are
associated with the Classic period, complicating the distinction between geographic and
temporal factors. Still, considering the overlaps in the standard errors across regions and
periods, ancient Maya were likely a genetically homogenous population, without
sub-structure between north and south or between pre- and post-collapse.

The observed diversity among present-day Maya groups may have arisen during
the Colonial period rather than earlier eras. The arrival of Spanish conquistadors had

devastating effects, introducing new diseases, waging war with advanced weaponry, and
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implementing the encomienda® system, which enslaved Indigenous populations. These
factors caused severe population bottlenecks, territorial reorganisation, and subsequent
isolation, likely driving the genetic differentiation observed in the maternal line of
contemporary Maya populations (Livi-Bacci, 2006; Martinez de Velasco Cortina and
Vega Villalobos, 2015).

While additional mtDNA analyses could further elucidate maternal genealogical
histories, they remain limited to the maternal lineage. In this project, I leverage the
autosomal shotgun genomes from the Classic Copan to conduct genome-wide analyses.
This approach enables the application of population genetics methods unsuitable for
mtDNA data, offering new insights into demographic trajectories during the Classic

Maya period.

¥ encomienda: Spanish labour system that rewarded encomenderos with Indigenous people to use as slave
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III. Masking genomic segments derived from non-American ancestry in

present-day Americans

II1. 1. Non-American proportions in present-day Maya genomes from HOA

Before analysing genome-wide data, I identified potential non-American
genomic segments in the present-day American populations. These segments,
originating from European and/or African admixture during post-Columbian time, are
absent in ancient or pre-Columbian Americans, and could bias downstream analyses
when analysing ancient and present-day Americans together. Specifically, European and
African ancestries exhibit significant divergence from American ancestries, artificially
amplifying genetic differentiation between ancient and contemporary populations.

To address this problem, I inferred local ancestry in present-day American
genomes to identify and mask segments of non-Indigenous (i.e., African and European)
origin. Several tools exist for local ancestry inference—such as LAMP (Sankararaman
et al., 2008), HapMix (Price et al., 2009), ELAI (Guan, 2014), RFMix (Maples et al.,
2013), and MOSAIC (Salter-Townshend and Myers, 2019)—each with different
assumptions and capabilities. Earlier tools like LAMP and HapMix are limited to
two-way admixture models and are therefore not suited for complex three-way
admixture typical of American populations. More recent methods, such as ELAI and
RFMix support multi-way admixture but require a priori specification of source
populations, meaning the user must define in advance which ancestries to infer. In
contrast, MOSAIC does not require prior specification of ancestral groups. Instead, it
uses a two-layer Hidden Markov Model (HMM) and linkage disequilibrium (LD)
patterns to infer ancestry directly from the genomic data. This makes MOSAIC
particularly suitable for masking, as some present-day individuals might carry
exclusively Indigenous American ancestry and thus require no masking. Differentiating
Indigenous Americans from Siberians remains challenging due to their shared
evolutionary history; however, the focus here is on masking segments introduced
through recent gene flow—specifically African and European ancestry—that postdates
the Maya period and would confound analyses.

Global populations from the Human Origin Array (HOA) dataset were classified

into seven regions based on their geographic origins: Africa, America (representing
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Indigenous American ancestry), Siberia, East Asia, Middle East, South Asia and West

Eurasia (representing European ancestry). Local ancestry inference was first applied to

the present-day Maya within the HOA dataset, with the assumption of three distinct

ancestral sources. These three sources identified in the Maya are coloured by blue,

green, and orange in Figure 3.8.
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Figure 3.8. Three-way admixture proportion in present-day Maya from HOA as
inferred by MOSAIC. Each colour paints the make-up of an ancestry inferred by
MOSAIC. Values on top are the admixture proportions from each source ancestry.

West Eurasian and African segments identified in the Maya are also present in

the reference panel of Americans, yet these segments exhibit greater genetic similarity

to the reference panel of West Eurasians or Africans based on F values (Fig. 3.9).

American ancestry constitutes the majority of the Maya genomes 91%), with the

remaining segments attributed to West Eurasian (7.4%) and African (1.7%) ancestries

(Fig. 3.8).
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Figure 3.9. Similarities of the orange, blue, and green ancestry detected by
MOSAIC in present-day Maya from HOA relative to the other continents. Here,
the orange, blue and green components represent African, American and European
ancestries respectively. As Fg; defines genetic divergence, the x-axis of 1-F; shows
here genetic similarity.

71



The minor West Eurasian and African contributions in the present-day Maya
genomes are consistent with the historical events of the 15th-century colonisation, when
Europeans arrived in Central America and subsequently began transporting Africans to
work in the fields. This admixture likely occurred between 400 and 500 years ago,
approximately 20 generations ago, assuming a generation time of 20-25 years.

MOSAIC can also estimate admixture timing by fitting curves that measure the
probability of making pairs of ancestry-specific haplotypes at varying genetic distances
(Salter-Townshend and Myers, 2019). For the Maya, the estimated admixture date is
approximately 8 generations ago (Fig 3.10). This estimate is more recent than the initial
contact period, which occurred around 20 generations ago (Livi-Bacci, 2006). However,
it is reasonable to assume that admixture did not begin immediately after contact, as the
arrival of more Europeans and Africans and the onset of gene flow likely occurred
gradually. Furthermore, admixture is not a single discrete event but rather a process that
unfolds over time. Because MOSAIC is designed to capture the most recent major
admixture signals, an estimate of 8 generations is consistent with historical expectations

of admixture occurring some time after initial contact.
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Figure 3.10. Three-way co-ancestry curves in present-day Maya from HOA as
estimated by MOSAIC. Values on top correspond to source ancestries from Fig. 3.8
and Fig. 3.9: 1 is orange, 2 is blue, and 3 is green. So the first plot is the co-ancestry
between the orange and blue ancestries, the second plot is the co-ancestry between the
blue and green ancestries, and the last plot is the co-ancestry between the orange and
green ancestries. The black lines are empirical across all individuals, the light grey are
per individual, the green is the fitted single-event co-ancestry curve. The co-ancestry
plots use exponential decay for the ratio of probabilities of pairs of local ancestries
(y-axis) as a function with the genetic distance (x-axis) to estimate the decay parameter
which corresponds to admixture date in generations (value in bracket on top).
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1. 2. Non-American proportions in present-day Maya genomes from SGDP
To validate the local ancestry inference performed with MOSAIC, 1 tested

whether the results obtained for the 18 Maya individuals from the HOA data could be
replicated in the two Maya individuals from the SGDP data (Table S3.2). Both SGDP
Maya individuals are included in the HOA database, making them directly comparable.
As not all SGDP individuals are included in HOA (Table S3.3), this replication analysis
is critical to confirm the robustness of local ancestry inference and to evaluate the
performance of MOSAIC when applied to datasets with small numbers of individuals
per population (e.g., 1-3 individuals).

Both datasets aim to capture the diversity of worldwide present-day populations,
with a focus on Americans: HOA includes 98 American individuals (Patterson et al.,
2012), while SGDP includes 22 (Mallick et al., 2016) (Table S3.2). However, the two
datasets differ markedly in their genomic coverage. The HOA references 594,896
genomic sites, while the SGDP includes 3,867,550 sites after filtering for transversions
and a 1% minor allele frequency. Although HOA includes 4.5 times more American
individuals than SGDP, SGDP records 6.5 times more variants.

Worldwide populations from the SGDP were classified into different groups
based on their geographic origins. A three-way admixture model was applied to two
individuals of the present-day Maya from SGDP. MOSAIC identified two American
sources (blue and green) and one West Eurasian source (in orange) (Fig. 3.11). When
the two American sources were combined, the genome-wide ancestry estimates for
these individuals were 97.8% American and 2.2% West Eurasian ancestry, without any
African ancestry. These results differ from the genome-wide estimates for the Maya
individuals in the HOA, which identified 91% American, 7.4% West Eurasian, and
1.7% African ancestries (Fig. 3.8). The observed differences may be due to averaging

genome-wide ancestries with other HOA individuals that are not included in the SGDP.
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Figure 3.11. Three-way admixture proportion in present-day Maya from SGDP as
inferred by MOSAIC. Each colour paints the make-up of an ancestry inferred by
MOSAIC. Values on top are the admixture proportions from each source ancestry.

II1. 3. Non-American segments in present-day Maya from HOA and SGDP

To investigate further, I directly compared non-American segments between the
two Maya individuals present in both datasets. Global ancestry represents the mean
ancestry across the entire genome, while local ancestry identifies the ancestry source
specific to a genomic position. Local ancestry profiles along chromosomes in the Maya
are presented in Figure 3.12, with the HOA and SGDP at the top and bottom
respectively. African ancestry, coloured by orange, is negligible, with very short
fragments identified only from the HOA. The lengths and locations of European
segments (green for the HOA and orange for the SGDP) are comparable across both
datasets, such as those on chromosome 17 in S Mayan-1 and chromosome 16 in
S Mayan-2. The segments identified as African origin in the HOA (orange) are
considered as West Eurasian origin in the SGDP dataset. It is also important to note that

both blue and green components define American ancestry in the SGDP data.
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Figure 3.12. Local-ancestries for present-day Maya from HOA and SGDP. The two
Maya individuals are present twice, either from the HOA dataset (top) or from the
SGDP dataset (bottom). Local-ancestry corresponds to American, European and African
in blue, green and orange respectively for HOA, and to American and European in
blue/green and orange for SGDP.

Overall, masking non-American segments in the present-day Maya from the HOA
and SGDP datasets resulted in the almost same genomic regions being excluded. This
finding confirms that MOSAIC accurately infers local ancestry in the SGDP dataset,

even when the number of individuals per population is small.

The two individuals of the Maya from the SGDP data exhibit higher American
ancestry on average (97.8%) than the genome-wide average (91%) from 18 Maya
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individuals from the HOA. This may suggest these two individuals were specifically
selected based on their minimum amount of non-American ancestry. Ancestry
proportions of these 18 individuals (36 chromosomes) are summarised in Figure 3.13.
Those chromosomes derived from the Maya individuals who are also present in the
SGDP data are highlighted as gold triangles. Their American ancestries are consistently
high across chromosomes, with a couple of exceptions in chromosomes 16 and 17. Still,

their genome-wide proportions of American ancestry are among the highest.
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Figure 3.13. Ancestry proportion in present-day Maya from HOA. The left panel
summarises ancestry proportion genome-wide, while the right panel details ancestry
proportion along the chromosome with each ancestry shown separately. Proportions
were estimated on Maya individuals from HOA as haploids, and gold triangles highlight
individuals also present in SGDP. Throughout, American, European and African sources
ancestries are colour coded in blue, orange and green respectively.



II1. 4. Non-American proportions in present-day Americans
I applied MOSAIC to the rest of present-day American populations in the HOA

and SGDP datasets. In the HOA dataset, the proportions of American ancestry are on
average higher than 91% (Fig. 3.14), with stronger contribution from European ancestry
than that from African ancestry, except for Mixe or Pima that have either African or
European impact. None of Karitiana, Piapoco and Surui show any detectable level of
non-American ancestry. The dates estimated for those admixed populations support the
events less than 16 generations ago, consistent with colonial history. Genome-wide
proportions of American ancestry for every individual from HOA and SGDP are
detailed in Table S3.3.
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Figure 3.14. Ancestry proportions in present-day Americans from HOA. Top label
names American population from HOA, with n as the number of haploids. So given that
2n 1is a diploid, if n=36 haploids then 2n=18 diploids. Throughout, American, European
and African sources ancestries are colour coded in blue, orange and green respectively.
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IV. Population structure within the Americas

IV. 1. Genetic structure in ancient and present-day Americans

To contextualise newly-sequenced Copan individuals within the broader
landscape of American demography, the Classic Copan genomes were combined with
genomic data from previously published studies. This created a dataset comprising 674
ancient genomes representing 192 populations, after removing individuals previously
marked as either contaminated or related (Fig. 3.15 and Table S3.4). This large set of
ancient genomes was further merged with present-day populations from the HOA or

SGDP datasets (Table S3.2).
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Figure 3.15. Geographic locations of the Classic Copan and publicly available
ancient genomes analysed in this thesis. The map shows the locations of the Classic
Copan marked with a red triangle, along with other ancient genomes analysed. Three
ancient populations from Siberia (AG2, MA1, and Birnirk), included in the analysis, are
not plotted.
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The genome-wide affinities of ancient and present-day Indigenous American
populations were explored using Principal Component Analysis (PCA), where ancient
individuals were projected onto genomic variation among present-day individuals. The
HOA dataset was chosen over SGDP as a reference of present-day populations to
maximise the number of individuals contributing to eigenvector calculation, as it
contains 98 individuals compared to 22 individuals from the SGDP dataset (Table 3.3).

In Figure 3.16, the PCA clearly differentiates two present-day Amazonian
populations of Surui and Karitiana (dark green triangles) from the rest of populations,
likely resulting from strong genetic drift reported in previous studies (Castro E Silva et
al., 2021; Skoglund et al., 2015). Pima, a present-day population from Aridoamerica,
forms a separate cluster on the third PC (yellow triangles). The other present-day
populations from Central and South America cluster around the centre of the plots,
along with the majority of ancient individuals. Within this large cluster, ancient
individuals from Aridoamerica (yellow circles) tend to spread toward the present-day

Pima.
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Figure 3.16. Population structure in the Americas as revealed by PCA. Principal
Components Analysis (PCA) visualising ancient American individuals (as circles)
projected onto present-day American individuals from the HOA panel (as triangles).
Both ancient and present-day individuals are colour-coded according to geographic
location (see Fig. 3.15; Table S3.4). Different principal components are shown, with
PC1 versus PC2 in (a) and a zoomed view of the centre outlined by a square, PC1
versus PC3 in (b), and PC2 versus PC3 in (c).

Projecting ancient genomes onto modern genetic variation through PCA relies on
the assumption that past genetic diversity is adequately represented by present-day
populations. However, this assumption may not hold true for Indigenous American
populations, whose ancestors underwent significant loss of genetic diversity during

European colonisation (Livi-Bacci, 2006). Consequently, contemporary populations in
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the Americas may not serve as an ideal reference panel for capturing the genetic

diversity of the past, at least in the context of PCA.

To further investigate population structures of ancient Americans, [ employed
multidimensional scaling (MDS) based on a matrix of outgroup-f; statistics measured
from all pairs of ancient populations and individuals. Unlike PCA, MDS does not
require projection, making it possible to directly compare genetic affinities between
ancient Americans without relying on present-day populations. I chose to base the MDS
transformation on outgroup f;-statistics, which measure the amount of shared genetic
drift between pairs of populations since their divergence from an outgroup. Compared
to methods based on direct pairwise genetic difference, this approach is more robust to
issues common in ancient DNA, such as low coverage and post-mortem damage.
Although outgroup f;-statistics are not affected by genetic drift that is unique to either
population being compared, if a population has experienced substantial drift in isolation,
its f; values with other groups will be relatively low because f;-statistics fails to detect
much shared drift. As a result, this can visually exaggerate distances, potentially
distorting the MDS plot’s spatial interpretation.

This analysis effectively separates ancient populations into distinct clusters that
mirror their geographic origins, such as the Arctic/Subarctic (cyan), California (orange),
Aridoamerica (yellow), the Caribbean specifically from the Archaic periods (dark
brown), and the Andes (green) (Fig. 3.17; Fig. S3.3). Notably, the ancient populations
from Aridoamerica are positioned between the ancient Californians and Central
Americans, reflecting their intermediate geographic location. Although the Arctic and
Subarctic populations might be expected to cluster far from other American groups due
to their extreme geographic location, they instead appear near the center of the MDS
plot, possibly because most individuals within these populations are dated to the early
Holocene, thus suggesting they retain ancestral genetic signals from which other
populations have since drifted. The Caribbean populations are divided into two
temporal groups: the earlier Archaic period (8,000-2,800 years ago) and the later
Ceramic period (after 2,800 years ago). Populations from the Ceramic period show
genetic affinities with South American populations, consistent with previous findings

(Néagele et al., 2020). Central American populations (red), along with those from Brazil
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(dark green), Argentina (sky blue), Patagonia (dark blue), and the Caribbean during the

Ceramic period (light brown), form a central cluster in the plot.
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Figure 3.17. Population structure in the Americas as revealed by MDS.
Multidimensional scaling (MDS) plot for the matrix of outgroup f;-statistics for all pairs
of ancient and present-day populations. Populations are colour-coded based on their
geographic location (see Fig. 3.15; Table S3.4), with the Classic Copan represented by a
red triangle and the present-day Maya by a red diamond.

While some individuals from Patagonia show distinct positioning along
Dimension 3, the central cluster—comprising populations from diverse geographic

regions—remains consistent across multiple dimensions (Fig. S3.3). This pattern

suggests potential genetic links among these regions. Within this central cluster, the
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present-day Maya (red diamond) are the closest to the Classic Maya from Copan (red
triangle).

IV. 2. Genomic profiles of ancient and present-day Americans
The ADMIXTURE analysis provides a detailed picture of genetic relationships

among ancient populations and individuals (Fig. 3.18). At K=9 (Fig. 3.19; Fig. S3.4;
Fig. S3.6), the red component is prevalent across several southern populations including
those from Central America, the Ceramic Caribbean, the carlier Andes, Brazil, and
Argentina. This shared ancestry mirrors their clustering in the MDS plots and supports a
genetic link between those regions. This red component is consistently high in the
ancient Central American individuals, particularly maximised in the Early Holocene
(9,300-7,400 years old) and LateArchaic (5,600-3,700 years old) individuals (Fig.
3.19b).

The other ancestral components uniquely or exclusively characterise different
geographic populations. The genetic component identified at K =2 corresponds to the
Archaic Caribbean (brown), the most distinctive population on the MDS plots (Fig.
3.18). Individuals from Aridoamerica exhibit the yellow ancestor, which is also
prevalent in Central Americans, including the present-day Mixe, Mixtec, and Zapotec at
around 50%, and the present-day Maya at around 30%. This component is also
observable in the Classic Copan, Chichén Itza, and Mexico Colonial but not in earlier
populations, the Early Holocene (9,300-7,400 years old) and Late Archaic (5,600-3,700
years old) from Belize.

Populations from the Andes are genetically divided into two groups: light green
and magenta. This pattern is also observable from the MDS plots (Fig. 3.18), which is
possibly defined by a temporal dimension around 550-520 years BP, corresponding to
the emergence of the Inca empire (Cartwright, 2014).

Individuals from Patagonia (dark blue), who form a cluster in Dimension 3 of the
MDS plots (Fig. S3.3a-b), become unique in their genetic ancestry at K = 7 (Fig. 3.19a;
Fig. 3.18), supporting the isolation from the rest of South American populations (Posth
et al., 2018; Silva et al., 2022; Willerslev and Meltzer, 2021).

Most individuals from California are characterised by either the orange

component, unique to the Channels Islands, or the purple one, representing the rest of
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the region. Some ancient individuals from California exhibit mixed ancestries of the
purple, red, and yellow components, including the oldest individuals dated 3,400 years
old (dating for San Francisco Bay was not available) (Fig. 3.19a; Fig. S3.6). Given that
the yellow and red components are predominant in Aridoamerica and Mesoamerica,
respectively, these mixed ancestries may reflect gene flow from Northwest Mexico into
California starting around 5,200-4,900 BP, as previously reported (Nakatsuka et al.,
2023).

The cyan component, which appears at K=38, defines the Early Holocene
individuals from North America, including Anzick (Rasmussen et al., 2014) and
Kennewick Man (Rasmussen et al., 2015), and Brazil (i.e., Sumidouro) (Moreno-Mayar
et al., 2018b), possibly representing the ancestor who made the earlier migration wave

into South America (Moreno-Mayar et al., 2018b).
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Figure 3.18 ADMIXTURE results from ancestral clusters from K = 2 (top) to 13
(bottom) in present-day (far left) and ancient populations from the Americas.
Ancient individuals are grouped based on their geographic contexts and sorted by their
associated dates within each geographic group, with the oldest on the left and the most
recent on the right. Present-day individuals are sorted based on latitude, with the most
north on the left and the most south on the right. A detailed list of the populations and
the number of individuals included in each population is provided in Table S3.4. At K =
2, populations split into Archaic Caribbean (brown) and non-Archaic Caribbean (green)
ancestry. At K = 3, an orange component appears, which is prevalent across ancient
populations and particularly defines the genetic ancestry of populations from the
California Channel Islands. At K = 4, a dark green component separates the green
populations, distinguishing present-day populations from the Amazon region in Brazil.
At K = 5, a purple component appears, shared by the present-day Pima and ancient
populations from California and Aridoamerica. At K = 6, a yellow component defines
the ancient Aridoamerican and present-day Mesoamerican populations. Additional
ancestral components appear at higher K values, including a dark blue component for
ancient Patagonian populations at K = 7, cyan for the Arctic at K = 8, red for Central
America at K = 9, magenta for the Andes at K = 10, pink for Brazil at K = 11, grey for
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the Ceramic Caribbean at K = 12, and chocolate for the California Channel Islands at K
=13.
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Figure 3.19. Genomic profile of ancient and present-day American populations.
Geographic distribution of distinct ancestral components identified from ADMIXTURE
analysis with K = 9. (a) Pie charts represent the composition of different ancestors in
ancient and present-day American populations, with a zoom on the densely sampled
region of the Andes. (b) Ancestral composition at the individual level of individuals
from the Maya region and Aridoamerica (K = 9; results from K = 2 to K = 13 are
presented in Fig. 3.18). Ancient individuals are grouped based on their geographic
contexts and sorted by their associated dates within each geographic group, with the
oldest on the left and the most recent on the right. Present-day individuals are sorted
based on latitude, with the most north on the left and the most south on the right. A
detailed list of the populations and the number of individuals included in each
population is provided in Table S3.4.

