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Abstract

Investigations of the biological effects of climate change in past societies can increase our
understanding of diverse human adaptations to environmental instability. Individuals from
ecologically marginal regions are particularly susceptible to climate-induced resource stress.
In this study, we create and test an integrated paleoenvironmental and bioarchaeological
model of the biosocial effects of environmental change on nutritionally based health
outcomes. We present new evidence for scurvy (severe vitamin C deficiency) in ancient
human remains (N = 187) from the hyper-arid northern Atacama Desert, South America,
which we interpret as indicating episodes of low dietary diversity. Skeletal evidence for
scurvy was found to increase significantly across the Archaic-Formative transition (c. 3500—
1500 BP). Previous paleoenvironmental and isotopic research indicates that this transition is
also marked by increased frequency of ENSO events, and a dietary shift to horticulturalism
rather than marine-focused hunting and gathering. Here we build on this modeled
environmental and subsistence change, and propose that increased ENSO events may have
contributed to social adaptations to resource insufficiency, cyclicity of marine resource use,
and ultimately an environment favorable to periodic micronutrient famines and the
osteological manifestations of scurvy.

! Department of Anatomy, University of Otago, 270 Great King Street, Otago, New Zealand 9016.
2 Department of Archaeology, Durham University, South Rd, Durham DH1 3LE, United Kingdom.

3 Departmento de Antropologia, Universidad de Tarapacé, Arica, Arica y Parinacota, Chile.
# Instituto de Alta Investigacion, Universidad de Tarapaca, Antofagasta 1520, Arica, Chile.



Introduction

The Atacama Desert has hosted human populations for at least eleven millennia,
despite its status as the driest hot desert in the world, its propensity for extreme weather
disturbances, and the relative paucity of both freshwater and terrestrial food resources
(Arriaza et al., 2001; Marquet et al., 2012; Sandweiss, 2004). Human populations living in
arid environments are particularly vulnerable to climatic changes. In these ecologically
marginal regions, slight shifts in temperature or precipitation can have cascading effects on
biodiversity, species abundance, and resource availability and, by extension, resource stress
and health outcomes in human populations (Lioubimtseva & Henebry, 2009; Walther et al.,
2002; Zhang et al., 2007). In hyper-arid environments in particular, many species are already
functioning close to their limits and are therefore susceptible to population extinction in the
face of atypical climatic events (Whitford &Wade, 2002). The Atacama region is also
significantly affected by variation in weather patterns, in particular EI Nifio Southern
Oscillation (ENSO) cycles, which periodically disrupt fisheries and flood agricultural land
(Houston, 2006a; Montecino & Lange, 2009; Sepulveda et al., 2014).

Changing environmental conditions in the past have been proposed as a major driver
of cultural change in the Atacama region (de Bryson et al., 2001; Marquet et al., 2012). Most
famously, increased marine and desert productivity in the Archaic period have been linked
with population growth, an increase in accumulation of natural mummies, and the advent of
artificial mummification practices (Marquet et al., 2012). Similarly, increased highland
aridity associated with extreme ENSO cycles has been suggested as a driver of agriculturalist
migration into coastal valleys, heralding the advent of agriculture in the Formative Period
(Marquet et al., 2012; Rothammer et al., 2009).

In periods of climatic flux, human populations in arid marginal environs are

particularly subject to dietary stress, reduced dietary diversity, caloric insufficiency,



micronutrient (vitamin and trace mineral) deficiencies, and associated negative health effects
(Tulchinsky, 2010; Wheeler & von Braun, 2013). Research on biosocial adaptations to
climate change in ancient populations, particularly those living in resource poor or marginal
regions, can help us understand how human populations in the past responded to resource
stress. Modern human groups living in agriculturally marginal areas are often characterized
by dietary variability, with flexibility in subsistence strategy central to their social resilience
(Turner et al., 2003). When contemporary populations experience resource stress, they may
decide to change or supplement staple foods to stave off malnutrition (e.g. Lockett et al.,
2009), but literature on the use of these so-called “famine foods” in the context of climate
change are few (see Grivetti & Ogle, 2000). Research in these areas can shed light on how
historical and socio-cultural conditions shape or constrain those subsistence strategies, and
their relative success over the short- and long-term (Robbins Schug, 2011; Berger & Wang,
2017).

Here we focus on the Northern Atacama Desert in an attempt to model how
environmental change may affect human health and diet in archaeologically visible ways. In
this region, the Archaic-Formative Period transition (c. 3,500-1,500 BP) coincides with an
increase in both ENSO frequency and intensity (Gayo et al., 2012; Latorre et al., 2003;
Magilligan et al., 2008; Santoro et al., 2017). This transition is characterized by human
population movement from coastal river deltas to inland valley sites (Arriaza et al., 2008),
and a shift from marine hunting and gathering to a mixed subsistence economy incorporating
Andean and Meso-American cultivars (Andrade et al., 2015; King et al., 2018a; Pestle et al.,
2015). We examine the biosocial impact of these environmental conditions and subsistence
changes in human populations in the Atacama Desert, focusing on how climatic perturbations

affected dietary diversity and the prevalence of micronutrient deficiencies.



In this chapter, we provide a multifaceted model of biosocial change during the
transition to agriculture in the northern Atacama Desert, incorporating paleoenvironmental,
isotopic and paleopathological evidence. In particular we propose a relationship between El
Nifo events, subsistence choices, and micronutrient deficiencies. We test our model by
combining previously published isotopic results from the northern Atacama with new skeletal
evidence of vitamin C deficiency from the Arica region. We examine whether shifts between
terrestrial and marine resource-use might result in correlations between human isotope values
and vitamin C status by comparing the isotopic signatures and vitamin C content of foods
known to be exploited or cultivated in the ancient Atacama. Finally, we suggest how future
researchers might continue to develop this model by incorporating additional skeletal markers
of stress and disease and greater chronological resolution of archaeological material from this

region.

