
Journal of Archaeological Science: Reports 7 (2016) 82–93

Contents lists available at ScienceDirect

Journal of Archaeological Science: Reports

j ourna l homepage: www.e lsev ie r .com/ locate / jas rep
Modeling diet in times of change: The case of Quitor, San Pedro de
Atacama, Chile
William J. Pestle a, Christina Torres-Rouff b,d, Mark Hubbe c,d

a Department of Anthropology, Merrick Hall 102E, University of Miami, Coral Gables, FL 33124-2005, United States
b Anthropology, School of Social Sciences, Humanities and Arts, University of California, Merced, Merced, CA, United States
c Department of Anthropology, The Ohio State University, Columbus, OH, United States
d Instituto de Arqueología y Antropología, Universidad Católica del Norte, San Pedro de Atacama, Chile
E-mail address: w.pestle@miami.edu (W.J. Pestle).

http://dx.doi.org/10.1016/j.jasrep.2016.03.048
2352-409X/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 9 December 2015
Received in revised form 25 March 2016
Accepted 26 March 2016
Available online xxxx
The transition from theMiddle to Late Intermediate Period in the south-central Andes sawmajor changes in the
lifeways of peoples across northern Chile; as far-flung networks of exchange and interaction broke down, social
stressors and social conflict increased. In the present work, we present isotopic data from a sample (n = 58) of
humans drawn from several cemeteries of the Quitor ayllu, in the San Pedro de Atacama oases, andwe use Bayes-
ian mixture modeling to explore the effects of these broad social, economic, and political changes on synchronic
and diachronic patterns of dietary variation. A series of hypotheses dealing with both temporal changes in diet
and differences between the typical diets of females and males are tested. Ultimately, our research suggests
that the disarticulation of the large interregional exchange networks of the south-central Andes at the end of
the Middle Period significantly impacted the diets and lifestyle of local populations. This work also shows how
the use of linear mixture modeling facilitates a more nuanced interpretation of dietary composition than visual
inspection or regression analysis of isotopic data.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The San Pedro de Atacama oases are found at the confluence of the
San Pedro and Vilama rivers in the hyperarid Atacama Desert of north-
ern Chile. These oases are the site of long-standing human occupation,
particularly after ~3000 BP, when permanent settlers occupied the fer-
tile oases (Llagostera, 2004; Núñez, 1991). Between the Middle (500–
1000 CE) and Late Intermediate Periods (1000–1450 CE), local popula-
tions experienced a substantive shift in regional lifeways resulting
from decreased interregional interaction and environmental decline.
Here we explore the impacts of these changes on diet in a sample of in-
dividuals from five cemeteries in the Quitor ayllu, in the northern por-
tion of the San Pedro oases (Fig. 1).

TheMiddle Period (500–1000 CE) is typically characterized as a time
of increased intra- and inter-regional interaction and mobility for the
agro-pastoral societies of the Atacameño oases. At this time, there
were stable permanent settlements in most of the available fertile
areas where the local populace practiced camelid pastoralism and
small-scale agriculture (Llagostera and Costa, 1999; Núñez, 2007).
These activities are associated with the evidence for the production of
surplus in the oases, which is bolstered by incipient craft specialization,
the growth of agriculture, and individualswho focused their energies on
trade and exchange networks (Llagostera and Costa, 1999; Núñez,
1991; Pimentel et al., 2007). The growing prominence and affluence of
the oases in the Middle Period is reflected in notable increases in the
quantity and quality of grave goods, and a substantial network of inter-
regional interaction (Berenguer and Dauelsberg, 1989; Llagostera and
Costa, 1999; Rivera, 2008). The growth of far-flung networks of ex-
change is evident in the local archaeological record. Objects are found
in San Pedro that originate in the Bolivian lowlands and altiplano, the
Pacific coast, and northwestern Argentina; reciprocally, Atacameño pot-
tery from the period is also found in these areas (Berenguer, 2004;
Llagostera, 1996; Stovel, 2005; Torres and Conklin, 1995; Uribe, 2002).

The subsequent Late Intermediate Period (1000–1450 CE) is gener-
ally understood to have witnessed a breakdown of these larger
networks. Archaeological evidence suggests that formerly disparate
populations consolidated into outlying oases as well as river valleys
and canyons, perhaps seeking defensive positioning and safety, or
more strategic control of local resources (Núñez, 1991). This settlement
pattern change indicates substantial population aggregations, as evi-
denced by the construction of fortified sites, most notably the Pukará
de Quitor (Llagostera and Costa, 1999; Mostny, 1949; Muñoz, 1984;
Schiappacasse et al., 1989). The reasons for this change are still debated,
but in large part they seem to result from the broader collapse of the in-
terregional networks that characterized the Middle Period, the retreat
of Tiwanaku (Janusek, 2004; Llagostera, 1996; Núñez, 2007), and in-
creasing aridity (Erickson, 1999; Llagostera, 2004; Ortloff and Kolata,
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Fig. 1. Map of the San Pedro de Atacama oases, with locations mentioned in text noted.

83W.J. Pestle et al. / Journal of Archaeological Science: Reports 7 (2016) 82–93
1993), which likely caused resource stress in the already environmen-
tally marginal societies of the highland Atacama Desert (Berenguer,
2004: 505). Independent of cause, the Late Intermediate Period saw a
shift of power towards local leadership and an amplification of social
conflict, suggesting increased levels of social stress (e.g., Núñez, 1991;
Torres-Rouff and Costa, 2006).

These broader environmental, economic, and social patterns are as-
sociated with important changes in aspects of local lifestyle, which, we
argue, could be reflected in coeval changes in local diet. It has been
thought that the trade networks of the Middle Period, together with a
generally higher level of prosperity, could have brought exotic food-
stuffs to the residents of the San Pedro oases, or more likely increased
access to expensive foodstuff (e.g. meat; Hubbe et al., 2012). However,
the Middle Period also saw increasing evidence of social inequality
which likely affected access to these resources based on one's social sta-
tus and/or sex (e.g. Costa and Llagostera, 2004; Llagostera, 1996; Núñez,
2007; Torres-Rouff, 2011). Given external stressors and the inward-
shift of the Late Intermediate Period populations, it has been argued
that the local populations at this time emphasized or were restricted
to local resources and the intensification of production of certain do-
mesticates, for example, maize (Llagostera, 2004; Llagostera and
Costa, 1999; Núñez, 2007). We seek to understand the dietary embodi-
ment of these broad environmental, economic, and social processes and
changes in the present work.

2. Research question and hypotheses

Evidence for a dietary shift between the Middle and Late Intermedi-
ate Periods has been compiled, for the most part, through analysis of
dental pathology (e.g., Costa et al., 2004; Hubbe et al., 2012), although
see Santana-Sagredo et al. (2015) for an example of an isotopic approach
to these questions. The multifactorial nature of dental markers makes
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interpretations of dietary shifts prone to generalizations that cannot be
tested against broader changes in the archaeological record. Here we
use stable isotope analysis, and the application of linear mixing models,
to quantify dietary makeup as to test hypotheses and predictions made
in studies based exclusively on osteological and dental markers. Our
goal is to complement current archaeological and bioarchaeological dis-
cussions about the nature of theMiddle to Late Intermediate Period tran-
sition in the Atacameño oases, and provide amore refined interpretation
of the consequences that these social and environmental changes had on
local lifestyle.

