E% University of
OPEN (2" ACCESS BRISTOL

Miller, M. J., Kendall, I. P., Capriles, J. M., Bruno, M. C., Evershed, R.
P., & Hastorf, C. A. (2021). Quinoa, potatoes, and llamas fueled
emergent social complexity in the Lake Titicaca Basin of the Andes.
Proceedings of the National Academy of Sciences of the United
States of America, 118(49), [e2113395118].
https://doi.org/10.1073/pnas.2113395118

Peer reviewed version

Link to published version (if available):
10.1073/pnas.2113395118

Link to publication record in Explore Bristol Research
PDF-document

This is the accepted author manuscript (AAM). The final published version (version of record) is available online
via National Academy of Sciences at 10.1073/pnas.2113395118. Please refer to any applicable terms of use of
the publisher.

University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the

published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/


https://doi.org/10.1073/pnas.2113395118
https://doi.org/10.1073/pnas.2113395118
https://research-information.bris.ac.uk/en/publications/b94a5461-3733-48c4-abee-3bf514cbfa4c
https://research-information.bris.ac.uk/en/publications/b94a5461-3733-48c4-abee-3bf514cbfa4c

O©oOoO~NOOT W NP

PNAS

WWW.pnas.org

Main Manuscript for
Quinoa, potatoes, and llamas fueled emergent social complexity in
the Lake Titicaca Basin of the Andes

Melanie J. Miller*?, lain Kendall*, José M. Capriles®, Maria C. Bruno®, Richard P. Evershed,
Christine A. Hastorf*®

! Department of Anatomy, University of Otago, Dunedin, New Zealand 9054

% Archaeological Research Facility, University of California, Berkeley, CA 94720

® Organic Geochemistry Unit, School of Chemistry, University of Bristol, UK

4 Department of Anthropology, The Pennsylvania State University, University Park, PA 16802
> Department of Anthropology & Archaeology, Dickinson College, Carlisle, PA 17013

® Department of Anthropology, University of California, Berkeley, CA 94720

Corresponding authors:

Melanie J. Miller

Email: melanie.miller@otago.ac.nz
Christine A. Hastorf

Email: hastorf@berkeley.edu

Author Contributions: M.J.M, C.A.H. and R.P.E. designed research; M.J.M., LK., J.M.C.,
M.C.B. performed research; R.P.E. and |.K. contributed new reagents/analytic tools;
M.J.M., LK., and J.M.C. analyzed data; M.J.M., C.A.H., J.M.C., M.C.B,, I.LK., and R.P.E. wrote
the paper.

Competing Interest Statement: No competing interests.
Classification: Social Sciences — Anthropology

Keywords: dietary reconstruction, stable isotopes, amino acids, agropastoralism, subsistence
resilience

This PDF file includes:
Main Text
Figures 1to 3


mailto:melanie.miller@otago.ac.nz
mailto:hastorf@berkeley.edu

Abstract

The Lake Titicaca basin was one of the major centers for cultural development in the ancient
world. This lacustrine environment is unique in the high, dry Andean altiplano, and its aquatic and
terrestrial resources are thought to have contributed to the florescence of complex societies in
this region. Nevertheless, it remains unclear to what extent local aquatic resources, particularly
fish, and the introduced crop, maize, which can be grown in regions along the lakeshores,
contributed to facilitating sustained food production and population growth, which underpinned
increasing social political complexity starting in the Formative Period (1400BCE-500CE) and
culminating with the Tiwanaku state (500-1100CE). Here, we present direct dietary evidence from
stable isotope analysis of human skeletal remains spanning over two millennia, together with
faunal and floral reference materials, to reconstruct foodways and ecological interactions in
southern Lake Titicaca over time. Bulk stable isotope analysis, coupled with compound-specific
amino acid stable isotope analysis, allows better discrimination between resources consumed
across aquatic and terrestrial environments. Together, this evidence demonstrates that human
diets predominantly relied on C; plants, particularly quinoa and tubers, along with terrestrial
animals, notably domestic camelids. Surprisingly, fish were not a significant source of animal
protein, but a slight increase in C4 plant consumption verifies the increasing importance of maize
in the Middle Horizon. These results underscore the primary role of local terrestrial food
resources in securing a nutritious diet that allowed for sustained population growth, even in the
face of documented climate and political change across these periods.

Significance Statement

Food production systems are critical components in the emergence of complex socioecological
systems. In the Andes, societal complexity has often been related to the increasing production
and consumption of maize by elites, but the importance of highland cultivated crops, such as
potatoes, one of the most cultivated crops in the world, and quinoa, presently recognized as a
“superfood”, remains largely underappreciated. Using stable isotopes including compound-
specific amino acids, we reconstruct the diets of people living in southern Lake Titicaca, where
the Tiwanaku state emerged. Over time, locally produced potatoes, quinoa, and llamas, by
means of increasingly intensive practices, facilitated long-term food security, which sustained
population growth, contributed to increasing socio-political complexity, and facilitated resiliency
through episodes of significant climatic variation.
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Main Text
Introduction

Food systems play an integral role in human societies and reconstructing subsistence practices is
a key component for understanding human evolution and cultural change (1-3). A hallmark
anthropological categorization of societies centers on subsistence labels such as “hunter-
gatherers,” “agriculturalists,” “fisherfolk,” etc., and the study of changes or combinations amongst
these strategies of resource use has been central to archaeological research. Foodways can be
particularly informative about cultural vulnerabilities or resilience in a society’s response to
intrinsic and extrinsic forces, such as population increase or climate change (4-6). Food security,
including sufficient and stable access to nutritious resources is fundamental for supporting
demographic growth and increasingly complex social systems. Archaeological studies of ancient
food practices have shed light on how human groups have utilized various resources and
harnessed knowledge to transform the world around them through a diversity of food foraging and
producing strategies, especially during times of political change (7-9). Shifts in foodways are
given as both a motivation for, and as evidence of, critical societal transitions including changes
in social complexity (8, 10, 11).

In this work we approach social complexity from a diachronic perspective in relation to socio-
political scalar power. In the Lake Titicaca Basin of the Andes, we see dynamic changes in
political structures over time, as smaller, dispersed communities developed ceremonial centers
and expanded networks of social-political-economic relations that, over centuries, entangled
formerly disparate groups into larger polities. Shared practices of material culture in pottery,
textiles, architecture, and even food, culminated and were transformed into a centralized socio-
political entity at the site of Tiwanaku, which most scholars regard as a state (12-14). By
exploring human food procurement through the lens of stable isotope signatures from bulk and
compound-specific amino acid fractions from human, plant, and animal remains recovered from
archaeological sites we probe how changes and continuity in food consumption drove and
enabled cultural continuity and change in the southern Lake Titicaca basin prior to and during the
development of the Tiwanaku state.

