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ARTICLE INFO ABSTRACT

Keywords: Biogeographical studies of migration and mobility in archaeology and bioarchaeology rely on accurately char-
Pa‘leonTobility acterizing local 8Sr/%%sr ranges, either through baseline studies or by statistically parsing archaeological results
Migration at a given site. However, when baseline materials are difficult to obtain or suspected to deviate from prehistoric
]ézocir;}t‘;‘;ocl;’gy isotopic catchments, archaeological data may provide an accurate characterization of local ranges. Through a

spatial meta-analysis of 8Sr/%°sr values from archaeological human, faunal, and artifact samples (n = 1658)
from 45 publications, this study aims to quantify and compare variation in bioavailable strontium and create the
first predictive isotope model (or isoscape) for &Sr/%°Sr values in the prehistoric Andes. Descriptive statistics,
including the coefficient of variation, are compared between sites from different temporal categories, and be-
tween coastal, yungas, and highland sites. Regional differences in the 87Sr/%%Sr values of male and female
biological sex categories are compared for human enamel and bone samples, and between sequentially-forming
enamel and bone samples. The study finds that the archaeological dataset trimmed of outliers provides a reliable
model of local ranges. However, we caution that when migration and trade networks being investigated are
within homogeneous isoscape regions, or between contiguous neighbors, multiple isotopic signatures should be

Geolocation/provenience

incorporated into provenience estimations.

1. Introduction

Over the past two decades, analysis of radiogenic strontium isotopes
(®7sr/%08r) in archaeological samples has become a robust method for
identifying non-local individuals or samples deposited within an
archaeological site. This biogeochemical analysis is so effective at
elucidating geographic residence and paleomobility processes that
Larsen (2018: 871) credits it as one of the four major revolutions in
bioarchaeology. Because the strontium isotopes that substitute for cal-
cium in the hydroxyapatite crystals of bone and tooth enamel are
virtually unchanged from the food chain, strontium isotope analysis
provides a time capsule reflecting geographically-bound food con-
sumption (Bentley, 2006; Knudson et al., 2014; Price et al., 2002; Slovak
and Paytan, 2011). Assuming mostly local food and water sources were
consumed and imbibed, sampled 8”Sr/%°Sr values reflect the bioavail-
able signature of the isotopic catchment where individuals lived during
tissue formation (Crowley et al., 2017; Schwarcz et al., 2010; Valentine
et al., 2008; Willmes et al., 2018). Human or animal skeletons with
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sub-adulthood tissue 87Sr/%Sr values that differ from the established
range of their burial location would show those individuals moved (or
were moved) to the burial location sometime between sub-adulthood
tissue formation and death (Evans et al., 2019; Laffoon et al., 2018;
Mbeki et al., 2017). When landscape 87Sr/%°Sr ranges in a study region
are known, strontium isotope analysis allows us to track long-term mi-
grations and shifts in settlement strategies through time and space. This
can help us understand mobility as a response to sweeping cultural or
environmental changes (Bori¢ and Price, 2013; Laffoon and Hoogland,
2012; Perry et al., 2017; Tung, 2008; Valentine et al., 2008), or show
that populations were less migratory than anticipated during periods
known for mobility (Knudson et al., 2012b; Stojanowski and Knudson,
2011).

Notwithstanding the promise of these analytical techniques, our
ability to identify non-locals and their likely places of origin relies
entirely on accurate characterization of local ranges, through statistical
parsing of archaeological samples, and establishing local baselines by
testing modern proxy materials. While robust baseline studies are
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necessary to fully define local ®Sr/®Sr values, an examination of

population-wide variability at a regional scale can also shed light on the § § §
nature of paleomobility in past populations—particularly in regions S’ § § §
where baseline sampling is logistically or contextually-problematic. For

example, in the Andes, human settlements in deep coastal valleys often ~ o
difficult to access for baseline sampling. Natural factors like volcanic Eo § ,% §
activity, landscapes caused by earthquakes, floods, or human agricul- £1333
tural practices can cause local environmental 8”Sr/%%Sr values to deviate

