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Abstract

ABSTRACT

This dissertation focusses on the genetic diversity of the Chachapoyas in the
context of northeast Peruvian and South American populations. The genetic
survey of indigenous human populations from the Americas is still far from
being comprehensive, which is in stark contrast with other areas of the globe,
such as Europe, where an in-depth understanding of the genetic variation
and its use in forensic and medical genetics has been attained. This certainly
highlights the need for increasing genetic research in Peru as to continue
laying the foundation for human genetics and its applications in other fields
such as forensics.

Within South America, Peru is a vast and diverse country with a wide
array of ecosystems. Human populations have ingeniously adapted to these
environments through millennia, showing also great cultural and linguistic
diversity. The montane forests of northeast Peru are one of the most biologically
diverse ecosystems in the world and it is there where the ancient Chachapoyas
throve and where their descendants nowadays live. Archaeological, historical
and linguistic records inform of a complex region where local populations
interacted with others from nearby and distant locations throughout
prehistory up until the time of European contact in the 16t century. Although
traces of past cultural diversity persist in the Chachapoyas region, the series of
demographic, environmental and cultural impacts have blurred this cultural
differentiation and debilitated the local identities of present-day peoples.

Among other factors, cultural diversity in Chachapoyas has also been
shaped by a series of population-level phenomena, which are the focus of this
research. With this work we have investigated the origins of the Chachapoya
people and attempted to pinpoint whether it was in the Andean area or in the
lush Amazonian rainforests. By doing so, the nature of genetic affinities of the
Chachapoyas with neighboring and geographically distant populations from
Peru and the Americas was explored. Furthermore, we tested whether cultural
and ethnic diversity within Chachapoyas signified also genetic substructure.
Additionally, although different patterns of asymmetrical male mediated
European gene flow exist throughout the Americas, an important aim of this
study was to uncover the underlying distribution of the European component
in the Chachapoyas region. Linked to this aim, it was also assessed if greater
European ancestry would mirror the patterns of more intense Inca presence in
the region. Lastly, the focus was on detecting genetically, for lineage markers,
a depopulation event occurred at the time of European contact which has been
largely documented by ethnohistorical accounts and assess whether this event
was more severe on males than on females.

We approached these diverse topics with DNA data. Samples from the
modern Chachapoyas, the Huancas enclave from central highlands in the

12



Abstract

Chachapoyas territory, the Amazonian Jivaro and the Andean Cajamarca
were genotyped for various types of markers. Mitochondrial DNA (mtDNA),
Y-chromosome and autosomal data from study and reference populations were
analyzed to uncover patterns of population structure and gain insights into
the demographic history of the studied populations, with particular emphasis
in the Chachapoyas. These new data show exceptionally high levels of genetic
diversity in the Chachapoyas region and contrasting patterns of genetic
affinities for lineage markers. In clear contrast with the archaeological and
ethnohistorical evidence, there was negligible population substructure within
Chachapoyas. Asymmetrical European gene flow was detected throughout the
region but the pattern does not mirror Inca settlement densities in the region.
Signatures of demographic collapse likely associated with the Spanish conquest
were observed in both mtDNA and Y-chromosome, although for males the
reduction appeared more drastic, echoing the ethnohistorical evidence. In
addition to these insights, the new autosomal STR and SNP datasets generated
unveiled another level of variation by providing, in addition to traditional
length-based genotypes, sequence-based information for several Peruvian
populations which may be of utility for individual identification in the context
of South America.

The overall goal of this dissertation was to fill in the gaps in our
understanding of the genetic variation and the impact of various demographic
processes in the gene pool of northeastern Peruvian populations not solely for
population genetic purposes but also to apply this new knowledge and data on
societal issues such as forensics. Though it may not seem apparent, the local
populations and their culture did not vanish after the profound demographic
events occurred at the time of trans-Atlantic contact but instead transformed
as the legacy of the Chachapoyas lives on in the genetic imprint of today’s
inhabitants.

13



Introduction

INTRODUCTION

The history and prehistory of the Chachapoyas region has always been
surrounded by a halo of mysticism. This is particularly because of its remote
location in the cloud montane forests of northeast Peru and in part due to our
incomplete knowledge of the ancient societies, which were often thoughttohave
mysteriously vanished while still leaving abundant evidence of their existence.
One wonders if perhaps these features even motivated the introduction of the
Chachapoyas civilization in the pop-culture of the ‘80s, as the opening scene
of the movie “Raiders of the Lost Ark” narrates how Indiana Jones explores a
fictitious 2000-year-old “Temple of the Chachapoyan Warriors” (Lucas, 1979).

The mystery about the Chachapoyans themselves and their origins have
also drawn considerable attention in other non-academic forums. Recurrent
descriptions by early chroniclers of the Chachapoya people as “white Indians”,
coupled with the phenotypic traits of present day gringuitos (Caucasian-like
individuals) across the territory fueled hypotheses of their origins in Old-World
sea-farers such as Celts, Carthaginians or Phoenicians (Giffhorn, 2013; Savoy,
1996). In academia however, since 1990’s, a growing body of archaeological,
bioarchaeological and ethnohistorical research has greatly contributed to

EL DECIMO CARITAU

FLCOCINA
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Depiction of a battle between
Chachapoyas and Incas.
Guaman Poma, 1615.
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Introduction

address questions on various aspects of Native American Chachapoya societies
and the biological traits of the local populations. However, diving deep into
the genetic make-up of present-day and ancient Chachapoyas have just began
during the past decade.

The study of the genetic variation and its partition in worldwide,
continental and regional scales is fundamental not only to evaluate hypotheses
of historical interest but serves as a foundation for subsequent research in
e.g. medical and forensic genetics. Nowadays, there is a wide repertoire of
genetic markers, marker systems (mtDNA, Y-chromosome, autosomal) and
computational methods available for analyzing these data and make inferences
on population structure, genetic affinities and demographic history. In this
dissertation, population genetic methods and newly produced data from the
modern Chachapoyas and their neighbors were utilized to gain insights on
the population structure and demographic history of this interesting region.
At the same time, this evidence provides genotypic data that can be useful for
forensic genetics in Peru and South America.

15



Review of the literature

REVIEW OF THE LITERATURE

The purpose of this dissertation was to gain insights on the population
structure and demographic history of the modern Chachapoyas by studying
various types of genetic markers. This has allowed the evaluation of long-
standing questions emerged from other disciplines such as archaeology and
ethnohistory, proving the great utility of genetic data coupled with population
genetic inferences for reaching a better understanding of the genetic variation
and population history in this understudied region of South America.

Specifically, the first sub-chapter deals with how different lines of evidence
in the field of anthropology have been used to approach various topics about
the ancient Chachapoyas, including an examination of social and cultural
characterizations as well as interactions, while providing insights from
morphological and chemical studies on ancient local populations from the
area of study. The sub-chapter ends with a brief recount of relevant themes
often researched in the Americas from the genetics perspective and finally
various questions that will be examined throughout this thesis are outlined.
Sub-chapters three to five introduce basic concepts in genetics, a glimpse to
population genetics theory, different types of genetic data and frameworks
used in this dissertation to make inferences about the population structure
and demographic history of the Chachapoyas and their neighbors. The last
subchapter focuses on the application of genetic data in forensic genetics, the
common markers and methodology used in the field nowadays in Peru as well
as a short introduction to one of the largest cases where DNA has been used
for the identification of victims in the Peruvian context. The chapter finalizes
with a brief description of parameters used in forensic genetics and the power
of evidence.

It is important to note that although this thesis revolves around the
Chachapoyas population history, it also incorporates new genetic data from
neighboring populations as a means to provide a more comprehensive picture
ofthe regional population dynamics which is why the cultural accounts assume
a broader perspective also in time and space. In addition to these, reference
genetic data collected from published sources has also been included.

1. Cultural characterization of the Chachapoyas

Here the objective is to situate the Chachapoya people not only geographically
but also temporally. It is vital to understand the cultural features that
characterized the ancient societies that anteceded the modern inhabitants
of the region, the way in which these ancient populations interacted among
themselves and with their environment, and how certain events impacted
biologically the local populations. All this background proved essential for
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defining the margins of the project and became a rich source of information for
the identification of questions that can be approached with genetic data. This
review, however, does not provide an exhaustive assessment of methodological
and theoretical approaches in disciplines such as archaeology or ethnohistory,
but instead offers a summary of the current knowledge on the Chachapoyas
emanating from these major lines of evidence.

1.1 Defining Chachapoyas
1.1.1 What does the label Chachapoyas mean?

Chachapoyas is the name of a city, the capital of the modern administrative
northeast Peruvian region of Amazonas. However, Chachapoyas has often been
used to designate a multicultural and/or multiethnic entity that developed
in the forested slopes of the northeastern Peruvian Andes before the Incas
conquered the region ~1475 CE. Chachapoyas is not recognized as a socially
or politically integrated region but instead researchers suggest that the label
and the concept of a unified culture emerged later on, as a result of historical
events during Inca and colonial times (Church & Guengerich, 2017).

The consensus among scholars is that Chachapoya societies flourished
during the Late Intermediate Period (LIP) between 1000-1475 CE, but
demographic and sociopolitical transformations for this to happen started to
occur much earlier (Church & von Hagen, 2008). Although there are a few
common cultural elements (e.g. cliff tombs) across the Chachapoyas region,
recent archaeological research has begun to unveil marked sub-regional
differences (see paragraph 1.3.1 below). Indeed, the body of archaeological
and historical information from the area indicates that far from being a static
and unified cultural region, Chachapoyas has been much more complex and
dynamic in terms of material culture, ethnic affiliations and origins.

1.1.2 The setting: geography and climate

Humans, like other species, have constantly adapted to their changing
surroundings. As such, the environment certainly plays an important role not
only on a population settlement patterns, subsistence strategies or worldviews
but also on the biological features of the individuals. Vestiges of the ancient
societies that existed in the Chachapoyas region are mostly scattered across a
vast, ecologically diverse area that lies on the eastern slopes of the north Peruvian
Andes. The region is part of the eastern montane forest zone (at elevations of
about 1500-3500 meters above sea level, masl) that in Peru stretches for ~1500
km from north to south and ~50-250 km from east to west (Young, 1992). The
montane forest further divides in lower and upper sections, at about 1500-
2500 and 2500-3500 masl, respectively. Mean annual temperatures in the

17



Review of the literature

lower montane forests range from 17-21 °C while in the upper montane forests
fluctuate between 11-17 °C. Both areas experience high levels of precipitation
throughout the year with much of it occurring from November to April. The
fringes of these montane forests are in contact with upper subalpine grasslands
(> 3500 masl), or lower premontane forests (~500-1500 masl) which continue
towards tropical rainforest environments in the lowlands (Young, 1992). While
the montane forests extend along the entirety of the Andean Mountain range,
a widening of the forested area occurs between northeast Peru and southeast
Ecuador as a result of the drop of the Andes. Globally, these montane forests
are recognized as one of the most biologically diverse ecosystems exhibiting
high levels of species endemism (Ledo et al., 2012). The upper montane forests,
labeled also montane cloud forests, due to the persistent fog originated in the
eastern lowlands, have also a distinct configuration in the Chachapoyas region
because the Maranén River separates both western and northern montane
forests. It is due to this cloudy weather that the ancient Chachapoyas have often
been referred as “Warriors of the clouds”.

1.2 Clues on the origins of the Chachapoyas

Similar to other regions of the Andes, the societies that existed in this area
during the more recent LIP and Late Horizon (LH, 1475-1532 CE) periods are
the culmination of a series of local cultural developments dating back possibly
even to the initial peopling of South America (Figure 1). However, discussions
about the origin(s) of the Chachapoya people have been mostly centered
around the time immediately before the Incas conquered the region. Placing
emphasis on large migrations and/or population replacements, scholars
have postulated both tropical rainforest (Horkheimer, 1959; Isbell, 1968;
Koschmieder, 2014b, 2014a; Lerche, 1995) and highland origins (Kauffmann,
2013; Kauffmann & Ligabue, 2003), but currently, the most widely accepted
hypothesis suggests a local development (Church, 1996; Church & von
Hagen, 2008). The autochthonous origins of the societies that flourished in
the pre-montane and montane forests are based on growing archaeological
evidence that dates back to several millennia. The earliest signs of human
activity are stone tools recovered from Manachaqui cave in the southern part
of the region and associated with organic material dated to 12200 and 11900
years before present (yr BP) (Church & von Hagen, 2008). Church and Von
Hagen indicate that these lithic assemblages share some features with other
technologies from distant territories in the north Peruvian coast (Paijan)
and in the Ecuadorian highlands (El Inga). They infer that this southeastern
lithic industry is an extension of a northern Andean complex, and that the
stylistic variability found in the archaeological context points to several
transient populations occupying the cave (Church & von Hagen, 2008). This
finding is of particular interest because it has been proposed that the initial
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peopling of the central Andes followed a north-south dispersal along the
Andean mountain range (Hester, 1966; Lothrop, 1961; Sauer, 1944). Indeed,
the geographical characteristics of this section of the Andes (see paragraph
1.1.2 above), specifically the narrowing of the northern and central Andean
chains, results in a series of low altitude corridors, ideal for the movement of
people in various directions. In addition to a long history of human presence in
caves such as Manachaqui, paleoenvironmental records from two lakes in the
Chachapoyas region, Pomacochas (2100 masl) and Laguna de los Céndores
(2860 masl), indicate pronounced environment-altering human activity as
early as 3300 cal. yr BP (calibrated years BP) and 2050 cal. yr BP, respectively
(Bush et al., 2015; Matthews-Bird et al., 2017). Pollen and charcoal evidence
from these two lakes show alternating periods of forest clearance and forest
taxa recovery. Although these two records vary, maize cultivation as well as
increasing Poaceae pollen (paleoclimatic indicator of forest clearance) appear
to be heightened during dry episodes, specially before 800 common era (CE)
(Akesson et al., 2020; Bush et al., 2015).

In brief, the archaeological record since pre-ceramic periods (~2000
before common era, BCE) up until European contact, shows that despite some
discontinuities, the societies from this region are deeply rooted and exhibit
histories as complex as other cultural areas of the Andes.

1.3 Cultural heterogeneity in the Chachapoyas region

At present there is no evidence that once complex societies emerged in this vast
area, a unifying culture spread across the territory. This statement certainly
applies to the LIP and LH periods but still remains highly speculative for the
societies before 1000 CE. Archaeological and ethnohistorical research from
those two recent periods just before European contact suggest certain degree
of diversity while bioanthropological work points to some level of homogeneity.
Below, this body of information is broken down into three constituent parts
with the aim to provide key evidence from these different lines of research.

1.3.1 Archaeology points to cultural diversity

Chachapoya settlements during the LIP often crown mountain tops or lay on
hillsides, in some cases extending over several hectares and mostly containing
from some dozens up to few hundreds circular stone buildings. Circular
stone houses are not traits confined to the Chachapoyas region but are rather
common across the Andes (Guengerich, 2014); however, the Chachapoya
houses distinguish themselves from other regions in the Andes and Amazon,
in structural aspects (e.g. cornices, platform bases) and decoration (i.e.
stone friezes) (Church & von Hagen, 2008). Recent research on domestic
architecture, has additionally revealed great variability of various architectonic
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attributes across the Chachapoyas region (Guengerich, 2014, 2017). Friezes
have also been suggested as important elements associated with the cultural
identity of the societies in this region. Although frieze styles converge in some
localities, they distribute differently across the whole area, rhombus appear
predominant in the northern part while volute designs are more common in
the southernmost territory. On the other hand, zigzag patterns are observed
throughout the whole region (Lerche, 1995; Schjellerup, 2005).

Other landmarks of LIP Chachapoya societies are cliff tombs, which
are elements that have been assumed to reflect ethnic identity. These are
embellished funerary structures (i.e. mausoleums and sarcophagi) typically
perched on inaccessible cliffs often overseeing ancient settlements and/
or water sources. Collective tombs such as mausoleums or chullpas are
generally distributed on the right bank of the Utcubamba River and nearly
absent in the northernmost part of the region. In contrast, individual burials
in anthropomorphic sarcophagi or purun machus (“ancient man” or “old
man” in Quechua), are commonly found on the left river bank and spread
mostly in the north (Crandall, 2012, 2017, 2018; Kauffmann, 2013; Kauffmann
& Ligabue, 2003; Koschmieder, 2014a; McCray, 2017). In addition to these
forms of entombment, the ancient Chachapoya people also disposed their dead
under house floors, within perimetric walls, in caves, among others (Fabre
et al., 2008; Gaither et al., 2008; Koschmieder, 2012, 2014a; Narvaez, 2013;
Ruiz, 2008). Pottery is another type of element often utilized to define areas
of cultural influence and interactions. In the case of the whole Chachapoyas
region, temporal variation in ceramic assemblages undoubtedly exists (Church,
1996; Guengerich, 2014; Koschmieder, 2012, 2014a; Ruiz, 1972; Schjellerup,
2005). However, spatial differentiation during specific time frames across
Chachapoyas has not yet been investigated exhaustively but instead often at
site level (Church, 1991, 1996; Guengerich, 2017; Ruiz, 1972), restricting the
interpretations into the broader regional scale.

