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Abstract

The Atacama Desert is one of the most inhospitable terrestrial environments on Earth, yet the
upwelling of the Humboldt Current off the coast has resulted in the presence of a rich marine
biota. It is this marine environment which first enabled the human settlement of the northern
Atacama Desert, and continues to form the basis of regional economies today. In this paper
we explore how the desert has shaped human dietary choices throughout prehistory, using
carbon and nitrogen isotope analysis of human bone collagen (n=80) to reconstruct the diets
of the inhabitants of the Arica region of the northern Atacama. This area is one of the driest
parts of the desert, but has been generally understudied in terms of dietary adaptation.
Statistical analysis using FRUITS has allowed deconvolution of isotopic signals to create
dietary reconstructions and highlight the continued importance of marine resources
throughout the archaeological sequence. Location also appears to have played a role in
dietary choices, with inland sites having 10-20% less calories from marine foods than coastal
sites. We also highlight evidence for the increasing importance of maize consumption,
coinciding with contact with highland polities. In all periods apart from the earliest Archaic,
however, there is significant variability between individuals in terms of dietary resource use.
We conclude that marine resource use, and broad-spectrum economies persisted throughout
prehistory. We interpret these results as reflecting a deliberate choice to retain dietary

diversity as a buffer against resource instability.

Keywords: carbon; nitrogen; South America; dietary isotopes; FRUITS

1. Introduction
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The Atacama Desert is one of the most extreme environments on Earth. As the driest hot
desert in the world, life here is extremely marginal. Natural terrestrial resources are few, and
freshwater availability is extremely limited (Williams et al., 2008). Human habitation of the
desert, even today, is restricted to the valleys of the snowmelt-fed and seasonal rivers which
traverse the Andean cordillera, and desert oases (Santoro et al., 2005). Yet, humans have
occupied the desert for thousands of years (Arriaza et al., 2008). This is primarily due to the
nearby marine environment. The Humboldt Current upwells off the north coast of Chile,
bringing with it nutrient-rich waters and sustaining a rich and complex marine ecosystem
(Thiel et al., 2007). The presence of plentiful marine resources meant that habitation of the
desert was possible even prior to the adoption of agriculture, after which the ability to

manipulate the desert environment began (Santoro et al., 2017).

In order to evaluate how different societies and natural environments affected diet in the
Atacama Desert, however, there is a need for palaecodietary data from multiple parts of the
desert, and different time periods. Palacodietary work already undertaken in the Atacama
Desert suggests, relatively unsurprisingly, that human subsistence choices were constrained
by the desert environment (Santana-Sagredo et al., 2015; Torres-Rouff et al., 2012). There is
evidence from the incipient agricultural sites (dating from 1700BC) of coastal valleys of
extreme northern Chile, such as Pampa Tamarugal and the Loa River Valley, that during the
transition to agriculture, desert populations retained significant marine-resource input into
their diet (Bonilla et al., 2016; Pestle et al., 2015a; Santana-Sagredo et al., 2015; Torres-
Rouff et al., 2012). This has been interpreted as reflecting the presence of trade networks
(Pestle et al., 2015a; Pestle et al., 2015b) to mitigate the instability of terrestrial crops through
use of marine resources (Santana-Sagredo et al., 2015). While trade networks developed

during the Formative Period (ca. 1700BC - 450AD), these socio-economic interactions
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continued during all subsequent periods, allowing some areas to become focused on maize
agriculture and camelid pastoralism (e.g. Pestle et al., 2016; Torres-Rouff et al., 2015). Other
regions seemed to have retained broad-spectrum based subsistence despite being influenced
by polities whose dietary focus was maize (Knudson et al., 2007), such as the Tiwanaku,

Wari (ca. 450-900AD) and later Inka peoples (1450—1600AD). These polities whose

homelands were in the Peruvian highlands, expanded and annexed surrounding areas in the
Middle Period (Wari and Tiwanaku) and Late Period (Inka). While there has, in the past,
been a strong focus on the impact of these external polities and their reliance on maize in the
Atacama Desert, it is becoming increasingly recognised that this crop has played a variable
role in the subsistence economies of the desert people (Cuéllar, 2013; Tykot et al., 2006).
Similarly, the role of different ecological niches in subsistence decisions is just beginning to

be explored in the region (Zaro, 2007).

To date there have been relatively extensive isotopic studies of diet conducted in the San
Pedro de Atacama and Tarapacé regions, but there is a dearth of data from the Arica region.
These areas, while all located in the Atacama Desert, have quite different local environments,
and therefore the potential for different subsistence choices in prehistory. For instance, the
desert varies quite considerably in terms of freshwater availability and therefore suitability
for human habitation and agriculture. In San Pedro de Atacama, in inland northern Chile for
example, archaeological sites are centred around the natural oases. Agriculture was possible
in this area (Llagostera and Costa, 1999; Nufiez, 2007) and it was likely an important
stopping point for camelid traders moving from the political centres of the Andean highlands
(Hubbe et al., 2012; Kolata, 1991; Llagostera, 1996). In Peru there are fog ‘oases’ in the
desert, providing moisture which increases floral variability (Beresford-Jones et al., 2015)

and the potential for agricultural yields (Sandweiss et al., 1999). The desert in the Tarapaca
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and Arica regions, however is extremely dry, experiencing less than 0.6 mm of rain per year
(Williams et al., 2008). Agriculture even today is possible in very restricted areas centering

around the river valleys and inland oases.

As well as geographic variation in water availability, there has also been climatic variation in
rainfall over time. The El Nifio southern oscillation has serious effects on the amount of
rainfall in any given year, and El Nifio cycles have varied in intensity throughout prehistory
(Gayo et al., 2012; Moseley and Keefer, 2008; Sandweiss et al., 2009). Around 500 BC, for
example, palaeoclimatic data suggest a change to El Nifio regime, resulting in higher levels
of humidity in the Atacama Desert (Gayo et al., 2012), and considerably expanding the
agriculture land available. During this time period archaeological evidence suggests the
development of extensive field systems alongside villages such as Ramaditas, Guatacondo
and Caserones (Uribe and Vidal, 2012; Vidal et al., 2012), located in harsh environments
where today agriculture is not possible. In these sites, remains of Zea mays, Phaseolus
lunatus, P. Vulgaris, Lagenaria, Arachis hypogaea, Chenopodium quinoa and Algarrabo
(Prosopis) pods have been identified (McRostie et al., 2017; Santoro et al., 2017). These
plants are not endemic to the northern Atacama and it is likely that they were introduced from
the Andes and the eastern lowlands. This research aims to assess both the impact of the

arrival of these crops, and the marginality of the desert environment on resource choices.

2. Environmental context: Arica region

The Arica region has four snowmelt-fed rivers, the Lluta, San Jose, Chaca and Camarones

(Fig. 1). Further to the south it is more truly arid, with the Loa River and its tributaries
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providing some of the only freshwater (Santoro, 2012). Use of the terrestrial environment in
the Arica region, however, is further complicated by the presence of high levels of
contaminating heavy metals (arsenic, lithium and boron) in the rivers (Apata et al., 2017,
Figueroa et al., 2012). This means that while there is freshwater, its use and consumption can

have serious health implications (Arriaza et al., 2010; Swift et al., 2015).

Fig 1. Location of the study area and surrounding regions. Inset gives study site locations and

occupation periods with the Azapa valley expanded for clarity.

Dietary adaptations in the Arica region have not yet been investigated using isotopic
techniques, but instead inferred using archaeological evidence. Archaeological evidence
suggests that marine resource consumption was fairly ubiquitous throughout prehistory, with
marine faunal remains and material culture associated with fishing found even in interior
valley sites (Table 1). From around 7000 BC the area played host to a large Archaic period
population of Chinchorro marine hunter-gatherers, who settled the coast and relied heavily
on the ocean for all sustenance (Arriaza et al., 2008; Standen et al., 2017). From 1700 BC,
however, there appears to have been a change in the El Nifio regime, resulting in depression
of the fisheries, relocation of the coastal peoples into inland river valleys, and the beginnings
of agriculture in the region (Grosjean et al., 2007; Moreno et al., 2009; Williams et al., 2008).
The cultivation of the interior valleys will have provided the people of the region with the
ability to produce staple terrestrial crops for the first time. Andean domesticates such as
potato (Solanum), ullucu (Ullucus), and quinoa (Chenopodium) become common in the
archaeological record (Pearsall, 2008). Later in prehistory the region begins to interact with
highland Andean polities such as the Tiwanaku (Mufioz, 1983; Muifioz, 1995), eventually

being annexed by the Inka Empire in the Late Period (Santoro et al., 2010). These cultures
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would have allowed resource trade with other parts of their empires, as well as having
specific ideas surrounding diet. In particular, both the Tiwanaku people and the Inka Empire
placed ceremonial importance on the consumption of maize (Goldstein, 2003; Staller, 2010).
There is ethnographic and archaeological evidence that, despite the marginality of
agricultural land, the area became significant for maize production under the Inka Empire

(Murra, 1980; Santoro et al., 2010).

In this study we investigate the effect of the desert environment on prehistoric resource-use in
the Arica region. We hypothesise that the marginality of the desert means that ancient
populations are unlikely to have relied solely upon agricultural resources in any period.
Instead a sustained reliance on marine resources is likely. The ocean has always been a
plentiful source of food, leading to a maritime tradition which persists even into the present
day. We therefore examined diet in coastal and near-coastal valley sites from both
agricultural and pre-agricultural periods to examine whether or not dietary diversity, and
marine resource use, is maintained throughout prehistory. We then compare the isotopic data
to other lines of archaeological evidence relating to resource use to build a fuller picture of

subsistence strategies in the region.

3. Archaeological context

The studied samples derive from archaeological sites in the northern Atacama Desert, close
to the modern-day city of Arica (Fig. 1). Sites lie both on the coast, and in the near-coastal
areas of the Azapa Valley. This region has a long human occupation history, but not all
periods and cultures are present both inland and on the coast. For example, the Archaic

period is not well-represented in the inland valleys. Conversely there is a lack of evidence for
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Middle Period occupation of the coast (Mufioz, 1982; Sutter, 2000). The known prehistoric

cultural sequence is therefore briefly described here.

Archaic Period:

The first evidence for human settlement of the Arica region is between 9400-8200 BC
(Arriaza et al., 2008; Moreno et al., 2009), and corresponds with the presence of small
communities of hunters, fishers, and collectors well adapted to exploitation of the marine
ecosystem. Most bioarchaeological and archaeological evidence suggests that Chinchorro
populations were almost completely reliant upon the marine environment for subsistence
(Arriaza et al., 2017; Aufderheide et al., 1993). However, Holden (1994) and Reinhard et al.
(2011) have both reported possible cases of potato starch and quinoa seeds in Chinchorro
coprolites at Morro 1/6 site, suggesting the inhabitants harvested and consumed wild plants.
By 5000 BC these coastal populations developed extraordinary funerary practices including
artificial mummification that lasted until ca. 1500-1000 BC (Arriaza, 1995; Standen et al.,
2014; Standen, 2003). These dates mark the end of the Chinchorro cultural tradition and also
the transition towards food production in the coastal valleys of the Arica region (Grosjean et

al., 2007; Santoro et al., 2017).

Formative Period:

Although fisher-gatherer populations continue to live on the coast during the following
Formative Period, for example at the site of Quiani (ca. 1500-1600 BC), there is evidence
that plants such as squash and gourds were being incorporated into mortuary rituals. Recent
studies show there is a correlation between edible plants offered as grave goods in the
prehistoric sites of the Arica region, the species identified in human dental calculus (as

phytoliths and starch grains) and the frequency of dental caries (Arriaza et al., 2017).
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Archaeological evidence suggests that later Formative Period coastal groups like Faldas del
Morro (800 BC) had strong links to the inland valley sites and were incorporating agricultural

products in their diet (e.g. (Belmonte, 1998; Erices, 1975).

There is however, much that remains unknown regarding the development of early farming
cultures in the Arica region. While Formative coastal populations were incorporating
agricultural products into their diets, it is probable that they maintained marine specialization,
with terrestrial products forming only a very small portion of dietary intake. Indeed, most
coastal sites are dominated by objects associated with maritime subsistence: hooks, harpoons,
fishing lines, hook weights (Mufoz, 1993; Mufioz and Focacci, 1985). Inland sites also retain
material culture associated with fishing, indicating that marine resources remained important
(Santoro, 1980b). This is counter to traditional archaeological interpretations which have

inferred that inland Formative sites are much more reliant upon agricultural resources.