from past values or from underlying bedrock geology (e.g. Maurer et al., 5

2012; Thomsen and Andreasen, 2019). To characterize local ranges of S
variation in 87Sr/%0Sr values throughout the prehistoric Andes, this 5

study examines site-wide variation in published, E 2 eQ
spatially-contextualized archaeological 8”Sr/%°Sr samples. After briefly E E g ﬁ
reviewing the principles of the strontium isotope system and the iden- =|sss
tification of non-locals based on 87Sr/%0Sr values, the dataset and

methods for non-spatial and spatial statistical meta-analysis are E § g
described. Variance between sites, time periods, tissue types, and bio- 3 E E E

logical sex are examined and an archaeological isoscape is proposed to
identify discrete isotopic provinces within the prehistoric Andes.

Median

0.70714
0.70717
0.70769

1.1. The strontium isotope system: from bedrock to the body

Strontium is a naturally occurring trace element with four stable
isotopes (®4sr, 8sr, #7sr, and ®8Sr), one of which is also radiogenic

0.70670
0.70621
0.70727

(87Sr). In bedrock, rubidium (87Rb) decays into radiogenic 87Sr, so that o

the ratio of heavier to lighter isotopes (87Sr/2Sr) varies according to

geological age and composition of bedrock, particularly with respect to &

Rb/Sr values (Bentley, 2006; Faure and Mensing, 2005). Weathered S
bedrock is incorporated into soil, plants, animals, and water comprising 5

the food chain. In addition to geological strontium from local bedrock é § g §
weathering, atmospheric and surface sources like rainfall, rivers, é E E E

sea-spray, wind dust, large-scale construction and quarrying activities,
and anthropogenic sources like modern fertilizers contribute to the pool
of bioavailable strontium in the food chain (Bataille and Bowen, 2012;
Bataille et al., 2012; Bentley, 2006; Crowley et al., 2017; Fenner and
Wright, 2014; Kamenov et al., 2009; Price et al., 2002; Willmes et al.,
2018). A significant portion of bioavailable strontium is derived from
rainwater and sea spray in coastal regions (Whipkey et al., 2000), while
wind-transported dust (loess) contributes substantially to the pool of
bioavailable strontium in arid regions (Bentley, 2006).

As organisms consume food and water, these multiple sources of
strontium are mixed and incorporated into tissues. In vertebrates,

Coefficient of variation (CV)
31

0.31
0.40
0.

strontium replaces calcium in the hydroxyapatite crystals of enamel and %

bone during tissue development. Due to their large atomic mass, g § § §

strontium isotopes undergo very little fractionation from dietary sources % § § §

to bodily tissues, thus accurately reflecting the bioavailable strontium in >loos

food and water consumed (Graustein, 1989). However, because stron- g

tium follows calcium pathways into the body, strontium values in om- Sl =

nivores can disproportionately reflect high-strontium foods, which are I §

generally high-calcium foods, over proteins (Aufderheide, 1989; Burton % -§

and Hahn, 2016; Montgomery, 2010). Similarly, consumption of g é

calcium-enriched foods like salt, are disproportionately reflected in the gl N8z

879r/86sr values tissues of the organisms that consume those foods E* § § § §

(Bataille et al., 2012; Fenner and Wright, 2014; Hodell et al., 2004; 3

Slovak et al., 2009; Wright, 2005). Bodily tissue 8751 /8Sr values are E g

generally consistent with the 8Sr/®°Sr values averaged from the & ggf

bioavailable isotopic catchment of the diet (Sillen et al., 1998)—which § & PN

is in turn reflects the 87Sr/36sr values of mixed geological (i.e. bedrock S wg ’[§ '§ §

geology) and atmospheric contributions at any given spatial location. NEIEEE
Increasingly, researchers are documenting &Sr/%0Sr values in g

enamel apatite from sequentially-forming teeth and bone to understand k2 ~ S

mobility within the life course of individuals (Buikstra et al., 2004; g =|8&7

Eriksson et al., 2018; Evans et al., 2006; Hrncit and Laffoon, 2019; o

Knudson et al., 2016). Tooth enamel is formed during sequential phases - g S §

during infancy and childhood (Table 1), after which it is metabolically % é é g 5 g