Archaeological context: The Atacama Desert and the transition to agriculture

The Atacama Desert in Northern Chile and Southern Peru is the driest inhabited
environment on earth and probably the oldest extant desert (Clarke, 2006). The moisture-
blocking effect of the Andes to the east and the drying action of anticyclonic air masses from
the Pacific High-Pressure Belt mean that rainfall averages less than 2mm per year with some
areas going for decades without precipitation (Houston, 2006b,c; Rundel et al., 2007). River
valleys fed by the seasonal Andean rains create oases along the western coast and islands of
fog provide scattered patches of higher than normal biodiversity in the coastal hills
(Cordillera de la Costa) (Cereceda et al., 2008 a; b). However, terrestrial species abundance
remains low even within these isolated sanctuaries and terrestrial organisms are largely
limited to a few vascular plants, insects, and small vertebrates such as lizards and rodents

(Hesse, 1984; Langstroth, 2011; Rundel et al., 2007). Before the introduction of Andean and



Mesoamerican domesticates in the Formative Period there were few plant species available to
be exploited. Estuarine plant species are an important exception to this and were likely a
significant part of the Archaic diet (as per Holden, 1994; Reinhard et al., 2011).

In contrast with terrestrial conditions, the upwelling of the Humboldt Current off the
western coast of the Atacama Desert creates one of the most resource-rich marine
environments in the world. Here, oxygen-rich cold water fosters the presence of a large mass
of phytoplankton and kelp (Montecino & Lange, 2009). These organisms are the trophic
foundation for a vast number of consumer species, including a wealth of marine mammals,
seabirds, bony and cartilaginous fish, and mollusks (Miloslavich et al., 2011:10-11;
Montecino & Lange, 2009:67; Tam et al., 2008). This rich marine environment was key in
enabling early human occupation of the coastal desert in the past and is still the economic
foundation of many communities there today (Arriaza et al., 2008; Pefia-Torres & Basch,
2000; Reinhard et al., 2011).

The EI Nifio/Southern Oscillation phenomenon has significant environmental effects
in the coastal Atacama Desert. ENSO describes linked, cyclic changes in ocean temperature
and atmospheric currents in the Pacific, which currently occur every two to five years
(Guilyardi, 2005). These changes are quantified by measuring the variation in atmospheric
pressure and ocean temperature between North Western Australia and Tahiti (Southern
Oscillation Index, or SOI) (Kovats et al., 2003). Negative SOI values are indicative of an El
Nifio event, which is associated with oceanic warming, resulting in drought in the Western
Pacific and heavier than normal rainfall in the Eastern Pacific (Dilley & Heyman, 1995;
Jaksic, 2001). Conversely, positive SOI values are associated with a La Nifia oceanic cooling
event, which results in abnormally heavy precipitation in Australasia and drought in Western
South America (Kiladis & Diaz, 1989). During EI Nifio cycles the warming of the eastern

Pacific Ocean causes a decrease in marine biodiversity along the South American coast



associated with large-scale die-offs of microorganisms, mollusks, and vertebrates. Fish
species diversity changes, with cold water fish disappearing and warm water fish moving
down the South American coast to inhabit waters which were previously too cold for them
(Sandweiss et al., 2004; Tam et al., 2008; Taylor et al., 2008). In general, these cyclic
changes have short-term and low-level effects on resources available and growing seasons;
however, extreme EI Nifio events occur on a decadal scale and are associated with marine
species die-offs and changes, as well as significant resource scarcities (Glantz, 2001).
Despite the dearth of terrestrial resources in the Atacama Desert, it has been
continuously occupied by humans since ¢. 11,000-10,000 BP, with the rich marine
environment allowing maritime hunter-gatherers to become sedentary remarkably early in
prehistory. By 8,000 BP a culture known as the Chinchorro had developed in the coastal
northern Atacama. This Archaic Period group relied heavily on marine subsistence and
developed a complex system of mummification of the dead (Arriaza et al., 2008; Marquet et
al., 2012; Standen et al., 2018). A marine hunter-gatherer complex persisted in the northern
Atacama for several thousand years, with occupation centered almost exclusively on the
coastal deltas of the few and far-between rivers in the area (Arriaza et al., 2008; Santoro et
al., 2005). After around 3,500 BP, however, a shift in human occupation pattern is
archaeologically observable. Although some coastal sites remained in use (e.g. Tiliviche,
Playa Miller), the settlement became centered in the interior river valleys and horticulturalism
commenced (Mufioz & Gordillo, 2016; Nafiez, 1986; Nufiez & Santoro, 2011). The advent of
agriculture in the region marked the beginning of the Formative Period (c. 3,500-1,500 BP),
where diet shifts to incorporate Andean cultivars such as quinoa, beans, and squashes, as well
as maize and (probably) domesticated camelids, alongside the marine foods which
characterized the preceding Archaic Period (King et al., 2018a; Pestle et al., 2015; Santana-

Sagredo et al., 2015).



Multiple lines of paleoenvironmental evidence suggest that the adoption of agriculture
during the Archaic-Formative Period transition is correlated with changes to ENSO
frequency and intensity (de Bryson et al., 2001; Mufioz & Chacama, 2012). Analyses of
changes in the dominant species within shell middens and marine faunal remains from
archaeological sites in coastal Peru suggests that before 5,800 BP, ENSO events either did
not occur or were less significant than they are today. After 3,200-2,800 BP, however, they
increased in both frequency and severity (Sandweiss et al., 2004; 2001). Analysis of
watershed stratigraphy in coastal Southern Peru and plant microfossil/faunal remains from
the central Chilean Atacama also suggest that large ENSO-related floods did not occur before
the Mid-Holocene and discrete elevations in the water table occurred around the Archaic-
Formative transition (Gayo et al., 2012; Latorre et al., 2003; Magilligan et al., 2008).