The first farmers of the inland Azapa Valley sites have generally been associated with the
Alto Ramirez cultural Phase, which according to Rivera (Rivera, 1994; Rivera, 1975)
corresponds with a migration from the complex Formative centres of the highlands, such as
Wankarane and Pukara down to the coastal valleys. This diffusionist model reflects
archaeological paradigms which tended to try to establish cultural dependency between the
marginal societies of the coastal valley in the Atacama Desert and the large power centers of
the highlands. Although other studies (Mufioz, 2004; Nuiez and Santoro, 2011) have
highlighted the important and active role that local populations played during the Archaic-
Formative transition, there must have been some exogenous contributions in this process. The
first agricultural crops grown in the area are not endemic to the region and must have been

brought in either through trade or movement of peoples or both. It is therefore possible that
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the inland valley populations of the Arica region will have had a diet based upon terrestrial
resources and buffered by exchange networks which extend to the highlands, as interpreted

by Pestle et al. (2015a) further to the south.

Middle Period:

There is also debate in the archaeological literature over the extent to which the Arica region
was involved in the expansion of highland polities (such as Tiwanaku and Wari) during the
Middle Period. Traditionally the presence of Tiwanaku-style ceramics, particularly vessels
(queros) used for the consumption of chicha (maize beer) has been used as evidence for these
sites coinciding with the Middle Period (AD 450-900). However, there has been debate over
the level to which groups were influenced by these polities. In the Arica region two cultural
groups seem to have been present; Maytas and Cubuza, with Cabuza groups more influenced
by the Tiwanaku. In this study we focus on the Cabuza sites as representative of the Middle
Period. However, recent radiocarbon-dating of mortuary offerings in some of these Cabuza
sites, has revealed them to belong to the Late-Intermediate Period (AD 900-1450), rather
than the earlier Middle Period (Korpisaari et al., 2014). It is possible that Tiwanaku presence
and influence in the Arica area was the result of political collapse in the Bolivian highlands,
and displacement of peoples into the Northern Chilean valleys, rather than deliberate
annexation during the height of Tiwanaku power (Korpisaari et al., 2014). Nonetheless, the
importance of maize in the Tiwanaku culture is often inferred to have had an impact in the

sites of the Arica region (Muioz, 1983).

Later periods:
The foundation of maize agriculture laid by the Middle Period polities is usually assumed to

have been elaborated by cultural groups during the Late-Intermediate Period (AD 900-1450),
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culminating in the ritualised maize consumption that characterises the Late Period and
associated Inka state (AD 1450-1600)(Goldstein, 2003; Staller, 2010). The cultivation and
consumption of chicha underlay most social and ritual transactions during the Inka period,
and was symbolically associated with imperial power (Bauer, 1996; Goldstein, 2003; Staller,

2010).

Chronology of sites used in this study

The dating of sites in the Arica region has been conducted somewhat haphazardly, and
sometimes more recent radiocarbon dates directly contradict earlier dates (Korpisaari et al.,
2014; Mufioz, 2017; Sutter, 2005). It was not possible to take radiocarbon samples for this
project, we therefore use a combination of existing radiocarbon data and artefactual evidence
for cultural affinity to assign sites used to archaeological phase. For instance, we consider
sites with Tiwanaku pottery as representing the Middle Period, because their subsistence
regime is likely to have been affected by Tiwanaku cultural values, similarly sites with Inka

influence (i.e. the Camarones sites) are likely to have been influenced by Inka maize-reliance.

Table 1 gives the sites used in this study, their assigned phase and the rationale for that
assignment. The focus of this isotopic study, however, is not chronologically constraining
differences in subsistence choices, but instead understanding how the desert environment
affected resource use during prehistory as a whole. Our analysis and interpretation does not
look at change through time, but instead considers differences between inland and coastal
sites, and sites with evidence for interaction with highland polities and those without.

Diversity in resource use, or lack thereof, within and between sites will give us insight into
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resource-use choices regardless of chronological gaps and issues with the construction of

cultural sequences.

[Table I near here]

4. Materials and Methods

Analysis of stable carbon (6'3C) and nitrogen (6'°N) isotopic ratios from human collagen
provide an insight into the diet of past human society. In particular, it is possible to
differentiate marine from terrestrial resource use, the photosynthetic pathways of plant
resources used, and the trophic level of food indicating meat consumption or the type of
marine resources exploited (Ambrose and Norr, 1993; Schoeninger and DeNiro, 1984).
Carbon isotopes are fractionated differently according to plant photosynthetic pathway (Cs
vs. C4), with C3 plants favouring fixation of lighter 12C more than C,4 plants do resulting in a
more negative §!3C value (Ambrose and Norr, 1993). In the Atacama Desert, crops such as
quinoa, tubers and pulses (e.g. beans) are C; crops, and are differentiable from the C, crop,
maize (which is less 2C-enriched). Carbon isotopes may also be used to highlight marine
resources, with marine carbonate concentrating '3C, resulting in less negative §'3C values in

in comparison to Cj plants (Chisholm et al., 1982).

Nitrogen isotopic ratios vary with trophic level, and each step up the food chain increases
315N values between 2%o and 6%o (DeNiro and Epstein, 1981; O'Connell et al., 2012). This
means that broadly speaking, in the absence of aquatic resource consumption, §'3N values
can be related to levels of terrestrial meat consumption. However, as marine food-chains tend
to involve more steps, consumption of high trophic level marine resources results in

especially high 85N values (Fry, 2006; Minagawa and Wada, 1984). 3'°N values in Atacama
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Desert terrestrial foodchains are also enriched in 1°N relative to other areas of the world (Diaz
et al., 2016). This is a result of the aridity of the environment and resulting differences in
nitrogen cycling (Ehleringer et al., 1992). Arid conditions result in the volatilisation of
nitrogen compounds such as ammonia and this process preferentially involves the light
isotope “N, thus concentrating >N in soils and foliage (Amundson et al., 2003), an
enrichment which is carried through terrestrial food-chains (Grocke et al., 1997; Hartman,

2011).

4.1 Materials

This study involved the sampling and isotopic analysis of adult individuals from the
archaeological collections of the Museo Arqueolégico San Miguel de Azapa (MASMA),
Arica. The samples derive from the archaeological sites of the Azapa and Camarones river
valleys, and the coastal sites of Arica (Fig. 1). Sites and numbers of individuals sampled are
listed on Table 1, a complete list of individuals sampled is given in Table S1. MASMA
enforces strict sampling regulations to preserve their collections. The sampling of bone was
therefore restricted to 25 adult individuals from each phase. Collagen was assessed using
Durham University Archaeology laboratory protocols and was considered to be of good
quality if: C/N ratio = 2.9-3.6 and 35-50% carbon and 11-16% nitrogen (e.g. (DeNiro,
1985). A number (n = 13) of individuals from the Archaic phase sampled had poor
preservation of collagen, with the collagen extracted not passing standard quality control
checks (see S1 Table). After excluding those with poor quality collagen the analysed sample
set comprised of 80 individuals. The poor preservation of collagen in the Archaic samples has
been previously documented in this region (Aufderheide et al., 1993; Silva-Pinto et al.,
2014), and persists despite repeat preparation procedures and addition of a filtration step to

the protocol. Sampling was restricted to individuals who were not artificially mummified,
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ensuring that some bone was exposed and available for analysis. Only adults were sampled in
this study to ensure all individuals were completely weaned and the isotopic signatures
represent an adult diet. This work on adult diet, however, will form an important baseline for

future work looking at infant diet and weaning patterns.

4.2 Methods

Skeletal sex estimation was undertaken by the authors [CK and VS] using the standards in
Buikstra and Ubelaker (1994). Individuals were assigned to age groups (Young, Middle, Old)
using standard scoring of the pubic symphysis (Brooks and Suchey, 1990) and auricular
surface (Lovejoy et al., 1985), with epiphyseal fusion taken into account in the case of young

adults (Buikstra and Ubelaker, 1994).

Samples of bone weighing between 100-200 mg were taken using a diamond cutting wheel.
These were removed from already fragmented and disarticulated ribs to avoid unnecessary
damage to any skeletal elements or mummified material. Adhering particulates were removed
through surface abrasion with a diamond burr. Prior to collagen extraction a defatting
procedure equivalent to those used in analysis of modern bone was employed (O'Connell et
al., 2001). The samples were rinsed in deionised water then sonicated in test tubes containing
a 2:1 methanol:chloroform solution for 2 hours, with the solvent changed every 30 minutes.
Bone fragments were then prepared following a modified Longin (Longin, 1971) method i.e.
demineralised in 0.5M HCI, gelatinised in a pH3 HCI solution at 75°C overnight, centrifuged

and decanted to remove particulates, then lyophilised.

Total organic carbon, total nitrogen content and stable isotope analysis of the samples was
performed using a Costech Elemental Analyser (ECS 4010) connected to a Thermo Delta V

Advantage isotope ratio mass spectrometer. Carbon isotope ratios were corrected for 7O
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contribution and reported in standard delta (§) notation in per mil (%o) relative to Vienna Pee
Dee Belemnite (VPDB). Isotopic accuracy was monitored through routine analyses of in-
house standards, which were stringently calibrated against international standards (e.g.,
USGS 40, USGS 24, TAEA 600, IAEA N1, IAEA N2): this provided a linear range for
calibration in 6'3C between —46.7 %o and +2.9 %o and in §!°N between —4.5 %o and +20.4 %o.
Analytical uncertainty in carbon and nitrogen isotope analysis was typically +0.1 %o for
replicate analyses of the international standards and typically <0.2 %o on replicate sample
analysis (see S1 Table). Total organic carbon and nitrogen data were obtained as part of the

isotopic analysis using an internal standard (Glutamic Acid, 40.82 % C, 9.52 % N).

The statistical software R (R core team, 2013) was used to script and visualise our data. In an
effort to increase the reproducibility of research (Marwick, 2017) .csv files and R scripts used
in this analysis have been made available via a GitHub repository

(https://github.com/DrCharlieKing/Atacama Bulk). Values from modern terrestrial flora and

fauna data were corrected for the Suess effect to pre-industrial levels (Long et al., 2005)
using data from Francey et al. (1999). There is also a systematic offset between human
collagen values and those of the diet consumed. When presenting human data with foodweb
data this dietary offset is corrected for by shifting human values to those of their diet, to
allow easier visualisation of possible dietary components. There is debate over the exact
magnitude of this offset (O'Connell et al., 2012), but here we use controlled feeding data and
consider the §'C diet-collagen offset as 4.8 + 0.5 %o, and 6'°N diet-collagen offset as 5.5 +

0.5 %o (Fernandes et al., 2012; Froehle et al., 2010; Huelsemann et al., 2009).

In the Atacama Desert there are a number of resources that overlap substantially in terms of

isotopic signatures, for example less negative §3C values may represent C4 crop or marine
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resource consumption. Although analysis of dental enamel carbonate (§'3Cgpaie) could
potentially resolve these interpretive issues, sampling restrictions prevented this being
undertaken as a part of this study. Instead, quantitative dietary reconstruction was undertaken
using a Bayesian mixing model — Food Reconstruction Using Isotopic Transferred Signals
(FRUITS) (Fernandes et al., 2014), in order to account to some extent for dietary routing and

offsets.