inert (Hillson, 1996). Because permanent first molar and first incisor A s E
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enamel is formed mostly in utero and during the first two years of life
(Hillson, 1986), bulk-sampled enamel from these teeth is heavily skewed
by in utero and breastfeeding contributions of maternal diet. Bone, on
the other hand, is constantly remodeled throughout life at rates that vary
by skeletal element, metabolism, and pathology (Fahy et al., 2017). Due
to the sequential nature of enamel and bone formation, sampling
875r/%5r values in teeth from distinct developmental phases and bone
reflecting the last years of life allows for a life-long residential history of
individuals with these tissues preserved (Hrncir and Laffoon, 2019;
Knudson et al., 2016).

Sequential sampling studies must consider sample preservation in
the interpretation of 87Sr/%0Sr values. Tooth enamel has been the
preferred tissue of analysis; the larger apatite minerals and rigid, calci-
fied matrix reduce post-depositional diagenesis (Bentley et al., 2004).
Since bone hydroxyapatite is susceptible to strontium uptake from soil
and water in the burial environment, bone samples can artificially show
local soil or fertilizer values rather than the values of a non-local dietary
catchment (Budd et al., 2000; Hedges, 2002; Price et al., 1992). None-
theless, in some cases, non-local bone apatite values have corroborated
non-local enamel apatite values (Knudson and Tung, 2011). This dem-
onstrates that bone apatite is suitable for tracking life-long residence
history, particularly in arid zones of the Andes with well-preserved
archaeological tissues. Moreover, methods for detecting diagenetic
contamination via trace element analysis (Grimstead et al., 2018;
Kamenov et al., 2018) or laser ablation mass spectroscopy (e.g. Ras-
mussen et al., 2019) are continuously improving the detection of post-
mortem bone alteration. Comparing the variance between enamel and
bone between many sites in a study region can help us understand
whether bone is generally a viable tissue for testing given the unique mix
of strontium contributions to the diet in that region.

1.2. Identifying outliers by establishing local %”Sr/%Sr ranges

Methods for determining the local 8Sr/®%Sr range have become
increasingly complex and contested. Originally, researchers classified
the local human signature based on the sample mean of archaeological
tissues (bone or enamel) + 2 sd, so that outlier values beyond this range
would be classified as non-local. This is a conservative measure, unlikely
to incorrectly classify non-locals, but probably underestimating the
number of non-locals in a sample (Bentley et al., 2004). Others use the
sample mean + 1 sd as a less conservative threshold for defining the
local range, possibly overestimating the identification of non-locals
(Laffoon et al., 2017; Lofaro et al., 2019). Studies with large sample
sizes often follow Wright (2005) in defining the local range as the
normal distribution of archaeological human samples trimmed of out-
liers (Knudson and Tung, 2011; Kootker et al., 2019). However, means
are sensitive to outliers and sample size, so basing local signatures on
mean values, particularly in smaller samples, are subject to over- or
under-estimating the local range. Furthermore, as Grimstead et al.
(2017: 188) acknowledges, with larger samples comes the issue of
determining where the dataset should be trimmed—and various statis-
tical approaches for trimming (e.g. Price et al., 2015; Price et al., 1994;
Wright, 2005) are based on the central limit theorem. Indeed, estimates
of central tendency may not be appropriate measures for the complex
and time-averaged phenomenon of human dietary practices.

