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HUMAN GENET ICS

Insights into the genetic histories and lifeways of Machu
Picchu’s occupants
Lucy Salazar1,2*†, Richard Burger1*†, Janine Forst3†‡, Rodrigo Barquera4†, Jason Nesbitt5*,
Jorge Calero2, Eden Washburn3, John Verano5, Kimberly Zhu6, Korey Sop3, Kalina Kassadjikova3,
Bebel Ibarra Asencios5,7, Roberta Davidson8, Brenda Bradley9§, Johannes Krause4§,
Lars Fehren-Schmitz3,10*§

Machu Picchu originally functioned as a palace within the estate of the Inca emperor Pachacuti between ~1420
and 1532 CE. Before this study, little was known about the people who lived and died there, where they came
from or how they were related to the inhabitants of the Inca capital of Cusco. We generated genome-wide data
for 34 individuals buried at Machu Picchu who are believed to have been retainers or attendants assigned to
serve the Inca royal family, as well as 34 individuals from Cusco for comparative purposes. When the ancient
DNA results are contextualized using historical and archaeological data, we conclude that the retainer popula-
tion at Machu Picchu was highly heterogeneous with individuals exhibiting genetic ancestries associated with
groups from throughout the Inca Empire and Amazonia. The results suggest a diverse retainer community at
Machu Picchu in which people of different genetic backgrounds lived, reproduced, and were interred together.
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INTRODUCTION
Machu Picchu is arguably the best-known archaeological site in the
Western Hemisphere, and, before the 2020 pandemic, it attracted
over a million travelers from throughout the world. In recent
decades, its image has been used as an icon of the Peruvian
nation and a symbol of the historic accomplishments of Latin
America’s indigenous peoples (1). Despite its fame, little was
known of Machu Picchu’s function and the daily life of its inhabi-
tants until recently. These lacunae were due to the absence of refer-
ences to Machu Picchu in 16th and 17th century Spanish accounts
and the failure of modern investigators to decipher the knotted
string records (quipus) that the Incas used to record their history
(2, 3). However, over the past two decades, scholars have begun to
understand the site as a result of archaeological fieldwork and the
application of new scientific techniques to laboratory research. The
latter has yielded important results related to the diet and health of
Machu Picchu’s ancient population and insights into the daily ac-
tivities carried out there (4).

There is a now a consensus among archaeologists and historians
that Machu Picchu was part of a royal estate belonging to the lineage

(or panaca) of the emperor Pachacuti (2, 3, 5), the ruler credited
with establishing the Inca Empire (or Tahuantinsuyu) (6). The
monumental architecture at the core of Machu Picchu is actually
the remains of a country palace located within the royal estate of
Pachacuti (2, 7, 8).

Royal estates were lands claimed by an Inca emperor for his
noble lineage that was maintained in perpetuity for the ostensible
purpose of caring for and making offerings to the ruler and, after
his death, the ruler’s mummy (9). Often, these royal estates were
established to commemorate conquests, and Machu Picchu may
have been built to celebrate Pachacuti’s conquest of the lower Uru-
bamba Valley (7). The emperor and members of his lineage only
resided seasonally in the elaborate palaces built within these
country estates, but a retinue of retainers was left behind to main-
tain the facilities there. The Urubamba Valley was a favored location
for royal estates and Machu Picchu, Pisac, Ollantaytambo, and over
a dozen others have been identified in the drainage (2, 10). Some
royal estates such as Cheqoq lacked palaces but fulfilled economic
roles for the panacas such as maize cultivation, pottery production,
and salt mining (5, 9). The royal lineages were served by individuals
known as yanacona who were ethnically non-Inca and were perma-
nently resettled to attend to the daily needs of the Inca, his mummy,
and his guests. The yanacona were believed to be privileged com-
pared to the general population, and this was expressed in their
proximity to royalty and material benefits, such as luxury goods
(9, 11, 12). They were taken from conquered lands by the
emperor or presented as gifts by other panacas, even after the
death of the founder of the royal estate (13, 14). The yanacona,
who were male, appear to have received wives from the class of
females known as aclla, “chosen women” who were severed from
their ethnic group and educated in special facilities (15–17).

Machu Picchu would have been occupied by several hundred
permanent retainers (yanacona and former aclla) throughout the
year and, at peak season, a still larger population of attendants,
members of the Inca royalty, and their guests. Judging from the
intact architecture, it is unlikely that more than 750 people ever
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resided in Machu Picchu at one time (4). While the Inca elite indi-
viduals who visited the palace were buried in the capital of Cusco,
the yanacona and former aclla were usually interred in cemetery
areas outside the palace walls. Isotopic (12, 18, 19), osteological
(20), and artifact studies (21) indicate that there was substantial di-
versity in this attendant population but these studies have had
limited success in answering questions about where the residents
came from, how they were related to each other, and how their re-
gional and ethnic background affected the way in which they lived
and were buried. This article presents an ancient DNA (aDNA)
analysis of a large sample of individuals buried around the palace
at Machu Picchu to begin answering these questions. In addition,
we provide aDNA results for individuals excavated in the Inca
capital of Cusco and nearby sites coeval with Machu Picchu for
comparative purposes. These samples highlight the remarkable
genomic composition of the Machu Picchu yanacona population
and the considerable genomic variability of the Cusco inhabitants.

Machu Picchu’s occupants
Machu Picchu is located in southern Peru on the eastern slopes of
the Andes (Fig. 1A) at 2430 m above sea level on a ridge overlooking
the Urubamba River. The Urubamba/Vilcanota drainage was a
favored location for country palaces by many Inca rulers because
of its rich lands, good climate, and proximity to the capital.
Located 75 km from Cusco, Machu Picchu would have been espe-
cially attractive during the dry season (May to October). The ruler,
his family, and his guests would have appreciated Machu Picchu’s

tropical climate and vegetation and the absence of nightly frosts that
occur in Cusco during the winter months. According to historic ac-
counts, the Inca royalty carried out a range of activities at royal
estates including feasting, singing, and dancing in the plazas and
hunting in the forested lands surrounding the palaces of royal
estates (13, 14, 22), The Spanish chronicles also describe numerous
religious ceremonies practiced by the Inca priests that were linked to
celestial events, sacred geography, and agricultural fertility. It is
likely that the emperor and/or his representatives would also have
participated in these ceremonies when he visited Machu Picchu (4,
23, 24).