The variation observed on these different forms of material culture and their
assumed correspondence to ethnic identity shows that during recent periods,
some degree of spatial differentiation in cultural practices existed across
Chachapoyas. However, it remains to be tested whether this heterogeneity
reflects practices of different political and/or social entities.

1.3.2 Multiethnicity of the Chachapoyas before the Incas

In addition to the archaeological evidence of heterogeneity across Chachapoyas,
various ethnohistorical studies identify the region as the seat of several
ethnic groups at the time the Incas started their expansion around the mid-
15t century (Espinoza, 1967; Schjellerup, 2005, 2008; Zevallos, 1995). These
ethnohistorical accounts describe various ethnic units in this territory such as
Jumbilla, Pomacochas, Chillaos, Corobamba, Pacllas, Chachapoya, Chilchos,
among others (three of these can be identified in Figure 2). Ethnohistorians
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Figure 2. Map of Chachapoyan subunits and other study populations. The Chachapoya
samples were collected from towns and villages across the Chachapoya territory and then
grouped under subunits labels.
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investigating the sociopolitical organization of LIP Chachapoya societies,
portray them as autonomous and egalitarian groups that often engaged in
conflict with one another but also unified when encountering a common
enemy (Espinoza, 1967). The fact that there were over a dozen reported ethnic
groups, not only in the study region, but also in the neighboring Chinchipe
basin, in the tropical rainforests along modern Ecuador and Peru (Espinoza,
1973), undoubtedly attests for high levels of pre-Inca ethnic diversity at this
latitude. The ethnic identity, however, is a synthetic category which is by nature
subjective, meaning that ethnic differentiation will not necessarily translate, for
instance, into patterns of restricted gene flow. Interethnic boundaries within
the Chachapoyas region before the Incas remain challenging to define since
ethnohistoric documents are still scant and spatial borders change through
time, but we have a broad idea of their geographic distribution at least during
the Late Intermediate period. The approximate boundaries and potential ethnic
labels proposed by ethnohistorians, (Espinoza, 1967; Zevallos, 1995), were used
in this study as a basis for the definition of population units at subregional level.

1.3.3 Contrasting bioanthropological patterns

Whilearchaeologyand ethnohistorydepict the Chachapoyasregionasculturally
diverse, bioanthropology instead points to a homogeneous population. The
anthropological examination of mummified and skeletonized human remains
can provide some clues about the physical attributes of ancient individuals,
the patterns of interpersonal violence, their occupation, what diseases they
suffered from, and so on. Since it is possible to obtain important insights on a
population’s cultural identity by studying patterns of cranial modification and
population structure, here a description of these two types of evidence from
the Chachapoyas region is provided.

Chroniclers often described physically the ancient Chachapoyas as
individuals with fair skin, different from other indigenous populations from
the Americas, while also, attributing them a reputation of brave and fierce
warriors (Cieza de Lebn, 1553; Garcilaso de la Vega, 1609) but no mentions
of cranial modification in this region exist in these early documents. Various
pre-Columbian societies in the Andes practiced cranial vault modification
which is an observable identity marker assigned at infancy. It has been
proposed that it may reflect geographic origin, ethnic affiliation or status. The
use of this cultural practice tends to vary across the Andes and also between
cultural periods (Andrushko, 2021; Mannheim et al., 2018). For instance, the
detection of diachronic changes of cranial vault modification in the central
Peruvian highlands (Cuzco region), has informed of migration events during
pre-Inca periods while during Inca hegemony, there was certain degree of
differentiation between urban and countryside populations (Andrushko,
2021). In the southern part of the Chachapoyas region, bioanthropological
studies have identified a small percentage of various types of modified crania
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associated to the LIP (Jakobsen et al., 1987; Schjellerup, 2005). However, this
does not seem a common occurrence as it is generally absent in the rest of
the region (Toyne et al., 2017). Since skeletal samples from just a handful of
archaeological sites have been studied, it is necessary to examine more crania
from various localities across Chachapoyas to explore whether that variability
reflects local patterns, represent other influences or a combination of both.

Another relevant topic focuses on the assessment of population structure by
means of biometric data analyses. Here, a study that incorporated craniometric
information from LIP skeletal series at three archeological sites, two in the
south (Laguna Huayabamba and Laguna de los Condores) and one in the north
(Kuelap) uncovered negligible population structure across Chachapoyas. The
study also reports that the southern sample sets experienced higher levels of
extraregional gene flow compared to the northern sample (Nystrom, 2006).

In brief, the evidence shows that even though ethnic and material
heterogeneity is apparent, bioanthropological patterns do not support
restricted gene flow at regional level. This notion, however, can certainly
still be challenged with other type of data (e.g. DNA) particularly because we
cannot generalize the findings of a few localities to such a vast region.

1.4 Cultural interactions

Human populations rarely existed in complete isolation along the Andes,
instead short- and long-distance connections often occurred. These
interactions facilitated the exchange of staple crops, goods, ideas and certainly
genes. The Chachapoyas region has long been recognized as a crossroads,
facilitating access to various environmentally distinct regions, and it has been
positioned as an area of economic and sociopolitical importance for other
societies through time (Church & von Hagen, 2008). In this context, it is likely
that once sedentary populations established here, they interacted with others
from the same and/or different regions through millennia.

1.4.1 A brief archaeological perspective on pre-Inca interactions

In terms of cultural interactions, during the Initial Period (1800—-900 BCE)
pottery stylistic features point to contacts between the societies in the
Chachapoyas region and Early Huacaloma styles in highland Cajamarca,
Morerilla in lowland Bagua and long-distance connections with Ecuador.
By the Early Intermediate period (200 BCE-600 CE), imported Cajamarca
wares again seem to indicate connections with this region while stone-carving
influences from Recuay and Conchucos from the central highlands have also
been suggested. During the Middle Horizon (600-1000 CE), Cajamarca ceramic
styles have been recovered in various sites across Chachapoyas (Church & von
Hagen, 2008). On the other hand, Wari influence from the central Peruvian
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highlands appears to be limited (Church & Muscutt, 2018; Narvaez, 2013).
Later on, the LIP marks a time of diversification and flourishing of local
material culture (see paragraph 1.3.1 above) when alleged connections with
Loja (Ecuador) and the upper Chinchipe basin (Guffroy, 2006) have also been
suggested. Figure 1 shows details on periodization of pre-Columbian Peru.

The archaeological record shows that although local populations produced
distinctive cultural patterns, they were interconnected with other cultural
areas such as the Peruvian northern highlands (particularly the Cajamarca
region) and coast, the tropical lowlands and even more distant areas such as
Ecuador. The role of the societies in the Chachapoyas region generally shifted
throughout prehistory. At times they became well integrated, for instance,
in Andean interaction spheres while at others they were part of more local
networks. The scarce material associated to pan-Andean developments such
as Chavin (Early Horizon: ~900—-200 BCE) and Wari (Middle Horizon: 600—
1000 CE) is still puzzling, although this may just imply the need for more
controlled archaeological excavations across Chachapoyas.

1.4.2 Chachapoyas under Inca control

During the LH period, imported material from Cajamarca (highlands), Chima
(coast) and from societies in lowland Amazonia (Church & von Hagen, 2008;
Guillén, 1998; Guillén et al., 2011; Narvéez, 2013) converge in the Chachapoyas
region. Architectural canons, pottery and textiles all show notable influence
from the Incas as this territory was gradually annexed to the Inca domain.
In some parts across Chachapoyas, the Inca expansive efforts encountered
rebellions especially where diplomatic means proved unfruitful. Settlements
with Inca architecture in key locations with the aim to appease uprisings
and guarantee a more efficient control, including the Qhapaq Nan (Royal
Road in Quechua), were installed across the whole region. The occupation
was intense although it seems to have been more accentuated on the east
side of the Utcubamba River and generally in southern locations (Crandall,
2017, 2018; Rojas & VanValkenburgh, 2020; Schjellerup, 2005). In addition
to these changes, mortuary behavior also transformed during Inca times as
artificial mummification procedures including evisceration and embalming
were introduced (Guillén, 2002, 2003).

Scholars suggest that the label Chachapoyas, often used to designate the
peoples living in this region, originated probably during this period (Church &
Guengerich, 2017). In order to facilitate the administration and control of this
vast territory, the Incas created the administrative province of Chachapoyas,
which was far from representing a homogeneous ethnic group. As previously
noted, the motivation for controlling the Chachapoyas region probably rested
in the key position of Chachapoya societies in broader highland-lowland
exchange systems which would facilitate access not only to a wide array of
goods from different environments but also to paraphernalia from Amazonia
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associated to powerful shamans (Church & von Hagen, 2008). Prestige goods
from northern coastal latitudes, such as Spondylus, attest also for long-
distance exchange networks in the area at this time (Church & von Hagen,
2008; Narvaez, 2013). Despite this intense Inca presence, isotopic evidence
from two successive archaeological periods, pre-Inca LIP and Inca (LH),
suggests that subsistence strategies were not profoundly impacted by the
arrival of the Incas (Toyne et al., 2017, 2020).

1.4.3 Chachapoya language traces and alleged connections

Pre-Inca local language remnants persist in toponyms, surnames and certain
elements in the spoken Spanish from the region, which have led linguists
to suggest an autochthonous “Chachapoya language” (Taylor, 2000, 1990;
Valqui & Ziemendorff, 2016; Zevallos, 1982) or linguistic area (Torero, 2005).
It is not yet well understood when exactly the language(s) from such a vast
region started to become discontinued. Certainly, with the Incas, there must
have been an intention to not only disintegrate the local populations but also
introduce the dominant language and religion as a mechanism of control.
Although it is not clear whether Quechua was introduced by the Incas or much
earlier by other societies, linguists suggest both languages coexisted (Valqui &
Ziemendorff, 2016), possibly in a context of diglossia (Rojas-Berscia, 2020).
Spaniards encountered predominantly a Quechua variety which had already
influenced the local toponomy (Valqui & Ziemendorff, 2016) as it would have
been commonly used not only by the Inca administrators but also reinforced
to the scant local population left after the forced large-scale mitmagq (displaced
population in Quechua) migrations promoted by the Inca expansive state
(Rojas-Berscia, 2020). In a more recent study, comparisons of lexical elements
from the Chachapoyas region with modern Kawapanan languages from the
Amazon showed a shared substrate that could not yet be readily associated to a
common genealogical origin nor to intense language contacts (Rojas-Berscia,
2020). It is speculated that carriers of a paleolanguage once spoken across
Chachapoyas, moved eastwards to an area where Kawapanan languages are
currently distributed (Rojas-Berscia, 2020), but this idea needs to be tested
once more linguistic data becomes available.

Overall, this section made evident the complex nature of cultural
interactions of past societies throughout prehistory in the Chachapoyas region
while providing interesting hypotheses to test such as the alleged connection
with societies from the coast, highlands and Amazonian lowlands.

1.5 Demographic impacts of Inca and European conquests

Here, a recount of the sociopolitical transformations and population changes
that occurred since the last pre-Columbian period up until colonial times is
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provided. This area of research is particularly important for this thesis given
the fact that dramatic changes in population size and composition have not
been documented after European contact in the Chachapoyas region. This
would then entail some degree of population continuity in this territory.

The Inca and early colonial periods witnessed not only changes in cultural
patterns but also transformations of the geopolitical units under the Inca and
Spanish control (Church & Guengerich, 2017; Church & von Hagen, 2008;
Schjellerup, 2005). It has been argued that large population sizes characterized
the Chachapoyas region before the Incas (Church & von Hagen, 2008). However,
settlement density alone cannot provide unequivocal evidence for this since at
present not many sites have been radiocarbon dated. After the Inca conquest,
tax payer information suggests there were 100,000 to 200,000 individuals in
the Inca province of Chachapoyas before mass deportations (mitmaq policy)
occurred (Church & Guengerich, 2017; Church & von Hagen, 2008). Mitinaq
from the Chachapoyas territory were transferred to over 20 locations across
the Tawantinsuyo (meaning “the four regions” in Quechua), the territory
under Inca control, and in locations as far as Ecuador and Bolivia (Schjellerup,
2005, 2017). The aim of applying this method of relocation was not only
because of administrational interests but also served economic and military
purposes (Espinoza, 1967, 2006; Schjellerup, 2005). A rough estimate of all
mitmagq displaced from the Chachapoyas region would amount to about 5,000
individuals (Espinoza, 1988; Schjellerup, 2017), though other ethnohistoric
accounts suggest relocation policies resulted in displacement of more than 50%
of the total local population (Lerche, 1995). On the other hand, mitmagq from
other regions were introduced across Chachapoyas but the influx of people
from other Peruvian regions seems to have been less significant. Two of these
relocated groups are the Huancas mitmaq from central highlands and also
mitmagq from the neighboring region of Cajamarca (Espinoza, 1967; Schjellerup,
2005). With the arrival of the Spaniards, local populations and settlements
were once again restructured by means of reductions (reducciones), where the
forced agglutination of sparsely distributed villages facilitated their control by
the new politic and religious order (Mumford, 2017). Since the early colonial
period, males from this and other regions were particularly conscripted into
the military for war and exploration ventures in search of El Dorado (Espinoza,
1967; Schjellerup, 2005), which may also have impacted the male/female ratio.
In addition to war, successive epidemics brought by Europeans also decimated
the local populations, which, in the case of northeastern Peru, are portrayed as
very dramatic (Cook, 1981; Schjellerup, 2005).

All in all, the Chachapoyas region seems to have been densely populated
by various ethnic groups before the Inca expansion. The local populations
experienced transformations during Inca times due to war and mitmagq
policies. Later on, Spanish colonial rule caused also profound changes in
settlement patterns, tax systems while actively recruiting males for warfare and
expeditions into the tropical rainforests. Newly introduced pathogens in the

27



Review of the literature

form of various epidemics during this period also caused dramatic population
declines which left the region sparsely occupied. Since these events most likely
affected the genetic diversity of past and contemporary populations from the
Chachapoyas region, this dissertation approaches particularly this theme.

1.6 Relevant topics: application of genetic data

Genetic markers too can offer a unique and interesting view into the past
portrayed by other disciplines. Indeed, understanding the patterns of genetic
variation, population structure and the demographic history are not only
important for research on human evolutionary genetics but also guides e.g.
the design of applied research. To illustrate how hypotheses of interest are
addressed with genetic data, this subchapter aims to place this study in the
broader context of population genetics in Peru and the Americas.

1.6.1 The peopling of the Americas

Although researchers agree that the ancestors of modern Native Americans
came from northeast Asia through Beringia during the Last Glacial Maximum
(24 -13 kya), the number of migrations and their timing, as well as the routes
of dispersal in the Americas have remained highly contested topics. Early work
on mtDNA hypothesized that different founding lineages (A, B, C, D) from the
Americas represented multiple waves of migration, (e.g. Horai et al., 1993;
Torroni et al., 1992, 1993), but increasing evidence from modern populations
(e.g. Bonatto et al., 1997; Fagundes et al., 2008; Silva et al., 2002; Tamm et
al., 2007) and ancient samples (Llamas et al., 2016) points to a single origin.
Similarly, despite genome-wide studies have been able to detect subsequent
streams of more recent gene flow (Reich et al., 2012; Skoglund et al., 2015), the
current consensus is of an initial single migration (Posth et al., 2018; Raghavan
et al., 2015). It is also widely accepted that an eastern Beringian standstill that
allowed the accumulation of variation common to Native Americans existed
prior to the colonization of north and South America (Fagundes et al., 2008;
Kitchen et al., 2008; Mulligan et al., 2008; Pinotti et al., 2019; Tamm et al.,
2007). For different kind of markers, a better temporal resolution estimate of
the period of isolation in Beringia suggests a shorter time span from ~ 2.3-9
kya (Llamas et al., 2016; Pinotti et al., 2019; Raghavan et al., 2015), in contrast
to ~15kya previously assumed (Kitchen et al., 2008; Mulligan et al., 2008;
Tamm et al., 2007). This was followed most likely by a swift dispersal through
the Pacific coast (Fagundes et al., 2008; Llamas et al., 2016; Pinotti et al., 2019;
Tamm et al., 2007; Wang et al., 2007) since the inland corridor between the
Laurentide and Cordilleran ice sheets had not opened yet between ~ 30,000-
13,000 years (Mandryk et al., 2001), which may explain human presence in the
southern cone of the continent as early as 14,000 yr BP (Dillehay, 2009). There
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is also a better consensus among researchers regarding the rapid dispersal
into the Americas, occurring not earlier than 16-15 kya (Llamas et al., 2016;
Mulligan et al., 2008; Pinotti et al., 2019).