To this end, we present here a detailed examination of how the sub-
stantive shifts in regional lifeways associated with the transition to the
Late Intermediate Period manifested in the diets of individuals from
the ayllu of Quitor, one of the northernmost districts of San Pedro de
Atacama (Fig. 1). The Quitor area shows an intense occupation during
both periods of interest, as attested to by the dense and expansive cem-
eteries with material culture of both periods. The existence of these
cemeteries permits comparative analysis of large skeletal samples be-
tween and within periods. Moreover, some of the cemeteries of the
present study have been included in past bioarchaeological studies, par-
ticularly the Late Intermediate Period site of Quitor 6 Tardío, providing
us with a broad array of available information about the local inhabi-
tants' lifestyle and biological affinities (Costa, 1988; Costa et al., 2004;
Da-Gloria et al., 2011; Knudson et al., 2015; Neves and Costa, 1998;
Torres-Rouff et al., 2015). In light of our previous work on dental
markers and their association with diet in Atacameño populations
(Hubbe et al., 2012), we test a series of hypotheses in terms of local syn-
chronic and diachronic dietary variation and offer nuanced interpreta-
tions in light of the in-depth investigations conducted in the area. We
acknowledge from the outset that this work is provisional and that
the expansion of sample size or refinement of model parameters could
impact the conclusions reached here.

2.1. Temporal difference

Given the relative abundance and cultural diversity of theMiddle Pe-
riod in contrast to the social and environmental constraints that arose
during the Late Intermediate Period, we first hypothesize greater diver-
sity in isotopic composition, and thus dietary composition, in theMiddle
Period. Second, as previous studies (Costa et al., 2004; Hubbe et al.,
2012; Neves and Costa, 1998) have suggested dietary causes as the ex-
planation for the decrease in caries prevalence and higher average stat-
ure during the Middle Period, when compared to the Late Intermediate
Period, we test here whether this transition between periods brought
about 1) decreased access to, and consumption of, meat, and 2) a shift
towards greater consumption of C4 carbohydrates (i.e., maize).

2.2. Sex within periods

Previous examination of dental health in several Atacama oasis cem-
eteries revealed differences between the sexes in the prevalence of car-
ies (Hubbe et al., 2012) suggesting that females within each period had
access to a) less meat, and b) different dietary carbohydrates than their
male contemporaries. These differences could be a consequence of gen-
dered difference in access to certain food classes, for example maize
chicha, or perhaps reflect different lifestyle and labor patterns for the
sexes (Cuellar, 2013; Goldstein, 2005: 254; Hastorf, 1991). It should
be noted that the precise relationship between food class intake and
caries is far from straightforward and could be affected by the differen-
tial cariogenic potential of varied foodstuffs (maize versus other plant
foods) and the preparation of those foods (liquid corn chicha versus
solid corn). Regardless, we suggest that these gender differences
would be larger in theMiddle Period than in the Late Intermediate Peri-
od, reflecting greater differences in social standing/inequality at the
time.
2.3. Sex between periods

Finally, it is expected that, over time, female diet would remainmore
consistent, whereas male diet is expected to shift more heavily in the
Late Intermediate Period towards a) less meat, and b) more maize
than was consumed in the Middle Period. This expectation is also
based on previous studies (Hubbe et al., 2012; Costa et al., 2004)
suggesting that gender inequalities were more pronounced during the
Middle Period, where the abundance of resources would allow for
differential access to certain foods (see above). During the Late Interme-
diate Period, with the reduced availability of resources, males would be
forced to “fall back” to the kinds of dietary combination previously
consumed by women. Moreover, the reduction of the interregional
exchange networks that characterized the Middle Period, and the con-
comitant reduction in the movement of llama herds and the men that
presumably travel with them, would likely contribute to greater male
and female diet similarities during the Late Intermediate Period.

As noted earlier, this series of hypotheses is based on previous at-
tempts to reconcile osteological/dental evidence with archaeological
evidence of cultural and environmental change in the region. They are,
however, likely simplistic given the aforementionedmultifactorial qual-
ity of dental pathology. Therefore, the ad-hoc nature of the explanations
may be strongly biased by a binary view of diet in the past, with over-
emphasis on the dichotomy of meat and vegetables (e.g. Costa et al.,
2004; Hubbe et al., 2012; Neves and Costa, 1998). The combination of
biochemical analyses with the strong predictive modeling techniques
employed here allows for a more direct and less biased test of the pos-
sible diet composition changes observed in the past. The results are po-
tentially much stronger because they derive from a model-bound
approach instead of ad-hoc model-free discussions of data patterns.

3. Isotopic background

Stable isotope analysis is currently the principal archaeological
means for reconstructing the diet of ancient human populations. Forty
years of successful application have established a corpus of well-tested
methods that enable the accurate reconstruction of broad aspects of
human paleodiet (Ambrose, 1993; Lee-Thorp, 2008). In brief, the isoto-
pic makeup (expressed using the δ notation, the ratio of the heavier to
lighter isotope as compared to an international standard) of consumer
bone collagen and hydroxyapatite, having been corrected for fraction-
ation, is compared with the isotopic values of the range of locally avail-
able foodstuffs. Comparison of consumer and foodweb values allows for
determination of the relative importance of different foodstuffs to
individual consumer diet, and more recently developed linear mixing
models permit the probabilistic and uncertainty-integrated quantifica-
tion of food group contributions (Fernandes et al., 2014; Stock and
Semmens, 2013). Assuming sufficient preservation of target biomole-
cules and accurate knowledge of local foodwebs and fractionation
values, broad aspects of individual paleodiet can be reconstructed
with a high degree of accuracy.

To strengthen the interpretation of isotopic data, the past several de-
cades havewitnessed the development of linearmixturemodeling tools
that enable a greater degree of quantification of food class contribution
from isotopic data, thereby greatly improving the explanatory power of
bioarchaeological reconstructions of paleodiet (e.g. Fernandes et al.,
2015). These approaches produce nondeterministic solutions for sce-
narios where potential food sources outnumber isotope proxies (mak-
ing deterministic solutions impossible), and in some cases begin to
confront issues of uncertainty in such reconstruction. These tools,
“offer a powerful means to interpret data because they can incorporate
prior information, integrate across sources of uncertainty and explicitly
compare the strength of support for competing models or parameter
values” (Moore and Semmens, 2008: 471). Crucially, these approaches
aremodel-bound and therefore infer the probability of possible alterna-
tives fitting the observed data following Bayesian principles. This sets
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them apart from previous work (e.g., Fernandes et al., 2012; Froehle
et al., 2012), which fit possible explanations of diet only after patterns
in the data are defined.

