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Abstract

Patagonia is a region that has fascinated researchers for centuries
considering the evidence of early human occupation, its geographical
and environmental variability, and the diversity of human adaptations.
From an archaeological and bioanthropological perspective, the region
has been the focus of many studies addressing a wide range of
questions, from a broad scale, such as the peopling of the Americas, to
a local scale concerning the diversity and interactions of human
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populations. For three decades, paleogenetic studies have contributed
to the understanding of population dynamics in the region: first using
uniparental markers, particularly mitochondrial DNA in a much larger
proportion; and more recently including genome-wide data for ancient
individuals. In this work, we revise these studies considering three
themes: (1) the first stages of migration into the region; (2) the
diversification and interactions of populations during the Middle and
Late Holocene; and (3) the link between present-day and ancient
populations. While genetic evidence from the early peopling stages is
either absent or scarce, making it difficult to evaluate the relative
contributions of early South American lineages in the first Patagonian
populations, evidence from later periods (from Middle Holocene
onwards) is consistent with a single migration wave with founding
events and genetic drift acting on small groups during their migration
southward. After the initial occupation, the population dynamics seem
to have been characterised by the relative isolation of different groups,
leading to their differentiation. While there is evidence of some degree
of gene flow between groups, the genetic structure in the region is
generally associated with geography, subsistence systems, and
languages. After European contact, paleogenetic data supports a
relative genetic continuity in the region. We finish this review with a
fourth theme in which we reflect on the current state and direction of
the field in Patagonia, highlighting research lines that will benefit from
the implementation of state-of-the-art paleogenomic approach, as well
as legal and ethical considerations that would allow to move forward
into a more collaborative and inclusive field.

Keywords: Paleogenetics; ancient DNA; uniparental lineages; genome-
wide data; South America; Human Population Genetics; Demography

1. Introduction

The population history of the Americas has been a matter of intense
debates for decades with some regions occupying a more protagonist
role. One such region has been Patagonia, where the evidence of early
human occupation, its geographical and environmental diversity, and
characteristics of human adaptations, has been a subject of continuous
interest. Described as the “end of the world” and characterised by its
harsh environment, Patagonia has been a centre of attraction for
centuries. The region comprises the southern parts of Chile and
Argentina (Figure 1A). However, its northern boundary varies between
the western (Chile) and eastern (Argentina) portions following geo-
political and environmental criteria. In geographic terms, the Andes are
one of the most relevant features of the region, influencing the
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continental watershed (i.e., Pacific, and Atlantic) and in many cases
indicating the international boundaries. The Pacific slope or western
Patagonia extends from the 42°S (Reloncavi Sound) to the south,
reaching the Cape Horn area (~56°S). Meanwhile, the north boundary of
the Atlantic slope or eastern Patagonia is located south of the Colorado
river (36°S near the Andes and 39°S in the coast), including the present-
day provinces of Neuquén, Rio Negro, Chubut, Santa Cruz, Tierra del
Fuego and the southern part of Buenos Aires Province in Argentina [1].
In this review we focus on the region south of 41°S, considering the
northern limit of Chilean Patagonia and extending it to the Atlantic coast
(Figure 1). Therefore, we exclude northern Patagonia Argentina as its
population dynamics are more closely related to central Chile and the
Argentinean Pampas (Figure 1) [2-4].

Focusing on the characteristics of the human occupation of the region,
several differences have been highlighted through archaeological,
ethnographic, and ethno-historical sources, reflecting the cultural
diversity in Patagonia. Within the archaeological record, there is
evidence of changes in the use of the space and resources, interpreted
as technological transitions [5]. Meanwhile, since the 16th century,
populations in the region were characterised according to their
subsistence strategies in maritime or terrestrial hunter gatherers, as
well as some groups with mixed economies (see Box 1 for a brief
contextualisation of the post-European contact period). Within
maritime groups, which occupied most of western Patagonia, three
major groups were identified: Chono, in the region south of Chiloé
island to the Gulf of Penas; Kawésqar, immediately south of Chono until
the Brecknock Peninsula; and Yamana, south of Brecknock Peninsula
and on the Beagle channel shores (Figure 1A) [6-8]. In Tierra del Fuego,
two other groups were recognized: Selk'nam, a terrestrial hunter
gatherer group occupying most of the island; and Haush (or Manek-
enk), characterised as a mosaic as they share features with terrestrial
and maritime hunter gatherer groups. Both groups share the same
language group [9], symbolic system [8], and the absence of navigation
technology. Moreover, Haush is sometimes considered a sub-group
within Selk’'nam [8,10]. However, their high reliance on marine resources,
evidenced by stable isotopes data [11], resemble maritime groups.
Finally, Tehuelche populations had a terrestrial economy and occupied
a vast territory in the continental Patagonia, north of the Magellan Strait.
Some internal divisions among Tehuelche have been proposed from a
linguistic perspective [9,12]. In particular, the groups inhabiting the
south of Santa Cruz River name themselves Adnik-enk. It is worth
mentioning that Tehuelche, Selk'nam, and Haush belong to the same
Chon language family [13]; while Chono, Kawésgar and Yamana languages
are described as isolated, albeit sharing a common origin [14]. All these
groups maintained a nomadic hunter gatherer subsistence system by
the time of contact with western society (see Box 1).
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Figure 1. Overview of the region of interest. (A) Map of Patagonia with landmarks mentioned
throughout the article, and tentative limits for the geographic ranges of ethnic groups discussed in
the text at time of contact (for guidance only). Dashed line: the 41S latitude used as the northern
bound for the following maps (only sites south of this bound are considered in this review).
(B) Location of archaeological sites from the Late Holocene (light grey) or unknown period (dark
grey), and for which autosomal (down-pointing triangles) or mitochondrial (up-pointing triangles)
genetic data is available. (C) Location of archaeological sites from the Middle Holocene, and for
which autosomal (down-pointing triangles) or mitochondrial (up-pointing triangles) genetic data is
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available. (D) Location of archaeological sites from the Pleistocene (dark grey) and Early Holocene
(light grey) mentioned throughout the article, with the up-pointing triangle representing Bafio
Nuevo I site for which mitochondrial data is available, and circles the sites for which no genetic data
has been produced to date. The grey shade represents the land above sea level at 13,100 BP, when
sea level was 100m below the current one [15], and estimated using SRTM30-plus topography. The
figures have been generated with R, using the packages terra and sf. Geographical data have been
obtained from ggplot2 R [16] package for administrative borders, HydroSheds webpage for rivers
[17] and lakes [18], and from Natural Earth webpage for relief.