FRUITS allows the estimation of the contribution of different food sources to the diet using
measured isotopic values and food source data (Fernandes et al., 2014). It takes into account
dietary routing (i.e. the preferential use of certain dietary components in specific tissues) and
isotopic offsets, and allows the incorporation of a priori assumptions. In this study we used a
weighted and concentration-dependant model, considering the input of both the protein and
energy components of the diet in the consumer isotopic values. The main FRUITS model
used is given as Supplementary File 1. Mean values for each of the phases were used to
model group diet, although we also present results from individuals to demonstrate the
heterogeneity in diet within single sites. We considered the input of four dietary sources: C3
plants, C4 plants, terrestrial meat and marine meat (including shellfish, fish and marine
mammals). Food source values were derived from previously conducted isotopic work in the
Northern Atacama (Cadwallader et al., 2012; DeNiro and Hastorf, 1985; Szpak et al., 2012;
Tieszen and Chapman, 1992) that is summarised in Andrade et al. (2015). Weighting of the
model was based upon previous work detailing average nutrient contribution of the different
food groups to human diet (Fernandes et al., 2015), with plant cereals protein: 10 + 2.5 wtC
%; carbs/lipids: 90 + 2.5 wtC %, terrestrial meat sources: 30 £+ 2.5 wtC %; carbs/lipids: 70 +
2.5 wtC % and marine foods: 35 = 5 wtC %; carbs/lipids: 65 + 5 wtC %. We also follow

Fernandes et al. (Fernandes et al., 2015; Fernandes et al., 2014) in using the a priori
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assumption that overall dietary protein intake will involve protein carbon contribution of
between 5-45 % (Otten et al., 2006). In addition, the Archaic Period reconstructions included
the prior that C, resources form the least important component of diet, as there are no
endemic C, resources in the Arica region, and therefore it is not until the Formative Period
that we would expect these to become a possible important component of diet. Isotopic
offsets were defined using the same controlled-feeding experiment data as used to plot our
data (8"3C diet-collagen offset = 4.8 = 0.5 %o, 6'°N diet-collagen offset = 5.5 £ 0.5 %o)

(Fernandes et al., 2012; Froehle et al., 2010; Huelsemann et al., 2009).

To test the robustness of dietary reconstructions alternative models using different dietary
information and parameters were also run, and their results compared to our primary model.
The first of the alternative dietary scenarios involved the inclusion of fertilised C4 plant data
(see Supplementary File 2). The fertilization of maize with seabird guano was a common
agricultural practice during the Late Period (Julien, 1985), and results in elevated 6'°N
values, such that fertilised maize overlaps isotopically with high trophic level marine
resources (i.e. marine carnivores such as sealions). In our model we have considered guano
fertilization a possibility from the Middle Horizon onwards, as the earliest archaeological
evidence for potential deliberate use of guano is from this period (Kelley et al., 1991; Mufioz
and Focacci, 1985). The inclusion of this data in our model allows us to quantify the potential
confounding effects of fertilization on our data. In addition, three other model types were run:
1) removing a priori assumptions (Supplementary File 3); 2) with offsets altered by £ 1 %o
(Supplementary Files 4 and 5); and 3) with food values altered by + 1.5 %o (Supplementary
Files 6-9). Dietary reconstructions are considered robust if these changing parameters did not

result in significant changes to dietary contribution estimates.



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

5. Results

The results of carbon and nitrogen isotopic analysis are given with reference to local foodweb

data in Fig. 2, and are reported in full in Table S1.

Fig. 2: Isotopic baseline data plotted alongside average human dietary values for each phase
(with 95% confidence ellipses). Human isotopic values have been corrected for the diet-tissue
offset (as described in-text). Datapoints represented by squares (rather than circles) are
individuals representing the ‘extremes’ of dietary variation in each phase. These individuals

have associated individual FRUITS dietary reconstructions (Fig. 4).

5.1 FRUITS dietary estimates

Fig. 3 presents the dietary reconstructions generated by our main FRUITS model for each for
each archaeological period. The estimated contributions of each food source, and

uncertainties associated with these estimates are also given in Table 2.

Fig. 3: FRUITS model output for each archaeological phase. Box and whisker plots (left)
represent credibility intervals, with boxes representing a 68% credible interval, and whiskers
a 95% credible interval. Horizontal lines represent the mean and median (dashed and
continuous lines respectively). Probability distributions (right hand figures, y-axes) are given

for each of the contribution estimates (x-axes).

[Table 2 near here]
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As Fig. 2 and high standard deviations in Table 2 show, there are relatively high levels of
dietary variability in each of the phases. We acknowledge that the individuals grouped in
archaeological phases may not be contemporaneous and therefore directly comparable due to
the long occupation period of some sites. To fully describe the variation present, even within
one site, we have generated FRUITS estimates of dietary contributions for individuals
representing the extremes of diet in each phase (individuals marked as squares on Fig. 2). The
Archaic Period is excluded from this individual analysis due to the small sample size and

relative homogeneity of diet in this phase.

These individual results are presented in Fig. 4 and Table 3.

[Table 3 near here]

Fig. 4: FRUITS model output for each archaeological phase. Boxes represent 68% credible
intervals, and whiskers 95% credible intervals. Horizontal lines represent the mean and

median (dashed and continuous lines respectively).

5.2 Robustness and accuracy of dietary estimates

The dietary inputs calculated by the alternative models are given in supplementary tables S2-
4. Each of the modelled dietary scenarios have similar probability distributions associated
with different food sources (% input), although the actual percentages vary with the changing
model parameters. Each dietary scenario has associated uncertainties ranging between 2 and

20 %, with the majority of uncertainties being under 15 %. These uncertainties are not large
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enough to change the overall interpretation of which resources are contributing the most to

diet in each of our phases.

In most of the modelled dietary scenarios, despite the reconstructed % contributions to diet
changing, the overall reconstruction of which resources contribute more or less to diet
remains the same. For example, the Archaic estimates always show that marine food makes
up the majority of the diet, with C, resources comprising only a small portion. In the
Formative period it is terrestrial resources which make up the bulk of the diet, in particular C;
plants. In the later phases C, plants form the foundation of the diet, although in the coastal
Late Period sites marine resources form an equally important portion. Interestingly the
inclusion of guano fertilised maize data (i.e. C4 crops with significantly higher '°N) from the
Middle Period onwards does not significantly affect model outcomes (S4 table). Estimated
dietary contributions in the guano-fertilised model differ by 2-6 % from the main model

presented in this paper.

The removal of prior assumptions from the model does significantly affect percent
contribution estimates in the Archaic, with a change to estimated C, contribution of 18 %.
Aside from large changes to the Archaic Period estimates when priors are removed, the
majority of other models run change the percent contribution estimates by no more than 6 %.
This extreme change in the Archaic is due to the removal of the prior assumption that C,
resources will comprise the smallest contribution to diet, due to lack of endemic C,4 plants.
Other phases did not include this prior due to the presence of C,4 resources introduced from

the highlands.

6. Discussion
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The results of analysis using FRUITS clearly support the hypothesis that marine resources
remained an important dietary component throughout the prehistory of the Arica region. In
addition, they highlight that proximity to the coast, perhaps unsurprisingly, has the most
significant impact on the level to which marine resources are consumed, though they are a
consumed in all sites regardless of time period or cultural affiliation. The arrival of maize and
increasing importance of this resource from the Middle Period onwards is also visible
isotopically. Here we discuss the persistence of marine resource use through time, the
retention of broad-spectrum subsistence strategies and geographic constraints on resource

use, and the possible influence of maize-reliant polities on subsistence in the region.

6.1 Continued consumption of marine resources despite the arrival of agricultural

resources

The results of FRUITS analysis clearly indicate the continued consumption of marine
resources throughout prehistory in the Arica region. In sites closest to the coast i.e. those
from the Archaic and Late periods, marine resources provide around 40 % of caloric input,
although some individuals within those sites appear to have had a marine input closer to 60
%. Most archaeological models assume the arrival of agriculture in the Formative Period
involved an increase in terrestrial resource consumption, and this is borne out by our data
which suggests that terrestrial resources do provide more caloric input during these periods.
Marine resources, however, continue to comprise between 15-20 % of the diet. This aligns
well with isotopic research in other parts of the Atacama Desert which has shown the
persistence of marine resource use in both coastal and inland sites during the Formative

Period (Andrade et al., 2015; Pestle et al., 2015a; Santana-Sagredo et al., 2015).
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In addition, within each agricultural archaeological period analysed in this study there
remains variation in marine resource consumption, with some individuals obtaining up to 68
% of their calories from the ocean (e.g. Az141 T10 in the Formative Period). This is a higher

contribution even than the most extreme values from coastal sites in this study.

6.2 The importance of the environment — coastal vs. inland sites

In this sample over all periods and locations we see that resource decision-making is clearly
affected by geographic availability, particularly relating to proximity to the coast. In our
sample the sites located on the coast (i.e. the Archaic Morro sites and Late Period Camarones
sites), unsurprisingly, consumed the most marine resources. There is no statistically
significant difference in marine resource consumption between the Archaic and Late Period
sites, but there are statistically significant differences between all inland (Formative, Middle
and Late-Intermediate) sites and coastal (Archaic and Late) sites. This reflects the persistence

of a marine tradition which is present even today in the modern cities of the coastal desert.

Inland sites, however, have approximately 20 % less caloric input from marine food sources
than those at the coast. This is not necessarily as expected, as all sites analysed are within a
day’s walk from the coast, and marine resource gathering requires less energy input than
rearing livestock or cultivating crops. There is, in addition, no correlation between absolute
distance from the coast and marine input into the diet. Formative sites included in this study
are the closest valley sites to the coast, yet display the least marine resource use. Middle
Period sites analysed here are 10—-15 km further from the coast, but use the most marine

resources of all of the agricultural periods. Instead we consider it more likely that the inland
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sites, in general used less marine resources but the specific amounts used will have been
dependent upon climatic conditions affecting the fisheries. Prevailing archaeological models,
for example, predict that the initial move inland during the Formative Period was precipitated
to changes to El Niflo intensity which dramatically depressed the fisheries (de Bryson et al.,
2001; Mufioz and Chacama, 2012). It is perhaps unsurprising then that we see the least use of
marine resources in these earliest agricultural sites. Climatic oscillations during site
occupation may also be responsible for the high levels of ‘within site/phase’ variation in
isotopic results we see. Small-scale variations in El Nifio cycles are likely to have caused
differences in the availability of resources throughout prehistory. Individuals within the same
site may have experienced quite different resource pressures, even generation to generation,
if water availability changed or marine upwelling was affected. Thus the variation in marine
resource use may not have been personal choice or culturally-mediated, but instead

environmentally-dictated.

6.3 The importance of maize and links to external polities

It has been generally assumed that maize played a more important role in subsistence from
the Middle Period onwards, due to the presence of maize-reliant polities such as the
Tiwanaku (Middle Period) and the Inka state (Late Period) (Goldstein, 2003). This does
appear to be the case in the study sample, as C, contribution to the average diet increases
dramatically between the Formative (24 %) and Middle Horizon (46 %), with C, contribution
to diet remaining high throughout the subsequent archaeological phases. Even in coastal Late
Period sites, where marine resources are likely to have been much easier to access, Cy4

consumption provides a reasonable proportion of total caloric input (39 %).
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However, it should be noted that maize consumption in the Arica region never reaches the
calculated levels of other areas annexed by or in contact with these same polities. For
example, in the Ayacucho Valley of Peru, dietary isotope analysis has suggest that maize
provided around 70% of dietary protein (Finucane, 2009). It is possible that the geographic
location of the Azapa Valley, away from major centres of Tiwanaku and Inka control, meant
that there was less cultural importance placed on maize consumption in this area (e.g. (King

et al., In review).

6.4 Linking isotopic and archaeological evidence for subsistence strategies

Overall the FRUITS reconstructions align well with archaeological evidence for subsistence.
The dietary reconstructions presented here, however, also go some way to resolving
archaeological questions about the importance of different resource types in each site. For
example, archaeozoological and material culture evidence for marine resource consumption
is present in all inland sites analysed (Focacci, 1990; Santoro, 1980a; Valenzuela et al.,
2015), but it is difficult to know how important these resources were. Our results show that
not only were marine resources present they also comprised an important part of the diet,

although the input into individuals’ diet was variable.

The variety of crop species and subsistence tools found even at inland agricultural sites may
be used to infer that life in the Azapa Valley was never focussed on a single crop or
subsistence strategy (Muioz, 1987; Valenzuela et al., 2015). Our isotopic results support this
interpretation, showing that the average diet during the Formative Period involved roughly
equal proportions of C; and C4 plants, terrestrial meat and marine resources. Even extreme

individuals in this phase, who relied more upon one resource type than the others, still seem



592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

to have been consuming small proportions of other resource types. There is archaeological
evidence for an increase in maize consumption in the Middle Horizon and Late-Intermediate
Periods in that maize remains and material culture associated with chicha consumption
become ubiquitous in sites (Mufioz and Focacci, 1985; Mufioz and Zalaquett, 2015). Our
isotopic results corroborate the idea that maize becomes more important, as in both the
Middle Horizon and Late-Intermediate periods C, resources are the most important dietary
component. They are not, however, solely relied upon, and indeed there are some individuals

for whom they form a much lesser proportion of the diet.