A recent radiocarbon study of the osteological collection from
the site based on 26 human bone and tooth samples concluded
that Machu Picchu had been occupied from circa 1420 to 1532
CE (25). Subsequently, the same AMS measurements were analyzed
using a Bayesian single phase model, and the probabilities produced
suggest an occupation from 1400 to 1435 CE to 1470 to 1520 CE
(95.4%) (see Supplementary Text; table S1, B and C; and fig. S1).

Excavations by the Yale Peruvian Scientific Expedition in 1912
documented 107 burials containing the remains of a minimum of
174 individuals (20, 26). These simple interments sometimes in-
cluded multiple individuals and were in shallow chambers with pro-
tective coarse stone walls beneath large boulders or underneath
natural overhangs. Many burials lacked grave goods or contained
only a small number of pots or other artifacts. A large number of
the ceramics were in provincial Inca or non-Inca styles from the Pe-
ruvian north coast, the Peruvian central coast, the circum-Titicaca

Fig. 1. Maps of the provenience of the sites, groups, and individuals analyzed in this study. (A) Map of South America showing the geographic distribution of
genetic ancestry groups described (33, 34), the location of published reference genomes from modern-day (circles) and ancient (triangles) individuals that constitute
these groups and of the archaeological sites from which individuals in this study derived (squares, also see inset). (B) Map showing the location of burial caves at Machu
Picchu and highlighting the caves sampled in this study [adapted from figure 2 of (25)].
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area, and Chachapoyas. In contrast, exotic ceramics are rare or
absent from nonburial contexts at the site (8, 21, 27). The dead
also showed evidence of different types of cranial modification, in-
cluding forms associated with Lake Titicaca and the coast rather
than Cusco or Urubamba (20). The nature of the skeletons and
the burial goods found with them led investigators to posit that
the burial caves held the remains of retainers and attendants who
served the elite at Machu Picchu (4, 12, 17, 19).

Most burials at Machu Picchu were found along the periphery of
the site (Fig. 1B), grouping in four clusters referred to as cemeteries
1 to 4 (26, 28). Additional research on burial ceramics (21, 27), skel-
etal morphology and cranial modification (20), stable carbon (C)
and nitrogen (N) isotopes (18, 19), and lead (Pb), strontium (Sr),
and oxygen (O) isotopes (12, 17) demonstrated a high degree of di-
versity among the Machu Picchu burial population, consistent with
the interpretation that the buried individuals were yanacona and
former aclla. However, cultural identifiers such as burial contents
may have been acquired on site rather than being indicators of an
individual’s homeland. Isotopic methods on their own are limited
for determining the ancestral regions from where these individuals
might have originated. For example, high degrees of Sr-isotopic var-
iability and the absence of regional and pan-regional isoscapes limit
inferences (29). After reviewing all of the available evidence, Inca
specialist D’Altroy (2) concluded that the people of the estate
complex at Machu Picchu were largely from areas to the south of
Cusco, but he hesitated to be more specific.

This study was undertaken to further elucidate the origins of the
individuals buried at Machu Picchu and/or of their ancestors, as
well as to shed light on their genetic histories and potential multi-
generational relationships (see “Ethics statement” in Supplementary
Text). For this purpose, we generated genome-wide aDNA data
from 34 individuals deriving from all four cemeteries at Machu
Picchu (Fig. 1B and table S1) excavated in 1912. Samples were se-
lected to optimize comparisons with data generated by the afore-
mentioned previous studies investigating cranial modification
types and isotopes. We further generated genome-wide data for
36 individuals from the Urubamba Valley, sites in neighborhoods
of modern-day urban Cusco, and Kanamarka in the southern
Cusco region (Fig. 1A and table S1). We extracted DNA from
teeth and enriched for a targeted set of ~1.2 million single-nucleo-
tide polymorphisms (SNPs). The DNA data for each individual
exhibit low nuclear and mitochondrial (mtDNA) contamination
rates and damage rates characteristic of aDNA (table S1 and Supple-
mentary Text). We analyzed these data jointly with published
ancient and modern genomes available from South America (see
Supplementary Text). In addition, we generated radiocarbon dates
for 15 individuals buried at the sites in the Urubamba Valley and
Cusco (table S1 and fig. S1) and for 26 individuals buried at
Machu Picchu (25), all of whom were included in the genetic
analysis.

RESULTS AND DISCUSSION
Ancestry and genetic population structure in the
Urubamba Valley and Cusco preceding the Imperial
Inca period
Studies of pre-Hispanic and modern-day genomic diversity indicate
that the regional genetic substructure in the Central Andes and ad-
jacent geographic regions has persisted for at least 2000 years (30–

34). This allows for the identification of genomic ancestries that are
associated with larger geographic regions during that time span
[e.g., NorthPeruCoast, SouthPeruHighland, and TiticacaBasin fol-
lowing the nomenclature by Nakatsuka et al. (34)] (Fig. 1A).
While 16th century documents indicate ethnic diversity in the
Inca city of Cusco and among the remaining yanacona at Yucay, a
royal estate in Urubamba belonging to Huayna Capac (35, 36),
before this study, this claim could not be evaluated because only
limited genome-wide aDNA had been reported for individuals
from the Urubamba Valley and Cusco.

Radiocarbon dates obtained from the individuals in our sample
buried at Ollantaytambo, Urubamba Valley (~1040 to 1380 CE) and
San Sebastian, Cusco (~1300 to 1400 CE) indicate that these burials
pre-date the Inca imperial expansion and the construction of
Machu Picchu (table S1B, fig. S1A, and Supplementary Text).
These individuals come from the groups inhabiting the Cusco
area before the reign of Pachacuti, and, while limited in numbers,
they are one possible source of information permitting us to inves-
tigate genetic changes that may have occurred because of subse-
quent Inca policy and occupation (table S1, fig. S1, and
Supplementary Text). We combined the individuals for each site
into groups named Ollantaytambo_LIP and San Sebastian_LIP, re-
spectively, after confirming intragroup genetic homogeneity using
f4 tests (table S3 and Supplementary Text). Statistical tests of the
type f4 (Mbuti, X; Ollantaytambo_LIP, San Sebastian_LIP) indicate
that the individuals from Ollantaytambo share significantly more
alleles with ancient individuals from the ancestry group SouthPer-
uHighland described by Nakatsuka et al. (34) (Fig. 1) than the in-
dividuals from San Sebastian (table S2 and Supplementary Text).
Furthermore, qpWave modeling (see Supplementary Text) reveals
that Ollantaytambo_LIP and SouthPeruHighland are consistent
with one source of ancestry (P > 0.01 for rank 0; table S2). San Se-
bastian, however, is best modeled (P = 0.2058) as a two-way mixture
between 80 ± 8% ancient PeruSouthHighland ancestry and 20 ± 8%
ancestry associated with ancient Titicaca Basin groups using
qpADM (table S2 and Supplementary Text) (34). This is expected
as the Cusco Valley and the Titicaca Basin had cultural and econom-
ic ties long before the Incas. Both Luis Lumbreras and Charles
Stanish independently have observed that the pre-Hispanic societies
of Cusco and the Lake Titicaca region maintained strong links for
over two millennia before the appearance of the Inca Empire (37,
38), and, while their conclusions were based mainly on ceramic
styles, they are consistent with studies of long-distance obsidian ex-
change in the southern highlands of Peru and northern Bolivia (39).