Straddling modern-day Bolivia and Peru at 3810 m above sea level and extending over 8,300
km?, Lake Titicaca creates a unique environment in the cold, dry Andean altiplano (Fig. 1). The
lake supports rich aquatic resources, such as birds, fish, and plants, notably the totora reed, and
productive terrestrial resources, due to relatively greater rainfall and warmer temperatures than
the surrounding highland regions (15, 16). Today, this environment supports highly productive
agropastoral and fishing communities, yet many questions remain about the evolution of this
unigue socioecological system over the past three millennia. At the time of Spanish conquest in
1532 CE, the shores of Lake Titicaca sustained some of the densest human populations in the
Andes (12, 13). Long-term archaeological research in the region verifies that food producing
societies emerged in the basin around 1400 BCE, and successive generations of community
growth, fission, and integration followed from 500 to 1100 CE coalescing into a macro-regional
primary state, known as Tiwanaku (17—-20). Throughout this sequence, agriculture played a
critical role as suggested by archaeological remains of crops such as quinoa and tubers, as well
as sustained investment in infrastructure intensification, such as decreasing fallows, construction
of hundreds of hectares of raised fields, irrigation canals, and water reservoirs (14, 21, 22).
Evidence for large-scale camelid pastoralism is present in the zooarchaeological record as well
as later historical accounts of large Inca herds (23-25). The ready resource of lake fish was also
believed to provide another critical protein source to local populations (16, 26).

The surface of Lake Titicaca has fluctuated considerably at decadal and centennial scales over
the course of the Holocene due to changes in rainfall and evapotranspiration (27, 28). While
palaeoecological evidence suggests that these terrestrial and aquatic food sources persisted over
time with these environmental changes (27), the relative contributions of each to human diets
remains uncertain. Finally, as people, products, and ideas circulated via increasingly broader
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exchange networks beyond the basin, it is still unclear how exotic foods, such as maize,
catalysed regional processes of political integration in the Formative times before Tiwanaku grew.

Maize has a unique history as a plant that was incorporated into numerous South American
cultures and cuisines at different times and to different degrees, and has had various meanings
and roles ascribed to it (29-32). Maize, particularly in the form of alcoholic chicha beer, has been
linked to cultural complexity through its use in state economics and politics including sponsored
redistributive feasts, such as in the Tiwanaku, Wari, Chimu, and Inka states (31, 32), but this may
also obscure the roles of other foods in catalysing changes that were necessary
agents/precursors for the development of those states. The focus on the political role of maize in
Middle Horizon polities, including Tiwanaku, may have caused archaeologists to overlook other
key foods that underpinned the ability for those communities to have been sustained for so long.
Within the Tiwanaku context, the use of maize at the political center of Tiwanaku is well
documented as a symbolically charged food (14, 22, 30, 33). Maize, however, cannot grow well in
this extreme altiplano environment except along the shores of Lake Titicaca, making this the only
place where a specific, small cob variety of maize can be grown. We are still seeking clear data
for when this variety was successfully adapted to shoreline production systems, but there are
hints that maize in the Formative times that could have been traded in or else grown locally, and
clear evidence for regional leaders organizing the production and importation of maize in lower
elevation communities (30, 34, 35). The evidence for maize beer use in redistributive feasts is
well documented at Tiwanaku as a portion of the population regularly consumed maize (33).
However, the history of successful maize selection in the Titicaca basin requires more research to
clarify this timing and dietary studies could contribute to this debate.

While the lake provided a unique altiplano environment for agriculture, pastoralism, collecting
aquatic resources including fish, and facilitating movement and trade, how human communities
utilized the lake to manage food security, variability, and stability over time remains largely
undefined. Stable isotopic analysis is one of the only ways to directly reconstruct dietary practices
of individuals in the past, and can provide key insights into the importance of different foods within
a community and across time, particularly how specific foods contributed to population growth
and increasing social complexity.

Archaeological evidence of subsistence on the Taraco Peninsula

Long-term archaeological research on the Taraco Peninsula, situated between Lake
Wifiaymarka, the southern portion of Lake Titicaca, and the northern boundary of the Tiwanaku
valley, has provided detailed datasets for reconstructing dynamic subsistence practices including
farming, herding, fishing, and foraging over time (18, 21, 23, 26). Robust archaeological data from
excavations at the sites of Chiripa, Kala Uyuni, Sonaji and Kumi Kipa verify that between 1400
BCE and 1100 CE, these lacustrine communities utilized a wide range of plant and animal
resources (S| Appendix, Supplementary Text).

Archaeobotanical evidence indicate that plant foods consisted primarily of domesticated Andean
crops (S| Appendix, Fig. S1), particularly quinoa (Chenopodium quinoa Willd.) and tubers,
including potatoes (Solanum tuberosum L.) and oca (Oxalis tuberosa Molina) (21, 36, 37). Quinoa
is ubiquitous across all time periods, with tubers appearing to grow in importance in the Late
Formative and Tiwanaku periods (21). The non-local domesticated plant food, maize (Zea mays
L.), is relatively sparse in peninsular contexts until the Tiwanaku period when it became a central
crop of the state (30, 33, 38). Wild plant foods and possibly totora reed (Schoenoplectus
californicus ssp. tatora) may have contributed to seasonal meals and snacks (37, 39).
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Animal herding was also very important, as documented by the abundant remains of camelids in
the archaeological contexts (40). Most bones were intensively fragmented, likely as a
consequence of their consumption in stews and soups that maximized the extraction of fat,
marrow, and other nutrients (23). Domesticated camelids, but most importantly llamas (Lama
glama L.) were important not only as food but for their use in transportation, and for producing
wool and dung, likely used for fuel and fertilizer.

Fish remains are also abundant in all studied sites, and thanks to fine-grained recovery and
identification of microfaunal remains, it seems they were ubiquitous over time (26, 41). Identified
fish taxa include various species of the killifish genus Orestias as well as a few catfish species of
the genus Trichomycterus, both of which rarely exceed 20 cm in length. Previous research
hypothesized that the use of lake resources may have changed over time in conjunction with
shifts in the lake level, such that people may have consumed more aquatic foods when the shore
was nearby (42, 43). Recent research, however, has demonstrated that fish bone ubiquity
persisted at a high level even during periods of strong lake level variation (26).

Archaeological plant and animal remains ostensibly demonstrate the importance and use of these
species by Taraco Peninsular communities but their relative contributions to diet are difficult to
ascertain due to a range of pre-and post-depositional variables. Stable isotopic analysis is one of
the only ways to directly reconstruct dietary practices of individuals in the past and provide key
insights into the importance of different foods within a community and across time.

Dietary reconstruction via stable isotope analysis

Stable isotope analysis has made significant contributions to paleodietary studies of ancient
human populations from around the world (SI Appendix, Supplementary Text) (3, 44, 45).
Although bulk carbon and nitrogen isotopic values from bone and tooth collagen provide major
insights into questions about human subsistence and food choice, we are often left with questions
about how particular foods and nutritional components (carbohydrates, proteins, lipids)
contributed to skeletal chemistry (46—48). Recent research using compound-specific amino acid
(CSAA) stable isotope analysis has demonstrated the potential to tease apart specific food
consumption patterns (49-53). Identifying the different amino acid stable isotope compositions of
food groups, such as freshwater and terrestrial animals and plants, allows us to track the
contribution of these various resources in individuals' diets. Some amino acids are routed directly
from food source to consumer tissue without alteration to their 5'°C values, and therefore can be
used as dietary tracers (49, 54-57). Studies of archaeological remains and the tissues of modern
animals raised on controlled diets indicate that the amino acids glycine, phenylalanine, and lysine
are especially useful in separating aquatic and terrestrial foods (49, 53). Most significantly,
aquatic consumers have A™Cgy,.phe Values above 15%o, while terrestrial consumers’ A**Cg,.phe
values are below 15%o, with many exhibiting values below 12%. (49, 52, 53, 58-60). Therefore,
this A13CG|y_phe proxy is extremely valuable for studying dietary patterns in regions with both
habitats, especially where C; and C, plants contribute to human diet together with aquatic
resources and have overlapping bulk stable isotope signatures, such as in the Lake Titicaca
region. The results presented below show how by combining multiple isotopic proxies (bulk
isotope values from collagen and hydroxyapatite, and compound-specific amino acids from
collagen), hitherto unattainable resolution can be achieved in dietary reconstructions over time in
the region.