Previously published paleoclimatic data are summarized in Figure 1.
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Figure 1

Biosocial effects of increasing ENSO frequency and intensity

The volume of bioarchaeological data from pre-Columbian populations of the
northern Atacama is ever-increasing, such that it is now possible to begin to develop regional
models of how changes to ENSO cycles may have led to both biological and social responses
in the human populations here. Previous investigations into the biosocial effects of shifting
human-environmental dynamics have focused on the dietary changes necessitated by
changing ENSO conditions. For example, isotopic evidence suggests that a slow but

significant shift to a more terrestrial diet occurs at the Archaic-Formative transition (e.g.



Diaz-Zorita Bonilla et al., 2016; King et al., 2018a; Santana-Sagredo et al., 2015), and this
may be linked to changing viability of terrestrial agriculture and depression of the fisheries
during extreme EI Nifio events (Moreno et al., 2009; Sandweiss et al., 2001; Williams et al.,
2008). In addition to broad-scale change in dietary scope, almost all isotopic studies in the
region have noted a shift towards mixed subsistence strategies after the Archaic-Formative
transition (e.g., King et al., 2018a; Mora et al., 2017; Pestle et al., 2015). It is possible that
dietary variability may be linked to periodicity of ENSO cycles (King et al., 2018a; Mora et
al., 2017), although a lack of tight chronological control over site occupation periods has
made this difficult to test previously (King et al., 2018a; Moreno et al., 2009).

Extreme ENSO events, though few and far between, may also be associated with
dietary restriction. The increasing periodicity and intensity of ENSO cycles during the
Formative Period (de Bryson et al., 2001; Mufioz & Chacama, 2012) could, conceivably, be
linked to increased frequency of short-term famine events, with strong ENSO cycles
periodically depleting either terrestrial or marine resources making it difficult to maintain
caloric intake. New incremental isotopic techniques have potential for assessing dietary
changes and physiological stress responses in the Atacama and how seasonal availability of
resources may correspond to periods of stress relating to food scarcity (e.g. King et al.,
2018b; Knudson et al., 2015; Mora et al., 2017). More broadly, incremental isotopic analysis
is an important developing area of bioarchaeological research that may shed light on whether
stress episodes are occurring during periods of climatic change (Fuller et al., 2005; Reitsema,
2013).

ENSO-driven changes to diet may also result in micronutrient deficiencies, as
communities increasingly rely on vitamin-poor foods in times of resource stress (WHO,
1999). There is very little published data on changes to nutritional status across the Archaic-

Formative transition (Snoddy et al., 2017). One problem with research on this question is that



the majority of nutritional deficiencies experienced by contemporary human groups
undergoing resource stress (e.g. protein-energy malnutrition, most vitamin or mineral
deficiencies) will not create diagnostic skeletal lesions (Huss-Ashmore & Goodman, 1982;
Ortner, 2003). On the other hand, vitamin C deficiency, a condition associated with general
micronutrient malnutrition, is one of the notable exceptions to this problem (see below).
There is significant variation in the vitamin C content of different naturally occurring and
cultivated resources in the Atacama Desert; for example, many marine mammal organs and
kelp have high levels of bio-available vitamin C, while maize has negligible amounts of this
nutrient (USDA, 2019). It is, therefore, possible that changes to isotopic values in human
tissues that indicate an increase in different food resources may correlate with shifting
micronutrient availability and that this may be archaeologically visible as skeletal lesions of

scurvy within an assemblage.

Scurvy and dietary diversity in the past

Although general nutritional status cannot be directly inferred from skeletal remains,
certain micro-nutritional deficiencies may leave diagnostic skeletal lesions and can be a
useful proxy for overall dietary quality. Scurvy, a disease of prolonged vitamin C deficiency,
is of particular interest in the exploration of environmental change and subsistence strategy in
the past, as it is directly related to dietary diversity and quality (Buckley et al., 2014; Snoddy
etal., 2017; 2018). Vitamin C (ascorbic acid) is a nutrient necessary for enzymatic functions
essential for life, including the synthesis of collagen (Levine & Padayatty, 2014). In the
absence of vitamin C, widespread signs related to defective collagen synthesis, including
minor hemorrhage into the subperiosteal space of bones, will occur (Brickley & Ives, 2008;
Snoddy et al., 2018). This hemorrhage is associated with increased, localized cortical bone

surface porosity and—following the reintroduction of at least some dietary vitamin C—the



formation of islands of subperiosteal new bone. These osseous lesions mean that scurvy may
be identified in human skeletal remains, particularly in infants and young children who are
undergoing rapid growth (Brickley & Ives, 2008; Snoddy et al., 2018), allowing periods of
resource scarcity and poor dietary quality in the past to be recognized (e.g. Buckley et al.,
2014; Geber & Murphy, 2012; Snoddy et al., 2017).

Most vertebrate animals are capable of synthesizing vitamin C themselves but humans
and other primates must meet their requirement through dietary sources such as fruits,
vegetables, and the organs—particularly the livers—of animals who produce it endogenously
(Levine & Padayatty, 2014). Cereal crops and meat (muscle tissue) are very poor sources of
vitamin C and populations that rely exclusively on these as staple foods due to resource
scarcity or underutilization are at risk for developing scurvy as well as other micronutrient
deficiencies (Cheung et al., 2003; WHO,1999). The identification of scurvy within a skeletal
assemblage can, therefore, be considered a reasonable proxy for poor dietary diversity in the
past (Snoddy et al., 2017). Although other lines of evidence are necessary for interpretation,
the presence of scurvy in multiple individuals within an assemblage should be considered in
terms of implications for subsistence strategy (Snoddy et al., 2017), environmental instability
(Buckley et al., 2014; Robbins Schug & Blevins, 2016), and resource allocation practices
(Crandall, 2014).