Genomic insights into the burial population at
Machu Picchu
To explore the genetic diversity and affinities of the individuals
from Machu Picchu and Cusco in the broader context of South
and Central America, we performed a principal components anal-
ysis (PCA) using modern-day genomes from these regions as refer-
ences and projecting the genomes obtained in this study and other
published ancient genomes onto these axes (Fig. 2 and Supplemen-
tary Text). We find that the individuals from Machu Picchu cluster
with individuals not only from throughout the Andean highlands
but also from the North to South Peruvian coast. Furthermore,
six individuals (MP3a, MP4b, MP4d, MP4e, MP4f, and MP61)
group with modern individuals from the central and northwestern
Peruvian Amazon, as well as the Ecuadorian and Colombian
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Amazon regions (Fig. 2). Individual profiles of shared genetic drift
computed using f3 statistics (fig. S2 and Supplementary Text) reflect
the diversity of genetic affinities observed in the PCA, with some
individuals (e.g., MP3a, MP4b, MP4d, MP4e, MP4f, MP5a,
MP61, and MP107b) sharing most genetic drift with either North-
western or Southwestern Amazonian groups and some (MP9b,
MP31a, MP63, and MP78) exhibiting distinct genetic attraction to
modern-day Kichwa speakers from Ecuador and southern Colom-
bia (33). Accordingly, most of the Machu Picchu individuals for
which we obtained sufficient data (>100,000 SNPs, n = 30) share
excess alleles with other regional coastal or highland Andean ances-
try and adjacent tropical forest lowland ancestry groups (Fig. 1),
when compared to the pre-Inca inhabitants of the Urubamba
Valley (Ollantaytambo_LIP) or the preimperial inhabitants of the
Inca capital Cusco (San Sebastian_LIP) using f4 statistics (Fig. 3,
fig. S3, table S3, and Supplementary Text) to the limits of our stat-
istical resolution.

We used qpWave and qpADM to test whether any of the Machu
Picchu retainers can be modeled as sharing the same ancestral pop-
ulation with any of the groups representing the regional Andean an-
cestry clusters (34) and any non-Andean South American ancestry

cluster (33, 40, 41) or as a two-way admixture of the two (Fig. 1 and
Supplementary Text). To the limits of our statistical resolution, we
discerned that 17 of 30 individuals can be linked to a single ancestral
source shared with one of the mentioned regional ancestry groups
(P > 0.05 for rank 0; Fig. 4 and table S4). Six of these individuals
(20%), all biologically female, exhibit ancestry associated with
modern-day groups from the Peruvian North and Central
Western Amazon. Additional tests indicate that these individuals
share more genetic drift with groups living along the eastern pied-
mont of the Central Peruvian Andes, such as the Matsigenka,
Shipibo, Piros, and the Ashaninka, than with groups inhabiting
the northwestern Peruvian Amazon (figs. S2 and S4, table S5, and
Supplementary Text). The Ashaninka are one of the contemporary
tropical forest groups geographically closest to Machu Picchu, living
in the lower Urubamba drainage and the lowlands of the Depart-
ments of Junín and Ucayali, north of Machu Picchu (Fig. 1).

Four individuals from Machu Picchu (three males and one
female) exhibit ancestry associated with pre-Hispanic and
modern-day individuals from the Peruvian Northern and Central
Coast (table S4). One male individual shares the same ancestry
with San Sebastian_LIP, representing the Cusco region, while

Fig. 2. Genetic affinity of the individuals fromMachu Picchu, the Urubamba Valley, and Cusco. PCA plot projecting previously published individuals (32–34, 41, 46,
75–82, 84–86) and the ancient individuals studied here onto principal components calculated from present-day Native American populations. The Machu Picchu indi-
viduals are depicted by black stars.
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only six individuals (four males and two females) exhibit ancestry
associated with the ancestral inhabitants of the Urubamba Valley
(Ollantaytambo_LIP) and the broader SouthPeruHighland ancestry
group. This does not necessarily mean that these six individuals
were locals because the regional ancestry cluster SouthPeruHigh-
land includes individuals from Ayacucho and Huancavelica, with
some individuals in this group found at archaeological sites up to
260 km west of Ollantaytambo in the upper reaches of the Nasca
drainage (Fig. 1).

We fitted two-way mixture models for the 13 remaining individ-
uals (Fig. 4). In many cases, we observed multiple competing
models, with several Andean sources fitting, while non-Andean
sources were less problematic (table S6). The difficulty of determin-
ing distinct Andean sources when the number of SNPs is low is best
explained by the low genetic differentiation among the Andean re-
gional groups, most of whom share very recent ancestry (34, 40).
Five male individuals were modeled as mixtures between two
Andean sources, such as NorthHighland-SouthHighland or South-
Highland-TiticacaBasin (Fig. 3). For all other individuals, the
models with the highest support (highest P value) suggest mixtures
between an Andean and a non-Andean source (Fig. 4, table S6, and
Supplementary Text). For two of the individuals, the models suggest
a mixture of Central Andean ancestry (~63 to 70%) with a source

from the Peruvian Amazon (~30 to 37%) that is closely related to
the ancestry for the previously described six individuals of Amazo-
nian ancestry. However, there are also two individuals for which the
best fitting models (table S6) were a mixture of Andean ancestry
(~30 to 40%) and ancestry associated with groups from the south-
eastern Amazon and Gran Chaco region of Bolivia, Brazil, Argen-
tina, and Paraguay (~60 to 70%) such as the Chané, Guarani,
Karitiana, and Xavante. We cannot exclude that the observed ad-
mixture reflects an unsampled regional ancestry, such as groups
from the Eastern Slopes of the Bolivian Andes, rather than an ad-
mixture event in Inca times. Archaeological and ethnohistoric
sources confirm interactions between the Inca and the ancestors
of the Chané in the foothills of the Bolivian Andes, making both
models plausible (42, 43).