IV. 3. Population migration in the Americas

To better understand the population structure of ancient Americans, I employed
Estimated Effective Migration Surface (EEMS) to model migration rates in the context

of geographical barriers (Fig. 3.20).
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At the southernmost tip of the Americas, Patagonia appears highly isolated from
the rest of South America, while showing substantial internal migration within the
Patagonian peninsula. At the northernmost end of the Americas, Alaska shows low
migration for individuals dated to the Early and Middle Holocene. These samples
potentially represent descendants of the population that remained isolated in Beringia
during the LGM. The limited migration in the region suggests geographical barriers due
to the harsh cold climatic conditions.

In the Andes, the EEMS results reveal significant isolation of Andean
individuals from other regions of South America, consistent with the rugged geography
of the region (Gnecchi-Ruscone et al., 2019). However, there is a clear hub of migration
around the Titicaca basin, suggesting this area served as a point of connectivity for
populations in the central Andes.

In the Caribbean, migration patterns appear fragmented, possibly reflecting the
mixture in the dataset of individuals from the Archaic and Ceramic phase of the
Caribbean. These two groups, previously shown to cohabit without evidence of
admixture (Néagele et al., 2020; Schroeder et al., 2018; Willerslev and Meltzer, 2021),
may contribute to the observed geographic barriers in EEMS.

On a continental scale, EEMS highlights a discernible migration corridor from
North America to South America, with reduced migration in desertic regions, such as of

Aridoamerica and Patagonia.
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Figure 3.20. Migration rates in ancient America. Effective migration rates are
estimated in the log scale with normalisation so that 0 corresponds to the overall mean
migration rate. As such, blue corresponds to migration corridors, while orange
highlights geographical barriers.

One important caveat of the EEMS analysis is the mixing of samples from
different time periods, which may obscure temporal shifts in migration patterns.
Migration dynamics likely evolved over the 15,000 years since the initial peopling of
the Americas. To address this, I divided the dataset into three archeological periods:
Early Holocene (before 8,000 BP), Middle Holocene (8,000-2,500 BP), and Late
Holocene (after 2,500 BP). The results, visualised in the supplementary materials (Fig.
S3.8), show that insufficient sampling density for the Early and Middle Holocene
periods limit resolution for interpretation. For the Late Holocene, the patterns were
mostly consistent with results obtained using all samples. Large regions remain

unsampled, complicating EEMS’s ability to detect fine-scale migration patterns.
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V. Genetic affinities in Maya

V. 1. Genetic affinities to Classic Copan

To investigate genetic relationships between the Classic Copan and populations
from Siberia and the Americas, I computed f;-statistics in the form of f,(Mbuti, X; Y,
Classic Copan). This analysis leveraged the SGDP panel, filtered for transversions and
1% minor allele frequencies in global populations to minimise the effects of
post-mortem damage—a critical consideration in ancient DNA studies. The
computation iteratively evaluated each of the 200 populations as X, with the remaining
populations designated as Y. A Z-score above 3.0 is considered statistically significant
in the genetic affinity of population X to the Copan relative to population Y. Populations
X were ranked based on the frequency with which they demonstrated greater genetic
affinity to the Copan compared to each of the other 199 populations, with higher ranks
representing stronger affinities to the Copan (Fig. 3.21).

89



0N = O"Q* - v ] R o Present-day Maya
= \«;;O : A o: 90
0 o ) B
o e
1. Mayan = A
o 7 _~2. Chichen_ltza =
o Z 70
s
e O g
20°N R )
, @% 2
- S : ©
0 d—a.“P’mpoco O 5
1 >
4, LateArchaic o ° s 5 4
=@ . 5
.5 ancientPanama - © E 30
20064 e - @@ %
N 105 g
@ Q)O . L%
4081 10
o
& 2 :
Gos 160°W 140°W 120°W 100°WW 80°W 60°W 40°W CIaSSIc Copan

Figure 3.21. Ancient and present-day populations ranked by significant genetic
affinities to the Classic Copan in the form of f,(Mbuti, X; ¥, Classic Copan). (a) A
geographical map illustrates a population X who exhibits an excess genetic affinity to
the Classic Copan compared to a population Y, with a Z-score >3.0. The colour
gradation reflects the frequency with which a population stands out in the f;-tests. The
top five populations are labelled on the map, with their ranking. Three populations from
Siberia (AG2, MAI1, and Tlingit) are included in the tests, but are not shown on the
map, all of which are positioned with lower rankings in the test. (b) The plot represents
the frequencies and rankings of all populations mapped in (a). The present-day Maya
population emerges as the most prevalent outlier.

The results highlight the present-day Maya as the top population, consistent with
the findings from the MDS analysis (Fig. 3.17). This corresponds to the maximum
number of significant hits, 105 out of the 199 possible combinations, with most of the
remaining 94 tests involving fewer than 5000 SNPs, which likely limited their statistical
power. The other Classic Maya population from Chichén Itza is ranked as the second
from the top, supporting a certain level of genetic continuity within the Maya region
(Fig. 3.21a). These patterns are also supported when this analysis was performed for

each of the Classic Copan individuals separately (Fig. 3.22).
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Figure 3.22. Distributions of populations ranked by significant genetic affinities in
fis(Mbuti, X; ¥, CpM). The plot illustrates the frequency with which a population
stands out in the f;-tests. Each plot represents a population X who exhibits an excess
genetic affinity to a Copan individual compared to a population Y, with a Z-score > 3.0.
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V. 2. Genetic continuity in the Maya region

I further tested whether these genetic affinities are reciprocally supported across
a time-transect of ancient genomes in the Maya region. The target population, Classic
Copan, was replaced with each of the following populations: the individuals from the
Late Archaic period, around 5,600 to 3,700 years BP, in Belize, those associated with
the Terminal Classic period from Chichén Itza in the Yucatan Peninsula, the Colonial
genomes from Campeche in the Yucatdn Peninsula, and the present-day Maya (Fig.
3.23). These analyses reveal Maya groups as the top populations, providing robust
evidence of genetic connections across time. In particular, the geographic and temporal
ties between the Chichén Itzd and Colonial Mexico are mutually supported from
fi(Mbuti, X; Y, Chichen Itza) and f,(Mbuti, X; Y, Mexico_Colonial) (Figs. 3.23b-c). The
Early Holocene individuals from Belize, dating back to 9,300 years BP and 7,400 years
BP, exhibit significant affinities to the Late Archaic (Fig. 3.23a), as reported in a
previous study (Kennett et al., 2022). The present-day Maya consistently emerges as the
population with strong affinities to ancient Maya populations from the Classic period

onward(Fig. 3.21a; Figs. 3.23b-c).
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Figure 3.23. Ranking of ancient and present-day populations based on their genetic
affinities to populations in the Maya region. The genetic affinities are tested using
fi(Mbuti, X; Y, Target), where the Target is (a) Late Archaic, (b) Chichén Itza, (c)
Colonial Mexico, and (d) present-day Maya. A geographical map illustrates a
population X who exhibits an excess genetic affinity to the target population compared
to a population Y, with a Z-score > 3.0. The colour gradation reflects the frequency with
which a population stands out in the f,-test. The top five populations are labelled in the
map, with their ranking. Three populations from Siberia (AG2, MAI1, and Tlingit) are
included in the tests, but are not shown on the map, all of which are positioned with
lower rankings in the tests.
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V1. Genetic ancestries in ancient Maya

VI 1. Admixture modelling of ancient and present-day Maya populations

To investigate the genetic ancestries contributing to populations in the Maya
region over time, the genetic affinities of each pair of the Maya groups were compared
to those of all other American populations, using f;(Mbuti, X; Y, Z). In this form, Y and
Z represent pairs of populations from the Maya region, while X is any other populations
in the dataset (Table 3.3). Compared to the Late Archaic, the later Maya populations
(Chichén Itza, Colonial Mexico, and present-day Maya) share greater affinity to the
Sierra Gorda or other Mesomaerican populations, such as the Zapotec, Mixe, and
Mixtec. The Sierra Gorda, while excavated in a southern region of Aridoamerica, lived
in an area that was part of Mesoamerica before the severe droughts of 1,000-1,200 CE,
which reshaped the ecological landscape (Villa-Islas et al., 2023). In contrast, several
Early Holocene individuals from Belize, Chile, and Argentina exhibit greater genetic

affinities with the Late Archaic than with the later Maya populations.
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Table 3.3. Comparison of genetic affinities between pairs of populations from the

Maya region

Form of f-tests Population Y |Population X with Z <-3 Population X with Z>3
Copan - -
Sierra_Gorda LatePaleoindian
Chichen_Itza Mixe Belize_ MayahakCabPek 9300BP
Zapotec LocaDoSuin_9100BP

LatePaleoindian
Chile_CaletaHuelen_1100BP_MH

/(Mbuti; X: Y, LateArchaic) | exico-Colonial Zapotec NorthTierradelFuego_LaArcillosa2 5800BP
Playa del Mango
LatePaleoindian
Sierra_Gorda Argentina_ArroyoSeco2 7700BP
Mayan Mixe Argentina_LagunaChica_6800BP
Mixtec Belize SakiTzul 7400BP
Zapotec Chile LosRieles 10900BP

USA_CA_Carpinteria_7000BP

Chichen_Itza - -

Mexico_Colonial - -

Kaillachuro
2(Mbuti; X; Y, Copan LSCI
Ji( pan) LSN
Mayan - Mainland_Chumash
Rio_Uncallane
Sumidouro & Sumidouro_exclude

TIW
Mexico_Colonial - Copan
LateArchaic
fi(Mbuti; X; Y, Chichen_Itza) Argentina_LagunaChica 6800BP
Mayan - USA_CA_Goleta_1200BP

USA _CA_Goleta_4700BP
USA CA_LakeCachuma 400BP

f(Mbuti; X: Y,

Mexico_Colonial) Mayan - Argentina_LagunaChica_6800BP

Using the Late Archaic population as a source of pre-existing ancestry in the
Maya region, I modelled potential gene flow from populations with greater affinities to
the later Maya populations (e.g. Zapotec, Mixe, and Sierra Gorda) into ancient and
present-day populations (Table S3.5). The admixture modelling shows that the Sierra
Gorda is an unlikely source of gene flow due to tail probabilities below 5% or
unrealistic admixture proportions across the Maya populations, with the exception of
the Classic Copan. In contrast, when the Zapotec or Mixe are used as a source, the
admixture model is supported for all Maya populations, with a substantially better fit
observed for the Zapotec.

Using the Zapotec as the second source of ancestry, admixture proportions for

Late Archaic ancestry estimated are as follows: 93.9% (£2.6%) in the Classic Copén,
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48.3% (£8.0%) in the Chichén Itza, 48.0% (£11.9%) in the Colonial Mexico, and 76.5%
(£9.4%) in the present-day Maya (Fig. 3.24). These results indicate that Late Archaic
ancestry was dominant in the Classic Copan, but declined by the Terminal Classic
period, as seen in the Chichén Itza, where the two ancestral sources contributed nearly
equally to the genetic makeup. This balance between the two ancestries remained stable
during the Colonial period in Mexico, but shifted back toward a predominance of Late

Archaic ancestry in the present-day Maya.

100% 1
75%
Ancestry
50% . Zapotec
LateArchaic
25%
0%

Classic Chichen Mexico Present-day
Copan ltza Colonial Maya

Admixture proportion (in %)

Figure 3.24. Genetic ancestry of ancient and present-day Maya populations. Bar
plots show proportions of genetic ancestors in the Classic Copan, Chichén Itz4, Mexico
Colonial, and present-day Maya populations. Colours represent different sources for
admixture modelling: pre-existing ancestry in the Maya region represented by
LateArchaic in red, and highland Mexico represented by Zapotec in orange. Vertical
bars depict +1 standard error estimated by gpAdm.
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VL. 2. Potential variation within the Classic Copan

The six individuals from the Classic Copan are divided into two temporal groups
to examine temporal variation in genetic ancestry: the Early-to-Middle Classic period
(CpM13, CpM12, and CpM4243) and the Middle-to-Late Classic period (CpM34,
CpMO0203, and CpMO0506). The two-way admixture model of Late Archaic and Zapotec
ancestries fits both temporal groups (Table S3.6). Admixture proportions are very
similar between the groups, with 93.1% (+3.2%) Late Archaic ancestry in the
Early-to-Middle group and 94.3% (£3.9%) in the Middle-to-Late Classic group. This
indicates no temporal differences in ancestry proportions within the Classic Copan.

Given the hierarchical structure of ancient Maya society and isotopic evidence
suggesting that CpM13 originated from outside Copan (Martinez de Velasco Cortina
and Vega Villalobos, 2015; Price et al., 2010; Schele, 1992), I tested whether CpM13
exhibits distinct genetic ancestry compared to the commoners of the Classic Copén,
based on f,(Mbuti, X; CpM13, Commoners), where X represents the present-day Maya
or potential sources of gene flow from Mesoamerica, including the Zapotec, Mixtec,
and Mixe. None of the f,-statistics support significant differences between CpM13 and
the commoners, with Maya (Z = 0.666), Zapotec (Z=0.051), Mixtec (Z = -0.145), and
Mixe (Z = 0.949).

To further investigate the influx of Zapotec-like ancestry at individual levels, I
applied the two-way admixture model to each individual from the Classic Copan (Table
3.4). Most individuals from the Classic Copan are explained solely by Late Archaic
ancestry, with two exceptions: CpM13, the dynastic ruler, and CpM12, his sacrificial

companion.
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Table 3.4. Testing fittings of the two-way admixture model between LateArchaic

and highland Mexican ancestry to each individuals from the Classic Copan

Admixture Admixture Tail prob Tail prob Tail prob 1\ieztled
Individual proportion proportion for dual | for source1 |for source 2 I:l ‘;inl;i
for source 1 for source 2 model | (LateArchaic) | (Zapotec) g

source 1
CpM0203 | 95.5% (£8.2%) | 4.5% (£8.2%) 0.048 0.096 0.003 -nan
CpMO0506 | 98.4% (£2.9%) | 1.6% (£2.9%) 0.950 0.973 1.253e-04 -nan
CpM12 93.0% (£4.9%) | 7.0% (£4.9%) 0.371 0.250 1.204¢-04 0.086
CpM13 | 84.3% (£14.4%) | 15.7% (x14.4%)| 0.414 0.263 0.097 0.071
CpM34 95.9% (£8.0%) | 4.1% (+8.0%) 0.838 0.872 0.034 0.591
CpM4243 | 96.3% (£5.7%) | 3.7% (£5.7%) 0.832 0.857 0.001 0.513
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Discussion

This integrated analysis of newly generated Classic Copan genomes, in
comparison with published ancient and present-day American genomes, uncovers
genetic changes during the Classic Maya period. The population structure analyses of
MDS, ADMIXTURE, and f,-statistics (Figs. 3.17, 3.19, 3.21 and 3.23) strongly support
genetic continuity in the Maya region from the Late Archaic period to the present.
However, this continuity was not exclusive, as time-stamped genomes from the region
reveal the emergence of genetic ancestry associated with highland Mexican populations
represented by the Zapotec, potentially from a region such as Oaxaca, beginning in the
Early-to-Middle Classic period.

Our analysis shows that this gene flow extended to Copén (Fig. 3.24), located at
the geographic periphery of the Classic Maya states, but was diluted relative to more
northerly populations, such as that at Chichén Itz4. These findings highlight the role of
mobility, potentially connected to the Maya elite network, in the formation of the Copan
kingdom, as indicated from archeological evidence (Fash, 1991; Martinez de Velasco
Cortina and Vega Villalobos, 2015; Sharer, 2009; Sochtig et al., 2015). The strong
genetic ties from the Late Archaic period through to the present support the
amalgamation of local populations with incoming members of a greater Maya network
as a strategy for expansion of Maya polities, as proposed by archaeological studies
(Andrews and Fash, 2005).

Although the confidence intervals in Figure 3.24 suggest that Classic Copan
could be modeled entirely with Late Archaic ancestry, the dual-ancestry model shows a
much stronger statistical fit in Table S3.5. This significant dual-model, although largely
of Late Archaic ancestry, may reflect heterogeneity within the Copéan population.
Indeed, the dual-model is well supported at the individual level for CpM12 and CpM13,
and while three other individuals also show significant dual models, the single-source
model is more strongly supported in these cases. With the current data, it is difficult to
determine whether this individual-level variation reflects real biological structure or
limitations due to low-coverage. However, the dual-model being clearly supported for
the enigmatic ruler, CpM13, with a higher proportion of highland Mexican ancestry

(15.7% =+ 14.4%) compared to commoners, the result possibly reflects social
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stratification within the Maya society, implying the genetic origins of the Copan’s royal
lineage rooted outside the Maya region.

A foreign origin for the elite Maya of Copan is further supported by
archaeological and linguistic evidence. Before the arrival of the first dynastic ruler
around 400 CE, there is no clear sign of Maya culture in the Copén Valley: neither
Maya-style architecture nor hieroglyphs inscriptions are present, and pottery from the
Late Preclassic and Protoclassic periods resemble those from non-Maya regions of
central Honduras and eastern El Salvador (Andrews and Fash, 2005). The abrupt
appearance of Maya writing and material culture coincides with the reign of K’inich
Yax K’uk’ Mo’, suggesting an elite intrusion from the Maya heartland. His names, and
those of his successors, are Mayan, and writing itself was prestigious and restricted to
the nobility, with scribes (often called “royal librarians”) holding high status. Kings
were sometimes even depicted with the distinctive headband of scribes, a bundle of
pens tied to the forehead, signaling their training in the sacred art of writing (Sharer,
2009). This suggests that it was the elite who introduced and maintained Maya language
and ideology in Copan, further reinforcing their distinct origins and sociopolitical role.

This cultural context potentially aligns with the dual-source ancestry found in
CpM13, an early ruler of Copan and likely descendant of K’inich Yax K’uk’ Mo’
(Schele, 1992). CpM12 also supports a dual-source ancestry, although his status as a
sacrificial companion leaves open the question of his social origin. The Maya may have
practiced sacrifices on elite captives from rival city-states, believing their blood held
greater ritual power. For example, the king’s blood as a semi-divine mediator between
the natural and supernatural worlds, practiced bloodletting ceremonies on himself
(Martinez de Velasco Cortina and Vega Villalobos, 2015).

Interestingly, strontium isotopic ratios from CpM13 indicate non-local origin in
his childhood, as was the case for the dynastic founder K inich Yax K'uk’ Mo’, both
possibly coming from the Petén region (Price et al., 2014). Given that ruling power was
passed from father to son (Martinez de Velasco Cortina and Vega Villalobos, 2015;
Schele, 1992; Sharer, 2009), this potentially suggests that boys from higher social
classes, including heir to the thrones, were sent outside of Copén, possibly to Tikal in
the Petén region which was one of the major cities of the Classic Maya period (Fig. 3.1)

and has been a historical ally of Copan (Andrews and Fash, 2005), as foster or wardship
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children to strengthen political alliances. This strategy might explain why so many elite
individuals, around 50%, were found to have grown up outside of Copan (Suzuki et al.,
2020).

While the increase of highland Mexican ancestry in the Chichén Itz compared
with the Classic Copan may reflect temporal shifts in this ancestry, it could also indicate
geographic variation. In particular, Chichén Itz4 and Colonial Mexico, both from the
Yucatan Peninsula in Mexico, exhibit similar proportions of highland Mexican ancestry.
A key limitation of this study is the small sample size—only seven Classic Copan
individuals, many of whom with low genomic coverage—which constrains the
statistical power of admixture modelling (Harney et al., 2021). Moreover, the
non-random nature of the sampling, focused on individuals from a specific residential or
patio group, further limits the scope of inference. Denser spatial and temporal sampling
from the Maya region, as well as Mesoamerica, is crucial to uncover genetic origins and

demography of Classic Maya populations.
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Materials and Methods

L. Individual processing, haplogroup determination and contamination validation

L._1. Sampling and archeological contexts

Petrous bone fragments from a total of 16 fossils excavated from the sites of
Copan in western Honduras were sampled and brought for processing at Kanazawa
University in Japan. CpM0203, CpM0506, CpM11, CpM12 and CpM 13 were excavated
in the year 2000 as part of PICPAC (Programa Integral de Conservacion del Parque
Arqueologico Copén), and CpM34 and CpM4243 were excavated in 2007 and 2016
respectively as part of PROARCO (Proyecto Arqueoldgico Copén).

I. 2. DNA extraction

Bone sample processing was carried out in a dedicated ancient DNA facility at
Kanazawa University where all the precautions for ancient DNA processing were
followed as described in a previous study (Llamas et al., 2017). Bone samples were
photographed extensively before further processing. All bones were exposed to
ultraviolet light for 15 min on either side to remove surface contaminants. Further
cleaning of their surface was performed with a drill before extraction. The otic capsule
region of the petrous temporal bone was targeted for sampling. An aliquot of 40-100 mg
of the bone powder was subjected to a silica column method with an initial washing step
by predigestion solution (Damgaard et al., 2015). DNA extracts were purified with
MinElute silica columns (QIAGEN) and eluted at a volume of 30 pl of the elution
buffer.