1.6.2 Population substructure within South America and Peru

Different kind of genetic markers suggest that the rapid initial settlement of
South America produced a marked geographic structure as early as 12 kya,
with little gene flow between subregions afterwards (Llamas et al., 2016;
Pinotti et al., 2019; Reich et al., 2012). Earlier modern DNA studies proposed
divergent genetic patterns shaped by different environmental and cultural
factors in east and west South America (Fuselli et al., 2003; Tarazona-Santos
et al., 2001; Wang et al., 2007), although recently genome-wide ancient data
has uncovered more complex scenarios in western South America (Nakatsuka
et al., 2020). In agreement with previous inferences, this study indicates that
initial population structure in the Andes (coast/Andes-north/Andes south)
established most likely during the early Holocene and continued several
millennia until about 5.8 kya, when north-south gene flow is observed. Later
on, starting at about 2 kya, there are signatures of genetic continuity in most
Andean subregions despite the sociopolitical transformations of expansive
states such as Wari (Nakatsuka et al., 2020).

The peopling of Peru and the genetic differentiation of humans inhabiting
broad ecogeographic domains -Coast, Andes and Amazon- have also been
estimated to have happened quite early, from about 12.9 to 11.7 kya (Harris et
al., 2018), although the colonization routes are still nebulous. Gene flow events
across these macroregions appear to have been more frequent in the northern
Peruvian Andes (Barbieri et al., 2019; Borda et al., 2020) than on southern Peru
but these phenomena seem to reflect more recent interactions. This is because
traces of the early genetic differentiation between the coast and the highlands
before 6 kya (Nakatsuka et al., 2020) are not observed in high resolution studies
using modern data (Barbieri et al., 2019; Gnecchi-Ruscone et al., 2019; Harris et
al., 2018). Notably, when comparing modern and ancient diversity in the Andes,
a high rate of lineage extinction has been detected after European contact in the
case of mtDNA (Llamas et al., 2016). This highlights the importance of including
ancient material from different time points to have a more comprehensive view
of the diachronic changes in population dynamics, which may be obscured in
the present-day genetic diversity.

2. Emerging questions
The archaeological, bioarchaeological and ethnohistorical background

contributed significantly to define the questions that can be evaluated with
genetic data. One of these deals with the origin of the Chachapoya peoples
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during the LIP. Some scholars argue that the ancestors of the Chachapoyas came
from the highlands or from the jungle at this time but it is likely that sedentary
populations existed much earlier in the area since human presence has been
detected at least by 2,000 yr BP (e.g. charcoal, pollen) and traces of transient
groups are evident at about 11 kya (lithic industries evidence). Even though we
cannot directly test this without ancient DNA (aDNA) from first settlers, can
the genetic variation observed in our modern datasets give us some clues about
affinities with coastal, Andean or Amazonian gene pools? What are the affinities
of the Chachapoyas and other populations from Peru and the Americas?

Interestingly, archaeological and ethnohistorical studies suggest
archaeological and ethnic heterogeneity across the Chachapoyas region while
bioarcheological research informs of certain level of homogeneity. Can our
current genetic data reveal pre-Columbian population substructure patterns
within the Chachapoyas region?

Although the Chachapoyas region experienced transformations in
settlement patterns and in treatment of the dead during the Inca conquest, it
does not seem there was significant impact in the local subsistence strategies
nor in the introduction of foreigners into this area. Does the genetic evidence
support the notion of limited extra-regional gene flow?

Gene flow between populations throughout prehistory likely occurred in this
region since there is evidence of short and long-distance exchange networks
involving societies from the Cajamarca highlands, the north Peruvian coast and
Ecuador. Would these phenomena have left traces in the genetic variation of the
populations from the modern Chachapoyas and Cajamarca regions? Or between
modern Chachapoyas and present-day Amazonian Jivaro populations?

Considering the different intensity of Inca occupation across the
Chachapoyas region (i.e. more pronounced on the east side of the Utcubamba
River), did the Spanish conquistadors follow a similar pattern of occupation?
This would mean, for instance, more European contribution just in certain
subpopulation units across Chachapoyas such as Leymebamba.

Finally, regarding the demographic events in the region under the Inca and
Spanish administration, which caused significant depopulation, is it possible
to detect these signatures in the uniparental markers? And, since Chachapoyan
males were more frequently recruited for Inca and Spanish militias, would the
male population size contraction be more dramatic?

3. Genetics: a view into the past and present

Genetic evidence can offer some answers to the questions posed above. Past
phenomena have shaped our genomes and gene pools through millennia, which
is why an examination of the genetic diversity can inform us about population
origins, population structure, demographic fluctuations in the past, migrations
as well as serve to its application in forensic genetics. Population genetics is
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a fundamental framework used to study the genetic composition of natural
populations and how this variation changes over time. Its approach involves the
application of Mendel’s laws and other genetic principles to understand the origin,
maintenance and evolution of genetic variation in a given population or species
(Hartl & Clark, 1989). A brief review of basic concepts necessary for analyzing
and interpreting genetic data as well as for making inferences is provided here.

3.1 The basics
3.1.1 Inheritance, alleles and genotypes

Humans are diploid organisms carrying two sets of genomes and thus two
alleles (alternative forms of a gene) at each locus (position in the genome),
one allele from the mother and one allele from the father. Most of the genetic
material resides in the 22 autosomal chromosomes in the nucleus, in addition
to which there are sex chromosomes X and Y. Mendel’s law of segregation
determines the probability of each of the alleles to be passed to the next
generation. However, sex chromosomes and the non-nuclear mitochondrial
DNA (mtDNA) exhibit a different transmission pattern where they are passed to
the next generation mostly without recombination (Figure 3) (Bachtrog, 2013;
Schaffner, 2004). Broadly speaking, a genotype is the complete set of genes
of an organism while in a more restricted sense, it describes the combination
of the variant forms of a gene carried by an organism. At a particular single
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Figure 3. Inheritance patterns for different kind of DNA markers. Note the mode of
transmission of uniparental markers through maternal (X-chromosome, mtDNA) and paternal
(Y-chromosome) lines. Autosomal markers in turn recombine each subsequent generation
and are inherited from both parents.
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nucleotide polymorphism (SNP) and gene(s), individuals can be homozygous
(having two identical alleles) or heterozygous (having two different alleles).

3.1.2 Population

In biological terms, a population is defined as a group of interbreeding
individuals cohabiting in a given time and space. For humans, the definition
of a population is rather arbitrary but it heavily relies in geography and also
other criteria such as ethnicity or language as often these tend to produce
restricted gene flow (Relethford, 2012). The Americas was the last landmass to
be colonized by modern humans whose diversity was reduced when compared
to other areas of the globe. Despite this, genetic variation has accumulated
over time and various demographic processes have shaped the differentiation
of extinct and extant populations in the continent. The characterization of a
population’s gene pool is vital as the study of the variation within and across
populations would concomitantly inform about their demographic history. In
this study, the definition of population units has been highly influenced not
only by geography but also by cultural determinants such as language as well
as population prehistory and history.

3.2 Evolutionary forces shaping the genetic diversity

Changes in the frequencies of alleles in a population are the result of one or
more evolutionary forces in action. What is particularly important in this
respect is that these forces exert a relative impact in the gene pool. Consider,
for instance, cases in which highly deleterious or advantageous mutations can
escape selection, against or for, if genetic drift becomes severe enough in a
given population or species.

3.2.1 Mutation

Mutation is the ultimate source of genetic variation as it will produce direct
changes in a genetic sequence. Mutations occur randomly irrespective of
their effects in the organism. Types of mutations include single-base DNA
substitutions, insertion/deletion of bases or fragments (indels) and other
rearrangements of DNA sequences. The effects of these mutations can be
neutral, beneficial or harmful. However, mutations are rare events that even
for rapidly mutating parts of the genome, cannot alone lead to significant
allele frequency change. The rate of mutation also varies across the genome
and among species. For example, the mitochondrial genome has high
mutation rates when compared to the nuclear DNA (Relethford, 2012). Once
a mutation has arisen it can then become fixed or lost by random genetic
drift or selection.
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3.2.2 Genetic drift

Genetic drift is arandom process by which allele frequencies fluctuate from one
generation to the next by chance (sampling error) due to finite population size.
Since the sampling process occurs in every population, all other evolutionary
forces that cause changes in gene frequency should also be considered jointly
with genetic drift. Genetic drift causes both fixation and loss of alleles in a
population which leads to the reduction of its genetic diversity. The effect
of genetic drift is stronger in small populations because they exhibit larger
sampling variation. Two examples of drift-driven mechanisms that shape the
genetic diversity in a population are bottlenecks and founder events (Jobling
et al., 2004). A bottleneck is characterized by the loss of genetic diversity due
to the reduction of the size of a previously larger population (Figure 4). In
humans for instance, bottlenecks can be caused by a number of factors such
as famine, disease or genocide. An oft-cited example in the Americas is the
dramatic population decline experienced across the continent at the time
of European conquest due to war and pandemics. A founder event, in turn,
will produce differences in allele frequencies between a source population
and a derived population that colonizes new spaces, the magnitude of which
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Figure 4. Schematic representation of diversity changes in populations after a bottleneck and
a founder event.
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depends on the size of the founding population, mainly in absolute terms, but
also relative to the source population (Figure 4). One of such examples is the
peopling of the Americas which introduced only part of the genetic variation
from the ancestral East Asian populations into this continent. In the absence
of migration between the two continents, the effects of genetic drift over time
then led to the differentiation of populations.

A related core concept is effective population size (N.), referred to as the size
of an ideal population (assuming equal male/female ratio, constant population
size and random mating) that shows similar rate of evolutionary change resulting
from the random sampling of genetic variants (genetic drift) as the population
in question (Charlesworth, 2009).

3.2.3 Natural selection

The environment certainly has an effect in the genome as neutral or harmful
variants of genes can become advantageous due to changing conditions.
Certain individuals are more adapted to their environment than others as it is
observed by their greater fitness -the probability of survival and reproduction
in a given environment. The process by which individuals with greater fitness
will leave more offspring than less advantageous ones is called natural
selection. Favorable alleles promote higher fitness and will be overrepresented
in subsequent generations thus causing frequency changes (Hartl & Clark,
1989). Natural selection can decrease (directional selection) or increase
(disruptive selection) the genetic variation. However, when genetic markers
do not confer fitness advantage (or are not physically linked to non-neutral
genes), they are considered to be selectively neutral.

In the case of neutral markers, diversity is shaped by genetic drift and
migration, which is why these types of markers have been commonly used to
make inferences about population history.

3.2.4 Migration

Gene flow occurs as a result of the migration -movement and subsequent
reproduction- of individuals between populations. Unlike natural selection
and genetic drift, new alleles can only be introduced in a population through
gene flow and mutation. Hence, gene flow counteracts the effects of genetic
drift as it will increase and/or maintain the genetic diversity in a population
preventing the differentiation of populations. Various theoretical models
of migration (e.g. Wright’s island model, stepping-stone model) can be
assumed in population genetic analyses, each of which incorporates one or a
combination of factors such as geographical distance, migration rate, spatial
arrangement (connectivity), among others (Relethford, 2012).
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3.3 Independence within and across loci

In an ideal population, the genetic diversity remains unchanged and
genotype frequencies in one generation depend only on the allele frequencies
of the previous generation. These kinds of populations are said to be in
Hardy-Weinberg equilibrium. However, deviations from Hardy-Weinberg
equilibrium (HWE) do occur when sampling populations such as in the case of
a structured population where two diverged populations have been sampled
as one. Another example would be positive assortative mating, which will
increase the proportion of homozygotes in the population. In humans this
could be illustrated by mate choice on the basis of skin color or height. Here
we must take into account that nonrandom mating leads to changes only in
genotype frequencies, while the four evolutionary forces change both allele
and genotype frequencies (Relethford, 2012).

Linkage disequilibrium (LD), in turn, is the non-random association
of alleles at two or more loci (Slatkin, 2008). When this occurs, haplotype
(see paragraph 4.1 below) frequencies exhibit departures from expectations.
LD patterns result from the interaction between recombination and various
evolutionary forces (i.e. mutation, natural selection and genetic drift). As such,
the assessment of LD in humans has a vital role not only in gene mapping but
also in population and evolutionary history (Pritchard & Przeworski, 2001).
For instance, bottlenecks, population structure and inbreeding can all intensify
LD. In addition to these, LD can also arise due to recent admixture between
populations that harbor different allele frequencies (Pritchard & Przeworski,
2001; Slatkin, 2008).

4. Genetic diversity by means of different kind of markers

As previously described, genetic diversity is influenced by various evolutionary
forces. Diversity in the neutral markers, evolving at known rates, can inform us
of population structure and population history. The concept of genetic diversity
is tightly linked to demography, since variation, originated by mutation and
migration, can only be retained if population size is large enough. Genetic
diversity within a population can be measured in different ways, for instance,
by counting the number of alleles present (dependent on the sample size) and
their frequencies, by assessing the level of heterozygosity, the mean number
of pairwise differences (MNPD) and so on. When measuring the levels of
diversity, various types of markers can be examined.

Since the early twentieth century, a series of markers have been used to
determine the amount of genetic diversity in human populations worldwide.
Before the use of DNA markers, these assessments were based mostly on protein
markers that were characterized immunologically and/or by electrophoresis.
Among others, these included polymorphic blood proteins from the ABO and
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Rhesus systems (Fisher & Race, 1946; Landsteiner & Levine, 1928). Although
these classical markers provided information on the genetic variation to a
certain degree, the introduction of DNA markers allowed another level of
resolution by examining directly the underlying sequence variation (Jobling
et al., 2004).

4.1 Lineage markers

MtDNA and Y-chromosome markers are inherited without recombination.
Importantly, these markers hold a record of all retained mutational events
occurred throughout their lineage history which enables the reconstruction
of possible phylogenies and allows to trace back the most distant common
ancestor of any set of lineages. Because of the nature of inheritance of these
marker systems, the mtDNA and Y-chromosome N. are smaller (one-fourth
of that obtained from autosomal markers) and thus more susceptible to the
effects of genetic drift.

In the Y-chromosome and mtDNA, the combination of allelic states of
polymorphic markersis called a haplotype. In orderto classify these uniparental
haplotypes on a worldwide scale, geneticist have come up with the concept of
haplogroup. Haplotypes belonging to a specific monophyletic clade and sharing
a defined set of rare mutations form one haplogroup. The nomenclature of
human haplogroups consists of letters (e.g. A-Z for mtDNA) and the branches
within them are called sub-haplogroups, for which alphanumeric characters
are assigned in a hierarchical fashion (e.g. mitochondrial haplogroups C, C1,
Clb, C1b2 and so on) (van Oven & Kayser, 2009). Conveniently, the geographic
distribution of haplogroups and their sub-lineages in each continent can be
used to deduce migration patterns in the distant past.

4.1.1 Mitochondrial DNA markers

The mtDNA is circular and in humans typically composed of 16,569 base pairs.
Changes in the mtDNA sequence are mostly single-base substitutions and
deletions, although insertions also occur. The mutation rate in the mtDNA is
ten times higher than in the nuclear DNA but varies across the mitochondrial
genome, with relatively low rates observed in the coding region and higher
rates in the non-coding control region (Amorim et al., 2019). Hypervariable
regions (HVR-I and HVR-II, called hypervariable sequences [HVSI and II]
in article I) in the mitochondrial control region harbor one of the highest
mutation rates in mammals and have been widely used in population genetic
studies long before newer technologies (i.e. next generation sequencing: NGS)
allowed a speedier genotyping of full genomes. A particular trait of mtDNA
is that its high copy number per cell (~500 mtDNA molecules/human cell)
increases the probability to recover its genome, in contrast to nuclear DNA
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where degradation and/or low DNA template turns this more difficult. Thus,
the higher survival rate of mtDNA has been fundamental in specific contexts
that deal with challenging samples in both aDNA and forensic genetics.