Archaeological research has previously questioned the importance of maize at Late Period
coastal sites despite Inka cultural involvement. At sites such as Camarones maize cannot be
grown locally and archaeobotanical evidence indicates that chicha (traditionally a maize
beer), appears to have been made primarily from Cs crops rather than maize (Arriaza et al.,
2017; Arriaza et al., 2016). Our research indicates that maize is likely to have formed an
important component of the diet despite its lack of inclusion in chicha. In fact, the C; crops
from which chicha was apparently made do not generally contribute much to diet. It is
possible that the use of these crops in chicha was more an expression of local identity while

under Inka rule, than an indication of lack of maize availability.

6.5 Variation in isotopic results, and diet in general, from each phase

Isotopic results from the inland Formative, Middle and Late-Intermediate Periods are
extremely variable. Perhaps the most extreme example of this variation comes from
Formative Period Azl14, where individuals at one extreme appear to be consuming almost

exclusively C; plants, while others seem to have a diet dominated by marine protein. It is
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tempting to interpret this isotopic variation within archaeological phases or single sites as
evidence for heterogeneous diet between contemporary individuals. Unfortunately, however,
the ambiguity of site dating in the Arica region means that individuals within the same site
are not necessarily contemporaneous. Instead, this variation may indicate generational
changes to diet, perhaps reflecting cyclical resource availability due to El Nifo oscillations,
or cultural change resulting in the changing popularity of some resources. Future work
involving the tightening of site chronologies may reveal systematic temporal changes to diet

within phases, that are currently not interpretable.

6.6 Differences between FRUITS dietary reconstructions and previous modelling in the

region

One of the major differences between the dietary reconstructions generated in this study and
those attempted previously (Aufderheide et al., 1994; Aufderheide et al., 1993) is the percent
input of marine resources estimated. The linear mixing models in these studies have predicted
up to 80 % of dietary protein was derived from marine resource consumption. We anticipate
that this difference is partly due to our use of Bayesian rather than simple linear mixing
modelling, but is also because our FRUITS model used metabolic experimental data to define
the acceptable intake of dietary protein. As a result of this our dietary reconstructions seem to
align better with archaeological evidence for subsistence than earlier estimates. For example,
while marine resources undoubtedly formed the most significant portion of Archaic diet there
is evidence from Archaic coprolites of C; plants and terrestrial meat (Reinhard et al., 2011).
Our dietary reconstructions support this idea of terrestrial resource use, and reduce estimates

of percent contribution of marine resources to what we consider more reasonable levels.
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7. Conclusion

The isotopic results presented here paint a picture of deliberate retention of dietary diversity
in the peoples of the Atacama Desert. The marine resource use traditions begun by the
Archaic Chinchorro peoples persist throughout prehistory and into the modern day, with use
of the rich marine environment buffering the desert populations against terrestrial resource
insecurities. While the arrival of maize-reliant polities does seem to have had an impact on
subsistence in later archaeological phases, agricultural crops are never fully relied upon.
Instead geographic constraints, such as proximity to the ocean, seem to have had a greater
impact on overall diet. Our results also highlight dietary diversity both within and between
archaeological phases, potentially relating to changes to resource availability and El Nifio

cycles.

8. Acknowledgements

This work was funded by a Rutherford Postdoctoral Fellowship (Royal Society of New
Zealand) awarded to CLK, and a Marsden Grant (UOO1413) awarded to SEH. Initial work
was funded by a University of Otago Research Grant awarded to SEH. Both BTG and VGS
are funded by El Fondo Nacional de Desarrollo Cientifico y Tecnoldgico (Fondecyt) grants.
Bone and dental samples taken from this study were authorized by the Director of the San
Miguel de Azapa Archaeological Museum of the University of Tarapaca, Arica, Chile; And
the Council of National Monuments of Chile authorized the scientific publication of the
results obtained (Ord. No. 04152). Susana Monsalve and Anita Flores provided help within

the collections of the Museo San Miguel de Azapa. At Durham University Beth Upex and



666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

Steve Robertson (Archaeology Department) and Graham Short (Stable Isotope

Biogeochemistry Laboratory), all provided help during analysis.

9. References

Ambrose, S.H., Norr, L., 1993. Experimental evidence for the relationship of the carbon
isotope ratios of whole diet and dietary protein to those of bone collagen and carbonate, in:
Lambert, J.B., Grupe, G. (Eds.), Prehistoric human bone: Archaeology at the Molecular
Level. Springer, Heidelberg, pp. 1-37.

Amundson, R., Austin, A., Schuur, E., Yoo, K., Matzek, V., Kendall, C., Uebersax, A.,
Brenner, D., Baisden, W., 2003. Global patterns of the isotopic composition of soil and plant
nitrogen. Global Biogeochem. Cycles 17, 1031.

Andrade, P., Fernandes, R., Codjambeassis, K., Urrea, J., Olguin, L., Rebolledo, S., Lira, F.,
Aravena, C., Berrios, M., 2015. Subsistence Continuity Linked to Consumption of Marine
Protein in the Formative Period in the Interfluvic Coast of Northern Chile: Reassessing
Contacts with Agropastoral Groups from Highlands. Radiocarbon 57, 679-688.

Apata, M., Arriaza, B., Llop, E., Moraga, M., 2017. Human adaptation to arsenic in Andean
populations of the Atacama Desert. Am. J. Phys. Anthropol. 163, 192—-199.

Arriaza, B.T., 1995. Chinchorro bioarchaeology: chronology and mummy seriation. Latin.
Amer. Antiq. 6, 35-55.

Arriaza, B.T., Amarasiriwardena, D., Cornejo, L., Standen, V., Byrne, S., Bartkus, L.,
Bandak, B., 2010. Exploring chronic arsenic poisoning in pre-Columbian Chilean mummies.

J. Archaeol. Sci. 37, 1274-1278.



689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

Arriaza, B.T., Huaman, L., Villanueva, F., Tornero, R., Standen, V., Aravena, N., 2017.
Estudio del calculo dental en poblaciones arqueologicas del extremo norte de Chile. Estudios
Atacamefios Early view.

Arriaza, B.T., Ogalde, J., Chacama, J., Standen, V., Huaman, L., Villanueva, F., Aravena, N.,
Méndez-Quiros, P., Tapia, P., 2016. Microscopic analysis of botanical residues from Cerro
Esmeralda burial in Northern Chile: State and death ritual implications. Interciencia 41, 844-
850.

Arriaza, B.T., Standen, V.G., Cassman, V., Santoro, C.M., 2008. Chinchorro culture:
pioneers of the coast of the Atacama Desert, in: Silverman, H., Isbell, W. (Eds.), The
handbook of South American archaeology. Springer, New York, pp. 45-58.

Aufderheide, A.C., Kelley, M.A., Rivera, M., Gray, L., Tieszen, L.L., Iversen, E., Krouse,
H.R., Carevic, A., 1994. Contributions of chemical dietary reconstruction to the assessment
of adaptation by ancient highland immigrants (Alto Ramirez) to coastal conditions at Pisagua,
North Chile. J. Archaeol. Sci. 21, 515-524.

Aufderheide, A.C., Muiioz, 1., Arriaza, B., 1993. Seven Chinchorro mummies and the
prehistory of northern Chile. Am. J. Phys. Anthropol. 91, 189-201.

Bauer, B.S., 1996. Legitimization of the state in Inca myth and ritual. Am. Anthropol. 98,
327-337.

Belmonte, E., 1998. Estudio Comparativo de Especies Vegetales de Contexto Arqueoldgico
(Museo Arqueologico San Miguel de Azapa). Universidad de Tarapaca, Informe Final de
Investigacion Proyecto N° 3740-96.

Beresford-Jones, D., Pullen, A.G., Whaley, O.Q., Moat, J., Chauca, G., Cadwallader, L.,
Arce, S., Orellana, A., Alarcon, C., Gorriti, M., 2015. Re-evaluating the resource potential of
lomas fog oasis environments for Preceramic hunter—gatherers under past ENSO modes on

the south coast of Peru. Quat. Sci. Rev. 129, 196-215.



714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

Bonilla, M.-Z., Drucker, D., Richardin, P., Silva-Pinto, V., Septlveda, M., Bocherens, H.,
2016. Marine food consumption in coastal northern Chilean (Atacama Desert) populations
during the Formative Period: Implications of isotopic evidence (C, N, S) for the Neolithic
process in south central Andes. J Arch. Sci.: Reports 6, 768-776.

Brooks, S., Suchey, J.M., 1990. Skeletal age determination based on the os pubis: a
comparison of the Acsadi-Nemeskéri and Suchey-Brooks methods. Hum. Evol. 5, 227-238.
Buikstra, J.E., Ubelaker, D.H., 1994. Standards for data collection from human skeletal
remains. Arkansas Archeological Survey, Lafayette, AK.

Cadwallader, L., Beresford-Jones, D.G., Whaley, O.Q., O'Connell, T.C., 2012. The signs of
maize? A reconsideration of what 8'3C values say about palacodiet in the Andean Region.
Hum. Ecol. 40, 487-509.

Chisholm, B.S., Nelson, D.E., Schwarcz, H.P., 1982. Stable-carbon isotope ratios as a
measure of marine versus terrestrial protein in ancient diets. Science 216, 1131-1132.
Cuéllar, A.M., 2013. The Archaeology of Food and Social Inequality in the Andes. J.
Archaeol. Res. 21, 123-174.

de Bryson, R., Luz, M., Bryson, R.U., Bryson, R.A., 2001. Paleoclimatic and material
cultural perspective on the Formative Period of northern Chile. Chungara 33, 5-12.
DeNiro, M., 1985. Postmortem preservation and alteration of in vivo bone collagen isotope
ratios in relation to palacodietary reconstruction. Nature 317, 806-809.

DeNiro, M.J., Epstein, S., 1981. Influence of diet on the distribution of nitrogen isotopes in
animals. Geochim. Cosmochim. Acta 45, 341-351.

DeNiro, M.J., Hastorf, C.A., 1985. Alteration of '>N/N and '*C/'?C ratios of plant matter
during the initial stages of diagenesis: Studies utilizing archaeological specimens from Peru.

Geochim. Cosmochim. Acta 49, 97-115.



738  Diaz, F.P., Frugone, M., Gutiérrez, R.A., Latorre, C., 2016. Nitrogen cycling in an extreme
739  hyperarid environment inferred from 85N analyses of plants, soils and herbivore diet. Sci.
740  Rep. 6, 1-11.

741  Ehleringer, J.R., Mooney, H.A., Rundel, P.W., Evans, R.D., Palma, B., Delatorre, J., 1992.
742 Lack of nitrogen cycling in the Atacama Desert. Nature 359, 316-318.

743  Erices, S., 1975. Evidencias de vegetales en tres cementerios prehispanicos, Arica-Chile.
744 Chungara 5, 65-71.

745  Fernandes, R., Grootes, P., Nadeau, M.J., Nehlich, O., 2015. Quantitative diet reconstruction
746  of a Neolithic population using a Bayesian mixing model (FRUITS): the case study of Ostorf
747  (Germany). Am. J. Phys. Anthropol. 158, 325-340.

748  Fernandes, R., Millard, A.R., Brabec, M., Nadeau, M.-J., Grootes, P., 2014. Food

749  Reconstruction Using Isotopic Transferred Signals (FRUITS): A Bayesian Model for Diet
750  Reconstruction. PLoS One 9, €87436.

751  Fernandes, R., Nadeau, M.-J., Grootes, P.M., 2012. Macronutrient-based model for dietary
752  carbon routing in bone collagen and bioapatite. Archaeol. Anthropol. Sci. 4, 291-301.

753  Figueroa, L., Barton, S., Schull, W., Razmilic, B., Zumaeta, O., Young, A., Kamiya, Y.,
754  Hoskins, J., Ilgren, E., 2012. Environmental lithium exposure in the North of Chile—I.
755  Natural water sources. Biol. Trace Elem. Res. 149, 280-290.

756  Finucane, B.C., 2009. Maize and sociopolitical complexity in the Ayacucho Valley, Peru.
757  Curr. Anthropol. 50, 535-545.

758  Focacci, G., 1990. Excavaciones Arqueologicas en el Cementerio Az-6 Valle de Azapa.
759  Chungara 24/25, 69-123.

760  Francey, R., Allison, C., Etheridge, D., Trudinger, C., Enting, 1., Leuenberger, M.,

761  Langenfelds, R., Michel, E., Steele, L., 1999. A 1000-year high precision record of !3C in

762  atmospheric CO,. Tellus B 51, 170-193.