Four individuals (three females and one male) can be modeled as
a mixture between a genomic source sharing ancestry with modern-
day eastern Ecuadorian Kichwa speakers (33) and ancestry from the
Peruvian North Coast (Fig. 4, table S6, and Supplementary Text).
Additional tests indicated that these individuals are genetically ho-
mogenous (table S7); thus, we grouped them to increase our statis-
tical power and found that a model considering a mixture of 46 ±
6% Ecuadorian-Kichwa–associated ancestry and 54 ± 6% NorthPer-
uCoast ancestry produces the highest P value (P = 0.41). However,

Fig. 3. Genomic structure and diversity of the individuals from Machu Picchu. (A) f4 statistics of the type f4(Mbuti, X; Ollantaytambo/San Sebastian, MPindividual)
using the HumOrg dataset (26). X represents either one of the Andean ancestry clusters or selected non-Central Andean groups from South and Central America (com-
plete overview, see fig. S3 and table S3). (B) Conditional heterozygosity estimates (HE). Narrow and thicker black bars, ±1.96 and 3 SEs, respectively.
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alternative models considering other Andean sources (NorthHigh-
land and CentralCoast) are supported as well (table S6). There are
no published ancient or modern-day genomes from individuals
living in the Ecuadorian highlands or along the Ecuadorian coast,
which limits our ability to assess whether the observed admixture
indicates a recent admixture event or whether it reflects the
genetic ancestry of an unsampled group somewhere in Ecuador.
Similar to the previous case, the intensive interactions between Ec-
uadorian populations and the Inca make such an alternative possi-
ble (2, 44, 45).

On the basis of our results, Machu Picchu was substantially more
genetically diverse—measured as conditional heterozygosity for
nuclear DNA and nucleotide diversity for mtDNA—than contem-
porary rural villages in the Andes (Fig. 3 and fig. S5). Among the
yanacona of Machu Picchu, we observe genetic ancestries that rep-
resent all regions comprising the Inca Empire, except Central Chile/
Western Argentina, which represents the southern frontier. This
observation is consistent with previous analyses of the Machu
Picchu burials that indicated that many individuals exhibited non-
local isotopic signatures (Sr and O) or cultural indicators (12, 20, 21)
not associated with local cultural traditions (table S1).

The rate of variation at polymorphic sites observed for Machu
Picchu seems to remain consistently high throughout the site’s oc-
cupation (Fig. 2) (25). Individuals of nonregional (Ollantaytambo,
Cusco) genetic ancestry and nonlocal strontium 87Sr/86Sr are found
throughout the burial population across radiocarbon ages (e.g.,
MP63 and MP107; table S1). When combined with the genetic di-
versity estimates, this pattern suggests that the addition of yanacona
and former aclla to the Machu Picchu community continued after
the death of Pachacuti. This is consistent with historical evidence
that yanacona were gifted to royal estates after the death of the
founder (11, 14) because the mummies who founded their royal
estates continued to be recognized as the owners of the estates

and were expected to entertain mummies from other lineages and
their guests.

We observe a significant difference (P = 0.0157) when we
compare the genetic ancestries of biologically male and female in-
dividuals, with most male individuals exhibiting ancestries associ-
ated with highland regions, while female individuals exhibit more
diverse nonhighland ancestries (Fig. 4 and table S1). The genetic
diversity observed at Machu Picchu also exceeds the diversity ob-
served for the only genetically studied communities of mitimaes
(i.e., ethnic groups forcibly resettled by the Inca state) from the
Chincha Valley on the central Peruvian coast (46). This pattern is
consistent with the conclusion that the burial population at Machu
Picchu was composed of yanacona and former aclla (17) rather than
mitimaes. The presence of individuals exhibiting ancestries associ-
ated with Amazonia (e.g., MP4b), Ecuador (e.g. MP9b), and the Pe-
ruvian North Coast (MP42b) in the earliest occupation phases of
Machu Picchu (Fig. 4 and table S1) may suggest that the expansion
of the Inca Empire occurred earlier or differently from models
derived from historical sources. This observation is consistent
with the increasing view among Inca specialists that the historicist
chronology dominant since 1945 is untenable in light of recent ar-
chaeological evidence from Cusco and distant Inca provinces (2, 6,
42, 47, 48) (see Supplementary Text).

The early presence of individuals exhibiting ancestry associated
with, for example, Ashaninka and other Arawak speaking groups
along the eastern Andean piedmont is exciting but expected. Ar-
chaeological, ethnohistorical, linguistic, and genetic sources indi-
cate that the inhabitants of this region interacted with the
adjacent highlands even before the Inca (33, 40, 49–51), and
recent studies suggest a complementary relationship between the
Inca and these groups, rather than one dominated by conflict and
conquest (49). All individuals buried at Machu Picchu exhibiting
this ancestry have been determined to be biologically female,

Fig. 4. Ancestry modeling for Machu Picchu individuals. Estimated ancestries for 30 individuals buried at Machu Picchu sorted by median date (table S1), considering
qpWave and qpADM results. For admixed individuals, we only display only the model with the highest P value (including SE), but, in most cases competing models (P >
0.05) were observed (table S6). The light blue/middle blue candy stripes indicate that it was not possible to differentiate between PeruNorthCoast and PeruCentralCoast
ancestry.
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suggesting that some might have been gifted as wives to favored in-
dividuals, a process recorded in historical sources (13, 16).

The relationship between the Inca and populations of the former
Kingdom of Chimor on the Peruvian North Coast and Ecuadorian
groups such as the Cañaris were more bellicose, and the presence of
some of the individuals at Machu Picchu with ancestries from these
regions may be explained by their incorporation as yanacona who
were craft specialists skilled in metal working. The identification of
unfinished metal objects and production debris have allowed ar-
chaeologists to identify metal working as one of the activities
present at Machu Picchu but apparently lacking at many other
royal estates (8, 52).

Implications for daily life at Machu Picchu
Osteological analyses (20) indicate that the yanacona and former
aclla of Machu Picchu led relatively comfortable lives. They were
not involved in heavy agricultural labor or construction projects.
None of them showed head wounds or other pathologies frequently
produced by warfare, nor do they display growth disruptions result-
ing from childhood illnesses or food shortages (20). Notably, many
of them (n = 67) survived to maturity (15 to 49 years), and a sub-
stantial number (n = 14) reached old age (over 50). As noted, their
varied ethnic backgrounds were suggested by the frequent presence
of exotic ceramics and metal tools in the graves (21). The large
number of vessels that showed evidence of repairs implies that
these foreign objects, perhaps from their homelands, continued to
have special meaning for the yanacona and former aclla.