Box 1. Historical overview of European contact and national
states territory incorporation. The available evidence from the
historical period, considering this as the period from which written
records of the region were done, suggest that the history of the
Patagonian territories that are currently within the Argentinean and
Chilean borders was similar in several ways. Europeans became
acquainted with this region as part of the Magellan expedition in 1520.
They started navigating through the area with the purpose of finding
a path between the Atlantic and Pacific oceans, with sporadic
encounters with local populations, leaving us topography names
that reflect the kind of emotions that these lands inspired in them:
e.g., “Puerto Hambre” (Port Hunger), “Bahia Desolacién”
(Desolation Bay), “Ultima Esperanza” (Last Hope). Scientific
expeditions, aiming to describe the geographical, environmental, and
demographic features of the area, did not start until the 18th
century. Most of the early depictions of the indigenous populations
made by European explorers described them as seemingly poorly
adapted to the extreme cold and harsh conditions of the region [19].
Later on, during the second half of the 19th century, permanent
settlements were established as part of religious missions with the
goal of gathering indigenous people and imposing European
culture, for example, Anglican in the Beagle Channel and Salesian in
northern Tierra del Fuego and the western Archipelagos [20].
Subsequently, the Chilean and Argentinean nations undertook the
appropriation of Indigenous territories, resulting in the confinement
of local populations in religious missions. This phenomenon is
particularly evident in the Argentinean Patagonia with the so-called
“Conquest of the Desert” [21]. Similarly, on the Chilean side, the
State’s interest on the industrial development of the region led to
the establishment of several livestock (sheep) ranches or estancias (a
phenomenon also observed in the Argentinean Patagonia), as well as
to the exploitation of marine resources, with the corresponding
immigration of Chilean colonists [22,23]. Along all this period,
Indigenous communities were severely affected by diseases, wars,
forced labour and relocations, witnessing a significant population
decrease [24-26] since the establishment of the binational frontiers
in 1902 as the result of the Pacific war (1881), both States have
historically failed to recognise and validate the presence and ancestral
rights of Indigenous Peoples [27]. In the 1990s, movements for
recognition, rights and equality became publicly visible [28], and
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acquired greater strength in the 2000s, as a result of re-emergence
processes of Indigenous Peoples wrongfully considered extinct [29-
33]. Since 1994, the Argentinean Constitution recognizes the ethnic
and cultural pre-existence of Indigenous Peoples, as well as the legal
status of their communities, and the community possession and
ownership of the lands they traditionally occupied (Art. 75 Inc. 17).
Meanwhile, on the Chilean side only two Indigenous groups,
Kawésqgar and Yamana, were initially recognized by law (law N°
19,253, 1993), and only recently (2023) Selk'nam was included.
However, the creation of natural protected areas and exploitation of
marine resources has been in conflict with the recognition of the
traditional territories of the different communities in the region [22].

In this work, we provide a review of the population history of Patagonia,
emphasising the archaeological and genetic evidence. In terms of
genetic research, there have been multiple studies in the context of
continental-wide initiatives as well as regional approaches, being a
region intensely studied. To date, maternal lineage has been
characterised and genome-wide data has been generated for ~300
individuals from the late to early Holocene (last 13,500 years before
present; yr BP), respectively, most of which dated to the Late Holocene
(last 3,500 yr BP; see Figure 1 for a timeline). While research across this
sub-region has not been geographically or temporarily even (Figure 1),
there is evidence suggesting shared cultural and biological features in
the area, supporting the need of its consideration as a whole. We
organise this review considering four major themes: (1) the first stages
of migration into the region; (2) the diversification and interactions of
populations during the Middle and Late Holocene; (3) the link between
present-day and ancient populations; and (4) general considerations of
paleogenetic studies in the region and future research directions.

2. First stages of human migration

Patagonia was initially occupied by small groups of hunter gatherers
with different ranges of mobility [34]. This generated a dispersed
archaeological record, making the paleodemographic study of these
groups a challenging matter [35]. It has been suggested that the
occupation of this region took place in a multidirectional process,
dependent on environmental changes and the availability of resources
[36]. This would have occurred in three stages: (i) exploration of the
uninhabited territory, during which no evidence of human burials is
expected to be found; (ii) colonisation, understood as the consolidation
of groups in specific areas; and (iii) effective occupation of the space, in
which every desirable territory is used [37].