L. 3. Sequencing and damage assessment

The initial screening of each individual and blank controls was performed by
constructing a double-stranded DNA next-generation sequencing library using a
NEBNext Ultra II DNA Library Prep Kit for Illumina with bead-based size selection.
The 16 initial bone extracts were screened on a MiSeq Illumina platform. The

authenticity of ancient DNA was determined in non-UDG-treated libraries by looking at
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degradation patterns at 5'- and 3’-end using mapDamage2.0 (Fig. 3.3) (Jonsson et al.,
2013).

The 10 extracts with endogenous contents between 1% and 17% were selected
for high-coverage sequencing and subsequently treated with uracil-DNA-glycosylase
(UDG) before a second library construction to reduce the impact of DNA degradation
and damage (Rohland et al., 2015). High-coverage sequencing for UDG-treated libraries
was carried out on a NovaSeq 6000 Illumina platform (150-bp paired-end reads) at

Macrogen (Republic of Korea).

L. 4. Sequence data processing

Adapters were trimmed using AdapterRemoval version 2.2.2 (Schubert et al.,
2016), with the following parameters: --collapse --minadapteroverlap 1 --minlength 25
--minquality 25 --trimqualities. Trimmed reads were aligned to the hs37d5 human
reference genome using BWA (Burrows-Wheeler Aligner) version 0.7.5 (Li and Durbin,
2009), with relaxed parameters, “bwa aln -1 16500 -n 0.01 -0 2.” We used picard-tools
version 2.22.1 (https://broadinstitute.github.io/picard/) to add reads groups, remove
PCR duplicates, and merge all different libraries sequenced on MiSeq and NovaSeq
platforms into a single BAM per individual. The reads were further filtered for length
longer than 34 bp and mapping quality higher than 25. Two final processing steps were
carried out on the merged files: indels were realigned using Genome Analysis Toolkit
(GATK) version 3.7-0 (McKenna et al., 2010), and the quality of the two bases at the
end of each read was manually reduced to a score of 2 (“softclipped”), to avoid calling
genotype from these damage-prone regions. Genomic coverage and depth were

measured using qualimap version 2.2.1 (Okonechnikov et al., 2016).

L. 5. Relatedness with READ
Kinship using READ (Monroy Kuhn et al., 2018) was estimated for the ten

samples retained for high-coverage sequencing. Three pairs of samples were identified
as genetically identical (CpM02-CpMO03, CpMO05-CpM06, CpM42-CpM43; Fig. S3.1)
and were subsequently merged into single individuals as CpM0203, CpM0506 and
CpM4243 respectively with picard-tools version 2.22.1. READ was then re-ran for the

seven Classic Copan individuals to control for first- and second-degree relatives, which
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led to CpM11 being removed from some analysis as a possible relative to CpM34 and

CpM4243 (Fig. S3.2).

L. 6. Molecular sex determination

Molecular sex was determined after filtering reads with a minimum mapping
quality of 30, and calculating the ratio of Y-chromosome reads to the total number of
sex chromosomes (Ry). Following a previous study, the individual was assigned female

if Ry <0.016 or male if Ry > 0.075 (Skoglund et al., 2013).

I. 7. Contamination of individuals based on Y-chromosome

Because males possess a Y-chromosome, they only have one X-chromosome
with a single allele at each site, so any polymorphisms would translate to reads derived
from sequencing errors or contamination. There are two methods for calculations: they
both compare the number of major reads (allele with the highest frequency for a given
site) to the number of minor reads (all other alleles different to the highest frequency
allele for a given site), but the first assumes that the error rate for each site is
independent while the second removes this assumption (Rasmussen et al., 2011). This
approach is integrated into ANGSD (Analysis of Next Generation Sequencing Data)
version 0.928 (Korneliussen et al., 2014; popgen.dk/angsd/index.php/Contamination)
which produced results in Table 3.2.

1. 8. Contamination of individuals based on mitochondrial DNA

Contamination rates based on mitochondrial DNA were estimated as described
in previous methods (Cassidy et al., 2016; Sanchez-Quinto et al., 2012). Briefly,
contamination was based on the rate of secondary bases that did not match the

consensus sequence at haplotype-defining and private mutations defined by HaploGrep.

L. 9. Y-chromosome haplogroup determination

All newly sequenced individuals determined to be male were piled up to the
2019 version of the International Society of Genetic Genealogy database (ISOGG)
using GATK version 3.7-0 (McKenna et al., 2010), with a mapping quality of 20 and a
base quality of 30.
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L. 10. Mitochondrial haplogroup determination

To assign mitochondrial (mt) haplogroups, sequence reads uniquely mapped to
mtDNA were extracted from BAM files using SAMtools (version 1.7) (Danecek et al.,
2021) to avoid biases from nuclear-mitochondrial segments (NUMTs), and re-aligned to
the revised Cambridge reference sequence using BWA (version 7.5a) (Li and Durbin,
2009). Consensus sequences were determined to mapping quality higher than 25, a
minimum depth of consensus of 5, and a base quality of 30 using mpileup and bceftools
within the SAMtools package. A specific haplotype was then assigned to each
consensus sequence using HaploGrep (version 2.2.9) (Weissensteiner et al., 2016),

listed in Table 3.1.
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I1. Dataset preparation: pileup and masking

II. 1. Reads trimming

The processing pipeline for newly-sequenced Copan individuals was applied for
published ancient genomes with the exception of using cutadapt version 1.15 (Martin,
2011) instead of AdapterRemoval. Published sequences were downloaded from the
European Nucleotide Archive (ENA) as FASTQ files. If FASTQ files were not
available, BAM files were realigned to the reference genome and then put through the
same pipeline.

Adapters were detected in only two of the published studies included in this
analysis: one from 2014 (Raghavan et al., 2014a), and one from 2015 (Raghavan et al.,
2015) affecting only some files for Chinchorro individual. The adapter sequence was
obtained from supplementary materials and adapters were subsequently trimmed as

follow:
cutadapt --adapter CAAGCAGAAGACGGCATACGAGAT \
-—-quality-base 33 \
--quality-cutoff 2 \
--minimum-length 25 \
--format fastqg ${individual[i]}.fastg.gz \
--output ${individuall[i]}.trimmed25bp
Quality assessment of raw data performed using FastQC v0.11.4 (Andrews, 2010)
confirmed the absence of adapters in individuals from the 2014 study (Fig. 3.25),
whereas adapters were still detected in the Chinchorro individual. Additional trimming
was carried out using AdapterRemoval version 2.3.1 (Schubert et al., 2016), however,
adapters remained present (Fig. 3.26).
AdapterRemoval --adapterl CAAGCAGAAGACGGCATACGAGAT \
--qualitybase 33 \
--minquality 2 \
--minlength 25 \
--trimns --trimqualities \
-—-filel ${individual([i]}.fastg.gz --gzip \

--basename ${individual[i]}.trimmed25bp
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Since BAM files were not publicly available for this study, Chinchorro individual for

population MummyMaderasEnco2 was generated by merging FASTQ files that were

pre-trimmed, and ignoring FASTQ files that still contained the adapters.

Figure 3.25. Examples of FastQC
reports of adapter contents for
individuals from Raghaven er al,
2014 (a, ¢ and e) Before cutadapt and
(b, d and f) after cutadapt was applied.
Raw files of Alarnerk3 libl (a-b),
MARC1491 1ib2 (c-d) and
XIV_H126 lib4 (e-f) as examples.

Figure 3.26. Examples of FastQC
reports of adapter contents for
Chinchorro from Raghaven et al.,
2015 (a, ¢ and e) After cutadapt and (b,
d and f) after AdapterRemoval were
applied. Raw files Chinchorro 13 (a-b),
Chinchorro 17 (c-d) and
Chinchorro 20 (e-f) as examples.

II. 2. Pileup of ancient with present-day genomes

I created a large panel that includes newly sequenced Classic Copan genomes

and publicly available ancient genomes from Siberia and the Americas (Fig. 3.15 and

Table S3.4). Individuals previously reported as related or suspected of contamination

were removed. All ancient individuals were genotyped for the biallelic SNP sites

present on two different reference panels, to which they were subsequently merged: (1)

the Human Origin Array (HOA) consisting of 594,896 SNP sites for 1,963 present-day,

ancient and reference genomes (Lazaridis et al., 2014), and (ii) the Simon Genome

Diversity Project (SGDP) consisting of 278 present-day, ancient and reference genomes

(Mallick et al., 2016) filtered beforehand for autosomal transversion-only SNPs with a
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minor allele frequency of 1%, which left 3,867,550 SNP sites in the merged data. For
each SNP site, a high-quality single base (bq30) was randomly called per position to
create a pseudo-haploid genotype using GATK version 3.7-0 (McKenna et al., 2010).

II. 3. Masking with MOSAIC
MOSAIC, or MOSAIC Organises Segments of Ancestry In Chromosome, was

developed by Michael Salter-Townshend and Simon Myers in 2019. For each target
haplotype, the software employs hidden Markov models to create a matrix of
probabilities of possible ancestries (Salter-Townshend and Myers, 2019). MOSAIC was
applied to present-day populations from the HOA or SGDP datasets. While MOSAIC
does not require prior knowledge on source ancestry, it relies on a predefined set of
reference populations (Salter-Townshend and Myers, 2019). In the original, worldwide
populations from the SGDP dataset were divided into 6 regions, but I decided to further
divide “West Eurasia” between West Eurasia and Middle East as this group would have
otherwise consisted of at least twice the number of populations from the other regions.
Additionally, I divided “East Asia” into East Asia and Siberia, following the genetic
clade identified by the authors (Mallick et al., 2016). Worldwide present-day
populations were therefore divided into African, American, Siberian, East Asian,
Oceanian, South Asian, West Eurasian and Middle Eastern groups based on geography:
the Middle East span over the Arabian peninsula with the frontier between Egypt and
Israel marking its border with Africa, the Bosphorus Strait marking its border with West
Eurasia, the Caucasus mountains marking its border with Siberia, and the frontier
between Afghanistan and Pakistan marking its border with South Asia; while East Asia
differentiated from South Asia with the frontier between India and Myanmar, from
Siberia with the frontier between China and Mongolia, and from Oceania with the
Banda sea. With this border outline, the Dusun and Igorot people from Malaysia and the
Philippines were therefore grouped as East Asians rather than Oceanians, in accordance
with their genetic clustering (Mallick et al., 2016). Two exceptions were made: although
Tlingit originate from Alaska they were grouped as Siberians instead of Americans for
their genetic grouping with other Siberian populations (Mallick et al., 2016), and

African-Americans from Denver were grouped as Africans instead of Americans.
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Three ancestries were assumed in present-day Americans, expecting a main
American ancestry, and two minor West Eurasian and African ancestries originating
from the XV™ century colonisation. MOSAIC was executed separately for each target
American population using an iterative approach, where non-target American

populations were designated as “American,” with the following command:
Rscript MOSAIC/mosaic.R \
${american pop} mosaic input \
-—ancestries 3 \
—--number ${nb ind in pop} \
--panels “Africa America Siberia EastAsia SouthAsia

WestEurasia MiddleEast”

For running MOSAIC on SGDP populations, only SNPs intersecting with sites
in the HOA dataset were utilised, resulting in 548,131 genomic sites for SGDP and
594,896 for HOA.

To obtain the physical coordinates of non-American segments for masking, grid
points based on recombination distances were converted to genomic positions with the
“grid_to_pos()” function in the MOSAIC package in R (Salter-Townshend and Myers,
2019). These coordinates were masked in each corresponding individual using plink
(version v1.90b6.22), with the options --keep to extract the individual, --zero-cluster and
--within to set the non-American sites to missing, and --merge-list to pileup all
Americans back to the dataset (Purcell et al., 2007). To classify as an American
segment, both chromosomes of the individual had to have been identified as American,

otherwise it was masked.
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III. Genome-wide analysis

II1. 1. Principal Components Analysis (PCA
PCA was conducted using smartpca (v18140) from the EIGENSOFT package

(v8.0.0) (Patterson et al., 2006). All ancient Siberians and Americans were projected
onto present-day Americans in the HOA dataset (Pima, Mixe, Mixtec, Zapotec, Maya,
Bolivian, Quechua, Piapoco, Karitiana, and Surui). The options specified were as
follows to adjust for the projection of ancient data:

e “killr2: NO” to eliminate SNPs in linkage disequilibrium with nearby SNPs

e “numoutlieriter: 0” to prevent the removal of ancient individuals

e “Isgproject: YES” to help the projection of data with high missingness

e “autoshrink: YES” to stretch the axes of computed compared to non-computed

samples.

II1. 2. Multidimensional scaling (MDS

MDS was conducted based on outgroup f;-statistics measured for all
combinations of ancients and present-day American populations from the SGDP panel,
with Mbuti as the outgroup, using AdmixTools v6 package (Patterson et al., 2012).
Populations were excluded from MDS analysis if fewer than 100 SNPs were included in
any of the tests performed for a particular population. Additionally, to improve the
resolution of population structure in the Americas in MDS, specific ancient individuals
from Siberia and the Arctic were excluded from the analysis (AG2, MA1, Late Dorset,
and Middle Dorset).

II. 3. ADMIXTURE

Unsupervised genetic clustering was conducted by ADMIXTURE version 1.23
(Alexander et al., 2009) for ancient and present-day American individuals with at least
10,000 SNPs in the HOA panel. SNPs were pruned for sites in linkage disequilibrium
using PLINK v1.90b4.4 (Purcell et al., 2007), with a sliding window size of 50 variants,
a step size of 5 variants, and an 7* threshold of 0.2 (--indep-pairwise 50 5 0.2), leaving
184,489 SNPs for analysis. Ten replicates with random seeds were run for each of the

clusters (K) from 2 to 13. The run with the highest likelihood across replicates was
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plotted. Results from K=9 were plotted on a geographical map using mapmixture

implemented in R (Jenkins, 2024).

I11. 4. Estimated effective migration surface (EEMS

To visualise population migration in the context of geographical barriers in the
Americas, I used the software EEMS, which models genetic differentiation in space by
highlighting regions of higher-than-average and lower-than-average gene flow on a grid
(Petkova et al., 2016). The surface of the American continent was captured as a regular
grid, setting demes to 1000, where each sample is assigned to the closest demes.
Pairwise dissimilarity matrix was generated with the program bed2diffs vl. EEMS was
run with the version runeems snps specific for SNP data, with tuned parameters so that
the proposals are not accepted too rarely (less than 10%) or too often (more than 40%):
qEffctProposalS2 = 0.013, gSeedsProposalS2 = 1.3, mkEffctProposalS2 = 2,
mSeedsProposalS2 = 0.2, and mrateMuProposalS2 = 0.005. For each run, the
convergence of the MCMC chain was checked for convergence, which was the case
after 8,000,000 iterations and 7,000,000 burn-in. The run was repeated three times, with
random seeds 123, 456, and 789 respectively (Fig. S3.7). The run with the highest
likelihood was selected for the EEMS figure in the main text, corresponding to run

number 1.

1. 5. F-statistics

I used gpDstat (version 900) on the merged dataset of ancient individuals and
the SGDP panel of present-day populations, with the £, mode in the AdmixTools v6
package (Patterson et al., 2012). The African population, Mbuti, was specified as an
outgroup, and standard errors in f;-statistics were calculated from the default jackknife
approach. Statistical significance in genetic affinity between populations was defined as

Z-scores greater than 3.0, with more than 1,000 SNPs used for the test.

I1. 6. Admixture modelling by gpAdm

To model admixture events in the Classic Copan and other ancient and
present-day Maya populations, I applied gpAdm v1000 in the AdmixTools v6 package
(Patterson et al., 2012) to the merged data of ancient and SGDP populations, coupled
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with the option of “allsnps: YES”. A set of 13 ancient and present-day populations was
used as an outgroup in the modelling: Han (n=3), Pima (n=2), Mixe (n=3), Karitiana
(n=3) (Mallick et al., 2016), MA1 (n=1) (Raghavan et al., 2014b), USR1 (n=1)
(Moreno-Mayar et al., 2018a), ASO 4000 (n=1) (Scheib et al., 2018), Sumidouro5
(n=1), Ayayema (n=1), PuntaSantaAna (n=1), SpiritCave (n=1) (Moreno-Mayar et al.,
2018b), Anzick (n=1) (Rasmussen et al., 2014), and Taino (n=1) (Schroeder et al.,
2018). When Mixe was tested as a source ancestry, they were replaced by Zapotec

(n=2). An admixture model with a tail probability greater than 0.05 was considered as a

fit.
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Chapter 4
Maximising genomic insights from low-coverage ancient genomes:
Performance of GLIMPSE and the promise of double-imputation

pipelines

Abstract

Accurate genotype imputation is critical for maximising the information
retrieved from low-coverage ancient genomes. This chapter evaluates the performance
of GLIMPSE, a state-of-the-art imputation tool designed for low-coverage data, on
ancient American genomes. Using two high-coverage individuals, USR1 (11,500 years
old, Alaska) and Sumidouro5 (10,400 years old, Brazil), imputation was assessed across
genomic coverages ranging from 0.01% to 5.0x using metrics of concordance, accuracy,
and SNP recovery.

GLIMPSE consistently achieved concordance and accuracy rates exceeding 99%
at homozygous sites across all coverages. At heterozygous sites, accuracy significantly
improved between 0.01x and 0.05x, reaching a plateau at approximately 99% from 0.1x
onwards. However, transitions in Sumidouro5 exhibited lower concordance and
accuracy, likely due to post-mortem DNA damage. SNP recovery demonstrated a steady
increase across all site categories until plateauing at 0.5x coverage, with heterozygous
sites showing a threefold increase in recovery between 0.1x and 0.5%. Building on these
findings, I propose a novel double-imputation pipeline that integrates GLIMPSE with

Beagle5, aiming to further enhance SNP recovery and imputation performance.

Contributions:

The double-imputation pipeline combining GLIMPSE and Beagle5, explored in
this project, was originally developed by Dr. Lara Cassidy. This approach has been
applied to ancient genomes from Europe (Cassidy et al., 2025). My research extends its
application to ancient American genomes, demonstrating its broader potential for

studying diverse ancient populations.
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Introduction

The study of ancient DNA (aDNA) provides a powerful lens into the the genetic
history of past populations, shedding light on migration patterns, populations structures,
and evolutionary trajectories. This knowledge influx has been a direct result of the
integration of next-generation sequencing technologies with improved methods for
recovering DNA from ancient samples (Négele et al., 2022). However, this field faces
technical and biological challenges due to the fragile nature of DNA preserved in
ancient remains. Over time, aDNA undergoes significant postmortem degradation,
characterised by fragmentation, contamination from environmental sources, and
deamination damage (Négele et al., 2022; Orlando et al., 2015).

Deamination replaces the amino group on cytosine with a keto group, converting
it to uracil. During amplification in library preparation, DNA polymerase pairs uracil
with adenine instead of guanine, which results in C-to-T or G-to-A transition mutation
in data. This error can be experimentally addressed by using a Uracil-Specific Excision
Reagent (USER) Enzyme, as applied to the Classic Copan genomes. However, this
correction is not uniformly effective across the genome. Consequently, transition sites
are often excluded in ancient DNA studies to avoid spurious results, which in turn
significantly reduces the number of sites available for analysis, as transitions account
for between half and two-thirds of the genome (Do and Dobrovic, 2012; Orlando et al.,
2015).

Additionally, contamination—whether from modern human sources or
environmental microbes—further reduces the proportion of endogenous DNA
retrievable from ancient remains. Combined with extensive fragmentation and
deamination, these factors pose significant challenges to recovering high-quality
genomic data. As a result, the majority of ancient genomes are sequenced at low
coverage (Garrido Marques et al., 2024; Sousa Da Mota et al., 2023). This limitation
significantly hinders confident genotype calling and the ability to accurately infer
heterozygosity, a key measure for understanding genetic diversity and evolutionary
history. Due to these challenges, ancient DNA studies often rely on pseudo-haploid
data, where one allele per variant site is randomly sampled to create a simplified

representation of the genome. While this approach has been proven to be effective in
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understanding the human past, it precludes the use of tools designed for diploid data,
which leverage heterozygosity and haplotypic information to explore demographic
histories, kinships, and local selection pressures (Kousathanas et al., 2017; Sousa Da
Mota et al., 2023). While sequencing at higher coverage certainly mitigates these issues,
it comes with two major drawbacks: increased financial costs and the need to destroy
more of the precious archaeological material. Another solution is to computationally
increase genomic coverage through imputation, a method that is cost-effective and
preserves valuable archeological materials by maximising low-coverage ancient
genomes.

Genotype imputation is a technique that infers missing genotypes in
low-coverage genomes or partially genotyped datasets by leveraging linkage
disequilibrium (LD) and haplotype sharing within a reference panel of fully sequenced
genomes (De Marino et al., 2022; Sousa Da Mota et al., 2023). By comparing the
observed genotypes of a study sample, containing many missing sites, to a reference
panel of fully sequenced genomes, shared haplotypes can be identified. This enables the
reconstruction of haplotypes in the sample as mosaics of short segments from the
reference panel, allowing the inference of unobserved genotypic sites and the
re-creation of diploid data (Das et al., 2018; De Marino et al., 2022). Most imputation
tools employ the Li and Stephen’s hidden Markov Model (HMM), which underpins this
process by estimating the probability of observing a haplotype as a combination of
haplotype segments from the reference panel. This model accounts for recombination
events and potential mutations, ensuring accurate reconstruction of missing genetic
information (Das et al., 2018; Sousa Da Mota et al., 2023).