Generally, studies of scurvy in the past have found low prevalence rates, well below
20% of studied individuals. However, this prevalence rate may increase when populations are
put under extreme resource stress, for example in Geber and Murphy’s (2012) study of a
19th-century Irish famine population. Previous research on vitamin C deficiency in western
South America has been limited to case studies or case-series centered on agricultural coastal
Peru (Klaus, 2014; 2017; Ortner et al., 1999). Several of the authors of this chapter published

a small case-series of an adult and four perinates with possible scurvy from the early



Formative Period site of Quiani-7 (ca 3,600-3,400 BP) in the Northern Chilean Atacama
(Snoddy et al., 2017). The high prevalence (41.6%; 5/12) of potential cases here is intriguing,
particularly given the correlation between the use of this site and the proposed onset of more
intense and frequent ENSO events in the early Formative Period. However, the small sample
size and lack of an Archaic Period comparative population precluded broader characterisation
of the potential effects of subsistence transition on vitamin C status, and by extension,
resource use and availability in this region. This chapter provides evidence from larger
Archaic and Formative Period cohorts needed to more completely explore the potential
relationship between micronutrient malnutrition and paleoenvironment in the Northern

Atacama Desert.

Bringing the lines of evidence together: An integrated model of ENSO driven health
outcomes in the Atacama Desert

Changes to both resource and micronutrient availability in the Atacama region are
expected to correlate with poor health outcomes, some of which would be
bioarchaeologically visible in cemetery populations (figure 2). For example, we expect
periods of increased ENSO intensity to result in cyclical resource use as terrestrial and marine
ecosystems are alternately affected by El Nifio and La Nifia events. This resource depletion
likely would result in social and biocultural responses to ensure population survival. For
example, contemporary hunter-gatherer and horticultural populations adapt to environmental
instability by increasing adaptive diversity or shifting the predominant cultivated or exploited
foods. Flexibility in food choices is an adaptive social response to vulnerability (Turner et al.,
2003). However, even with social buffering, populations may still pay a biological cost (do
Nascimento et al., 2012; Muller & Almedom, 2008; Seo & Mendelsohn, 2008). In the

ecologically vulnerable Northern Atacama, cyclical changes in resource use may be linked to



periodic ‘micronutrient famines’ as populations decrease dietary variety in favor of fewer,
calorie-rich but micronutrient-poor crop-based foods. We predict that these dual processes
will result in increased paleopathological evidence for micronutrient deficiencies and periodic
recovery, isotopic heterogeneity, and potential nutritional stress signals in sequential isotopic
results.

We also anticipate changes to demography to occur in this model. In particular, we
expect infant mortality rates to rise with resource stress. As the most biologically vulnerable
members of society, infants and young children generally bear the brunt of environmental
pressures (Caldwell, 1996; Halcrow & Tayles, 2008; Kane, 1987; Lewis, 2018; Snoddy et al.,
2017). Demographic changes across the Archaic-Formative transition have not been studied
in depth in the Northern Atacama (see Moreno et al., 1992 for an exception), but merit

attention in the future as a potential measure of population health and fertility change.
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There is a potential slew of other social and environmental factors affecting the nature
of the Archaic-Formative transition in the northern Atacama. For example, ENSO effects in
the highlands have been proposed as a driver of migration to the study area during the

Formative Period, resulting in social interaction between groups and the increased importance



of Andean domesticates (Rothammer et al., 2009). Ultimately this population movement may
have led to the advent of new cultural norms in the area, such as the practice of building
burial tumuli using domesticated crop vegetal layers (Focacci & Erices, 1973), likely
reflecting the increasing cultural significance of these food sources. Here we focus on
observable paleopathological outcomes of subsistence choices for simplicity's sake, but

recognize that as the model is tested more nuanced social factors will need to be incorporated.

Human remains from the Atacama region and their archaeological context

Our archaeological sample includes skeletal elements, defleshed mummies, and
minimally mummified (<!s of bones obscured by soft tissue) individuals, who are curated at
the Museo San Miguel de Azapa, Arica. This chapter reports on the results of
paleopathological analysis conducted on a total of 187 individuals, 72 from the pre-transition
Archaic Period coastal sites of Morro-1 and Morro 1-6, and 115 from the early agricultural
Formative Period valley sites of Azapa (AZ) 14, 70, 71, 75, 75d, 75e, and 115. All
individuals were from sites in the city of Arica (18°S 20°W) and adjacent Azapa Valley.

Morro 1 and Morro 1-6 are located on the massive coastal bluff of EI Morro (18°30S,
70°70W) on the southern margins of the modern port-city of Arica. Morro 1 is situated on the
top of EI Morro overlooking the Pacific, while the smaller burial ground of Morro 1-6 is
found approximately halfway up its north-eastern slope. Both sites likely represent different
periods of use of a single, large cemetery rather than two discrete cemeteries (Sutter & Mertz,
2004; Standen, 2003). Material cultural evidence in the form of grave-goods (e.g. specialized
maritime occupational equipment and plant-based textiles) and the presence of artificially
mummified individuals indicates an ideological association between these interments and the
Chinchorro Cultural Complex (Allison, 1984; Focacci & Chacén, 1989). Paleofaunal and

