PLO\S\*\'- One

L)

Check for
updates

E OPEN ACCESS

Citation: Flores-Blanco L, Hall M, Hinostroza
L, Eerkens J, Aldenderfer M, Haas R (2025)
Altiplano agricultural origins was a process

of economic resilience, not hardship: Isotope
chemistry, zooarchaeology, and archaeobotany
in the Titicaca Basin, 5.5-3.0 ka. PLoS One
20(6): €0325626. https://doi.org/10.1371/
journal.pone.0325626

Editor: Andrea Zupancich, Sapienza University
of Rome: Universita degli Studi di Roma La
Sapienza, ITALY

Received: January 23, 2025
Accepted: May 15, 2025
Published: June 25, 2025

Copyright: © 2025 Flores-Blanco et al. This is
an open access article distributed under the
terms of the Creative Commons Attribution
License, which permits unrestricted use,
distribution, and reproduction in any medium,
provided the original author and source are
credited.

Data availability statement: All relevant data
are within the manuscript and its Supporting
Information files.

RESEARCH ARTICLE

Altiplano agricultural origins was a process

of economic resilience, not hardship: Isotope
chemistry, zooarchaeology, and archaeobotany
in the Titicaca Basin, 5.5-3.0 ka

Luis Flores-Blanco"?*, Morgan Hall', Luisa Hinostroza®, Jelmer Eerkens',
Mark Aldenderfer4, Randall Haas®°

1 Department of Anthropology, University of California, Davis, California, United States of America,

2 School of Human Evolution and Social Change, Arizona State University, Tempe, Arizona, United
States of America, 3 Department of Ethnobotany and Economic Botany of the Museum of Natural History,
UNMSM, Lima, Peru, 4 Department of Anthropology and Heritage Studies, University of California,
Merced, California, United States of America, 5 Department of Anthropology, University of Wyoming,
Laramie, Wyoming, United States of America

* |uiflores@ucdavis.edu

Abstract

Prevailing models of agricultural origins tend to envision that economic hardship
drove the transition from foraging to farming economies. Growing human populations
and the depletion of high-ranked animal resources forced humans into increasingly
intensive and dependent relationships with plant foods. Current evidence from the
Andean Altiplano (High Plateau, 3800 masl) identifies the Terminal Archaic Period
(5.0-3.5 cal. ka) as the period of economic transition from Archaic foraging econ-
omies to Formative Period agro-pastoral economies. Consistent with models of
agricultural origins, isotope chemistry (6"°C_,, .., 8C_ ... 6N . ) of human

bone samples from 16 individuals from the Terminal Archaic sites of Kaillachuro and
Jiskairumoko (5.3-3.0 cal. ka) indicates that C, plants comprised approximately 84%
of the dietary protein. Archaeobotanical data show that chenopods may have been
the most important subsistence resource, and zooarchaeological remains indicate
that protein was derived from camelid meat. Inconsistent with the working model of
plant intensification, the Terminal Archaic diets reported here are statistically indistin-
guishable from previously published values of Early—Late Archaic (9.0-6.5 cal. ka)
individuals in the same region, which also show approximately 84% of protein coming
from plants. Rather than being a process of dramatic dietary change and economic
hardship, the agricultural transition on the Altiplano appears to have been one of
remarkable resilience in which plant:meat ratios remained relatively stable over six
millennia, spanning the transition from Archaic foraging and hunting to Formative
farming and herding economies. Plant and animal domestication on the Altiplano thus
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represents a process of economic sustainability rather than one of food insecurity
and hardship, as many prevalent agricultural origins models would suggest.

Introduction

The transition from foraging to food-producing economies is one of the most conse-
quential transitions in human sociocultural evolution. While early views characterized
this transition as one of monotonic improvement in human livelihoods, subsequent
and currently prevailing views envision a non-monotonic process in which the tran-
sition to agricultural economies are seen as a process of economic downturn and
hardship wrought by demographic circumscription, tragedy of the commons, and
food shortage [1—7]. In this latter view, human forager economies relied on diverse
subsistence resources including preferred, high-ranked animal foods. As increasing
human populations reduced access to preferred resources, diet-breadth expansion
resulted in the incorporation of lower-ranked plant and animal foods and their inten-
sification [8—12]. Beyond these economic factors, some researchers also emphasize
that the transition was influenced by ideological and symbolic factors, such as surplus
production for ceremonial and social exchange as a means of social competition [13],
cognitive shifts in human societies [14], and environmentally driven [15,16].

This significant economic transition occurred in the Central Andes during the Ter-

sistence data from the Middle Archaic Period to the Early Formative Period (8.0-3.0
cal ka) indicate that a mixture of plants and animals characterized the subsistence
economies of Andean Altiplano inhabitants [18,25,21-23,26—28]. Archaeobotanical
research reveals the early cultivation of quinoa (Chenopodium quinoa), wild cheno-
pods, and other taxa during the Terminal Archaic (5.3-3.5 cal ka) and Early Forma-
tive (3.5-3.0 cal ka) periods [26,21,29—-31]. The earliest evidence of quinoa is from
the Jiskairumoko site [21], where at least 38 quinoa seeds show traits comparable to
domestic forms, such as large size and a thin testa (<20 ym). These seeds were col-
lected at Jiskairumoko’s Burial 3 and Pithouse 3, which date to the Terminal Archaic
Period, as well as Rectangular Structures 1 and 2 from the Early Formative Period.
Quinoa is also the primary plant species recovered from the Chiripa site, both culti-
vated and wild. Researchers assume that early cultivators grew both types of quinoa
in their gardens rather than farm fields [26].

Wild tubers appear to have been a staple food among the inhabitants of the Titi-
caca Basin since at least the Middle Archaic Period [28]. Early intensive consumption
of tubers—ostensibly potatoes (Solanum tuberosum)—is suggested by the presence
of charred parenchyma tissue, dental-wear patterns, and human-bone isotope chem-
istry at the Middle/Late Archaic site of Soro Mik’aya Patjxa [27,28]. At the Terminal
Archaic Period site of Jiskairumoko, potato starch grains were discovered on fourteen
groundstone artifacts, suggesting intensive potato use and potential domestication at
that time [23,24]. Additionally, potato and other tuber starch grains, including variet-
ies specific to potato and oca (Oxalis tuberosa), were discovered within the strata of
the Early Formative site Chiripa [32,33]. Genetic evidence furthermore reveals that
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biological adaptations for increased human starch digestion appeared approximately 8 cal. ka, consistent with models of
early intensive tuber consumption [34,35].

Lithic assemblages also inform on past subsistence practices across the farming transition. Excavations at Soro
Mik’aya Patjxa show that informal groundstone was commonly used 8.0-6.5 cal. ka [36]. More formal groundstone arti-
facts were recovered from Jiskairumoko, with a notable increase from the Terminal Archaic to the Early Formative periods
[23,24]. Grinding stones are also recorded at the Early Formative Period sites of Chiripa and Camata, with seemingly little
innovation in technology over many centuries [37,38], indicating that plant processing remained a consistent and import-
ant activity.

Among the evidence for plant-food consumption, highland archaeological sites also yield an abundance of projectile
points, suggesting that hunting remained a significant economic undertaking throughout the Archaic and Early Formative
periods [37,39—-42]. Whereas dart points dominate Archaic assemblages prior to 5 cal. ka, small triangular points—thought
to be arrowheads—became abundant during the Terminal Archaic Period [18,43]. Large-mammal bone dominates Archaic
faunal assemblages in the northern Titicaca region [22]. In the more arid southern Titicaca Basin, Archaic and Formative
assemblages reveal a greater variety of prey remains, including large mammals such as camelids and cervids, but also
significant numbers of small mammals such as rodents, vizcacha, birds, and fish [40,44—49].

Despite efforts to reconstruct subsistence practices across the transition to agriculture in the Titicaca Basin, a majority
of evidence continues to be indirect. The prevalence of projectile points and faunal remains and the paucity of charred
plant remains could reflect meat-focused economies or preservation bias [27,32,33]. Even among plant foods, quinoa
seeds are more likely to preserve than tuber remains. New data sources are necessary to evaluate competing hypotheses
about early diets and dietary change in the Titicaca region [23,24,32,33].

The stable isotope chemistry of human bone collagen and bioapatite offer effective ways to directly estimate broad pat-
terns in human diets [20,27,50-53]. This approach is currently under-utilized on the Terminal Archaic and Early Formative
assemblages in the Titicaca Basin [25,54,55]. To date, three investigations have used stable isotopes for these periods,
primarily focusing on the Formative Period or later. However, these studies are hampered by small sample sizes and
problems of chronological control. Based on projectile points, the archaeological site of Muruqullu is the single Terminal
Archaic case study. That study provided stable isotope values from seven individuals. High §'°N and low 6'C values sug-
gest the consumption of large amounts of lake resources and terrestrial mammals [55]. However, the qualitative methods
used for dietary reconstruction and lack of radiocarbon dates limit interpretation [56].

Other stable isotope studies of human remains from the Andean Altiplano demonstrate that Terminal Archaic and Early
Formative populations depended primarily on terrestrial resources such as C, plants, most likely potatoes and quinoa, as
well as meat from terrestrial animals such as camelids and small fauna [25,54,55]. Accordingly, most previous studies on
human isotope chemistry focus on foragers before 5 cal. ka and agropastoral populations after 3 cal. ka, but values on
humans during the period of economic transition remain sparse and ambiguous.

Reconstructing the dietary foundations that sustained this significant economic transition is crucial to understanding
watershed socio-political developments including the establishment of the first villages, the construction of ceremonial
burial mounds, and expanding exchange networks that facilitated the introduction of non-local goods like obsidian and
technologies such as archery and ceramics [8,17,18,41-43,57—62]. Nevertheless, the nature and tempo of this transition
remains unclear.

Given prevailing views of agricultural origins, we hypothesize that the transition to agropastoral economies in the
Titicaca region was a gradual, protracted process in which growing, increasingly circumscribed forager communities
were forced to expand diets and intensify their relationships with plant foods in way that led to their domestication. Eth-
nographic studies of recent hunter-gatherer populations show that meat can make up 20-65% of dietary intake, with
higher meat consumption expected in colder environments [6,63,64], which typically results in elevated nitrogen isotope
values. If similar forager subsistence patterns held in the prehistoric Andean Altiplano, we would expect 6N and §'3C
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values to decrease over time as diets shifted toward greater reliance on cultivated plants, as seen in other regions during
the Neolithic transition [65-67]. However, this trend could be confounded by the introduction of C, domesticated plants
[68]. This scenario, though, should not be expected for the Titicaca Basin during this transitional period, as maize was not
introduced until the Middle/Late Formative Period [69]. We would also expect a rise in inter-individual isotopic variance,
as people experimented with diverse subsistence strategies. This pattern may reflect cycles of dietary intensification and
de-intensification, shaped by ecological or social change, and aligns with ethnographic and archaeological models that
describe domestication as a gradual, diverse, multidirectional, discontinuous and reversible process requiring sustained
investment [5,70,71].

We should furthermore expect lower 65N and &3C in the Terminal Archaic relative to the preceding Early—Late Archaic
values, which previous research shows average 9.4%o and —18.7%., respectively [27]. Isotope-based dietary reconstruc-
tions for the Terminal Archaic Period should similarly show greater plant contributions compared to the preceding Early—
Late Archaic reconstructions, which reveal plant contributions of approximately 80% (60-95%) [27]. During this transitional
phase, we also expect greater inter-individual isotopic variance as communities experimented with diverse subsistence
strategies, reflecting experimentation and uneven adoption of cultivation and cycles of dietary intensification and fallback.
Once agropastoral systems are firmly established, diets become standardized around cultivated staples, leading again
to lower variance. Given the premise of increasing engagement with lower-ranked food resources during the Terminal
Archaic, we also expect to observe an increasing abundance of small mammals, birds, and fish in faunal assemblages.
Finally, archaeobotanical assemblages are expected to show an increasing abundance of taxa that would eventually be
domesticated, particularly potatoes and quinoa.