4. Materials

In the present work, we consider the remains of fifty-eight individ-
uals from five of the Quitor cemeteries, covering the Middle Period
and Late Intermediate Period occupation of the area (Table 1). The
Quitor oasis sits at the north end of the cluster of oases that make up
San Pedro de Atacama, with direct access to the waters flowing in the
San Pedro River (Fig. 1). Not surprisingly, it has been home to a long-
standing occupation up to and including serving as a site of local resis-
tance to the Inka and Spanish conquests (Mostny, 1949; Muñoz, 1984).

During the course of his long career, Father Gustavo Le Paige, a long-
serving local Jesuit priest, excavated nearly a dozen cemeteries in the
Quitor oases, resulting in the recovery of hundreds of individuals,
whose crania were retained in his namesake museum (Hubbe et al.,
2011; Le Paige, 1964). In themid 1980s, a scientific excavationwas con-
ducted in the late sector of the Quitor 6 cemetery (Quitor 6 Tardío) by
Dr. Agustín Llagostera and the staff of the Instituto de Investigaciones
Arqueológicas of the Universidad Católica del Norte, which resulted in
the careful documentation of over 60 individuals and their graves.
Taken together, the individuals recovered from the Quitor cemeteries
span the length of the occupation of the oases, and provide particularly
robust samples from the Middle and Late Intermediate Periods.

In addition to the newly analyzed individuals presented here,
Santana-Sagredo et al. (2015) recently published the results of isotopic
analysis of thirteen Late Intermediate Period individuals from theQuitor
6 Tardío cemetery. The relationship between the present results and
this work is also considered in our discussion, below.

5. Methods

Age and sex of individual skeletons were estimated following stan-
dard protocols (Buikstra and Ubelaker, 1994; Buzon et al., 2005). Sam-
pling for isotopic analysis took place in the Museo Gustavo Le Paige in
San Pedro de Atacama, Chile. Samples of dense cortical bone (1–2 g tar-
getweight)were removed using a diamond cut-offwheelmounted on a
handheld rotary tool. During sampling, the rotational speed of the tool
was kept as slow as possible to limit any possible denaturation of pro-
teins and a decrease in collagen yield. Following extraction, samples
were bagged in pre-labeled sterile sample bags. Cut-off wheels were
cleaned between uses with dilute bleach and distilled water and subse-
quently air-dried.

Extractions of target biomolecules (collagen and hydroxyapatite)
were performed in the Archaeological Stable Isotope Lab at the Universi-
ty of Miami. Collagen extraction followed a modified version of that
established by Longin (1971) and previously detailed elsewhere
(Pestle, 2010). Weighed 0.5 g aliquots of coarsely ground (0.5–1.0 mm)
cortical bone were placed in 50 ml centrifuge tubes, to which was
added 30 ml of 0.2 M HCl. The tubes were capped and placed in a con-
stantly spinning rotator for 24 h, at which time the degree of demineral-
ization was assessed, with neutral buoyancy of particles taken as
Table 1
Composition of study sample, by cemetery, period, and sex.

Cemetery n n well-preserved Female Male Indeterminate

Middle Period
Quitor 5 19 17 5 6 6
Quitor 8 12 3 2 0 1

Late Intermediate Period
Quitor 1 6 5 0 0 5
Quitor 6 T 14 12 8 1 3
Quitor 9 7 4 1 3 0
evidence of demineralization. Samples requiring another 24 h to demin-
eralize had their acid refreshed at this time. After demineralization, sam-
ples were rinsed to neutral and treatedwith 30ml of 0.0625MNaOH for
a period of 20 h. After this removal of humics, samples were again rinsed
to neutral, and then gelatinized for 24 h at 90 °C in 10−3 M HCl. The
resulting gelatin was then filtered using 40 μm sterile single-use
Millipore Steriflip ® vacuum filters, allowed to condense at 85 °C, frozen,
and then freeze-dried. Collagen yield datawere collected after extraction
and freeze-drying as a first measure of sample preservation.

Extraction and purification of bone hydroxyapatite followed the pro-
tocol of Lee-Thorp (1989) andKrueger (1991), withminormodifications
(Pestle, 2010). Briefly, weighed 0.1 g aliquots of a fine-ground (0.125–
0.25 mm) fraction of cortical bone were placed in 50 ml centrifuge
tubes. This material was first oxidized for 48 h using 30ml of a 50% solu-
tion of commercial bleach (sodium hypochlorite), with a reagent change
after 24 h. After all sample organics were oxidized, samples were rinsed
to neutral and labile carbonates were removed using 30 ml of 0.1 M
acetic acid. This acid treatment lasted four hours, with a 5-min vacuum
treatment at the two-hour mark. Following this treatment, samples
were rinsed to neutral, frozen, and freeze-dried. Hydroxyapatite yield
was recorded subsequent to extraction and lyophilization.

Isotopic analysis of both collagen and hydroxyapatite was performed
in the Marine Geology and Geophysics' Stable Isotope Laboratory at the
University of Miami's Rosenstiel School of Marine and Atmospheric Sci-
ence. Collagen samples were analyzed using a PDZ Europa ANCA-GSL el-
emental analyzer interfaced to a PDZ Europa 20–20 isotope ratio mass
spectrometer (IRMS). This process produces data on both sample ele-
mental composition (carbon and nitrogen yield, from which atomic
C:N can be computed) as well as the isotopic measures of δ13Cco and
δ15Nco. Hydroxyapatite sampleswere analyzed using a Kiel-IV Carbonate
Device coupled to a Thermo-Finnigan DeltaPlus IRMS, producing δ13Cap
values for the analyzed samples. Typical precision of in-house organic
standards (acetanilide and glycine) was ±0.07‰ for δ13C and ±0.11‰
for δ15N whereas, for carbonates (using an in-house carbonate standard
calibrated to NBS-19), precision was better than ±0.07‰ for δ13C.

Statistical comparison of isotopic values and simulated foodstuff
contributions were made using Student's t-tests except in those cases
where reductions in sample size compelled the use of nonparametric
statistics for group comparison (Mann-Whitney U).

Average isotope values (with errors, see below), by period and sex,
were analyzed using the Bayesian multi-source mixture modeling soft-
ware FRUITS (Food Reconstruction Using Isotopic Transferred Signals,
Fernandes et al., 2014). This analysis allows for probabilistic and
uncertainty-integrated quantification of dietary inputs. FRUITSwas cho-
sen because of its capability for incorporating food macronutrient, ele-
mental, and isotopic composition as well as source and consumer
uncertainty in its calculations.