Given the circular reasoning inherent in defining local signatures
based on a statistically-arbitrary categorization of archaeological values
(when archaeological populations cannot be assumed to have been
stationary), researchers soon shifted to sampling archaeological fauna
with limited home ranges to understand local variability. Because non-
domesticated animals consume only locally available food and water
that reflects a “regional average” of bioavailable strontium, some re-
searchers argued that the local range should be established by the mean
of archaeological and modern tooth enamel from small mammals like
rabbits and mice, + 2 sd (Bentley et al., 2004: 366, Evans and Tatham,
2004, Price et al., 2002: 124). Building on this idea, researchers soon
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began analyzing locally-raised, locally-fed modern fauna in addition to
archaeological fauna with limited home ranges, and defining local
875r/86sr signatures as the mean of those samples +2 sd (Buzon et al.,
2012; Conlee et al., 2009; Frei and Price, 2012; Grimstead et al., 2017;
Knudson and Price, 2007; Knudson et al., 2004; Slovak et al., 2018). One
novel, recent approach (Lengfelder et al., 2019) developed faunal
baselines as a function of mixed-source contributions (from vegetation,
soil, and atmospheric constributions of strontium) and measured
archaeological faunal values. While these archaeological proxies for
bioavilable strontium are useful in comparing the mixed strontium
sources between organisms that mix those sources in similar ways, it can
be difficult to determine that archaeological materials were local or fed
local foods. Fertilizers in the food chain and other anthropogenic prac-
tices can alter modern or archaeological faunal ¥Sr/%Sr values away
from the local bioavailable signature (Maurer et al., 2012; Thomsen and
Andreasen, 2019).

To avoid some of these issues, researchers have recently established
local baselines by sampling environmental proxies (e.g. modern soil,
water, and plants), and then constraining archaeological samples
deterministically to regions with matching environmental baseline
values (Frei and Price, 2012; Hedman et al., 2018; Hodell et al., 2004;
Kootker et al., 2016). For example, since alluvial soils average bedrock
strontium from surrounding areas, they can be used as proxies for
bioavailable strontium in the food chain (Bentley, 2006; Knudson et al.,
2014; Willmes et al., 2018). Water also averages strontium from soils
draining into the watershed, but is susceptible to changes from precip-
itation and seasonal hydrological fluxes (Crowley et al., 2017; Frei and
Frei, 2011; Frei and Frei, 2013; Shand et al., 2009). Similarly, because
plants average strontium from soil and water, they can be an excellent
proxy for bioavailable strontium in some regions (Bentley, 2006; Sillen
et al., 1998; Valentine et al., 2008; Willmes et al., 2018).

The fit of environmental proxies to archaeological skeletons is highly
contingent upon local geological and hydrological processes. For
example, one study found modern plants were a closer fit for archaeo-
logical values than modern fauna (Maurer et al., 2012) while another
shows a similar offset between soil and plant samples and archaeological
samples (Valentine et al., 2008). In the Andes, Knudson et al.’s (2014)
study cautions that soils may not be the best predictors for archaeo-
logical human 873r/80Sr values; however, there have been no
pan-regional studies of baseline flora or fauna for comparison. Organ-
ismal differences in dietary preference, metabolism, and morphology (e.
g. differing plant root depths) might lead to differential proportions in
the mix of strontium sources between producers and different levels of
consumers throughout the food web (See summary in Grimstead et al.,
2017:186-187).

To this end, Grimstead (2017) suggests sampling the entire food
chain via extensive field surveys. However, in places where paleocli-
matic or hydrologic variability was high, or where agricultural or tec-
tonic activity was intense, there may be no reason to suspect a close fit
between archaeological and modern proxies. As Slovak and Paytan.
(2011: 746) recognize, hypotheses about the proportion of locals to
non-locals in an archaeological population and knowledge of local
geological history must guide the strategy to define the local 8 sr/%sr
range and select outliers—in many cases, “statistical analyses of the
human data is probably more effective at differentiating between local
and non-local individuals.”