Results

Plants. Ninety-eight modern terrestrial and aquatic plants, 5 archaeological carbonized plants,
and 7 modern animal dung samples were analyzed for bulk carbon and nitrogen stable isotope
values (lake plant isotopic data were previously reported in Miller et al. 2010) (Fig. 2A; Dataset
S1; SI Appendix Fig. S2.). The modern and archaeological terrestrial plant bulk 3'°C values follow
exépected patterning for Cs, C4, and CAM plants, and show a wide range of N values. The bulk
5"°C values range from —29.2 to —3.0%0 and 5"°N values range from —5.3 to +15.2%.. Within that,
the average cultigen bulk 5N value is +7.6%o, with their values ranging from +0.3%. (modern
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beans, Fabaceae) to +12.9%. (archaeological Chenopodium seeds, which likely have a slight
positive offset due to carbonization, and possible higher value due to fertilizer use) (61, 62). The 7
modern animal dung bulk 3'°C values range from —26 to —17.1%o, and 3N values range from
+4.4 to +15.4%., reflecting the isotopic composition of the recent meals those animals (sheep,
camelids, guinea pig) consumed.

Seven modern plant samples grown on the Taraco Peninsula were analyzed for the 5"Can
values of their individual amino acids (Fig. 2B; Dataset S1; SI Appendix Fig. S3). The 613CG|y
values range from —20.8 to —16.2%o (average = —19%o, SD = 1.7%), 5"°Cppe Values range from —
26.9 to —22.9%o (average = —25.6%o, SD = 1.3%o), 5"°C,,s values range from —24.2 to —19.8%o
(average = —22.2%o, SD = 1.4%o), and A*Cgy,.pne values range from 5.1 to 9.8%. (average = 6.6%o,
SD = 1.5). The plant amino acid carbon isotope values provide novel reference points, and of
particular importance are the AlSCG,y_phe values (Fig. 2B), which are all below 15%., as expected
for terrestrial species (49, 52, 53, 58-60).

Animals. Sixteen archaeological camelid samples (15 bone; 1 tooth enamel) were submitted to
bulk stable isotope analysis (15 for organics, 5 for inorganics; Fig. 2A; Dataset S1). The bulk
collagen 5"%C values range from —20.3 to —18.5%. (average 5"3Con = —19.4%, SD = 0.5%o). The
camelid 3" N, range from +6.3 to +10.8%o (average 5Ny = +8.5%0, SD = 1.7%0). The inorganic
apatite samples (4 bone samples and 1 tooth enamel sample) have 6130ap values ranging from —
12.1 to —9.6%o (average 5°C,, = —10.8%o, SD = 0.9%o0) (S| Appendix, Supplemental Text). The
archaeological camelids’ bulk carbon and nitrogen isotope values indicate their diets were
dominated by C; plants with relatively little input from C, or CAM plants (Fig. 2A).

Ten archaeological camelid samples were submitted to CSAA (Fig. 2B; Dataset S1; S| Appendix
Fig. 3), with 5"°Cgy, values ranging from —18 to —11.6%o (average 5'°Cg),= —15.4%o, SD = 2.0%o),
5"°Cpne values range from —36.7 to —23.9%o (average &'°Cphe= —29.9%0, SD = 4.1%0), and "°C, s
values range from —22.6 to —18.9%o (average 8"°C,s= —20.4%o, SD = 1.5%0). The camelid A**Cgy,.
phe Values range from 9.7 to 19.2%. (average = 13.7%o, SD = 2.9%o). Interestingly, four camelids
have A13CG.y_phe values above 15%o (Fig. 2B). These results indicate that some camelids primarily
consumed terrestrial resources, while others appear to have had diets with significant inputs from
near-shore/aquatic plants. The camelid isotope data suggest that there were various herd
management strategies or differential land access across individuals, families, or other social
grouping, and that local people used markedly different ecological zones in this region to feed
their herds (SI Appendix, Supplemental Text).

Previous isotopic work (42) determined the 3"°C and &"°N values of modern and ancient fish from
Lake Wifiaymarka and a subset of those data are presented here (Fig.2A; Dataset S1). Modern
fish bone samples from Orestias and Trichomycterus genera (n=9) display bulk 5"*C (lipid-
extracted) values ranging from —14 to —11.4%. and 3"°N (untreated) values ranging from +4.1 to
+7.3%0. There are 4 Taraco Peninsula archaeological fish samples (3 bone, 1 scale) that show
5"°C (lipid-extracted) values ranging from —16.2 to —7.6%. and 8"°N (untreated) values range from
+5.8 to +7.3%0 (42). Archaeological Orestias sp. fish bone samples (n=3) were analyzed for
amino acid isotope values (Fig.2B, Dataset S1; SI Appendix Fig. S3). Fish 613CG|y values range
from —3.4 to —1.1%o (average 5"*Cgyy= —1.9%o, SD = 1.3%0), 5"*Cpne values range from —27.6 to —
18.7%o (average &'°Cpne= —24.4%o, SD = 4.9%), and 5'°Cy,s values range from —14.8 to —8.1%o
(average 5"°Cyys= —12.1%o, SD = 3.5%). Fish A*Cgy.pne values range from 17.6 to 25.6%o
(average = 22.5%o, SD = 4.3). The finding that all fish sampled have AlSC@y_phe values above
15%o. confirms that this proxy is useful for distinguishing between aquatic and terrestrial habitats in
this Andean environment.

Humans. The diets of ancient Taraco peoples are represented by 32 individuals who had a tooth
sampled; 31 yielded bulk dentin 5'°C. and 5'°N.y values, and 28 have bulk enamel 5'°C,, and
6180ap values gFigs. 2A,B & 3A,B; Dataset S1; Sl Appendix, Supplemental Text, Figs. S3, S4).
Dentin bulk 5'°C values range from —19.4 to —14.7%. (n=31; average = —18.0%o0, SD = 1.1%so),
and 5"°N values range from +9.7 to +13.7%o (n=31; average = +11.1%o, SD = 0.9%0). Given a
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diet-collagen offset of +5%o0 (63, 64) we see that the overall diet averaged —22.9%o, which
corresponds to the values of C; plants and their consumers. The enamel carbonate 613Cap values
range from —13.5 to —6.5%o (n=28; average = —11.4%o, SD = 1.6%o). Assuming a +12%. offset
between diet and tissue, the average dietary isotopic pool was around —23.3%o, again showing
diets were dominated by C; plants and their consumers. However, when we examine the
humans’ bulk carbon isotope values across time periods we see that many individuals from the
Tiwanaku period have slightly higher values, suggesting some consumptlon of C,4 and/or aguatic
foods (Figs. 3A, S5). Statistical tests found significant differences in both 5" 3Ceon and 3" Cap when
comparing Tiwanaku to the Early, Middle, and Late Formative time periods (but no differences
between the Formative periods when compared to each other; see Sl Appendix, Supplemental
Text).