Initially, imputation was applied in genome-wide association studies (GWAS) to
inexpensively approximate whole-genome sequence data using genome-wide
single-nucleotide polymorphism (SNP) array data (Das et al., 2018). However, it has
been relatively recently adapted for ancient genomics to reconstruct diploid genomes
from low-coverage data (Clemente et al., 2021; Gamba et al., 2014; Jones et al., 2015;
Margaryan et al., 2020; Martiniano et al., 2017; Saupe et al., 2021).

To maximise the inference of missing haplotypes in low-coverage ancient
genomes, a two-step imputation has been proposed. This approach involves estimating

genotype likelihoods by Beagle4, removing sites with lower genotype probabilities, and
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re-calling those sites with Beagle5, followed by final genotype probability filtering (Hui
et al.,, 2020). In the next chapter, I utilise a double-imputation pipeline combining
GLIMPSE and Beagle5. GLIMPSE is specifically designed for use with low-coverage
genomes (Rubinacci et al., 2021).

A key challenge in the use of imputation for ancient genomes is the reliance on
reference panels derived from present-day populations, highlighting potential concerns
about the representation of ancient populations, in particular those populations that do
not leave their genetic legacy in modern descendants. However, previous studies have
demonstrated that ancient humans, including Indigenous Americans, can be accurately
imputed (Sousa Da Mota et al., 2023). Here, my research focuses on the validation of
imputation by GLIMPSE, which constitutes the first step of the double-imputation
pipeline in the context of ancient genomes from the Americas, an underrepresented

continent in reference panels.
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Results

To assess the performance of GLIMPSE in reconstructing diploid genotypes,
genotypes called from original high-coverage genomes are compared with those
imputed from downsampled low-coverage genomes. Performance was evaluated with
two different metrics of concordance and accuracy, previously employed in a study
(Cooke et al., 2024), where I was involved as a co-author. Concordance measures the
proportion of sites in the original diploid data successfully recovered through
imputation, while accuracy assesses the proportion of imputed sites that are validated
against the original diploid data. These metrics were measured for mutation types (i.e.,
transitions and transversions) and genotypes (i.e., homozygous reference, homozygous
alternative, and heterozygous sites).

The imputation performance was tested on two high-coverage ancient genomes:
USRI, a 11,500-year-old individual from Alaska (Moreno-Mayar et al., 2018a), and
Sumidouro5, a 10,400-year-old individual from Brazil (Moreno-Mayar et al., 2018b).
Given USRI, a representative of the Ancient Beringians—the earliest peoples of the
Americas—, and Sumidouro5, as a descendant of the early migration wave to South
America, these are well-suited for assessing imputation performance in the context of
ancient American genomes.

Both individuals displayed high concordance for homozygous reference and
homozygous alternative sites across varying coverages, achieving over 99.85%
concordance for both transitions and transversions (Fig. 4.1). However, concordance in
heterozygous sites varied with coverages and mutation types.

For USRI, heterozygous concordance at 0.01x coverage was 56.1% for
transversions and 34.6% for transitions. At 0.05%, this rate significantly increased to
96.6% for transversions and 90.1% for transitions, which continued to improve with the
increase of coverage and plateaued at 99.85% for transversions and 98.7% for
transitions.

For Sumidouro5, the difference in the concordance between transitions and
transversions was more pronounced compared with that observed in USRI.
Heterozygous concordance started lower, at 68.5% for transversions and 4.6% for

transitions at 0.01x coverage. At 0.05x, concordance improved to 96.7% for
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transversions and 40.8% for transitions, and further to 98.8% for transversions and
62.8% for transitions at 0.1%. A plateau was reached at approximately 99.8% for
transversions and 86.9% for transitions at 2x coverage.

Concordance for heterozygous transversions was consistently higher than for
transitions, achieving over 95% from as low as 0.05x coverage. By contrast,
heterozygous transitions reached 90% concordance for USRI but only 40% for

Sumidouro5 at the same coverage.
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Figure 4.1. Assessing the performance of GLIMPSE imputation through
concordance. The ability to impute ancient Americans was assessed by downsampling
two individuals, USRI in blue (top) from Alaska and Sumidouro5 in dark green
(bottom) from Brazil, to 0.01x, 0.05%, 0.1x, 0.5%, 1x, 2%, 3%, 4x and 5% and imputing
them to higher coverage. Performance was assessed through concordance rate, which
was defined as rate at which diploid sequence data was correctly re-created through
imputation. Results were divided into variant site categories (homozygous reference,
heterozygous, and homozygous alternative), and by mutation type (transition, as
represented by open circles, and transversion, represented by closed circles). The scale
for y-axis is adjusted to site categories, but do not vary within individuals to facilitate
interpretation.

Accuracy is overall higher than concordance, supporting the idea that imputed
genotypes with genotype probabilities over 99% are likely to be correct. USRI
exhibited consistently high performance across coverages and genotypes, with accuracy
over 99% from as low as 0.01x coverage (Fig. 4.2). It is important to note that, different
from the concordance results, accuracy is comparable between transitions and

transversions.
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In Sumidouro5, accuracy for homozygotes exceeded 94.6%, with transversions
achieving 99.8%. Similarly, heterozygous sites exhibited high accuracy, but with no
noticeable differences between transitions and transversions. At 0.05x, transitions
achieved an accuracy of 98.8%, slightly outperforming transversions at 98.5%. By 0.1x,
accuracy for transitions and transversions reached a plateau of approximately 99.1% and

98.8%, respectively.
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Figure 4.2. Assessing the performance of GLIMPSE imputation through accuracy.
The ability to impute ancient Americans was assessed by downsampling two
individuals, USR1 in blue (top) from Alaska and Sumidouro5 in dark green (bottom)
from Brazil, to 0.01x, 0.05x%, 0.1x, 0.5%, 1x, 2x, 3%, 4% and 5% and imputing them to
higher coverage. Performance was assessed through accuracy, which was defined as
how often imputed data accurately matched the sequence data. Results were divided
into variant site categories (homozygous reference, heterozygous, and homozygous
alternative), and by mutation type (transition, as represented by open circles, and
transversion, represented by closed circles). The scale for y-axis is adjusted to site
categories, but do not vary within individuals to facilitate interpretation.

Whilst concordance and accuracy were high, it is equally important to consider
the number of sites successfully recovered through imputation. To evaluate this, the
number of SNPs matching the original diploid data and the imputed downsampled data
was counted across coverage levels for USR1 and Sumidouro5 (Fig. 4.3). As expected,
the number of transition sites recovered was significantly higher than for transversion
sites.

For homozygous reference sites, the number of recovered SNPs increased
steadily until plateauing at approximately 2.1 million for transversions and 4.3 million

for transitions in USRI, and 1.6 million and 2.9 million in Sumidouro5. In homozygous

119



alternative sites, a sharp increase was observed up to 0.5x coverage, after which SNP
recovery plateaued at around 3.2 million for transitions and 6.7 million for transitions in
USRI, and at 1.8 million and 3.1 million in Sumidouro5. For heterozygous sites, the
number of recovered SNPs increased approximately threefold between 0.1x and 0.5x
coverage, before reaching a plateau at 3.8 million for transversions and 7.6 million for
transitions in USR1, and 2.3 million and 4.6 million in Sumidouro5. Taken together,
these results indicate that while imputation performed with high concordance and
accuracy, particularly from as low as 0.05x coverage, the number of recovered sites is

fully maximised when the coverage is equal to or higher than 0.5x.
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Figure 4.3. Overlapping SNP sites produced by imputation. A bar plot representing
the total number of SNP sites, divided by variant site categories (homozygous reference,
heterozygous, and homozygous alternative), and my mutation type (white fill for
transition and coloured fill for transversion). Imputation was assessed by downsampling
two individuals, USR1 from Alaska in blue and Sumidouro5 from Brazil in dark green,
to 0.01x, 0.05x, 0.1x, 0.5x, 1x, 2x, 3%, 4x and 5% and imputing them to higher
coverage.
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Discussion

This chapter demonstrates the robust performance of imputation using
GLIMPSE for ancient American genomes, even at extremely low genomic coverage.
Concordance and accuracy in homozygous sites consistently achieved 99% across all
genomic coverages as low as 0.01x, with the exception of transitions in Sumidouro5
(Fig. 4.1; Fig. 4.2). However, heterozygous sites, which are critical for understanding
genetic diversity and evolutionary history, revealed more nuanced patterns.
Concordance in heterozygous sites improved markedly between 0.01x and 0.05% and
reached a plateau from 0.1 onwards, except for transitions in Sumidouro5. Accuracy in
heterozygous sites similarly plateaued at approximately 99% from 0.1x. Similar
patterns were found in ancient Asian individuals, with a significant improvement in
concordance between 0.01x to 0.05x going from below 20% to over 80% for
heterozygous sites and plateauing around 99% from 0.1x. Likewise, accuracy in
heterozygous sites plateaued from 0.1% coverage, around 99% (Cooke et al., 2024).
These findings assure the power of GLIMPSE to recover missing genotypes from
low-coverage ancient genomes.

The number of SNP sites recovered by imputation steadily increases until
plateauing at 0.5% coverage across all genotypes, with heterozygous sites exhibiting a
threefold improvement and homozygous alternative sites a twofold improvement
between 0.1 and 0.5% (Fig. 4.3). This indicates that the reliability of imputed
genotypes is confidently high even at coverages as low as 0.1x. However, a coverage of

at least 0.5x is required to recover a comprehensive set of data.

The performance for transitions in Sumidouro5 was noticeably lower than that in
USRI, with reduced concordance in heterozygous sites (Fig. 4.1) and reduced accuracy
in homozygous sites (Fig. 4.2). Similar patterns have been reported in previous studies
of imputation in ancient American genomes, with Sumidouro5 consistently showing
lower performance for transitions (Garrido Marques et al., 2024; Sousa Da Mota et al.,
2023). This can be possibly attributed to post-mortem DNA damage. Sumidouro5, in
particular, is known to be a heavily damaged genome, with a deamination rate of

approximately 40% at read termini (Moreno-Mayar et al., 2018b). This high rate of
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damages likely caused an excess of heterozygous calls in the high-coverage reference
data, even after quality filtering. In such cases, the observed genotypes used as
comparison for imputation may themselves be affected by damage and thus incorrect.
The differences in transitions for Sumidouro5 suggest that imputation might have
successfully inferred the correct genotypes, even when the observed calls were
compromised by damages. This may highlight the potential of imputation to mitigate
the effects of post-mortem DNA damage, correcting erroneous calls and enhancing the
reliability of downstream analyses (Garrido Marques et al., 2024; Sousa Da Mota et al.,

2023).

Although minor, a small decrease in concordance at higher coverage is observed
for both USRI and Sumidouro5 in homozygous reference sites (even though the y-axis
in Fig. 4.1 is zoomed between 99% and 100%). This trend is somewhat unexpected, as
denser SNP datasets typically improve imputation performance. Moreover, at higher
coverage, concordance is higher for transitions than for transversions.

One possible explanation is that higher coverage allows for the recovery of more
low-frequency variants, including those with low minor allele frequency (MAF) in the
reference panel (Hui et al., 2020). While this increased sensitivity improves resolution,
it can also introduce noise when recovering rare alleles, occasionally leading to miscalls
by the imputation algorithm. However, this does not fully explain why transversions
exhibit lower concordance than transitions.

This discrepancy may be further explained by the fact that transitions are more
frequent in the genome and better represented in reference panels, allowing for more
confident imputation. In contrast, transversions are rarer and may lack the same level of
statistical support.

Although transversions show higher concordance at heterozygous sites,
particularly at lower coverage, this is likely due to the down-weighting of transition
calls during genotype likelihood estimation to minimize the effects of post-mortem
deamination. In contrast, at homozygous reference sites, where around 10 times more
SNPs are assessed than at heterozygous sites (Fig. 4.3), the overall impact of
low-frequency SNP recovery may be more noticeable. This could explain why

transitions outperform transversions in homozygous reference concordance at higher
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coverage.
To further explore this pattern, it would be useful in future work to stratify
imputation concordance by MAF bins, helping to test whether attempts to impute rare

alleles underlie the observed dip in performance.

This chapter has demonstrated the robust performance of GLIMPSE imputation
in ancient American genomes, with high concordance and accuracy achieved from 0.1x%
coverage. However, despite the reliable performance at low coverages, filtering for 99%
genotype certainty results in many sites falling below the threshold at coverages under
0.5x, limiting the number of SNPs recovered. Most SNPs are recovered only from 0.5%
coverage, emphasizing the need for strategies that maximise SNP recovery without
compromising reliability.

Previous research has highlighted the advantages of a second imputation step,
which refine the initial imputation results and increase the number of recovered SNPs
(Hui et al., 2020). While earlier studies employed Beagle4 followed by BeagleS, our
collaborator, Dr. Lara Cassidy, has proposed a novel double-imputation pipeline that
combines GLIMPSE with Beagle5. Given that Beagle has already shown high
imputation accuracy, even in ancient American populations (Sousa Da Mota et al.,
2023), this double-imputation pipeline offers a promising strategy for improving SNP
recovery in low-coverage ancient genomes.

Beyond improving SNP recovery, the diploid data generated by imputation open
new avenues for analyses that are not possible with pseudo-haploid data. For example,
studies of identity-by-descent (IBD) segments allow for the detection of runs of
homozygosity (ROH), estimation of kinship between individuals, and inference of
effective population size. These analyses provide critical insights into population
demography, shedding light on inbreeding, population structure, and historical changes
in population size. By enabling such studies, imputation enhances the scope of research
into ancient human populations, allowing for a more comprehensive understanding of

their genetic diversity and evolutionary history.
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Methods

1. Processing and downsampling of ancient genomes
Ancient genomes of USRI, a 11,500 years old individuals from Alaska

(Moreno-Mayar et al., 2018a), and Sumidouro5, a 10,400 years old individuals from
Brazil (Moreno-Mayar et al., 2018b), were aligned and processed using the same
pipeline as Chapter 3. The high coverage individuals, 13.35x and 13.42x respectively,
were independently downsampled to 0.01%, 0.05x, 0.1x, 0.5%, 1x, 2x, 3%, 4% and 5%
with  DownsampleSam  from  Picard-tools version 1.101 (available at
http://broadinstitute.github.io/picard/) with random seed “1234” prior to imputation.
Downsampling is the process of randomly discarding reads to achieve the desired

reduced genomic coverage.

2. Step 1 of double-imputation pipeline: GLIMPSE
The downsampled data were imputed with GLIMPSE (Rubinacci et al., 2021)

coupled with the use of 1000 Genome Phase 3 as a reference panel (The 1000 Genomes
Project Consortium et al., 2015). To minimise the effects of DNA damage, which is
mostly occurring in transition sites (Orlando et al., 2015), genotype likelihoods for
transitions were set to zero to exclude those sites from imputation, as suggested from a
previous study (Hui et al., 2020). Imputed SNPs with 99% certainty only were retained
for subsequent analysis. Imputed sites were classified in the three following categories:

homozygote reference (1/1), homozygote alternative (0/0) and heterozygote (1/0).

3. Validation of imputation

Diploid variants were called from processed BAM files using HaplotypeCaller,
which is part of GATK version 3.7-0 (McKenna et al., 2010). Direct comparisons were
made between sites common to the downsampled imputed and the diploid genomes.
Performance was measured under two metrics, as detailed in a previous study (Cooke et
al., 2024): a) concordance, which was defined as the rate at which diploid sequence data
was correctly re-created through imputation (i.e., overlapping sites divided by the sites
present in the diploid data), and accuracy, which was defined as how often imputed data

accurately matched the sequence data (i.e., overlapping sites divided by the number of
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imputed sites). In other words, the number of sites from the diploid found in the
imputed were either, divided by the total number of sites from the diploid to measure
concordance, or divided by the total number of sites from the imputed to measure

accuracy.
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Chapter 5
Tracing population demography in the Americas

using identical-by-descent (IBD) segments

Abstract

The transition from hunting-gathering to sedentary farming has driven profound
demographic, cultural, and technological shifts throughout human history. While
well-documented in other continents, this impact in the Americas remains less
thoroughly explored. In this chapter, identical-by-descent (IBD) segments identified
from imputed genomes of ancient Americans are leveraged to reconstruct demographic
patterns and population dynamics. Patterns of runs-of-homozygosity (ROH) confirms
bottlenecks and small founding population sizes during the initial settlement of the
Americas. As expected, hunter-gatherer populations exhibit longer and more numerous
ROH segments compared to sedentary farming populations, reflecting differences in
lifestyle and their impacts on population demography. Effective population size
estimates further reveal significant growth during key periods of agricultural innovation,
such as the incorporation of fully-domesticated maize as a staple crop in the Maya
region and the likely influence of the Tiwanaku Empire’s agricultural advancements in
the Andes. Regional analyses also uncover distinct patterns of connectivity and
structure. Lastly, in California, a maritime route between San Nicolas and San Clemente
Islands may have developed within the last millennium, possibly absent during earlier

periods (4,500 BP).
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Introduction

During the Pleistocene, human populations across all continents subsisted as
hunter-gatherers. However, the Holocene marked a transformative era during which
several communities independently domesticated plants and transitioned to sedentary
farming (Diamond and Bellwood, 2003; Stoneking et al., 2023). The domestication of
crops and subsequent agricultural practices facilitated increased food production,
enabling larger population sizes and the accumulation of food surpluses. This shift laid
the foundation for the development of complex technologies, social stratification,
centralised states, and urbanisation (Diamond and Bellwood, 2003; Stoneking et al.,
2023). Transitions from a hunting-gathering lifestyle to sedentary farming occurred on
every continent, as illustrated by the following non-exhaustive list of examples: (a) in
Europe, originating from the Levent, the Neolithic transition is characterised by the
spread of farming, domesticated animals, but also ceramics reaching regions as far as
the Iberian peninsula, the British Isles and southern Scandinavia (Glinther and
Jakobsson, 2016), (b) in Africa, Neolithic farmers from Europe introduced wheat,
barley and lentils (Llorente et al., 2015), (c) in south Asia, with Neolithic farmers from
Pakistan moving into the Indus Valley, leading to the emergence of villages and towns
(Misra, 2001), (d) in east Asia where hunter-gatherers mixed with incoming farmers
associated with the Neolithic spreading from South China (McColl et al., 2018), and (e)
in Oceania, the agriculturists from Taiwan expanded into Southeast Asia and Oceania
with the development of sophisticated sea navigation technology and spreading
Austronesian languages, leading to maritime trade networks (Oliveira et al., 2022).

In the Americas, however, the narrative is less straightforward. While plants
were domesticated in various regions, major dispersal events often appear disconnected
from the spread of farming (Stoneking et al., 2023). For instance, maize, originally
domesticated in Mesoamerica or Isthmo-Colombian Area, reached the southwestern
United States (Merrill et al., 2009), possibly pushed by population expansion from
Mexico around 5,000 years ago (Villa-Islas et al., 2023). Yet, although the dispersal
routes and genetic adaptation of maize have been relatively studied (Da Fonseca et al.,

2015; Ramos-Madrigal et al.,, 2025), the impact of agriculture on human
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societies—particularly on  mobility, kinship  patterns, and demographic
dynamics—remains largely unexplored.

This chapter leverages shared genomic segments analysis to address these
questions. For instance, identical-by-descent (IBD) segments—genomic tracts shared
between individuals and inherited from a common ancestor—provide key insights into
kinships and population demography. The length of IBD segments reflects the time to
the most recent shared ancestor: longer segments indicate recent shared ancestry, such
as within-family relationships, while shorter segments accumulate in smaller
populations over generations, reflecting past bottlenecks and enabling estimates of
effective population size (Browning and Browning, 2015, 2012). A notable example of
IBD analysis comes from a study on ancient Rapa Nui. Researchers identified third- to
fourth- relatives using IBD segments analysis (Moreno-Mayar et al., 2024), which
surpassed the detection limits of READ, a tool for pseudo-haploid data that identifies
kinship only up to second-degree relationships (Monroy Kuhn et al., 2018). The same
study also applied runs-of-homozygosity (ROH) analysis, which provides
complementary insights: longer ROH point to consanguinity or inbreeding, while an
accumulation of shorter ROH reflects small population sizes or historial bottlenecks.
The results revealed a high proportion of short ROH in ancient Rapa Nui individuals,
which together with population size estimates, suggest a stable population size over the
past 1,000 years. These findings challenge the ecocide hypothesis, which argues that
deforestation and human activity caused a population collapse in the 1600s. Instead, the
study concluded that the Rapa Nui population remained resilient despite environmental
changes (Moreno-Mayar et al., 2024).

In studies of ancient Americans, ROH analyses have similarly provided valuable
insights into population size and structure. For example, small effective population sizes
have been identified in eastern South America (Ferraz et al., 2023) and Patagonia (de la
Fuente et al., 2018). Conversely, analysis of an ancient Ceramic Caribbean individual
from the Bahamas suggested an unexpectedly large effective population size, far
exceeding what the island could sustain. This discrepancy points to high mobility and
interconnectedness between Caribbean islands, a conclusion further supported by
archeological evidence (Schroeder et al., 2018). Additionally, ROH-based estimates of

effective population size have been interpreted to suggest insights into subsistence
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strategies, with the authors proposing that a large population could only be sustained
through farming. They further hypothesise south-to-north migration from Mexico to
California linked to maize agriculture (Nakatsuka et al., 2023).