1.3. Geolocation with strontium isoscape models

In addition to pinpointing statistical outliers among populations of
samples, strontium isotopes have been successfully used to match sam-
ples with likely regions of origin based on geostatistical models.
Spatially explicit predictive isotope models (isoscapes) can be based on
archaeological or modern baseline materials, allowing us to interpolate
isotopic ranges in places without measured values from samples at
known coordinates (Bowen, 2010; Hedman et al., 2018; Kootker et al.,
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2016; Pellegrini et al., 2016; Schwarcz et al., 2010). While many
archaeological studies have generated deterministic models of
geographically or geomorphologically-bounded ranges using baseline
sample values (Fenner and Frost, 2009; Hedman et al., 2018; Kootker
et al., 2016; Maurer et al., 2012), very few have applied geostatistical
models—true isoscapes—to geo-locating or assigning samples to their
most probable geographic origins. Notable exceptions include strontium
isoscapes in South Africa (Copeland et al., 2016), the circum-Caribbean
(Bataille et al., 2012; Laffoon et al., 2017), France (Willmes et al., 2018),
Western Europe (Bataille et al., 2018; Grupe et al., 2017), central Turkey
(Meiggs et al., 2017), and Australia (Adams et al., 2019). However, most
of these studies rely entirely on environmental proxies to predict
measured skeletal values (except for Grupe et al., 2017). The mixing of
multiple strontium end-member contributions in an organism may be
best modeled by the target organisms themselves: archaeological plants,
humans, and fauna. Thus, isoscapes generated from measurements of
archaeological samples can provide accurate predictions for sample
geolocation (Lengfelder et al., 2019).

As Pellegrini et al. (2016) demonstrated for the spatial distribution of
oxygen isotopes in archaeological human enamel across prehistoric
Britain, modeling the distribution and variability in archaeological
isotope values is useful in and of itself. Comparing archaeological values
to each other directly through a predictive isotope or isoscape model
enables a geographic determination of bioavailable 87Sr/%6Sr variability
independent of landscape factors that could complicate local signatures.
Here, the range and variance of 879r/8%sr values from provenienced
archaeological samples is used to compare site-wide heterogeneity be-
tween sites throughout the prehistoric Andes. Because human and ani-
mal skeletons, and archaeological plants, reflect the mixed sources of
bioavailable strontium they consume, they can be used to define the
potential range of bioavailable 87Sr/®6Sr values throughout a broad
geographic region where environmental baselines are difficult to pro-
cure and model. Furthermore, comparing population-level and
intra-lifetime 8”Sr/8%Sr variability across a region can show how cultural
practices and the environment might have structured mobility charac-
teristics of individuals of different biological sex, occupation, or ethnic
groups. To that end, this study compiles and compares %”Sr/%°Sr signa-
tures from published archaeological data to clarify broad
population-wide spatiotemporal patterns of 8Sr/%°Sr variability in the
prehistoric Andes.

1.4. Baseline 87Sr/20Sr models in the andes

While 87Sr/8%Sr values from exposed bedrock and water have been
extrapolated into reference maps for the Andes (See summary in
Knudson et al., 2014: 207-208), there are a number of obstacles to
applying these models to constrain archaeological sample residential
origins. First, bedrock 87Sr/%0Sr values have not been directly sampled in
many regions. This leads to bedrock-only models showing large swaths
of homogeneous expected 8 Sr/%%Sr values, due either to small sample
size or true geological homogeneity (Schenk et al., 1999) (Fig. 1.).
Second, the error rates of bedrock model predictions for the actual iso-
topic catchments of geologically-diverse regions are high. Unrelenting
volcanism and tectonic activity over the last 20 million years resulted in
complex formation processes. The contamination of igneous rocks by
varying kinds of crustal material or oceanic sediments (Klerkx et al.,
1977) contribute to heavy isotope signatures that differ sharply even
within seemingly geologically-similar regions (Kamenov et al., 2002;
Macfarlane et al., 1990; Mamani et al., 2008). Third, heavy reliance on
seafood in the diet can also cause skeletal Sr/%°Sr values to deviate
from the local baseline, when strontium from marine sources is
frequently consumed by humans or the animals consumed by humans
(Slovak et al., 2009; Wright, 2005).

In addition to the complexities of modeling the bedrock contribu-
tions to the overall strontium catchment, Andean soils collect a signifi-
cant amount of aeolian dust from distant places. In fact, the Bolivian
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altiplano and Patagonia comprise two of the ten most prolific dust-
producing places globally (Taylor, 2002). Anthropogenic burning is
known to be a cause of wind-transported dust deposits in the modern
Andes (Estevan et al.,, 2019). These factors might contribute to the
mismatch between modern soil, plants, and fauna and bedrock 878r/86gr
values in the Andes reported by Knudson and Torres-Rouff (2014).
Process-based strontium isoscapes based on modern baseline samples
are in development by the authors and other researchers. These will
continue to shape our understanding of bedrock, soil, and mixed-sources
of strontium in isotopic catchments. In the meantime, analyzing
site-wide and intra-individual variability in archaeological &Sr/%Sr
values is a critical first step to understanding the influences of dietary
and mobility practices on averaged end-member tissue 8Sr/36Sr values.