A previous study established that all four cemeteries of Machu
Picchu were used over the duration of the site’s occupation, with
multiple interments in the same caves made over several decades
(25). Our analyses show that individuals of differing genetic ances-
try were buried in the same cemeteries and, in some cases, in the
same burial cave, as in Burial Caves 4 and 42 (Figs. 1 and 4).
When testing for biological relatedness, we found only one pair of
first-degree relatives, most likely a mother-daughter pair, in a single
cave (MP4b and MP4f, r/k0 ratio: 2.88; table S8). Both nuclear DNA
and mtDNA indicate that the other individuals investigated here—
even those buried together in the same location—shared no closer
familial relationship (table S8). Our observations suggest that
neither genetic ancestry nor ancestral ethnicity of the retainers
was a major factor in structuring mortuary patterns, a conclusion
consistent with an earlier observation that a single set of shared
burial practices was practiced at Machu Picchu (4, 21). Moreover,
these findings further support the conclusion that people arrived
at Machu Picchu as individuals rather than communities or extend-
ed families, a pattern predicted for yanacona and former aclla based
on historic accounts (11, 13, 45).

The genomic histories of the retainers at Machu Picchu further
suggest that ancestry or ethnicity did not constrain their daily life
and reproductive choices. Several of the retainers displayed an ad-
mixture of genetic ancestries associated with diverse geographies.
While in some cases, such admixture patterns might reflect ances-
tries of currently unsampled regional groups (30, 33, 34), other cases
seem to be the result of mating between individuals of different an-
cestries that comprised the community at Machu Picchu (e.g.,
MP48b, MP50a, MP51, and MP77; Fig. 4 and table S6). We
further observe that the geographic regions associated with the cul-
tural, genomic, and geochemical signatures do not align for some
individuals (Fig. 5 and Supplementary Text). The complexity of

individual life histories is, for example, suggested by the isotopic
analyses and the current interpretations of their significance
(Fig. 5 and table S1). In the case of the mother-daughter pair
MP4b-MP4f, both of Amazonian ancestry (Fig. 4), the putative
parent (MP4b) exhibits a nonlocal strontium 87Sr/86Sr signature as-
sociated with the Amazonian lowlands, which matches their genetic
ancestry. However, the daughter (MP4f) exhibits a signature that
matches broader highland or coastal Andean regions (12, 53).
Other individuals of nonlocal, nonhighland ancestries or admixed
ancestries exhibit 87Sr/86Sr ratios, indicating that those individuals
may have spent their younger ages during which the investigated
teeth formed and erupted (~7 to 17 years) in the highlands (e.g.,
MP3a, MP5b, and MP61; Fig. 4) before coming to Machu Picchu.

Together with the burial distribution patterns and burial analy-
sis, our genomic analyses reveal that the retainer community at
Machu Picchu was very diverse and that their lives were not struc-
tured primarily by ethnic or regional backgrounds. People of differ-
ent genomic backgrounds were buried together in the same
cemetery areas and, on occasion, even in the same caves. Judging
from the number of individuals with mixed genomic backgrounds,
sometimes from regions quite distant from each other, it would
appear that among the yanacona and former aclla, genomic back-
ground was not the main determinant in selecting mates and pro-
ducing children. Genomic ancestry is of course not a conscious
category but merely a product of regional reproductive history
and other evolutionary processes and does not necessarily reflect
an experienced identity.

Unfortunately, the analyses reported here tell us nothing about
the genetic identity of the Inca royalty and their guests for whom the
country palace was built. These elite individuals resided in Cusco
and would not have lived full time at Machu Picchu or been
buried there. Despite the inherent limitations, our analyses of the
nonelite individuals demonstrate that genomic information, in
combination with archaeological and ethnohistorical sources, can
reveal a more nuanced and comprehensive view of daily life at
Machu Picchu than has been available in the past.

Regional context of the Machu Picchu results
In contrast to the Machu Picchu results, most of the individuals
sampled from other sites in the Urubamba Valley and Cusco area
cluster with other pre-Hispanic and modern-day individuals from
the Southern Peruvian Highlands and the Titicaca Basin (33, 34, 40)
in the PCA (Fig. 2). A small number of individuals from Kanamarka
and Torontoy appear closest to individuals from the Peruvian North
Coast and some from Sacsahuaman and Torontoy closest to pre-
Hispanic and modern-day individuals from the Titicaca Basin.
These genetic affinities are also reflected in the f3 statistics (figs.
S2 and S7). When computing f4 statistics of the type f4(Mbuti, X;
Ollantaytambo/San Sebastian, Urubamba/Cusco), we observe that
several individuals/groups from those sites share access alleles
with other nonlocal groups from the highlands, especially the
northern Peruvian highlands or the Titicaca Basin (table S2 and
fig. S8). Seven individuals from three sites in Cusco (Kusicancha,
Casa Concha, and Qotakalli) share the same ancestry with the
early Cusco individuals from San Sebastian and, similar to the
latter, can be modeled as a two-way mixture between SouthPeru-
Highland (~70 to 80%) and TiticacaBasin ancestry (~20 to 30%;
table S6 and Supplementary Text) using qpADM. Four other indi-
viduals from the major Inca ceremonial center of Sacsahuaman in
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Cusco (54) (see Supplementary Text) exhibit the same two ancestry
sources but show higher proportions of TiticacaBasin-associated
ancestry (~60%; table S6). Another individual exhibits an unad-
mixed TiticacaBasin-associated ancestry (table S4 and Supplemen-
tary Text). Thirteen of the 17 individuals deriving from sites
situated in or near Cusco exhibit some degree of affinity with
genomic ancestries observed within groups living in the Titicaca
Basin. All efforts to date the admixture event that led to the ancestry
observed in San Sebastian and other Cusco sites did not produce
reliable results (see Supplementary Text). However, as discussed
before, archaeological records indicate that interactions between
Cusco and the Titicaca Basin already existed in the Middle Forma-
tive (1500 to 500 BCE) (37, 38). Only one individual from Cusco
exhibits SouthPeruHighland/Ollantaytambo ancestry, while some
others show some degree of ancestry associated with the northern
Peruvian highlands (table S6 and fig. S8). The individuals from the
rural Inca settlement of Kanamarka to the south of Cusco (Fig. 1) all
exhibit SouthPeruHighland/Ollantaytambo ancestry, except for one
individual who shares the same mixture of ancestry associated with
Ecuadorian Kichwa populations and the Peruvian north coast iden-
tified among several retainers in our sample from Machu Picchu
(e.g., MP63).