The access point(s) of the first settlers to this region is particularly
interesting given that it represents the end of the global dispersal path
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of Homo sapiens [36]. In western Patagonia, it has been suggested that
the initial exploration stage would have taken place soon after the
retreat of the glaciers. While there is no genetic or bioanthropological
evidence associated with individuals from this early stage of human
occupation, the Monte Verde site, dated to 14,500 cal yr BP (calibrated
years before present) [38-41] in north-western Patagonia, would be a
key evidence supporting this hypothesis [38,42], being the oldest record
within the Southern Cone of South America (which encompasses present-
day Argentina, Chile, Uruguay and southern Brazil). Archaeological
evidence also suggests the presence of human populations in eastern
Patagonia in the beginnings of the Pleistocene-Holocene transition
(13,500 yr BP), probably in the early stages of occupation [43,44],
considering the archaeological localities of Piedra Museo [45,46] and
Cerro Tres Tetas [47] in the central Deseado Massif (Santa Cruz,
Argentina) (Figure 1D). Further south, within the Magellan Basin, there
are other early records of human activity in Cueva Lago Sofia [48], Cueva
del Medio [49] and Cueva Fell [50], where fishtail projectile points and
fires have been found dating up to 12,800 cal yr BP. On the present-day
island of Tierra del Fuego, which was still connected to continental
Patagonia [15], the oldest records of human activity come from fires
located in the northern and central region of the island, from around
12,000 cal yr BP (Tres Arroyos 1 site) [51-53].

Around 10,000 yr BP, i.e., towards the end of the Early Holocene (13,500-
8,500 yr BP), the colonisation stage would have begun, when the
presence of populations is visible in the archaeological record, for
example at the site El Chueco 1 (Cisnes River valley, central Chilean
Patagonia) and Bafio Nuevo-1 [40,41,54-56]. Notably, human burials
have only been dated after this stage had begun, as to the oldest human
remains reported are dated to ca. 10,000 cal yr BP (at Bafio Nuevo-1 site;
[41]). Several paleoenvironmental studies suggest that, at the
beginning of the Late Holocene, the landscape conformation of the
region was as it is today [57], and that the general improvement in
climatic conditions could have favoured the expansion of the
Patagonian populations that were already in a stage of effective
occupation of the entire steppe [54,58,59].

Concerning the origins of the first inhabitants of the region, the first
evidence comes from craniofacial morphometry studies which have
proposed models with the arrival of two different populations to explain
the variations observed in the ancient and present-day populations of
the American continent [60-62]. Within this framework, Patagonian
populations were described as “relicts” since their craniofacial
morphology was associated with the earliest migration wave. Although
initially supported by some mitochondrial DNA (mtDNA) studies [63],
this hypothesis was challenged by other morphological investigations
that attributed the observed phenotypic variability to the effect of
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random and non-random microevolutionary forces on a single
migratory wave [64-67]. Later, mtDNA and, more recently, genome-
wide studies, showed that the variation present in Patagonia is related
to other South American lineages [68]. The absence of significant
genetic differentiation between ancient individuals bearing these
different morphologies, further support a common origin [69-71].

Ancient DNA studies of Y-chromosome have been carried out since the
early stages of genetic research in the region [72-74], focusing on Short
Tandem Repeats (STR) and the C to T transition at the DYS199 locus as
a diagnostic polymorphism of Q-M3 haplogroup (also known as Q1b1a1la
(ISOGG 2019)), a widespread lineage across the Americas. In all
individuals from Patagonia yielding positive results, the lineage Q-M3
has been characterised. Given that the data from Y-STR is scarce, without
enough overlapping markers, and low variability among individuals, the
comparison between populations is difficult. Genome-wide studies did
not change the picture substantially, since almost all the male
individuals with enough coverage were found to carry the same Q-M3
lineage, or were otherwise classified inside the upper clade Q-M36 as
the diagnostic position is missing [69,70,75,76]. The only exception is a
Late Holocene individual from Mitre Peninsula with Q-Z780 [76], which
is a low frequency clade spread across South America and Mexico. This
lineage has a coalescent time slightly older than Q-M3 (19.3ky BP versus
15.4ky BP) and has been proposed as genetic evidence of an older
peopling of South America [77]. The potential of whole Y-chromosome
analysis for a fine scale population dynamic has yet to be exploited.

MtDNA studies have shown that Patagonia is the least diverse region in
South America, with a prevalence of haplogroups C1, D1 and D4h3a5
towards the south, with B2 mainly restricted to the north at low
frequencies [63,68,72,73,76,78-80] (Figure 2C and Table S1). This pattern
is compatible with the effect of founding events and genetic drift acting
on low population size groups during their southward dispersal. The
earliest mitochondrial genetic evidence of Patagonia comes from the
Bafio Nuevo-1 site, dated to ca. 10,000 cal yr BP, and where 5 of the 6
individuals yielding enough DNA carry haplogroup B [41]. In addition,
the lineage B2b has been characterised in two other locations from
western Patagonian: the site Ayayema, dated to ca. 4,700 years BP [70]
and site Bahia Buena dated to ca. 6,700 years BP [74], each with a single
individual. Towards the Late Holocene haplogroup B2 is found at a
frequency of 31% in Salitroso Lake basin [81,82] as well as in other areas
of continental southern Patagonia (but with no peer-reviewed
publication for those [83,84]). The early representation of haplogroup B
suggests that this lineage was present in the first migratory waves
towards the southern tip of the continent. Thus, its absence or limited
presence in later populations of southern Patagonia (continental and
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insular) could be associated with an original low frequency and later loss
by drift, sampling bias or gene flow associated with later migratory waves.