In this study, I compile genomic data from previously published ancient
individuals across the Americas, including both shotgun and capture sequencing data,
and apply imputation to augment coverage depth. Using this dataset, I infer IBD
segments to address two key questions: (1) what communities can be identified from
kinship patterns; and (2) how effective population sizes changed over time in the

Americas.
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Results

L. Societal insights into ancient American communities

L._1. Different kinship results in the Classic Maya of Chichén Itza

IBD segments were inferred in 330 ancient individuals spanning across the
Americas. Details of IBD sharing between each pair of individuals, including their
corresponding degree of relatedness, are summarised in Table 5.1.

The closest relationship identified was between two individuals from the
Chichén Itza population, YCH033 and YCHO054, who shared 191 IBD segments
totalising to 2006.82cM (Table 5.1). While the total length of these IBD segments
indicates a relationship of second-degree relatives, it falls short of the level of IBD
sharing typically associated with identical twins, as defined in a previous study
(Barquera et al., 2024). This is possibly due to the focus of my analysis on IBD1, rather
than including both IBD1 and IBD2, potentially leading to an underestimation of very
close kinship. Similarly, my analysis could not confirm the previously reported
second-degree relationship between YCH34 and YCH41 from the Chichén Itza
(Barquera et al., 2024), as the observed IBD sharing did not indicate any significant
kinship between these individuals. While the Barquera analysis used the method
BREADR (Rohrlach et al., 2023) to estimate the pairwise-mismatch rate (PMR) based
on pseudo-haploid data, my analysis relied on detecting IBD segments from imputed
diploid genotypes. A possible explanation for the discrepancy is that BREADR may be
more sensitive to close kinship in low-coverage data, as it operated directly on
mismatch rates without relying on imputation, whereas IBD detection may miss close
relationships when imputation quality is low or when phasing errors obscure long

shared segments.
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Table 5.1. Kinship in the ancient Americas according to IBD sharing

. - - Number of IBD | Sum of IBD length| Kinship
* *

Pedigree Individual 1 Individual 2 segments shared | shared (in cM) degree
ESN_SN17_merged ESN_SN48 56 377.756 4th
ESN_SN17_merged ESN_SN44 merged 84 717.551 3rd

Figure 5.2
ESN_SN44 merged ESN_SN48 34 216.513 5th

ESN_SN40 ESN_SN44_merged 40 272.092 5th
USA_CA_SantaRosa 7
- 400BP 111557 USA_CA_SantaRosa_7400BP_I11558 46 359.852 4th
LSN_SNO03 LSN_SN50 21 144.565 Sth
LSN_SN50 LSN_SN51 48 293.813 4th
LSN_SN10 LSN_SN11_merged 26 172.046 Sth
LSN_SN13_merged LSN_SN53 41 229.965 Sth
USA_CA_SanClemente
7500BP 10751 LSN_SN13 merged 20 154.007 Sth
LSCI_SC03_merged LSN_SNI11_merged 27 168.76 Sth
USA_CA_SanClemente
500BP_ 10751 LSN_SNI11_merged 23 145.4 Sth
LSN_SNI1_merged LSN_SN53 20 143.39 5th
LSN_SN11_merged LSN_SN13_merged 48 377.485 4th
LSCI_SC05_merged LSN_SN13_merged 25 153.669 Sth
LSN_SN13_merged LSN_SN52 24 158.058 Sth
LSCI_SCO05_merged LSN_SNI11 merged 26 189.309 Sth
LSCI_CTO! merged USAfCAfS"‘“ClerlnemefSOOBPJms 24 145.751 5th
USA_CA_SanClemente
500BP_10750 LSCI _SC03_merged 19 154.35 Sth
USA_CA_SanClemente
500BP 10760 LSCI_SC05_merged 23 137.513 Sth
USA_CA_SanClemente
. 500BP 10751 LSCI_SCO03_merged 35 230.821 Sth
Figure 5.3 — —
LSCI_CTO01_merged LSCI_SCO05_merged 27 139.222 Sth
LSCI_SC01 LSCI_SC04 22 138.22 Sth
USA_CA_SanClemente
S00BP 10751 LSCI_SCO05_merged 31 186.605 Sth
USA_CA_SanClemente
500BP 10756 LSCI_SC03_merged 36 236.01 Sth
USA_CA_SanClemente
500BP 10751 LSCI_SC04 30 166.144 Sth
USA_CA_SanClemente
500BP 10760 LSCI_SC03_merged 40 293.246 4th
USA CA SanClemente | USA CA SanClemente 500BP_1076
S00BP 10756 0 32 231.024 Sth
USA_CA_SanClemente | USA_CA_SanClemente S00BP_1075
500BP_10750 1 33 214.63 Sth
USA_CA_SanClemente | USA_CA_SanClemente S00BP_1075
500BP 10751 3 20 139.247 Sth
USA_CA_SanClemente | USA_CA_SanClemente 500BP_1076
500BP_10750 0 20 148.963 Sth
USA_CA_SanClemente | USA_CA_SanClemente S00BP_1075
S00BP 10751 6 30 234.204 Sth
USA_CA_SanClemente | USA_CA_SanClemente 500BP_1076 62 513.105 4th
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d_1500-100BP_112943

_500BP_10751 0

- Anzick-1_Anzick-1 Chile_LosRieles_10900BP_111974 27 199.975 5th
) CammarfAltl’aJ"fCAOO Canimar_Abajo CA0028 28 222733 5th
. Can‘mar—’;';aJo—CAOO Canimar_Abajo CA0022026 19 158.931 5th

Cueva_de los Esquelet
- os CDE002 Cueva_de_los_Esqueletos CDE004 36 201.026 Sth
Sierra_Gorda 2417]) Sierra_Gorda 2417Q 18 141.842 Sth
) Sierra_Gorda 333B Sierra_Gorda 2417] 47 423.592 4th
- Chichen_Itza YCHO033 Chichen_Itza YCHO054 191 2006.82 2nd
Rio_Uncallane_IL3 Rio_Uncallane_IL7 17 161.618 Sth
- Rio_Uncallane IL3 Rio_Uncallane IL5 23 200.353 Sth
Rio_Uncallane IL4 Rio_Uncallane IL7 20 160.951 Sth
Sumidouro Sumidouro4 Sumidouro Sumidouro6 34 346.087 4th
Sumidouro_Sumidouro5 Sumidouro Sumidouro7 22 181.136 Sth
Sumidouro_Sumidouro6 Sumidouro_Sumidouro? 44 400.747 4th

Figure 5.1

Sumidouro_Sumidouro5 Sumidouro_Sumidouro6 25 260.068 Sth
Sumidouro_Sumidouro4 Sumidouro_Sumidouro7 14 144.864 Sth
Sumidouro Sumidouro4 Sumidouro Sumidouro5 32 280.811 4th
- IPK12 IPK12 IPK13 IPK13 30 160.413 Sth

NorthTierradelFuego G
- rouped_S00BP 112354 MAS577_MAS577 31 205.509 5th
Fuego-Patagonian_894 | DeagleChannel_Grouped_1500-100BP 24 142.521 5th

112943
Fuego-Patagonian_890 Fuego-Patagonian_894 25 172.998 Sth
BeagleChannel Groupe | BeagleChannel Grouped 1500-100BP

d_1500-100BP_112941 112943 28 192.734 Sth

BeagleChannel_Groupe
d_1500-100BP_112941 IPY10_IPY10 34 195.16 Sth

BeagleChannel Groupe
d_1500-100BP 112943 IPY08_IPY08 31 186.661 5th

BeagleChannel_Groupe
- IPY08_IPY08 27 137.519 5th

Figure 5.4 d_1500-100BP_I12941 -

Fuego-Patagonian_890 1IPY08 IPY08 24 155.066 Sth
Fuego-Patagonian 895 IPY10_IPY10 43 270.916 Sth
Fuego-Patagonian_894 IPY08 IPY08 40 301.136 4th
Fuego-Patagonian_894 Fuego-Patagonian_895 37 242.6 Sth
Fuego-Patagonian_895 IPY08 IPY08 64 450.029 4th
IPY08_IPY08 IPY10_IPY10 52 363.896 4th
Fuego-Patagonian 894 IPY10 IPY10 29 181.502 Sth
BeagleChannel_Groupe IPY10_IPY10 29 167.682 Sth

* pairs of individuals are labelled as “[population] [individual]”
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L. 2. A possible patriarchal society for the hunter-gatherer Sumidouro of Brazil

When kinships are identified within a community, constructing a pedigree
linking these individuals can offer valuable insights into societal and funerary practices.
This approach has proven particularly revealing for the Sumidouro population from
Brazil, where six pairs of relatives were detected among four individuals. These
relationships consist of 4th- and Sth-degree connections. A proposed pedigree,
illustrated in Figure 5.1, respects the inheritance of the Y-chromosome haplogroup.
Sumidouro5, Sumidouro6, and Sumidouro7 are linked through the paternal line, all
sharing the haplogroup Q-M3 (M&848), while Sumidouro4 is connected through the
maternal line, having inherited the haplogroup Q-M3(xY4308) from an unknown
parent. Maternal haplogroups were not incorporated into the pedigree since the D1
haplogroup, shared by Sumidouro4, Sumidouro6, and Sumidouro7, could simply reflect
its prevalence within the population, with accounts of haplogroup D4h3a found in
Sumidouro5.

Sumidouro5, Sumidouro7, Sumidouro6, and Sumidouro4 are dated to
approximately 10,405, 10,271, 10,083, and 10,096 years BP. The pedigree inferred from
IBD sharing indicates that the burial site was used over five generations, suggesting that
the Sumidouro hunter-gatherer population returned to this site across generations to
inter their family members.

One female individual, Sumidouro8, dated to be younger (9,849 years BP) than
the others, shows no familial relationships. While the sample size is small, these
findings may suggest that the Sumidouro community was patriarchal, with females

being buried alongside their husband’s family.
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Figure 5.1. Pedigree of Sumidouro according to IBD sharing. Males are represented
as squares and females as circles. Offsprings are depicted as descending from the union
of two parents, with siblings branching off from the same parental link. Mitochondrial
haplogroup is indicated below each individual, followed by Y-chromosome haplogroup
if the individual is male.

134



L. 3. A family pedigree for early individuals from San Nicolas Island

In addition to the Sumidouro population, other communities also exhibit familial
connections. For instance, in the ancient Andean population of Rio Uncallane,
fifth-degree relations were found for three pairs, IL3-IL7, IL3-ILS, and IL4-IL7 (Table
5.1). Similarly, in the Sierra_Gorda population from Mexico, a 4th-degree relationship
was identified between individuals 333B and 2417J, alongside a fifth-degree
relationship between 2417J and 2417Q.

Larger kinship networks were observed within populations from California, with
a clear distinction between earlier (Early San Nicolas or ESN) and later (Late San
Nicolas or LSN) groups, despite both groups being excavated from the same site on San
Nicolas Island.

Kinship analysis among four individuals from the ESN population identified one
3rd-degree relationship between SN17 and SN44, one 4th-degree relationship between
SN17 and SN48, and two S5th-degree relationships between SN40 and SN44 and
between SN44 and SN48. Taking account of these relationships, along with inheritance
patterns of mtDNA and Y-chromosome haplogroups, a potential pedigree is inferred in
Figure 5.2. SN17 and SN44 both share the same Y-chromosome haplogroup of Qla*,
which places them on the same paternal lineage. In contrast, SN40 and SN44 are linked
through their maternal line, as both share the mitochondrial haplogroup A2cb. SN48 or
SN17 carries haplogroup A2 or A2ca, respectively. Radiocarbon dating is available only
for SN44 (4,647 years BP) and SN17 (4,517 years BP), positioning SN44 closer to the
root of the pedigree compared to SN17.

As with the Sumidouro population, these results suggest that this hunter-gatherer
community of ESN possibly utilised the same burial site over several generations for
extended family members. Unlike Sumidouro, however, there is no apparent

differentiation in burial customs between males and females.
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Figure 5.2. Pedigree of Early San Nicolas (ESN) individuals according to IBD
sharing. Males are represented as squares and females as circles. Offsprings are
depicted as descending from the union of two parents, with siblings branching off from
the same parental link. Mitochondrial haplogroup is indicated below each individual,
followed by Y-chromosome haplogroup if the individual is male.
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I. 4. An intricate connection between maritime hunter-gatherers of San Nicolas, San

Clemente, and Santa Catalina islands

The most intricate pedigree is observed among the LSN individuals. For
instance, SN13 has kinship ties with five relatives, including 10751, an individual from
San Clemente Island. 10751, in turn, shares familial connections with ten individuals,
including CTO1, who is associated with the LSCI population. CTOI1, in turn, has five
relatives (Table 5.1 and Fig. 5.3). Collectively, this extended pedigree links individuals
from different islands within the southern Channel Islands (Nakatsuka et al., 2023;
Scheib et al., 2018).

While CTO1 from the LSCI was excavated from Santa Catalina Island, the other
LSCI individuals (SCO01, SC03, SC04, and SCO05) were recovered from San Clemente
Island. San Clemente Island, Santa Catalina Island, and San Nicolas Island—the origin
of the LSN individuals—are all situated off the coast of California, within 100
kilometers of each other. The familial connections revealed by the pedigree suggest
frequent migration among these islands, likely facilitated by intermarriage and regular
travel. This is consistent with the populations’ demonstrated seafaring abilities, as
supported by archaeological evidence of extensive shell middens, indicating a
marine-focused diet that remained consistent over the 8,000 years of occupation of these
islands (Scheib et al., 2018).

Radiocarbon dating further supports overlapping timeframes for these
populations: individuals from San Nicolas Island (LSN population) date between 1,172
and 840 years BP (median: 947 years BP), CTO1 from Santa Catalina Island dates to
387 years BP, other LSCI individuals from San Clemente Island date between 1,101 and
884 years BP (median: 1,055 years BP), and individuals from the
USA CA_SanClemente 500BP population date between 825 and 759 years BP
(median: 825 years BP) (Nakatsuka et al., 2023; Scheib et al., 2018). No kinship was
identified between individuals from the LSN or LSCI and those from the ESN, as their
occupations are temporarily separated by roughly 3,000 years.

Interestingly, no kinship was detected with individuals from the
USA CA SantaRosa 300BP (Santa Rosa Island) or Island Chumash group (San
Miguel Island), even though these groups are separated only by 80-150 kilometers from

the groups from San Nicolas Island or San Clemente Island. However, their temporal
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dimensions are not exactly the same. The two Island Chumash individuals from San
Miguel Island are dated to 826 and 641 years BP, while the five individuals from Santa
Rosa are dated between 940 and 595 years BP (median: 600 years BP). Therefore, this
lack of kinship may be due to the difference in temporal contexts between individuals

from the LSN or LSCI and those from Santa Rosa Island or San Miguel Island.
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Figure 5.3. Pedigree of Islanders from Late San Nicolas (LSN), Santa Catalina, and
San Clemente according to IBD sharing. Males are represented as squares and
females as circles. Offsprings are depicted as descending from the union of two parents,
with siblings branching off from the same parental link. Mitochondrial haplogroup is
indicated below each individual, followed by Y-chromosome haplogroup if the
individual is male. In the top right corner, a map of the Channel Islands illustrates the
geographical origin of individuals.
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L. 5. Cultural biased pedigree in Patagonia

The pedigree inferred from IBD sharing links individuals from three populations
in Patagonia: BeagleChannel Grouped 1500-100BP consisting of individuals
excavated from sites near the Beagle Channel dating from approximately 1,500 to 100
BP, Fuego-Patagonian also excavated from the shores of the Beagle Channel and dating
to around 150 BP, and maritimePatagonia dating to around 1,000 years BP and
comprising of two individuals associated with the Yaghan culture and two others with
the Kawéskar culture (Fig. 5.4). For instance, the individual 112943 from the
BeagleChannel is not only a Sth-degree relative of 112941 from the BeagleChannel, but
also a Sth-degree relative of 894 from the Fuego-Patagonian and a Sth-degree relative of
IPYO08 and IPY 10, both from the maritimePatagonia (Table 5.1). All individuals have
been carbon-dated to a similar time period, ranging between 190 and 150 years BP,
except for IPY10, which dates back to 810 years BP (de la Fuente et al., 2018;
Nakatsuka et al., 2020b; Raghavan et al., 2015). Their possible intricate familial
relationships are summarised in the pedigree (Fig. 5.4). Notably, individuals 890 and
894 share a maternal great-grandmother, making them 5th-degree relatives and passing
on the mitochondrial haplogroup D4h3a. Similarly, IPY08 and IPY10 are connected
through a great-grandfather for the former and a grandfather for the latter on their
paternal side, making them 4th-degree relatives, with both carrying the Y-chromosome
haplogroup Qla2alal. Additionally, IPY10, 112941, and 112943 are all 5th-degree
relatives of one another, inheriting the mitochondrial haplogroup D4h3a from a
common maternal ancestor, whether a great-great-great-great-grandmother,
grandmother, or great-great-grandmother.

All three populations were excavated within Tierra del Fuego Archipelago at the
southernmost edge of Patagonia, near the Beagle Channel strait (de la Fuente et al.,
2018; Nakatsuka et al., 2020b; Raghavan et al., 2015). The sites are located within 200
kilometers of each other. While the region’s irregular terrain, including glaciers, dense
forests, and plateaus, could have hindered overland travel, the Beagle Channel strait
likely served as a natural waterway connecting the populations.

Interestingly, among the four maritimePatagonia individuals, IBD was only
detected in the two associated with the Yaghan culture (or Yamana), not in the two

associated with the Kawéskar culture. Similarly, among the four Fuego-Patagonian
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individuals analysed, IBD sharing segments were detected only in the three associated
with the Yaghan culture and not in the individual linked to the Selk’nam culture. The
Beagle Channel strait intersects the territories of the four main cultural groups of the
Tierra del Fuego Archipelago: the Yaghan in the south, the Kawéskar in the west, the
Selk’nam in the north, and the Haush in the east. The Yaghan and Kawéskar cultures
shared a strong reliance on marine resources, which they accessed via canoes. In
contrast, the Selk’nam focused on hunting guanaco and birds and gathering seashells
along the shoreline, while the Haush hunted both terrestrial and marine prey. While
some researchers suggest that intermarriage was common in boundary areas between
cultural groups, others argue that unions were rare (de la Fuente et al., 2018; Nakatsuka
et al.,, 2020b). The results here suggest that geographical proximity alone did not
determine marital connections. Intermarriage may have been facilitated by shared
cultural practices, as exemplified by the Yaghan, or, conversely, the spread of the

Yaghan culture could have been driven by intermarriage.
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Figure 5.4. Pedigree of individuals from Patagonia according to IBD sharing.
Males are represented as squares and females as circles. Offsprings are depicted as
descending from the union of two parents, with siblings branching off from the same
parental link. Mitochondrial haplogroup is indicated below each individual, followed by
Y-chromosome haplogroup if the individual is male. In the top right corner, a map of
southern Patagonia illustrates the geographical origin of individuals.
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L. 6. A surprising link between Anzick and an individual from Chile

Lastly, a surprising Sth-degree relationship was detected between Anzick, an
individual from Montana, and 111974, an individual from Chile (Table 5.1). Although
both date to similar periods—12,656 years BP for Anzick and 10,935 years BP for
[11974—they were excavated from sites separated by a vast distance. Anzick is
associated with the Clovis culture, the earliest widespread archeological complex in
North America (Rasmussen et al., 2014). In contrast, [11974 was excavated in central
Chile and is associated with a culture characterised by extensive, stratified shell
middens (Posth et al., 2018).

Given that a small founder population expanded rapidly throughout the
American continents, the observed relationship between Anzick and 111974 may reflect
a more complex interplay of ancient populations structure and migration patterns rather
than a direct kinship. For instance, the 10,400-year-old Sumidouro individuals from
Brazil and the 5,100-year-old Ayayema individual from Patagonia share a common
ancestor associated with the initial migration into South America. This lineage, traced
back to the ANC-A related to Anzick, highlights the complexity of ancient human
movements (Moreno-Mayar et al., 2018b). In the following section, I will examine
whether these potential kinships arise from demographic processes rather than familial

relationships.
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I1. Demographic impact of ancient American population

II. 1. Small IBD segments in ancient Americans

To assess the accuracy of the kinship signals, the data was compared against
simulated datasets generated by Ariano et al. (Ariano et al., 2022). These simulations
tested three scenarios—second-degree, third-degree, and fourth-degree relatives—with
the results from ancient Americans overlaid on the plot (Fig. 5.5). On this plot, the
second-degree relationship between two individuals from Chichén Itza (YCHO033 and
YCHO054) and the third-degree relationship between tho early individuals from San
Nicolas Island (SN17 and SN44) (Table 5.1) are highlighted by red and green circles.
The other pairs of individuals have 4th- or 5th-degree relationships, in blue and purple
on the plot. However, while the total length of IBD segments for ancient Americans
aligns with the simulated data for the same degree of kinship, the number of IBD
segments exceeds for each scenario. This discrepancy indicates that ancient Americans
accumulate IBD segments of comparable total length, but those segments are generally
shorter.