4.1.2 Y-Chromosome markers

The Y-chromosome is the smallest human chromosome comprising about 60
million base pairs (Mb). Recombining pseudoautosomal regions account for a
small fraction of the Y chromosome genome (5%), but most of its length is non-
recombining. This means that the male-specific region of the Y-chromosome
(MSY) is largely transmitted from father to son without any changes unless
mutational events occur. SNPs and microsatellites (or short tandem repeats,
STRs) in the Y-chromosome are among the most widely used markers for
studying human evolution and population history; however, indels (insertion/
deletions) also frequently occur. Y-chromosomal haplogroups are defined by
specific SNPs, but there are haplogroup-specific Y-STR patterns that can be
used to predict the haplogroup in a probabilistic manner with various tools (e.g.
http://www.hprg.com/hapest5/index.html). Y-SNPs exhibit low mutation
rates (~2x10-8 per base/generation) while Y-STRs have much higher mutability
(~10-3 per locus/generation) (Balanovsky, 2017; Boattini et al., 2019). STRs
are tandemly repeated DNA sequences of 2-5 base pairs, each with several
alleles. Mutation rates on STRs vary depending on the repeat-motif type as
well as across loci and between alleles (Brinkmann et al., 1998; Chakraborty
et al., 1997). The estimated mutation rate for STRs ranges from 102 to 10+
per locus/generation (Ballantyne et al., 2010; Boattini et al., 2019), allowing
the study of the recent human population history and fine-scale geographic
structure. The high mutation rates among STRs therefore make them ideal
for forensic genetic applications (Purps et al., 2014). In phylogenetic studies
instead, Y-SNPs outperform Y-STRs in the estimation of the TMRCA (time to
the most recent common ancestor), since the latter lead to underestimation of
the deep genealogy (Hallast et al., 2015).

4.2 Biparental markers

As previously noted, in organisms with sexual reproduction, there are two
copies of each gene/locus as a result of recombination and segregation. Various
types of polymorphisms can be found across the human genome, although
two of these are particularly relevant to this dissertation, i.e. SNPs and STRs
(Figure 5). SNPs are abundant in the genome and show low mutation rates
(Nachman & Crowell, 2000), making them useful for investigating the deep
human population history. STRs mainly mutate through the gain and loss of
single repeat units in the genetic sequence but also e.g. 2-4 step changes and
intermediate alleles (smaller than a repeat motif) can occur. Two traits have
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Figure 5. DNA sequence showing different types of variation. Transitions
are changes between purines (A <--> G) or pyrimidines (C <--> T) while
transversions are changes between purines and pyrimidines.

made STRs amenable markers for human identification purposes, their high
variability among individuals and their ease of typing. As noted before, multi-
allelic STR markers have also the advantage of providing more information
than bi-allelic SNPs (Chakraborty et al., 1999). Overall, these two types of
markers have been successfully used in different fields, ranging from medical
oriented studies, to forensic and population genetics.

5. General frameworks in population genetics

The purpose of this section is to examine various concepts generally utilized
in population genetics as a basis for subsequent chapters. As previously
described, genetic diversity and its spatial distribution reflects the degree of
connectivity between sample sets or populations which may be the result of,
among others, mate choice, migrations and cultural habits. The study of this
genetic variation then provides insights on the population history as it allows
to examine the effects of historical events on these patterns as well as their
timing (Crawford, 2007).

5.1 Genetic diversity and its distribution in space
In studies of global human diversity, it has been suggested that a good

sampling strategy should be based on the individuals and in geography
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instead of hypothetical populations, since the distribution of genetic variation
is generally clinal due to isolation by distance. On the other hand, approaches
based on populations -e.g. culturally defined- should be considered when
the aim is to study the history of those populations and/or their affinities
with neighboring populations (Serre & Paibo, 2004). Although differences
in the distribution of human genetic diversity observed vary according to
marker system (Jorde et al., 2000), various studies indicate that most of the
variation resides within rather than between populations (Barbujani et al.,
1997; Witherspoon et al., 2007). In fact, estimations based on STR and SNP
data place only 5-10% of the human genetic diversity on differences between
continents (Holsinger & Weir, 2009). Global patterns of genetic structure for
humans have been characterized for all marker systems (Excoffier et al., 1992;
Hammer et al., 2001; Ramachandran et al., 2004; Rosenberg et al., 2002;
Wilder et al., 2004) but also the partitioning of genetic variation has been
applied to smaller spatial scales (e.g. Palo et al., 2009; Tarazona-Santos et al.,
2001 and numerous others).

An important framework employed to partition the genetic diversity is
F-statistics (Wright, 1951), which assesses the proportion of total diversity at
several hierarchical levels by using: 1) Fir, the correlation between alleles within
individuals relative to the entire population, 2) Fis, the correlation between alleles
within individuals relative to their subpopulation and 3) Fsr, the correlation
between randomly chosen alleles from a subpopulation relative to the entire
population. Fsrcanbe a value between 0 and 1, where higher valuesindicatelarger
differentiation. A similar approach applied to both haploid and diploid data is
the analysis of molecular variance (AMOVA) (Excoffier et al., 1992). Relying
on a similar concept as the analysis of variance (ANOVA), this method uses a
hierarchical or nested model to assess the apportionment of genetic variation
within and between populations. The genetic variances can be estimated either
from allele frequency differences or from the molecular differences between
alleles -repeat number differences for STRs and the number of substitutions
for sequence polymorphisms. The variance here is also partitioned in three
hierarchical components: 1) within populations, 2) among populations within
groups and 3) among groups. AMOVA produces then @-statistics analogous to
the conventional F-statistics that show the correlation of haplotypic diversity at
those hierarchical levels (Excoffier et al., 1992).

Another common way to detect structure is by using model-based clustering
methods such as STRUCTURE (Pritchard et al., 2000). These approaches
apply certain probability models for the estimation of clusters while optimizing
the fit between the data and the model. The assumption here is that the data
are produced by a set of probability distributions where each component
represents a different cluster. This ancestry decomposition method also has
the advantage of identifying the optimal number of clusters (K). Bar plots are
used to visualize the ancestry coefficients obtained for each observation and
several runs for different Ks are performed. Since the optimal K value is an
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estimate rather than a true value, it is highly influenced by several factors such
as sampling and its geographic coverage (Tsetsos et al., 2019). This implies that
an adequate study design is pivotal for preventing artifactual structure (Serre
& Paiabo, 2004). In addition to these considerations, it has been suggested
that interpretations of the output should be done with care since different
scenarios can produce indistinguishable plots which is why other methods
should be used alongside to disentangle complex demographic events. This
is particularly important since with real data, there may be violations to the
model, such as the existence of close relatives, lack of discrete populations,
hierarchical population structure, etc. (Lawson et al., 2018)

Lastly, ordination methods can also unveil population structure even in
areas with low levels of genetic differentiation (Novembre et al., 2008). These
aremodel-free multivariate approaches which aim to reduce the dimensionality
of the data by projecting datapoints into a low dimensional space, allowing
the identification of intrinsic patterns of data variation by visual inspection.
One of the most popular methods is principal component analysis (PCA), an
eigen method that projects samples into a series of orthogonal axes (principal
components) independent of each other and ranked according to their variance
(McVean, 2009). In the Americas, a region with low levels of diversity, PCA
has proven to be useful in discovering finer underlying structure in specific
regions when large numbers of SNPs are screened (Nakatsuka et al., 2020).
However, a large number of markers does not necessarily signify a higher level
of resolution because of the inherent ascertainment bias of some genome-wide
panels, generally designed to uncover global patterns of variation.

5.2 Demographic history deductions

Contemporary patterns of human genetic variation within and between
populations are the result of various demographic processes acting through
time. Although descriptive approaches (e.g. PCA) can be used to reveal
underlying population structure, these generally do not account for the fact
that different demographic events can lead to similar patterns of genetic
variation. In contrast, past demography reconstructed by using inferential
approaches rely on the comparison of the observed patterns of genetic
variation and model predictions (Loog, 2021). These methods can for instance
identify fluctuations in N, thus providing a new layer of information about a
population’s demographic history.

5.2.1 Mismatch distributions and neutrality tests
Mismatch distributions are histograms showing the frequency distribution

of the number of pairwise differences between alleles/haplotypes observed
within a population (Pereira et al., 2002), and as such provide a summary of
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the genetic diversity. The shapes of these histograms are used for assessing
whether a population has experienced expansion, stasis or decline. The
footprints of population expansions or selective sweeps are characterized by
unimodal mismatch distributions whereas a multimodal pattern suggests
constant population size (Rogers & Harpending, 1992; Slatkin & Hudson,
1991) (Figure 6). Even when substantial violations of the infinite-sites model
occur, the shape of the mismatch distributions generally reflect the actual
population demographic history (Rogers et al., 1996). However, since a few
fast-mutating sites tend to produce also unimodal distributions, another model
that considers the mutation rate site heterogeneity has also been implemented
(Schneider & Excoffier, 1999).

Multimodal Unimodal

Frequency
Frequency

Pairwise differences Pairwise differences

Figure 6. Different shapes of mismatch distributions showing population stasis (multimodal)
and population expansion (unimodal).

Statistical tools for detecting deviations from neutrality, or the neutral
Wright-Fisherpopulation model, can also provideinsights on pastdemography.
Tests that calculate the goodness-of-fit of this model have been labeled as
neutrality tests. The neutral theory of molecular evolution states that most
non-deleterious mutations are neutral, meaning that after mutations arise,
they get fixed or disappear as a result of genetic drift instead of selective
advantage (Kimura, 1968). One class of neutrality tests are called frequency
spectrum tests, which compare features of the observed diversity in relation to
those expected under neutral evolution. Two widely used frequency spectrum
tests are Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997), which measure
deviations from mutation-drift or mutation-selection equilibrium. Large
negative D and Fs values are indicative of a recent population expansion (Fu,
1997; Tajima, 1989). These tests, however, cannot discriminate between true
selection and demographic phenomena. For instance, in non-human species,
an excess of rare alleles can be the result of purifying selection, selective sweeps
or population expansion after a bottleneck (Hahn et al., 2002).
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5.2.2 Phylogenetic inference

Phylogeneticinference attempts to reconstruct the evolutionary history of species
by grouping individuals based on shared genetic ancestry into a phylogenetic
tree. While the true phylogeny may never be known, it can be assumed that the
molecular phylogeny carries some information about the species phylogeny. A
coalescent tree (bifurcating tree) follows a backward direction and it is composed
of internal nodes which represent coalescent events where two lineages merged
to one ancestral state. Bootstrapping then is performed to assess how strongly
the data supports each reconstructed node. Algorithm-based methods such
as NJ (Neighbor-Joining) and UPGMA (unweighted pair group method with
arithmetic means) are often employed to construct phylogenetic trees. Then,
choosing a tree that best reflects the observed variation for a group of sequences
can be evaluated based on an optimality criterion, like maximum parsimony
(MP) or maximum likelihood (ML). These approaches consist on generating a
large number of trees and searching across the tree space to identify the one(s)
maximizing the score (Charleston, 2019). The MP algorithm considers the
minimum number of changes of state needed on a tree in order to explain the
sequence variation observed at the tips. Although this method is still applied, the
increase in computing power has allowed ML to become one of the most popular
tools for inferring phylogenies. ML evaluates the probability that a hypothetical
branching pattern under certain substitution model would have produced the
observed data. A tree with the highest probability (maximum likelihood) is then
selected as the best.

5.2.3 Bayesian inference and Markov chain Monte Carlo algorithms

Simulations also help us understand the impact evolutionary and demographic
processes have on sequence variation and sequence patterns. The two strategies
are forward and backward simulations. A forward simulation starts with an
initial population which evolves forward in time under defined demographic
parameters resulting in a simulated dataset that can be contrasted with the
empirical data. Backward or coalescent simulations, on the other hand, start
with the current observations and moves backwards in time to deduce which
processes may have shaped the empirical data (Yuan et al., 2012).

Following the development of coalescent theory (Kingman, 1982),
genealogy-based population genetics methods have often been used to
determine essential parameters that influence molecular evolution and
population dynamics such as effective population sizes, rate of population
decline and growth, time to the MRCA, among others (Drummond &
Bouckaert, 2015). Bayesian methods have recently been at the forefront of
coalescent phylogenetic inference as they allow the incorporation of prior
information for the estimation of the posterior probability distribution of
the parameters. The introduction of information such as sequence evolution
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models, dates of divergence, among others, all modify the posterior probability
of the data. Since the aim of Bayesian inference is to characterize the posterior
distribution, which can be represented as a multivariate function reflecting a
convoluted landscape, Markov chain Monte Carlo (MCMC) algorithms were
incorporated as an efficient approach to explore that probability distribution
landscape (Drummond & Bouckaert, 2015). Markovian processes satisfy
three properties: 1) a finite number of possible outcomes or states, 2) the
probabilities are constant over time and 3) the process is memoryless. As the
Markov chain has a finite (countable) state-space, the process begins in one of
the possible states and moves successively to another state and so on (Carfora,
2019). The MCMC algorithm seeks to obtain more “samples” - or observations
- from high posterior areas while reducing the number of “samples” from low
posterior regions (Drummond & Bouckaert, 2015). Software such as BEAST 2
(Bouckaert et al., 2014) have implemented Bayesian coalescent-based MCMC
methods for parameter estimation. This software estimates a probability
distribution of trees which then are used to create Bayesian Skyline plots
(BSP) that provide a detailed depiction of fluctuations in N., a key parameter
utilized in this and other studies.

Therefore, by combining phylogenetic and Bayesian inferences, researchers
have come up with methods to estimate for instance fluctuations in N. through
time (e.g. constant N., population expansions and bottlenecks). In human
populations, the trajectory of the historical effective population size has been
estimated with this method of phylogenetic inference. One application to
lineage markers has revealed, for instance, a recent male bottleneck during
the last 10 ky (kilo years) in out-of-Africa populations, which was completely
absent for the female marker data (Karmin et al., 2015).

6. Forensic applications of population genetic data

In principle, the DNA variation indicative of past population history and
present structure can also be applied for societal purposes, e.g. for forensic
genetics. Contrasted to the large population samples and widely varying sets
of markers used in population genetics, forensic genetics focuses on variation
at another level, often utilizing a more restricted set of standardized markers
capable of identifying individuals. DNA data is nowadays commonly used
for various purposes such as paternity testing, genealogy, identification of
missing persons. This section describes briefly how this discipline became an
important branch of active academic research, providing vital evidence in legal
contexts. It also illustrates the application of genetic data to cases of missing
persons in Peru and offers a brief recount of parameters commonly used in
forensic genetics.

43



Review of the literature

6.1 Landmarks for the advancement of forensic genetics

DNA profiling is a method that aids in the identification of individuals or
samples by examining their DNA profiles (Figure 7). Current forensic DNA
profiling evolved from two important discoveries in molecular biology
during the ‘80s. One of these was accomplished by geneticist Alec Jeffreys
in 1984, who detected high individual variation in the number of tandemly
repeated DNA fragments among individuals. The individual variation allowed
identification and the Mendelian inheritance of the repeat elements made
kinship studies possible in forensic casework. A year later, the polymerase
chain reaction (PCR) breakthrough devised by biochemist Kary B. Mullis,
allowed the targeted amplification of highly polymorphic DNA regions, laying
the foundation for subsequent DNA genotyping methods in various fields of
genetics. The ability to detect tandemly repeat DNA units coupled with the

Sample Name Panel 0s sQ
Identifiler_v1 [ ] [ ]
D851179 Il D211 ] [ D75820 ] CSF1PO
90 150 210 270 330 390
| ] ] i
o =1 — A\ ==
3 30 } [10 10
‘ 1683 1309 [1260 1436
143.64 208.04 271.05| 321.48
[15 1322 12 12 |
1607 1297 1087 1384 |
152.61 217.88] 279.25 329.64
Identifiler_v1 [ ] [ ]
[ D351358 ] THO1 ][ Db13s317__|[ D16S539 | | D251338 ]
90 150 210 270 330 390
1 A W
0 P — = ==
|15 7 ) | 18 |
11300 2405 [1727 1515 1340 |
|123.39‘J 174.91 1220.39 268.04 319.72
17 7 (14 T [23
1608 ‘ 2405 | [1580 11523 1268
131.63 1174.91| 240.27 | 275.98 340.00
Identifiler_v1 [ ] [ |
[ D195433 | | VWA Il TPOX ] [ D18S51 ]
90 150 210 270 330 390
1300 M A A
0 S — ‘ IAI
[13 17| 1 14
1060 2357 | 212 | (1224
117.25 178.51) 241 591 1290.39
= —r= 1
13.2 17 i 15
1105 2357 7710 1103
119.26 1178.51 124159 294.58

Figure 7. Partial autosomal STR profile of a modern individual. Each marker shows two peaks
representing the alleles inherited from the parents. For instance, at locus D851179, the first
allele has 13 repeat units while the second one has 15. Published with permission from the
donor.
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increased genotyping precision and sensitivity acquired by PCR allowed faster
sample processing as well as usage of a relatively large number of markers
and marker systems that are now standardized. The use of commercial kits
that genotype a small set of highly polymorphic short tandem repeats (STRs)
in conjunction with capillary electrophoresis have become the most widely
used genotyping methods. More recently, however, NGS technologies have
brought to the field various new advantages (e.g. multiplexing different kind
of markers such as STRs and SNPs), but STRs have retained their position
as standard forensic markers. This predilection relies in the fact that STRs
have a higher discriminatory power than single nucleotide polymorphisms
(SNPs), often requiring a smaller set of markers to accomplish the same level
of resolution as large SNP sets (Chakraborty et al., 1999).