Dentin collagen from 27 individuals was subm|tted to amino acid 5'°C., analysis (Figs. 2B and
3B; Dataset S1; Sl Appendix Fig. S3) The & CG|y values range from —17.2 to 11 5%o (average
613ce.y = ~14.7%; SD = 1.6%0). 5"3Cpne ranges from —28.3 to —21.4%o (average 5"%Cphe = —25.3%o;
SD = 1.7%o), and 5 CLyS values range from —23.5 to —12.9%o (average 5t CLyS =—-18.9%o; SD =
2.7%o). The A CG|y phe Values range from 5.2 to 13.4%o (average A' CG|y phe = 10.6%0; SD = 1.8%).
No human A* CG|y phe Values are at or above 15%o, suggesting that aquatic proteins were not a
major dietary component There are no statlst|cally significant dlfferences between the means for
each amino acid (6 CG.y, 5"Cppe, Or &* CLys) or the calculated A* CG|y Phe PrOXY, across time
periods (S| Appendix, Supplemental Text).

Discussion

Bulk and compound-specific stable isotope values of the plants and animals provide essential
information towards creating an isoscape for the region and establishing comparative data for
human dietary reconstructions (54, 65). The flora and fauna show a wide range of bulk and amino
acid isotopic values, with expected patterning for Cs and C, plants, and anticipated trophic shifts
between plants and animal consumers. The human bulk isotope values indicate diets were
dominated by C; plants and animals consuming C; plants (Figs. 2A,B & 3A,B). In combination
with archaeobotanical and zooarchaeological remains, these isotopic data verify that terrestrial
domesticates, especially quinoa, tubers, and domesticated camelids, were the dominant dietary
components of southern Lake Titicaca inhabitants over mrllennra (21, 40). In contrast to
zooarchaeological evidence, however, no humans displayed A* CG|y phe Values greater than 15%eo,
which is the lower cut-off for diets based on aquatic resources (53). The average At CG|y phe Of
10.6%o for humans suggests that for most people, their primary dietary proteins were derived from
terrestrial resources (Fig. 3B). Therefore, despite the ubiquitous presence of fish bones across
archaeological phases and contexts on the peninsula, fish from Lake Titicaca do not appear to
have been a significant dietary protein source for humans. However, three individuals (two from
the Middle Formative and one from the Late Formative) have the highest A13CG.y_phe values,
around 13%o, and may have consumed more fish than others.

Over time, domesticated crops and herds persisted and intensified, suggesting that people in the
southern Titicaca basin developed a reliable and stable food base that allowed sustained
population growth throughout both political and climatological changes (27). Despite the
availability of other accessible food sources, such as aquatic wild resources, people relied most
frequently on the crops and herds they grew and cared for. More importantly, the investment by
local peoples in developing and intensifying domesticated terrestrial foodways seems to have
been a primary component that facilitated increased socio-political differentiation (21, 36). The
resilience of this resource base provided the necessary fuel for population growth, surplus food
production, and the expansion of communities across the southern Lake Titicaca region, laying
the foundation for the development, and ultimately the spread, of the Tiwanaku polity (43).

Examining human dietary patterns over time, we observe that C; plants and C;-feeding animals

persist as the subsistence base, with only minor evidence of another politically important food,
maize, emerging during the Tiwanaku period (Fig.3A, S5). One Late Formative individual (L7119)

7
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has a relatively elevated bulk 5'°C, value possibly signaling maize consumption, which would be
the first hint of this important food in human diets on the Taraco Peninsula. Within the Tiwanaku
period we see a shift in the bulk 3"°C values suggestive of increased maize consumption, likely
as a result of the increasing social importance of maize beer in redistributive feasts, which
intensified during the Middle Horizon within the Tiwanaku state (30, 33). Further, A*Cgyy.phe
values <15%o confirm that the diets of these individuals were dominated by terrestrial foods.
Consequently, the dietary shift for those with higher bulk 5'*C values was likely driven by maize
consumption, not fish.

Importantly, these isotopic data are derived from teeth, which represent the diets from specific
periods of childhood/adolescence for each individual studied (SI Appendix, Supplemental Text).
Diets of young people may or may not be the same as adulthood diets; children may consume
the same foods as the adults around them but in different proportions and/or particular foods may
be valued or discouraged based on cultural beliefs about what foods are appropriate for young
people. Here we see that while maize is being incorporated into the diets of Tiwanaku period
Taraco Peninsula individuals, as evidenced by the carbon isotope shift relative to the preceding
Formative periods, the amount of maize consumed by most people (at least during their youth)
was still minor. Maize was clearly not being utilized as a weaning food in this community (Sl
Appendix, Supplemental Text), which contrasts with other areas of South America, such as north
coast Peru, where longstanding use of maize including its role in feeding children has been
documented (66). Further, the hint of maize detected in the dental isotope values for the Taraco
Peninsular people studied here may underrepresent overall maize consumption for this
community, if maize was primarily consumed by adults (67, 68). The scarcity of maize botanical
remains on the peninsula suggests it was likely imported through the Late Formative times, as it
remained rarely consumed. Morphology of maize specimens coupled with major settlements in
the lowland maize-growing regions during the Tiwanaku period suggests it was imported
throughout that time, but it is possible that local farmers were beginning to select for the variety
that grows in the region today (21, 69). Combining the limited archaeobotanical findings of maize
with the minor isotopic shift found in the dental samples, we believe that it was unlikely that maize
was used as a staple food for Taraco Peninsula inhabitants at any time, and that maize
consumption was likely limited to specific socio-political events.

For comparison, Berryman (33) analyzed bone collagen from Late Formative and Tiwanaku
period adult individuals buried at Tiwanaku and nearby sites. She found that Late Formative diets
focused on C; resources and that during the Tiwanaku-era, maize was not uniformly consumed
by those who were interred there (Berryman 2010). Instead, a wide range of dietary diversity was
observed for Tiwanaku period peoples, where some individuals consumed a lot of maize while
many others had diets primarily composed of C; foods, with only slight evidence of maize
consumption. It is hypothesized that individuals buried at the site of Tiwanaku may not all be local
to the altiplano region (33, 70), thus some of the isotopic results may show the dietary patterns of
people from distant regions who were incorporated into the Tiwanaku state (regions where maize
may have easily grown and been a staple as well as a ceremonial food). The overall pattern of
dietary findings between the Taraco Peninsular isotopic values presented here, and those from
Berryman’s study (33) as well as more recent data (70), show similar trends: individuals in the
Late Formative period primarily relied on C; resources, followed by a dietary shift in the Tiwanaku
period with the incorporation of maize in varying degrees from person-to-person. Further,
Berryman (33) analyzed a small number of individuals who lived after the collapse of the
Tiwanaku polity and found that diets returned to Cs;-dominant isotopic signals, which implies that
the consumption of maize was a unique feature for peoples who were part of Tiwanaku state
practices in the Titicaca Basin.