763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

Froehle, A.W., Kellner, C.M., Schoeninger, M.J., 2010. effect of diet and protein source on
carbon stable isotope ratios in collagen: follow up to Warinner and Tuross (2009). J.
Archaeol. Sci. 37, 2662-2670.

Fry, B., 2006. Stable isotope ecology. Springer, New York.

Gayo, E., Latorre, C., Santoro, C., Maldonado, A., De Pol-Holz, R., 2012. Hydroclimate
variability in the low-elevation Atacama Desert over the last 2500 yr. Climate of the Past 8,
287-306.

Goldstein, P., 2003. From Stew-Eaters to Maize-Drinkers, in: Bray, T. (Ed.), The
Archaeology and Politics of Food and Feasting in Early States and Empires. Plenum
Publishers, New York, pp. 143-172.

Grocke, D.R., Bocherens, H., Mariotti, A., 1997. Annual rainfall and nitrogen-isotope
correlation in macropod collagen: application as a palaeoprecipitation indicator. Earth.
Planet. Sci. Lett. 153, 279-285.

Grosjean, M., Santoro, C.M., Thompson, L., Nunez, L., Standen, V.G., 2007. Mid-Holocene
climate and culture change in the South Central Andes, in: Anderson, D.G., Maasch, K.A.,
Sandweiss, D.H. (Eds.), Climate change and cultural dynamics: A global perspective on mid-
Holocene transitions. Academic Press, London, pp. 51-115.

Hartman, G., 2011. Are elevated 8'°N values in herbivores in hot and arid environments
caused by diet or animal physiology? Funct. Ecol. 25, 122-131.

Holden, T., 1994. Dietary evidence from the intestinal contents of ancient humans with
particular reference to desiccated remains from northern Chile, in: Hather, J. (Ed.), Tropical
Archaeobotany. Applications and new developments. Routledge, London, pp. 65-85.
Hubbe, M., Torres-Rouff, C., Neves, W.A., King, L.M., Da-Gloria, P., Costa, M.A., 2012.
Dental health in Northern Chile's Atacama oases: Evaluating the Middle Horizon (AD 500—

1000) impact on local diet. Am. J. Phys. Anthropol. 148, 62-72.



788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

Huelsemann, F., Flenker, U., Koehler, K., Schaenzer, W., 2009. Effect of a controlled dietary
change on carbon and nitrogen stable isotope ratios of human hair. Rapid Commun. Mass
Spectrom. 23, 2448-2454.

Julien, C.J., 1985. Guano and resource control in sixteenth-century Arequipa, in: Masuda, C.,
Shimada, 1., Morris, C. (Eds.), Andean ecology and civilization. University of Tokyo Press,
Tokyo, pp. 185-231.

Kelley, M., Levesque, D., Weidl, E., 1991. Contrasting patterns of dental disease in five early
northern Chilean groups, in: Kelley, M., Larsen, C. (Eds.), Advances in Dental
Anthropology. Wiley-Liss, New York, pp. 203-213.

King, C.L., Halcrow, S.E., Millard, A.R., Grocke, D., Standen, V., Muiioz Ovalle, 1., Arriaza,
B.T., In review. El Consumo de Maiz en la Prehistoria de Arica. Chungara.

Knudson, K.J., Aufderheide, A.E., Buikstra, J.E., 2007. Seasonality and paleodiet in the
Chiribaya polity of southern Peru. J. Archaeol. Sci. 34, 451-462.

Kolata, A.L., 1991. The technology and organization of agricultural production in the
Tiwanaku state. Latin. Amer. Antiq. 2, 99-125.

Korpisaari, A., Oinonen, M., Chacama, J., 2014. A Reevaluation of the Absolute Chronology
of Cabuza and Related Ceramic Styles of the Azapa Valley, Northern Chile. Latin. Amer.
Antiq. 25, 409-426.

Llagostera, A., 1996. San Pedro de Atacama: Nodo de complementariedad reticular. Estudios
y Debates Regionales Andinos 96, 17-42.

Llagostera, A., Costa, M.A., 1999. Patrones de asentamiento en la época agroalfarera de San
Pedro de Atacama (norte de Chile). Estudios Atacamefios 17, 175-206.

Long, E.S., Sweitzer, R.A., Diefenbach, D.R., Ben-David, M., 2005. Controlling for
anthropogenically induced atmospheric variation in stable carbon isotope studies. Oecologia

146, 148-156.



813  Longin, R., 1971. New method of collagen extraction for radiocarbon dating. Nature 230,
814  241-242.

815 Lovejoy, C.O., Meindl, R.S., Pryzbeck, T.R., Mensforth, R.P., 1985. Chronological

816  metamorphosis of the auricular surface of the ilium: a new method for the determination of
817  adult skeletal age at death. Am. J. Phys. Anthropol. 68, 15-28.

818  Marwick, B., 2017. Computational Reproducibility in Archaeological Research: Basic

819  Principles and a Case Study of Their Implementation. J. Archaeol. Method Th. 24, 424-450.
820 McRostie, V.B., Gayo, E.M., Santoro, C.M., De Pol-Holz, R., Latorre, C., 2017. The pre-
821  Columbian introduction and dispersal of Algarrobo (Prosopis, Section Algarobia) in the
822  Atacama Desert of northern Chile. PLoS One 12, e0181759.

823  Minagawa, M., Wada, E., 1984. Stepwise enrichment of 3'°N along food chains: Further
824  evidence and the relation between 3!°N and animal age. Geochim. Cosmochim. Acta 48,
825  1135-1140.

826  Moreno, A., Santoro, C.M., Latorre, C., 2009. Climate change and human occupation in the
827  northernmost Chilean Altiplano over the last ca. 11 500 cal. a BP. J. Quat. Sci. 24, 373-382.
828 Moseley, M.E., Keefer, D.K., 2008. Deadly Deluges in the Southern Desert: Modern and
829  Ancient El Nifos in the Osmore Region of Southern Peru, in: Sandweiss, D.H., Quilter, J.
830 (Eds.), El Nifio, Catastrophism and Culture Change in Ancient America. Harvard University
831  Press, Washington DC, pp. 129-144.

832  Muioz, I., 1982. La Capilla No. 4: un asentamiento poblacional tardio en la costa de Arica,
833  Documentos de trabajo (No. 2). Instituto de Antropologia y Arqueologia, Universidad de
834  Tarapaca, Arica, Chile, pp. 95-125.

835  Muioz, I., 1983. El poblamiento aldeano en el valle de Azapa y su vinculacion con Tiwanaku
836  (Arica-Chile): Asentamientos Aldeanos en los Valles Costeros de Arica, Documentos de

837  Trabajo (Vol. 3). Instituto de Antropologia y Arqueologia, Universidad de Tarapaca, Arica.



838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

Muioz, 1., 1987. Enterramientos en timulos en el valle de Azapa: Nuevas evidencias para
definir la fase Alto Ramirez en el extremo norte de Chile. Chungara 19, 93-127.

Muioz, 1., 1993. Spatial dimensions of complementary resource utilization at Acha-2 and
San Lorenzo, northern Chile, in: Aldenderfer, M. (Ed.), Domestic Architecture, Ethnicity,
and Complementarity in the South-Central Andes. University of lowa Press, lowa City, pp.
94-102.

Muiioz, 1., 1995. Poblamiento humano y relaciones interculturales en el valle de Azapa:
Nuevos hallazgos en torno al Periodo Formativo y Tiwanaku. Didlogo Andino 14, 241-276.
Muiioz, 1., 2004. El periodo Formativo en los valles del norte de Chile y sur de Perti: nuevas
evidencias y comentarios. Chungara 36, 213-225.

Muiioz, 1., 2017. Espacios Funebres, Practicas Mortuorias y Cronologia en el Cementerio
Azapa-115: Aproximaciones en Torno a la Estructura social de los Agricultores
Prehispanicos del Periodo Medio. Estudios Atacamenos 54, 5-36.

Muioz, I., Chacama, J., 2012. Transformacion del paisaje social en Arica, norte de Chile: de
pescadores arcaicos a agricultores incipientes. Estudios Atacamefios 44, 123-140.

Muioz, I., Focacci, G., 1985. San Lorenzo: testimonio de una comunidad de agricultores y
pescadores postiwanaku en el valle de Azapa (Arica-Chile). Chungara 15, 7-30.

Munoz, ., Zalaquett, F., 2015. El paisaje en el ordenamiento territorial prehispanico durante
el periodo Medio, valle de Azapa, norte de Chile. Revista de Geografia Norte Grande 60, 21-
62.

Murra, J.V., 1980. The economic organization of the Inka state. Jai Press Greenwich.
Nuiez, L., 2007. Vida y Cultura en el oasis de San Pedro de Atacama. Editorial Universitaria,
Santiago.

Nuiez, L., Santoro, C.M., 2011. El transito arcaico-formativo en la Circumpuna y Valles

Occidentales del Centro Sur Andino: hacia los cambios "Neoliticos". Chungara 43, 487-530.



863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

O'Connell, T.C., Hedges, R.E., Healey, M., Simpson, A.H., 2001. Isotopic comparison of
hair, nail and bone: modern analyses. J. Archaeol. Sci. 28, 1247-1255.

O'Connell, T.C., Kneale, C.J., Tasevska, N., Kuhnle, G.G., 2012. The diet-body offset in
human nitrogen isotopic values: A controlled dietary study. Am. J. Phys. Anthropol. 149,
426-434.

Otten, J.J., Hellwig, J.P., Meyers, L.D., 2006. Dietary reference intakes: the essential guide to
nutrient requirements. National Academies Press, Washington DC.

Pearsall, D.M., 2008. Plant domestication and the shift to agriculture in the Andes, in:
Silverman, H., Isbell, W. (Eds.), The handbook of South American archaeology. Springer,
New York, pp. 105-120.

Pestle, W.J., Torres-Rouff, C., Gallardo, F., Ballester, B., Clarot, A., 2015a. Mobility and
exchange among marine hunter-gatherer and agropastoralist communities in the formative
period Atacama desert. Curr. Anthropol. 56, 121-133.

Pestle, W.J., Torres-Rouff, C., Hubbe, M., 2016. Modeling diet in times of change: The case
of Quitor, San Pedro de Atacama, Chile. J. Archaeol. Sci.: Reports 7, 82-93.

Pestle, W.J., Torres-Rouff, C., Hubbe, M., Santana, F., Pimentel, G., Gallardo, F., Knudson,
K.J., 2015b. Explorando la diversidad dietética en la prehistoria del Desierto de Atacama: un
acercamiento a los patrones regionales. Chungaré 47, 201-209.

R core team, 2013. R: A language and environment for statistical computing. R Foundation
for Statistical Computing Vienna, Austria.

Reinhard, K.J., Le-Roy-Toren, S., Arriaza, B., 2011. Where have All the Plant Foods gone?
The Search for Refined Dietary Reconstruction from Chinchorro Mummies. Yearbook of
Mummy Studies 1, 139-151.

Rivera, M., 1994. Hacia la complejidad social y politica: el desarrollo Alto Ramirez del norte

de Chile. Didlogo Andino 13, 9-38.



888  Rivera, M.A., 1975. Una hipétesis sobre movimientos poblacionales altiplanicos y

889 transaltiplanicos a las costas del norte de Chile. Chungara 5, 7-31.

890  Sandweiss, D.H., Maasch, K.A., Anderson, D.G., 1999. Transitions in the mid-Holocene.
891  Science 283, 499-500.

892  Sandweiss, D.H., Solis, R.S., Moseley, M.E., Keefer, D.K., Ortloff, C.R., 2009.

893  Environmental change and economic development in coastal Peru between 5,800 and 3,600
894  years ago. Proc. Natl. Acad. Sci. 106, 1359-1363.

895  Santana-Sagredo, F., Uribe, M., Herrera, M.J., Retamal, R., Flores, S., 2015. Dietary

896  practices in ancient populations from northern Chile during the transition to agriculture
897  (Tarapaca region, 1000 BC-AD 900). Am. J. Phys. Anthropol. 158, 751-758.

898  Santoro, C., Williams, V., Valenzuela, D., Romero, A., Standen, V., 2010. An archaeological
899  perspective on the Inka provincial administration of the South-Central Andes, in: Malpass,
900 M.A., Alconini, S. (Eds.), Distant Provinces in the Inka Empire: Toward a Deeper

901  Understanding of Inka Imperialism. University of lowa Press, lowa City, pp. 44-74.

902  Santoro, C.M., 1980a. Estratigrafia y Secuencia Cultural Funeraria Fases: Azapa, Alto
903  Ramirez y Tiwanaku (Arica-Chile). Chungara 6, 24-45.