Recent excavation of burial mounds at Kaillachuro (KCO) and earlier excavations at the nearby village site of
Jiskairumoko (JKM) (Fig 1), sites that span this crucial economic transition in the Titicaca Basin, provide an opportunity
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Fig 1. Location of Kaillachuro (KCO) and Jiskairumoko (JKM) and other archaeological sites in the Titicaca Basin, Andes. Early — Late Archaic
Period sites (green triangles), Terminal Archaic sites (red triangles) and Early Formative (black dots) mentioned in the text are also indicated on the map.
SMP=Soro Mik’aya Patjxa, WMP =Wilamaya Patjxa. Digital elevation model from GMTED2010 [72]. Map created with R and QGIS [73,74]).
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to investigate the dietary habits of the region’s first food producers [39,41,75,76]. This study explores the dietary pat-
terns of 16 individuals from these two sites by analyzing stable isotopes of carbon and nitrogen in collagen and carbon
in bioapatite, alongside faunal and archaeobotanical remains also recovered from the same sites. Based on dietary
reconstructions from preceding Early—Late Archaic periods [27,22,28], as well as comparative archaeological and
ecological data on economic conditions during the Terminal Archaic and Early Formative periods of the Andean Altiplano

plants and animals, among Kaillachuro and Jiskairumoko consumers.

Materials and methods

At Kaillachuro and Jiskairumoko, excavations revealed human interments in burial mounds and pits, providing new oppor-
tunities to evaluate subsistence models at a key moment in the trajectory to social complexity on the Andean Altiplano.
Kaillachuro is an early burial mound site that dates between 5.3 and 3.0 cal. ka, based on a sequence of 19 radiocarbon
dates, four distinct periods of occupation, temporally-diagnostic projectile points, and ceramic types [41,75]. Less than a
kilometer away, Jiskairumoko is a pit-house village with human burials around the houses. These burials are dated by 26
radiocarbon dates that place them between 5.2 and 3.4 cal. ka [39,76]. The Kaillachuro dates mostly consist of direct “C
dating of human bone collagen, supported by stratigraphic evidence. Jiskairumoko is dated by a combination of '“C dating
of charcoal from stratigraphically secure archaeological features and levels.

In short, both sites were used for more than two thousand years, principally in the Terminal Archaic Period, extending
into the Early Formative Period. The human bone samples and other macro-organic remains in this study come from both
sites. The subsequent sections delineate the analytic methods for human bone isotope chemistry, statistical analysis,
zooarchaeological analysis, and archaeobotanical analysis.

Analysis of stable isotopes in human bone

Collagen (8"°C.,., and 8N ) and bone carbonate (8"°C, ) together provide a general picture of the diet of past
human remains [50—52,80-82]. The isotopic composition of the foods ingested by animals, including humans, become
incorporated into their tissues, including bone. Thus, the isotopic composition of animal tissues broadly reflects the isotopic
composition of the foods they consume. The isotopic composition of biological tissues can be characterized using mass
spectrometry, lending insights into trophic dynamics. Photosynthesis is the primary mechanism that affects the carbon
component of plants, and therefore, the animals that feed on them. Plants are categorized as C,, C,, and CAM based on
their method of photosynthesis [83]. Conversely, the analysis of the stable nitrogen isotopes provides an estimate of trophic
position, which refers to the specific place an organism occupies in the food pyramid. Thus, those organisms that mostly
consume plants are anticipated to have lower nitrogen isotopic values relative to those that consume more meat [53,80,84].

Twelve human bone samples from the Kaillachuro site predominantly derive from burials within Mound 4, including
interments in burial pits, stone cists and a small number of isolated elements from stratified deposits. The majority (72%)
of these remains were directly dated using radiocarbon, placing them in the Terminal Archaic Period, while a smaller sub-
set is attributed to the Early Formative Period. The remaining samples were dated based on stratigraphic relationships.
Four human bone samples from Jiskairumoko originate from archaeological deposits. Of these, only one was indirectly
dated by radiocarbon, as it was part of Burial 3 at Jiskairumoko. Another sample comes from a deposit dated to the Ter-
minal Archaic. The remaining two samples come from uncertain contexts (likely plowed area), and given this uncertainty,
we conservatively assign these two samples to the end of the site’s occupation during the Early Formative Period [39] (S3
Data in S1 File).

To extract collagen from bone, we used a modified Longin procedure [85]. Approximately 2 grams of cortical bone was
thoroughly cleaned of visible external impurities using a manual drill. Samples were then sonicated in deionized water and
left to dry. Of this sample, 1.5-grams were devoted for collagen extraction, while the rest was used for bioapatite analysis.
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The specimen was subjected to a 24-hour drying process, weighed, and then immersed in a 0.5 M hydrochloric acid (HCI)
solution, with HCI replaced every two days, until the sample was fully demineralized. Subsequently, each sample was
rinsed with deionized water and submerged in a 0.125 M sodium hydroxide (NaOH) solution for a duration of 24 hours

to eliminate humic acids. The samples were subsequently washed once more with deionized water and placed in slightly
acidic (pH 3) water in an oven set to 70°C to solubilize the collagenous fraction. The liquid in the vial was subsequently
extracted and separated from any leftover particulates using a pipette and transferred to a lyophilizer to remove water,
thereby isolating the collagen fraction. Subsequently, 1-2mg of collagen was weighed into a tin capsule and submitted for
isotopic analysis.

For bioapatite samples, the remaining 0.5g of cleaned and dried bone was powdered in a mortar and pestle. Then,
0.04 g of bone powder was weighed into a labeled vial and treated to remove organic remains. We first added a 1.5%
sodium hypochlorite (bleach) solution in the sample vial, for two 8—12-hour treatments, discarding and changing the base
solution each time. After rinsing with dH,O, the sample was then immersed in 1M acetic acid solution, for two 8-to-12-hour
treatments, with the fluid discarded after each treatment. Finally, the sample was again rinsed in dH,0O and dried.

Bone processing took place in the UC Davis Archaeometry Laboratory. Isotopic analyses were conducted in the UC
Davis Stable Isotope Facility and measured for 6*C and 6'°N by EA-IRMS. Powdered samples were analyzed for §'*C
in the carbonate fraction by GasBench-IRMS. The laboratory calibrated the collagen results with respect to international
reference materials, Vienna PeeDee Belemnite (VPDB) for 6C and air for 6'°N.

Raw isotopic data from human archeological remains are offset from the individual’s diet due to isotopic enrichment
within the human body. Previous studies suggest the enrichment for §°C is 4.5-6.0%o, while 6"°N offsets vary from 3—6%o
[27,82,86—88]. Lacking any clear empirical reason to favor particular trophic enrichment factor (TEF) values, we consider
various combinations of TEF values in a Bayesian modeling framework in which we identify the values that offer the best
fit to the data [89]. We discuss this method in more detail below.

Foodweb 6™C and 6N values for candidate subsistence resources such as C, plants, C, plants (maize), large mam-
mals, and freshwater fish were compiled from published data [25,49,54,75,77—79,90]. This sample expands on previous
baseline food data for the Andean Altiplano [79,90], and thus allows us to limit our baseline to samples from this territory
to avoid altitudinal and other regional effects [91]. For modern samples, §'°C values are corrected by +1.5%o for Suess
effects for comparison with ancient samples [91]. To account for meat bone offset, bone collagen samples with 6°C are
adjusted by —2.4%o for terrestrial samples [50] and a —3.7%o offset if the samples are aquatic [27,92]. The 6°C and &N
values for Archaic populations predating Kaillachuro and Jiskairumoko were compiled from published data on the Soro
Mik’aya Patjxa and Wilamaya Patjxa sites [27]. These values serve as a reference for assessing the subsistence patterns
of early foragers in comparison to those expected for early farmers. Wilamaya Patjxa (ca. 9.0 cal. ka) and Soro Mik’aya
Patjxa (8.0-6.5 cal. ka) are open-air archaeological sites located in the Titicaca Basin, primarily used for funerary pur-
poses [27,36,93,94]. These sites offer valuable insights into the lifeways of early forager societies prior to the adoption of
agriculture in the region.

Statistical analysis

Basic statistical analysis is performed using R statical computing environment [74], including the creation of a bivariate
plot of "N and &"C values for the human consumer and food-source data. Food resources are displayed as 95% quan-
tile ellipses. We also compute summary statistics for each group in the dataset. Boxplots are used to visually explore the
distribution of consumers’ raw values over time (S3 Data in S1 File). Rather than using traditional archaeological periods,
we grouped the data into three chronological blocks based on calibrated radiocarbon dates: 9.0-6.5 cal ka (WMP and
SMP), 5.3—4.0 cal ka, and 4.0-3.0 cal ka (KCO and JKM). Linear regression models are used to evaluate the predicted
decline in 6C and 6N values over time, which is based on median age estimate for each sample. Fitted values and 95%
confidence intervals are visualized for each isotopic dataset across periods.
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We assessed changes in isotopic variance (§'°C and §'°N) between chronological groups using both F-tests and Lev-
ene’s tests. The F-test evaluates differences in variance assuming normality, while Levene’s test provides a robust alter-
native less sensitive to outliers. Together, these tests allow us to identify shifts in inter-individual dietary variability across
time.

As a related line of evidence for evaluating the relative contributions of meat and plants in consumer diets, isotopic
bioapatite values are compared to three regression lines of protein sources following the carbon isotope model outlined
by Kellner and Schoeninger [95]. This analysis offers a related line of evidence for evaluating the relative contributions of
meat and plants in consumer diets. Data from Andean forager and agricultural populations [25,20] suggest that the values
for foraging populations tend to align closely with the regression line representing diets rich in C, protein and C, energy,
whether it is a C, plant, or an animal that consumes C, plants. By contrast, maize farming societies are expected to cluster
near the C, line. We note that identifying societies that consume C, cultivated plants presents a challenge, as they may be
indistinguishable from foragers who gather these plant types.

We estimate the caloric contribution of each potential food source to the diet of these highland consumers using
Bayesian tracer mixing models through the R package MixSIAR [96]. These estimates are based on trophic §'N and §'3C
values of the consumers and prospective food resources, including C, plants, C, plants, camelids, and freshwater fish. To
identify appropriate trophic enrichment factors, which can vary in time and place, we follow Chen et al [27] in comparing
Akaike information criterion (AIC) and leave-one-out cross validation (LOOic) values for sixteen models, each using dif-
ferent combinations of carbon and nitrogen trophic enrichment factors within the range of uncertainty [96]. To mitigate the
influence of weaning effects on the results, non-adults are omitted from the model.

Zoarchaeological analysis

Zoarchaeological samples recovered from the open-air site of Kaillachuro originate from features such as human burial
contexts, burn pits, offering pits, and midden deposits [41]. Analysis of the faunal assemblage from Kaillachuro, was
conducted using the Collasuyo Archaeological Research Institute zooarchaeological comparative collection and various
references [97,98]. A faunal specimen is a single bone, tooth, or fragment thereof found in an archaeological context,
whereas an element refers to a complete, unmodified, bone or tooth in the skeleton of a particular animal [99]. Taxon,
element, portion, side, bone fusion or tooth eruption/wear were recorded for each specimen. Taxonomic abundance is
measured by the number of identified specimens (NISP) per taxon (e.g., genus, family, or higher taxonomic category), and
also by the minimum number of individuals (MNI), which is a derived measure of NISP. To determine MNI, we examined
the number of overlapping skeletal parts and considered the “age” of the element (e.g., bone fusion, tooth eruption). While
these quantitative units are commonplace in zooarchaeological research, it is important to recognize they are not definitive
calculations. Gifford-Gonzalez [100] discusses how NISP can be biased by variability in the number of elements in taxa,
butchery/transport, different human breakage strategies, bone durability, and collection biases. The statistical validity of
tests using NISP is furthermore compromised by the fact that each bone fragment may not come from the same individual
[101]. Although MNI addresses some of the statistical constraints on NISP, MNI can present other complications depend-
ing on how researchers implement it. As it is derived from NISP, MNI is highly influenced by sample size, making intersite
comparisons misleading [101]. Another issue is the aggregate effect, which occurs when differences in MNI arise when it
is derived from the whole site assemblage versus stratigraphic units [101]. Due to the complicated stratigraphic sequence
of Kaillachuro site, as the result of reburial events [41,75], analysis was performed on the full site assemblage of faunal
bones, rather than on individual strata.