Altogether, these findings support the hypothesis that the regional altiplano dietary staples of
potatoes, quinoa, and camelids were crucial in the sustained development of local populations
over time and that one particular food, maize, became incorporated into socio-politics of the
Tiwanaku state without it becoming a staple food for all individuals within the Tiwanaku political
sphere. Maize would have been consumed during sporadic feasting events and differential
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consumption likely favored emerging political leaders on the peninsula (30, 33). Who gets to eat
or drink ‘exotic’ foods that are culturally valued, such as maize, can be an important indicator of
individual and group politics, economics, and identity (1, 71).

Conclusions

While small and large-scale societies around the world have always grappled with the core issue
of food security and establishing a stable resource base, it is through anthropological studies of
subsistence practices in ancient communities that we can better understand the dynamic social,
economic, political, and ideological roles of food security in human cultural development over time
(72). Stable isotopic information from the southern Lake Titicaca basin has clarified food
production and consumption practices, which centered on local, domesticated terrestrial
resources, and allowed for sustainable population growth and increasing political differentiation.
Contrary to our expectations, fish from the lake were not a primary subsistence resource, even
though in more recent times fish have served as a crucial economic and food resource,
particularly for specialized groups, such as the Uru (16, 73). Instead, the lake may have been
most important to local peoples for enabling increased agricultural production by creating
microclimatic conditions that produced average warmer temperatures, reduced frost days, having
higher average precipitation, and overall enriched biomass. As selection and production of quinoa
and tubers along with care for camelids intensified over time, this resource base took on
important meanings within local communities and elites who were able to accrue surpluses to
fund religious infrastructure and sponsor redistributive feasts (36, 74).

Political groups have long used foodways as drivers of economics, identity, and ideology, but how
food is mobilized within these settings is highly variable. From studies of human dietary patterns
completed to date, it appears that maize was important for the social and political functioning of
the Andean Middle Horizon states of Wari and Tiwanaku; however, neither had universal
influence in changing the diets of the communities their polities influenced (33, 67, 75-81). Our
evidence from the Taraco Peninsula shows that maize was incorporated into some Late
Formative and Tiwanaku-period peoples’ diets but it appears to have been relatively minor or
infrequent, and likely relegated to special events. Despite being in close proximity to the
Tiwanaku center and the lakeshore, where maize is now regularly cultivated, the people living on
the Taraco Peninsula did not eat maize as a staple food. It appears that even as maize rose in
prominence and value within the Tiwanaku polity, most people’s diets remained reliant on locally
produced staples, the same foods their ancestors had consumed for millennia.

The agropastoral products of quinoa, tubers, and camelid meat were the central features of
cultural foodways that underpinned human social and political developments in the southern Lake
Titicaca Basin. While climate and sociopolitical structures changed over time, the foods that
people regularly ate remained quite stable. Whereas the lake’s rich aquatic resource of fish may
not have been as important as it is today for daily subsistence, its unique microclimatic
conditions, being variable, enabled the development of a highly sustainable agropastoral food
system. The commitment to local, domesticated crops and herds likely developed as a long-term
strategy for guaranteeing food security by maximizing stability and minimizing the inherent
variability associated with agricultural risk and climatic variance. Furthermore, in the face of
profound political changes, dietary practices may have been a social tie to anchor communities to
their shared heritage, and to resist other forms of external forces and power through (seemingly)
small acts such as eating.

Materials and Methods
Sampling. Archaeological and modern botanical, faunal, and human samples for isotope

analyses were collected in the context of the Taraco Archaeological Project. The results of all
isotopic analyses are included in SI Appendix, Supplemental Text and Dataset S1.



476

Bulk Collagen and Apatite Stable Isotope Analyses. All inorganic apatite (enamel and bone)
samples were prepared for carbonate analysis following published procedures using bleach and
acetic acid (82). Apatite samples were analyzed at the Laboratory for Environmental and
Sedimentary Geochemistry (LESIG) at the University of California, Berkeley (S| Appendix,
Supplemental Text). Stable oxygen isotope data for the humans and animals are discussed in the
Supplemental Information. Most of the collagen (bone and tooth dentin) presented here was
prepared at labs at the University of California Berkeley and followed a modified version of the
“chunk” method (83, 84). Plant (homogenized powder) and bone/tooth collagen samples were
analyzed for 5°C and "N at the Center for Stable Isotope Biogeochemistry (CSIB) at the
University of California, Berkeley (S| Appendix, Supplemental Text). Additionally, 11 camelid
bone collagen samples were prepared for radiocarbon dating at the Human Paleoecology and
Isotopic Geochemistry and AMS radiocarbon dating labs at The Pennsylvania State University (Sl
Appendix, Supplemental Text). In all cases collagen preservation was assessed by % yield, %C,
%N and atomic C:N ratios. All collagen samples had yields greater than 5% and C:N ratios
between 3.0 and 3.4, indicating good biogenic collagen preservation (85-88).

Compound-Specific Amino Acid Stable Isotope Analysis. Collagen was extracted from bone
prior to amino acid preparation, following Brown et al. (1988) including filtration and gelatinization
steps (S| Appendix, Supplemental Text). AA N-acetyl isopropyl (NAIP) ester derivatives were
prepared according to established protocols (89, 90). AAs were identified by GC-FID by
comparison with AA standards, and quantified by comparison with a known amount of norleucine
internal standard. The AA 5"°C values were determined by GC-C-IRMS. Full details of the
instrumental analyses and correction for added carbon can be found in SI Appendix,
Supplemental Text and Fig. S6. A"™Cgy,.pne values were calculated by subtracting the 5**C value
of phenylalanine from the 5"°C value of glycine (A"”Cgyy.pne = 8"°Cayy - 5Cppe) for each sample in
order assess terrestrial versus aquatic environmental effects (49, 51, 53).

Data Analysis: Tests for normality, heterogeneity of variance, and subsequent parametric or
non-parametric tests were utilized to compare means of isotopic data across time periods for the
human samples (see S| Appendix, Supplemental Text).

Data Availability. All bulk and compound specific amino acid stable isotope data are reported in
Dataset S1.

Acknowledgments

The authors wish to thank the communities of Chiripa, San José, Santa Rosa and Coacollo, the
Gobierno Auténomo Municipal de Taraco, the Gobierno Autbnomo Departamental de La Paz, the
Bolivian Ministry of Cultures Unit for Archaeology and Museums, and of the members of the
Taraco Archaeological Project. Additionally, Todd Dawson, Stefania Mambelli, Wenbo Yang, and
Paul Brooks of the Center for Stable Isotope Biogeochemistry at the University of California,
Berkeley; Funding support was provided by the National Science Foundation (NSF BNS/DBS
8451369; NSF BCS 0631282; NSF BCS 0234011; NSF BCS 1920904), National Geographic
Society, European Association for Organic Geochemists 2018 Research Award. NERC
(Reference: CC010) and NEIF (www.isotopesuk.org) are thanked for funding and maintenance of
the GC-C-IRMS instruments used for this work.

References

1. C. A Hastorf, The Social Archaeology of Food: Thinking about Eating from Prehistory to the
Present (Cambridge University Press, 2017).

2. R.W. Wrangham, Catching fire: How cooking made us human (Basic Books, Inc., 2009).

3. M. J. Schoeninger, Stable Isotope Analyses and the Evolution of Human Diets. Annual
Review of Anthropology 43, 413-430 (2014).