paleobotanical remains from Morro 1 show evidence for exploitation of mollusks



(Concholepas and Choromitylus spp), sardines (Sardinopsis spp), pelican (Pelicanus spp),
marine mammals such as pinnipeds (Phoca hispida and Otaria flavescens) and cetaceans,
woody shrubs such as taramungo (Propsis spp), wild reeds and grasses (Standen, 2003).
Human coprolites from Morro 1-6 provide direct evidence for the consumption of sedges
(Cyperacaea spp), wild tomato (Solanaceae spp), and aquatic grasses (Scirpus spp).
(Reinhard et al., 2011). Morro 1 appears to have been in continual use for two thousand
years, with desiccated human muscle from this site radiocarbon dating to 5210-3720 BP,
while Morro 1-6 appears to have been used for a period of ~400 years (4360-3945 BP)
(Allison, 1984; Focacci & Chacdn, 1989; Standen et al., 1997; Standen & Sanhueza, 1984).
The Azapa Valley sites are clustered along the banks of the San Jose River, ~8-15 km
from EI Morro and the Port of Arica (18°-19°S 70°-71°W). All analyzed individuals are
associated with the Early Formative Period (ca. 3,500-2,500 BP) Azapa or Late Formative
Period (ca. 2,500-1,500 BP) Alto Ramirez cultures. Paleobotanical and paleofaunal remains
from all sites and cultural phases indicate a mixed maritime-horticulture economy with
cultivars such as lima beans (Phaseolus lutanus), chilies (Capcisum spp), cassava (Manihot
esculenta), maize (Zea mays), sweet potato (Ipomea bata), quinoa (Chenopodium guinoa),
and achira (Canna edulis) variably present along with marine resources such as mollusks
(Choromythilus, Choncholepas, and Fisurellas spp), mackerel (Trachurus spp), and camelids
(Muiioz, 1980; 1987; Santoro, 1980a; b; 1982). Uncalibrated radiocarbon dates are available
for all sites. A summary of the paleofaunal, paleobotanical, and material culture evidence of

the subsistence economy, chronology, and sample size for each site is provided in Table 1.



Table 1

Site and culture

Morro 1,
Chinchorro
(Standen, 2003;
Reinhard et al.,
2011)

Morro 1-6,

Chinchorro (Focacci
and Chacdn 1989)

Az14,
Alto Ramirez
(Santoro, 1980a)

Botanical/
archaeozoological
remains

Molluscs, crustaceans,
seaweed, fish, marine
mammals and birds;
Abundant camelid skins
and fibre but few bones;
Wild plant fibres and
seeds present in coprolites

Molluscs, crustaceans,
seaweed, fish, marine
mammals and birds;
Abundant camelid skins;
Plant fiber present in
coprolites

Maize (Zea mays), quinoa
(Chenopudium quinoa),
manioc (Manihot sp.),
camote (Ypomea batata),
achira (Canna edulis),
pallares (Phaseolus
lunatus), chillies
(Capsicum spp), gourd
(Cucurbitaceae); shellfish
and fish

Subsistence-related material
culture

Hunting, fishing and marine
gathering instruments
(harpoons, fishhooks, nets,
ropes, ‘chopes’); terrestrial
hunting instruments (spear,
darts, projectile points)

Hunting, fishing and marine
gathering instruments
(harpoons, fishhooks, nets,
ropes, ‘chopes’); terrestrial
hunting instruments (spear,
darts, projectile points)

Agricultural tools (shovel
handles, digging sticks);
Marine hunting and fishing
instruments (‘chopes’,
harpoons, fishhooks);
Terrestrial hunting instruments
(bow, wooden points)

Economy

Marine hunter-
gatherer

Marine hunter-
gatherer

Broad-spectrum
agriculturalists

Site dates (dating
method)

5,450-3,700 BP
(uncal. radiocarbon;
Arriaza et al., 2005;
Standen, 1997)

4,310-3,500 BP
(uncal. radiocarbon:
Focacci and
Chacon, 1989;
Standen et al.,
2018)

2,900-2,410 BC
(uncal. radiocarbon:
Santoro,1980a;
Rivera, 1987)

Chronological
phase of
analysed
individuals
Late Archaic

Late Archaic

Early Formative

Number of
individuals
analaysed

70



Az70, Alto Ramirez  Maize (Zea mays), Achira  Agricultural tools (wooden Broad-spectrum 2,490-1,930 BP Early Formative

(Focacci and Erices, (Canna edulis), manioc diggingttilling, sticks); Hunting  agriculturalists (uncal. radiocarbon:

1972 and 1973; (Manihot esculenta), instruments (darts, spear tips) Rivera, 1996;

Romero et al., 2004) pallar (Phaseolus lunatus), Romero et al.,
quinua silvestre 2004)

(Amaranthaceae), beans
(Phaseolus vulgaris),
Cucurbitaceae (Lagenaria

spp?)
AZ 71, Azapa and Maize (Zea mays), chillies Marine hunter-gatherer artefacts  Broad-spectrum 2,855-2,560 BP Early/Late
Alto Ramirez (Capsicum), quinoa (fishooks, harpoons, lithic agriculturalists (uncal. radiocarbon:  Formative
(Santoro, 1980a, b)  (Chenopodium quinoa), points, sharktooth knives, Santoro, 1980b)

achira (Canna edulis), fishing lines); Terrestrial

lima beans (Phaseolus hunting (leathers and skins of

lunatus), and molluscs terrestrial animals, wooden

points)

Az115, Alto Maize (Zea mays), Miniature hunting instruments Broad-spectrum 1,900-1,300 BP Late Formative
Ramirez (Mufioz, Cucurbitaceae (Lagenaria  (darts and bows, vegetal thorns)  agriculturalists (uncal. radiocarbon:
2017) spp?), sweet potato Mufioz, 2017)

(Ypomea batata), manioc

(Manihot esculenta);