Specimens with suitable landmarks were measured using a digital caliper according to standards [102]. The taxonomic
profile of the Kaillachuro assemblage is compared to that of the contemporaneous site of Jiskairumoko [22], and the pre-
decessor sites of Soro Mik’aya Patjxa and Wilamaya Patjxa [27] in order to evaluate the expectation of dietary expansion
with increasing prominence of low-ranked resources during the period of economic transition. Comparative samples come
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from the features of these sites that include burial pits, possible roasting or storage pits, and, in the case of Jiskairumoko,
pit houses [22].

Animal-bone assemblages are the product of several agencies, including: human decision-making for hunting,
butchering, and transport, as well as non-human actions of carnivores, scavengers and environmental actors [103,104].
To understand these taphonomic agents [103,105,106], we recorded the type and orientation of bone breakage (e.g.,
spiral fracture) and percussion marks; the type, placement, and orientation of cut marks; and the type and extent of
animal gnawing. We recorded the degree of specimen burning as stages, wherein stage 1 is unburned, stage 3 is fully
carbonized, and stage 6 is fully calcined [107]. To assess the degree of breakage across the assemblage, specimens
that could not be identified to a skeletal element (e.g., long bone, axial, unidentified) and identified as medium mammal,
large mammal, mammal indeterminate, and vertebrate were assigned to size classes: 1 =<1cm, 2=1-2cm, 3=2-5cm,
4=5-10cm, 5 =>10 cm. The possible taxa represented in the large size class (camelid, cervid artiodactyl) can weigh
between 35-140kg, 8—12kg for medium size class (chilla, clupeo, fox, dog), and 900-1100g for the small taxa (rodent,
cuy, bird).

Archaeobotanical analysis

Archaeobotanical observations are used to evaluate the expected diet-breadth expansion. The working model antici-
pates the increasing prevalence of plant taxa over time, particularly chenopods and potatoes, which are thought to have
been domesticated in the region. While recognizing the analytical potential of archaeobotanical remains, we also recog-
nize some of the challenges. The preservation of carbonized seeds in the Andean Altiplano is influenced by oxygen and
humidity. Low humidity and reduced oxygen promote long-term survival. Carbonization halts decomposition, preserving
plant structures based on their physicochemical properties. Seeds with resistant pericarps are more likely to survive,
while fragile tissues may degrade completely [108—111]. In the high Andes, archaeobotanists have identified preservation
problems with archaeobotanical remains, which is why they consider it important to distinguish between carbonized and
non-carbonized remains [27].

We recovered macrobotanical remains from the flotation of soil sediments, which were subsequently selected for analysis.
These remains originate from well-dated archaeological features and deposits at the Kaillachuro site, including Mound 4 and
two non-mound areas (Units 3 and 7), spanning the Terminal Archaic to Early Formative periods. The samples were identi-
fied using an AmScope LED-144S stereoscope with a magnification of 10 to 40X in the Department of Ethnobotany and Bot-
any of the UNMSM Natural History Museum (Lima-Peru). Taxonomic determination was based on comparative morphometry
Tropics) seeds in the UNMSM Herbarium, and a reference catalog of modern specimens made by the authors. The macro-
botanical remains were classified into different plant anatomical structures, such as inflorescence, seed, stem, leaf, root, etc.

Results

Isotopic values from the 16 Kaillachuro and Jiskairumoko individuals and dietary reconstructions are statistically
indistinguishable from those of earlier forager populations in the region. Similarly departing from expectations, the taxo-
nomic profile of the faunal assemblage is indistinguishable from that of earlier populations, showing consistent preference
for large mammals and only trace amounts of small mammals, birds, and fish across the forager-farmer transition. Finally,
the archaeobotanical analysis shows charred chenopods seeds to be the most abundant samples, consistent with the
expectation of intensified use of chenopods. Here, we detail these findings and their articulation with model expectations.

Stable isotope analysis

Our comparative dataset results in the compilation 210 published food web isotopic values from archaeological (67%) and
corrected modern (33%) samples from the Andean Altiplano [25,27,49,54,75,77—79,90] (S1 Table in S1 File). There are
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20 humans, 47 camelids, 120 C, (domesticated and wild) plants, 6 C, plants (maize), and 17 freshwater fish samples from
lakes Titicaca and Uru Uru, Peru and Bolivia. The carbon and nitrogen values in the data strongly cluster by category,
indicating a meaningful baseline for comparison with the new human bone samples reported here (Fig 2).

Stable isotope characterization was accomplished for 16 individuals from Kaillachuro (n=12) and Jiskairumoko (n=4).
Atomic C/N ratios of all samples range between 3.1-3.5, within the acceptable range of 2.9-3.6 defined by DeNiro [116].
This suggests that diagenetic processes have not substantially impacted collagen isotopic values. Individuals exhibit
dietary 6"°N, . values ranging from 6.0—11.6%o, with a mean of 9.0+ 1.4%o, and dietary 6"°C, . values ranging from
=19.6%o to —17.4%o, with a mean of -18.9+0.5%o (Figs 2 and 3). These mean values are statistically indistinguishable
from the mean 6"N value of 9.4%. and mean §'*C value of —18.7%. observed at the nearby Middle and Late Archaic
period individuals in the same region [27]. We therefore fail to find support for the predicted decrease in 6N and §°C
values during the period of earliest food production.

An F-test comparing 6'°C variance between individuals from 9.0-6.5 ka (early foragers), 5.3—4.0 ka (Terminal Archaic),
and 4.0-3.0 ka (transition to Early Formative) reveals a significant increase in inter-individual variability (p=0.05 and
p=0.03). In contrast, 6'*N variance remains relatively stable between these first two periods but increases significantly
during the transition to the Early Formative (4.0-3.0 ka), as indicated by an F-test (p=0.02). These findings suggest that
dietary diversification, particularly in nitrogen sources, became more pronounced during the Early Formative transition. In
contrast, Levene’s tests for both isotopes show trends toward increased variability, though neither reaches conventional
statistical significance (Table 1).

Human dietary 6"°C and 6"N values fall closest to the mean of C, plants, suggesting diets dominated by C, plants
with lesser contributions from other food resources (see Fig 2). Diachronic analysis fails to detect any significant shifts in
average isotopic values over time (Fig 3A) or associated with the transition from foraging to early food production (§'*C
p=0.66 and 6"°N p=0.55, see Fig 3B). Average 6'C and &'°N values remain stable across the forager-farmer transition
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Fig 2. Stable isotope chemistry of human bone samples from Kaillachuro and Jiskairumoko indicate a plant-dominant diet. 5'*C and 6N val-
ues biplots for the consumers and food sources (S1 Table in S1 File). Triangles =Kaillachuro samples, Crosses =Jiskairumoko samples, Ellipses=95%
quantile ranges for each food category.

https://doi.org/10.1371/journal.pone.0325626.9002
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and the entire time transect of 9.0-3.0 cal. ka (Fig 3B). Overall, the isotopic data do not support a dietary shift through
time, and observed variation likely reflects individual or contextual differences within time periods rather than broad sub-

sistence change.

Dietary protein analysis comparing collagen and bioapatite analysis generates results that are consistent with our
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Fig 3. Diachronic analysis of diet in the Titicaca Basin. A): § '*C (left) and & "N (right) isotope values distribution across three chronological time
frames: 9.0-6.5 ka (20 samples from WMP-SMP), 5.3—4.0 ka (9 samples from KCO-JKM), and 4.0-3.0 ka (7 samples from KCO-JKM) that roughly
correspond to the Early—Late Archaic, Terminal Archaic, and Terminal Archaic—Early Formative periods, respectively. B) Regressions on the continuous
data fail to detect any statistical change over the 6000-year time transect (9.0-3.0 cal ka).

https://doi.org/10.1371/journal.pone.0325626.9003

Table 1. F-test and Levene’s test results comparing isotopic variance across temporal groups.

813C 815N

F-Test Levene’s test F-Test Levene’s test
Temporal groups p-value F F value Pr(>F) p-value F F value Pr(>F)
9.0-6.5 ka vs. 5.3—4.0 ka 0.05 3.25 3.14 0.09 0.13 2.45 1.96 0.17
5.3-4.0 ka vs. 4.0-3.0 ka 0.03 0.18 3.76 0.07 0.61 1.54 0.06 0.81
9.0-6.5 ka vs. 4.0-3.0 ka 0.46 0.60 0.96 0.34 0.02 3.79 2.61 0.12
https://doi.org/10.1371/journal.pone.0325626.t001
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Fig 4. Relationship between 613Capa‘ite and 4513Ccolagen for 16 Kaillachuro and Jiskairumoko individuals revealing C, plant-derived protein. The plot

uses three regression lines derived from the Kellner and Schoeninger (2007) model. The regression lines in this model denote the source of protein (C,,
marine, and C,), while the values’ positions (black dots) along the lines indicate the relative proportion of energy (i.e., fats and carbohydrates) provided
by the source.

https://doi.org/10.1371/journal.pone.0325626.9004

protein regression line, with some even at the base of this line (i.e., 100% C, energy) There are no consumers associated
with the other regression lines, such as the marine protein and C, plant lines, which further supports the hypothesis that
the Kaillachuro and Jiskairumoko individuals primarily consumed C, plants or terrestrial animals that consumed these
plants, such as camelids.

Comparison of Bayesian mixture models under various combinations of trophic-enrichment factors to account for
enrichment uncertainty shows that a "®*N trophic enrichment factor of 3.0%0 and *C trophic enrichment factor of 4.5%o pro-
duce the best fit to the data (Table 2 ). We therefore use these TEF values in our reconstruction of diets while noting that
other TEF values produce very similar results.

The best-fit Bayesian mixture model indicates that C, plants comprised approximately 84% (72-92%) of the average
adult diet. Meat and fish comprised only 8% (0-24%) and 4% (0—15%), respectively, while C, plants comprised just 2%
(0-7%) (Fig 5, Table 3). The results show that plant foods contributed the majority of calories to individual diets with meat
occupying a very distant secondary position. These values indicate that the quantity of C, plant consumption was nearly
identical to earlier forager populations of the region, among whom C, plants contributed approximately 84% (73-92%) to
the diet [27]. We therefore fail to find support for the prediction of elevated plant consumption in the Terminal Archaic and
Early Formative periods, though a high degree of uncertainty in mixing model clouds interpretation. Nonetheless, the con-
sistency in raw isotope values across the Archaic periods favors an interpretation of no dietary change in terms of relative
contributions of these broad food categories (see Fig 3).

Zooarchaeological results

Excavations at Kaillachuro produced a total of 1,978 animal-bone specimens (Table 4). Of these, 17.5% were identified
as mammal, 2.6% as birds, and the remainder could only be identified as vertebrate (i.e., bird or mammal; 79.9%). Of
the specimens identified to at least order level (n=94), 92.6% are order Artiodactyla. Camelids comprise a much higher
portion (84.6%) of the identified artiodactyls than cervids (15.4%). Just over 5% of the identified assemblage is family
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Table 2. Collagen and bioapatite isotope values of human bone from the Kaillachuro and Jiskairumoko sites. The values in the columns §"*Cdiet
and §'°Ndiet are the adjusted isotopic values with trophic enrichment factors of 4.5 for §'*C and 3.0 for §'°N (more details in S2 Table in S1 File).