In forensic casework, the core process in the use of genetic evidence consists
in the characterization of DNA profiles from biological sources (e.g. blood,
bone) and subsequent comparisons to reference profiles. When evaluating
DNA evidence, the hypothesis testing has three outcomes: inclusion (match),
exclusion (no match) or inconclusive. If the match is not excluded, then the
result should incorporate the statistical significance of the match, which means
estimating the probability of obtaining a matching DNA profile by chance. In
many other subdisciplines of genetics, it is fundamental to assess population
substructure and independence within (Hardy-Weinberg equilibrium, HWE)
and across loci (Linkage equilibrium, LE) to provide robust inferences about
the potential origin of a sample. In fact, HWE and LE are prerequisites for
the correct estimation of probability of the genotype frequencies. Since the
probability calculations are based on the estimation of the genotype frequencies
from the allele frequencies, any deviation from HWE or LE would distort the
estimated significance.

6.2 Identification and kinship

Individual identification and kinship assessments have been widely used in
various forensic genetic contexts. Early on, the applications were targeted
to resolving crimes (i.e. linking suspect and crime by proving the origin of
samples left at the crime scene), paternity and immigration cases (Jeffreys
et al., 1985) but the spectrum has considerably widened over the years even
though individual identification remains at the center of these investigations.
STR profiling is largely applied in homicides, sexual assaults, paternity,
kinship, search of missing persons, mass disaster victim identification,
exoneration of wrongfully convicted individuals, among others (e.g. Biesecker
et al., 2005; Budowle & van Daal, 2008; Coble et al., 2009; Corach et al.,
1997; Dolan et al., 2009; Huffine et al., 2001). Specific cases that require, for
instance, biogeographical ancestry assessments in cold cases, can however
need the use of specific types of SNPs, known as ancestry informative makers

45



Review of the literature

(AIMs) in the field of forensic genetics (e.g. Romanini et al., 2015). Similarly,
for highly degraded samples, the short amplicons obtained in SNP typing have
a clear advantage over STRs. In addition to autosomal loci, sex chromosome
markers and mtDNA sequences often aid in the resolution of challenging cases
involving, for instance, familial relationships or DNA mixtures (e.g. Amorim
et al., 2019; Roewer, 2019).

6.3 DNA databases and the importance of reference profiles

In criminal investigations, once a genetic profile is obtained from a suspect,
it needs to be compared to reference DNA data or DNA traces from a crime
scene. This involves the screening of dedicated national DNA databases
for possible matches and/or the acquisition of samples from relatives for
genotyping purposes. Although virtually every country manages large DNA
profile collections, not all nations have established government-administered
national databases geared to criminal investigations. By 2013 the largest
databases in the world were from China (20 million profiles) and the United
States of America (12 million profiles) (Ge et al., 2014; Roewer, 2013), each
of which includes a battery of core STR loci. In the United States of America,
the Combined DNA Index System (CODIS), a program developed by the FBI
and created to support law enforcement by administering DNA databases,
includes nowadays 20 core autosomal loci included in its platform. The
National DNA Index System (NDIS), part of the CODIS program, contains ~15
million offender profiles as of January 2022 (CODIS-NDIS Statistics, https://
www.fbi.gov/services/laboratory/biometric-analysis/codis/ndis-statistics),
being arguably the largest database in the Americas. In these country-level
databases, however, non-standard-loci such as uniparental markers, are
absent. Nevertheless, population genetic databases have been implemented
as supplementary sources for forensic investigations. Two widely known
platforms are the Y-Chromosomal STR Haplotype Database (YHRD, https://
yhrd.org) (Willuweit & Roewer, 2007, 2015) and the EDNAP (European DNA
Profiling Group) Mitochondrial DNA Population Database Project (EMPOP,
https://empop.online) (Parson et al., 2004, 2014; Parson & Diir, 2007). More
recently, NGS technologies have facilitated the obtention of both length- and
sequence-based data for various types of markers, which has contributed to the
expansion of existent databases and the creation of new ones. Two examples
are STRidER (STRs for Identity ENFSI Reference Database, https://strider.
online) (Bodner et al., 2016) and STRSeq (The STR Sequencing Project,
https://strseq.nist.gov) (Gettings et al., 2017) databases. Importantly, before
the incorporation of DNA data into all these databases, the genetic profiles are
scrutinized through various quality control steps in a rigorous manner in order
to guarantee their validity and to facilitate standardization. Recommendations
on the best practices in forensic genetics are provided by the European DNA
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profiling group (EDNAP), a working group of the International Society for
Forensic Genetics (ISFG) which also promotes collaborative exercises that
focus generally on methodological and marker specific aspects.

Other databases that have been created for specific identification purposes
also exist. After the World Trade Center (WTC) mass fatality (Biesecker et
al., 2005), the world’s largest forensic case to date, around 22,000 body parts
from 2,753 victims were recovered. Because of the magnitude of this event,
DNA identification efforts centered not only in obtaining genotypes from the
remains and associated biological materials on personal items (e.g. brushes)
but also from the relatives of the victims. Individual genetic profiles from the
WTC were screened against a databank of 20,000 reference samples obtained
from relatives; however, not all victims have reference profiles available for
comparison. During the identification process of the 9/11 victims, in addition
to standard CODIS STR genotypes, SNP and mtDNA profiles have also
been produced (Biesecker et al., 2005). This background demonstrates that
human DNA databases are integral parts of forensic investigations involving
biological samples which is why considerable time and resources are allocated
for building and maintaining them in every country across the globe.

6.4 Forensic genetics in Peru

During the past 20 years, DNA analyses in a legal context have developed
towards international standards also in Peru. At present, certified public and
private entities perform DNA genotyping for various types of markers. One of
these is the Unit of Molecular Biology and Genetics (UNBIMOG: Unidad de
Biologia Molecular y Genética) from the Peruvian Institute of Legal Medicine
and Forensic Sciences (Instituto de Medicina Legal y Ciencias Forenses), a
government-funded institution, that since its creation in 2001, has had the
mission of the identification of missing persons in Peru. Although initially
its main aim was to aid in the search of missing persons during the period
of internal conflict in Peru between 1980-2000 and resolve the identification
of individuals in a fire-induced mass disaster occurred in the city of Lima
in 2001 (Mesa redonda fire), nowadays, this specialized unit handles also
other cases in the civil (e.g. paternity assessments) and penal (e.g. murders)
jurisdictions. They use a wide array of marker systems which include minimal
autosomal STR sets used in the USA (CODIS) and in Europe (ENFSI), as
well as miniSTRs, uniparental markers and indels (https://www.mpfn.gob.
pe/iml/UNBIOMOGY/). This specialized laboratory has produced the largest
genetic database for forensic casework in Peru, but because this information is
sensitive, as they are associated to the above-mentioned mass disaster victims
and cases of missing persons in human rights violations and crimes against
humanity contexts, the access to the genotypes is restricted like in most
national databases. So far, there are no public reports on the status of the
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identification of the Mesa redonda incident by means of DNA typing while in
the case of the internal violence there is significantly more information, which
is briefly summarized below.

The estimation of dead and missing persons during the armed internal
conflict in Peru between 1980 and 2000 is of about 69 000. The largest
percentage of crimes (46%) were committed by the terrorist group Shining
Path (Partido Comunista del Perii — Sendero Luminoso), followed by state
agents (30%), while the remaining amount is attributed to other agents or
circumstances. By the end of their investigation in 2003, the Peruvian Truth
and Reconciliation Commission (Comision de la Verdad y Reconciliacion),
received reports of ~24,000 dead and missing people. The poorest regions
of south-central Peru such as Ayacucho, Huancavelica and Apurimac, where
there was a weak state presence and marginal integration to the national
economic markets, witnessed the origin and escalation of violence that spread
across the country. Not surprising, it was also there where the largest number
of fatal victims occurred (Comisién de entrega de la CVR Peru, 2004). In a
recent report, the number of missing persons was estimated to be 20 329
from which only 6 000 — 8 000 bodies have been recovered (Iannacone &
Parra, 2020) but the status of the number of victims identified by DNA and
other methods is not provided. In their efforts to obtain reference profiles,
the UNBIMOG carried out a large sampling of populations nationwide,
including those critical areas where large human losses have been reported.
This set of reference samples comprised 880 individuals from 20 regions
across Peru (Iannacone et al., 2011). The authors reported an unusually high
proportion of unrelated random matches and heterozygote deficiency in
the Ayacucho region in the Peruvian highlands when analyzing autosomal
and X-chromosome STRs. They speculated this may have been the result
of inbreeding or high co-ancestry levels in this particular region. Although
the authors did not detect deviations from Hardy-Weinberg equilibrium in
the full dataset (whole Peru), they suggest population structure based on a
phylogenetic tree (Iannacone et al., 2011; Iannacone & Parra, 2020). In the
case of the Ayacucho region, the authors highlight the importance of taking
into account the population structure, the degree of inbreeding and admixture
when running a missing person’s profile against a database (Iannacone &
Parra, 2020), a recommendation that does not extend to other regions of Peru.

The persistent social conflicts across the nation due to laws that undermine
the sovereignty of indigenous populations over their land, their water use
and a generalized discontent about the negative effects of mining and oil
exploitation -land, water and air pollution- from big corporations who take
advantage of weak regulations ignites often confrontations between state
agents and indigenous populations. One of these occurred in 2009, in the
territory of the Jivaroan Awajin where a protest (road blockage) that lasted
over 50 days ended in tragedy with the loss of at least 33 lives (Stavenhagen &
Monge, 2009; Stetson, 2012; Ungurahui-IWGIA, 2010).
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Since every year a large number of dead and missing persons as a result
not only of social conflicts but also because of high crime rates in Peru exist, it
deems necessary to continue increasing the available genotypes from various
regions to aid in identification efforts. In this line, with our newly produced
autosomal STR and SNP datasets, the aim was to provide another level of
resolution in the local diversity (length- and sequence-based allele frequencies)
and improve the power of evidence by combining STR and SNP data from the
Northeastern Peruvian populations.

6.5 Power of evidence and forensic genetic parameters

Similar to other types of evidence, DNA must be compared against reference
profiles and the power of a match evaluated statistically. In forensic genetics
this principle is straightforward since the probability of a match can be
expressed numerically after the estimation of allele frequencies in a population.
Commonly used indices indicative of the probability of a match are described
here.

The random match probability (RMP) evaluates the probability of matching
a random profile in a population. Since the loci utilized are independent, the
locus-specific match probabilities are multiplied, meaning that the power of
the statistic in casework depends on the number of loci typed (Balding, 1999;
Foreman & Evett, 2001). The power of exclusion (PE) instead estimates the
efficiency of the set of markers used when it comes to excluding genotypes.
The power of discrimination (PD) is the efficiency of a given set of markers
in discriminating between two unrelated individuals. This is a statistic easily
deducted from RMP (1-RMP), whose power also increases as more loci are
added.

The polymorphism information content (PIC) estimates the probability to
deduce parental alleles when examining the genotypes of a given offspring
(Botstein et al., 1980). The typical paternity index (TPI) instead represents the
likelihood that the alleles present in the child support the assumption that the
tested man is the biological father rather than a random selected man from the
population (Gjertson et al., 2007). The ultimate aim for using forensic genetic
parameters such as these is to assess the usefulness of a specific set of markers
in a target population.
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AIMS OF THE STUDY

All the questions and aims raised in the Review of the Literature can be
approached with genetic tools and data from study and reference populations.
This dissertation crystallizes these problematics by deepening our knowledge
on the contemporary genetic variation in such a remote and understudied
region of Peru. Although the ultimate aim of this dissertation was unravelling
the population structure and demographic history of one region of South
America, the nature and type of markers analyzed here served also another
purpose, to provide new higher resolution data for forensic genetic applications
in Peru. As noted in the previous chapter, questions are numerous as new ones
tend to emerge when adding new layers of information. In genetics, all types
of data have limitations and as such, with the current marker set, we are able
to evaluate some questions while building the foundation for future research.

Specific aims were the following:

1. to assess the amount and nature of genetic diversity in the Chachapoyas
and their neighbors (I, II, III)

2. touncover potential genetic affinities of the Chachapoyas with populations
from Peru and the Americas (I, II, III)

3. to test whether the alleged pre-Hispanic population differentiation
(archaeological and ethnohistorical sources) in the Chachapoyas region
translates to genetic substructure (1I)

4. to establish if the Chachapoyas demographic history resembles the
patterns observed in Andean or Amazonian regions (I, IT)

5. to determine whether Spanish contact during the 16th century caused a
more dramatic population decline on males than on females (II)

6. to assess if European gene flow (autosomal) across the Chachapoyas was
greater in regions where Inca occupation was more intense (II)

7. to measure the levels of genetic diversity in North-eastern Peru by means
of forensically relevant autosomal STR and SNP markers for both length-
and sequence-based data and assess whether the combination of these
markers increases the power in the calculation of various forensic genetic
parameters (III).
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MATERIALS AND METHODS

1. The context: modern populations in this study

Similar to other parts of Peru, the modern populations from the Chachapoyas
region have experienced significant admixture with other populations from
different continental origins after European contact. The current inhabitants
who occupy the territories of the ancient Chachapoyas peoples, recognize
themselves as their descendants although they do not self-identify as members
of any indigenous or native group but as mestizo (admixed) instead. The
reshaping of the local populations, their institutions and their culture by the
Incas and Spanish seem to have indeed removed the signatures of the alleged
ancient ethnic diversity of the region.

The general census of 2017 shows that the population in the territory
where the vestiges of the ancient Chachapoya are distributed, amounts to 262
814, from a total of 379 384 for the whole Amazonas administrative region
(INEI, 2018a). Two recent censuses (2007: 81.8% and 2017: 82.4%) indicate
that most of the population that lives in Amazonas was originally born there.
The total number of people migrating from Amazonas to other regions is
29 688, most of which (38.2%) relocated in Lima. On the other hand, the
region that contributed the largest number of migrants was Cajamarca, with
40 663 individuals (INEI, 2018a). Indeed, large pockets of migrants from
Cajamarca are common in southern towns such as Leymebamba but they are
also present around Kuelap (Evelyn Guevara, personal observation). Near
the city of Chachapoyas, the capital of Amazonas, a town referred as Huancas
represents an enclave population whose ancestors came from the Mantaro
valley in Junin before the Spanish arrived in the area. The Huancas district
has a population of 1 258 individuals (79% males and 21% females) (INEI,
2018a), although in the town of the same name there are probably only from
200 to 250 people (Evelyn Guevara, personal observation). In the northern
part of Amazonas region, particularly in the provinces of Condorcanqui and
Bagua, we can observe the largest number of people that belong to the Jivaro or
Chicham ethnolinguistic group, which includes Awajin and Wampis speakers.
Awajun is the second largest indigenous group (419 communities) from the
Peruvian tropical rainforests while the Wampis population is moderately
large (65 communities) (INEI, 2018b). In 2017, the combination of these two
indigenous peoples amounted to around 40,000 individuals in the Amazonas
region (INEI, 2018a). A sampling across Amazonas, which incorporated these
modern populations was utilized in this dissertation (Figure 2).
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2. Samples

Saliva samples from 382 individuals from the northeastern Peruvian Andes
were collected for this research. All of these were used in publication I while
a subset from this initial set was employed for study II and III (Table 1). The
research was approved by the Hospital District of Helsinki and Uusimaa Ethical
Committee (permit #329/13/03/00/13). We followed ethical guidelines such
as the Declaration of Helsinki and subsequent amendments and we obtained
permission from local authorities in Peru. All authorities, community
representatives and each sample donor were informed about the nature and
aims of the study. DNA was extracted using a high salt protocol extraction
(Quinque et al., 2006). For data analysis, samples were grouped considering
the place of birth up until the grandparents’ generation for individuals in the
Chachapoyas region, in the town of Huancas, the linguistically differentiated
Jivaro and migrants from Cajamarca in the Chachapoyas territory. Locally,
within Chachapoyas, samples from towns and small villages were pooled
into subgroups historically (colonial) or archaeologically affiliated, such
as Chillaos, Corobamba, Kuelap, Pomacochas (see publications I and II for
details). Similarly, for autosomal data, the Jivaroan set was divided into its
original units labeled Awajan and Wampis.