10



529
530

531
532

533
534

535
536
537

538
539

540
541

542
543
544

545
546

547
548

549
550

551

552
553

554
555

556
557

558
559

560
562

563
564

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

P. J. Gregory, J. S. I. Ingram, M. Brklacich, Climate change and food security. Philosophical
Transactions of the Royal Society B: Biological Sciences 360, 2139-2148 (2005).

T. C. Rick, D. H. Sandweiss, Archaeology, climate, and global change in the Age of
Humans. PNAS 117, 8250—8253 (2020).

S. J. Vermeulen, B. M. Campbell, J. S. I. Ingram, Climate Change and Food Systems.
Annual Review of Environment and Resources 37, 195-222 (2012).

T. L. Bray, “The commensal politics of early states and empires” in The Archaeology and
Politics of Food and Feasting in Early States and Empires, T. L. Bray, Ed. (Kluwer
Academic/Plenum Publishers, 2003), pp. 1-16.

R. J. Chacon, R. G. Mendoza, Eds., Feast, Famine, or Fighting? Multiple Pathways to
Social Complexity (Springer International Publishing, 2017).

M. Dietler, B. Hayden, Eds., Feasts: Archaeological and Ethnographic Perspectives on
Food, Politics, and Power (University of Alabama Press, 2001).

S. M. Alt, “Considering Complexity: Confounding Categories with Practices” in Ancient
Complexities: New Perspectives in Pre-Columbian North America, S. M. Alt, Ed. (University
of Utah Press, 2010), pp. 1-8.

T. Dan-Cohen, Tracing Complexity: The Case of Archaeology. American Anthropologist
122, 733-744 (2020).

A. L. Kolata, The Tiwanaku: Portrait of an Andean Civilization | Wiley (Wiley-Blackwell,
1993).

C. Stanish, Ancient Titicaca: The evolution of complex society in southern Peru and
northern Bolivia (University of California Press, 2003).

J. W. Janusek, Ancient Tiwanaku (Cambridge University Press, 2008).

C. Dejoux, A. lltis, Eds., Lake Titicaca: A synthesis of Limnological Knowledge (Kluwer
Academic Publishers, 1992).

B. Orlove, Lines in the Water: Nature and Culture at Lake Titicaca (University of California
Press, 2002).

M. S. Bandy, “Population and History in the Ancient Titicaca Basin,” University of California,
Berkeley. (2001).

C. A. Hastorf, “The Formative Period in the Titicaca Basin” in Handbook of South American
Archaeology Il, H. Silverman, W. H. Isbell, Eds. (Springer, 2008), pp. 545-561.

C. A. Hastorf, “The Upper (Middle and Late) Formative in the Titicaca Region” in Advances
in Titcaca Basin Archaeology 1, C. Stanish, A. B. Cohen, M. Aldenderfer, Eds. (Cotsen
Institute of Archaeology Press, 2005), pp. 65-94.

A. Vranich, C. Stanish, Eds., Visions of Tiwanaku (Cotsen Institute of Archaeology Press,
2013).

11



565
566
567

568
569
570

571
572
573

575

576
S77

578

579
580
581

582
583
584

585
587

588
589

590
591
592
593

594
595
596

597
598

599
600

601
602
603

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

M. C. Bruno, Beyond raised fields: exploring farming practices and processes of agricultural
change in the ancient Lake Titicaca Basin of the Andes. American Anthropologist 116, 1-16
(2014).

A. L. Kolata, “The Social Production of Tiwanaku: Political Economy and Authority in a
Native Andean State” in Tiwanaku and Its Hinterland: Archaeology and Paleoecology of an
Andean Civilization, A. L. Kolata, Ed. (Smithsonian Institution Press, 2003), pp. 449-472.

K. Moore, M. Bruno, J. M. Capriles, C. Hastorf, “Integrated Contextual Approaches to
Understanding Past Activities Using Plant and Animal Remains from Kala Uyuni, Lake
Titicaca, Bolivia” in Integrating Zooarchaeology and Paleoethnobotany: A Consideration of
Issues, Methods, and Cases, A. M. VanDerwarker, T. M. Peres, Eds. (Springer New York,
2010), pp. 173-203.

T. D’Altroy, “Funding the Inka Empire” in The Inka Empire: A Multidisciplinary Approach, I.
Shimada, Ed. (University of Texas Press, 2015), pp. 97-118.

F. B. Cobo, History of the Inca Empire (University of Texas Press, 1979).

J. M. Capriles, K. M. Moore, A. |. Domic, C. A. Hastorf, Fishing and environmental change
during the emergence of social complexity in the Lake Titicaca Basin. Journal of
Anthropological Archaeology 34, 66—77 (2014).

M. C. Bruno, et al., The Rise and Fall of Wifiaymarka: Rethinking Cultural and
Environmental Interactions in the Southern Basin of Lake Titicaca. Hum Ecol 49, 131-145
(2021).

D. M. Weide, et al., A ~6000 yr diatom record of mid- to late Holocene fluctuations in the
level of Lago Wifiaymarca, Lake Titicaca (Peru/Bolivia). Quaternary Research 88, 179-192
(2017).

C. A. Hastorf, S. Johannessen, Pre-Hispanic Political Change and the Role of Maize in the
Central Andes of Peru. American Anthropologist 95, 115-138 (1993).

C. Hastorf, W. Whitehead, M. Bruno, M. Wright, “The Movements of Maize into Middle
Horizon Tiwanaku, Bolivia” in Histories of Maize: Multidisciplinary Approaches to the
Prehistory, Linguistics, Biogeography, Domestication, and Evolution of Maize, J. Staller, R.
Tykot, B. Benz, Eds. (Elsevier Academic Press, 2006), pp. 429-448.

J. Staller, R. Tykot, B. Benz, Histories of Maize: Multidisciplinary approaches to the
prehistory, linguistics, biogeography, domestication, and evolution of maize (Academic
Press, 2006).

J. Jennings, B. J. Bowser, Eds., Drink, Power, and Society in the Andes (University Press of
Florida, 2009).

C. A. Berryman, “Food, feasts, and the construction of identity and power in ancient
Tiwanaku: A bioarchaeological perspective,” Vanderbilt University, Nashville, TN. (2010).

P. S. Goldstein, “From Stew-Eaters to Maize-Drinkers” in The Archaeology and Politics of

Food and Feasting in Early States and Empires, T. L. Bray, Ed. (Springer US, 2003), pp.
143-172.

12



604
605
606

607
608
609

610
611

612
613
614

615
616
617
618
619
620
621
622
623
625
626
628

629
630

631
632
633
634
635
637
638
639
640
641

642
643

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

K. Anderson, “Tiwanaku influences on local drinking patterns in Cochabamba, Bolivia” in
Drink, Power, and Society in the Andes, J. Jennings, B. J. Bowser, Eds. (University Press of
Florida, 2009), pp. 167-199.

M. C. Bruno, “Waranq Waranqa: Ethnobotanical Perspectives on Agricultural Intensification
in the Lake Titicaca Basin (Taraco Peninsula, Bolivia).,” Washington University, St. Louis,
MO. (2008).