ID Localization Isotopic data
Site date (95% Age Hard tis- Sample 8"C s 6"N,, C:N 8"C,., 6N, 8"C,_ .

cal. ka) sue types type (%o) (%o) (%o) (%o) site (Y00)

1 Kaillachuro 5.2-5.1 AP Dentin M3 -19.2 8.6 3.2 -23.7 5.6 -13.9

2 Kaillachuro 5.2-5.1 A Bone femur -19.2 8.5 3.2 -23.7 5.5 -13.1

3 Kaillachuro 5.3-5.0 A Bone femur -19.1 8.1 3.3 -23.6 5.1 -13.1

4 Kaillachuro 5.3-5.0 A Dentin LM3 -17.4 11.6 3.2 -21.9 8.6 -11.6

5 Kaillachuro 5.2-5.1 A Bone tibia -18.3 10.4 3.1 -22.8 7.4 -12.8

6 Kaillachuro ca. A Dentin RM2 -18.8 9.2 3.3 -23.3 6.2 -13.6
5.3-5.0 upper

7 Kaillachuro ca. A Dentin M3 -18.9 6.5 3.3 -23.4 3.5 -12.9
3.8-3.5

8 Kaillachuro 3.7-3.6 A Dentin M3 -19.6 6 3.5 -24.1 3 -11.6

9 Kaillachuro 4.7-4.5 A Dentin M3 (B3- -18.2 9.9 3.1 -22.7 6.9 -12.1

UEB)

10 Jiskairumoko ca. A Dentin LM3 -18.9 9.8 3.2 -23.4 6.8 -11.4
3.5-3.0°

11 Jiskairumoko ca. A Bone Bone -19.2 8.7 3.1 -23.7 57 -12.3
3.8-3.2

12 Jiskairumoko 3.8-34 A Dentin RM3 -19.0 9.3 3.1 -23.5 6.3 -12.3

13 Jiskairumoko ca. A Dentin LM3 -19.0 9.0 3.2 -23.5 6.0 -11.2
3.5-3.0

14 Kaillachuro 3.3-3.1 A Dentin RI1 -18.6 10.8 3.3 -23.1 7.8 -12.6

lower

15 Kaillachuro 3.3-3.1 A Bone femur -19.3 8.6 3.3 -23.8 5.6 -12.0

16 Kaillachuro ca. A Dentin RM3 -18.9 9.6 3.3 -23.4 6.6 -12.0
3.5-3.0

mean -18.9 9.0 3.2 -23.4 6.0 -12.4

SD 0.5 14 0.1 0.5 1.4 0.8

aca.=approximate date.

SA=Adult.

https://doi.org/10.1371/journal.pone.0325626.t002

Canidae, and 2% is cuy (Cavia sp.). Large mammals thus comprise 85% and small taxa 15% of identifiable specimens.
The taxonomic profile is similar to those of the contemporaneous site of Jiskairumoko and the earlier sites of Soro Mik’aya
Patjxa and Wilamaya Patjxa with two exceptions (Table 5). First, the Kaillachuro assemblage has a high proportion of
small vertebrate animals compared to the other three assemblages. At first glance, this would seem to support the pre-
diction of diet-breadth expansion. However, closer inspection shows that the Kaillachuro small-taxa component is inflated
by a single excavation unit that encountered a special context that contained high frequencies of bird bones, which we
describe below. Excluding this observation, all assemblages show similar trace proportions of small taxa and thus fail to
support the predicted dietary expansion in the Terminal Archaic Period.

A second domain of variance is observed in the camelid:deer ratios (see Table 5). Whereas camelids comprise
approximately 75% of camelid/deer elements at Soro Mik’aya Patjxa and Willa Maya Patjxa, they comprise 85% at Kail-
lachuro and 90% at Jiskairumoko. The data support previous findings of increasing representation of camelids relative
to deer during the Terminal Archaic Period, consistent with a model of animal management beginning during that time if
not earlier [22].
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Spiral or fresh fractures were identified on 23% and cut marks were observed on 19.5% of the artiodactyl remains.
Slightly more than 33% each of the specimens identified as either camelid or cervid had cut marks, which included shal-
low cuts, deep hack or chop marks, and grooving/sawing marks. Most of the marks are associated with disarticulation at
the joints (e.g., acetabulum, patella, femur head) and removal of the lower limbs (e.g., astragalus, ends of phalanges).
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Fig 5. In the subsistence economies of Kaillachuro and Jiskairumoko, the Bayesian mixing models results for the best-fit models indicate
that C, plants constituted most of the diet (72-92%), while the remaining sources (mammals, fish, and C, plants) played a secondary role.

https://doi.org/10.1371/journal.pone.0325626.9005

Table 3. Comparison of Bayesian mixing models using various trophic enrichment factors. Model 1, with §"°C TEF of 4.5 and 6N TEF of 3, has

the lowest LOOic and the highest weight, suggesting the best model.

Model TEF Sources Gelman Geweke LOOic weight
813C 85N C, plant C,plant mammal fish

1 4.5 3 84(72-92) 2(0-7) 8(0-24) 4(0-15) 0,0,0 1,0,0 1.7 0.328

2 5 3 90(81-96) 1(0-4) 4(0-16) 2(0-10) 0,0,0 8,0,0 1.9 0.297

3 5.5 3 95(88-99) 1(0-3) 2(0-10) 1(0-6) 0,0,0 0,2,2 2.4 0.231

4 6 3 97(90-99) 0(0-2) 1(0-7) 1(0-4) 2,0,0 0,0,0 8.1 0.013

5 4.5 4 85(75-92) 2(0-7) 6(0-21) 5(0-15) 0,0,0 3,156 6.5 0.03

6 5 4 91(82-96) 1(0-4) 4(0-14) 3(0-9) 0,0,0 0,0,2 5.4 0.052

7 5.5 4 95(89-99) 1(0-3) 2(0-9) 1(0-6) 2,0,0 0,0,0 5.8 0.042

8 6 4 97(91-99) 0(0-2) 1(0-6) 1(0-4) 1,0,0 0,0,1 10.4 0.004

9 45 5 86(74-92) 2(0-7) 6(0-21) 5(0-15) 1,0,0 0,3,0 16 0

10 5 5 92(84-97) 1(0-4) 3(0-13) 2(0-9) 0,0,0 2,71 14.2 0.001

1 5.5 5 96(89-99) 1(0-3) 2(0-8) 1(0-6) 0,0,0 1,0,0 14 0.001

12 6 5 97(92-99) 0(0-2) 1(0-6) 1(0-4) 1,0,0 3,4,1 18.6 0

13 4.5 6 85(74-92) 2(0-7) 6(0-22) 5(0-15) 1,0,0 4,0,0 27 0

14 5 6 91(83-96) 1(0-4) 4(0-14) 2(0-9) 1,0,0 0,4,3 24.9 0

15 5.5 6 95(88-99) 1(0-3) 2(0-9) 1(0-6) 2,0,0 0,1,1 25.5 0

16 6 6 97(92-99) 0(0-2) 1(0-6) 1(0-4) 1,0,0 4,0,0 29.9 0

https://doi.org/10.1371/journal.pone.0325626.t003
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Table 4. Number of identified specimens (NISP) and minimum number of individuals (MNI) from the Kaillachuro faunal assemblage.

TAXA NISP MNI
Bird (indet.) 52 1
Cuy (Cavia sp.) 1
Canid (chilla, clupeo, fox, dog) 5 1
Camelid (alpaca, llama, guanaco, vicufa) 33 3
Cervid (huemul, taruca, white-tailed deer) 6 2
Artiodactyl 48 n/a
Large mammal 2 n/a
Medium mammal 60 n/a
Mammal (indet.) 190 n/a
Vertebrate (indet.) 1580 n/a
Total 1978 7

https://doi.org/10.1371/journal.pone.0325626.t004

Nearly every bone in the Kaillachuro assemblage is burned to some degree (99%), although only 2.4% of the specimens
were partially calcined and none were entirely calcined, which is more common when bone is used for fuel and/or placed
in a hearth for an extended period (Lyman 1994). Most of the bones were either half charred or fully carbonized (80.6%).
As bone is burned it becomes more friable, and other taphonomic processes such as trampling and sediment pressure/
movement reduce the size of bone fragments. All bird bones are<1cm in size. Vertebrate specimens are either <1cm
(83.7%) or 1—2cm in size (16.3%), and the mammal fragments are similarly patterned. It seems likely that a significant
portion of these unidentified mammal and vertebrate pieces are also remains of camelids and cervids. Unfortunately,

the extent of burning will likely inhibit further identification of these small fragments, for example, by using ZooMS [117].
Nonetheless, the high degree of burning of faunal remains—which contrasts with the human bone that is almost entirely
unburnt— coupled with the presence of cut-marked specimens, indicates cultural consumption of the animal taxa.

The majority of the faunal remains originate from well-dated archaeological deposits [41,75], alongside others coming
from features that require explanation to contextualize the proportions of our findings more effectively. The high proportion
of bird remains identified at Kaillachuro is limited to a single archaeological context within a hearth dated to the Early For-
mative occupation of Mound 6. In addition to this context, we discovered at least one burn pit containing camelid remains
at Mound 4 of Kaillachuro, which dates to the Terminal Archaic Period. Jiskairumoko also contains pit ovens containing
faunal remains [39].

Archaeobotanical results

Favorable preservation of the anatomical structures of the botanical remains allowed their taxonomic determination. The
most common plant food resources in the Kaillachuro archaeobotanical assemblage are 23 burned seeds determined to
be from the Chenopodiaceae family (Table 6), most of which come from stratum #3 of Mound 4, which dates to the Termi-
nal Archaic Period [41]. Phenotypic traits of these seeds, alongside experimental investigations of contemporary quinoa
specimens, indicates that the burned condition of these plants was likely due to human cooking practices. The rest of the
materials correspond to unburned archaeobotanical remains; they are mainly non-food resources, such as grass (Fam.
Poaceae) and other herbs (Fam. Lamiaceae). We found a few (n=7) true potato seeds (TPS) of the Fam. Solanaceae
[118,119] in the Terminal Archaic and Early Formative deposits of Mound 4, as well as in the fill of Burial 5. However, none
are burned, suggesting modern intrusions.

Comparison with archaeobotanical remains at Soro Mik’aya Patjxa [27] reveals an apparent differential emphasis on
chenopodium seeds and tubers. Whereas chenopodium seeds are common in the Kaillachuro assemblages, they are
rare in the Soro Mik’aya Patjxa assemblage. Conversely, whereas burnt parenchyma tissue is absent in the Kaillachuro

PLOS One | https://doi.org/10.137 1/journal.pone.0325626 June 25, 2025 14 /23



https://doi.org/10.1371/journal.pone.0325626.t004

PLO\Sﬁ\\.- One

Table 5. Comparison of Kaillachuro faunal profile to that of the contemporary site of Kaillachuro and the earlier sites of Soro Mik’aya Patjxa
and Wilamaya Patjxa [22].