904  Santoro, C.M., 1980b. Fase Azapa transicion del arcaico al desarrollo agrario inicial en los
905  wvalles bajos de Arica. Chungara 6, 45-56.

906  Santoro, C.M., 2012. Rise and Decline of Chinchorro Sacred Landscapes Along the

907  Hyperarid Coast of the Atacama Desert. Chungara 44, 637-653.

908  Santoro, C.M., Arriaza, B.T., Standen, V.G., Marquet, P.A., 2005. People of the coastal
909  Atacama desert: living between sand dunes and waves of the Pacific Ocean, in: Veth, P.,
910  Smith, M., Hiscock, P. (Eds.), Desert Peoples: archaeological perspectives. Blackwell,

911  Malden, pp. 243-260.



912  Santoro, C.M., Capriles, J.M., Gayo, E.M., de Porras, M.E., Maldonado, A., Standen, V.G.,
913 Latorre, C., Castro, V., Angelo, D., McRostie, V., 2017. Continuities and discontinuities in
914  the socio-environmental systems of the Atacama Desert during the last 13,000 years. J.

915  Anthropol. Archaeol. 46, 28-39.

916  Schoeninger, M.J., DeNiro, M.J., 1984. Nitrogen and carbon isotopic composition of bone
917  collagen from marine and terrestrial animals. Geochim Cosmochim Acta 48, 625-639.

918  Silva-Pinto, V., Salazar-Garcia, D., Mufioz, 1., 2014. Una aproximacion a la dieta consumida
919  por las poblaciones constructoras de timulos, in: Mufioz, 1., Fernandez Murillo, M.S. (Eds.),
920  Mil afios de historia de los constructores de timulos de los valles desérticos de Arica: Paisaje,
921  monumentos y memoria. Universidad de Tarapacd, Arica, pp. 89-102.

922  Staller, J.E., 2010. Maize Cobs and Cultures: History of Zea Mays L. Springer, Heidelberg.
923  Standen, V., Arriaza, B., Santoro, C., 2014. Chinchorro mortuary practices on infants:

924  Northern Chile archaic period (BP 7000-3600), in: Thompson, J.L., Alfonso-Durruty, M.P.,
925  Crandall, J.J. (Eds.), Tracing Childhood: Bioarchaeological Investigations of Early Lives in
926  Antiquity. University of Florida Press, Gainsville, pp. 58-74.

927  Standen, V.G., 2003. Bienes funerarios del cementerio Chinchorro Morro 1: descripcion,
928  analisis e interpretacion. Chungara 35, 175-207.

929  Standen, V.G., Santoro, C.M., Arriaza, B., Coleman, D., 2017. Hunting, gathering, and

930 fishing on the coast of the Atacama Desert: Chinchorro population mobility patterns inferred
931  from strontium Isotopes. Geoarchaeol., Early View.

932  Sutter, R.C., 2000. Prehistoric genetic and culture change: a bioarchaeological search for pre-
933 Inka altiplano colonies in the coastal valleys of Moquegua, Peru, and Azapa, Chile. Latin.
934  Amer. Antiq. 11, 43-70.

935  Sutter, R.C., 2005. A bioarchaeological assessment of prehistoric ethnicity among early Late

936 Intermediate period populations of the Azapa Valley, Chile, in: Reycraft, R. (Ed.), Us and



937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

Them: Archaeology and Ethnicity in the Andes. Cotsen Institute of Archaeology, Los
Angeles, pp. 183-205.

Swift, J., Cupper, M.L., Greig, A., Westaway, M.C., Carter, C., Santoro, C.M., Wood, R.,
Jacobsen, G.E., Bertuch, F., 2015. Skeletal arsenic of the pre-Columbian population of Caleta
Vitor, northern Chile. J. Archaeol. Sci. 58, 31-45.

Szpak, P., Millaire, J.-F., White, C.D., Longstaffe, F.J., 2012. Influence of seabird guano and
camelid dung fertilization on the nitrogen isotopic composition of field-grown maize (Zea
mays). J. Archaeol. Sci. 39, 3721-3740.

Thiel, M., Macaya, E.C., Acuna, E., Arntz, W.E., Bastias, H., Brokordt, K., Camus, P.A.,
Castilla, J.C., Castro, L.R., Cortes, M., 2007. The Humboldt Current System of northern and
central Chile: oceanographic processes, ecological interactions and socioeconomic feedback.
Oceanography and Marine Biology 45, 195-344.

Tieszen, L.L., Chapman, M., 1992. Carbon and nitrogen isotopic status of the major marine
and terrestrial resources in the Atacama desert of northern Chile. Proceedings of the First
World Congress on Mummy Studies 2, 409-426.

Torres-Rouff, C., Pestle, W., Gallardo, F., 2012. Eating fish in the driest desert in the world:
osteological and biogeochemical analyses of human skeletal remains from the San Salvador
cemetery, North Chile. Latin. Amer. Antiq. 23, 51-69.

Torres-Rouff, C., Knudson, K.J., Pestle, W.J., Stovel, E.M., 2015. Tiwanaku influence and
social inequality: A bioarchaeological, biogeochemical, and contextual analysis of the
Larache cemetery, San Pedro de Atacama, Northern Chile. Am. J. Phys. Anthropol. 158, 592-
606.

Tykot, R.H., Burger, R.L., Van Der Merwe, N.J., 2006. The importance of maize in initial

period and early horizon Peru, in: Staller, J., Tykot, R., Benz, B. (Eds.), Histories of Maize:



961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

Multidisciplinary Approaches to the Prehistory, Linguistics, Biogeography, Domestication,
and Evolution of Maize. Left Coast Press, Walnut Creek, CA, pp. 187-233.

Uribe, M., Vidal, E., 2012. Sobre la secuencia ceramica del periodo Formativo de Tarapaca
(900 ac-900 dC): estudios en Pircas, Caserones, Guatacondo y Ramaditas, norte de Chile.
Chungara 44, 209-245.

Valenzuela, D., Santoro, C.M., Capriles, J.M., Quinteros, M.J., Peredo, R., Gayo, E.M.,
Montt, ., Sepulveda, M., 2015. Consumption of animals beyond diet in the Atacama Desert,
northern Chile (13,000—410BP): Comparing rock art motifs and archaeofaunal records. J.
Anthropol. Archaeol. 40, 250-265.

Vidal, A., Garcia, M., Méndez-Quiro6s, P., 2012. Vida sedentaria y oportunismo: dos
estrategias de produccion agricola durante el Periodo Formativo en Tarapacé. Actas del XIX
Congreso Nacional de Arqueologia Chilena 1, 183-192.

Williams, A., Santoro, C.M., Smith, M.A., Latorre, C., 2008. The Impact of ENSO in the
Atacama Desert and Australian Arid Zone: Exploratory Time-Series Analysis of
Archaeological Records. Chungara 40, 245-259.

Zaro, G., 2007. Diversity specialists: Coastal resource management and historical

contingency in the Osmore desert of southern Peru. Latin. Amer. Antiq. 18, 161-179.



VIAINO49

DD | D]

o BuweRY
op oupad ueg

BISESRjOIUY

J7IHD

eoedese|

688 WeD

B10DRULIEY

B)SESRjOIUY/

upa2Q) J1YiPDd

ae]
SleIpaWLIRIU|-2IE] @
uozlioH 3|ppIlN O
aAeWLIO] {7
sreay Bl

pua3a




cl-

(8AdA°%) D619

9l-

0¢-

ve-
1

)

\

Al

....bh.l.-.

A

—“m M

~

91e] —@-—

S)BIpOWISIU|-IE] -
UOZIIOH 3|PPIW -~ O -
SANBW.IO @
SEYIY @

pusgan

~0l

4

- 0¢€

(WIV °%) N s1Q



andui a1ioed %
00T 06 08 0L 09 0S5 OV Of

0z

[ ]

224n0§ poo4

uue pLETNIET R i'al €2
—T 0
T 1
seaunosas aueN [l ;!
1eaW |ela1sadial Mo «
o
-] o
sweld 2 g L \_! g
E] oo 3
sjueideo [ oo 2 g
aN3531
I o8
doI¥3d 3Lv1 oo
andui d1i0jed % ndu J1I0[ed % 221nos poo4
00T 06 08 OL 09 05 Oy O 0z OT O Suep  1BSIN WAL P ) 00T 06 08 0L 09 0S5 Or 0f O OT suuepy 1IN WAL %) €
T T 14\ 1T ° T — L °
— === - oz B \_’ - - - - oz
1 T
g g 3 - *
£ g g 3
W - 09 .m F \_’ - 09 m
Fvo0 g s
- 08 - o8
dold3d LNI-31v1 aold3ad 31adin
k900 ~00T 900 ~o0T
nduj ouiojed % 324n0S poo4 andui auofes 9 30105 pooy
00T 06 08 0L 09 0S Oy O Oz OT O Sunep B3N WAL o) ) . 00T 06 08 0L 09 0S Ov Of o_~ o_ﬁ 0 sulen  1eaI sl . ©
0 o
- T I T T 1
___ - oc L T oz
\_V - 200 \_V |||||
L oy F ov
3 = =
g : H ;r g
ES SCHGY g Loe &
= m Lboo m
L 08 I o8
s00 aold3id FAILVINYOAL oot - 900 aold3id JIVHOYY o0t




92.n0S ooy

921n0S poo4

221n0s poo4

92n0S pooy

duuep 3N 3L 1) € auuely  1BAIA B ) ) duuely  1edN WD i) € auuely eI WBL ') €
—— 0 I_l T 0 — ‘_‘ T 0 T 0
I oz - L oz I oz |_| - oz
B Fov . I ov ] - or
8 ® ® T R
oo Los & ---41 Foe 2 I
=] 5 3 =]
s 2 = =3
I o8 L o0s I o8 - 08
LMNLgwed e€Lgwed clovizy 6182V
oot oot oot o0t
921n0S poo4 921n0S poo4 221n05 poo4 921n0S poo4
duuep JedN 3L ¥ € duuepy B3N ML 1) € suuew 13N 3L ¥ € auue BEETNSIETH ') €
=T 0 — 0 — —— — 0 —— — — 0
—— -
- oz - 0z - 0T - 0C
T - ov - ov - ov \7’ - OF
| ® ® ® ®
g g g8 g
S ] S S
L 09 & . 09 & [0 o -09 &
5 5 5 5
1 1 H g g g
- 08 - 08 T - 08 - 08
4 V4 z z
€€l LyLzy L oor 61192y | | q9/1 12y Lot olLvLzy| |

dold3id 31adin

dold3d INILVINEOL




pajeiqIjeoUn systfeamnole | ‘syurod uopoom ‘eournb ‘ozrew ‘id
8 S9Jep U0QIEd0IpEY JATIRULIO ] 09095-006 wnnoads-peorg | ‘smoq ‘sadoy) | eourn3 ‘ysy ‘Ysy[oys y1zv
‘SQINJL9J [RININo
nyeueMI] OU oI8 (L102
219y} (L10T “2I18AO ‘d[eAQ ZOUNA)
ZOUNJA)) POLIdJ SaUO0q [eWIWIERW
S[PPIA 9y} UI S[eLIng (srelnqg uo QULIBW PUB YSIJ JOMJ
owos 9oe[d sojep S9JEp U0qIed0IpEI) ‘spaq ‘31d eoum3g
JU9OAI SWOS Y3noyy s)sIfeINyNOLISe s3urys ‘sdn | ‘3op ‘sprjowed sioqny
i "S9JEp U0QIEd0IpEY QATJRWLIO ] Q1] avooo-o01 wnnoads-peorg Ieads ‘syureq ‘9ZIew ‘eyqnoIn) S1izy
(s[eunq uo (1102
S31ep U0qIedOIpERI) (€007 ‘uapuels) “[e 39 pIeyuUIdY)
sjutod onoaford |  soyjordoo ur jussard
(1661 ‘uopuers) ‘Spep ‘smoq 21q1 Jue[d "(€00T
g 180 L16T ‘reads ‘(sj003 ‘uopue}S) Sunys pue
Surssaooid SUOQ PI[OWED MOJ
(861 UsY[[oys) | ‘SpIiq pue sjewrwew
“I® 10 UOSI{[V) .sadoyo, “‘sodox uLIeW “YS1]
fol:l I010UJeS | ‘S)OU ‘SYOOUYSI) | ‘PIIMBIS ‘SUBIOBISNID
S "S9JEp U0QIBd0IpEY oreyOIY 189 8%L1 — 9279 -19)uny QULIBIA ‘suoodieyq ‘SOSNIO]N 1 OLIOIN
IUIPIAD
[ed130109€YydIE Inymnd
pajdwes wo.ay A39)e.1)s [eLId)eW
s[enprArpur (poyram dUI)SISqNS pajefaa SUTBWAI [BIIUB)OQ
JO J_dquinN uosedY poraad dui g, dunep) sajep NS PERREINIT dud)sIsqnyg /[€3130[00Z03BYdIY