In summary, as would be expected from the historical docu-
ments, the population of the Inca Cusco was diverse (Fig. 2).
However, while the retainer community at Machu Picchu exhibited
ancestries from throughout the Inca Empire, ancestries observed in
our sample of Cusco’s inhabitants are mostly associated with the Pe-
ruvian highlands and the Titicaca Basin (Fig. 6). This contrast may
be the result of our limited sample from Cusco, a complex urban
center with over 100,000 inhabitants (2, 3, 15). It is likely that a
larger sample from more sectors in the city might yield evidence

of greater genomic diversity. Nonetheless, it is also possible that
these differences were an expression of the differing structure and
functions that Cusco and Machu Picchu had within Tahuantinsuyu.
The genomic diversity at both Cusco and Machu Picchu is in stark
contrast to the genetic composition of groups inhabiting rural
support settlements such as Paucarcancha and Patallacta in the
Urubamba Valley, where individuals seem to have been of local an-
cestry, much like the individuals from Ollantaytambo (55).

As the historic records imply, the demographic and genetic
structure of Inca sites was determined by their function within
the empire, but the aDNA analyses offer a more detailed and
nuanced view of the degree of genomic diversity that existed
among the retainers at Machu Picchu and the inhabitants of
Cusco. The representation of a wide range of genomic backgrounds
from the entire empire among Machu Picchu’s retainers and the
degree to which they were intermixed in life and in death was pre-
viously unknown. The strong presence of individuals, especially
females, from multiple zones of the forested eastern Andean
slopes and Amazonian lowlands was an unanticipated result, and
it points to the need for additional investigation of the role of trop-
ical forest groups in the Inca Empire.

MATERIALS AND METHODS
Sampling
DNA extractions were carried out in dedicated facilities at the Uni-
versity of California, Santa Cruz Paleogenomics Lab (UC-PGL;
USA) and the Max Planck Institute for Evolutionary Anthropology
(MPI-EVA; Germany). Extractions from tooth powder were per-
formed following a silica column–based protocol optimized for
the recovery of small aDNA molecules (56) using ~60 mg of

Fig. 5. Comparison of genetics, Sr isotopes, cranial modification, and grave goods. The graph shows the 87Sr/86Sr for individuals studied reported by Turner et al. (12)
and sorted by geographic macro region (Coast, Highland, and Lowlands) (53). The solid and the dashed horizontal lines represent the bioavailable 87Sr/86Sr range for
geological features surrounding Machu Picchu as determined by Turner et al. (12) or Scaffidi and Knudson (53), respectively. The colored outline of the bars indicates
biological sex, and the fill represents the genetic ancestry. Symbols above the bars indicate cranial modification styles and grave goods observed with the individuals.
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pulverized sample. Before analysis, we added a bleach treatment
before digestion as described by Boessenkool et al. (57). Aliquots
of 60 mg of tooth powder were first incubated in 1 ml of 0.5%
sodium hypochlorite solution (Sigma-Aldrich) at room tempera-
ture for 15 min. After centrifuging, the supernatant was discarded,
and the remaining bone powder pellet washed using 1 ml of molec-
ular-grade H2O three times.

For several teeth, we followed the minimal destructive extraction
method described by Harney et al. (58) that does not involve any
mechanical destruction of the tooth. We wrapped tooth crowns of
the cleaned teeth in ultraviolet-irradiated parafilm and emerged
part of the roots in 1 ml of the lysis buffer used for the previously
described method for ~3 hours at 37°C. The lysate was then purified
as described for the destructive sampling (56, 58). All extraction
batches were accompanied by at least two negative controls.

Sequencing library preparation
We used two sequencing library preparation methods for the data
generated in this study. For most individuals from Machu Picchu,
we built double-indexed, double-stranded DNA (dsDNA) libraries
from 25 μl of DNA extract. All extracts were partially Uracil-DNA
Glycosylase (UDG)–treated before library building to reduce, but
not eliminate, the amount of deamination-induced damage
toward the ends of the aDNA fragments (59).

At University of California, Santa Cruz (UCSC), for DNA ex-
tracts from all other individuals, we used a library protocol that
uses directional splinted ligation of Illumina’s P5 and P7 adapters
to convert natively single-stranded DNA (ssDNA) and heat-

denatured dsDNA into sequencing libraries in a single enzymatic
reaction (60). We followed the protocol as described by the
authors using 25 μl of DNA extract for each individual. For libraries
produced at MPI EVA, another ssDNA library protocol described
by Gansauge et al. (61) was used, using the fully automated version
of the protocol.

All library batches were accompanied by at least two blanks, and
libraries were also built and tested for the extraction blanks. Post-
indexing polymerase chain reaction libraries from both methods
were quantified using the High-Sensitivity DNA Assay on an
Agilent 2200 TapeStation (Agilent Technologies Inc., Santa Clara,
CA, USA). For initial screening of DNA, preservation libraries
from preparation batches were then pooled in equimolar amounts
and sequenced on a NextSeq500 sequencer (Illumina Inc., San
Diego, CA, USA) for 2 × 75 cycles at UC-PGL.

Targeted enrichment and high-throughput sequencing
Both dsDNA and ssDNA libraries that, after shotgun sequencing,
showed the presence of aDNA-specific damage and a percentage
of human endogenous DNA of over 0.5% were transferred to
MPI-EVA for target enrichment. Libraries from 34 individuals
buried at Machu Picchu showed DNA preservation sufficient for
enrichment. In addition, libraries from 30 individuals (table S1)
from the Sacred/Urubamba Valley (Ollantaytambo = 5 and Toron-
toy = 3), sites in neighborhoods of modern-day Cusco (Casa
Concha = 2, Kusicancha = 4, Qotakalli = 4, Sacsahuaman = 5,
and San Sebastian = 3), and Kanamarka (n = 4) in the southern
Cusco Region, ~150 km from Cusco (Espinar Province), were

Fig. 6. Comparison of ancestry distribution between Cusco and Machu Picchu. Simplified overview of ancestries/two-way admixed ancestries exhibited by individ-
uals buried in Machu Picchu and the sites from urban Cusco (excluding: Urubamba Valley sites and Kanamarka).
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submitted for enrichment. The data from the individuals buried at
Torontoy and San Sebastian have been reported in Nakatsuka
et al. (34).