Moreover, mtDNA studies in present-day populations have been used
to infer early entry routes and population movements. For instance, the
distribution of the lineage D4h3a along the Pacific coast of South
America has been suggested as evidence of the migratory route followed
by the first populations [85]. In Patagonia, a regional sub-haplogroup
(D4h3a5) has been described in ancient and present-day populations
[78,85,86] (Figure 2 and Table S1). As D4h3a5 derives directly from the
Beringia founding clade, this evidence suggests an early population
arrival to the region probably following a Pacific route, in agreement
with the archaeological evidence of early sites along the Pacific slope
[87]. These early southward migrations may have been interrupted by
ice sheets, which would have led to movements through the Atlantic
slope [80]. Meanwhile, evidence from the Atlantic coast is still very
scarce [88], which may be due to the great variation in its coastal
geomorphology through time, especially during the Pleistocene-
Holocene transition, when the deglaciation of the Cordilleran ice sheets
occurred [36,89-93]. The geomorphology on the Atlantic and Pacific
coasts (flat and steep, respectively) implied a different reconfiguration
of the coastlines on both sides (Figure 1D), making it more likely that
the earliest evidence of human occupation is currently underwater for
the eastern settlement route (in the submarine plains) than for the
western one (in submarine abrupt waterscape).

Considering the evidence from genome-wide data, ancient and present-
day individuals from Patagonia are part of the major South Native
American (SNA) lineage, first characterised in Anzick-1 individual from
Montana (USA) and linked to the Clovis archaeological culture
[69-71,75,76,94]. Several SNA lineages have been described so far, and
the links among them and their relative contributions into the different
regions of South America remain to be disentangled [70,71,95,96]. The
evidence of a putative replacement across South America of a first
lineage (SNA1) associated with Anzick-1 by later migration waves [71] is
challenged as new genomes are generated and new demographic
models are suggested [96,97]. Later migration waves (i.e., not related to
SNAT1), have been assigned to SNA2 lineage, associated with individuals
linked to the Western Stemmed Tradition [98]. However, the term SNA2
is used to describe lineages that have different origins (e.g., see the
models reported in [95,96]). These pulses of population influx appear to
have a heterogeneous genetic legacy across the subcontinent
[70,71,95], and their importance in the demographic history of
Patagonia remains unclear. However, a recent study proposed that the
SNA2 lineage, associated with ancient individuals from North America
(Spirit Cave site), would have contributed directly to all Patagonia
populations, in contrast to an early wave associated to Anzick-1 (SNA1)
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[95]. The presence of other early lineages (ie., population Y or
Australasian-related ancestry) or later migrations (i.e., migrations
associated to Mixe and Channel-Island related ancestries during the
Middle Holocene) have not been found in Patagonia [70,71].
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Figure 2. Distribution of maternal lineages in the region. MtDNA data
was compiled from the literature and, when possible, the sequences
were inspected to pinpoint additional diagnostic mutations to assign
individuals to sub-clades according to the state-of-the-art phylogeny
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(see Table S1 for details). We grouped individuals according to
geography and time to provide the lineage frequencies in pie-charts
sized according to the sample size. (A) Present-day Indigenous
communities (data from [38]); (B) Late Holocene individuals; and
(€) Early (grey outline) and Middle Holocene (black outline) individuals.
(D) Colour code and schematic phylogeny of represented clades.
* indicates that the sequence range was insufficient to identify any
sub-clade. x() refers to all other sub-clades except those included
between parenthesis. @ means reversion to the ancestral state.

3. Diversification and interactions among human populations
during the Middle and Late Holocene

Through the analysis of uniparental markers (mtDNA and Y-chromosome)
and genome-wide data, we have also learned about the genetic
diversity and structure of the populations that inhabited Patagonia
during the Middle and Late Holocene. As mentioned before, in general
terms human groups from the region are characterised by a reduced
genetic diversity compared to other populations in the Americas. This
was initially suggested by early mtDNA research, highlighting the lack
of certain mitochondrial lineages, particularly A and B haplogroups [63].
Although later work has found evidence of B2 mtDNA lineages in the
region, their frequency as well as their geographical and temporal
distributions are quite restricted (Figure 2). In addition, the identification
of these lineages has been possible only after a significant increase in
the sample size and geographical coverage. The overall low uniparental
genetic diversity [63,72-74,76,78,99], together with the reported
excess of short Runs of Homozygosity [75] and the low conditional
heterozygosity [76] from genome-wide data, support a reduced
effective population size. This scenario is compatible with the founder
effect(s) during the peopling of the region, followed by isolation and
persistent small group sizes. However, the data produced so far has not
allowed to estimate the demographic changes across time. Particularly,
the question of effective population size during the initial peopling and
later periods remains open.