Given the separation of two groups on the simulated data for 2nd-degree
relationships, 1 considered an effect driven by pairing-specific factors, such as
differences between granddaughter-grandmother and niece-aunt relationships, both
examples of second-degree kin. To rule out such an effect, I examined variation in the
coefficient of relatedness across different pairing cases within each degree of kinship
(Fig. S5.1), but observed no significant differences. This suggests that the observed
separation is not due to the specific relationship type within each degree of kinship.

The method used to infer degrees of relatedness relies on dividing the total
lengths of IBD segments by twice the genome’s recombination map length. This
approach focuses exclusively on segment length, but not on the number of segments.
The shorter IBD segment sizes observed in ancient Americans are likely a reflection of
demographic factors, specific to the settling history of the Americas, such as the small
effective population size of the initial founder population (Llamas et al., 2016). To
further investigate demographic effects, the next section delves into
Runs-Of-Homozygosity (ROH) analysis, which provides additional insights into the

bottlenecks and inbreeding patterns.
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Figure 5.5. Kinship results for ancient Americans compared to simulated data.
Kinship results for ancient Americans (larger points and bold outline) are overlaid onto
simulated data 2nd-, 3rd-, and 4th-degree relationships (smaller points and in high
transparency). The x-axis shows the sum of shared segment lengths (in centiMorgans),
while the y-axis represents the number of shared segments. Degrees of relatedness are
represented in different colours: red, green, blue and purple for 2nd-, 3rd-, 4th- and
Sth-degree relationships respectively.

II. 2. Runs-Of-Homozygosity analysis

Building on the patterns observed in IBD segment sizes, the analysis of
Runs-Of-Homozygosity (ROH) provides a complementary perspective on the
demographic history of ancient populations. While IBD reveals shared ancestry between
individuals, ROH patterns offer insights into population diversity and structure within
individual genomes. Specifically, ROH analysis enables the detection of extended
stretches of homozygosity, which are shaped by demographic events such as
bottlenecks, founder effects, and inbreeding. These patterns help to disentangle the
genetic impact of the small effective population sizes and prolonged isolation suggested

by the fragmented IBD segments in ancient Americans.
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In this section, ROH segments in an individual are categorised by different
segment lengths: very long ROH ( >20cM in red), long ROH (12-20cM in yellow),
medium ROH (8-12¢M in light blue), and short ROH (4-8cM in dark blue) (Fig. 5.6).
Given that those who were distantly related primarily represent hunter-gatherer or
marine hunter-gatherer groups (Figs. 5.1-4), I first focus on populations where no
evidence of a sedentary lifestyle or farming practices was found.

The highest cumulative ROH sum is observed in SN37, an early individual from
San Nicolas Island, with twice the ROH sum of the next individual (Fig. 5.6). However,
no kinship relationships were identified between SN37 and other individuals in the
dataset (Table 5.1 and Fig. 5.2). The preponderance of short ROH segments (4-8cM) in
SN37 suggests that these segments were inherited from distant rather than close
ancestors. Similarly, individuals with the second, third, fifth, sixth, seventh, and ninth
highest ROH sums—SN44, SN17, SN32, SN40, SN48, and SN54—all belong to the
same early San Nicolas Island population and exhibit greater accumulations of short
ROH compared with long ROH. Considering the multiple levels of distant kinship
within this community (Fig. 5.2), the absence of evidence for inbreeding, and the excess
number of IBD segments (Fig. 5.5), these results support the scenario of a small
founding population followed by prolonged isolation.

The fourth highest ROH sum is observed in 10748 from San Clemente Island
(Fig. 5.6). This individual exhibits particularly high amounts of long ROH segments
(>20cM), indicative of recent inbreeding. No direct kinship was detected for 10748,
despite the San Clemente population presenting the most intricate pedigree (Fig. 5.3).
The later inhabitants of both San Nicolas and San Clemente islands exhibit lower ROH
sums and shorter ROH lengths compared to earlier populations, possibly reflecting
increased genetic diversity through interactions with other seafaring groups.

The Sumidouro individuals from Brazil, dated to approximately 10,000 years
ago likely represent some of the oldest individuals in South America (Llamas et al.,
2016; Moreno-Mayar et al., 2018b; Raghavan et al., 2015; Rasmussen et al., 2014;
Willerslev and Meltzer, 2021). Sumidouro4, Sumidouro5, Sumidouro6, and
Sumidouro7 show low overall ROH sums (119cM, 83cM, 75¢M, and 120cM,
respectively), with no clear evidence of very long ROH segments (Fig. 5.6). While
Sumidouro8 displays slightly higher ROH levels (307cM), these are mostly dominated
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by short and medium lengths. These results suggest a relatively large population size

during the Early Holocene in South America.
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Figure 5.6. Runs-Of-Homozygosity for imputed non-sedentary non-farmers from
ancient America. Each histogram depicts the accumulated sum of ROH segments for
an individual with no evidence for a sedentary settlement. ROH sum is represented in
four colours for four length categories: very long ROH of > 20cM in red, long ROH for
segments between 12 and 20cM in yellow, medium ROH for segments between 8 and
12¢M in light blue, and short ROH for segments between 4 and 8cM in dark blue.

Below is the ROH plot for individuals associated with evidence of a sedentary
lifestyle or farming practices (Fig. 5.7). To facilitate direct comparison with
hunter-gatherer populations analysed earlier, the y-axis scale has been maintained. The
dataset includes comparable numbers of individuals from both groups, with 166
hunter-gatherers and 138 sedentary farmers. However, the patterns displayed in the two
figures reveal striking differences.

Among hunter-gatherers, 47% (78 individuals) exhibit very long ROH
(> 20cM), whereas this proportion is more than halved in sedentary farmers, with only
21% (29 individuals). Additionally, the cumulative sum of ROH, averaged across all

individuals, shows a nearly 2.5-fold difference, with 174cM for hunter-gatherers
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compared to just 72cM for sedentary farmers. These differences align with expectations
based on subsistence strategies and their demographic implications. Sedentary farmers,
by producing more food and supporting larger communities, likely experienced
population growth and admixture, leading to lower levels of ROH overall. In contrast,
the smaller populations of hunter-gatherers would have been more prone to isolation,

reflected in their higher levels of ROH.
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Figure 5.7. Runs-Of-Homozygosity for imputed sedentary farmers from ancient
America. Each histogram depicts the accumulated sum of ROH segments for an
individual with evidence for a sedentary settlement. ROH sum is represented in four
colours for four length categories: very long ROH of >20cM in red, long ROH for
segments between 12 and 20cM in yellow, medium ROH for segments between 8 and
12¢M in light blue, and short ROH for segments between 4 and 8cM in dark blue. The
y-axis scale is set to match the previous plot of non-sedentary Americans for
comparison.

I1. 3. Effective population size in the ancient Americas

To further investigate the demographic factors underlying the genetic patterns
revealed in the ROH analysis, this section explores temporal changes in effective
population sizes across different regions. Populations were grouped by geographical

regions following the classification from Chapter 3 (Fig. 3.15 and Table S3.4), with one
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exception for the ancient Panamanian as they are the only Central Americans to fall
outside of the Maya area. Given sufficient data for the Maya region and the
geographical diversity of Central America, this analysis focuses on the Maya area
instead of Central America. Considering the samples where carbon dating was available
(Fig. S5.2), population effective sizes were estimated for regions of California,
Aridoamerica, the Maya area, the Andean mountains, Brazil and Patagonia.

In California, the earlier analyses in this chapter (Fig. 5.3) suggested that
individuals from San Nicolas and San Clemente Islands formed a closely connected
community. This raised the possibility of dividing the region into subgroups, separating
for example, the islanders from mainland Californians. However, the lack of a clear
definition for these subgroups posed a challenge. To avoid unnecessary fragmentation
and potential noise, all Californians were treated as a single group, assuming that any
demographic shifts would be diluted but still visible within the larger dataset.

The largest population effective size was found in the Maya region, reflecting
the history of large civilisations in the area (Regueiro et al., 2013). Overall, the
estimation of effective population size reveals several periods of significant population
growth across the Americas, often overlapping: in the Maya area between 4,700 and
1,100 years BP, in the Andes between 1,800 and 800 years BP, in the Caribbean
between 1,300 and 900 years BP, and in Patagonia between 1,000 and 400 years BP
(Fig. 5.8). Some of these increases correspond to key historical and agricultural
transitions. In the Maya area, this period coincides with the establishment of maize as a
fully domesticated and staple crop (Kennett et al., 2022; Regueiro et al., 2013). In the
Andes, the population growth aligns with the golden age of the Tiwanaku empire, which
revolutionised high-altitude maize farming: raised-fields increased crop yield and
protected them from night frost by releasing the heat accumulated in the water canals
during the day (Tiwanaku Part 1: The City, 2021). These agricultural innovations likely
drove increased food production, supporting a larger population.

Conversely, population declines are observed in the Maya area between 1,100
and 300 years BP, Aridoamerica between 1,200 and 600 years BP, and Patagonia
between 400 and 100 years BP (Fig. 5.8). In the Maya region, this sharp decline
corresponds to the well-documented period of collapse, marking the transition from the

Classic to the Postclassic period (Fash, 1991; Martinez de Velasco Cortina and Vega
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Villalobos, 2015). In Patagonia, the decline in the most recent period likely reflects the
arrival of Europeans, who introduced diseases that decimated local populations

(Livi-Bacci, 2006).
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Figure 5.8. Temporal changes in population size across different geographic
populations in the Americas. Circles indicate population effective size for data points,
across time before present, and lines trace those data points for each geographical
region. Individuals were divided into regions following the classification from Chapter
3 (Fig. 3.15 and Table S3.4).
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Discussion

In this chapter, IBD segments were leveraged to investigate kinships and
demography among ancient American individuals. Pedigrees were reconstructed for
different geographic and temporal populations, including those for the Sumidouro
individuals from Lagoa Santa in Brazil (approximately 10,184 years BP) (Fig. 5.1),
early San Nicolas individuals from California (approximately 4,500 years BP) (Fig.
5.2), later San Nicolas and San Clemente individuals from California (approximately
1,000 years BP) (Fig. 5.3), and for individuals associated with the Yaghan culture in
Patagonia (Fig. 5.4).

While IBD-based methods are powerful tools for detecting shared ancestry and
kinships, their interpretation must take into account the demographic history of the
populations involved. In principle, the likelihood of detecting distant relatives increases
as effective population size decreases, due to higher background relatedness and
increased genetic drift. Several populations in this study—particularly those from
Patagonia and California—show evidence of long-term isolation and small population
sizes, which could inflate the detection of distant IBD sharing. In such cases, some of
the IBD segments may not reflect true genealogical kinship, but rather the genetic
signature of small, drifted populations. An example is the detection of fifth-degree
relatedness between Anzick, a ~12,600 year-old individual from Montana, and an
individual from Los Rieles in Chile, dated to ~10,900 years ago. Despite their similar
ages, the vast geographic distance between them raises the possibility that small
ancestral population size, rather than recent shared family, is responsible for this
inferred relationship. These results underscore the need for cautious interpretation of
IBD sharing in ancient populations, especially in light of demographic complexity.
Future studies incorporating explicit simulations of ancient populations structure and
range expansion will be crucial to better understand how such factors shape IBD
segment distribution and the reliability of inferred kinship degrees in ancient genomic

datasets.

An additional consideration is the minimum IBD segment length used to infer
relatedness. In this study, a threshold of 3 cM was applied, which allowed for the

identification of many distant kin relationships, particularly at fourth- and fifth-degree
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level. However, more conservative thresholds (such as 8 cM) greatly reduced the
number of inferred relatives, with most kinship signals disappearing in ancient
Americans under this criterion. This pattern supports the hypothesis that a portion of the
observed IBD sharing may reflect the effects of small effective population sizes or drift,
rather than true recent genealogical ties. Notably, the literature does not yet agree on a
universal threshold for ancient DNA, likely because the optimal cutoff may vary across
populations depending on their demographic history. This further underscores the need
for future simulation-based work tailored to ancient population structures, in order to
determine robust thresholds for IBD-based relatedness inference and to improve the

reliability of kinship estimates.

Despite the presence of numerous IBD segments in ancient Americans, these
segments were relatively short (Fig. 5.5), likely reflecting underlying demographic
processes. However, this pattern does not appear to result from the bottleneck effect
associated with the initial peopling of the Americas. Early Holocene individuals, such
the Sumidouro population, did not exhibit excessive ROH, suggesting that post-glacial
populations expanded rapidly following isolation in Beringia. This aligns with
mitochondrial DNA evidence indicating a sudden diversification between 16,000 and

13,000 years BP (Llamas et al., 2016).

In contrast, early San Nicolas individuals exhibited high levels of ROH,
primarily consisting of short ROH segments, indicative of a persistently small
population rather than recent inbreeding. Later individuals from the same region
displayed reduced ROH and increasing kinship connections with individuals from
neighbouring islands of San Clemente and Santa Catalina. This suggests that increased
interactions with seafaring groups contributed to greater genetic diversity. These genetic
interactions were observed among populations from the southern Channel Islands, with
no evidence from the northern Channel Islands or the mainland populations. This
suggests different population histories between the southern Channel Islands and the
rest of California, consistent with ADMIXTURE results from Chapter 3 where the
southern Channel Islands define a unique genetic component (Fig. S3.6).

This genetic divergence between southern and northern Channel Islanders aligns
with differences in ancestry and language history. Between 5,000 and 2,000 years BP,

southern Channel Islanders experienced increasing genetic contributions from
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populations in Mexico, whereas this Mexican-related ancestry only appeared in the
northern Channel Islands around 2,000 BP (Nakatsuka et al., 2023). This genetic pattern
coincides with linguistic distinctions; during the Colonial period, southern Channel
Islanders spoke an Uto-Aztecan language with origins in Mexico, whereas northern
Channel Islanders spoke a language from an unrelated language family.

The influence of Mexican-related ancestry into southern California may explain
the increases in estimated population size observed, potentially around 5,000 years BP
and another possibly around 2,000 years BP (Fig. 5.8). The previous study estimated
effective size for distinct regions as follows: Northern Channel Islands (388+42),
Southern Channel Islands (175+13), Southern California mainland (5194+49), and
Central California (418+£39) (Nakatsuka et al., 2023), while I account for population
effective size over multiple time points to capture a trajectory. While differences may
reflect different methods used, hapROH for the initial study and IBDNe for myself, the
higher population size values in my analysis are expected, as I grouped all Californian
populations together.

I refrain from discussing population sizes in absolute numbers due to limitations
in estimations. Confidence intervals were not included in Figure 5.8 as they would
clutter the visualisation and limit interpretability. These wide intervals reflect substantial
uncertainty, primarily due to the small number of individuals contributing to each
estimate. As a result, the inferred trends in effective population size should be
interpreted with caution. The recommended number of individuals for each data point in
IBDNe is 50 (Browning and Browning, 2015), whereas in some cases, I used as few as
two individuals. While this low sample size is a common limitation in archaeogenetics,
it nonetheless allowed for exploratory inference of population size changes over time,
though these should be regarded as tentative and interpreted conservatively. It is also
critical to distinguish between census population size (Nc) and effective population size
(Ne). While census size reflects the total population, effective size only includes the
breeding individuals genetically contributing to the next generation (Frankham, 1995).
For humans, the census population size is generally no more than three times the
effective population size (Felsenstein, 1971). Being mindful of the low sample size and
the distinction between Ne (effective population size) and Nc (census population size), |

refrained from discussing population sizes in absolute numbers. Instead, I focused on
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the relative evolution of effective population size over time, comparing trends across
different regions calculated using the same methodology.

Across the Americas, hunter-gatherer populations consistently exhibited higher
levels of ROH than sedentary farming populations (Figs. 5.6-7), reinforcing the
demographic contrast between these subsistence strategies. Significant increases in
effective population size coincides with two major events (Fig. 5.8): the incorporation
of fully domesticated maize as a staple crop in the Maya region (Kennett et al., 2022;
Regueiro et al., 2013), and the likely agricultural advancements of the Tiwanaku empire
in the Andes (Tiwanaku Part 1: The City, 2021).

The Central Andes functioned as a major center of cultural and political power,
home to the Tiwanaku and Inca civilisations. The Tiwanaku Empire (1,840-750 BP)
pioneered high-altitude agriculture, developing raised-field systems that improved crop
resilience and productivity. These fields, constructed with stone and gravel foundations
and irrigated via adjacent canals, created microclimates that mitigated frost damage
while sustaining aquatic ecosystems (7iwanaku Part 1: The City, 2021). These
agricultural innovations facilitated population expansion, as reflected in the IBDNe
estimates.

Lastly, a surprising population decline is observed in Aridoamerica during the
period coinciding to the rise of the Aztec Empire and its capital, Tenochtitlan. As a
thriving center of trade and culture, Tenochtitlan attracted merchants and visitors from
across the Aridoamerica (Children of the sun: the Aztecs, 2019; Hodge et al., 1993; Van
Dop Dejesus, 2015). However, my dataset lacks Aztec individuals, meaning the
observed decline may reflect demographic shifts in other populations rather than a direct

observation of Aztec dominance.
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Methods

1. Data preparation and genotype imputation

Ancient genomes from the Americas, both previously published and
newly-sequenced Copan individuals, were aligned and processed using the same
pipeline as Chapter 3. In short, adapters were trimmed either with AdapterRemoval
version 2.2.2 (Schubert et al., 2016) or with cutadapt version 1.15 (Martin, 2011), reads
were aligned to the hs37d5 human reference genome using BWA (Burrows-Wheeler
Aligner) version 0.7.5 (Li and Durbin, 2009), and filtered for the length longer than 34
bp and mapping quality higher than 25 before being softclipped by 2. Diploid data was
generated through genotype imputation using a double-imputation pipeline, as
introduced in Chapter 4.

All bi-allelic variants were called from ancient data, and the corresponding
genotype likelihoods were calculated using beftools v1.11 (Li, 2011) with the arguments
“-mpileup” and “-call” respectively, and subsequently indexed with “-index”. The
genotype likelihood score for all transition sites was manually lowered to “0” before
imputation in order to account for potential errors caused by damaged ancient DNA that
would influence the imputation output.

Ancient genomes were individually imputed using GLIMPSE v1.0.1 (Rubinacci
et al., 2021). Input genomes were split into chunks of 2 Mb windows with a buffer size
of 200 kb using GLIMPSE chunk and subsequently imputed with GLIMPSE phase,
coupled with the 1000 Genomes Phase 3 as the reference panel for imputation (The
1000 Genomes Project Consortium et al., 2015), consisting of 75,880,357 SNP sites.
The chunks were then ligated using GLIMPSE ligate. Output SNPs were further
filtered based on their output genotype likelihood score, with only SNPs reaching 99%
considered in further analysis.

To ensure high genotype imputation performance, shotgun-sequenced genomes
below 0.1x were filtered out. To ensure a similar starting quality in capture genomes, a
6% missing rate threshold was applied in the GLIMPSE-imputed genomes (Fig. S5.3).
All autosomal SNPs present on the 1240K capture panel were extracted from the

GLIMPSE-imputed genomes for the second round of imputation.
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These genomes were then subjected together for imputation using BEAGLE
v5.4 (Browning et al., 2021) based on the reference panel of the 1000 Genome Phase 3
(The 1000 Genomes Project Consortium et al., 2015). This batch imputation leveraged
markers from other ancient individuals to improve the overall imputation quality. The
1240K sites were then re-extracted from BEAGLE-imputed genomes. Finally, indels,

multiallelic and sites below 1% frequency were removed for IBD analysis.

2. Inferring IBD segments
Identical-by-descent (IBD) segments across the double-imputed genomes of 330

ancient individuals were identified using refinedIBD (Browning and Browning, 2013).
To correct for genotyping and haplotype-phase switching errors, which could split true
IBD segments into shorter adjacent segments, neighbouring breaks were joined if gaps
contained at most one discordant heterozygote and were less than 0.6 cM in length,

using the command merge-ibd-segments from refinedIBD.

3. Kinship analysis

To enhance power in identifying shared IBD segments, results from three
independent runs of refinedIBD with different random seed numbers were merged
(Browning and Browning, 2013). To minimise false positives, only segments longer
than 3cM and with high LOD score ( > 10) were retained. Focusing on distant kinship,
only IBD1 segments were retained for analysis, ignoring IBD2 segments—representing
segments where the two individuals share both haplotypes—which are particularly
common in closer relatives such as siblings (Browning et al., 2021). Pairs of individuals
which shared more than 3 segments totalising to over 24cM in length were considered
for kinship analysis. Coefficient of relatedness calculated by dividing the total sum of
IBD segment length shared (in centiMorgans) by twice the length of the genome’s
recombination map, approximated to 6200cM. A coefficient of relatedness exceeding
thresholds of 0.3536, 0.1786, 0.0884, 0.0442, and 0.022 correspond to 1st degree, 2nd
degree, 3rd degree, 4th degree, and 5th degree relatives respectively, where, for
example, 1st degree can be either a sibling or parent-offspring relation, 2nd degree is

either or uncle-niece/aunt-nephew or grandparent-grandchild relation, and so on.
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4. Pedigree validation with simulation

To assess the accuracy of the kinship signals, the data was compared against
simulated data generated by Ariano (Ariano et al., 2022). The simulations were based
on 21 Irish imputed individuals published by Cassidy (Cassidy et al., 2020), free from
confounding factors such as inbreeding, relatedness, population structure, or recent
changes in population sizes. This dataset served as the input for the software ped-sim
(Caballero et al., 2019; Campbell et al., 2015). Three inbreeding scenarios were tested:
second-degree, third-degree, and fourth-degree relatives. Each scenario was simulated

400 times using randomly sampled founders.