Size Taxa Kaillachuro Percent | Jiskairumoko Percent | Soro Mik’aya Percent | Wilamaya Percent

class NISP Large Large Patjxa Large Patjxa Large

Large Artiodactyl 48 32.20% 143 1.01% 108 3.02% 68 11.07%
Camelid 33 22.10% 576 4.07% 54 1.51% 27 4.40%
Cervid 6 4.01% 38 0.27% 17 0.48% 3 0.49%
Mammal Large 2 1.34% 13032 92.20% 3198 89.53% 462 75.24%
Mammal Large/Medium 60 40.30% 323 2.28% 173 4.84% 32 5.21%
Camelid (c.f.) 0 0% 21 0.15% 16 0.45% 12 1.95%
Cervid (c.f.) 0 0% 5 0.04% 6 0.17% 10 1.63%
Sum 149 14138 3572 614

Percent Percent Percent Percent
Small Small Small Small

Small Carnivore 5 8.50% 1 1.32% 1 2.70% 0 0%
Bird 52 88.10% 3 3.95% 4 10.81% 0 0%
Fish Indeterminate 0 0% 3 3.95% 3 8.10% 0 0%
Mammal Medium 0 0% 2 2.63% 3 8.11% 0 0%
Mammal Small 0 0% 67 88.16% 22 59.46% 1 100%
Rodent 2 3.40% 0 0% 4 10.81% 0 0%
Sum 59 76 37 1

Grand total 208 14214 3609 615

Proportion large 71.6 99.5 99.0 99.8

Proportion small 28.4 0.5 1 0.2

https://doi.org/10.1371/journal.pone.0325626.t005

assemblage, it is common in the Soro Mik’aya Patjxa assemblage. While the assemblages are small and limited, they
provisionally suggest a shift in emphasis from tubers in the Middle and Late Archaic periods to chenopodium seeds in

the Terminal Archaic Period. However, previous starch grain analysis from the nearby Terminal Archaic Period site of
Jiskairumoko suggests that tubers were present during the Terminal Archaic [23]. Therefore, the absence of archaeolog-
ical evidence of tubers at Kaillachuro should be interpreted with caution. This may be due to several factors, including
preservation issues, the small size of charcoal fragments recovered through flotation—which complicates identification—
and the fact that the analysis of botanical remains is still preliminary. While the presence of tubers cannot be ruled out in
future studies, current evidence does not clearly indicate their prominence in the archaeobotanical record at Kaillachuro.
These data converge to suggest that tuber use was important across the Archaic, with chenopodium gaining prominence
during the Terminal Archaic. These observations—particularly the expansion the Terminal Archaic diet to include chenopo-

dium—are broadly consistent with a model of plant intensification during the Terminal Archaic Period.

Discussion

Prevailing views of agricultural origins envision a transitional period of economic hardship in response to population

packing and resource stress, which catalyzed diet-breadth expansion and plant-food intensification. Such a model of
trophic decline anticipates carbon, and especially nitrogen, isotope decreases in human bone chemistry across the agri-
cultural transition. Contrary to this expectation, the average isotopic composition of early agricultural individuals from the
Titicaca Basin reported here are equivalent to those of preceding Archaic foragers [27], with 6N and §'3C values from
both Kaillachuro and Jiskairumoko remaining remarkably consistent through time. The best-fit Bayesian mixing model
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Table 6. Carbonized and uncarbonized macrobotanical materials from Kaillachuro.

Archaeological context Period | State Human food Other plant
Block/Mound | SU | Feature Chenopodium | Solanum sp. Poaceae Lamiaceae Fabaceae
sp.
n organ |N |organ n |organ n organ |n |organ

Unit 3 4 TA Burned 1 seed 0 0 0 0
7/non-mound 4 TA 2 seed 0 0 0 0

M4 6 TA 1 seed 0 0 0 0

M4 3 TA 19 |seed 0 0 0 0

M4 4A TA Non-buned | 0 2 seed (TPS) |0 0 0

M4 4B TA 0 2 seed (TPS) |0 0 0
7/non-mound 3 TA 0 1 seed (TPS) 0 0 0

M4 13 Burial EF 0 2 seed (TPS) |8 inflorescence | 4 flower |0

5

Unit 3 4 TA 0 0 2 inflorescence 0

Unit 3 5 TA 0 0 1 inflorescence 0 0

M4 8 TA 0 0 1 seed 0 1 seed
7/non-mound 4 TA 0 0 1 inflorescence 11 flower 0

M4 15 Burial EF 0 0 3 inflorescence | 0 0

5
M4 7 TA 0 0 2 inflorescence | 0 0

M4 =Mound 4, SU = Stratigraphic Unit, TA=Terminal Archaic, EF =Early Formative, TPS =True Potato Seed.

https://doi.org/10.1371/journal.pone.0325626.t006

Kaillachuro and Jiskairumoko values indicate that, like earlier Archaic diets, C, plants dominated (84 %) Terminal Archaic
and Early Formative diets in the Andean highlands. While it is still unclear whether Kaillachuro and Jiskairumoko popula-
tions relied more on domesticated plants or wild plants, archaeobotanical analysis at Kaillachuro, and previous research
at Jiskairumoko [23], suggests that quinoa and potatoes were the most common plant foods and were either domesticated
or on the path to domestication at that time, although still consuming wild species. Isotope results also indicate that meat
played a minor dietary role, with zooarchaeological data showing that camelids were the most common meat source. The
unanticipated stability in plant:meat ratios across the transition to food-producing economies requires explanation, as it
challenges expectations of progressive dietary change and underscores the continuity of forager-based subsistence strat-
egies among the earliest farmers.

Other lines of evidence suggest archery technology and animal domestication also appeared during the Terminal
Archaic Period [22,43]. We consider the possibility that such behaviors allowed incipient farmers to sustain relatively
constant levels of meat consumption. The abundance of projectile points in Terminal Archaic and Early Formative sites,
including at Kaillachuro and Jiskairumoko, suggests that large-mammal hunting remained important in the Terminal
Archaic Period [18]. Archery technology may have had two critical effects that allowed for dietary stability across the
economic transition. First, it may have enhanced hunting effectiveness, allowing meat consumption to continue at previ-
ous levels despite declining wild-animal populations. Second, archery technology may have enhanced social control and
reduced raiding, which may have allowed food-producing economies to emerge and stabilize [43].

Beyond mean values, inter-individual isotopic variability provides key insights into the diversity of subsistence prac-
tices during the transition to food production. The significant and constant increase in 6'*C variance between early for-
agers (9.0-6.5 ka), an early phase of the Terminal Archaic Period (5.3—4.0 ka) and transition to Early Formative (4.0-3.0
ka) individuals suggests that this period witnessed growing experimentation with cultivated plants. Interestingly, 6'°N
variance does not show a comparable shift until the subsequent transition to the Early Formative (4.0-3.0 ka), when
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nitrogen isotopes become significantly more variable. This pattern implies that while the incorporation of plants into diets
began earlier, shifts in protein sources—perhaps involving differential access to domestic versus wild animals—as well
as increasing variability in the isotopic composition of cultivated plants themselves, became more pronounced only later.
The latter may reflect evolving agricultural practices, including the use of organic fertilizers or expansion of cultivation into
diverse ecological niches, both of which can influence plant 6'*N values and, by extension, those of consumers. More-
over, the discrepancy of inter-individual §"*C and &'°N variance results highlight the sensitivity of the results to distribu-
tional assumptions, meaning that while there is some evidence of increased dietary diversification, these findings should
be interpreted carefully, particularly when considering small sample size or non-normal data distributions. However,

the results point to a potential latent effect that warrants further evaluation as more Formative Period samples become
available.

Fertilization mechanism has held a particularly prominent role in the Andes where scholars have proposed
co-evolutionary mechanisms in which the dung of managed camelids is used to fertilize managed plants, which feed back
into sustaining the camelids [79,120—122]. This co-evolutionary model anticipates an increase in §'°N values over time,
wherein significant amounts of nitrogen in plants are not derived from atmospheric nitrogen, but from animal byproducts
which are already elevated in §'SN compared to air. However, our data fails to reveal the predicted increase over time.

It thus appears that fertilization practices were not yet in place by the Early Formative Period, at least not in the llave
Basin. Whittemore’s analysis shows that such practices were, however, in place by the Late Intermediate Period [79]. On
the coast of northern Chile, bird guano fertilization in the Azapa Valley began with early agriculture during the Formative
Period [122]. Likewise, analysis of camelid faunal remains in the Nasca region on the south-central coast of Peru also
shows elevated 6N, suggesting fertilization, by 4200 cal BP in the Terminal Archaic [123]. Explicit analysis of additional
human samples and the analysis of faunal bone chemistry would be valuable for identifying when fertilization practices
first emerged in the Titicaca Basin.

Recent zooarchaeological data indicates a rise in the use of camelids, along with the onset of their cultural manage-
ment, throughout the Archaic Period in the Titicaca Basin [22]. However, the significance of camelids in the archaeological
record remains unresolved, as our isotopic findings seem to contradict their dietary importance. These unexpected results
may be clarified by three interpretations that are not necessarily incompatible with one another. First, animals served as
key economic resources beyond food, including as wool and hide producers, pack animals to obtain exotic goods such as
obsidian, sources of dung used as fuel [124], and as products of exchange themselves. Second, faunal remains identified
from the Kaillachuro burial contexts suggest camelids, and to a lesser extent other animals, were processed, cooked, and
consumed at the site in different social contexts. The proportion of camelid meat consumption in Kaillachuro is compa-
rable to that in Jiskairumoko village [22], it may be considered regular household usage; however, the presence of sec-
ondary burial pits adjacent to the Jiskairumoko pit-houses, some containing faunal remains, likely camelid bones [39,76],
suggests a second possibility, that part of these remains could be leftovers from ceremonial consumption. Furthermore,
the presence of at least two features with buried animal bones at Kaillachuro suggests that they were provided to the
dead as food offerings. Third, the management of camelid herds may have been incentivized by competitive male signal-
ing [8,125,126]. This could have been a result of competitive herd display and the establishment of interregional exchange
networks, which allowed males seeking status to obtain and show off prestigious goods [8,57]. The camelid remains at
Kaillachuro and Jiskairumoko thus may represent a mix of both wild and managed camelids, used in complex social con-
texts involving domestic consumption, exchange, rites, and costly signaling.

A limitation in our analysis is the absence of data between 6.5 and 5.3 cal ka, which leaves a gap in the last part of
the forager occupation. However, the forager data from 9.0 to 6.5 cal ka already show a consistent dietary pattern, which
closely aligns with that of the transition period (5.3—3.5 cal ka) and first farmers (3.5-3.0 cal ka). While the gap neces-
sitates caution in our interpretation of potential changes during this period, the available data strongly suggest that the
dietary strategy remained largely stable through millennia, with early farmers adopting a similar foraging-based diet.
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These findings suggest that early farming populations in the region retained a forager-like dietary pattern, even in the
presence of domestic crops. Rather than a rapid and uninterrupted shift, the results may show the gradual, non-linear, and
potentially mosaic or arrhythmic nature of subsistence transitions, where cultivated plants—at various stages of domestica-
Alternatively, the isotopic stability may point to continued reliance on wild resources for protein, while early unfertilized
crops—Ilargely C; species (basically potatoes and chenopods)—had minimal isotopic impact. This persistence highlights the
adaptive flexibility of early agropastoral communities in the Titicaca Basin as they navigate new economic options.

Conclusion

Results in this study challenge the current view that the transition to food-producing economies entailed diet-breadth
expansion and increased plant-food consumption. Rather, the Andean Altiplano case reveals surprising dietary stability
across the transition from foraging to farming economies. Both forager and early farmer diets were primarily composed

of C, plants with lesser caloric contributions from large mammals, including camelids and deer. Surprisingly, this subsis-
tence regime was maintained for some four millennia despite human population growth across the Archaic and Formative
periods at the Altiplano. Although it is likely that during this transition period in Kaillachuro and Jiskairumoko, there was a
gradual and flexible integration of domestic crops into the diets of Archaic foragers, reflecting a mosaic subsistence transi-
tion rather than an abrupt shift to agriculture. The Andean case thus represents a remarkable case of economic resilience
in the face of demographic and economic transformation. Evidence for expanding trade networks and archery technology
during the Terminal Archaic Period suggests that social and technological innovations are the likely explanations for sub-
sistence stability across the forager-farmer transition. This feat of resilience not only allowed Andean Altiplano populations
to maintain previously successful dietary regimes but also resulted in the domestication of plants and animals that would
go on to fuel the later emergence of urban centers, intensive agricultural strategies, and some of the world’s most expan-
sive socioeconomic systems, including the Tiwanaku and Inca phenomena.

Supporting information

S1 File. S1 Table. Food Web Data. 210 published isotopic values from archaeological and adjusted modern samples
from the Andean Altiplano. S2 Table. Isotopic and archaeological context data of human bones. 16 isotopic values
from the Kaillachuro and Jiskairumoko sites. S3 Data. R code for statistical analysis.