Despite the overall low uniparental genetic diversity, since 2015 genetic
studies have been providing insights into population dynamics and
differences within Patagonia, especially during the Middle and Late
Holocene. A broad comparison, performed by Crespo et al. [100],
compiled the data available in the literature for the mtDNA
Hypervariable Region I (HVRI), finding significant differences between
three main regions: north, south, and insular Patagonia. Although this
analysis groups together individuals usually considered separately
based on their cultural features (e.g., north Tierra del Fuego and Beagle
Channel), it provides a more comprehensive approach and has the
strength of supporting the heterogeneity of populations in Patagonia
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from a molecular perspective. Differences in mtDNA diversity has also
been evaluated in a later work by comparing individuals according to
their inferred subsistence strategy: maritime, terrestrial and mixed
economies, finding that maritime groups are more diverse than the
terrestrial ones, while no significant differences has been found
between terrestrial and mixed economy groups [74].

Further differences have been evaluated comparing the mtDNA
variation between individuals from the Patagonian Archipelagos. De la
Fuente et al., [73] compared the mtDNA diversity using the HVRI and II
of ancient individuals dating to the last 2,000 years. While previous
research suggested the presence of only C and D lineages, this work
showed significant differences between maritime hunter gatherers
from two regions (Figure 2B): south of the Beagle Channel (with C1
lineages at high frequency) and the western Archipelagos between
Brecknock peninsula and Puerto Edén (with D4h3a lineages at high
frequency). More recently, the mitochondrial DNA variation during the
Late Holocene of the northern part of the western archipelago, in
particular the Chono archipelago, was analysed. Moraga et al., [78]
found significant differences between ancient individuals from the
Chono archipelago and the ones described further south, supporting
the presence of a distinctive group in this area. However, the authors
also described some shared lineages within maritime hunter gatherers
from other areas of the Patagonian archipelago. Moreover, the analysis
of mitogenomes allowed them to describe a monophyletic derived
clade, D4h3a5a1, which has been almost exclusively found in maritime
hunter gatherers across the western Archipelago. Since this sub-lineage
has not been identified in terrestrial groups [75,76], it supports a deep
shared history for most maritime groups or some level of interaction
among them [78], which is further supported by genome-wide analysis
[75,76]. However, the ancestral D4h3a5 is observed in present-day
Tehuelche [80], and in individuals from the Late Holocene in south-
eastern Patagonia [81,86] and the Late Holocene (including historical)
from north Tierra del Fuego [76,101]. This difference between terrestrial
and maritime haplotypes, with more derived ones in the latter,
was interpreted as evidence supporting a local origin of maritime
populations [73,78,86].

The genetic data of ancient individuals from mainland Patagonia is
more limited than in the archipelagos, since the available information
comes mainly from mtDNA HVR of a handful of Late Holocene
individuals from south Santa Cruz province in Argentina (south-eastern
continental Patagonia) [86,102,103], four individuals from the coast
of Chubut (north-eastern continental Patagonia) [72,104], and 16
individuals from Salitroso Lake basin (north-western Santa Cruz) [81],
where two mitogenome are available [82]. The lineages found are those
typically characterised in Patagonia (C1, D1g and D4h3a5), with the


https://paperpile.com/c/QKK9uM/B4mxT
https://paperpile.com/c/QKK9uM/coTp1
https://paperpile.com/c/QKK9uM/qQole
https://paperpile.com/c/QKK9uM/Uza9L+Ha8ES
https://paperpile.com/c/QKK9uM/qQole
https://paperpile.com/c/QKK9uM/Uza9L+Ha8ES
https://paperpile.com/c/QKK9uM/EOM4W
https://paperpile.com/c/QKK9uM/WLFVS+E6e10
https://paperpile.com/c/QKK9uM/Ha8ES+UJJx4
https://paperpile.com/c/QKK9uM/coTp1+WLFVS+qQole
https://paperpile.com/c/QKK9uM/sXa6j+WLFVS+JEQXQ
https://paperpile.com/c/QKK9uM/qlayC+DAZD4
https://paperpile.com/c/QKK9uM/E6e10
https://paperpile.com/c/QKK9uM/zLLU2

Human Population Genetics and Genomics 2024;4(1):0003 Page 13 of 34

exception of one individual carrying the haplogroup D1j, which was
interpreted as an inland or Atlantic coast migration reaching south
Patagonia [102], as well as B2 haplogroup present in a third of Late
Holocene individuals from Salitroso Lake basin [81] (Figure 2).
Moreover, based on shared derived haplotypes, some level of genetic
affinity between Salitroso Lake, south-eastern continental Patagonia
and north Tierra del Fuego is detected [81], as well as between south-
eastern continental Patagonia and Tierra del Fuego island [103].
Altogether, genetic diversity indicates that Tierra del Fuego populations
may not have been completely isolated from mainland Patagonia, albeit
the island has been separated from the rest of continental Patagonia
since around 8,000 yr BP when the rise of sea level established the Strait
of Magellan as a geographical barrier for humans [15,44,105,106].