For the purposes of this analysis, we determined the consumer-
foodstuff offset in δ13Cco using the two-term linear regression method
(with ±1.9‰ error) as described in Pestle et al. (2015a). The offset
(fractionation) factor in δ13Cap was stipulated as 10.1 ± 0.4‰, as speci-
fied by Fernandes et al. (2012). Finally, for δ15N, we employed a trophic
fractionation value of 3.6 ± 1.2‰, as recommended by several experi-
mental studies of omnivorous animals (Ambrose, 2000; DeNiro and
Epstein, 1981; Hare et al., 1991; Howland et al., 2003; Sponheimer
et al., 2003; Warinner and Tuross, 2009).

Foodweb isotope values comprised the edible portions of over 119
southern Andean plant and animal samples, including previously pub-
lished data (DeNiro and Hastorf, 1985; Miller et al., 2010; Schoeninger
and DeNiro, 1984; Tieszen and Chapman, 1992) and data generated
through our ongoing work in the region (Pestle et al., 2015b). While
we cannot guarantee that the foodweb (Table 2) represents all food-
stuffs available to ancient peoples of the region, all of the items in the
foodweb represent foodstuffs that were potentially available to the pop-
ulations under study. Furthermore, the low isotopic variance of each
category would seems to indicate that the addition (or subtraction) of
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a handful of individual taxa/specimenswould have relatively little effect
on the central tendency or dispersion of the food group isotope values.
The only exception to this pattern of low variance is the terrestrial
mammal group, which shows somewhat higher isotopic dispersion. In
this case, however, we are comfortable with the use of a relatively
broad category, because there is not enough information in the archae-
ological record to quantify the relative proportion of different kinds of
animals (e.g. wild versus foddered) in local diet. As such, the foodweb
employed represents a conservative approach to dietary reconstruction.

Any modern data included in this reference sample had δ13C values
corrected by+1.5‰ to account for the fossil fuel burning effect (Keeling
et al., 1979). Macronutrient composition of each food group was deter-
mined by reference to a range of comparable foodstuffs in the USDANa-
tional Nutrient Database for Standard Reference (USDA, 2013).
Elemental composition (particularly %C) of each foodstuff/macronutri-
ent group was based on formulae provided in Morrison et al. (2000).
Isotopic offsets betweenmeasured bulk food isotope values and the iso-
topic values of specific dietary macronutrients were derived from
Tiesezen (1981). Digestibility was determined following Hopkins
(1981). Final food group isotope, macronutrient, and elemental concen-
tration values used in the FRUITS simulations are all presented in
Table 2. Marine foodstuffs, common in Atacama coastal populations,
were not included as a potential source given the lack of archaeological
evidence for their presence in the San Pedro oases. Consumption of pro-
tein was limited to b45% protein as energy (using the FRUITS a priori
data option), reflecting the upper limit of possible human protein intake
(World Health Organization, 2007). All FRUITS simulations were per-
formed using 10,000 iterations and, when comparing average values
of different periods or other sample subgroups, standard deviations of
the average valueswere included as an additional source of uncertainty.
In this way, we account for the variation within each subgrouping.

Two separate sets of simulations were performed for each
subgrouping. The first, Simulation A, included three possible food sources
(terrestrial animal meat, C3 plants, C4 plants), reflecting the food catego-
ries that have been considered in most bioarchaeological studies (Costa
et al., 2004;Hubbe et al., 2012). The second, Simulation B, added legumes,
alongside the more common terrestrial animals and local protein-poor
plants, as an additional food source due to their presence in regional ar-
chaeological assemblages, and the potential ways in which their high
protein, low δ15N composition might influence paleodietary interpreta-
tion.While there is archaeological evidence for the presence of various le-
gumes in the region surrounding San Pedro de Atacama (Arriaza et al.,
2015; Latcham, 1938; Núñez et al., 2009; Thomas et al., 1995), we have
no clear evidence for their inclusion in local diets. The lack of local archae-
ological visibility could result, however, from the paucity of paleobotani-
cal studies performed in the area to date. As such, legumes are included
here in Simulation B to test what effect their inclusion may have on our
reconstruction of local diet, despite the fact that they have been mostly
ignored by the bioarchaeology literature so far. Statistical comparison of
isotopic values and simulated foodstuff contributions were made using
Student's t-tests and ANOVA (with Tukey HSD Post-hoc testing). Due to
the possibility of overfittingwith the large sample sizes in the simulations
(n = 10.000), we assume an alpha of 0.001 for all comparisons of
modeled foodstuff contributions.
6. Sample preservation

The quality of sample preservation for all fifty-eight samples was
assessed using chemical (collagen yield) and elemental (carbon and ni-
trogen yield, atomic C:N ratio) data, all of which are routinely generated
in the course of sample extraction and elemental analysis. Only those
samples meeting widely accepted standards (collagen yield N0.5 wt%,
carbon and nitrogen yields of N4.5 wt% and 0.9 wt%, respectively, and
atomic C:N ratios between2.9 and3.6)were includedwhen considering
aspects of paleodiet (Ambrose, 1990; Pestle and Colvard, 2012). Details
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of the varying state of preservation in the five cemeteries are presented
in Table 3.

Overall, 71% (41/58) of the analyzed samples possessed sufficient
unaltered collagen for isotopic study. Preservation at Quitor 8 was the
worst of the studied cemeteries, with an average collagen yield of only
2.0 ± 1.0 wt%. Of the twelve analyzed samples from Quitor 8, only
three (25%) had elemental characteristics (carbon and nitrogen elemen-
tal yields, and atomic C:N ratios) consistent with well-preserved colla-
gen. In stark contrast, seventeen of the nineteen samples (89%) from
Quitor 5 had sufficient well-preserved collagen for further analysis,
with an average collagen yield of 12.5 ± 7.7 wt%. The other three cem-
eteries had success rates (defined as sufficient well preserved collagen)
Table 3
Chemical, elemental, and isotopic data for Quitor individuals.

Site Number Sex Lab number Collagen yield (wt%) Apatite yield (wt%)

Quitor 1 3486 I I42 16.5 48.7
3454 I I43 14.9 50.7
3487 I I44 6.3 65.5
3443 I I45 7.9 59.4
3455 I I46 1.8 55.8
3493 I I47 22.8 43.6

Quitor 5 1916 I I20 13.1 48.2
2245 M I21 18.9 44.1
3066 F I22 6.3 63.0
2179 M I23 2.9 64.5
2109 I I24 18.4 45.2
2100 M I25 15.9 47.1
2055 I I26 24.1 30.4
1998 I I27 2.2 67.3
2026 M I28 21.3 44.3
1942 I I29 19.1 49.1
2212 F I30 8.6 61.3
3368 F I31 2.6 67.9
3397 F I32 11.1 57.1
1921 M I33 6.5 54.8
2228 I I34 4.7 62.2
3370(80?) I I35 21.3 36.3
2020 F I36 16.2 58.5
2125 M I37 21.4 40.3
3348bis I I38 2.8 63.0

Quitor 6T T23 I G43 0.9 60.4
469/470 F H95 19.2 33.6
871 M H96 19.3 36.8
88/89 F H97 8.3 55.2
943 F H98 3.8 60.3
694 I H99 14.2 45.3
876 I H100 21.0 36.8
877 F H101 20.4 40.4
432/433 I H102 2.4 61.9
222/223 F H103 21.2 37.4
104 F H104 22.1 42.4
80/81 F H105 4.8 65.9
667 F H-106 1.7 71.1
685 I H-107 7.0 52.1