Camelids, dog (Canis

familiaris), cuys (Cavia

porcellus)
Az75, Az75D, and Achira (Canna edulis), Agricultural tools (shovel Broad-spectrum 2,350-1,500 BP Late Formative
AZ75E; Alto Cucurbitaceae (Lagenaria  handle, digging sticks); agriculturalists (uncal. radiocarbon:
Ramirez (Focacci, spp?), mesquite (Prosopis  Terrestrial hunting instruments Aufderheide et al.,
1983; Aufderheide spp); Camelid bones, (bow, wooden points, darts) 2003; dates from

et al. 2003) molluscs AZ 75 only)



Combining isotopic data and paleopathological analysis of human remains

The primary skeletal data in this sample are interpreted with reference to previously
published isotopic data (from Andrade et al., 2015; Andrade & Castro, 2016; Aufderheide et
al., 2002, 1994, 1993; King et al., 2018a; Pestle et al. 2015; Pietruzelli et al. 2012; Poulson et
al., 2013; Roberts et al., 2013; Santana-Sagredo et al. 2015; Tieszen et al., 1995; Torres-
Rouff et al., 2012). Dietary differences between the Archaic and Formative Period sites have
previously been pointed out by multiple studies (King et al., 2018a; Santana-Sagredo et al.,
2015; Torres-Rouff et al., 2012). In this study, previous results were synthesized and dietary
change was assessed using Wilcoxon tests (as a proxy for an overall dietary change), and
Levene’s tests for homogeneity of variance (as a proxy for differences in dietary variability).
All statistical tests were conducted using R (R core team, 2013).

Adult age was estimated using methods summarized in Buikstra and Ubelaker (1994)
with degenerative changes to the pubic symphysis and auricular surface (Brooks & Suchey,
1990; Meindl & Lovejoy, 1989) preferentially employed for adult age estimation, according
to skeletal completeness. Adult age was broadly categorized as young (20-34 years), middle
(35-49 years), and old (50+ years) adults to account for the large margin of error associated
with current age estimation methods. In cases where methods yielded an estimate
intermediate between two age categories the individual was assigned to a broader age group
(e.g. 2049 years). Adult sex was assessed from sexually dimorphic cranial and pelvic
features (Acsadi & Nemeskéri, 1970; Phenice, 1969) and individual sex was categorized as
“probable male/female”, “possible male/female”, and ambiguous (unknown) sex, after
Buikstra and Ubelaker (1994). Infant and child age was estimated via dental development
(Ubelaker, 1989), epiphyseal fusion (Buikstra & Ubelaker, 1994; Scheuer & Black, 2000),
and diaphyseal length (Fazekas & Kosa, 1978; Maresh, 1970). Dental development was

employed for age estimation where possible as this is the preferred method for estimating age



from juvenile skeletal remains (Lewis, 2007: 38). For paleoepidemiological analysis,
individuals younger than 15 years old at death were considered “non-adults” and individuals
between one and 20 years old at death were grouped into five-year age categories. Individuals
aged between the third-trimester fetal period and one year were grouped into a 0-0.9 year age
category.

Macroscopic skeletal abnormalities were recorded after Ortner (2003:49). Analog
radiographs in anteroposterior and lateral views were obtained of any elements that exhibited
macroscopic abnormalities. However, differential diagnosis of scurvy was undertaken using
macroscopic lesions after Snoddy et al. (2018) with individuals categorized as “probable
scurvy”, “possible scurvy”, or “no evidence of scurvy” according to the number and
diagnostic strength of features exhibited®. The total number of probable, possible, and
combined probable/possible cases of scurvy in each temporal cohort was compared via
Pearson’s chi-squared test. We used published data (Fediuk et al., 2002; Geraci & Smith,
1979) or USDA Food Composition Database (USDA, 2019) to assess the vitamin C content

of exploited or cultivated organisms in the Archaic and Formative Period, and identify

potential sources of deficiencies.

Paleopathological analysis and isotopic patterns across the Archaic-Formative
transition

The Archaic Period cohort was composed of 55 adults and 17 infants and children
(<15 years). Categorical age estimation was possible for 43 adults and all infants and
children. Sex estimation was possible for 83.3% (45/54) individuals over 18 years and two

skeletonized non-adult mummies whose genitalia had previously been recorded before

5 For the full diagnostic scheme and detailed background information on the skeletal lesions of scurvy see
Snoddy et al., 2018.



defleshing. The sex distribution of the Archaic Period cohort was nearly 1:1 (1.04:1), slightly
favoring females when probable and possible sex assessments were grouped. Analysis of the
Formative Period cohort revealed an age-at-death composition of 58 adults and 57 infants and
children. Age estimation was possible for 104 individuals, including all infants and children.
Sex estimation was possible for 82.5% (52/63) of individuals over 18 and one skeletonized
non-adult mummy. The sex distribution was 1.4:1 favoring females when probable and
possible sex assessments were grouped.

In this sample, the majority of diagnostic and suggestive lesions for scurvy consisted
of subperiosteal new bone or clustered, fine porosity at vascular and entheseal sites in the
skull (see Snoddy et al., 2018: Table 2 therein), particularly the interior mandible, posterior
maxilla, and maxillary palate. The prevalence of combined “probable” and “possible” scurvy
cases was extraordinarily high across both cohorts for an archaeological sample with at least
20% of individuals affected in both periods (Archaic Period: 20.8%,15/72; Formative Period:
34.8%, 40/115). However, the number of affected individuals was significantly higher in the
Formative Period cohort (X? = 4.150, p = 0.042).

The demographic composition of affected individuals also differed between the
cohorts with adults (>15 years) and infants and children approximately equally affected in the
Archaic Period group (1:1.1), while more infants and children were affected in the Formative
Period group (4.7:1). However, this difference was not statistically significant for probable,
possible, or combined probable/possible cases. The frequency and prevalence of probable and
possible disease cases in each demographic group in the Archaic and Formative Period
cohorts are provided in Table 2. Of interest, the majority of scorbutic lesions recorded
consisted of subperiosteal new bone, indicating that vitamin C had been at least partially
restored before death (Brickley & Ives, 2008). This suggests that these individuals suffered

from episodic, possibly cyclical, extreme micronutrient malnutrition.