Reference datasets from published sources were also included in the
analyses. For study I, HVR-I data from 99 additional reference populations
were included. In the case of Y-STR analyses, haplotypes (up to 17 loci) from
68 reference populations were gathered. In study II, mitogenomes from 78
worldwide reference populations were included. In the case of Y-STR data, 88
worldwide (23 STRs) and 79 Native American (17 STRs) reference datasets
were used. Autosomal data from 31 reference populations was included for
study II while a subset of 21 populations from this reference dataset was
used for study III. Details of these reference datasets are provided in the
supplementary files of publications I-III.

Table 1. Number of study samples per publication

Study Marker Chachapoyas Jivaro Huancas Cajamarca Total
mtDNA (HVR-I and HVR-Il) 277 47 21 37 382

: Y-chromosome (23 STRs) 113 24 12 25 174
mtDNA (Full genomes) 102 42 4 16 164

: Y-chromosome (SNPs) 120 24 12 21 177
I, Il Autosomal (27 STRs and 94 SNPs) 180 38 9 14 240
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3. Methods

The methods utilized in this dissertation are briefly described here. Please refer
to the Materials and Methods sections of each original article for a detailed
description of protocols and computational work. Table 2 summarizes all the

methods utilized in publications I-III.

Table 2. Methods and corresponding publications

Methods

Sample collection (fieldwork)
DNA extraction
Genotyping and sequencing
1) HVR-I and HVR-Il mtDNA
2) Full mtDNA
3) Y-STR (23 loci co-amplification)
4) Y-SNP multiplexes
5) Autosomal STRs and SNPs
Data analysis
1) Grouping strategy (surname and relatedness analyses)
2) Genetic diversity and genetic distances
3) Rarefaction
4) Haplogroup frequency permutation
5) Phylogenetic reconstruction (Neighbor-Joining)
6) Principal component analysis (PCA)
7) Principal coordinates analyses (PCoA)
8) Multidimensional scaling (MDS) plot
9) Mantel test
10) AMOVA
11) Mismatch distributions
12) Tajima’s D and Fu’s Fs
13) Bayesian skyline plot (BSP)
14) Hardy-Weinberg Equilibrium (HWE) and LinkageDisequilibrium (LD)
15) Clustering analyses (STRUCTURE)
16) Length- and sequence-based allele count
17) Expected and observed heterozygosity
18) Forensic parameters (RMP, PE, TPI, PIC)
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RESULTS

These results are based on the analysis of new genotypes from four populations
(Table 1) and reference datasets from the Americas and the world for mtDNA,
Y-chromosome and autosomes (see Materials and Methods). The focus is
mostly on the Chachapoyas dataset but information from the other study
populations complements the observations at a regional level.

1. Haplogroups in the study populations
1.1 MtDNA

Haplogroup assignments were based in HVR-I and HVR-II sequences
(Study I) as well as in full mitochondrial genomes (Study II) whose absolute
frequencies are given in Figure 8. In study I, the Chachapoyas had about
89% of Native American haplotypes. Non-Native American haplotypes in
the Jivaro and Huancas were very rare (< 2%) whereas it was higher in the
Cajamarca (8%). Most populations had haplogroups B and C as the most
common, with the exception of the Huancas, which showed haplogroup A
and B as the most frequent. Interestingly, haplogroup D was absent in the
Jivaroan sample. When the Chachapoyas set was divided into sub-units
(Chachapoya, Chillao, Corobamba, Pomacochas, Rodriguez de Mendoza,
La Jalca, Leymebamba and Chilchos), Rodriguez de Mendoza and Chilchos
lacked haplogroup A. In study II, the incorporation of full mtDNA genomes
increased the accuracy of subhaplogroup assignment. Here, over 95% of
haplotypes belonged to haplogroups A2, B2, C1 and D1 in the Chachapoyas.
For the other study populations, the frequency of haplogroups had similar
distribution patterns as in study I. In order to determine whether the lack
of haplogroup A2 in the subunit Rodriguez de Mendoza was due to chance,
random sampling procedures were computed. Assuming average Peruvian
haplogroup frequencies (N = 442), 2-9 observations of A2 are expected in
a sample of 27 individuals. This suggests that the lack of A2 in Rodriguez
de Mendoza is not a sampling artefact but due to real population-specific
processes. The random sampling method revealed also that in the Jivaroan
sample, haplogroup B2 was significantly more common and haplogroup D
was less common than expected. Among the other Chachapoyan subunits,
Pomacochas had haplogroup B2 as more common than expected. Similarly,
haplogroup H was more common than expected in the Chillao and Rodriguez
de Mendoza subunits.
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Figure 8. Bar plots showing the absolute frequency of mtDNA haplogroups in study | (a) and
study Il (b). Non-Native American haplogroups were combined in the category “Other”.

1.2 Y-chromosome

Y-chromosomal haplogroups were estimated based on STR-haplotypes (Study
I) and by direct SNP assignment with multiplex assays (Study II). In study I,
roughly 60% of haplotypes in the Chachapoyas belong to haplogroup Q, the
most frequent haplogroup in the Americas. The Jivaro and Huancas, had
even a larger proportion of haplogroup Q (=91%) whereas in the Cajamarca,
non-Native American haplogroups were more frequent (52%). In study II,
haplogroup Q (58%) was the most frequent for the Chachapoyas, followed
by non-Native American haplogroup R (20%). Haplogroup Q was also
predominant on the other study populations (43-96%) where non-Native
American haplotypes were rarer. Absolute frequencies for all populations in
both study I and study II are visualized in Figure 9.

2. Genetic diversity in northeast Peru

2.1 MtDNA

For both, study I and II, high levels of Native American haplotype diversity
were observed in all study populations (h = 0.93) at local and continental
levels, even after rarefaction methods (Study I). Huancas though, exhibited

less diversity for full mtDNA genomes in Study II (h = 0.83). Other indices
of genetic diversity such as nucleotide diversity (;1) and mean number of
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Figure 9. Bar plots showing the absolute frequency of Y-chromosome haplogroups in study
| (a) and study Il (b). Non-Native American haplogroups were combined in the category
“Other”.

pairwise differences (MNPD) also suggested high diversity in the Chachapoyas.
Haplotype diversities in the study and a few reference populations are shown
in Figure 10a.

2.2 Y-chromosome

Similar to mtDNA data, high levels of Native American haplotype diversity
were observed in most study populations (h = 0.92) for both, study I and
study II. However, the level of diversity in the Huancas for study II was also
relatively low (h = 0.88) (Figure 10b). The MNPD pattern of the Chachapoyas
also resembles the moderate diversity observed in non-admixed populations
from South America.

3. Genetic differentiation

3.1 Regional differentiation

3.1.1 MtDNA

In study I, the Chachapoyas had small but significant differences with the Jivaro
and Huancas (@g; < 0.05, p < 0.05) but non-significant differentiation from the
Cajamarca. In study II, for the merged set including samples from (Barbieri
et al., 2017), the Chachapoyas had non-significant genetic affinities with the

Cajamarca while the comparisons with the Jivaro (®g; = 0.08) and Huancas
(@gr = 0.13) in turn showed significant (p < 0.05) genetic differentiation
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Figure 10. Haplotype diversities of study and few selected reference populations (Study I1)
for mtDNA (a) and Y-chromosome (b). Pomacochas, Rodriguez de Mendoza and La Jalca
appear as independent Chachapoyan subunits while the remaining subsets were pooled
under the label “Chachapoyas”. Reference populations include an African and a European
set, and populations from the South American Andes and Amazon. Population sample sizes
are shown within each bar.

(Figure 11). In study II, genetic differentiation was also explored locally among
the Chachapoyan subunits. Here, the Pomacochas subunit showed clear
differentiation from the others (@g = 0.11, p < 0.05) whereas Rodriguez de
Mendoza tend to differentiate only from two of the other subunits, Chachapoya
and Pomacochas (@g = 0.06 and &g, = 0.16, p < 0.05).

3.1.2 Y-chromosome
In study I, the Chachapoyas had short but significant genetic distances with

the Huancas and the Cajamarca (@sr= 0.05, p < 0.05), and remained distant
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to the Jivaro (@sr= 0.17, p < 0.01). In study II, our dataset was also merged
with that from (Barbieri et al., 2017). Here, the Chachapoyas had affinities
only with the Huancas but clearly differentiated from both the Jivaro and
the Cajamarca (Figure 11). At local level, when evaluating the Chachapoyan
subunits, only the Pomacochas differentiated clearly (®sr > 0.1, p < 0.05) from
the rest of the subunits.
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Figure 11. Schematic illustration of the genetic affinities among study populations. Wide
arrows represent higher differentiation while narrow ones indicate lower differentiation. An
asterisk (*) shows significant values p < 0.05. Circles reflecting approximate sample sizes.
The Pomacochas subgroup is shown as to reflect its geographic proximity to Jivaro (Based on
results from Study Il). Unpublished figure.

3.1.3 Autosomal markers

When considering 121 autosomal markers (27 STRs and 94 SNPs), there
were short but significant genetic distances (Fgr < 0.01, p < 0.05) among all
pairwise comparisons including the study populations, except between the
Chachapoyas and the Cajamarca.

3.2 Continental differentiation

3.2.1 MtDNA

For study I in the context of Peru, the Chachapoyas showed little differentiation
to ancient and modern populations from the North and Central Peruvian Andes
as well as with populations in the Peruvian Altiplano (@sr = 0.05, p < 0.05). In

South America, small but significant genetic distances were observed mainly
with populations from northern South America (French Guyana, Colombia)

58



Results

and Central America (Panama). Interestingly, in NJ trees the Chachapoyas
assume a basal position among most South American populations. This is also
supported by a PCA based on mitochondrial haplogroup frequencies where
the Chachapoyas situate near the centroid. In study II, when including full
mitochondrial genomes, the Chachapoyas show short genetic distances with
ancient and modern populations from Central Peru (®sr = 0.05, p < 0.05). In
the context of the Americas, the Chachapoyas had lower differentiation with
various populations from Colombia and northern Ecuador, as well as with a
general population from Mexico. In MDS plots, the Chachapoyas situate near
the centroid while the other study populations cluster either with Andean or
Amazonian populations.

3.2.2 Y-chromosome

In study I we observed little differentiation (®sr = 0.05, p < 0.05) with
populations from the north and central Peruvian highlands as well as
with Chilean populations (i.e. Mapuche and Tehuelche). In NJ trees, the
Chachapoya is also basal to most Andean and Amazonian populations. For
study II, low differentiation with other populations from the Americas were
much less common than for mtDNA. There were only short genetic distances
between the Chachapoyas with three central Andean populations and one
Amazonian group from Peru (®sr = 0.04 — 0.05, p < 0.05). Interestingly, in
this study shorter genetic distances were detected between the Chachapoyas
and the Mbya Guarani from Argentina (®sr = 0.03, p < 0.05). The MDS plot
shows the Chachapoyas situated in between Andean and Amazonian groups
and the other study populations falling in either Andean or Amazonian clusters
(Figure 12).

3.2.3 Autosomal markers

For comparisons at intercontinental level, five additional populations
were included in the analyses, namely Yavapai (Wendt et al., 2016), AFA =
African American, ASN = Asian American, CAU = Caucasian, HIS = Hispanic
(Churchill et al., 2017; Novroski et al., 2016), all from the USA. The pairwise
comparisons indicate close affinities between all study populations and the
Hispanic (HIS) set. On the other hand, the Caucasian (CAU) showed affinities
(Fsr = 0.02-0.05, p < 0.05) only to the Chachapoyas, the Jivaroan Awajan and
the Cajamarca. The African American (AFA) and the Asian American (ASN)
datasets remained distant to all study populations.
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Figure 12. Y-chromosomal MDS plot based on genetic distances and including reference
populations from the Americas. Note the central position of the Chachapoyas in the plot.
Adapted from Supplementary Figure S4 in Guevara et al. PLoS One 15(12), 2020 (CC BY 4.0

license).
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4. Further insights on population structure
4.1 Analysis of molecular variance (AMOVA)

With the aim to find the most homogeneous groups for both lineage markers,
AMOVA was applied to search for groupings that minimized the within-group
(Fsc) and maximized the among-group (Fcr) variation. Two different scenarios
were tested. In the first one the Chachapoyas were included in (1) Amazonian,
(2) coastal Pacific, (3) Andean or (4) Altiplano. This arrangement did not
yield low Fsc values indicating large interpopulation differences. In the second
scenario, the Chachapoyas were included in either of these three regions: (1)
Amazonia, (2) Peruvian coast or (3) Peruvian Andes. Here, Fsc values were
similar to the ones obtained in the first scenario.

Hierarchical analyses were also applied to the local level (i.e. Chachapoyan
subunits) together with the Amazonian Jivaro. A reduction in mtDNA Fsc
values was observed only when the Pomacochas subunit was grouped with
the Jivaro. In study II, very small and non-significant Fsc and Fcr values also
pointed to negligible population structure with any kind of marker used (see
Table S13 from study II).

4.2 Admixture proportions

Admixture proportions for autosomal data were assessed at three hierarchical
levels, (1) intercontinental, (2) intracontinental and (3) regional levels. At
the upper level there were four well defined clusters (In P (X|K) and AK)
associated with African, European, Asian and Native American ancestries. At
the second level, in the context of the Americas, there were three clusters,
namely European, Native American and a 3 component which could not be
associated to any of the known major groups. This component was observed
in high proportions in the Chachapoyas and also in the Awajin and Wampis
even when including a reduced set of markers (18-27 loci). Independently
of their geographic origin, all study samples clustered together showing no
substructure in the context of other populations from the Americas (HIS and
Yavapai). Despite this, there is an emerging admixture pattern at local level,
i.e. Chachapoyan subunits. The Native American component is present at
more than 50% in individuals from Chachapoya, Chillao and Pomacochas.
On the other side of the spectrum, individuals from Kuelap, Leymebamba
and Rodriguez de Mendoza, generally exhibited more than 50% of European
ancestry (Figure 13).
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Figure 13. STRUCTURE plot for K = 3, showing the proportion of Native American and European
ancestry in the Chachapoya subgroups as well as the 3@ component of unidentified origin
(purple). Adapted from Figure 3 in Guevara et al. PLoS One 15(12), 2020 (CC BY 4.0 license).

4.3 A perspective from ordination methods

For the same autosomal data, another means to clarify potential population
structure in the Chachapoyas was with PCA. Samples from all study
populations and the dataset CAU (European ancestry) were included in the
analyses. Here some individuals from the populations Chachapoyas, Awajin
and Wampis clustered together in a cline towards the Native American group
clearly differentiating from the European set (see supplemental Figure 7 in
Study II). To verify the position of this small 3¢ group, the clustering method
output was used to build another PCoA plot. Samples were first binned
considering the proportion of the third unknown component in three classes,
light grey = 0-20%, grey = 21-59% and black = 60-100%, and then they were
plotted in a new PCoA. Similar to the initial plot, samples containing > 60% of
the 3 unidentified component cluster together in a cline towards the Native
American group (Figure 14).

In order to have more insights on the origin of the 3¢ unidentified
component, samples having > 60% of this component were grouped in a new
synthetic population and then compared with other populations worldwide in
a pairwise fashion. This was carried out with 116 loci and 10 loci, depending
on the availability of published reference data and the completeness of the
reference genotypes. Considering the 10 loci dataset, the 3 component shows
affinities (@sr < 0.05, p < 0.05) with HIS (Hispanic from the USA) as well as
with urban populations from Mexico, Chile and Nicaragua. The comparisons
with CAU (European ancestry) and Huelva (a Spanish population) show large
genetic distances (@sr = 0.07, p < 0.05). In MDS plots, the 3 unidentified
component remains distant to most populations, being relatively close only to
the Amazonian Cashibo from Peru when using the 10 loci dataset.
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Figure 14. PCA showing a small cluster with individuals harboring more than 60% of the 3
component in black. Adapted from Figure 4 in Guevara et al. PLoS One 15(12), 2020 (CC BY
4.0 license).