o0TURW ‘9)0tIRD

‘suoodrey ‘soysenbs ‘sueaq
(nyeueMmI], J0U) (5861 ‘S[9AOYS ‘9z1ew ‘SjuUApPOI
K1onod seykeN 1.Ng ‘L1O0BO0] puB UOpOOM ‘SYO1IS ‘spa1q ‘Aosuowr
9[[eAQ ZOUNA) ‘so0y ‘syrep X1 ‘s31d eoumn3
S9JEp U0QIBI0IpEY UOZLIOH 9[PPIA aAvo086-06L | sisyeioised-013y ‘SpeayMOoIIy ‘s3op ‘sprjowe) 112V
(10T
“Ie 30 ueesidioy])
av 0se1-0s8
(861
QIS 190800) (0661 1998204)
‘Juasard armyno aAVZ6ET — 068 ‘s1oAmMb ‘smolre | Spaiq ‘S[[OYS/YS[OYS
[eLI9)BW JO SWYI )0 SM0Q ‘SYONS ‘ewre]] ‘31d vourn3g
pue SoIweIdd eznqe)) oJeIpIULIIU] 9)e ] (0661 Surn/8uIssmp ‘30p ‘009 ‘soysenbs
pue nyeueMmI] yiog — UOZLIOH 9[PPUA | ‘100800) AV 08¢ | sisyeroised-oi3y UdPOOM ‘glowred ‘AzZIeIN 9zy
(S00T “19mns)
av 9Lci-glol
(1661 “1e
10 osseoedderyog)
av ool -/+068
‘Juasaxd ¥10z
K1anod eznqe) dJeIpIULIIU] 9)e ] “Ie 10 ueesidioy])
pue mpuBMLL 1og — UOZLIOH 9[PPIA | AV 183 06C1-171701 14534
(20861 ‘010
(z861 ‘olojueg Jueg)(Urepooun
{q0861 ‘010)uEs) JX9)U02) (e0861 ‘0I101URS)

suoodrey

Jjoured “doruew




$00In0s elep Arewrd
Aoy pue Suruosear Prm pordd dwir) pouSISSe Pue dWISAT OU)SISANS PALIJUI-A[[BIIS0[0deYdIe ‘U0onLed0] d1yder30a3 ‘Apmys siy3 ur pojdwes sag 1 dqeL

(1661 “Te (000 “Te
10 osseoedderyog) | sdoro JeimynonSe 19 ©O[[]) Soysenbs
(sproysjod Jo oou | Aq pojuowd[dwod | “sY0OYYSIy ‘SIeO ‘ozIew ‘SpIjowed
(000T “1® BOSQUIUN[OWLIAY],) Q0Ud)SISQNS ‘SuIep ‘SMoq | “USII[OYS YSIJ ‘O
GI | 12 ®BO[IN) SAIIXA) BYU] e avo9s1-0S01 QULIBIA] ‘suoodreyq BOS ‘SUOI[BAS ‘SpIIg i)
(6861 ‘Zouny)
(1661 “Te S[eWIWRW JULIBUL
10 osseoedderyog) | sdoio [einynonide speaymolIe | ‘Ysy ‘s3op ‘sprjoured
(sproysijod Jo oou | Aq pojuowo[dwoo ‘suoodrey ‘eournb ‘sueaq
BOSOUIUN[OWLIAY],) Q0Ud)SISQNS ‘S[OAOUS ‘ysenbs ‘ooruew
01 so[1xa} ‘A1onod eyuy 0] avo9s1-0S01 QULIBIA] uopoopy | ‘ojerod 10oms ‘OZIBIA gue)
(961
‘ZoUnN)AV068
-00¢
(s661
“Te 10 sAanodsy)
avocil—davole
(100 “o10yuEg
pUB JOWWEBYYIOY)
€l SJEP UOQIEOOIPEY SJeIpauLIaIU]-a)e] aAvose T —0SI°l 82V
“S[TRUS JOJRMUSIIJ
"SOOYYSIY ‘Ys1y ‘sosnjjowr
‘sodoto ‘eoumnb ‘oyejod




"dS] o1e UdAIS s1o11y ‘sisATeue S1INYA AQ PAIONISUOIAI S 9IINOS POOJ OB JO JOIP 0} UOHNGLIJUOD JLIO[ED [810) 9, 1T JqRL

6 F9¢ LF6 ¢l Fo¢ I[TF91 e
¢l F8lI V1 F0C 91 ¥ 8¢ L1 Fv¥C | OeIpIuLIju[-93eT]
¢l F1I¢C 6F¢l el +9v v1F+0¢ UOZLIOH S[PPIN
01 F¢SI 81 F0¢ 91 ¢ [CFI¢ 9ATIBULIO |

9F 1Y LFLI SFO0I 0l F¢¢ JTeyoIy

indur
ndul duLIBIA jedu [RLNSAAR Y, | Indur ) ndui £H aseyd




"dS] o1 uoAIS s1oLr SIsA[eue S 1IN AQ PRIONISUOIAI SB ‘S[ENPIAIPUL PAJOJ[S J0J 99INOS POOJ OB JO JIP 0} UOHINGLIUOD JLIO[BD [B10) 9 i€ IR

8FLE vFL 8 F o 8 F 01 I ML 8We)
IT¥99 CFE 0l ¥ €T 9F8 65.L 6WeD) ae]

CFE v1 ¥ ST 9F6 91 F €9 9IL [12V
LF 8¢ cEFv LFIS 9FL 6L 82V | 9JeIpaulLioju] 91e’]

CFE€ 0l ¢TI Cl F8p LT FLE et IVIZV
€L F79 CF¢ €l F6¢C S¥9 61192V SIPPIA

€F8 SF9 CF¢ 9F¢8 Q9LL V12V
6 F 89 9FL 6 F9I LF6 OlL ¥12V SANJEULIO]

ndur

ndur Suriey JedUW [BLISALID ], ndur ) ndur £) [enpIAIpu] pordd s,




6'ST €ST 9'G1- 0Ly 9'¢ pru d 9ATIRULIO TTILSTIIZY
¥'S1 g€l 1'ST- €8¢ AL prw-gunof | ;4 9ATIBULIO, 6L STIZV
G'ST 671 T'€T- R4 G pru d SATIRULIO 8LSTIIZV
891 0'ST 8¥1- LT €€ prui-gunoA n 9ATIBULIO, GLSTTIZY
6'L1 A 8'S1- ¥'ov £t prw | (W aanewoy | ($6ZNd9) 9EL STIZY
€ST G'ST 1'ST- g'ch €€ n n SATIRULIO 14/S ST1ZV
091 0€l €9T- (A 8'c n n 9AIIBULIO| LD 09SN\ STTZY
- - - - - n| W 3AI}EULIOA $D 0asny STT1ZY
6'€ 8'8 8'Z1- 182 L'E n n oreydly 6TL9-TIN
- - - - - n| in oreydry Z198ZL TN
- - - - - prw-3unof | ;I oreydIy TT2LZL TN
6'€ G 8Z1- S'8Z /K% gunof W oreyaay GILZLIN
Y4 ST 8'¢T- 9'S¥ g'e gunof d oreydry €TIEZLIN
- - - - - gunof | ¢4 oreyaay ZI9€ZL I
- - - - - prw-3unof | ;I oreydIy €OEZL TN
- - - - - pru | oreydry GIZZLINW
0'SZ T'0T €zI- A4S L'E gunof W oreyoly T96TL TIN
8T1Z 9°¢T 0¥1- €Sy 6'€ n n oreydry O8ILIN
0'SZ S'6 yET- 192 6'E prur | G oreyoay Q9TL TN
82 00T 871- LT Z€ pro d oreydry STLTIIN
0¥2 0€T eTT1- ¥'LE ¥'e gunof N oreydIy ZILIN
£¥e 91 STT- SZh ¥'e pru W oreyoay BOTL I
€8¢ 8'6 9¥%1- 6'1E 0¥ n W oreyoay LLTW
1€ ST Z1T1- 9'S¥ G n n oreyoay 9L T
¥'ee ¥'S1 T'TT- 0'St ¥'e gunof N oreydIy PLINW
Sz Zot aA% L'EE 8¢ ipro | id oreydry SLIN

(MIV 99%) Ng;@ %MMN | (ddd °%) DeiQ %D | N/D a8y | xaS poLiad a[dureg




- - - - - gunof W | uozZLIOH S[pPIN T/TH SZ19zV
- - - - - plo-pru 4| UuOzLIOH S[pPIN 1/19 22192V
L'ST LY1 Z01- |47 €€ dunof d | UOZLIOH 9[ppPIN 6T.L9ZV
- - - - - Sunof q UOZLIOH S[PPIN 9192y
- - - - - prw d | UOZLIOH S[pPIN EVII 92V
L'ET G'ST Z'81- ceh g'e gunok | (N 9ATIBULIO] q9LL V1ZV
- - - - - pru N 9AIIEULIO 69.L Y12V
- - - - - n W dAIIRULIOA 99.L 12V
- - - - - n W SAIIEULIO 2%9L ¥12V
- - - - - Sunof N 9AIIBULIOY 6S.L¥1ZV
8'L1 8¢l 0LI- Ty 9'¢ gunoA d SATIBULIO PILVIZV
Y4 L'ST 8T1- S'Zh ze prw-guno4 W 9AIBULIO 0TL¥IZV
9'¢T 9'S1 £81- Sb¥ ¥'g pro d 9AIIBULIO LLVIZVY
9'L1 1'ST 0'LI- 8'¥ €€ gunof d 9ATIRULIOY STATLVIZY
VLT TH1 0LI- 8'6¢ €e pru I 9ATIRULIOA TLYIZV
L91 L'Z1 ¥'81- €8¢ g'e gunok | ¢4 9AIBULIO XL ¥1ZV
0'SZ L0T LZT- 8'z¢g 9'¢ n I 9ATIRULIOA TIU8 17V
G'ST 611 T'€1- 4% g'e prw-gunoA W 9AIBULIO 9ZLSITZV
L'LT LH1 adn L'T¥ €€ pru-3uno4 d SATIBULIO GZLSTIZV
002 €S1 6T1- %% T prw-gunoA W 9AIBULIO ZCZLSTIZY
Ly 9'S1 Zh1- L'SY ¥'g pru | 9ATIRULIOY TZLSTIZY
WA Ly1 ZST- LYY 9'¢ pru W 9ATIBULIOY 6TLSTIZY
G9T G'ST ChI- vy ¥'g pru I 9ATIRULIOY 8TLSTIZY
T'L1 81 6h1- A4y €€ pru q 9ATIBULIOY qLILSTIIZV
- - - - - pro-pru N 9AIIEULIO e/TLSTIZV
- - - - - pru W dAIIRULION q9T.L STIZV
€12 LH1 ¥ET- SRR 7 €e gunof I 9AIIBULIO B9TL STTZV