Table 2

Archaic Period

Age-at-death

0-0.9

1-4.9

5-9.9

10-14.9

15-19.9

20-34

20-49

35-49

35-50+

50+

Unknown Age (adult)
Male

Female

Unknown Sex:
Subadults

Unknown Sex: Adults

Prob. Scurvy (f)
1/4
6/7
0/4
0/2
0/1

0/20
0/3
0/12
1/3
0/4
1/12
1/23
2/24
6/15

0/10

Prevalence (%)
25%
85.7%

Formative Period

Poss. Scurvy (f)
0/4
0/7
0/4
0/2
0/1

2/20
0/3
0/12
0/3
0/4
4/12
3/23
0/24
0/15

3/10

Prevalence (%)

30%

Age-at-death

0-0.9

1-4.9

5-9.9

10-14.9

15-19.9

20-34

20-49

35-49

35-50+

50+

Unknown Age (adult)
Male

Female

Unknown Sex:
Subadults

Unknown Sex: Adults

Prob. Scurvy (f)
8/17
14/27
7/12
0/1
1/7
2/16
0/1
0/20
1/2
0/1
0/11
2/22
2/31
29/56

0/6

Prevalence (%)
47%

51.8%

58.3%

14.2%

12.5%

Poss. Scurvy (f)
1/17
2/27
0/12

1/1
0/7
2/16
0/1
1/20
0/2
0/1
0/11
0/22
3/31
4/56

0/6

Prevalence (%)
5.8%

7.4%

0%

100%

12.5%

5%

As previous isotopic studies in the region have indicated (Andrade et al., 2015; King

et al., 2018a), there are clear changes to diet across the Archaic-Formative transition. Isotopic



values are significantly different between the two phases (W=1590, p<0.001), and there is a
greater range of values in the Formative, though the variance is not significantly different
(F=0.45674, df = 15, p=0.08). We compared baseline 5!°N values from resources of the
northern Atacama Desert with the vitamin C content of species exploited or cultivated in the
Arica region. These data show that primary grains used in the region (quinoa and maize) have
both low vitamin C content and low 5!°N values. The primary terrestrial crops that could
provide sufficient vitamin C include Andean domesticates such as squash, tomatoes and
capsicum species. The organs of high trophic level marine resources (high §°N values) such
as seals and sealions have the potential to meet all vitamin C needs for the populations, but

only if people were exploiting internal organs and skin as well as the muscle tissue.

Discussion

We proposed a framework in which dietary change and micronutrient deficiencies
were fundamentally related to increased ENSO frequency and intensity during the Formative
Period in the Northern Atacama region. In this study, isotopic evidence collated from
multiple areas of the Northern Atacama in northern Chile indicates that the Formative Period
was characterized by dietary variability, as indicated by a large range of isotopic values, and
significantly different isotopic variance in the Formative Period relative to the Archaic. Also,
overall changes in nitrogen isotope values indicate less reliance on marine resources than in
the preceding Archaic (Andrade et al., 2015; King et al., 2018a; Pestle et al., 2015). Recent
work on shell middens at Caleta Vitor (~30km south of Arica) has shown that, although
marine resources were still heavily relied upon through periods of environmental change, the
composition of species exploited changed significantly (Santoro et al., 2017) with ENSO
linked fluctuations of water temperature. The cyclic nature of resource availability and use

may also explain the variation in dietary isotope values within single sites (as per King et al.,



2018a). If people at different times are using different levels of terrestrial vs. marine
resources this will result in high levels of variance in bone collagen values.

Our paleopathological data shows that this dietary variability was accompanied by a
significant increase in scurvy suggesting a decrease in dietary quality and diversity.
Furthermore, the presence of subperiosteal new bone in the suite of scorbutic lesions
observed is indicative of cyclic or periodic vitamin C deficiency as at least some dietary
ascorbic acid must have been restored before death for these lesions to form. This suggests
periodic resource scarcity: the pattern expected to be associated with cyclic resource
depletion. We posit that this pattern may be related to extreme El Nifio events, where high
vitamin C foods became less available due to temporary depression of the fisheries. We,
therefore, believe that our framework has merit and that this pattern of variable isotopic
values and evidence for periodic deficiencies might be linked to EI Nifio events. We suggest
that further paleopathological work in the wider Atacama may reveal that this pattern is a
region-wide trend indicative of resource vulnerability during times of intense ENSO activity.

Our model emphasizes the connection between environment, biology, and culture.
'Local biologies’ theory suggests that human biology is reliant on both local environmental
and socio-cultural conditions (Blom & Knudson 2019; Lock 1993). In the Atacama, it is easy
to rely on purely environmental explanations for cultural and biological change. However,
environmental change may be buffered or exacerbated by human social responses. In this
study region, we suggest that environmental conditions likely precipitated localized resource
scarcity and micronutrient famines but the maintenance of a broad subsistence base provided

an adaptive social response to this vulnerability.

The relationship between resource stress and Vitamin C intake in the northern Atacama



Marine resources (with high 5'°N), particularly the skin and organs of marine
mammals, have generally higher vitamin C content, while the lower trophic level terrestrial
staple foods cultivated here (e.g. maize, quinoa) contain negligible amounts of this
micronutrient. We suggest that during EI Nifio years, horticulturalists in the Formative Period
Atacama may have become nearly exclusively reliant on the success of supplementary
domesticates which are relatively high in vitamin C (e.g. capsicum, squash, sweet potato).
However, even during relatively ‘wet’ EI Nifio periods the harsh environment of the region
may well have been incapable of producing enough of these resources to offset the decreased
marine harvest, leading to periodic micronutrient famines.