At the MPI-EVA, the libraries were enriched for a set of
1,237,207 targeted SNPs across the human genome (1240K in-sol-
ution capture) as described previously (62). The enriched DNA
products were sequenced on an Illumina HiSeq 4000 instrument (Il-
lumina Inc., San Diego, CA, USA) with 75 single-end run cycles or
50 paired-end run cycles using the manufacturer’s protocol. The
output was then demultiplexed using bcl2fastq version 2.17.1.14 (Il-
lumina conversion software) and dnaclust version 3.0.0 (63).

Sequencing read processing, chromosomal sex
determination, and screening and DNA authenticity
After demultiplexing, resulting sequencing reads were processed
using the UCSC-PGL in-house computational pipeline developed
for aDNA described in (34) and available at (https://github.com/
mjobin/batpipe, v1, 10 May 2021). This pipeline clips adapters,
merges paired-end reads (default parameters), maps sequencing
reads against a user specified reference genome, removes duplicate
reads, and estimates quality traits. Residual adaptor sequences were
trimmed and merged using BC_bin_clip (https://github.com/
svohr/bc_bin_clip, v1. 015b4dc, 2 October 2022) and SeqPrep 2
(64) (https://github.com/jeizenga/SeqPrep2, v2, 2 October 2022),
with a minimum overlap of 11 base pairs needed to merge
paired-end reads. Sequencing reads were mapped using the
Burrows-Wheeler Aligner version 0.7.12 (65), disabling seeding
(-l 16500, -n 0.01) against UCSC genome browser ’s human
genome reference GRCh37/hg19. Duplicates were removed with
DeDup version 0.12.2 (66), which removes reads with identical
start and end coordinates. A mapping quality filter of 30 was
further applied using SAMtools version 1.3.

We estimated the contamination rate for the sequencing reads
using two methods. For all individuals, we used recommended pa-
rameters in Contammix (67) to estimate mitochondrial contamina-
tion rates. In addition, we also estimated contamination on the X
chromosome for all biologically male individuals with ANGSD
(68), which creates an estimate based on the rate of heterozygosity
observed on the X chromosome. Mitochondrial and X-chromo-
somal contamination rates for all individuals sequenced were low
(mitochondrial: <3%; X-chromosomal: <1%), indicating authentic-
ity for the obtained genomic data (table S1). We estimated patterns
of DNA damage using MapDamage 2 (69) and observe damage
rates at the read termini of >3% for all individuals (table S1), as ex-
pected for aDNA. For ssDNA libraries, we observe the expected ter-
minal deamination frequency disbalance reported before (60).

Chromosomal sex of the studied individuals was determined by
evaluating the ratio (Ry) of reads aligning to the Y chromosome
(nY) compared to the total number of reads aligning to the sex chro-
mosomes (nX + nY), i.e., Ry = (nY/nY + nX), as described in (70).
In addition, we used a X-chromosomal normalization rate (Rx) ap-
proach that compares the Rx ratio to the variability observed in all
autosomes (71). We were able to determine chromosomal sex for 33
of the 34 Machu Picchu individuals that were enriched using the
1240k capture. The analyzed set is composed of 19 biological
females and 14 biological males. The molecular sex estimates are
in agreement with the morphological sex assessment reported by
Verano (20). The sex estimates for all individuals analyzed in this
study can be found in table S1. Wewere able to determine molecular

sex for a total of 67 individuals of the 68 ancient genomes newly
sequenced in this study (Machu Picchu and Urubamba and
Cusco groups). Of those, a total of 27 individuals exhibit male
and 40 female biological sex.

Y chromosome and mtDNA analyses
For Y chromosome haplogroup calling, we used the original BAM
files and performed an independent processing procedure. We fil-
tered out reads with a mapping quality of <30 and bases with a base
quality of <30 and trimmed the first and last 2 base pairs (bp) of
each sequence to remove potential damage induced substitutions.
We determined the haplogroup by determining the most derived
mutation for each sample using the tree of the 2019–2020 Interna-
tional Society of Genetic Genealogy version 15.37 (accessed 15 April
2021) using the LineageTracker classify function and the hg19 ref-
erence genome build (-b 37) implemented in Y-LineageTracker
(72). The mitochondrial haplotypes of the individuals were ana-
lyzed as described in Llamas et al. (73) (see Supplementary Text).

Genotyping and reference data
We trimmed 2 bp from each end of the reads from the partially
UDG-treated enriched libraries to reduce potential bias introduced
by DNA damage. Different sequencing runs and libraries from the
same individuals were merged, and duplicates removed and sorted
again using SAMtools (74). For each of the 1240k SNP positions
enriched in the sequencing libraries, a read was chosen at random
to represent this position using the genotype caller pileupcaller
(https://github.com/stschiff/sequenceTools, v1.5.3, 15 February
2023). The data were then merged with previously published
ancient genomes from the Americas (32, 34, 46, 75–82), present-
day human data from the Simons Genome Diversity Project (83),
which included 26 Native American individuals from 13 groups,
and genomic data from further individuals genotyped for the
1,196,358 SNPs targeted by the 1240k SNP capture, compiled and
provided by the Reich laboratory (84). We also included data from
224 Native American individuals from 34 different populations
genotyped on the Affymetrix Human Origins (HO) array (33, 41,
85, 86) not included in the 1240k dataset. For several analyses
that involved modern populations and that benefitted from the
larger diversity and geographic representation of individuals in
the HO dataset, we restrict the data to the intersection of 597,503
SNPs between the 1240k SNP set and the HO dataset. However,
because of the overall low coverage obtained for several of the
Machu Picchu (MP) individuals, the substantial loss of statistical
power resulting from that was not acceptable. In most cases, we per-
formed analyses using both the full 1240k dataset and the HO
dataset (also showing the limits of resolution). For a limited
number of analyses, we also merged our HO dataset with the geno-
types of 229 individuals from Central and South America, including
individuals from Cashibo, Shipibo, Huambisa, Ashaninka, and
Yanesha communities from the Central Peruvian Amazon, geno-
typed with the HumanOmniExpress 1.1 BeadChip (OMNI, Illumi-
na, San Diego, CA), to increase the geographic diversity of
representative groups (40). The combination of the HO and
OMNI (HO_Omni) sets resulted in an overlap of 125,320 SNPs
retained.
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Genomic diversity estimates
To estimate autosomal genetic diversity, we performed conditional
heterozygosity analyses for the Machu Picchu and Cusco groups re-
ported here and previously reported genomic data from several pre-
Hispanic and modern-day Andean and South American groups
from rural and urban contexts using POPSTATS with default pa-
rameters (85). Conditional heterozygosity is an estimate of genetic
diversity in a group obtained by sampling a random allele from each
of two randomly chosen individuals at a known panel of
polymorphisms.