Quitor 8 3184 I H-110 1.2 69.1
3146 F H-111 3.4 64.9
3161 I H-112 1.5 81.7
3227 I H-113 4.3 65.3
3188 I H-114 1.7 68.6
3177 I H-115 1.2 71.5
3166 I H-116 1.7 77.7
3172 I I1 1.6 27.7
3202 F I2 2.9 58.1
3195 I I3 1.3 54.8
3156 I I4 1.2 58.4
3160 I I5 1.5 72.9

Quitor 9 3250 F H88 2.4 38.7
3242 I H89 1.1 42.8
3237 M H90 21.5 41.0
3236 M H91 14.3 47.2
3249 M H92 17.4 40.3
3251 I H93 2.3 54.8
3239 I H94 2.7 58.6
of 57% (Quitor 9), 83% (Quitor 1), and 86% (Quitor 6 T). Isotopic data for
all samples are presented in Table 3 and Fig. 2.

There does not appear to be a clear temporal trend in collagen preser-
vation, as the best andworst preserved cases (Quitor 8 and 5) are roughly
contemporaryMiddle Period cemeteries, and the remaining three belong
to the Late Intermediate Period, despite having collagen preserved in
quite different proportions (57%–86%). Rather than time, the prevailing
groundwater conditionswould seem to be the dominant factor determin-
ing bone preservation over archaeological timescales in the San Pedro
oases. As Le Paige (1964:64) notes, Quitor 8 is the most proximate to
the course of the San Pedro River (see Fig. 1), and bones buried there
wouldhavebeen subject to periodic inundationover thepastmillennium.
wt% C wt% N Atomic C:N δ13Cco (‰) δ15Nco (‰) δ13Cap (‰) Δ13Cap-co (‰)

43.3 15.5 3.3 −12.2 11.7 −7.4 4.7
34.1 12.2 3.3 −13.2 11.0 −7.8 5.5
22.3 7.6 3.4 −15.2 13.0 −9.3 5.8
33.1 12.7 3.0 −13.4 11.1 −7.1 6.3
10.5 2.9 4.3 −12.8 12.7 −8.0 4.8
38.2 13.9 3.2 −14.0 9.5 −7.4 6.6
32.7 11.9 3.2 −14.7 9.5 −9.2 5.5
38.1 13.6 3.3 −11.5 10.2 −6.3 5.2
30.0 10.7 3.3 −16.6 9.3 −12.8 3.8
17.9 6.3 3.3 −10.9 10.8 −5.3 5.6
39.3 14.0 3.3 −14.9 11.0 −11.1 3.8
40.5 14.8 3.2 −12.8 10.7 −7.6 5.2
42.2 15.2 3.2 −16.4 9.5 −10.2 6.2
0.3 0.1 4.8 −19.0 5.7 −13.0 6.0
40.4 14.5 3.2 −15.4 9.1 −10.8 4.6
40.5 14.9 3.2 −17.0 9.0 −12.3 4.6
32.7 11.7 3.3 −12.5 10.7 −7.9 4.6
16.4 5.7 3.4 −16.5 8.6 −12.5 4.0
– – – −17.3 7.5 −12.5 4.7
30.7 10.9 3.3 −13.0 10.5 −7.5 5.5
19.4 6.7 3.4 −15.6 9.2 −10.2 5.3
39.4 14.4 3.2 −15.9 9.7 −11.8 4.2
30.4 11.0 3.2 −16.6 8.3 −12.2 4.4
39.3 14.3 3.2 −16.1 10.0 −11.4 4.7
1.2 0.1 12.8 −22.0 11.4 −9.1 12.9
10.3 2.6 4.6 −17.3 9.1 −8.5 8.8
39.2 14.5 3.2 −13.6 10.8 −7.8 5.9
38.0 13.6 3.3 −15.9 10.8 −10.3 5.6
32.2 11.6 3.2 −13.9 10.5 −8.5 5.4
25.5 8.8 3.4 −13.7 11.4 −8.0 5.7
35.6 13.1 3.2 −13.0 9.9 −7.7 5.3
38.0 13.9 3.2 −15.6 9.3 −8.8 6.8
37.2 13.6 3.2 −15.2 9.7 −10.1 5.1
1.3 0.4 4.1 −15.1 10.3 −6.6 8.5
36.1 13.3 3.2 −13.2 10.3 −7.3 5.9
39.0 14.4 3.2 −13.0 11.4 −7.8 5.2
28.3 9.9 3.3 −14.4 10.7 −8.7 5.7
10.9 3.5 3.6 −13.7 10.9 −7.9 5.8
31.7 11.7 3.2 −11.2 11.5 −6.2 5.0
3.4 0.5 7.4 −17.4 13.5 – 17.4
25.2 8.8 3.4 −16.4 10.3 −9.8 6.6
1.0 0.2 6.2 −19.2 7.3 – 19.2
27.1 9.4 3.3 −15.8 10.9 −11.3 4.5
7.4 2.2 3.9 −16.4 9.7 – 16.4
5.9 0.8 9.0 −16.3 13.2 – 16.3
1.1 0.0 31.8 −21.6 9.1 – 21.6
0.0 0.0 – – – −11.9 −11.9
26.3 9.2 3.3 −16.5 10.5 −12.3 4.2
0.0 0.0 – −20.7 6.8 −11.7 9.1
0.0 0.0 – −19.6 10.1 −11.9 7.7
0.4 0.1 4.5 −19.3 8.6 −11.1 8.1
18.8 6.4 3.4 −13.7 12.1 −8.2 5.5
0.0 0.0 – −20.5 9.3 −10.9 9.6
40.2 14.8 3.2 −11.5 12.3 −7.4 4.0
38.9 14.2 3.2 −11.4 12.5 −6.0 5.4
39.2 14.6 3.1 −11.7 11.2 −5.9 5.8
9.4 2.8 3.9 −14.1 11.8 −8.4 5.7
3.6 0.8 5.5 −13.7 14.0 −6.6 7.1



Fig. 2. δ13Cap and δ15Nco values of all well-preserved Quitor bone samples.
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7. Results

7.1. Temporal differences

After removing those samples that did not meet preservation stan-
dards from consideration, the remaining assemblage comprised twenty
individuals fromMiddle Period cemeteries (Quitor 5 and 8) and twenty-
one from the Late Intermediate Period (Quitor 1, 6 T, and 9). As seen in
Table 4, there were significant differences (two-sample t-test, p b 0.05)
between the averages of the two periods for all four of the isotopicmea-
sures, despite some degree of overlap in the ranges of each period, par-
ticularly for δ13Cap and δ13Cco. Late Intermediate Period individuals, on
average, possessed significantly higher (more positive) δ13Cco, δ15Nco,
and δ13Cap values than their Middle Period counterparts, as well as hav-
ing larger Δ13Cap-co values. Importantly, our hypothesis of greater isoto-
pic and dietary heterogeneity in the Middle Period is supported by the
equal or larger standard deviations observed in each isotopic measure
for that period.