5. Demographic history
5.1 Mismatch distributions, Tajima’s D and Fu’s Fs (Study I)

For mtDNA data, the Chachapoyas mismatch distribution is multimodal
exhibiting peaks at four, seven and twelve differences. Although there is a drop
in diversity at one difference, there is an increase in diversity at 0 differences.
The other study populations show similar patterns but have lower frequencies
at one, two and three differences. In the context of South America, most
populations exhibit a drastic reduction in their diversity with frequencies
dropping at one to three differences but the Amazonian populations seem to
have been more severely impacted. On the other hand, few Andean populations
showed no signs of a drastic reduction in their diversity. The Chachapoyas had
also large and statistically significant negative Fu’s Fyg (Fs = -24.11948, p <
0.001) and Tajima’s D (D = -1.56347, p < 0.029) values, indicating population
expansion which is compatible both with the high levels of diversity and its
mismatch distribution in this population. The mismatch distribution for
Y-chromosome data is unimodal with a peak at thirteen differences. The other
study populations had multimodal plots suggesting constant population sizes
with few instances of reduction of their diversity.
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5.2 Coalescent approach: BSP (Study II)
5.2.1 MtDNA

The BSP plots for all study populations and Chachapoyan subunits show a
marked population growth in the distant past at around 500 generations (12.5
kya, all estimations assume a 25-year generation interval), which reaches a
plateau at about 250 generations ago (6.3 kya). Later on, a reduction of the
effective populations size (IN.) starts at around 125 generations ago (~3 kya)
continuing gradually up until recent times (Figure 15a). In the context of South
America, the BSP of the Andean region is very similar to the ones described for
our study populations. However, the Amazonian BSP does not show any peak
of growth at any stage in stark contrast with the study populations (see Figure
1B in study II).

5.2.2 Y-chromosome

An accurate estimation of the male effective population size usually requires
Y-chromosomal sequence data which is rarely produced. Since coalescent
approaches based on more readily available STR data are not well established,
past male population dynamics are seldom assessed. In order to compare
female and male past effective population sizes, we assumed an experimental
approach to construct BSPs with Y-STR marker data.

The Y-chromosome BSP of the Chachapoyas shows a marked population
growth at around the same time as the mtDNA plot, from 600 (15 kya) until
reachingaplateauat200 generations ago (5kya). Afterthis, thereisapopulation
decline that persists until reaching its lowest point at 25 generations ago (~625
years ago). This deep population contraction of around 50% parallels the time
of Spanish conquest. Unlike the mtDNA BSP, a male population rebound of
about 20% is observed in the Chachapoya which is absent in the mtDNA data
(Figure 15b). In the case of the Amazonian region, a very modest population
increase is observed. Later on, its population size declines continuously
from 250 generation ago (~6.3 kya) until reaching its lowest point at 110
generations ago (~2.8 kya). After this, a rebound of the population size similar
to the Chachapoyas is observed in this dataset. Unlike the Amazonian BSP,
the Andean region does not show any signatures of population decline in the
recent past. Instead, it exhibits a two-stage increase in N.. The first one at 512
(12.8 kya) generations ago and a second at 73 generations ago (1.8 kya) (see
Figure 2B in study II).

It is relevant to note that the temporal congruence between mitochondrial
and Y-chromosome BSP markers support the validity of the results based on
Y-STR data presented here.
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Figure 15. BSPs of the Chachapoyas pooled for mtDNA (a) and Y-chromosome (b). Adapted
from Figure 1 and Figure 2 in Guevara et al. PLoS One 15(12), 2020 (CC BY 4.0 license).
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6. Tests of independence and forensic genetic parameters
6.1 HWE and LD (Studies Il and lIll)

HWE tests were performed in (1) each study population, (2) in the pooled
Northeastern Peruvian dataset (all study populations) and (3) in the context of
Peru. In the first case, after correction for multiple testing, there was only one
significant HWE deviation (locus D1S1656) in the Chachapoyas. When pooling
all study populations, one HWE deviation was detected for Northeastern Peru
(locus rs2111980). When including other reference populations from Peru and
our own datasets but less markers, two deviations were detected (Penta E and
D3S1358).

Linkage disequilibrium was tested in 27 autosomal STRs (aSTRs) and in
94 autosomal identity informative SNPs (iiSNPs). After applying correction
for multiple testing, just two pairs of syntenic loci showed departures from
expectations, one in the Chachapoyas (rs13182883 - rs338882) and one in the
Cajamarca (rs6955448 - rs917118). When merging our study populations and
after correction for multiple testing, only one pair of loci showed departures
(rs13182883-rs338882).

6.2 Length- and sequence-based genotype differences (Study lll)

NGS technologies allowed the investigation of nominal allele lengths in
conjunction with sequence-based information for different type of markers.
Here a recount of the findings on STR and SNP autosomal variation is
provided. For STR loci, six of them did not show any increase between length-
and sequence-based genotypes in any of the study populations: CSF1PO,
D10S1248, D17S1301, D22S1045, THO1 and TPOX. The remaining ones
exhibited some form of allele gain. For instance, the loci that showed the
greatest allele gain were D12S391, D13S317, D21S11, D2S1338, D3S1358 and
VWA (Figure 16). When examining the 94 iiSNPs, about 33% of them had an
increase in the number of alleles for sequence-based genotypes that include
the flanking region (i.e. microhaplotypes).

6.3 Hex, and RMP in the Chachapoyas (Study lll)

Expected heterozygosity (Hep) and RMP were calculated for both length-
and sequence-based genotypes in all study populations; however, results are
presented only for the Chachapoyas, the dataset with the largest sample size
(N =172). In this set, there was considerable intra-allelic sequence variation
in a large number of loci which increased their He.s,. Here, the percentage
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Figure 16. Length (LB) and sequence-based (SB) genotype frequencies for autosomal markers
in all study populations. Adapted from Supplementary Table Sla in Guevara et al. Forensic
Sci. Int. Genet. 52: 102487, 2021.

increase in Heg ranged from 0.2% in Penta E to 28.4% in D4S2408. For STRs,
the average single-locus RMP was 0.123 + 0.084 for length-based genotypes
and 0.096 + 0.069 for sequence-based data. When examining iiSNPs, the
average single-locus RMP for length- and sequence-based genotypes were
0.452 + 0.112 and 0.436 + 0.123, respectively. The lowest RMP by locus
for length- and sequence-based genotypes was Penta E (0.013 and 0.012
respectively), and the highest was observed in locus rs1357617 (0.862 and
0.841, respectively). Finally, the combined RMP (aSTRs + iiSNPs) for length-
and sequence-based data in the Chachapoya were 8.14 x 10°? and 4.15 x 10-%7,
respectively, adding more power than when STRs and iiSNPs are calculated
independently.
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DISCUSSION

During recent years there has been an increasing effort to obtain genome wide
data from Native American and admixed populations from Peru. This newlevel of
resolution has allowed to explore population dynamics pre- and post-European
contact in various regions of Peru (Harris et al., 2018). It has also facilitated to
unveil gene flow events in north Peru that linked diverse environments (coast,
highland and jungle) signaling the importance of genetic barriers such as
geography and culture to gene flow across regions (Borda et al., 2020). Despite
considerable advances on completing the genetic landscape of this area of the
globe there are still few underrepresented regions of Peru that deserve our
attention. In order to fulfil this aim, this dissertation constitutes one of the first
approaches to understand the population structure and demographic history
of northeastern Peru by using various kind of genetic markers. This research
has aimed to assess the levels of genetic diversity in the Chachapoyas from
the northeastern cloud forest as well as their neighbors. By doing so, we have
uncovered short- and long-distance genetic affinities of the study populations
with others from the Americas and detected insubstantial pre-Columbian
substructure in the Chachapoyas region. Furthermore, we have assessed the
impact of the Spanish contact in the local demography which revealed different
trajectories for lineage markers. In addition to these, we have explored the
patterns of European gene flow by using autosomal markers while providing
relevant data that can be useful for forensic genetics in Peru and South America.

1. High levels of genetic diversity in the Chachapoyas

Several ethnohistorical sources document a drastic population decline in the
Chachapoya territory before, during and after European contact (Church,
1996; Cook, 1981; Schjellerup, 2005). Initially, the Incas applied a relocation
policy which consisted in the transference of segments of the Chachapoya
population(s) to different locations across the Inca domain (Schjellerup,
2005). Later on, at the time of European contact, diseases, war, forced labor,
also caused population decline in this and many other Peruvian regions
(Cook, 1981). Despite these diverse lines of evidence suggesting a dramatic
population decline in the region, these changes appear to be not so profound
when examining solely the modern genetic diversity and required instead to
scrutinize the fluctuation in past population sizes to detect events of population
decline. We found high levels of genetic diversity in the Chachapoyas for both
lineage markers (mtDNA and Y-chromosome) studied here. Additionally,
other metrics such as large negative Tajima’s D, Fu’s Fs and unimodal
mismatch distributions for Y-chromosome, indicate that there was no drastic
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reduction of the effective population size in the Chachapoyas (Study I).
Genetic diversity may indeed survive after population size declines that could
be considered as catastrophic in humans, as suggested from studies in other
mammals (Kekkonen et al., 2012). Our studies (Study I and IT) and other work
(Barbieri et al., 2017) have stressed the singularity of the Chachapoyas, which
is evident in the lack of extensive haplotype sharing between Chachapoyas
and other populations from Peru and South America. This has led to claims
on which the high diversity in the Chachapoyas has been ascribed to the
genetic composition before the Inca conquest (Barbieri et al., 2017). However,
based on the available data, it is problematic to specify time frames for the
development of such high levels of Native American diversity in the gene pool
of the Chachapoyas because we are not examining directly the ancient genetic
variation in a diachronic fashion. Similarly, the origin of this “Chachapoyan
diversity” being local or having other influences cannot be established since
only a few neighboring populations have been studied so far.

The high diversity observed in the Chachapoyas was also reflected in the
large N. estimates (Study II). This observation complies with studies exploring
the levels of diversity of other species in the region. A study that relied on
the analysis of birth and persistence of biological diversity indicates that
topography and climate are the main drivers of diversity (Rangel et al., 2018).
In silico and empirical data in this study point to Northeastern Peru and
Southwestern Ecuador as one of the hotspots of biodiversity in South America
(Rangel et al., 2018). Rich ecosystems such as these, would mean higher
environmental net production that could support population growth in many
species including humans. It is important to note that this Andes-Amazon
interface, which was densely occupied by the ancient Chachapoya people,
has different kind of ecosystems over a relatively short geographic distance,
which could have buffered the local populations (human and non-human) in
times of environmental change (Loreau & de Mazancourt, 2013). The ability
to maintain higher or more stable population densities through time would be
reflected in higher genetic diversity of the local human communities (Freeman
et al., 2020; Lewis et al., 2020; Tallavaara et al., 2018).

2. Cryptic population affinities

The ancient and modern Chachapoya people have inhabited a territory on the
eastern slopes of the northern Andes which has a gradient of ecosystems that
culminate in the vicinity of the Amazonian basin. Here, there are a series of
corridors that provide suitable access routes for the acquisition of goods and
movement of people (Church & von Hagen, 2008). Early lithic assemblages
(12000-11000 BCE) linking this area to the Peruvian highlands and the
Ecuadorian coast indicate that long distance movement of people occurred
since very early times (Church, 1996). Later on, during the Late Intermediate
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Period (1100-1475 CE), it is common to find pottery from the neighboring
Andean Cajamarca region in Chachapoya sites. During the Late Horizon or
Inca Period (1475-1532 CE), pottery associated again to the Cajamarca and to
the Chim1 from the Peruvian north Coast (Guillén, 1998; Guillén et al., 2011)
provide also evidence for long distance exchange dynamics. When situating the
Chachapoyas in the context of South America, genetic affinities are observed
with Andean but also with coastal and Amazonian populations (Studies I and
IT). For both mtDNA and Y-chromosome data, the Chachapoyas assume a
basal position in phylogenetic trees (Study I) and a location near the centroid
in MDS plots (Study II), which may hint to a combined Andean-Amazonian
ancestry and/or connections.

For mtDNA data, a trend is also observed in affinities with populations
from more distant locations such as northern Ecuador, Colombia, French
Guyana, Panama and Mexico (Studies I and II). For Y-chromosome, affinities
are geographically more restricted than for mtDNA data, confined only to the
Mapuche and Tehuelche from Chile (Study I) and the Mbya Guarani from
Argentina (Study II). These affinities with different geographically distant
populations from the Americas may suggest the survival of common shared
ancient genetic diversity accumulated during much earlier periods.

Locally, considering only the study populations, the Chachapoyas showed
affinities with the Cajamarca but differentiated from the Jivaro and Huancas
in the case of mtDNA data. For Y-chromosome, the Chachapoyas had affinities
with the Huancas and Cajamarca and remained distant to the Jivaro. These
findings point to different population dynamics for males and females in the
Huancas which despite the hundreds of years of admixture with the Chachapoya
people still retain their original female genetic diversity. The genetic affinities
between the Chachapoyas and the Cajamarca are not surprising since there
is archaeological evidence of intense exchange networks at least starting by
the Late Intermediate Period (1100-1475 CE) as well as more recent waves of
migrants from the neighboring region of Cajamarca towards the Chachapoya
territory. The differentiation of the Jivaro from the Chachapoya is also expected
as there are no documented accounts of Jivaroan migrations further south into
the Chachapoya area or vice versa. However, gene flow was detected between
the northern Chachapoya territory (comprising Pomacochas, Jumbilla and
Yambrasbamba) and the Jivaro.

2.1 Pomacochas - Jivaro connections

When the Chachapoyan subunits were examined, only the Pomacochas (which
includes also Jumbilla and Yambrasbamba localities) clearly differentiated
from the other subgroups for both lineage markers (Study II). In addition to
this, affinities between the Jivaro and the Pomacochas subgroup were observed
also for autosomal data. Although within archaeology/ethnohistory it remains
to be established whether the area around Pomacochas and further north share
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cultural features with the other regions considered part of the Chachapoya
realm, potential historical connections between these areas cannot be ruled
out. Forinstance, ithasbeen suggested that the historical Jivaro and the ancient
Chachapoya peoples shared some cultural traits (Guffroy, 2006; Koschmieder,
2014b), however, the available archaeological evidence supporting that notion
is still insufficient. Despite this, two recent independent studies (Borda et al.,
2020; Nakatsuka et al., 2020) have identified east-west gene flow linking the
north Peruvian coast and north highlands, and also affinities with Amazonian
populations located to the east of the northern Andes. Indeed, one genome-
wide study (Borda et al., 2020) found gene flow between the Chachapoyas
and populations from the Jivaroan ethnolinguistic stock such as the Awajin
and Candoshi. This gives further support to our finding and suggests potential
genetic connections between the Jivaro and neighboring populations from the
eastern slopes of the Andes, which may or may not have signified actual cultural
exchanges. Archaeological/ethnohistorical research examining connections
between these regions may shed light on the nature of those interactions in
the future.

3. Lack of substructure within Chachapoyas

Even though recent archaeological and ethnohistorical research point
to cultural diversity in the Chachapoyas region at least during the Late
Intermediate period (1000-1475 CE) (Church & Guengerich, 2017), there are
no strong signatures of modern genetic subdivision in the region. Although
certain degree of genetic differentiation among some Chachapoyan subunits
(autosomal: Pomacochas; mtDNA: Rodriguez de Mendoza) was observed, the
markers examined indicate that present-day substructure is insubstantial.
We did not detect any signs of substructure in the allele/genotype
distributions by HWE-tests or by the clustering method (implemented in
STRUCTURE). The HWE test is a relatively sensitive method, but failed
to show any deviations, and, similarly, all Chachapoya samples clustered
together regardless of the hierarchical setting in which they were placed
(intercontinentally, the Americas or regionally), showing again no detectable
population substructure.

3.1 Autosomal variation component of undetermined origin in the
Chachapoyas

In addition to the Native American and European components, a third autosomal
component was detected among the Chachapoyas and the Jivaroan Wampis
and Awajin. Within the Chachapoya sample this component was commonly
observed in higher frequency in some subunits (e.g. Pomacochas) whereas it
was nearly absent in others (e.g. La Jalca). This autosomal component could not
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be directly associated to any modern source population but clearly differentiated
from African, European and Asian populations in clustering analyses.