W. T. Whitehead, “Exploring the Wild and Domestic: Paleoethnobotany at Chiripa, a
Formative Site in Bolivia,” Dept. of Anthropology, University of California, Berkeley. (2007).

M. Wright, C. A. Hastorf, H. Lennstrom, “Prehispanic plant use and agriculture at Tiwanaku:
social and political implications” in Tiwanaku and Its Hinterland Vol. 2, A. Kolata, Ed.
(Smithsonian Institution Press, 2003), pp. 384—403.

S. A. Banack, X. J. Rondén, W. Diaz-Huamanchumo, Indigenous cultivation and
conservation of Totora (Schoenoplectus Californicus, cyperaceae) in Peru. Econ Bot 58, 11
(2004).

K. M. Moore, “Grace Under Pressure: Responses to Changing Environments by Herders
and Fishers in the Formative Lake Titicaca Basin, Bolivia.” in Sustainable Lifeways: Cultural
Persistence in an Ever-Changing Environment, N. F. Miller, K. M. Moore, K. Ryan, Eds.
(University of Pennsylvania Museum of Archaeology and Anthropology, 2011), pp. 244—
272.

J. M. Capriles, A. I. Domic, K. M. Moore, Fish remains from the Formative Period (1000
BC-AD 400) of Lake Titicaca, Bolivia: Zooarchaeology and taphonomy. Quaternary
International 180, 115-126 (2008).

M. J. Miller, J. M. Capriles, C. A. Hastorf, The fish of Lake Titicaca: implications for
archaeology and changing ecology through stable isotope analysis. Journal of
Archaeological Science 37, 317-327 (2010).

M. S. Bandy, Energetic efficiency and political expediency in Titicaca Basin raised field
agriculture. Journal of Anthropological Archaeology 24, 271-296 (2005).

S. H. Ambrose, “Isotopic analysis of paleodiets: methodological and interpretive
considerations” in Investigations of Ancient Human Tissue: Chemical Analyses in
Anthropology, M. K. Sanford, Ed. (Gordon and Breach, 1993), pp. 59-130.

J. A. Lee-Thorp, On Isotopes and Old Bones*. Archaeometry 50, 925-950 (2008).

S. H. Ambrose, L. Norr, “Experimental evidence for the relationship of the carbon isotope
ratios of whole diet and dietary protein to those of bone collagen and carbonate” in
Prehistoric Human Bone, J. B. Lambert, G. Grupe, Eds. (Springer, 1993), pp. 1-37.

L. L. Tieszen, T. Fagre, “Effect of diet quality and composition on the isotopic composition of
respiratory CO2 bone collagen, bioapatite, and soft tissues” in Prehistoric Human Bone, J.
B. Lambert, G. Grupe, Eds. (Springer, 1993), pp. 121-155.

A. W. Froehle, C. M. Kellner, M. J. Schoeninger, FOCUS: effect of diet and protein source

on carbon stable isotope ratios in collagen: follow up to Warinner and Tuross (2009).
Journal of Archaeological Science 37, 2662—-2670 (2010).

13



644
645
646

647
648
649

650
651
652

653
654

655
656
657

658
659
660

661
662
663

664
665

666
667
668

669
670
671
672

673
674
675
676
677

678
679
680
681

682
683
684

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

L. T. Corr, J. C. Sealy, M. C. Horton, R. P. Evershed, A novel marine dietary indicator
utilising compound-specific bone collagen amino acid d13C values of ancient humans.
Journal of Archaeological Science 32, 321-330 (2005).

A. K. Styring, J. C. Sealy, R. P. Evershed, Resolving the bulk 815N values of ancient
human and animal bone collagen via compound-specific nitrogen isotope analysis of
constituent amino acids. Geochimica et Cosmochimica Acta 74, 241-251 (2010).

K. Choy, C. I. Smith, B. T. Fuller, M. P. Richards, Investigation of amino acid 613C
signatures in bone collagen to reconstruct human palaeodiets using liquid chromatography—
isotope ratio mass spectrometry. Geochimica et Cosmochimica Acta 74, 6093—6111 (2010).

E. C. Webb, et al., Compound-specific amino acid isotopic proxies for detecting freshwater
resource consumption. Journal of Archaeological Science 63, 104—-114 (2015).

E. C. Webb, et al., Compound-specific amino acid isotopic proxies for distinguishing
between terrestrial and aquatic resource consumption. Archaeol Anthropol Sci 10, 1-18
(2018).

Y. Ma, et al., Aminoisoscapes and palaeodiet reconstruction: New perspectives on millet-
based diets in China using amino acid 813C values. Journal of Archaeological Science 125,
105289 (2021).

P. E. Hare, M. L. Fogel, T. W. Stafford Jr., A. D. Mitchell, T. C. Hoering, The isotopic
composition of carbon and nitrogen in individual amino acids isolated from modern and
fossil proteins. Journal of Archaeological Science 18, 277-292 (1991).

M. R. Howland, et al., Expression of the dietary isotope signal in the compound-specific
013C values of pig bone lipids and amino acids. Int. J. Osteoarchaeol. 13, 54-65 (2003).

E. C. Webb, et al., The influence of varying proportions of terrestrial and marine dietary
protein on the stable carbon-isotope compositions of pig tissues from a controlled feeding
experiment. STAR: Science & Technology of Archaeological Research 3, 28-44 (2017).

M. Raghavan, J. S. O. McCullagh, N. Lynnerup, R. E. M. Hedges, Amino acid 613C
analysis of hair proteins and bone collagen using liquid chromatography/isotope ratio mass
spectrometry: paleodietary implications from intra-individual comparisons. Rapid
Communications in Mass Spectrometry 24, 541-548 (2010).

P. J. H. Dunn, N. V. Honch, R. P. Evershed, Comparison of liquid chromatography-isotope
ratio mass spectrometry (LC/IRMS) and gas chromatography-combustion-isotope ratio
mass spectrometry (GC/C/IRMS) for the determination of collgen amino acid 513C values
for palaeodietary and palaeoecological reconstruction. Rapid Communications in Mass
Spectrometry 25, 2995-3011 (2011).

N. V. Honch, J. S. O. McCullagh, R. E. M. Hedges, Variation of bone collagen amino acid
013c values in archaeological humans and fauna with different dietary regimes: Developing
frameworks of dietary discrimination. American Journal of Physical Anthropology 148, 495—
511 (2012).

M. J. Miller, et al., Interpreting ancient food practices: stable isotope and molecular analyses

of visible and absorbed residues from a year-long cooking experiment. Scientific Reports
10, 13704 (2020).

14



685
686
687
688
689
690

691
692

693
694
695

696
697

698
699
700
701
702
703
704
705
707

708
709

710
712

713
714

715
716
717
718
720

721
722

723
725

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

P. Szpak, Complexities of nitrogen isotope biogeochemistry in plant-soil systems:
implications for the study of ancient agricultural and animal management practices. Front
Plant Sci 5 (2014).

J. A. Lee-Thorp, J. C. Sealy, N. J. van der Merwe, Stable carbon isotope ratio differences
between bone collagen and bone apatite, and their relationship to diet. Journal of
Archaeological Science 16, 585-599 (1989).

C. H. Sullivan, H. W. Krueger, Carbon isotope analysis of separate chemical phases in
modern and fossil bone. Nature 292, 333-335 (1981).