FRUITS Simulation A (Fig. 3 and Table 4) found a significant 1% drop
(t-test, p b 0.001) in meat consumption between theMiddle Period and
Late Intermediate Period, and also identified a major and significant
(p b 0.001) shifts between the two periods in plant diet, with C3 plant
contribution falling from nearly 45% to 36%, and C4 plant consumption
increasing a commensurate amount. These results support our hypoth-
esis that meat consumption would fall while C4 plant consumption
would rise between the two periods.

The results of Simulation B (Fig. 4 and Table 4) also identified a high-
ly significant (two-sample t-test, p b 0.001) decrease in the consump-
tion of C3 plants (27% to 23%) and a commensurate significant
increase in C4 plant consumption. In terms of protein-rich foods, this
modeling iteration found a significant drop (p b 0.001) in the eating of
legumes (25% to 18%) and a small but significant increase (just over
1%) in meat consumption between the periods. Put differently, dietary
change from the Middle Period to Late Intermediate Period in Quitor
would appear to have consisted of the replacement of C3 plants by C4
plants (likely maize) and the consumption of fewer legumes and more
meat/terrestrial animal products than consumed previously.
Therefore, when legumes are included in the simulations, the increase
in δ15Nco observed between periods, which in Simulation A is explained
by a decrease in meat consumption that is more than offset by an in-
crease in 15N-enriched C4 plants, can instead be explained by a large de-
crease in legume consumption. These results only partially meet with
our predictions, as this model indicates that terrestrial meat played a
larger role in the typical Late Intermediate Period diet than it did in
the Middle Period.

7.2. Sex within periods

Considering only those adults for whom sex could be determined
with a high degree of confidence further reduced sample size
(Table 4). For the Middle Period, the sample consisted of 7 females
and 6 males, and for the Late Intermediate Period, 9 females and 4
males. We acknowledge that these sample sizes are small, and present
the following discussions as ameans of preliminarily testing, by biogeo-
chemical means, sex differences in food access/consumption seen in os-
teological studies of larger local sample sizes (Hubbe et al., 2012; Costa
et al., 2004), and thereby contributing, in a general sense, to the conver-
sation about gender in the Atacama oases. The first comparisons taking
sex into account were made between the sexes of each period.

Beginningwith theMiddle Period, there were significant differences
(Mann Whitney U, p b 0.05) observed for both δ13Cco and δ13Cap. For
both variables, females possessed significantly lower (more negative)
values than theirmale counterparts.Δ13Cap-co and δ15Nco did not exhibit
significant differences by sex.

FRUITS Simulation A (Fig. 3 and Table 4) found that females and
males of the Middle Period differed slightly, but significantly, in their
terrestrial meat consumption (t-test, p b 0.001), with males having
diets consisting of roughly 1% more meat. Much larger, and clearly sig-
nificant differences (t-test, p b 0.001) also were identified in terms of
the balance of plant consumption, with females having consumed
roughly 15% more C3 and 15% fewer C4 plants than their male contem-
poraries. These results support our expectation that females of theMid-
dle Period would have consumed less meat and fewer C4 plants than
their male contemporaries.

Results of FRUITS Simulation B (Fig. 4 and Table 4) indicated highly
significant (t-test, p b 0.001) differences in the average contribution of
each modeled food source between the two sexes in the Middle Period.
As above, femaleswould appear to have consumed significantlymore C3



Ta
bl
e
4

Is
ot
op

ic
da

ta
an

d
m
od

el
ed

fo
od

st
uf
fc

on
tr
ib
ut
io
ns

(S
im

ul
at
io
ns

A
an

d
B)

fo
r
sa
m
pl
e
su
bg

ro
up

s.

n
Is
ot
op

e
va

lu
es

(‰
)