Genome-wide approaches have been implemented in Patagonia as part
of broad continental contexts [69,70] and regional questions [75,76].
To date, 39 ancient genomes have been recovered from different
temporal, geographical and archaeological contexts, although most
individuals (n = 35) date to the Late Holocene period (Figure 1). Similar
to the analysis using uniparental inherited markers, genome-wide
analyses aim to describe the unique genetic variation of Patagonian
populations and the dynamics within the region that had led to the
differences between groups. A first sign of differentiation contributing
to the population structure is associated with the development of a
maritime tradition in western Patagonia about 7,000 years BP. The
earliest human individual clearly associated with this tradition is from
the archaeological site Punta Santa Ana and dated to ca. 6,600 BP. The
genome of this individual shared the highest genetic drift with other
Middle and Late Holocene individuals from Patagonia, supporting the
long-term continuity in the region [70,76]. Another Middle Holocene
individual, from north Tierra del Fuego dated to ca. 5,800 BP (La Arcillosa
2), had primarily a terrestrial diet and showed a genome-wide signal
similar to Punta Santa Ana individual, suggesting a local origin of
maritime adaptations from terrestrial hunter gatherers [76]. In fact,
when comparing their genetic affinities against other ancient and
present-day populations from Patagonia, they both are equally related
to later populations [76]. However, from 4,700 years BP there is evidence
of genetic differentiation separating individuals with a maritime and
terrestrial subsistence (or economy). This date is given by the individual
from the site Ayayema, in central western Patagonia, the second oldest
individual associated with a maritime tradition and whose genome has
been recovered. This first differentiation does not seem associated with
external migrations from outside Patagonia, but rather with population
movements along the western Archipelago. In addition, a second
migration into south Patagonia has been inferred from whole genomic
data which did not involve population replacement but contributed
substantially to all Late Holocene individuals. The source of this
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population is primarily ascribed to central Chile, but this is probably due
to the lack of whole genome data for the intermediate regions [76].

Another topic of analysis has been the association between genetic and
fine-scale geographic and cultural differences. Within Late Holocene
groups (<3,500 BP) there is some degree of genetic structure among
groups following the traditional territories attributed to the populations:
Kawésqar and Yamana in western Patagonia, and southern Tehuelche
(Adnik-enk), Selk’'nam, and Haush to the east [73,75,76]. While there is
also evidence of a gradient of gene flow between neighbouring
populations following the coastline around 2,200-1,200 years BP [76],
this gene flow was not enough to blur genetic differences among
groups associated with different subsistence strategies and languages.
A particular case is represented by the inhabitants of Mitre Peninsula,
who from a genetic perspective are a mixture between north Tierra del
Fuego and Beagle Chanel populations [76], consistent with what was
observed with mtDNA [107].

Overall, genetic evidence has supported the differentiation and structuring
of Patagonian populations associated with geographical and cultural
(subsistence strategy and language) features. The landscape of Patagonia,
especially on the western side, certainly contributes to the relative
isolation of the different groups through time, but with some degree of
gene flow mostly between neighbouring groups in Tierra del Fuego.

4. Exploring the relationship between early and present-day
populations

The genetic data obtained from both modern (Box 2) and ancient
individuals provides the opportunity to better understand the effect of
colonisation on the genetic variability in the region. Considering
uniparental inherited markers, to date there are no specific studies about
the composition of paternal lineages in Indigenous Peoples of south
Patagonia, but 5 to 12% of the studied individuals form the general
population in the region carry an American paternal lineage [108-112],
which is consistent with what is observed in the Southern Cone of South
America [111,113,114]. In contrast, almost all studied present-day
individuals from Indigenous communities in the region carry Indigenous
maternal lineages (A2, B2, C1b, C1d, D1 and D4h3a; Figure 2A) [80,99],
also in agreement with the results reported for other Southern Cone of
South America Indigenous or rural populations [115-120].

Box 2. Indigenous recognition and its impact in genetic research
through time. The changes concerning the recognition of
indigenous communities (Box 1) have had a counterpart in
paleogenetic analyses. The first ancient DNA studies of human
populations from Patagonia described them as “Extinct Aboriginal
Tribes” [63,72,121], reflecting the invisibilization of Indigenous
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Peoples at the time. However, later, and most probably as a direct
consequence of the movements for the recognition of Indigenous
Peoples, this preconceived idea of extinction has been abandoned.
Furthermore, genetic data from present-day communities in south
(Yamana), west (Kawésgar) and north (Tehuelche) Patagonia have
been generated in the 2010s aiming to evaluate the diversity of these
populations through uniparental markers [80,99], and later adding
nuclear genome-wide markers in western Patagonia [75,122]. While
the specific research aims and perspectives about cultural and
biological continuity through time varies in the scientific literature
[63,72,75,76,107,121], most authors seem to implicitly or explicitly
agree regarding the continuity of these populations, at least from
the Middle Holocene until European colonisation. Moreover, during
three decades, researchers have been attributing ethnonyms to pre-
contact individuals according to the spatial distribution of the
different Peoples encountered by Europeans when they occupied
the region (see [123] for a discussion on the use of ethnonyms in
paleogenetics).

More in detail, it is interesting to highlight the presence of shared
mtDNA clades or haplotypes between present-day [80] and ancient
individuals [73,74,107,124] from the same geographic area, such as the
lineage D4h3a5a reaching 46% in present-day Kawésgar, and
C1b+16291-195 and D1g+16086-16189-16286 with a combined 43% in
Yamana. However, there is evidence of a few clades (e.g., C1b13 and A2)
that may be the results of historical migrations into the region [79,107].
Regarding present-day Tehuelche, the data from ancient individuals
from mainland Patagonia is still scarce and/or does not have enough
resolution for a more detailed comparison. Notwithstanding, the two
sub-haplogroups described in ancient individuals from this specific
geographic area (D1g + 16209 and D4h3a5 without the reversion in
16301) has been registered in present-day individuals (Figure 2) [81,86].