(ZIP)

Acknowledgments

Research support in Peru was provided by the Collasuyo Archaeological Research Institute, Aymara communities of
Jacchacachi and Totorani, as well as several Peruvian colleagues who participated in the field and lab work. Addition-
ally, we would like to express our gratitude to UC Davis (USA) and UNMSM (Peru) for providing us access to their
facilities. Human remains were excavated and exported under the Peruvian Ministry of Culture Permit numbers RV
0237-2021-VMPCIC/MC and 270-2022-VMPCIC/MC. We are grateful to James Watson and Gonzalo Irureta for their
analysis reports on human remains. Thank you to Christyann Darwent for providing feedback on this paper.

Author contributions

Conceptualization: Luis Flores-Blanco, Randall Haas.

Data curation: Luis Flores-Blanco.

Formal analysis: Luis Flores-Blanco, Morgan Hall, Luisa Hinostroza.

Funding acquisition: Luis Flores-Blanco, Mark Aldenderfer.

PLOS One | https://doi.org/10.137 1/journal.pone.0325626 June 25, 2025 18/23



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325626.s001

PLO\Sﬁ\\.- One

Investigation: Luis Flores-Blanco, Morgan Hall, Luisa Hinostroza, Mark Aldenderfer.
Methodology: Luis Flores-Blanco, Jelmer Eerkens, Randall Haas.

Project administration: Luis Flores-Blanco.

Resources: Luis Flores-Blanco, Morgan Hall, Luisa Hinostroza, Jelmer Eerkens.
Software: Randall Haas.

Supervision: Jelmer Eerkens, Randall Haas.

Visualization: Luis Flores-Blanco.

Writing — original draft: Luis Flores-Blanco.

Writing — review & editing: Luis Flores-Blanco, Morgan Hall, Luisa Hinostroza, Jelmer Eerkens, Mark Aldenderfer,
Randall Haas.

References
1. Arnold J. Labor and the rise of complex hunter-gatherers. J Anthropol Archaeol. 1993;12(1):75-119. https://doi.org/10.1006/jaar.1993.1003
2. Childe G. Man makes himself. Mentor Book. NY: New American Library; 1951. 200.
3. Flannery K. The cultural evolution of civilizations. Annu Rev Ecol Syst. 1972;3(1):399-426.
4. Sahlins M. Stone Age Economics. Chicago: Aldine de Gruyter; 1972.
5. Smith B. Low-level food production. J Archaeol Res. 2001;9:1-43.
6. Lee RB, De Vore I. Man the hunter. Chicago, IL: Aldine Publishing Company; 1968.
7. Diamond J. The worst mistake in the history of the human race. Discover Magazine. 1987;64—6.
8. Aldenderfer M. Costly signaling, the sexual division of labor, and animal domestication in the Andean highlands. In: Kennett D, Winterhalder B.

Behavioral ecology and the transition to agriculture. University of California Press; 2006. 167-96.

9. Stiner MC. Thirty years on the “broad spectrum revolution” and paleolithic demography. Proc Natl Acad Sci USA. 2001;98(13):6993-6. https://doi.
org/10.1073/pnas.121176198 PMID: 11390968

10. Zeder MA. The broad spectrum revolution at 40: resource diversity, intensification, and an alternative to optimal foraging explanations. J Anthropol
Archaeol. 2012;31(3):241-64.

11.  Weiss E, Wetterstrom W, Nadel D, Bar-Yosef O. The broad spectrum revisited: evidence from plant remains. Proc Natl Acad Sci. 2004;101(26).
https://doi-org.ezproxy1.lib.asu.edu/10.1073/pnas.0402362101

12. Flannery K. Origins and ecological effects of early domestication in Iran and the Near East. The domestication and exploitation of plants and ani-
mals. Routledge; 1969. 73-100.

13. Bender B. Gatherer-hunter to farmer: A social perspective. World Archaeology. 1978;10(2):204—22. https://doi.org/10.1080/00438243.1978.9979731
14. Cauvin J. The Birth of the Gods and the Origins of Agriculture. Cambridge University Press; 2000.

15. Ingold T. Hunters, Pastoralists and Ranchers. Cambridge University Press; 1980. https://doi.org/10.1017/cbo9780511558047

16. Hodder |. The domestication of Europe: structure and contingency in Neolithic societies. Oxford: Blackwell; 1990. 331.

17. Aldenderfer MS, Flores Blanco L. Reflexiones para avanzar en los estudios del periodo arcaico en Los Andes centro -sur. Chungara (Arica).
2011;43(especial):531-50. https://doi.org/10.4067/s0717-73562011000300011

18. Kitchel N, Aldenderfer M, Haas R. Diet, mobility, technology, and lithics: Neolithization on the Andean altiplano, 7.0-3.5 ka. J Archaeol Method
Theory. 2022;29(2):390-425. https://doi.org/10.1007/s10816-021-09525-7

19. Moseley ME. The maritime foundations of Andean civilization. Benjamin-Cummings Publishing Company; 1974.

20. Pezo-Lanfranco L, Colonese AC. The role of farming and fishing in the rise of social complexity in the Central Andes: a stable isotope perspective.
Sci Rep. 2024;14(1):4582. https://doi.org/10.1038/s41598-024-55436-4

21. Murray AP. Chenopodium domestication in the south-central Andes: Confirming the presence of domesticates at Jiskairumoko (late
Archaic-Formative), Peru. PhD Dissertation, California State University, Fullerton; 2005.

22. Noe S, Haas R, Aldenderfer M. Hunting to herding on the Andean Altiplano: zooarchaeological insights into Archaic period subsistence in the Lake
Titicaca Basin, Peru (9.0 - 3.5 ka). J Anthropol Archaeol. 2025;77,101658. https://doi.org/10.1016/j.jaa.2025.101658

23. Rumold C, Aldenderfer M. Late Archaic—Early Formative period microbotanical evidence for potato at Jiskairumoko in the Titicaca Basin of south-
ern Peru. Proc Natl Acad Sci. 2016;113(48):13672—7. https://doi-org.ezproxy1.lib.asu.edu/10.1073/pnas.1604265113

24. Rumold C. llluminating women’s work and the advent of plant cultivation in the Highland Titicaca Basin of South America: new evidence from grind-
ing tool and starch grain analyses. PhD Dissertation, University of California: Santa Barbara; 2010.

PLOS One | https://doi.org/10.1371/journal.pone.0325626  June 25, 2025 19/23



https://doi.org/10.1006/jaar.1993.1003
https://doi.org/10.1073/pnas.121176198
https://doi.org/10.1073/pnas.121176198
http://www.ncbi.nlm.nih.gov/pubmed/11390968
https://doi-org.ezproxy1.lib.asu.edu/10.1073/pnas.0402362101
https://doi.org/10.1080/00438243.1978.9979731
https://doi.org/10.1017/cbo9780511558047
https://doi.org/10.4067/s0717-73562011000300011
https://doi.org/10.1007/s10816-021-09525-7
https://doi.org/10.1038/s41598-024-55436-4
https://doi.org/10.1016/j.jaa.2025.101658
https://doi-org.ezproxy1.lib.asu.edu/10.1073/pnas.1604265113

PLO\Sﬁ\\.- One

25. Miller MJ, Kendall I, Capriles JM, Bruno MC, Evershed RP, Hastorf CA. Quinoa, potatoes, and llamas fueled emergent social complexity in the
Lake Titicaca Basin of the Andes. Proc Natl Acad Sci USA. 2021;118(49):€2113395118. https://doi.org/10.1073/pnas.2113395118 PMID: 34845028

26. Bruno M, Whitehead W. Chenopodium cultivation and formative period agriculture at Chiripa, Bolivia. Lat Am Antiq. 2003;14(3):339-55.

27. Chen J, Aldenderfer M, Eerkens J, Langlie B, Viviano C, Watson J, et al. Stable isotope chemistry reveals plant-dominant diet among early forag-
ers on the Andean Altiplano, 9.0-6.5 cal. ka. PLOS ONE. 2024;9. https://doi.org/10.1371/journal.pone.0296420

28. Watson JT, Haas R. Dental evidence for wild tuber processing among Titicaca Basin foragers 7000 ybp. Am J Phys Anthropol. 2017;164(1):117-30.
https://doi.org/10.1002/ajpa.23261 PMID: 28581062

29. Bruno M. Domesticado o silvestre? Resultados de la investigacion de semillas de Chenopodium Chiripa, Bolivia (1500-100 aC). Rev Textos Antro-
polégicos. 2005;15:39.

30. Langlie BS, Capriles JM. Paleoethnobotanical evidence points to agricultural mutualism among early camelid pastoralists of the Andean central
Altiplano. Archaeol Anthropol Sci. 2021;13(7):107. https://doi.org/10.1007/s12520-021-01343-y

31. Langlie BS, Hastorf CA, Bruno MC, Bermann M, Bonzani RM, Condarco WC. Diversity in Andean Chenopodium domestication: describing a new
morphological type from La Barca, Bolivia 1300-1250 B.C. J Ethnobiol. 2011;31(1):72—88. https://doi.org/10.2993/0278-0771-31.1.72

32. Bruno M. Beyond raised fields: Exploring farming practices and processes of agricultural change in the ancient Lake Titicaca basin of the Andes.
Am Anthropol. 2014;116(1):130—45.

33. Whitehead W. Redefining plant use at the formative site of Chiripa in the southern Titicaca Basin. In: Isbell W, Silverman H. Andean Archaeology
I1l. Boston, MA: Springer US; 2006. 258—78.

34. Lindo J, Haas R, Hofman C, Apata M, Moraga M, Verdugo R, et al. The genetic prehistory of the Andean highlands 7000 years BP though Euro-
pean contact. Sci Adv. 2018;4(11):eaau4921. https://doi.org/10.1126/sciadv.aau4921

35. Jorgensen K, Garcia OA, Kiyamu M, Brutsaert TD, Bigham AW. Genetic adaptations to potato starch digestion in the Peruvian Andes. Am J Biol
Anthropol. 2023;180(1):162-72. https://doi.org/10.1002/ajpa.24656 PMID: 39882941

36. Haas R, Viviano C. Hunter-gatherers on the eve of agriculture: investigations at Soro Mik’aya Patjxa, Lake Titicaca Basin, Peru, 8000-6700 BP.
Antiquity. 2015;89(348):1297-312. https://doi.org/10.15184/aqy.2015.100

37. Steadman L. Excavations at Camata: An early ceramic chronology for the western Titicaca Basin, Peru. Berkeley: PhD Dissertation, University of
California; 1995.

38. Bandy M. Population and history in the ancient Titicaca Basin. Berkeley: PhD Dissertation, University of California; 2001.

39. Craig N. The formation of early settled villages and the emergence of leadership: A test of three theoretical models in the Rio llave, Lake Titicaca
Basin, southern Peru. PhD Dissertation, UCSB; 2005.

40. Herhahn C. Moving to live: a pastoral mobility model from the South-Central Andes, Peru. PhD Dissertation, University of California: Santa Bar-
bara; 2004.

41. Flores-Blanco L, Aldenderfer M. Kaillachuro: early monumental architecture of the Titicaca Basin, 5300-3000 BP. Antiquity. 2025.
42. Bandy M. Early village society in the Formative period in the southern Lake Titicaca Basin. Andean Archaeol 11l North South. 2006;210-36.

43. Flores-Blanco L, Cuellar L, Aldenderfer M, Stanish C, Haas R. Did archery technology precipitate complexity in the Titicaca Basin? A metric analy-
sis of projectile points, 11—1 ka. Quaternary International. 2024;704:17-33. https://doi.org/10.1016/j.quaint.2023.10.012

44. Rose CE. Household and community organization of a Formative Period, Bolivian settlement. PhD Dissertation, University of Pittsburgh; 2001.

45. FoxJ. Time and process in an early village settlement system on the Bolivian southern Altiplano. PhD Dissertation, University of Pittsburgh; 2007.