Si
m
ul
at
io
n
A
(%

co
nt
ri
bu

ti
on

):
m
ea

n
±

sd
,2

.5
%
–9

5%
Si
m
ul
at
io
n
B
(%

co
nt
ri
bu

ti
on

):
m
ea

n
±

sd
,2

.5
%
–9

5%

δ1
3
C c

o
δ1

5
N
co

δ1
3
C a

p
Δ
1
3
C a

p
-c
o

TM
C 3

C 4
TM

Le
gu

m
es

C 3
C 4

M
id
dl
e
Pe

ri
od

20
−

15
.1

±
1.
9

9.
8
±

1.
0

−
10

.3
±

2.
2

4.
9
±

0.
8

29
.8

±
17

.1
44

.7
±

17
.6

25
.5

±
14

.0
27

.5
±

18
.3

24
.9

±
16

.9
27

.0
±

18
.0

20
.6

±
12

.8
2.
0–

59
.4

10
.9
–7

9.
9

2.
3–

54
.3

1.
6–

69
.9

1.
1–

62
.0

1.
2–

64
.8

1.
2–

47
.7

Fe
m
al
es

7
−

16
.0

±
1.
6

9.
3
±

1.
2

−
11

.4
±

1.
8

4.
6
±

0.
9

28
.2

±
16

.7
52

.8
±

17
.0

19
.0

±
11

.6
26

.5
±

18
.3

27
.7

±
17

.9
29

.6
±

19
.1

16
.2

±
10

.8
1.
4–

58
.8

17
.6
–8

3.
6

1.
3–

43
.7

1.
5–

69
.8

1.
3–

66
.4

1.
4–

70
.4

0.
9–

41
.0

M
al
es

6
−

13
.3

±
2.
1

10
.2

±
0.
6

−
8.
2
±

2.
4

5.
1
±

0.
4

29
.7

±
16

.6
34

.2
±

16
.4

36
.2

±
16

.7
27

.6
±

18
.8

20
±

14
.5

22
.2

±
16

.3
30

.1
±

15
.5

2.
0–

58
.7

4.
7–

68
.8

4.
3–

67
.8

1.
4–

69
.5

0.
9–

53
.5

0.
9–

59
.1

2.
4–

61
.1

La
te

In
te
rm

ed
ia
te

Pe
ri
od

21
−

13
.5

±
1.
4

11
.0

±
1.
0

−
7.
9
±

1.
2

5.
6
±

0.
6

28
.7

±
16

.8
36

.2
±

14
.9

35
.2

±
13

.4
29

.1
±

19
.0

17
.9

±
13

.0
22

.9
±

14
.9

30
.0

±
13

.8
1.
5–

58
.5

6.
3–

63
.9

7.
2–

60
.0

1.
7–

72
.1

0.
7–

47
.6

1.
3–

55
.0

3.
3–

55
.0

Fe
m
al
es

9
−

13
.8

±
0.
7

10
.9

±
0.
7

−
8.
2
±

0.
8

5.
6
±

0.
3

28
.9

±
16

.5
37

.9
±

14
.3

33
.2

±
12

.4
28

.2
±

19
.0

18
.2

±
13

.4
23

.8
±

15
.3

29
.7

±
12

.5
1.
9–

58
.5

6.
5–

63
.2

6.
6–

55
.2

1.
3–

71
.0

0.
7–

48
.9

1.
1–

55
.3

3.
0–

51
.2

M
al
es

4
−

12
.6

±
2.
2

11
.7

±
0.
8

−
7.
4
±

2.
0

5.
2
±

0.
8

27
.9

±
16

.3
31

.9
±

15
.8

40
.2

±
15

.9
29

.0
±

19
.9

16
.5

±
12

.7
21

.7
±

15
.1

32
.8

±
17

.0
1.
7–

57
.9

3.
7–

64
.2

8.
0–

69
.6

1.
4–

73
.3

0.
5–

46
.4

0.
9–

55
.3

2.
8–

64
.6

89W.J. Pestle et al. / Journal of Archaeological Science: Reports 7 (2016) 82–93
plants and legumes than males of the period, whereas males were eat-
ing significantlymore C4 plants and slightly (but significantly)more ter-
restrial mammal meat. As above, our hypothesis is supported by these
results.

In contrast, in the Late Intermediate Period, the differences between
male and female isotopic signatures were not found to be significant for
any of the measures of interest (Table 4). Nonetheless, the manner in
which the rather small isotopic differences between females and
males propagated in the FRUITS simulation still resulted in significant
differences in reconstructed dietary intake.

In the case of FRUITS Simulation A (Fig. 3 and Table 4), statistically
significant differences (t-test, p b 0.001) in consumption of all three
modeled food classes were observed. While males in the Late Interme-
diate Period were still eating significantly more C4 and fewer C3 plants
than their female contemporaries, the differences were smaller (on
the magnitude of 6–7%). Interestingly, in contrast to the Middle Period,
females of the Late Intermediate Period would seem to have been con-
suming, on average, about 1%moremeat thanmales of the same period.
These results only partially support our hypothesis, in that Late Interme-
diate Period males, as expected, were consuming more C4 plants than
their female counterparts, but, counter to our prediction, they were
also consuming less meat.

For FRUITS Simulation B (Fig. 4 and Table 4), Late Intermediate Peri-
od females and males did not appear to have significantly different pat-
terns of terrestrial mammal meat consumption (t-test, p = 0.003), but
still show highly significant differences (t-test, p b 0.001) for all classes
of plants. Males of the Late Intermediate Period appear to have con-
sumed significantly more C4 plants (approximately 2%) and fewer C3

plants and legumes (2% less for both classes) than females. It should
be noted that this pattern of males consuming a larger proportion of
C4 plants holds true in both periods. As with Simulation A, our expecta-
tions of differences in C4 plant consumption were confirmed, however
meat consumption was not found to differ on the basis of sex.

Overall, both simulations found that male and female diet were
more similar (to one-another) in the Late Intermediate Period than
Middle Period for every single food group considered here. For example,
the offset between male and female C3 consumption was 18.6% in the
Middle Period and a much smaller 6.0% in the Late Intermediate Period
(Simulation A).
7.3. Sex between periods

Finally, individuals of the same sex of different periods were com-
pared with one-another. Sample size for this analysis was the same as
for the previous analysis of sex within periods.

Comparing Middle Period and Late Intermediate Period females re-
vealed significant differences in all four isotopic measures. Females of
the Late Intermediate Period had higher (more positive) values of
δ13Cco, δ15Nco, and δ13Cap larger Δ13Cap-co values than their Middle Peri-
od equivalents (Table 4).

FRUITS Simulation A revealed a non-significant (p = 0.005) differ-
ence in meat consumption between Middle Period and Late Intermedi-
ate Period females, but significant differences (p b 0.001) in dietary
plant consumption were noted (Fig. 3 and Table 4). The averageMiddle
Period female consumed about 15%more C3 and fewer C4 plants than fe-
males of the Late Intermediate Period. These results do not support our
contention that female diet would remain the same between periods.

FRUITS Simulation B comparing the average diet of Middle Period
and Late Intermediate Period females indicated significant differences
in consumption for all four stipulated food groups (Fig. 4 and Table 4).
Late Intermediate Period females had significantly different protein
diets (2% more terrestrial mammal products and 9% fewer legumes)
and plant diets (6% fewer C3 and 13% more C4 plants) than females of
theMiddle Period. As above, these results do not confirmour hypothesis
of dietary homogeneity over time.



Fig. 3.Mean modeled contribution of three food classes (terrestrial animal meat, C3 plants, C4 plants) to diet of various sample subgroups (FRUITS Simulation A).
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Comparing males of the two periods revealed less dramatic differ-
ences (Table 4). Only one of the four isotopic systems (δ15Nco) showed
a statistically significant difference (MannWhitneyU, p b 0.05) between
periods. Males of the Late Intermediate Period had significantly higher
δ15Nco values than males of the Middle Period. The Middle Period
males had δ13Cco and δ13Cap values that were at the highest end of the
Middle Period range, andweremore typical of individuals of the Late In-
termediate Period.

Simulation A revealed statistically significant (p b 0.001) differences
in modeled dietary input for all three food classes (Fig. 3 and Table 4).
Fig. 4. Mean modeled contribution of four food classes (terrestrial animal meat, legume
Males of the Late Intermediate Period were found to be consuming, on
average, nearly 2% less meat than males of the Middle Period (with the
observed increase in their δ15Nco coming from a shift to more 15N
enriched C4 plants), but the observed diachronic differences in plant con-
sumptionweremoremoderate than for females. The offset in C3/C4 plant
consumption for males of the two periods was on the magnitude of 5%
more C4 and 5% less C3 plants. The results of SimulationA support our hy-
pothesis of diachronic change in meat and C4 consumption.

Similarly, FRUITS Simulation B showed significant differences in three
of the four categories of reconstructed dietary intake (Fig. 4 and Table 4).
s, C3 plants, C4 plants) to diet of various sample subgroups (FRUITS Simulation B).
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While therewas no significant difference in the consumption of C3 plants
(p=0.08) betweenmales of the two periods, males of the Late Interme-
diate Period ate significantly (p b 0.001)more C4 plants (about 3%more)
and terrestrial mammals (1.5% more) and fewer legumes (3% less) than
did their Middle Period counterparts. Like the simulations done for the
whole sample, this simulation suggests that the increase in δ15Nco be-
tween periods could be explained by both the decreased consumption
of legumes and a modest increase in meat intake.
8. Discussion and conclusions

The disarticulation of the large interregional exchange networks of
the south-central Andes at the end of theMiddle Period significantly im-
pacted the lifestyle of numerous populations. In the Atacama oases, the
changes are visible both in the archaeological and bioarchaeological re-
cords. Accompanying evidence for the development of local leadership
and stronger control over landscape and resources, previous research
suggested changes in many aspects of life-style: the Late Intermediate
Period saw an increase in interpersonal violence (Torres-Rouff and
Costa, 2006); a decrease in average nutritional status (Neves and
Costa, 1998); a reduction in biological diversity that could be the results
of diminished influx of people into the oases (Varela and Cocilovo,
2009); and possibly changes in some aspects of body use, tied to activ-
ities affecting the vertebral column (López-Barrales et al., 2015). There-
fore, it would seem that the broader changes observed during the Late
Intermediate Period were affecting basic aspects of local life-style and
social dynamics, including the re-organization of local elites.