- - - - - plo-pru 1 Ju[-93e] AR A
- - - - - pru 1 Ju-93e] 6T.L 82V
02 611 STT- S'eh T dunof W Juf-93e] €T.L 8zZV
9'TZ 91 9'01- v S dunof d Juj-a3e] 6.L 82V
- - - - - prw-3unof N uj-93e] q.lL 8zV
602 0T 0ZT- AN ¥'e gunok | (I Juj-a3e] e/l 8ZvV
12 0'ST 8'01- ST £'e pru d Ju-93e] qs.L 8zv
811 91 8L1- 97k ¥'e pru W Juj-a3e] 9T.L ITZV
911 LT T'TT- WA ¥ plo-pru d jul-a3er] 8.L99S T12V
9'LT %1 8T1- ce 9'¢ pru d Juj-a3e] LLT1ZV
- - - - - prw-3unof N uj-93e] e/L ITZV
L0T 6'ST 6F1- 0'LY ¥'e pro d Juj-a3e] cLITZV
- - - - - gunof W | uozLIoH 3[ppIN €SL TH1ZV
6T A cTT- 1857 ¥ prw-guno4 W | UOZLIOH 9[pPPIN ZSL1¥1ZV
- - - - - pru d | UOZLIOY S[pPIN LEL TH1ZV
- - - - - gunof W | UOZLIOH 3[PPIN 9¢L TH12V
LTT 0Z1 AL zEs A plo-pru W | uozLoy a[ppIA CELTYIZY
- - - - - gunof W | UOZLIOH 3[PPIN 9ZL 1¥12V
7’81 A eTT1- IR %7 9'¢ n (1| uozLIOH S[PPIN YA 2 ¥AY
91 SeT AT ¥'LE A pru W | UOZLIOH 9[pPPIN AR A¥AY
6'€T 871 ¥'e1- 9'8¢ S pru d | uozLIOY 9[ppPIN z0sad T¥1zy
9'TZ 91 T'TT- 0'Zh ¥ pru W | UOZLIOH 9[pPPIN Z/€491T.L9zy
6'ST 8¥1 ¥I1- 0'ch ¥'e gunoL | UOZLIOH S[PPIAN Z/SW TLL9ZV
- - - - - n d | UOZLIOY S[PPIN Z/13 8.1 92V
¥'02 671 ¥I1- L'Th £'e pru W | uozLoYy 3[ppIA qr¥.l 9zZv
112 AAS Z1T- 6'0% ¥ gunoA N | UuoZLIOY S[pPIN 1/2[9¢1 92V
- - - - - prw-guno4 d | UOZLIOY 3[ppIN Z/TH9ZL9zy




€z 671 LTT- v'Th €€ prw | /g a1e 91.L 6uWe)
8¢ L'Y1 S0T1- Ay S'€ n n a1eT] ST.L 6We)
672 9€T LTT- 0'€¥ L€ gunok | W a1e Y11 6we)
S'€T T'ST L0T- L'EY v'e (pIo W a1eT] €1.L 6we)
0°€Z 0ST T'T1- ey ¥'e pru k| a1e Z1L 6we)
vt ¥'ST 6'0T- T'v¥ €€ pru W a1eT] 8.L 6wWe)
ve 91 0TT- S1¥ €€ (Bunok | iy a1e ZL 6we)
¥ee SYI |NA% €1¥ €€ pro-prar | /g a1eT] 61.L gwe)
502 A §'Z1- 9'0% €€ pIo d ajeT] ST.L gwe)
L'€T L'ET T'ET- L'6€ ¥e duno4 3 a1eT] 6. gWe)
8'€z L'yT SZT- YA ¥e pru-3uno4 d 9le] 9L gwe)
162 0'ST 6'1T- 9cy v'e prw-3unok | W ajeT] ¥ pend {1, guie)
ALY 9¥1T AL L0¥ AR pra | /A a1e €L gwe)
012 L'Y1 91T- ARy €€ plo W ajeT] TMNL swe)
622 €GI1 8'1T- L'Th €€ plo W ajeT] YV.L gwe)
L2 0'ST 6'1T- S'e¥ ¥e po-pru W ajeT] 2Vl 8we)
R4 T'ST T'Z1- ey €€ pru k| a1e TV.L swe)
- - - - - gunoA N u-93e] ch L 8ZY
S'LT SY1 §'ST- ey 9'€ gunok | W Jul-a1e7] A AR A
- - - - - pru-3unoX 1 Juj-9)e] T¥.L 82V
A T'ST L0T- L'EY ¥'e pru-3uno4 d jJul-a1e7] 0¥.L 82V
102 s T 9TV ¥'e dunof d juj-a3er] 8¢l 8zy
€02 SY1 Z11- 0¥ S'€ gunok | W jJul-a1e7] SEL 8zV
A L1 T YA ¥'e dunof d juj-a3er] 1€l 82V
L02 T'ST 9TT- 8'¥¥ S'€ dunof d jJul-a1e7] 0€lL 82V
¥'02 €€l 81T- L'6€ g€ pru-guno4 N jul-a1e7 SZL 8zV
86T T'ST 1'Z1- 9'1T¥ ze plo-prut d W-93eT] ¥Z1 8zv




'8Z-GT :89 A3o[odoayauy [ed1SAYJ JO [BUINO[ UBDLISWY "UYIeap It a3k [BI9[a3S INPE JO UONBUIULISISP dY) 10J poyIawl
MaU ke wnI[l 3Y3 JO dde}INS Je[noLine ay3 jo sisoydiowelaw [edidojouoay) (S861) 4 YIOJSUSN Y.L 09qzA1d ‘SY [PUIBIN ‘0D AofeaoT g
'8€7-/727 :S UOIIN[0Ad UBWINH "SPOYIdW S{00.Ig
-A3yong pue LIy SoWaN-IpesIy ay3 jo uosriedwod e :siqnd so ay3 uo paseq uoneuruLialap ade [e13[33S (0661) WI A9yons ‘S syooug *Z
"SUTeWa.l [B}9[9NS UBWINY WO.1J UONIS[[0D Blep 10] splepuels ($661) HA 1o9yedqn ‘Al ensying 1

HERIEREIEN |

([#] uo paseq) spiepuels qe| A3oj0aeyd1y AJisIaAluf) weytn( JIad
se ‘ua8oau 9%9T-1T PUe U0q.Ied %()G-SE PUB 9°€ - 6°Z = 01k N/D 93 J1 Ayifenb poo3 jo aq 03 paJapIsuod sem uage[[0) "1Xal-Ul papnoul
10U 3.10J2.1913 a.1e pue (- Aq pajedlpul) p[al4 usage[[0d e dAIS JoU pIp /syaayd Aljenb uagde[[0d pajrej aaey p[oq ut paiysysiy sfenplarpuj

(%¥1°0 =

Ngi9 ©9%7Z°0 = Dg1Q IWH.L) SOneI 21d00SI U0 JUSUWISINSEIW JO J0.LID [BIIUI) 9] 91B[NI[BD 0] Pash SeM Sjuswiainseau Jeadal [[e usamiaq
9OUDIBJJIP 93 ‘ONn[eA Ueawl a3 SI 219y UDAIS BIep ‘93edrdnp ul uayel alam syusawa.nseaw 21dolost [V (¥66T “19¥e[eq() pue ensymng)
synpe 3unoA Jo ased ay3 Ul Junodde 0jul uay el uoisny (easAydids yim ‘[¢] aoeyins denorine pue [z] sisAydwAs oiqnd ay3 jo Suriods

93} WO.1J PIALIdP a.Je SaLI039]ed 98y "UMmouun =[] ‘O[ewl =y ‘O[ewaj = *[T] 193 e[eq % ensyIng Suisn uaxellapun Sem UOBULIOJUI

XS [e19[9YS 'S[enplAIpuUl pasA[eue [[e 10j s1ojedipul Ajifenb usage[[od Surpnour syjnsad 21dojosi [Ny SUIAL) :T 3[qel A1elowajddng

022 Sh1 S0T1- 1Y ¥e pru [ id 9e 19.L 6We)
8% ¥'ST 1Z1- 0¥ A n d a1e 6S.L 6wWe)
9'%Z Ly 66 cel ¥ n n a1er LS.L 6we)
0%Z 0'ST 8TT- 8'Zh €e (8unok | ;4 ae 2o%SL pwe)
9%¢ 611 ¥o1- v'ev ¥ pru W 9e celL pwe)
8¥e 9H1 SI1- Ve g'e (8unok I e 29Z¢L pwe)
9%¢ 1'ST €01- S'eh T dunof n 9e cZL pwe)
8'¢e €ST 0TI- Eh £'e gunoL d 9k 6T.L 6we)




TSY-TEY LT 92U3DS
[ed130109eyD.1Y JO [eudno| ‘sisA[eue 21d030SI .10J UaSe[[02 Y300] pUe au0( JO UonezLIaldeeyd pue uoneredald (0661) HS 9solquy ‘4



%S 1F Aq pagueyd
ud9(q dARY sanfeA syndur 99IN0S poOOJ IYM S[OPOW dATIRUId)I[E Ul dseyd Aq J21p 03 SUONNQLIIUOD ¢/, PAIINNSU0INY :7 d[qe ] Arejudujddng

LFIV| 8FLT| 8F6E| 6FIC 8F 11 SFL YFS| OLFO9L | CTFSC| OLFSS | TIF9¥ CILFO0E | PIFET 6F 11 8F0I | STF¢TC 9]

I
CILFCC | CILF¥1 | CIFIC FOL| SIFEC| ITFOL | TTFVI | 9L FST | SIFOC| LIF8Y | LIFVV 91F0€ | 6I1F6C | 91FCC | 91 F1C | 0CTF0¢ JuI-9e]

€1 SVARS
CIFSC| ITF91 | TIFIC FOC| TTFLI LF6 9F6 | CIF8L | vIFCE| TI1F09 | CTIFLS EIFSE | LIFOT | TIFSI | OITFEI | LIFLT SIPPIN

0T 81 6FCL | TTFO6I | 6FCL | 61 FVE | OTFST | 9T FPC | OCFOE | €1 FO6I | LIFTE| LI F6T VI F0C | OCF6C | OCFIEC | 61 F8C | CTCFTE | 2ANRULIO]

9Fer | LF8E| 9F9F | LFSE LFSI LF8I 9F ¢l 6FIC SF8 9FCI SF8 9F0I | TITFVE | TIFCE| Ol F€€ | €I F¥¢E JIeydIy

N®D | N®D N» N» N» N» N %» N %»
NSI-| NSTI+ yoq moq | NSTI-| NSI+ | Dwoq | Dyoq | NSI-| NSI+| Dwoq | Duoeq | NSI-| NSI+| Dwoq | Dwyoq
OSI+ | DST- S'I- ST+ | DSI+ | DST- S'I- I+ | DSTI+| DST- S'I- ST+ | OSTI+ | DOST- S'I- ST+

indur surIeA indur jeow [BLISILII I, ndur ¥H ndur £H aseyd




"0041 AQ pa3ueyd A1k S}9SJJO UIFR[[0-1IP
(q pue parowas a1e UOIINQLIUOD uoqIed urold Surpredar suondwnsse Joud (e udayMm 3o1p 03 sndur 9, PAONINSU0IY :¢€ d[qe ], Arejudwdjddng

8 F 8¢ 6F¢€C clF 1y SF9 6FC¢l LF6 I1FSy ClF€¢ ¥l F6¢ 6F Il | vIFIC I1F6I e
I1F 0T I[1TF91 SIFIC I F91 ST F¢€C gL Fol LT FT¥ 91 ¥ C¢ LIFSE| 91 FCT| 61 F6C 81 F 6T | OIBIpaWIU[-93e]
€l FCC €I 70T 81 F¥9¢C LFOI ITFLI 6FTI [4EE%Y [4%K4% O1F ¢y | TIFSL| 91FSCT| VIFol UOZLIOH SIPPIA
ITF8I 6F€l 1 F91 LT F9¢C 61 F¥¢ 81 F6C 91 F LT vIFIC 91 F¥C | 61F6C | ITFCE ITF0¢ SAnBWIO |
9T vv LFLE €l F b LTV 8T 61 8FII SF8 9F01 PIF8CT | OIFHE | CTIFPE elFLI JreydIY

saorxd J9sjjo saorxd

Jasyjo - 1asp3o 1+ | siaorad oN J9s3jo 1- | 19SPo I+ ON | 19spjo 1- | 19spo 1+ | saorad oN | 39syjo I- I+ oN
ndur durre ndur JBow [BLISI.LII I, ndur ) ndur £H aseyd




Phase C;input C, input Terrestrial Marine input
meat input

Archaic n/a n/a n/a n/a

Formative n/a n/a n/a n/a

Middle Horizon |21+ 14 47 £ 13 13+ 9 19+ 13

Late- 27 £ 18 37+17 20+ 13 16 + 12

Intermediate

Late 17 £ 12 42+ 13 107 31+£10

Supplementary Table 4: Reconstructed % contributions to diet when guano fertilized C,
plants are considered a possibility. Note that this model is applied only to Middle Period
onwards as archaeological evidence for fertilization only appears from the Middle Period.