Considering autosomal variation, members of Indigenous communities
in the region exhibit high proportions of Indigenous ancestries, albeit
usually lower than in other South American Indigenous populations
[75,122]. When focussing only on the Indigenous genetic ancestry, a
strong genetic continuity is observed between present-day and ancient
individuals. Furthermore, ancient individuals from southern and
southwestern archipelagos are closer to present-day Yamana and
Kawésqar than to any other present-day population [75]. These findings
have been later reinforced when analysing individuals covering a larger
geographic range [76]. De la Fuente et al., [75] also showed that there
was a high geographical correlation, where ancient individuals were
genetically closer to either present-day Yamana or Kawésqgar depending
on their proximity to the territories traditionally associated with those
populations. This study also showed that modern populations from
Chiloé and central-south Chile are genetically closer to modern
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Kawésqar than to modern Yamana. This cannot be attributed to
historical population movements, as those populations (Chiloé and
central-south Chile) are also closer to ancient individuals from the
southwestern Archipelago (the geographic region of Kawésgar) than to
other ancient Patagonian populations [76]. Moreover, this cline of
genetic affinities may have originated from a decreasing intensity of
gene-flow from central Chile into southern regions as mentioned above
[76]. Disentangling the demographic processes that originated this cline
may be possible as more ancient individuals from different Patagonian
regions are analysed, as well as individuals from the potential source
locations of this gene flow.

Finally, Luisi et al., [125] showed that modern individuals from general
populations in southern Argentina exhibit the highest proportions of a
genetic ancestry component mainly observed in ancient and modern
Indigenous individuals from central Chile and Patagonia. This result
suggests that, despite population movements occurring since colonisation,
a specific genetic ancestry, which emerged several millennia ago
through population divergence with other South American populations
[76,95,125], remains nowadays highly represented in the region.

5. General considerations and future directions

As many other fields in science, paleogenetic research in Patagonia
has not been exempt from subjective perspectives. For example,
interpretations of the low genetic diversity in the region varies from
early research considering populations from the region as “relicts”,
isolated and confined to the southern end of South America as a
consequence of successive migrations that pushed them southwards
[63,72], to later interpretations taking the generally low diversity of
Patagonian populations as the effect of genetic drift [68]; and finally
more recent studies highlighting the interactions between groups and
movements [75,76]. The isolation paradigm was more in syntony with
the early views regarding the "extinction" of indigenous Patagonian
populations, whereas the consideration of more complex scenarios
contributes to highlighting the role of the economical and socio-political
factors (Box 1) at stake in their population decline [126].

In addition, researchers working in this field should be aware of the
social implications of the construction of the past, and pursue a more
active engagement with the local communities starting from the design
of the research projects [127], attending to local questions, needs and
concerns. We encourage future paleogenetic projects in Patagonia to
pursue a more collaborative approach with Indigenous organisations,
today a very limited practice in South America [123], to address the
erasure of Indigenous voices and the lack of co-construction of
Indigenous histories. We recognize this is not an easy task and it should
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not be underestimated or romanticised as each Indigenous community
has its own dynamics and internal discussions. Furthermore, the current
scientific structure (e.g., funding agencies, journals) should favour and
promote initiatives that include Indigenous participation. Finally, we
would like to stress the importance of considering the legal framework
usually involved in paleogenetic research, including heritage
management regulations and Indigenous rights [128].

While writing this review, we were increasingly aware of the heterogeneity
of the analytical units across the different studies. Different grouping
criteria have been used, such as the geographic ranges of 19th century
ethnic groups (i.e.,, ancient Kawésgar, ancient Yamana and ancient
Selk’'nam), the subsystem system (i.e., maritime vs. terrestrial groups),
or geography (i.e., north, central, and south Patagonia). Indeed, some
cautions have been raised against the use of historic ethnonyms that
could be masking internal divisions and/or diachronic changes [107].
Actually, the generation of artificial sets of individuals to be considered
as evolutionary units is a common issue in ancient genetic studies.
Those evolutionary units are flexible and dynamic and are somewhat
arbitrarily built according to the analytical framework of the study.
Special attention is therefore needed when comparing the results across
different studies and to the dynamic meaning of the names used [129].

From a more technical perspective, when working with ancient DNA,
special attention should be put on reference biases introduced by
mapping post mortem damaged DNA to the reference genome, as
these biases vary by coverage, read length and sequencing depth, thus
distorting allele frequency estimates [130]. Most of the human
paleogenomic data generated in Patagonia has been limited to a SNP
panel of ~1,240k positions (hereafter 1240K SNP array) [131-133]. This
approach has been highly favoured by many members of the
paleogenomic community [134], mainly due to the alleged economical
advantage and the increased DNA recovery rate in samples with poorly
preserved DNA. However, while it is not clear this benefits research
groups equally [135], there has also been increasing concerns about
possible biases in the data compared to shotgun sequencing, including
a strong reference bias [136]. Additionally, a systematic assay bias that
induces higher genetic similarity between individuals enriched with the
same kit has been suggested [137]. These biases may lead to erroneous
conclusions when the target populations are highly genetically
differentiated from the populations used in the ascertainment scheme
to build the capture array, which is the case with Patagonian
populations. In particular, ~46% of the sites from the 1240K SNP array
are monomorphic in Patagonia, most probably because of the combined
outcome of ascertainment bias and sequential founder effects that led
to allele fixation in this remote part of the world (Figure 3). In other
words, almost half of the data generated with the 1240K SNP array is
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not informative to analyse local demographic processes in Patagonia.
This figure is better in other regions of the Americas where more
individuals have been sequenced to date (Figure 3B), but the differences
remain very narrow when reducing the sample size (Figure 3C). Now
that more data is being generated for this region, it may prove useful to
design new arrays with specific ascertainment schemes that encompass
the genetic diversity of the region. Alternatively, a shotgun sequencing
approach may be more suitable for capturing the genome-wide
diversity in Patagonia and perform a wide range of analyses not feasible
otherwise, such as estimating divergence times between human groups,
demographic dynamics over time, and accurate estimations of kinship
among individuals, all being central questions in archaeology. For
instance, high coverage shotgun sequencing for ancient individuals
before and after contact with European society would allow estimating
the intensity of the expected decrease in genetic diversity, and thus
inferring the reduction in population sizes that occurred at that time.
This analysis has already been performed in North America through
exome sequencing and limiting the analyses to a reduced number of
synonymous (putatively neutral) variants [138]. Thus, shotgun
sequencing data from Early and Middle Holocene individuals may
provide useful insights into the population size changes during the
three stages of occupation of the region (exploration, colonisation, and
effective occupation as proposed by Borrero et al., [37]).