In the context of the current study, it is notable that even though the
archaeological record does not show evidence of strong changes in
available foodstuffs, studies of the skeletal remains suggest important
changes in diet between the Middle and Late Intermediate Period
(Costa et al., 2004; Hubbe et al., 2012). The results presented here
strongly support this assertion, and help to illuminate the specific na-
ture of dietary changes during the Late Intermediate Period. Given the
role that differential access to food has in the definition of social hierar-
chy and the value food has as one of the central determinants of social
inequality among human societies, our results also complement previ-
ous discussions about the nature of social organization in the Atacama
oases in the past (e.g., Torres-Rouff, 2008, 2011).

A general appraisal of dietarymakeup in the Quitor samples indicates
a diet largely composed of plants, with significant shifts in C3/C4 contri-
butions (over time and between the sexes), and more significant shifts
(albeit in smaller percentages) in dietary protein makeup. The overall
diet fits models with a high contribution from C3 carbohydrates, which
is not surprising given the prominence of local C3 plants (e.g. algarrobo,
Prosopis chilensis) that were commonly consumed in ground form and
were an Atacameño dietary staple across periods (Llagostera, 2004).
However, C4 plants, meat and possibly legumes also played important
roles in local diet. These overall results are relevant because they shift at-
tention away frommaize andmeat, which have repeatedly been used to
explain diet composition in previous studies (e.g. Costa et al., 2004;
Hubbe et al., 2012; Neves and Costa, 1998).

Most pertinent, though, is the evidence of an important shift in die-
tary composition between the Middle and Late Intermediate Periods.
Regarding sources of carbohydrates,Middle Period isotopic evidence in-
dicates a substantial degree of dietary variability and patterned internal
variation in food intake. There is more variance in diet among individ-
uals at this time than during the Late Intermediate Period, as is reflected
higher standard deviations for δ13Cco and δ13Cap. This higher variance
flows partially from differences between the sexes, with females con-
suming fewer C4 plants (presumably maize) than males. Although a
similar pattern is observed during the Late Intermediate Period, differ-
ential access tomaize is less pronounced, as a result of increased C4 con-
tributions to female diets (Table 4), while males show less dramatic
changes in both isotope values and the estimated percentage of C4.
These preliminary results fit with previous results that showed that
sex differences were significant during the Middle Period (Hubbe et al.,
2012). It has been suggested that this period was marked by increased
social inequality, with a well-defined local hierarchy that resulted
from different ayllus and/or families in the Atacama oases having stron-
ger ties to the interregional exchange networks of the time (Torres-
Rouff 2011). Arguably, this structured hierarchy was also reflected in
greater gender inequalities during this period (Hubbe et al., 2012).
Our results fit with these suggestions by indicating differences in die-
tary composition betweenperiods and sexes and demonstrating the po-
tentially important role of maize consumption in the experience of
these social inequalities. Given the connection between maize and
males suggested by our data for Quitor, it is possible to speculate that
menpreferentially accessedmaize. Although themodeof ingestion can-
not be deciphered, it is possible that the ritual consumption of
fermented maize in the form of chicha accounts for some of the differ-
ences observed here. Chicha is an important component of ritual life in
the South Central Andes as a whole (e.g. Pardo and Pizzaro, 2005),
and still present in current local traditions (Barthel, 1986; Moyano,
2010). Archaeological evidence for drinking vessels is also prominent
in the Atacama oases (Llagostera, 2004). Therefore, we argue that
maize, possibly in form of chicha, may have been tied to social status
during the Middle Period, and that the decrease in visible diet-based
sex differences during the Late Intermediate Periodmay reflect a reduc-
tion in the differential access to maize among the local population at
this time.

The sources of the protein intake difference, on the other hand, are
harder to explain, especially due to the potential role that legumes
might have played in local diet. Previous studies have suggested that
the Middle Period was marked by an increase in access to meat by
males (Hubbe et al., 2012). While some of our results initially support
this claim, and FRUITS Simulation A (without legumes) suggests more
meat was being consumed by men during the Middle Horizon, this
trend disappears in Simulations B (with legumes). The inclusion of le-
gumes as a food source suggests potential dietary combinations
among the Quitor populations that have not been considered previous-
ly. The traditional assumption (Hubbe et al., 2012; Santana-Sagredo
et al., 2015), that variation in δ15N was solely a product of differences
in meat consumption is belied by the inclusion in the foodweb and die-
tary solutions of legumes, a (relatively) protein rich and 15N depleted
plant foodstuff. Indeed, models with changes in legume consumption
(betweenperiods or sexes) but no change inmeat intake, are as efficient
in explaining the data asmodelswithmeat only. In this regard, then, the
results of FRUITS Simulation B provide an interesting baseline for future
study, in that these resultsmight be tested against a re-analysis of caries
data, which could take into account the different cariogenic potential of
legumes and meat, as well as the more often-considered carbohydrate
rich plant foods. Furthermore, these results point to the potential im-
portance of legumes in the local diet, something that has not been ex-
plored in the local archaeological record. As such they highlight the
need for more detailed archaeobotanical studies in the area.

Finally, it is worth noting that our results are in linewith the isotopic
data fromQuitor 6 Tardío published by Santana-Sagredo et al. (2015). A
comparison of those individuals with the Quitor 6 Tardío individuals
presented here revealed that the two subsamples drawn from the
same cemetery were statistically indistinguishable from one another
for all four isotope systems (Mann-Whitney U Tests, p N 0.14). We did
not include these data in our analyses and interpretations due to poten-
tial inter-laboratory differences stemming from differences in sample
pretreatment and extraction protocols (Pestle et al., 2014). Nonetheless,
the fact that our results are coherent with these isotopic data reinforces
the conclusions drawn from our analysis and simulations.

In conclusion, the use of linearmixturemodeling in the present appli-
cation facilitated the quantification of foodstuff inputs in a probabilistic
and uncertainty-integrated manner, and enabled dietary reconstruction
in meaningful terms (i.e. discussion of food groups rather than
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macronutrients), allowing for a more nuanced interpretation of dietary
composition in prehistoric Atacameño populations. The broad social
changes between the Middle and Late Intermediate Period had a signifi-
cant impact on dietary composition. We argue that this shift was related
not only to access tomeat, as previously suggested, but also strongly tied
to access to maize products, which may have been used to reinforce so-
cial status and gender inequalities during the Middle Horizon.
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