46. Moore K, Steadman D, DeFrance S. Herds, fish, and fowl in the domestic and ritual economy of Formative Chiripa. In: Hastorf C. Early Settlement
at Chiripa, Bolivia: Research of the Taraco Archaeological Project. Contributions of the University of California Archaeological Research; 1999.
105-16.

47. Moore K. Grace under pressure: Responses to changing environments by herders and fishers in the Formative Lake Titicaca Basin, Bolivia. Sus-
tain Lifeways Cult Persistence Ever-Chang Environ. 2011;20:244—72.

48. Capriles J, Moore K, Domic A, Hastorf C. Fishing and environmental change during the emergence of social complexity in the Lake Titicaca Basin.
J Anthropol Archaeol. 2014;34:66-77.

49. Miller M, Capriles J, Hastorf C. The fish of Lake Titicaca: Implications for archaeology and changing ecology through stable isotope analysis. J
Archaeol Sci. 2010;37(2):317-27.

50. DeNiro MJ, Epstein S. Influence of diet on the distribution of carbon isotopes in animals. Geochimica et Cosmochimica Acta. 1978;42(5):495-506.
https://doi.org/10.1016/0016-7037(78)90199-0

51. Deniro MJ, Epstein S. Influence of diet on the distribution of nitrogen isotopes in animals. Geochimica et Cosmochimica Acta. 1981;45(3):341-51.
https://doi.org/10.1016/0016-7037(81)90244-1

52. DeNiro M, Schoeniger M. Stable carbon and nitrogen isotope ratios of bone collagen: variations within individuals, between sexes, and within pop-
ulations raised on monotonous diets. J Archaeol Sci. 1983;10(3):199-203.

53. Schwarcz H, Schoeninger M. Stable Isotopes of Carbon and Nitrogen as Tracers for Paleo-Diet Reconstruction. In: Baskaran M. Handbook of
Environmental Isotope Geochemistry: Vol I. Berlin, Heidelberg: Springer; 2012. 725-42. https://doi.org/10.1007/978-3-642-10637-8_34

PLOS One | https://doi.org/10.137 1/journal.pone.0325626 June 25, 2025 20/23



https://doi.org/10.1073/pnas.2113395118
http://www.ncbi.nlm.nih.gov/pubmed/34845028
https://doi.org/10.1371/journal.pone.0296420
https://doi.org/10.1002/ajpa.23261
http://www.ncbi.nlm.nih.gov/pubmed/28581062
https://doi.org/10.1007/s12520-021-01343-y
https://doi.org/10.2993/0278-0771-31.1.72
https://doi.org/10.1126/sciadv.aau4921
https://doi.org/10.1002/ajpa.24656
http://www.ncbi.nlm.nih.gov/pubmed/39882941
https://doi.org/10.15184/aqy.2015.100
https://doi.org/10.1016/j.quaint.2023.10.012
https://doi.org/10.1016/0016-7037(78)90199-0
https://doi.org/10.1016/0016-7037(81)90244-1
https://doi.org/10.1007/978-3-642-10637-8_34

PLO\Sﬁ\\.- One

54. Capriles J, Miller M, Fox J, Browman D, Yoder Urista C. Evaluating dietary diversity among Andean Central Altiplano early camelid pastoralists
using stable isotope analysis. Environ Archaeol. 2021;1-19. https://doi.org/10.1080/14614103.2021.2003582

55. Juengst SL, Hutchinson DL, Chavez KM, Chavez SJ, Chavez SR, Krigbaum J, et al. The resiliency of diet on the Copacabana Peninsula, Bolivia.
Journal of Anthropological Archaeology. 2021;61:101260. https://doi.org/10.1016/j.jaa.2020.101260

56. Juengst S, Chavez S, Hutchinson D, Chavez S. Late Preceramic Forager—Herders from the Copacabana Peninsula in the Titicaca Basin of Bolivia:
A Bioarchaeological Analysis. Int J Osteoarchaeol. 2017;27(3):430—-40. https://doi.org/10.1002/0a.2566

57. Aldenderfer M. Preludes to power in the highland Late Preceramic Period. Archeological Papers of the American Anthropological Association. Spec
Issue Foundations Power Prehispanic Andes. 2004;14(1):13-35. https://doi-org.ezproxy1.lib.asu.edu/10.1525/ap3a.2004.14.013

58. Aldenderfer M. Balances y perspectivas del periodo arcaico en la regién del altiplano. In: Flores Blanco, L and Tantalean, H Arqueologia de la
Cuenca del Titicaca, Peru. Lima: IFEA - Cotsen. 2012;19-39.

59. Aldenderfer M, Craig NM, Speakman RJ, Popelka-Filcoff R. Four-thousand-year-old gold artifacts from the Lake Titicaca basin, southern Peru.
Proc Natl Acad Sci USA. 2008;105(13):5002—-5. https://doi.org/10.1073/pnas.0710937105 PMID: 18378903

60. Flores Blanco L. El periodo arcaico en la cuenca del lago Titicaca y sus alrededores, Andes Centro Sur. In: Vega-Centeno R. Repensar el Peru
antiguo: Aportes desde la arqueologia. IEP - PUCP; 2017. 49-84.

61. Flores Blanco LA. El surgimiento del paisaje monumentalizado pensado desde los datos de la cuenca del lago Titicaca, Andes Centro-Sur. Com-
plutum. 2014;25(1). https://doi.org/10.5209/rev_cmpl.2014.v25.n1.45355

62. Hastorf CA. Community with the ancestors: ceremonies and social memory in the Middle Formative at Chiripa, Bolivia. Journal of Anthropological
Archaeology. 2003;22(4):305-32. https://doi.org/10.1016/s0278-4165(03)00029-1

63. Cordain L, Miller JB, Eaton SB, Mann N, Holt SH, Speth JD. Plant-animal subsistence ratios and macronutrient energy estimations in worldwide
hunter-gatherer diets. Am J Clin Nutr. 2000;71(3):682-92. https://doi.org/10.1093/ajcn/71.3.682 PMID: 10702160

64. Kelly R. The lifeways of hunter-gatherers: the foraging spectrum. Cambridge University Press; 2013.

65. Richards MP, Schulting RJ, Hedges REM. Archaeology: sharp shift in diet at onset of Neolithic. Nature. 2003;425(6956):366. https://doi.
org/10.1038/425366a PMID: 14508478

66. Bird M, Haig J, UIm S, Wuster C. A carbon and nitrogen isotope perspective on ancient human diet in the British Isles. J Archaeol Sci.
2022;137:105516.

67. Schulting R. Dietary shifts at the Mesolithic—Neolithic transition in Europe. The Oxford Handbook of the Archaeology of Diet. Oxford University
Press; 2024. 297-322.

68. Delgado M. Patterns of dietary diversity in Holocene north-west South America: new insights from Bayesian stable isotope mixing models. Antig-
uity. 2021;95(382):1027—42. https://doi.org/10.15184/aqy.2021.56

69. Reilly S, Roddick AP. Plants in transit communities: circulating tubers and maize in the Lake Titicaca basin, Bolivia. Lat Am Antiq.
2022;33(4):791-808.

70. Fuller DQ, Willcox G, Allaby RG. Cultivation and domestication had multiple origins: arguments against the core area hypothesis for the origins of
agriculture in the Near East. World Archaeology. 2011;43(4):628-52. https://doi.org/10.1080/00438243.2011.624747

71. Fuller D, Lucas L. Contrasting pathways to domestication and agriculture around Southwest Asia. Archaeol Anthropol Sci. 2025;17(4):74.

72. U.S. Geological Survey. Global multi-resolution terrain elevation data 2010 (GMTED2010). 2011 [cited 2024 Mar 15]. https://topotools.cr.usgs.gov/
gmted_viewer/viewer.htm

73. QGIS Development Team. QGIS Geographic Information System. 2023. https://qgis.osgeo.org/

74. R Core Team. R: A language and environment for statistical computing. Vienna, Australia: R Foundation for Statistical Computing; 2022. https://
www.R-project.org/

75. Flores-Blanco L. The roots of social inequality: Archaeology of the Kaillachuro mounds, Titicaca Basin, Peru, 5.3-3.0 ka. PhD Dissertation, UC
Davis; 2024.

76. Craig N. Transiciones del Arcaico Tardio al Formative Temprano: una perspectiva desde la arqueologia de la unidad doméstica de dos sitios del
Valle del Rio llave, Cuenca del Lago Titicaca. In: Flores Blanco L, Tantalean H Arqueologia de la Cuenca del Titicaca, Peru. Lima: IFEA - Cotsen.
2012. 41-130.

77. Berryman C. Food, feasts, and the construction of identity and power in ancient Tiwanaku: A bioarchaeological perspective. Vanderbilt University; 2010.

78. DeNiro M. Marine food sources for prehistoric coastal Peruvian camelids: isotopic evidence and implications. In: Wing E, Wheeler J, editors. Eco-
nomic prehistory of the Central Andes. Oxford: BAR International Series. 1988. 119-28.

79. Whittemore AF, Langlie BS, Arkush E, Velasco MC. Isotopic insights into quinoa agriculture at an Andean hillfort town (cal ad 1250-1450). Veget
Hist Archaeobot. 2023;33(3):393—406. https://doi.org/10.1007/s00334-023-00952-y

80. Bartelink E, Berry R, Chesson L. Stable isotopes and human provenancing. In: Mallett X, Blythe T, Berry R. Advances in Forensic Human Identifi-
cation. CRC Press; 2014. 165-92.

81. Froehle AW, Kellner CM, Schoeninger MJ. Focus: Effect of diet and protein source on carbon stable isotope ratios in collagen: Follow up to. J
Archaeol Sci. 2010;37(10):2662-270.

PLOS One | https://doi.org/10.1371/journal.pone.0325626  June 25, 2025 21/23



https://doi.org/10.1080/14614103.2021.2003582
https://doi.org/10.1016/j.jaa.2020.101260
https://doi.org/10.1002/oa.2566
https://doi-org.ezproxy1.lib.asu.edu/10.1525/ap3a.2004.14.013
https://doi.org/10.1073/pnas.0710937105
http://www.ncbi.nlm.nih.gov/pubmed/18378903
https://doi.org/10.5209/rev_cmpl.2014.v25.n1.45355
https://doi.org/10.1016/s0278-4165(03)00029-1
https://doi.org/10.1093/ajcn/71.3.682
http://www.ncbi.nlm.nih.gov/pubmed/10702160
https://doi.org/10.1038/425366a
https://doi.org/10.1038/425366a
http://www.ncbi.nlm.nih.gov/pubmed/14508478
https://doi.org/10.15184/aqy.2021.56
https://doi.org/10.1080/00438243.2011.624747
https://topotools.cr.usgs.gov/gmted_viewer/viewer.htm
https://topotools.cr.usgs.gov/gmted_viewer/viewer.htm
https://qgis.osgeo.org/
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1007/s00334-023-00952-y

PLO\Sﬁ\\.- One

82. Fernandes R, Nadeau MJ, Grootes PM. Macronutrient-based model for dietary carbon routing in bone collagen and bioapatite. Archaeol
Anthropol Sci. 2012;4(4):291-301.

83. Tieszen LL, Boutton TW. Stable Carbon Isotopes in Terrestrial Ecosystem Research. In: Rundel P, Ehleringer J, Nagy K. Ecological Studies.
Springer New York; 1989. 167-95. https://doi.org/10.1007/978-1-4612-3498-2_11

84. Schoeninger M, Moore K. Bone stable isotope studies in archaeology. J World Prehistory. 1992;6(2):247-96.

85. Longin R. New method of collagen extraction for radiocarbon dating. Nature. 1971;230(5291):241-2. https://doi.org/10.1038/230241a0 PMID:
4926713

86. Bocherens H, Drucker D. Trophic level isotopic enrichment of carbon and nitrogen in bone collagen: case studies from recent and ancient terres-
trial ecosystems. Int J Osteoarchaeol. 2003;13(1-2):46-53.