5. Runs-Of-Homozygosity analysis

Homozygous-by-descent segments across the double-imputed genomes of 330
ancient individuals were identified using a single run of refinedIBD (Browning and
Browning, 2013). To correct for genotyping and haplotype-phase switching errors,
which could split true homozygous-by-descent segments into shorter adjacent segments,
neighbouring breaks were joined if gaps contained at most one discordant heterozygote
and were less than 0.6 cM in length, using the command merge-ibd-segments from
refinedIBD. Only segments with LOD score > 3cM were considered for ROH analysis,
and classified by length: >20cM, 12-20cM, 8-12cM, and 4-8cM, following categories

from previous studies in the Americas (Ferraz et al., 2023; Nakatsuka et al., 2023).

6. Population effective size estimation

IBD segments were inferred from a single run of refinedIBD (Browning and
Browning, 2013), with LOD score > 3 and length > 2c¢M. Populations were grouped by
geographical regions following the classification from Chapter 3 (Fig. 3.15 and Table
S3.4). For each geographical region, dated individuals were clustered into time points
based on their temporal proximity (Fig. S5.2), with the median date of the individuals
within each cluster serving as the representative time point. Population effective size
estimates were obtained using IBDNe (Browning and Browning, 2015) with default
parameters. The effective size for each time point was calculated as the harmonic mean

of the estimated population sizes across the 5th and 50th generations.
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Chapter 6

Conclusions and future directions

Some of the most enduring mysteries in Maya archaeology include the origins of
Maya royal dynasties and the sudden collapse of the Classic Maya civilisation. The
influx of highland Mexican ancestry into Maya populations from the Classic period
onwards offers a new perspective, suggesting the existence of broader mobility and
social networks beyond the conventional boundaries of the Maya territory. Genomic
insights can be integrated into the widely accepted archaeological concept of the
dichotomy between local and non-local or between Maya and non-Maya—commonly
acknowledged in the understanding of the origins of people in the Classic Maya states.

The collapse of the Classic Maya civilisation, occurring around 900 CE, has
long been a subject of research. While the term “collapse” is often used to describe the
breakdown of political and economic structures, it is important to recognise that the
Maya people and their cultural traditions persisted beyond this period and continue to
thrive today (Martinez de Velasco Cortina and Vega Villalobos, 2015; Masson, 2012). In
this context, the Maya collapse refers specifically to the decline of large, interconnected
city-states and the complex sociopolitical systems that once defined the region.

The collapse was most pronounced in the southern Maya highlands, where
major centers like Copan were completely abandoned. Copan provides a direct
archaeological record of this decline, with its last inscription on the unfinished Altar L
dated to 822 CE, marking the end of political authority in the city (Andrews and Fash,
2005). Multiple hypothesis have been proposed to explain this collapse, including
internal conflict, as suggested by the imagery of warfare on Stela 11 dated to 820 CE
(Andrews and Fash, 2005), political instability, evidenced by the rebellion of Quirigua
in the early 9" century when it was subservient to Copan since 436 CE (Ancient
Metropolis: The true scale of Mayan Cities | Treasure Tombs of the Ancient Maya, 2022;
Andrews and Fash, 2005), overpopulation and soil depletion (Andrews and Fash, 2005;
Webster et al., 1992), and prolonged droughts (Folan et al., 1983; Haug et al., 2003;
Hodell et al., 1995), leading to famine.

Genomic data support the increase in population size during the Classic period,

which has been implicated from the archaeological records of dense and interconnected
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city-states (Regueiro et al., 2013), as well as extensive trade and communication
networks (Ancient Metropolis: The true scale of Mayan Cities | Treasure Tombs of the
Ancient Maya, 2022; Fash, 1991; Martinez de Velasco Cortina and Vega Villalobos,
2015). However, the population growth was followed by a significant decline in
effective population size observed in the dataset, potentially reflecting the collapse of
the Maya sociopolitical system.

The genetic approach used in this thesis parallels recent studies of other ancient
societies, demonstrating how genomic data can refine narratives of social collapse. A
notable example is Rapa Nui, a remote island in the South Pacific, where demographic
history has been reconstructed through ancient DNA (Moreno-Mayar et al., 2024). The
long-standing ecological suicide hypothesis suggests that the Rapanui deforested their
island, leading to famine, warfare, and ultimately a population collapse by the 1600s.
However, genomic evidence contradicts this, revealing a consistent population size and
a steady population increase rather than a sharp collapse. This findings underscores the
importance of integrating genetic data with archeological and environmental evidence to
reassess narratives of societal decline. In the case of the Maya, the demographic
collapse detected through IBDNe supports existing hypotheses of a significant
population decline but also raises questions about post-collapse population dynamics
and potential migration patterns.

While the collapse of major city-states in the southern Maya highlands led to
population declines, evidence suggests that some regions experienced an influx of
people during this period. Simulations of population size in Copan indicate that its rapid
growth between 600 and 750 CE was largely driven by immigration to the Copan
Valley, though the origins of these migrants remain unknown (Webster et al., 1992).
Following the political fragmentation of Copan, other centers, such Chichén Itz4, rose to
prominence between 800 and 925 CE, attracting people from across the region as it
expanded its influence over the eastern and western coasts of the Yucatan Peninsula,
likely controlling coastal trade during the Postclassic period (Masson, 2012; Olga
Hernandez Espinoza and Marquez Morfin, 2015). The contemporaneous decline of
Copéan and the expansion of Chichén Itza raise the possibility that at least some former
inhabitant of Copan relocated to emerging political centers, seeking new economic

opportunities.
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This pattern of demographic shifts and possible migrations in response to
societal collapse is not unique to the Maya region. Beyond Mesoamerica, similar
processes have been observed in the Central Andes, in the Tiwanaku empire, around
750 years BP, when successive drought conditions prompted migrations from the
Tiwanaku capital in the Titicaca basin to coastal regions with more favourable climates
(Fehren-Schmitz et al., 2014).

Future research can address these gaps by expanding genomic sampling across
more regions and time periods, improving sequencing methods for higher-resolution
data, and fostering collaborations between geneticists, archaeologists, historians, and
paleoclimatologists. By building on this work, future studies can better integrate
genetic, cultural, historical, environmental perspectives to deepen our understanding of
ancient societies and their interconnected histories.

Throughout this thesis, I have made a sustained effort to contextualise the
genetic results within the broader framework of Maya archaeology and cultural history.
This includes careful attention to terminology—for example, updating outdated
population labels such as “Eskimo” to “Inuit”, following Indigenous preferences
(Kaplan, n.d.). I hope that this research is respectful and of value to Maya communities
today, especially to those in Honduras who are descendants of the ancient Copan
civilisation. According to the 2013 census, there are 33,256 Maya descendants in
Honduras (Minority Rights Group, 2018). The Minority Rights Group supports the
rights of these communities—including language preservation, land rights, and cultural
practices—and has highlighted the importance of scientific publications and media
coverage relevant to Indigenous groups. In line with this goal, most of the work
presented in this thesis has contributed to a publication (Murray et al., 2025), and the
archeological team led by Seiichi Nakamura has participated in a documentary
broadcasted in several countries and available online (Ancient Metropolis: The true
scale of Mayan Cities | Treasure Tombs of the Ancient Maya, 2022). I have also engaged
with viewers through the comments section on the YouTube page. While I was unable
to personally travel to Honduras or visit local museums due to the constraints of my
doctoral program, I have relied on the collaboration of archaeologists and my
supervisor, who maintain contact with local institutions and communities (Fig. 2.11). I

acknowledge my own limitations—I do not speak Spanish or any Mayan language, and
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I have never been to Central America—but I remain committed to supporting equitable
and inclusive research practices.

Ancient DNA research also raises important ethical concerns. The extraction of
DNA from archaeological materials is inherently destructive, and there is growing
pressure from museums and curators to preserve these rare and valuable artefacts for
future generations. Recent calls for non-destructive or minimally invasive techniques
highlight the urgent need for methodological innovation in this area (Dalal et al., 2023).
In conducting this research, I have valued the biological materials entrusted to our care
and aimed to maximise data output. Looking forward, I believe the field of population
genomics must do more to centre the voices and interests of Indigenous peoples.
Archaeologists and geneticists should work together not only to co-develop better
conservation practices but also to ensure that research questions, study designs, and the
interpretation of results are shaped by dialogue with the communities concerned.
Wherever possible, reporting should be collaborative and inclusive, involving local
stakeholders—whether community leaders, activists, or researchers—to strengthen
partnerships with regional institutions and honour the cultural and historical

significance of the materials under study.
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Figure S3.1. Results of kinship analysis by READ on the initial 16 bone extracts
from Copan. Pairs of extracts tested are listed on the x-axis, while the y-axis represents

average pairwise PO scores. Error bars show the two standard errors of the mean, and

dashed lines show the cut-off for the identical twins and 1st and 2nd degree relatives.
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Figure S3.2. Results of kinship analysis by READ for the final Classic Copan
individuals. Pairs of individuals tested are listed on the x-axis, while the y-axis

represents average pairwise PO scores. Error bars show the two standard errors of the

mean, and dashed lines show the cut-off for the 1st and 2nd degree relatives.
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Figure S3.4. Cross validation (CV) errors used in ADMIXTURE analysis. Each K
component includes 10 replicates.

169



Present-day Arctic/Others

1.0
0.8-
0.6
04
0.2-
mmmlm '
0.0 = : 1y
E E g 2
S
§ - °
H 2
10 California
0.8
06
0.4
0.2
0.0 > o o o < a o o o o
g g g E % g g & g &
I £ gsge g R g 3 £ E i ] g
£ ¢ 2 g3z & H H S g 3 s 5 8 %
2 s 294 §5 2 2 Q < 58¢% 5% < ] 2 8 s & E o=
3 g 3 38 ¢ 383 & g 2 $£3 2659 5 s = 5 3 3 3
J 2 448 P H g5 558 [ 35 5 ¢
3 S 882 3838 & £ F] ©8 3 2 4 < 2 S
i g z°8 PER 5 53 33 3 3 g 5 o
K s 3 4 g 3 3 3 5 == S & g E
3 < 3 3 >
8
Aridoamerica Central America
10 1 = =
08
06 -
04
0.2
0.0 - Y
38 5 § & & & 858 3 H 5 g
g5 ¢ & g § 581 8 g8 £ s 5 g 3
o Yo M A ) ] 5 H o
I H g 38% 3 3 3 & 8
ERE £ 8 - 8 & £
£ 3 5 J g2t £ g
5 § 2 8 S, K 2
g © H g g H )
5 H g 3 5
3 H H p ;
s 2 3
§ 3 & 3
a B %
5 ] E]
= S =
=

P
H
2

:
:
i

Figure S3.6. ADMIXTURE results from ancestral clusters from K = 9. Ancient
individuals are grouped based on their geographic contexts and sorted by their
associated dates within each geographic group, with the oldest on the left and the most
recent on the right. Present-day individuals are sorted based on latitude, with the most
north on the left and the most south on the right. Results from K = 2 to K = 13 are
presented in Fig. 3.18.
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Chain 1 Chain 2 Chain 3 I

Figure S3.7. Three independent random runs of EEMS. The EEMS run was
repeated three times, titled “Chain 17, “Chain 27, and “Chain 3, with random seeds
123, 456, and 789 respectively. The run with the highest likelihood was selected for the
EEMS main (Fig. 3.20), corresponding to run number 1. Estimated effective migration
rates in the log scale with normalisation so that O corresponds to the overall mean
migration rate. As such, blue corresponds to migration corridors, while orange
highlights geographical barriers.
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Figure S3.8. Migration rates for the Early Holocene, Middle Holocene, and Late
Holocene periods. The Early Holocene was set as older than 8,000 years ago, the
Middle Holocene as dating between 8,000 and 2,500 years ago, and the Late Holocene
as more recent than 2,500 years ago. Estimated effective migration rates in the log scale
with normalisation so that O corresponds to the overall mean migration rate. As such,
blue corresponds to migration corridors, while orange highlights geographical barriers.
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Figure S5.1. Coefficient of relatedness variation. Simulated data of 2nd-, 3rd-, and
4th-degree relationships are depicted in different colours (red, green, and blue
respectively), with a boxplot for each pairing type, showing standard error. The dashed
horizontal grey lines indicate the cutoffs applied for inferring degrees of relatedness:
4th-degree for coefficients between 0.0442 and 0.0884, 3rd-degree for coefficients
between 0.0884 and 0.1786, and 2nd-degree for coefficients between 0.0884 and
0.3536.
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Figure S5.2. Temporal distribution of imputed individuals. Ancient Americas are
separated according to geographical regions: cyan for the Arctic, orange for California,
yellow for Aridoamerica, red for the Maya area, brown for the Caribbean, green for the
Andes, dark green for Brazil, sky blue for Argentina, and dark blue for Patagonia (see
Fig. 3.15). Each point is an ancient American individual jittered across its carbon
datation in years before present.
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Figure S5.3. A relationship between missing rates in GLIMPSE-imputed genomes
and their coverage in pre-imputed data. Each dot is an ancient individual who was
originally whole-genome shotgun-sequenced. A dashed grey line indicates a 6%
missingness cut-off, which corresponds to genomic coverage of >0.1x, marked by a
dashed black line.
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Supplementary tables

Table S3.1. Endogenous content estimations in newly sequenced bone extracts

1D Endogenous content® Extract Final
coverage” coverage®

CpMO02 17.31% 0.2363 0.4486
CpMO03 7.17% 0.2123
CpMO05 15.25% 0.2843 0.4908
CpMO06 16.83% 0.2064
CpMO8 0.44%
CpM11 1.2% 0.0051 0.0051
CpM12 30.76% 0.3076 0.3076
CpM13 8.17% 0.0925 0.0925
CpM15 0.45%
CpM17 0.62%
CpM26 0.47%
CpM30 0.63%
CpM34 3.21% 0.0334 0.0334
CpM42 2.13% 0.0157 0.0498
CpM43 3.78% 0.0341
CpM45 0.45%

estimated from reads produced by MiSeq
bestimated from reads produced by NovaSeq
“final estimation from merged reads produced by MiSeq and NovaSeq
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Table S3.2. Present-day American genomes count in HOA and SGDP

HOA SGDP region
Bolivian 7 - Argentina
Chane - 1 Bolivia
Karitiana 12 3 Amazonia
Maya 18 2 Mexico
Mixe 10 3 Mexico
Mixtec 10 2 Mexico
Piapoco 4 2 Colombia
Pima 14 2 Arizona
Quechua 5 3 Peru
Surui 8 2 Amazonia
Zapotec 10 2 Mexico
total 98 22
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Table S3.3. American ancestry proportion in present-day Americans

HOA SGDP
Population Individual ID
American Non-American American Non-American
Chane NA 97.36% 2.64%
Bolivian81 79.93% 20.07% NA
Bolivian39 98.77% 1.23% NA
Bolivian Bolivian41 82.31% 17.69% NA
Bolivian46 96.24% 3.76% NA
Bolivian62 86.89% 13.11% NA
Bolivian71 67.65% 32.35% NA
Bolivian72 66.22% 33.78% NA
HGDP00995 100% 0% NA
HGDP00999 100% 0% NA
HGDP01001 100% 0% NA
HGDP01003 100% 0% NA
Karitiana HGDP01006 100% 0% NA
HGDP01010 100% 0% NA
HGDP01012 100% 0% 100% 0%
HGDP01013 100% 0% NA
HGDP01014 100% 0% NA
HGDP01015 100% 0% 100% 0%
HGDP01018 100% 0% 100% 0%
HGDP01019 100% 0% NA
HGDP00854 83.03% 16.97% NA
HGDPO00855 95.37% 4.63% 95.64% 4.36%
HGDP00856 89.33% 10.67% NA
HGDP00857 95.49% 4.51% 95.37% 4.63%
HGDP00858 88.91% 11.09% NA
HGDP00859 85.76% 14.24% NA
HGDP00861 63.25% 36.75% NA
Maya

178




HGDP00862 79.41% 20.59% NA
HGDP00863 83.24% 16.76% NA
HGDP00864 90.05% 9.95% NA
HGDP00865 90.93% 9.07% NA
HGDP00868 73.25% 26.75% NA
HGDP00869 64.65% 35.35% NA
HGDP00870 87.38% 12.62% NA
HGDP00872 86.60% 13.40% NA
HGDP00873 91.14% 8.86% NA
HGDP00875 78.23% 21.77% NA
HGDP00877 76.11% 23.89% NA
mixe0002 NA 95.74% 4.26%
mixe0007 97.83% 2.17% 95.33% 4.67%
mixe0009 97.48% 2.52% NA
mixe0015 99.49% 0.51% NA
Mixe
mixe0018 99.13% 0.87% NA
mixe0026 98.76% 1.24% NA
mixe0027 98.23% 1.77% NA
mixe0028 98.36% 1.64% NA
mixe0029 99.45% 0.55% NA
mixe0030 96.86% 3.14% NA
mixe0035 98.09% 1.91% NA
mixe0042 NA 98.14% 1.86%
Mixa0001 93.77% 6.23% NA
Mixa0002 81.73% 18.27% NA
Mixa0016 93.62% 6.38% NA
Mixa0018 93.01% 6.99% NA
Mixtec
Mixa0024 90.81% 9.19% NA
Mixa0049 93.32% 6.68% NA
Mixa0061 91.54% 8.46% NA
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Mixa0078 92.47% 7.53% NA
Mixa0087 87.33% 12.67% NA
Mixa0093 87.22% 12.78% NA
Mixa0099 NA 86.89% 13.11%
Mixa0105 NA 52.92% 47.08%
HGDP00702 100% 0% 100% 0%
Piapoco HGDP00704 100% 0% NA
HGDP00706 100% 0% 100% 0%
HGDP00970 100% 0% NA
HGDP01037 90.89% 9.11% NA
HGDP01041 97.76% 2.24% NA
HGDP01043 99.74% 0.26% NA
HGDP01044 98.90% 1.10% 98.97% 1.03%
HGDP01047 98.76% 1.24% 99.76% 0.24%
Pima
HGDP01050 89.49% 10.51% NA
HGDP01051 92.56% 7.44% NA
HGDP01053 98.14% 1.86% NA
HGDP01055 88.36% 11.64% NA
HGDP01056 99.51% 0.46% NA
HGDP01057 97.76% 2.24% NA
HGDP01058 85.36% 14.64% NA
HGDP01059 96.14% 3.86% NA
HGDP01060 89.45% 10.55% NA
NA11197 77.42% 22.58% NA
NA11198 69.57% 30.43% NA
Quechua NA11199 72.49% 27.51% NA
NA11200 95.55% 4.45% 95.33% 4.67%
NA11201 85.25% 14.75% 95.42% 4.58%
Peru60 NA 85.13% 14.87%
HGDP00832 100% 0% NA
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HGDP00837 100% 0% NA
Surui HGDP00838 100% 0% NA
HGDP00843 100% 0% NA
HGDP00845 100% 0% NA
HGDP00846 100% 0% 100% 0%
HGDP00849 100% 0% NA
HGDP00852 100% 0% 100% 0%
Zapo0046 92.18% 7.82% NA
Zapo0059 91.88% 8.12% NA
Zapo0064 88.48% 11.52% NA
Zapo0072 88.98% 11.02% NA
Zapotec Zapo0076 89.40% 10.60% NA
Zapo0082 94.06% 5.94% NA
Zapo0083 92.24% 7.76% NA
Zapo0091 92.33% 7.67% NA
Zapo0095 89.10% 10.90% NA
Zapo0097 90.33% 9.67% NA
Zapo0098 NA 92.79% 721%
Zapo0099 NA 88.51% 11.46%
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Table S3.4. A summary of all ancient data analysed in Chapters 3 and 5, including

newly generated Copan and previously published genomes.