With the aim of unveiling the origin of this variation, individuals with > 60 %
of the component of undetermined origin were placed in a synthetic population
and compared in a pairwise fashion to reference populations worldwide. Again,
the analyses did not show obvious affinities with African, European or Asian
variation. When including more reference populations from the Americas but
lessloci (10STRs), the unknown component had affinities with a few populations
from the Americas (e.g. Nicaraguan mestizo). In MDS plots the 3 unknown
component remained distant to most populations with the exception of the
Amazonian Cashibo from Peru. Since the exact origin of this variation could
not be clarified, we are confined to indicate it may be of Native American origin
based on the genetic distance evidence. Interestingly, a relatively recent study
(Barbieri et al., 2019), which analyzed over 600,000 SNPs and more populations
from western South America, identified two autosomal components of alleged
Amazonian origin. The first one, labeled as “Amazonia North”, is observed in
populations to the east of the northern Andes in Ecuador and Colombia, and
the second one, “Amazonia Core” distributed mostly among populations from
the north Peruvian tropical rainforest. Based on the geographic proximity and
the high frequency among the Amazonian Jivaro, we could speculate that the 3
unknown component has ties with the “Amazonia core” component or to other
Amazonian populations from the vicinity. This however, cannot be tested with
our current data and resolution.

4. Asymmetrical European gene flow in the Chachapoyas

Similar to other South American populations (e.g. Bolnick et al., 2006;
Gaya-Vidal et al., 2011), gender-biased European gene flow was observed
in the Chachapoyas. Non-Native American haplotypes in the Chachapoyas
account for 5% in the mitochondrial data and 42% in Y-chromosome data.
When Europeans arrived in the region, they formed alliances with the local
populations and founded the city of Chachapoyas as their capital. Due to its
importance as the center of Spanish rule during colonial times and because
it is still the largest city in the whole region, it would be rather intuitive to
find a higher proportion of European autosomal variation in the Chachapoya
subgroup. In addition to this, using as a proxy the presence of Inca settlements,
which is more pronounced on the east side of the Utcubamba River, one could
hypothesize Spanish occupation was restricted to the localities in this area
as they already had a well-established infrastructure at hand. However, the
largest European contribution was observed in the subgroups Leymebamba,
Kuelap and Rodriguez de Mendoza, of which only the first situates to the east
of the Utcubamba River. Potential explanations to all these patterns are as
follows. Leymebamba is one of the most important settlements on the eastern
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slopes of the northern Andes and is located in a key position along one of the
most frequently used roads that crosses the Andes and the Marafon River.
Since the Late Horizon period (1100-1475 CE), this road system was vital
to connect the Cajamarca and the Chachapoyas regions as well as the town
of Uchucmarca in the south (Schjellerup, 2005). During the Early Colonial
Period (1532-1600 CE), this route also facilitated the movement of Spanish
conquistadors into the region and most likely the introduction of European
individuals into the local communities. In the 16th century, during a visit to the
area around Rodriguez de Mendoza, archbishop Mogrovejo identified already
various Spanish settlements (Mogrovejo, 1921[1593]). Although there are no
reports indicating significant Spanish migrations particularly in this region
later on, the area seems to have been an important place for European settlers,
which is reflected not only in their genetic make-up but also in their particular
Caucasian phenotypic traits. A number of factors such as warmer climate,
fertile soil and large rivers may have also contributed to draw the attention
of the new settlers to permanently establish in this area. Kuelap is one of the
largest and most important archaeological sites in the Chachapoyas region.
The site has been recognized as a center of religious and political power for the
local populations before the Spanish conquest (Narvaez, 2013). Despite this,
it has been seldom cited in early documents and was rediscovered late during
the 19th century (Narvaez, 2013). It remains unclear why there is a large
proportion of European variation in this area and what motivated European
migrations here. However, although less frequently than in Rodriguez de
Mendoza, people with Caucasian phenotype are often observed in the area
around Kuelap and neighboring localities.

5. Demographic trajectories

Demographic histories were assessed for both mitochondrial and
Y-chromosome data. Mismatch distributions, Fu’s F,, Tajima’s D and
coalescent approaches (i.e. BSPs) all convey the same picture of population
expansions in the Chachapoyas for both lineage markers. During more recent
times, however, fluctuations in the effective population sizes differed between
lineage markers and regions (Andean/Amazonian).

5.1 Sex-specific BSP differences

Interestingly, the BSP graphs for males and females show no evidence for a mid-
Holocene demographic collapse registered in archaeological radiocarbon and
palaeoclimatic data (Riris & Arroyo-Kalin, 2019). Population declines for both
mtDNA and Y-chromosome occur instead around 125 generations ago (i.e. 3.1
kya). This signal roughly coincides with a period of decreased solar irradiation,
“The Homeric minimum”, which has been linked to global climatic change,
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including heightened El Nino oscillation (Sandweiss et al., 2001; Wanner et al.,
2008). Particularly in the Chachapoya territory, pollen and charcoal records
from Lake Pomacochas show disturbances in landscape around 3 kya (maize
cultivation and reduced forest taxa), which indicates paradoxically heightened
human activity (Bush et al., 2015). However, we cannot discard the possibility
that local populations, during adverse times of environmental change, may have
colonized new areas adjacent to the lake for maize cultivation which led to a
high signal of landscape disturbances. Thus, the evidence of heightened human
activity around the lake may not necessarily imply population growth but rather
mobility of the communities.

Nonetheless, differences in the effective population size trajectories between
the lineage markers during the last 125 generations (3 kya) are evident. The
mitochondrial BSP exhibits a continuous decline that intensifies in more recent
times but does not show a specific point of drastic population contraction in the
recent past. The Y-chromosome BSP on the other hand, has a steep population
decline starting c. 150 generations ago and reaching its deepest point around 25
generations ago (~625 years ago). This 50% reduction in effective population
size would coincide with the time of Inca or Spanish conquest in the region
if a generation interval of 23 or 20 years is assumed, which is not altogether
unrealistic. It could well reflect the effects of the relocation policies imposed by
the Incas during the Late Horizon period (1475-1532 CE), which caused certain
degree of depopulation in the Chachapoyas region. However, a more severe
population decline is associated with demographic changes during and after
European contact (Cook, 1981; Koch et al., 2019). All these historical events
showed that European contact had a profound impact on the local demography.
In line with this evidence, the current genetic data allowed us to pinpoint with
more certainty the time of occurrence of this event and to clarify the differences
between males and females which otherwise would remain speculative.

5.2 Regional-specific patterns of variation

BSP plots from Andean and Amazonian reference populations show
also dissimilarities. For Andean male and female datasets, high effective
population sizes are observed. Amazonian populations, on the other hand,
exhibit a contrasting pattern characterized by smaller population sizes and
very moderate to non-existent population growth in the distant past. These
contrasting demographic patterns related to environmental differences
between Andean and Amazonian populations have been previously observed
for Y-chromosomal data (Tarazona-Santos et al., 2001). When examining each
Chachapoyan subgroup, most BSPs show Andean-type demographic patterns,
with the exception of Pomacochas and Corobamba, whose patterns resemble
the ones from the Amazonian area instead. This provides additional support
to the evidence of Amazonian Jivaro affinity of Pomacochas described above.
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6. Forensic genetics aspects

The newly obtained autosomal length- and sequence-based STR and SNP
datasets are one of the first of this nature in South America and the only one
of its kind in Peru. The added information provided by sequence information
will likely be of utility in forensic casework, particularly in challenging cases
such as kinship or mixture deconvolution. However, since length data for
more than 15 loci are still scant in the Americas, our 27 STR set provides a
more comprehensive screening of the variation in South America.

6.1 Deviations from independence

When combining all study populations (i.e. Northeast Peruvian) and when
this set was merged with the Peruvian reference data, there was only one
HWE deviation, indicating that this set can be utilized in forensic casework.
Significant LD deviations were observed only in three pairs of syntenic loci,
two in the Chachapoyas and one in the Wampis. It has been demonstrated
that across the human genome, regions separated at > 0.3 ¢cM harbor little
LD (Rogers, 2014). Although these three pairs of loci showing deviations from
LD are separated by > 0.9 ¢cM and chance may explain these LD departures,
we cannot rule out possible population-level mechanisms at play in these
particular populations.

6.2 Levels of diversity and forensic parameters

In all populations, an increase in the number of alleles was observed for STRs
when comparing length- and sequence-based genotypes. However, six out of
27 autosomal STRs did not show any increase (CSF1PO, D10S1248, D17S1301,
D22S1045, THO1 and TPOX) which is in line with previous observations in
other populations (Delest et al., 2020). Although the other study populations
have smaller sample sizes, substantial variation for different sets of loci was
also detected. There are more alleles for both length- and sequence-based
genotypes in the Chachapoyas when compared to the other study populations.
However, due to the small sample sizes of the other study populations, it
cannot be assessed whether the differences found are the result of underlying
greater diversity or sample size bias.

The comparisons of length- and sequence-based genotypes show also an
increase in expected and observed heterozygosity for most STR loci, which
adds to the growing body of evidence of length and sequence data differences
observed in other populations from the Americas (Gettings et al., 2018;
Novroski et al., 2016; Wendt et al., 2017). In the case of identity informative
SNPs, 33% of these showed sequence-based allele gains (microhaplotypes)
but this type of data is still quite rare for admixed and non-admixed Native
American populations which is why comparisons cannot yet be carried out.
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Although in Peru STR and SNP markers are not customarily combined,
it has been demonstrated that the calculation of genetic parameters for
combined marker sets increases the statistical power, as observed in this and
other studies (Delest et al., 2020; Wendt et al., 2016).

6.3 The importance of increased diversity at sequence level

The increase in number of alleles at sequence level in various markers
improves discrimination power which can be useful in kinship and mixture
deconvolution cases. This aspect is particularly important when applied to
Peruvian populations since, in the central highlands, high levels of random
matches and heterozygote deficiency have been detected while investigating
cases of missing persons (Iannacone et al., 2011; Iannacone & Parra, 2020).
When examining our study populations, we did not observe unusually high
levels of random matches or heterozygote deficiency, which may be also the
result of higher levels of non-Native American admixture in northeastern
Peru. In the context of South America, unveiling a new level of variation
with sequence-based data can contribute to resolve kinship investigations in
complex regions such as the central Peruvian highlands, a task that can be
difficult to accomplish when using nominal allele lengths.

At a wider scale, genetic distances and structure analyses considering
our study populations and other Native American sets were not able to
uncover population structure within Peru. This is largely due to the reduced
diversity of populations in the Americas, where a larger number of markers is
necessary to tear apart different native ancestry components (e.g. Nakatsuka
et al. 2020). In forensic genetics the increase in heterozygosity provided by
sequence data can prove advantageous for identity testing in regions of the
globe with reduced indigenous genetic diversity (e.g. Wendt et al. 2016).
Large scale genotyping for both length and sequence-based alleles of Native
Americans by NGS technologies is nearly absent, which is why it is important
to continue characterizing various populations as hidden variation remains
to be identified. For instance, STR sequence variants have been detected
in specific populations while absent in others (Novroski et al., 2016). This
implies that new sequence data can shed light on “private” alleles in certain
geographic regions or populations, important for the assessment of ancestry
of individual samples.
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CAVEATS AND LIMITATIONS

As noted above, different types of data have also inherent limitations. One of
the main caveats, particularly for study II, is that we did not examine directly
the ancient genetic diversity as it would have been expected when evaluating
questions that involve diachronic perspectives such as Chachapoyas origins
and pre-Columbian population substructure. Indeed, genetic data comprising
different time points gives a more detailed picture of certain past demographic
phenomena which may be concealed in the present-day variation. However,
the inferences provided here are mostly based on robust evidence and laid
out as to reflect the limitations of the data. Another issue is associated to the
sets of markers used, particularly in the case of STRs and SNPs that have been
selected for forensic genetics use. It is clear that a large number of genome-
wide markers (millions of SNPs) could give another level of resolution but
demographic history patterns have often been deducted based on a reduced
number of markers for decades. These patterns have been mirrored later on
with studies including a large number of markers showing again the usefulness
of a small set of markers. Another problem in the Americas, even when using
large numbers of markers, is the low level of genetic diversity which prevents
the identification of different Native American ancestries. This is an issue
closely related to the ascertainment bias of the panels used, since, some of
them were designed to uncover variation on a global scale and because few
Native American populations were initially included in the assays. It is still
a pending task to design new arrays that include more indigenous variation
from the Americas to aid in the assessment of fine-grained genetic structure.

In this thesis, for comparison purposes, reference genotypes from a large
number of populations were gathered from published sources. Obviously, in
case of a number of independent studies, the quality and extent of this data
varies, partly in unknown fashion. Furthermore, there are large gaps in Peru
and South America where there is little or non-existent genetic information
for the type markers used in this study. These undoubtedly restrict the type of
comparisons that can be made and the questions that can be evaluated with
genetic data.

Regarding the methodology for the construction of coalescent-based
BSPs with Y-STR data, it has been previously discussed in Study II that the
methods used are well established for sequence data (usually mtDNA but also
Y-chromosome genomes). However, while using this experimental approach
with Y-STR genotypes both sequence (mtDNA) and STR (Y-chromosome)
data show very similar patterns, which gives good support to the validity of
the results.
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CONCLUDING REMARKS AND FUTURE
PROSPECTS

For decades, much of the focus of genetic research in South America was
largely in the central highlands of Peru, but, more recently, new studies
in the upper Amazon have started to unveil the genetic intricacies of a
complex region in terms of populations dynamics. Among those studies, this
dissertation has opened new avenues in the genetic investigation of the cloud
forests of northeast Peru. As such, this work is not only important in the field
of population genetics in Peru but also provides new data for other applied
research such as forensic and medical genetics. Several questions about the
genetic structure and population history of the Chachapoyas from northeast
Peru and their immediate neighbors were resolved with this dissertation while
new ones emerged. The main findings of this research can be summarized as
follows:

e Among the study populations and in the Americas, the Chachapoyas
showed exceptionally high levels of Native American genetic diversity.

e In the context of the Americas, the Chachapoyas exhibited different
patterns of genetic affinities for lineage markers but both lines of evidence
hint to affinities with populations from the Andes and the Amazon alike.

e Although the archaeological and ethnohistorical body of knowledge portray
Chachapoyas as a diverse entity in terms of material culture and ethnicity,
there was negligible population structure in the region.

e Forlineage markers, the demographichistory of the Chachapoyas resembles
the patterns of populations from the Andean area where larger population
sizes existed. Furthermore, there are differences between the sexes, with
males being more drastically impacted by European contact.

e Similar to other regions of the Americas, there was asymmetrical gene
flow for lineage markers, meaning a larger European contribution for
Y-chromosomes than for mtDNA. In the case of autosomal markers there
was also asymmetrical European gene flow across Chachapoyas although
the pattern does not mirror Inca settlement density which was used as a
proxy for more intense European settlement in the region.

e From the forensic genetics point of view, the new sequence-based
data provided by this research added another level of resolution when
characterizing genetically the populations from northeast Peru.

The following steps on the study of the Chachapoyas include the analyses

of the ancient aDNA variation in the same study area. This new study, which
was originally conceived as part of this dissertation, is still ongoing since its
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spectrum has also broaden considerably to include stable isotope data and
other ancient human populations from the tropical rainforest and the central
Peruvian coast.

Atthetimeof print of this dissertation, we are analyzing genome capture data
(~1.2 million SNPs) from 82 ancient Chachapoyan individuals from various
archaeological sites and spanning several archaeological periods (800-1600
CE), including pre-Columbian and early colonial samples. The aims of this
follow-up study are to elucidate the origin of this ancient population (coastal,
Andean or Amazonian), establish whether there is population continuity up
until modern times and determine if there were pre-Columbian European
migrations in the region, among others. In collaboration with researchers from
Finland and Germany we are also exploring ancient pathogens persistence
and evolution particularly in the context of pre- and post-Columbian contact
in Peru.

The possibilities of analyzing human and pathogen genomes from
contemporary and past populations is increasing exponentially and the
computational methods have more power to detect fine grained patterns so
that we can explore many other questions about a populations/species past
diseases and evolution. The Chachapoyas and various aspects of their life will
still remain a mystery but as technological advances occur and more data is
produced, we are one step closer to understand their full dimension and their
key role in the context of Peru and South America.
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