Consideration of ethnographic data of contemporary human groups who employ a
similar subsistence strategy to the Archaic Period Chinchorro may further clarify the
relationship between the heavy exploitation of marine foods and vitamin C intake. For
example, scurvy is extraordinarily rare among the Inuit of Alaska, Northern Canada, and
Greenland, although prior to the introduction of “Southern” foods these people consumed
very few terrestrial resources for most of the year and relied almost exclusively on marine
organisms (Denniston, 1974; Draper, 1977). The tissues of marine mammals (i.e. seal,
porpoise, etc.), particularly the skin and organs, are rich in ascorbic acid (Draper, 1977;
Fediuk et al., 2002). These tissues are consumed raw or minimally cooked in the traditional
Inuit diet which conserves their vitamin C content (Draper, 1977). This comparison suggests
that an exclusively marine hunter-gatherer economy may have been better able to meet the
micro-nutritional needs of these individuals in an environment incapable of sustaining large-
scale agricultural production of vitamin C rich-foods than the more terrestrial-focused diet of
the Formative Period. However, as no material culture data exists on the processing of these
resources in the Archaic and Formative Periods it is difficult to know how much of the

naturally occurring ascorbate content was preserved in the consumed product.



Comparison to the agricultural transition elsewhere

The Archaic-Formative transition in the Northern Chilean Atacama involved
significant biosocial changes that may have included decreased dietary quality and an
increase in associated nutritional deficiencies. Yet certain trends associated with both
subsistence transitions and environmental change in other parts of the world do not seem to
be present in the northern Chilean Atacama. For example, isotopic variability in the
Formative Period suggests that diet does not shift wholesale to farmed resources, but instead
becomes a mixed and variable form of subsistence incorporating both marine hunting and
gathering and agricultural strategies (e.g. King et al., 2018a; Pestle et al., 2015). This result
should not be wholly unexpected: flexibility can be a social response to resource vulnerability
and is an adaption that leads to population resilience (Turner et al., 2003). It seems likely that
in the northern Atacama a generalist subsistence was an important social strategy for survival.

In this region other “typical” social trends associated with agriculture also may not be
occurring. Changes to weaning and fertility, including the shortening of breastfeeding period,
for example, are not obvious. Weaning behavior appears to be variable throughout prehistory
here (King et al., 2018b), with both marine resources and agricultural staples used as
complementary resources (King et al., 2018b; Smith et al., 2017). This suggests that the
marine hunter-gatherers of the Archaic also had access to suitable weaning foods (i.e. fish)
and did not require agricultural staples to begin early initiation of weaning. Consideration of
modern Andean ethnographic data on child feeding practices, particularly during times of
resource stress, may be useful (Leonard, 1991). Additional paleoepidemiological work across
the transition incorporating osseous markers of infectious disease and non-specific stress

indicators may also help to elucidate this further.



The discrepancies between changes in health modeled elsewhere in the world, and
those observed in the Atacama highlight the complexity of human-environmental adaptations
(e.g. Zaro et al., 2008). As with any model, more data is needed to establish whether the
trends we have identified are present throughout the northern Atacama Desert, or whether
they are specific to the Arica area. Although isotopic research in the region is quite well-
established, osteological investigation of nutritional deficiencies and their relationship with
dietary and environmental change is less common. However, new diagnostic techniques are
emerging which may enable researchers to examine whether or not specific micro-nutritional

deficiencies are present within a population (e.g. Brickley, 2018; Snoddy et al., 2018).

Further testing of the model

Perhaps most importantly, there needs to be improved chronological control for sites
and burials, allowing better time resolution and assessment of whether trends are linked to
specific ENSO events. Kintigh and Ingram (2017) have recently highlighted the importance
of robust dating of both climatic events and cultural transitions in the exploration of the
biosocial effects of environmental change in the past. Currently, many skeletal collections
associated with the Archaic-Formative transition are either minimally radiocarbon dated, or
dated purely through material culture seriation. Additionally, sampling the tissues of
individuals with a high marine dietary component substantially increases the confidence
interval associated with radiocarbon dates through the marine reservoir effect (Ascough et al.,
2005) and this has certainly influenced the dating of the sites in this study. If, as we suspect,
diet is changing over short period, better temporal resolution is required to examine how well
dietary choices are correlated with large or catastrophic ENSO events. Ideally, we should be
identifying individuals who lived through extreme EI Nifio years to examine their dietary

coping strategies through those periods. It is now possible to perform serial analysis of



gradually growing tissues such as hair (Webb et al., 2015) and dentin (Beaumont et al., 2015)
to establish how conditions changed during the period of their formation. The analysis of
climate/precipitation related isotopes (e.g. 8*30 in dentinal phosphate, or D in collagen or
keratin) analyzed alongside dietary isotopes from the same tissue could allow us to directly

assess dietary responses to climatic changes within a single lifetime.

Conclusion

Marginal environments such as the Atacama are unique in their sensitivity to even
slight changes in climate. Because of this, paradigms of the health impacts of climate change
both today and in the past need to account for variation in regional ecologies. This paper has
developed a new model for how archaeologically visible outcomes of climate instability
might be assessed. In testing this model, we have provided new evidence for increased micro-
nutritional stress across the Archaic-Formative transition in the Ancient Atacama Desert
occurring in tandem with increased ENSO activity in the paleoclimatic record and isotopic
evidence of a shift towards terrestrial resource use. We have interpreted our findings through
the lens of human biological responses to environmental change and propose that the onset of
more frequent ENSO events resulted in cyclical terrestrial and marine resource use leading to
periodic micro-nutrient 'famines'. However, we acknowledge that more work, particularly in
increasing the chronological resolution of archaeological sites in this region and
incorporating other skeletal markers of nutritional stress, is necessary to ground-truth this

model.
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