Population label #gjlf)lc‘::slégl)s #I(l;g;\;;(il;g;s“ Geography Reference Index”

AG2 1 1 Siberia (Raghavan et al., 2014b) -

MAI1 1 1 Siberia (Raghavan et al., 2014b) -

Birnirk 2 2 Siberia (Raghavan et al., 2014a) -

USRI 1 1 Arctic/Subarctic| (Moreno-Mayar et al., 2018a) 13
USR2 1 1 Arctic/Subarctic| (Moreno-Mayar et al., 2018a) 14

Alaskan Athabaskan 1 1 Arctic/Subarctic (Scheib et al., 2018) 15
TrailCreek 1 1 Arctic/Subarctic| (Moreno-Mayar et al., 2018b) 16

Norton 1 1 Arctic/Subarctic (Raghavan et al., 2014a) -
Lucylslands 1 1 Arctic/Subarctic (Raghavan et al., 2015) 17

BigBar 1 1 Arctic/Subarctic| (Moreno-Mayar et al., 2018b) 18

Saqqaq 2 2 Arctic/Subarctic]  (Raghavan et al., 2014a) -
ASO_4000 1 1 Arctic/Subarctic (Scheib et al., 2018) 19

Pre Dorset 1 1 Arctic/Subarctic|  (Raghavan et al., 2014a) -
Late Dorset 2 2 Arctic/Subarctic]  (Raghavan et al., 2014a) 20

Middle Dorset 14 14 Arctic/Subarctic]  (Raghavan et al., 2014a) 21

ASO Huron-Wendat 2 2 Arctic/Subarctic (Scheib et al., 2018) 22
Thule 4 Arctic/Subarctic|]  (Raghavan et al., 2014a) -

ASO 12 12 Arctic/Subarctic (Scheib et al., 2018) 23
OldMissionPoint 1 1 Arctic/Subarctic (Raghavan et al., 2015) 24
Colonist 1 1 Arctic/Subarctic (Scheib et al., 2018) -

Anzick 1 1 Other (Rasmussen et al., 2014) 25
SpiritCave 1 1 Other (Moreno-Mayar et al., 2018b)| 26
Kennewick 1 1 Other (Rasmussen et al., 2015) 27
Lovelock 4 4 Other (Moreno-Mayar et al., 2018b)| 28
San Francisco Bay 1 1 California (Scheib et al., 2018) 29
USA_CA_SantaRosa_7400BP 5 5 California (Nakatsuka et al., 2023) 30
USA_CA_Carpinteria_7000BP 6 6 California (Nakatsuka et al., 2023) 31
USA CA_SantaRosa 4900BP 2 1 California (Nakatsuka et al., 2023) 32
USA_CA_SantaBarbara 4900BP 1 0 California (Nakatsuka et al., 2023) -
USA_CA_Goleta 4700BP 3 3 California (Nakatsuka et al., 2023) 33
USA CA SantaBarbara 4600BP 1 1 California (Nakatsuka et al., 2023) 34
ESN 20 20 California (Scheib et al., 2018) 35
USA_CA_Carpinteria_4000BP 1 1 California (Nakatsuka et al., 2023) 36
USA CA_ Malibu 3400BP 4 2 California (Nakatsuka et al., 2023) 37
USA_CA_SantaRosa 3200BP 2 2 California (Nakatsuka et al., 2023) 38
USA_CA_SantaRosa_3000BP 5 4 California (Nakatsuka et al., 2023) 39
USA_CA_Goleta 3000BP 1 1 California (Nakatsuka et al., 2023) 40
USA_CA_Goleta_2600BP 1 1 California (Nakatsuka et al., 2023) 41
USA_CA_Goleta_1700BP 1 1 California (Nakatsuka et al., 2023) 42
LSN 15 15 California (Scheib et al., 2018) 43
USA_CA_CalaverasCounty 1500BP 1 1 California (Nakatsuka et al., 2023) 44
Mainland_Chumash 17 17 California (Scheib et al., 2018) 45
USA CA_Ojai_1400BP 2 2 California (Nakatsuka et al., 2023) 46
USA_CA_SantaBarbara 1300BP 1 1 California (Nakatsuka et al., 2023) 47
USA_CA_Goleta 1200BP 2 2 California (Nakatsuka et al., 2023) 48
LSCI 9 9 California (Scheib et al., 2018) 49
USA_CA Monterey 1000BP 1 1 California (Nakatsuka et al., 2023) 50
USA_CA_CastroVille 900BP 1 1 California (Nakatsuka et al., 2023) 51
USA_CA_Goleta 900BP 4 3 California (Nakatsuka et al., 2023) 52
USA_CA_Goleta_800BP 1 1 California (Nakatsuka et al., 2023) 53
Island Chumash 3 3 California (Scheib et al., 2018) 54
USA_CA_CalaverasCounty 600BP 6 6 California (Nakatsuka et al., 2023) 55
USA_CA_Carmel_600BP 5 5 California (Nakatsuka et al., 2023) 56
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USA_CA_SantaBarbara_600BP 2 2 California (Nakatsuka et al., 2023) 57
USA CA SanClemente 500BP 8 8 California (Nakatsuka et al., 2023) 58
USA_CA_PebbleBeach 500BP 1 0 California (Nakatsuka et al., 2023) -
USA_CA_Goleta 400BP 1 1 California (Nakatsuka et al., 2023) 59
USA CA_LakeCachuma 400BP 2 2 California (Nakatsuka et al., 2023) 60
USA_CA_SantaRosa_300BP 6 6 California (Nakatsuka et al., 2023) 61
USA_CA PacificGrove 200BP 1 1 California (Nakatsuka et al., 2023) 62
Pericu 1 1 Aridoamerica (Scheib et al., 2018) 63
Baja_Mexico 2 2 Aridoamerica (Scheib et al., 2018) 64
M_CoyoteCave_2700BP 1 0 Aridoamerica (Nakatsuka et al., 2023) -
M LaPlaya CerroDeTrincheras 2400BP 3 3 Aridoamerica (Nakatsuka et al., 2023) 65
Canada de la Virgen 4 4 Aridoamerica (Villa-Islas et al., 2023) 66
M_CuevaDeLosMuertosChiquitos 1100BP 9 9 Aridoamerica (Nakatsuka et al., 2023) 67
Mexico_Tayopa 1000BP 7 4 Aridoamerica (Nakatsuka et al., 2023) 68
Sierra_Gorda 4 4 Aridoamerica (Villa-Islas et al., 2023) 69
Mexico CoyoteCave 950BP 1 1 Aridoamerica (Nakatsuka et al., 2023) 70
Sierra_Tarahumara 1 1 Aridoamerica (Villa-Islas et al., 2023) 71
M SanLorenzo 700BP 1 0 Aridoamerica (Nakatsuka et al., 2023) -
Paleoamericans 4 4 Aridoamerica (Raghavan et al., 2015) 72
M LaPlaya CerroDeTrincheras 600BP 6 6 Aridoamerica (Nakatsuka et al., 2023) 73
Pre-Columbian 2 2 Aridoamerica (Raghavan et al., 2015) -
PreLatePaleoindian 1 0 Central America (Kennett et al., 2022) -
Belize_MayahakCabPek 9300BP 1 1 Central Americal (Posth et al., 2018) 74
LatePaleoindian 3 2 Central Americal (Kennett et al., 2022) 75
Belize_SakiTzul 7400BP 2 2 Central Americal (Posth et al., 2018) 76
EarlyArchaic 1 0 Central Americal (Kennett et al., 2022) -
LateArchaic 15 12 Central America (Kennett et al., 2022) 77
Copan 7 6 Central America This study 78
Chichen_Itza 61 52 Central Americal (Barquera et al., 2024) 79
ancientPanama 9 9 Central America] (Capodiferro et al., 2021) 80
colonialPanama 1 1 Central America| (Capodiferro et al., 2021) -
Mexico_Colonial 10 10 Central America (Tiesler et al., 2022) 81
Mexico Colonial African 1 1 Central America (Tiesler et al., 2022) -
Mexico_Colonial o 1 1 Central Americal (Tiesler et al., 2022) -
Chile LosRieles_10900BP 1 1 Andes (Posth et al., 2018) 82
Peru Cuncaicha 9000BP 1 1 Andes (Posth et al., 2018) 83
Peru_Lauricocha 8600BP 3 3 Andes (Posth et al., 2018) 84
Kaillachuro 1 1 Andes (Lindo et al., 2018) 85
SMP 1 1 Andes (Lindo et al., 2018) 86
MummyMaderasEncoC2 1 1 Andes (Raghavan et al., 2015) -
Peru_Lauricocha_5800BP 1 1 Andes (Posth et al., 2018) 87
Chile LosRieles_5100BP 1 1 Andes (Posth et al., 2018) 88
Peru_Cuncaicha_4200BP 1 1 Andes (Posth et al., 2018) 89
Peru_LaGalgada_4100BP 1 1 Andes (Posth et al., 2018) 90
Peru_Lauricocha 3500BP 1 1 Andes (Posth et al., 2018) 91
Peru_Cuncaicha_3300BP 1 1 Andes (Posth et al., 2018) 92
Rio_Uncallane 5 5 Andes (Lindo et al., 2018) 93
Peru Ullujaya 1350BP EIP 2 2 Andes (Nakatsuka et al., 2020a) 94
Peru_EIBrujo_1300BP_EIP 5 5 Andes (Nakatsuka et al., 2020a) 95
Chile_CaletaHuelen_1100BP_MH 3 3 Andes (Nakatsuka et al., 2020a) 96
TIW 8 8 Andes (Popovi¢ et al., 2021) 97
LUK 4 4 Andes (Popovi¢ et al., 2021) 98
Peru_Lima 1450-1050BP_EIP-MH 5 5 Andes (Nakatsuka et al., 2020a) 99
Bolivia Miraflores 1100BP_ MH 4 3 Andes (Nakatsuka et al., 2020a) 100
Bolivia_Iroco_1050BP_MH 2 1 Andes (Nakatsuka et al., 2020a) 101
Bolivia_Tiwanaku 1000BP_MH 4 4 Andes (Nakatsuka et al., 2020a) 102
Peru Campanayuq 1000BP MH 3 3 Andes (Nakatsuka et al., 2020a) 103
Peru_Chinchawas_1000BP_MH 2 2 Andes (Nakatsuka et al., 2020a) 104
Peru_Ullujaya 950BP_MH 1 1 Andes (Nakatsuka et al., 2020a) 105
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Peru_Laramate 900BP 6 6 Andes (Posth et al., 2018) 106
Peru Palpa 950BP MH 1 1 Andes (Nakatsuka et al., 2020a) 107
Peru_EIBrujo_850BP_MH-LIP 4 4 Andes (Nakatsuka et al., 2020a) 108
Peru_Ollantaytambo_LIP 5 5 Andes (Salazar et al., 2023) 109
Chile Pukara 700BP_LIP 2 2 Andes (Nakatsuka et al., 2020a) 110
Chile_PicaOcho_700BP 1 1 Andes (Posth et al., 2018) 111
Chile_Conchali_700BP 2 2 Andes (Posth et al., 2018) 112
Peru_Charrangochayoc 700BP_LIP 1 1 Andes (Nakatsuka et al., 2020a) 113
Peru_Chinchawas 700BP_LIP 3 3 Andes (Nakatsuka et al., 2020a) 114
Peru_Lima_650BP_LIP 7 7 Andes (Nakatsuka et al., 2020a) 115
Peru Laramate 650BP LIP 4 4 Andes (Nakatsuka et al., 2020a) 116
Peru SanSebastian 600BP LIP 2 1 Andes (Nakatsuka et al., 2020a) 117
ORU 1 1 Andes (Popovic¢ et al., 2021) 118
COR 4 4 Andes (Popovic¢ et al., 2021) 119
Peru Palpa 550BP LIP 2 2 Andes (Nakatsuka et al., 2020a) 120
Peru_CasaConcha2 LH 1 1 Andes (Salazar et al., 2023) 121
Peru_Qotakalli2 LH 1 1 Andes (Salazar et al., 2023) 122
Peru Qotakallil LH 3 3 Andes (Salazar et al., 2023) 123
Peru_SanSebastian_S00BP_LH 1 1 Andes (Nakatsuka et al., 2020a) 124
Aconcagua 1 1 Andes (Moreno-Mayar et al., 2018b)| 125
Peru Kusicanchal LH 3 3 Andes (Salazar et al., 2023) 126
Peru_Sacsahuamanl LH 1 1 Andes (Salazar et al., 2023) 127
Peru_Sacsahuaman2 LH 3 3 Andes (Salazar et al., 2023) 128
Peru_Sacsahuaman3 LH 1 1 Andes (Salazar et al., 2023) 129
Peru_Cusco_Torontoy A 450BP_LH 2 2 Andes (Nakatsuka et al., 2020a) 130
Peru_Cusco_Torontoy B 450BP_LH 1 1 Andes (Nakatsuka et al., 2020a) 131
Peru Mesayocpata 450BP LH 1 1 Andes (Nakatsuka et al., 2020a) 132
Peru_Kusicancha2 LH 1 1 Andes (Salazar et al., 2023) 133
Peru_MachuPicchu LH 33 33 Andes (Salazar et al., 2023) 134
Peru Kanamarkal LH 2 2 Andes (Salazar et al., 2023) 135
Peru_Kanamarka? LH 1 1 Andes (Salazar et al., 2023) 136
Peru_Kanamarka3 LH 1 1 Andes (Salazar et al., 2023) 137
Peru Chincha LH 6 6 Andes (Bongers et al., 2020) 138
Argentina_ArroyoSeco2 7700BP 8 7 Argentina (Posth et al., 2018) 139
Argentina_LagunaChica_6800BP 3 3 Argentina (Nakatsuka et al., 2020a) 140
Argentina_LagunaToro 2400BP 1 1 Argentina (Nakatsuka et al., 2020b) 141
Argentina_LagunaChica 1600BP 1 1 Argentina (Posth et al., 2018) 142
PuntaSantaAna 1 1 Patagonia (Moreno-Mayar et al., 2018b)| 143
NorthTierradelFuego LaArcillosa2 5800BP| 1 1 Patagonia (Nakatsuka et al., 2020b) 144
Ayayema 1 1 Patagonia (Moreno-Mayar et al., 2018b)| 145
BeagleChannel Grouped 1500-100BP 4 4 Patagonia (Nakatsuka et al., 2020b) 146
NorthTierradelFuego Grouped 500BP 6 5 Patagonia (Nakatsuka et al., 2020b) 147
Haush_MitrePeninsula_Grouped_400BP 6 6 Patagonia (Nakatsuka et al., 2020b) 148
Aonikenk_CerroJohnny_400BP 1 1 Patagonia (Nakatsuka et al., 2020b) 149
Fuego-Patagonian 4 4 Patagonia (Raghavan et al., 2015) 150
NorthTierradelFuego FaroMendez 100BP 1 1 Patagonia (Nakatsuka et al., 2020b) 151
Sumidouro5 1 1 Brazil (Moreno-Mayar et al., 2018b)| 152
Sumidouro 4 4 Brazil (Moreno-Mayar et al., 2018b)| 153
Capelinha_10400BP 1 1 Brazil (Ferraz et al., 2023) 154
Brazil LapaDoSanto 9600BP 7 6 Brazil (Posth et al., 2018) 155
LocaDoSuin_9100BP 1 1 Brazil (Ferraz et al., 2023) 156
Brazil Laranjal 6700BP 2 2 Brazil (Posth et al., 2018) 157
Brazil_Moraes_5800BP 1 1 Brazil (Posth et al., 2018) 158
SerradaCapivara 1 1 Brazil (Raghavan et al., 2015) -
Cabecuda_3200BP 2 2 Brazil (Ferraz et al., 2023) 159
Limao 2700BP 1 1 Brazil (Ferraz et al., 2023) 160
Cubataol 2700BP 2 2 Brazil (Ferraz et al., 2023) 161
Jabuticabeirall 2400BP 14 12 Brazil (Ferraz et al., 2023) 162
Jabuticabeirall 111 112 _2200BP 2 1 Brazil (Ferraz et al., 2023) 163
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Brazil_Jabuticabeira2 2000BP 5 5 Brazil (Posth et al., 2018) 164
Limao 1900BP 4 4 Brazil (Ferraz et al., 2023) 165
Jabuticabeirall 102_1300BP 1 1 Brazil (Ferraz et al., 2023) 166
GalhetalV_1200BP 1 1 Brazil (Ferraz et al., 2023) 167
Vau_Una_600BP 1 1 Brazil (Ferraz et al., 2023) 168
Limao_500BP 1 1 Brazil (Ferraz et al., 2023) 169
Palmeiras 1 1 Brazil (Ferraz et al., 2023) 170
Kaingang 1 1 Brazil (Ferraz et al., 2023) 171
PedraDoAlexandre 2 undated 1 1 Brazil (Ferraz et al., 2023) 172
Guayabo_Blanco 3 3 Caribbean (Nagele et al., 2020) 173
Playa del Mango 8 8 Caribbean (Nagele et al., 2020) 174

Las Carolinas 11 1 1 Caribbean (Négele et al., 2020) 175
Cueva_Calero 4 3 Caribbean (Négele et al., 2020) 176
Cueva_del Perico 8 8 Caribbean (Nagele et al., 2020) 177
Canimar_Abajo 26 23 Caribbean (Nagele et al., 2020) 178
Manuelito 1 1 Caribbean (Nagele et al., 2020) 179

Tibes 2 2 Caribbean (Négele et al., 2020) 180

Taino 1 1 Caribbean (Schroeder et al., 2018) 181
Anse_a_la_Gourde 4 4 Caribbean (Nagele et al., 2020) 182
Lavoutte 12 12 Caribbean (Nagele et al., 2020) 183
Preachers Cave 4 4 Caribbean (Nagele et al., 2020) 184
Los_Indios 1 1 Caribbean (Négele et al., 2020) 185
Punta_Candelero 5 4 Caribbean (Nagele et al., 2020) 186
Paso_del Indio 7 7 Caribbean (Nagele et al., 2020) 187
El_Morrillo 1 1 Caribbean (Néagele et al., 2020) 188
Cueva_de_los_Esqueletos 5 5 Caribbean (Nagele et al., 2020) 189

*The column represents the number of individuals remaining after excluding those identified as
related, contaminated, or low-coverage in previous studies. A count of zero in this column
indicates that this population has been excluded from all analyses.

*The indices correspond to the numbers labelled in the ADMIXTURE plots of Fig. 3.18.
Populations marked with a hyphen are excluded from the analysis due to having fewer than
10,000 SNPs available after LD pruning. Indices 1 through 12 represent present-day American
populations.
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Table S3.5. Testing fittings of two-way admixture models between LateArchaic and
Zapotec, Mixe, or Sierra_Gorda ancestries to the genetic ancestry of ancient and

present-day populations from the Maya region.

Ancient Maya populations
Model parameters - - - Present-day Maya
Classic Copén | Chichén Itza | Colonial Mexico
Model Two-way admixture
DoF 11 11 11 11 11 11 11 11 11 11 11 11
x? 9.308 ]10.682 [16.671 | 9.663 |19.052| 30.722 | 7.791 | 21.570 |27.361 | 2.881 | 14.933 | 23.634
Tail prob 0.594 | 0.470 | 0.118 | 0.561 | 0.060 | 0.001 0.732 0.028 | 0.004 | 0.992 | 0.186 | 0.014
Source 1:
Late Archaic
93.9% | 97.1% | 98.0% | 48.3% | 58.2% | 22.5% 48.0% 55.0% (Si()461°/; 76.5% 79.2% | 108.9%
(£2.6%) [ (:2.2%) | (43.5%) | (+8.0%) | (£9.9%) | (£28.6%) | (£11.9%) | (414.1%) | " | (9.4%) [ (£15.9%) | (7.8%)
Admixture -
proportions Source 2:
Zapotec | Mixe* (S}i::;: Zapotec | Mixe* (S;i::;: Zapotec | Mixe* Zilf:;: Zapotec | Mixe* (S;i::;z
6.1% 2.9% 2.0% 51.7% | 41.8% 77.5% 52.0% 45.0% ?34‘:0/; 23.5% 20.8% -8.9%
(£2.6%) [ (:2.2%) | (43.5%) | (8.0%) | (£9.9%) | (£28.6%) | (£11.9%) | (+14.1%) | " | (9.4%) [ (£15.9%) | (£7.9%)
Model Single ancestry with Source 1
DoF 12 12 12 12 12 12 12 12 12 12 12 12
x? 14.282 | 11.878 | 15.824 | 56.130 | 44.876 | 56.294 | 34.971 | 39.010 [34.989 |22.618 | 25.807 | 23.740
4.702¢
. 1.134e-| 1.082¢ | 1.060e- | 4.732¢- | 1.048e-
Tail prob 0.283 | 0.456 | 0.199 07 05 07 04 04 0—4 0.031 | 0.011 | 0.022
Model Single ancestry with Source 2
DoF 12 12 12 12 12 12 12 12 12 12 12 12
X2 57.998 | 80.311 | 63.930 | 25.615 | 44.111 | 31.811 | 18.688 | 36.663 |31.412| 9.578 | 19.926 | 32.108
. 5.216e- | 3.600¢ | 4.296¢ 1.462¢ | 1.480e- 2.522e- | 1.704e
Tail prob 08 12 09 0.012 05 03 0.096 04 03 0.653 | 0.068 | 0.001
Model selection Testing dual ancestry vs. single ancestry scenarios
Nested pvalue - 556 1 0274 | nan | 0.000 [3369°[ 0207 | 0.000 | 923 | 0.044 | 0.000 | 0.025 | 0.724
against Source 1 -07 04
Nested p-value {535 | 0,000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.010 | 0.000 | 0.000
against Source 2

*In the set of right populations, Mixe was replaced by Zapotec

186



Table S3.6. Testing fittings of the two-way admixture model between LateArchaic
and highland Mexican ancestry to the genetic ancestry of each of the two temporal

groups in the Classic Copan

Classic Copan

Model parameters

Early-to-Middle Middle-to-Late
Model Two-way admixture
DoF 11 11
x? 5.095 15.065
Tail prob 0.926 0.18

Source 1: Late Archaic

93.1% (£3.2%) | 94.3% (£3.9%)

Admixture proportions
Source 2: Highland Mexican (represented by Zapotec)

6.9% (£3.2%) | 5.7% (£3.9%)
Model Single ancestry with Source 1
DoF 12 12
X 10.482 16.575
Tail prob 0.574 0.166
Model Single ancestry with Source 2
DoF 12 12
x? 48.09 44.024
Tail prob 3.014e-06 1.513e-05
Model selection Testing dual ancestry vs. single ancestry scenarios
Nested p-value against Source 1 0.020 0.219
Nested p-value against Source 2 0.000 0.000
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