Relatedness
To analyze relatedness or biological kinship between individuals
buried at Machu Picchu, we used both READ (87) and lcMLkin
(88). We ran lcMLkin with population allele frequencies calculated
from n = 150 pre-Hispanic and modern-day Native American indi-
viduals published in (32, 34, 46, 75, 78, 82), excluding modern-day
individuals exhibiting admixture with non-Native American ances-
try (see Supplementary Text).

Principal components analysis
We performed PCA using the smartpca version 16680 in EIGEN-
SOFT (89). We used the default parameters and the lsqproject: YES
and newshrink: YES options and performed PCA on the HO dataset
of present-day unadmixed Central and South American. We pro-
jected the ancient individuals onto the principal components deter-
mined from the present-day individuals. Individuals with less than
20,000 SNPs were not projected.

Grouping Urubamba Valley and Cusco individuals into
analysis clusters
The PCA indicates that many of the individuals from each of the
Urubamba Valley and Cusco region share similar genetic ancestry;
so to identify the differences on an individual basis and to identify a
sensible grouping, we used qpWave (90) to test whether the individ-
uals from the sites in the Urubamba Valley and Cusco region are for
genetically homogenous within those groups, doing pairwise com-
parisons between each individual of one group. When individuals
within a site were consistent with one wave of ancestry using mul-
tiple Andean groups as outgroups (P > 0.01 for rank 0), we assigned
them to one group/population (table S2). In the case of Ollantay-
tambo and San Sebastian, all pairwise comparisons indicated that
all individuals in the respective group are homogenous in ancestry.
For all other groups, this was not the case resulting in several sub-
groupings (e.g., Peru_Kanamarka1_LH, Peru_Kanamarka2_LH,
and Peru_Kanamarka3_LH) for each site (see table S1 for all group-
ings used in the subsequent analyses). Because of our interest to
identify individual genetic histories, we did not group any of the
individuals from Machu Picchu for most of the analyses.

f3 statistics
Using the full 1240k dataset, we used the qp3pop package (v650) in
ADMIXTOOLS (90) to compute f3 statistics with SEs computed
with a weighted block jackknife over 5-Mb blocks. We used the
inbreed: YES parameter to compute f3 statistics to account for our
random allele choice at each position. We computed “outgroup f3”
statistics of the form f3(Mbuti; Pop1, Pop2), which measure the
shared genetic drift between population 1 and population 2. We
created a matrix of the outgroup f3 values between all pairs of

populations and between the Machu Picchu individuals. We con-
verted the original f3 values to distances by taking the inverse of
the values and generating a neighbor joining tree (NJ-tree) using
PHYLIP version 3.696’s (91) neighbor function and setting USA-
MT_Anzick1_12800BP as the outgroup (default settings were
used for the rest of the analysis). For the NJ-tree, we only included
the Cusco and Urubamba individuals grouped as described before,
but not the Machu Picchu individuals. We displayed the tree using
FigTree (http://tree.bio.ed.ac.uk/software/) (fig. S4).

In addition, we computed f3 statistics of the form f3(Mbuti;
Ancient Andean, Present-Day SouthAmerican) for each Machu
Picchu individual and the Urubamba/Cusco groups using the HO
dataset and for selected individuals using the Omni dataset. We plot
the f statistics on a heatmap using R (https://github.com/pontussk/
point_heatmap, v1, 2 May 2022) (figs. S2 and S7).

To further investigate the shared drift between each individual
buried at Machu Picchu and to test whether their genetic ancestry
correlates with their distribution throughout the different cemeter-
ies and burial caves, we computed f3 statistics of the type f3(Mbuti;
MP_ind1, MP_ind2) and visualized those as a similarity matrix (fig.
S6) for the Machu Picchu individuals. Only individuals with
>50,000 SNPs were included.

f4 statistics, qpWave, and qpADM
We used the tools qpDstats, qpWave, and qpADM packaged in
ADMIXTOOLS (90) to test for admixture. To assess that the relative
connections between the ancient individuals and groups share with
each other and other ancient and present-day populations, we com-
puted several f4 statistics using the qpDstat (v970) package in
ADMIXTOOLS using f4mode: YES, and printse: YES parameters.
SEs were computed using a jackknife block size of 0.050. For
details on the specific tests, refer to the later Supplementary Text
and tables S3 and S7.

We used qpWave (v1200) from ADMIXTOOLS (90) to deter-
mine the minimum number of ancestry sources for each individual
and groups of individuals using ancient and modern populations.
Reference groups (right populations) were chosen to represent
branches that are considered basal to the populations under inves-
tigation, keeping the number of populations at minimum as sug-
gested in the software documentation. More precisely, we tested,
e.g., whether any of the Machu Picchu, Cusco, or Urubamba indi-
viduals or groups are consistent with one wave of ancestry (P > 0.05)
for rank 0 when paired with either SanSebastian_combined, Ollan-
taytambo_LIP, or any of the regional Andean ancestry clusters de-
termined by Nakatsuka et al. (34) or other non-Andean South
Americans. For all qpWave analyses, we used the default settings
except for the change that we set allsnps: YES. The compiled
results using both the full 1240k and the HumOrg datasets can be
found in table S4, and the extended description of all tests can be
found in the Supplementary Text.

For all individuals/groups where rank = 0 was rejected in the
qpWave analyses, we used qpADM (90) to test two-way and
three-way admixture models using the rotating model approach
suggested as implemented in qpADM_wrapper (https://github.
com/pontussk/qpAdm_wrapper, v1, 12 March 2022) (92). Under
this rotating approach, populations are consistently moved from
the source set to the set of reference populations. We used a fixed
set of sources/outgroups for the analysis consisting of all ancient
Andean ancestry clusters determined by Nakatsuka et al. and
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other ancient and modern-day populations from the Amazon, the
Southern Cone, and Central America, cumulating in 120 tested
models per individual/group for the two-way models. We set the
details: YES parameter, which reports a normally distributed Z
score for the fit (estimated with a block jackknife). The compiled
results using both the full 1240k and the HumOrg datasets can be
found in table S5.
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