Furthermore, inferring genetic kinship relationships would provide a
useful source of information to better understand micro scale mobility
patterns among different nearby geographic areas, or long distance
migrations [139], as well as the social structure within each group [140].
However, reaching robust kinship estimations implies to overcome
several issues such as the relative reduced effective population size in
the region, the relative small sample sizes that complicate the
calibration of the underlying models - required for instance in READ
[141] or Kin [142], or the lack of modern reference population to
estimate representative allele frequencies - required for instance for
IcMLKin [143] and TKGWV2 [144]. Generating shotgun sequencing
genomes at >1X may facilitate kinship estimations leveraging robust
methods such as IBSrelate [145]. In addition, with shotgun sequencing,
paleogenomics studies could also retrieve DNA from microorganisms
(including pathogens), elements from the diet or the environment, thus
opening the opportunity to gain insights on the health, diets and plant
usage for medicinal purposes in past populations [146]. By analysing
the complex interplay among lifestyles, past human migrations, and
diseases in different regions, we could improve our understanding of
the dynamic nature of past human populations, hopefully breaking with
the still wide-spread vision of them being “frozen in time” [147].
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Although it has not been studied in depth, height of Patagonian
individuals has also been pointed out as an interesting research theme,
as it shows pronounced differences between maritime and terrestrial
hunter gatherers of the region [148]. Moreover, this trait is a good
candidate for phenotypic adaptation in the region since it is a complex
trait with above-average heritability [149,150], has evidence of polygenic
adaptation in Europe and Africa ([151]; but see [152]), and it is expected
to be higher in populations inhabiting colder environments (or with
fewer cultural adaptations to cold) for thermoregulation according to
the Bergmann's rule [153]. Genetic evidence would potentially provide
useful insights to disentangle the different forces at stake in other
morphological differences observed among groups [154-156]. For
instance, comparing morphologic and genetic differentiations among
worldwide populations, Zaidi et al. [157] concluded that nose shape may
have been driven by local adaptation to climate to some extent. Actually,
recently, a potentially adaptive Neanderthal introgression occurring
almost exclusively on an Indigenous chromosomal background seems
to increase nasal height [158].
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Figure 3. Site Frequency Spectrum in different regions of the Americas for the 1240K SNP array.
Using v50 of The Allen Ancient DNA Resource [159], we selected ancient individuals from the
Americas with more than 100,000 SNPs covered in the 1240K SNP array. According to the metadata
file provided along with the genotype data, we also removed population outliers, contaminated
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individuals, as well as related and duplicated pairs of individuals. The remaining Individuals were
divided into 4 main geographic regions (North America, Central America and the Caribbean, South
America - excluding Patagonia, and Patagonia) as shown in (A) With plink [160] and R-base, we
computed and plotted the Site Frequency Spectrum using either all individuals (B) or selecting 30
individuals (the sample size for Patagonia) from each region, prioritising those with a similar number
of covered SNPs than observed in Patagonian individuals (C). In both cases, we restricted the SFS
estimation to autosomal SNPs for which at least 10 individuals have non missing data (the number
of SNPs used for each region is given in the legend insets). Boxplots insets in (B) and (C) represent
the distribution of the number of individuals used to compute allele frequency across positions.

6. Conclusions

Studying genetic differences between nearby areas in Patagonia has
been possible even with low-resolution studies such as mtDNA
haplotypes, thus contributing to our understanding of the populations’
history in the region. Incorporating genome-wide data, and the
increasing representation in time and space of individuals have proven
to be essential to address regional archaeological questions and to get
a better understanding of the deep history of human populations.
However, many questions remain open, and to which paleogenomics
could provide useful information.

First, we still lack a robust demographic model that encompasses the
evolutionary links with other regions of South America through time to
explain (i) the early peopling of the region, (ii) how north-to-south
genetic clines emerged during the Late Holocene, and (iii) how
population sizes changed across time, among others. A better
representation of continental Patagonia and high-resolution genomic
data through deep shotgun sequencing may be determinant to
calibrate many of these features. Beyond demography, paleogenomics
may also be useful to tackle open questions on the social structure
among and within groups, their lifestyle, mobility patterns, health, and
biological adaptation to their environment. Finally, integrating evidence
from paleogenomics with that derived from other disciplines, including
the perspectives from Indigenous Peoples, will not only enrich the
knowledge produced by our research, but will also facilitate a more
socially responsible science.
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