J. B. West, G. J. Bowen, T. E. Dawson, K. P. Tu, Eds., Isoscapes: Understanding
movement, pattern, and process on Earth through isotope mapping (Springer Science +
Business Media, 2010).

T. A. Tung, T. D. Dillehay, R. S. Feranec, L. R. G. DeSantis, Early specialized maritime and
maize economies on the north coast of Peru. PNAS 117, 32308 (2020).

T. A. Tung, K. J. Knudson, Stable isotope analysis of a pre-Hispanic Andean community:
Reconstructing pre-Wari and Wari era diets in the hinterland of the Wari empire, Peru. Am J
Phys Anthropol 165, 149-172 (2018).

M. J. Miller, S. C. Agarwal, C. H. Langebaek, “Dietary histories: Tracing food consumption
practices from childhood through adulthood using stable isotope analysis” in Children and
Childhood in Bioarchaeology, P. Beauchesne, S. C. Agarwal, Eds. (University Press of
Florida, 2018), pp. 262—293.

A. L. Logan, C. A. Hastorf, D. M. Pearsall, “LET’S DRINK TOGETHER”: EARLY
CEREMONIAL USE OF MAIZE IN THE TITICACA BASIN. Latin American Antiquity 23,
235-258 (2012).

D. Popovi¢, et al., Ancient genomes reveal long range influence of the site and culture of
Tiwanaku. bioRxiv, 2021.01.22.427554 (2021).

M. J. Miller, Y. Dong, K. Pechenkina, W. Fan, S. E. Halcrow, Raising girls and boys in early
China: Stable isotope data reveal sex differences in weaning and childhood diets during the
eastern Zhou era. American Journal of Physical Anthropology 172, 567-585 (2020).

M. C. Nelson, et al., Climate challenges, vulnerabilities, and food security. PNAS 113, 298—
303 (2016).

N. Wachtel, “Men of the water: the Uru problem (sixteenth and seventeenth centuries).” in
Anthropological History of Andean Polities, J. V. Murra, J. Revel, Eds. (Cambridge
University Press, 1986), pp. 283-310.

M. S. Bandy, “Tiwanaku Origins and Early Development: The Political and Moral Economy
of a Hospitality State” in Visions of Tiwanaku., Vol. Monograph 78., A. Vranich, C. Stanish,
Eds. (Cotsen Institute of Archaeology Press, 2013), pp. 135-150.

B. C. Finucane, Maize and Sociopolitical Complexity in the Ayacucho Valley, Peru. Current
Anthropology 50, 535-545 (2009).

C. M. Kellner, et al., Comparing ritual foods and everyday diet from the Middle Horizon site

of Tenahaha, Cotahuasi, Peru using stable isotope and macrobotanical analyses. Journal of
Archaeological Science 115, 105095 (2020).

15



726
727

728
729
730

731
732
733

734

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

C. M. Kellner, M. J. Schoeninger, Wari’s imperial influence on local Nasca diet: The stable
isotope evidence. Journal of Anthropological Archaeology 27, 226—243 (2008).

N. M. Slovak, A. Paytan, Fisherfolk and farmers: Carbon and nitrogen isotope evidence
from Middle Horizon Ancén, Peru. International Journal of Osteoarchaeology 21, 253-267
(2011).

A. D. Somerville, et al., Diet and gender in the Tiwanaku colonies: Stable isotope analysis of
human bone collagen and apatite from Moquegua, Peru. American Journal of Physical
Anthropology 158, 408-422 (2015).

T. A. Tung, M. J. Miller, L. R. G. Desantis, E. A. Sharp, J. Kelly, “Patterns of violence and
diet among children during a time of imperial decline and climate change in the ancient
Peruvian Andes” in The Archaeoogy of Food and Warfare, A. M. VanDerwarker, G. Wilson,
Eds. (Springer, 2016), pp. 193-228.

B. L. Turner, et al., Diet and foodways across five millennia in the Cusco region of Peru.
Journal of Archaeological Science 98, 137-148 (2018).

P. L. Koch, N. Tuross, M. L. Fogel, The Effects of Sample Treatment and Diagenesis on the
Isotopic Integrity of Carbonate in Biogenic Hydroxylapatite. Journal of Archaeological
Science 24, 417-429 (1997).

J. Sealy, R. Armstrong, C. Schrire, Beyond lifetime averages: Tracing life histories through
isotopic analysis of different calcified tissues from archaeological human skeletons.
Antiquity 69, 290-300 (1995).

J. Sealy, M. Johnson, M. Richards, O. Nehlich, Comparison of two methods of extracting
bone collagen for stable carbon and nitrogen isotope analysis: comparing whole bone
demineralization with gelatinization and ultrafiltration. Journal of Archaeological Science 47,
64—69 (2014).

M. J. DeNiro, Postmortem preservation and alteration of in vivo bone collagen isotope ratios
in relation to palaeodietary reconstruction. Nature 317, 806—809 (1985).

M. J. DeNiro, M. J. Schoeninger, Stable carbon and nitrogen isotope ratios of bone
collagen: Variations within individuals, between sexes, and within populations raised on
monotonous diets. Journal of Archaeological Science 10, 199-203 (1983).

H. P. Schwarcz, H. Nahal, Theoretical and observed C/N ratios in human bone collagen.
Journal of Archaeological Science 131, 105396 (2021).

E. J. Guiry, P. Szpak, Improved quality control criteria for stable carbon and nitrogen
isotope measurements of ancient bone collagen. Journal of Archaeological Science 132,
105416 (2021).

A. K. Styring, et al., Practical considerations in the determination of compound-specific
amino acid 815N values in animal and plant tissues by gas chromatography-combustion-
isotope ratio mass spectrometry, following derivatisation to their N-acetylisopropyl esters.
Rapid Communications in Mass Spectrometry 26, 2328-2334 (2012).

L. T. Corr, R. Berstan, R. P. Evershed, Optimisation of derivatisation procedures for the
determination of §13C values of amino acids by gas chromatography/combustion/isotope
ratio mass spectrometry. Rapid Communications in Mass Spectrometry 21, 3759-3771
(2007).

16



786
787
788
789

Figure Captions

Figure 1. Map of the Taraco Peninsula and the southern Lake Titicaca basin, Bolivia. The orange
squares indicate excavated sites discussed in text, and the blue square indicates the center of
the Tiwanaku state.

Figure 2. (A): Bulk 5"3C and 5"N values for archaeological and modern plants (modern plants
5"°C are not Suess corrected), modern and archaeological fish, archaeological camelids, and
archaeological humans. (B): A™*Cgy.phe Values plotted with 5'°Cy,. for ancient humans, camelids,
and Lake Titicaca fish, and modern plants. The vertical line at A 3C6.y_phe = 15%o follows the
findings of Webb et al. 2018 and others, indicating the terrestrial vs. aquatic protein consumption
boundary.

Figure 3. (A): Bulk 3"3C enamel apatite and bulk 5'°*C dentin collagen values for ancient humans
plotted with Froehle et al. (2010) dietary regression lines (S| Appendix, Supplemental Text). (B):
ABCG,y_phe values for ancient Taraco Peninsula peoples across time periods plotted with a vertical
line at A™Cagyy.pne = 15%o (values 215%0 indicate aquatic resource consumption).
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