87. Cheung C, Szpak P. Interpreting past human diets using stable isotope mixing models. J Archaeol Method Theory. 2021;28(4):1106—42.

88. (O’Connell TC, Kneale CJ, Tasevska N, Kuhnle GGC. The diet-body offset in human nitrogen isotopic values: a controlled dietary study. Am J
Phys Anthropol. 2012;149(3):426—34. https://doi.org/10.1002/ajpa.22140 PMID: 23042579

89. Coltrain J, Janetski J. The stable and radio-isotope chemistry of southeastern Utah Basketmaker Il burials: dietary analysis using the linear mixing
model SISUS, age and sex patterning, geolocation and temporal patterning. J Archaeol Sci. 2013;40(12):4711-30.

90. Pezo-Lanfranco L, Mut P, Chavez J, Fossile T, Colonese AC, Fernandes R. South American Archaeological Isotopic Database, a regional-scale
multi-isotope data compendium for research. Sci Data. 2024;11(1):336. https://doi.org/10.1038/s41597-024-03148-9 PMID: 38575659

91. Szpak P, White CD, Longstaffe FJ, Millaire J-F, Vasquez Sanchez VF. Carbon and nitrogen isotopic survey of northern peruvian plants: baselines
for paleodietary and paleoecological studies. PLoS One. 2013;8(1):e53763. https://doi.org/10.1371/journal.pone.0053763 PMID: 23341996

92. Guiry EJ, Hunt BPV. Integrating fish scale and bone isotopic compositions for “deep time” retrospective studies. Mar Environ Res.
2020;160:104982. https://doi.org/10.1016/j.marenvres.2020.104982 PMID: 32907720

93. Haas R, Watson J, Buonasera T, Southon J, Chen JC, Noe S, et al. Female hunters of the early Americas. Sci Adv. 2020;6(45):eabd0310. https://
doi.org/10.1126/sciadv.abd0310 PMID: 33148651

94. Smallwood A, Haas R, Jennings T. Lithic usewear confirms the function of Wilamaya Patjxa projectile points. Sci Rep. 2023;13(1):19044. https://
doi.org/10.1038/s41598-023-45743-7 PMID: 37923759

95. Kellner CM, Schoeninger MJ. A simple carbon isotope model for reconstructing prehistoric human diet. Am J Phys Anthropol. 2007;133(4):1112—
27. https://doi.org/10.1002/ajpa.20618 PMID: 17530667

96. Stock BC, Jackson AL, Ward EJ, Parnell AC, Phillips DL, Semmens BX. Analyzing mixing systems using a new generation of Bayesian tracer
mixing models. Peerd. 2018;6:€5096. https://doi.org/10.7717/peer|.5096 PMID: 29942712

97. IMNH. Idaho Virtual Museum - Osteo. 2004 [cited 2025 Jan 19]. https://virtual.imnh.iri.isu.edu/Osteo
98. Pacheco Torres VR, Altamiro AJ, Guerra Porras ES. The osteology of South American camelids. 1986.

99. Lyman RL. Quantitative paleozoology. Cambridge University Press; 2008.
100. Gifford-Gonzalez D. An Introduction to Zooarchaeology. Springer International Publishing; 2018. https://doi.org/10.1007/978-3-319-65682-3
101. Grayson DK. Quantitative zooarchaeology: topics in the analysis of archaeological faunas. Elsevier; 2014.

102. Von Den Driesch A. A guide to the measurement of animal bones from archaeological sites. Peabody Museum Press; 1976.
103. Lyman RL. Vertebrate taphonomy. Cambridge University; 1994.

104. Flores-Blanco L, Altamirano AJ, Villacorta M, Capriles JM, Estrada F, Herrera K, et al. Reconstructing the sequence of an Inca Period (1470-1532
CE) camelid sacrifice at El Pacifico, Peru. J Archaeol Sci Rep. 2022;41:103247. https://doi.org/10.1016/j.jasrep.2021.103247

105. Fernandez-Jalvo Y, Andrews P. Atlas of taphonomic identifications: 1001 images of fossil and recent mammal bone modification. Springer; 2016.

106. Johnson EV, Parmenter PC, Outram AK. A new approach to profiling taphonomic history through bone fracture analysis, with an example applica-
tion to the Linearbandkeramik site of Ludwinowo 7. J Archaeol Sci Rep. 2016;9.

107. Stiner MC, Kuhn SL, Weiner S, Bar-Yosef O. Differential burning, recrystallization, and fragmentation of archaeological bone. J Archaeol Sci.
1995;22(2):223-37.

108. Hastorf C. Recent research in paleoethnobotany. J Archaeol Res. 1999;7(1):55-103.

109. Wright P. Preservation or destruction of plant remains by carbonization?. J Archaeol Sci. 2003;30(5):577-83.

110. Wright PJ. Seeds: Conservation and Preservation. In: Smith C. Encyclopedia of Global Archaeology. New York, NY: Springer; 2014 [cited 2025
Mar 26]. 6551—4. https://doi.org/10.1007/978-1-4419-0465-2_489

111.  Chiou KL, Cook AG, Hastorf CA. Flotation versus dry sieving archaeobotanical remains: A case history from the Middle Horizon southern coast of
Peru. Journal of Field Archaeology. 2013;38(1):38-53. https://doi.org/10.1179/00934690122.00000000035

112. Chiou KL, Hastorf CA. A systematic approach to species—level identification of chile pepper (Capsicum spp.) seeds: establishing the ground-
work for tracking the domestication and movement of chile peppers through the Americas and beyond. Econ Bot. 2014;68:316-36. https://doi.
org/10.1007/s12231-014-9279-2

PLOS One | https://doi.org/10.1371/journal.pone.0325626  June 25, 2025 22/23



https://doi.org/10.1007/978-1-4612-3498-2_11
https://doi.org/10.1038/230241a0
http://www.ncbi.nlm.nih.gov/pubmed/4926713
https://doi.org/10.1002/ajpa.22140
http://www.ncbi.nlm.nih.gov/pubmed/23042579
https://doi.org/10.1038/s41597-024-03148-9
http://www.ncbi.nlm.nih.gov/pubmed/38575659
https://doi.org/10.1371/journal.pone.0053763
http://www.ncbi.nlm.nih.gov/pubmed/23341996
https://doi.org/10.1016/j.marenvres.2020.104982
http://www.ncbi.nlm.nih.gov/pubmed/32907720
https://doi.org/10.1126/sciadv.abd0310
https://doi.org/10.1126/sciadv.abd0310
http://www.ncbi.nlm.nih.gov/pubmed/33148651
https://doi.org/10.1038/s41598-023-45743-7
https://doi.org/10.1038/s41598-023-45743-7
http://www.ncbi.nlm.nih.gov/pubmed/37923759
https://doi.org/10.1002/ajpa.20618
http://www.ncbi.nlm.nih.gov/pubmed/17530667
https://doi.org/10.7717/peerj.5096
http://www.ncbi.nlm.nih.gov/pubmed/29942712
https://virtual.imnh.iri.isu.edu/Osteo
https://doi.org/10.1007/978-3-319-65682-3
https://doi.org/10.1016/j.jasrep.2021.103247
https://doi.org/10.1007/978-1-4419-0465-2_489
https://doi.org/10.1179/0093469012z.00000000035
https://doi.org/10.1007/s12231-014-9279-2
https://doi.org/10.1007/s12231-014-9279-2

PLO\Sﬁ\\.- One

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.

125.

126.

127.

Martinez AB, Pérez SI, Lema VS, Lopez Anido F. Modificacion de caracteres ligados a la domesticacién en Cucurbita maxima. Utilizacion de la
morfometria como herramienta para su identificacion. abm. 2015;40:95-106. https://doi.org/10.24310/abm.v40i0.2527

Morales-Santos ME, Pefia-Valdivia CB, Garcia-Esteva A, Aguilar-Benitez G, Kohashi-Shibata J. Caracteristicas fisicas y de germinacion en semi-
llas y plantulas de frijol (Phaseolus vulgaris L.) silvestre, domesticado y su progenie. Agrociencia. 2017;51(1):43-62.

Planella MT, Collao-Alvarado K, Niemeyer HM, Belmar C. Morfometria comparada de semillas de Nicotiana: Solanaceae) identificacion de semi-
llas carbonizadas provenientes de un sitio arqueologico en Chile central. Darwiniana Nueva Ser. 2012;50(2):207-17.

DeNiro MJ. Postmortem preservation and alteration of in vivo bone collagen isotope ratios in relation to palaeodietary reconstruction. Nature.
1985;317(6040):806-9. https://doi.org/10.1038/317806a0

Buckley M. Zooarchaeology by Mass Spectrometry (ZooMS) Collagen Fingerprinting for the Species Identification of Archaeological
Bone Fragments. In: Giovas CM, LeFebvre MJ. Zooarchaeology in Practice. Springer International Publishing; 2017. 227—-47. https://doi.
0rg/10.1007/978-3-319-64763-0_12

Malagamba P, Monares A. True potato seed: past and present uses. International Potato Center; 1988.

Gopal J, Ortiz R. True potato seed. Handbook of Potato Production, Improvement, and Postharvest Management. CRC Press; 2006. 557—86.
Kuznar LA. Mutualism between Chenopodium, herd animals, and herders in the south central Andes. Mt Res Dev. 1993;257-65.

Capriles JM, Garcia M, Valenzuela D, Domic Al, Kistler L, Rothhammer F, et al. Pre-Columbian cultivation of vegetatively propagated and fruit
tree tropical crops in the Atacama Desert. Front Ecol Evol. 2022;10. https://doi.org/10.3389/fevo.2022.993630

Santana-Sagredo F, Schulting RJ, Méndez-Quiros P, Vidal-Elgueta A, Uribe M, Loyola R, et al. “White gold” guano fertilizer drove agricultural
intensification in the Atacama Desert from AD 1000. Nat Plants. 2021;7(2):152-8. https://doi.org/10.1038/s41477-020-00835-4 PMID: 33495555

Eerkens J, Vaughn K, Linares-Grados M, Beckham C. Long-Term Camelid Husbandry and Agricultural Intensification in the Southern Nasca
Region, Peru: Insight from Faunal Isotopes. Lat Am Antiq. 2024;35(3):694—711. https://doi.org/10.1017/lag.2023.44

Winterhalder B, Larsen R, Thomas RB. Dung as an essential resource in a highland Peruvian community. Hum Ecol. 1974;2(2):89-104. https://
doi.org/10.1007/BF01558115

Smith E, Bird R. Turtle hunting and tombstone opening. public generosity as costly signaling. Evol Hum Behav. 2000;21(4):245-61. https://doi.
org/10.1016/s1090-5138(00)00031-3 PMID: 10899477

Henrich J. The evolution of costly displays, cooperation and religion: credibility enhancing displays and their implications for cultural evolution.
Evol Hum Behav. 2009;30(4):244-60.

Zeder M, Smith B. A Conversation on Agricultural Origins: Talking Past Each Other in a Crowded Room. Current Anthropology.
2009;50(5):681-90.

PLOS One | https://doi.org/10.1371/journal.pone.0325626  June 25, 2025 23/23



https://doi.org/10.24310/abm.v40i0.2527
https://doi.org/10.1038/317806a0
https://doi.org/10.1007/978-3-319-64763-0_12
https://doi.org/10.1007/978-3-319-64763-0_12
https://doi.org/10.3389/fevo.2022.993630
https://doi.org/10.1038/s41477-020-00835-4
http://www.ncbi.nlm.nih.gov/pubmed/33495555
https://doi.org/10.1017/laq.2023.44
https://doi.org/10.1007/BF01558115
https://doi.org/10.1007/BF01558115
https://doi.org/10.1016/s1090-5138(00)00031-3
https://doi.org/10.1016/s1090-5138(00)00031-3
http://www.ncbi.nlm.nih.gov/pubmed/10899477