2. Materials and methods

This study is a spatial meta-analysis of %7Sr/®°Sr values from
archaeological human, faunal, and artifacts (fauna, wood, and other
botanicals) from modern-day Argentina, Bolivia, Chile, and Peru pub-
lished before August 2019." After duplicates from overlapping datasets
were eliminated, the dataset includes 1658 samples from 45 publica-
tions (Andrushko et al., 2009; Barberena et al., 2017; Bethard et al.,
2008; Buzon et al., 2012; Chala-Aldana et al., 2018; Conlee et al., 2009;
Duran et al., 2018; Hewitt, 2013; Juengst, 2017; Juengst et al., 2015;
Knudson, 2008; Knudson and Buikstra, 2007; Knudson et al., 2012a;
Knudson et al., 2017; Knudson et al., 2012¢; Knudson and Price, 2007;
Knudson et al., 2004; Knudson et al., 2016; Knudson and Torres-Rouff,
2014; Knudson and Torres-Rouff, 2015; Knudson and Torres-Rouff,
2009; Knudson and Tung, 2011; Knudson and Tung, 2007; Knudson
et al., 2005; Knudson et al., 2014; Knudson et al., 2009; Kurin et al.,
2016; Lofaro et al., 2019; Lucas, 2012; Mader et al., 2018; Marsteller
et al., 2017; Nado et al., 2012; Slovak et al., 2018; Slovak et al., 2009;
Standen et al., 2018; Stanish et al., 2018; Takigami et al., 2019;
Thornton et al., 2011; Tomczyk et al., 2019; Torres-Rouff and Knudson,
2007; Torres-Rouff and Knudson, 2017; Torres-Rouff et al., 2015; Tung
and Knudson, 2008; Turner et al., 2009; Webb, 2010; Wylde, 2017)
(Table S1). The accuracy and precision of these data and the interna-
tional standards employed are reported in the original publications;
based on the accuracy and precision of the data generated using inter-
national and readily available standards, as well as the availability of
assessments for diagenetic contamination employed in these studies,
these data can be reliably compared and combined.

2.1. Database coding

The database recorded sample type (artifact, fauna, or human), site
names, time periods, estimated biological sex and age-at-death, tissue
type (tooth or bone), and the developmental sequence of sampled tissue
(defined immediately below). Probable males or females were collapsed
into the male and female categories for statistical testing. Year ranges of
sites were collapsed following Rowe and Menzel’s (1967) absolute
chronology, as follows: Archaic (2000 BCE and older), Early Horizon
(ca. 500-2000 BCE), Early Intermediate Period or EIP (ca. 200 BCE -
600 CE), Middle Horizon (ca. 600-1100 CE), Late Intermediate Period or
LIP (c;z. 1100-1400 CE), Late Horizon (1400-1532 CE), or not reported
(NR).

! There were no archaeological data points from Ecuador or Columbia.

2 Rowe’s chronological categories have been appropriately critiqued as not
pertinent to localized cultural changes in specific regions of the Andes, and are
particularly problematic outside of Peru (See contributions in Swenson and
Roddick, 2018). Nonetheless, they are widely understood across the Andes, are
the most commonly used in the studies we investigated, and they provide a
convenient heuristic sequence for comparing changes through time in site-wide
variance of radiogenic isotopic signatures.
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Fig. 2. Histograms of 8/Sr/%°Sr values for the artifact, faunal, and human subsamples.

To enable comparisons between childhood and adulthood residential
mobility across the entire dataset, teeth were designated according to
the typical developmental period of crown enamel (Hillson, 1986,
1996). Adult teeth were categorized as: infancy/early childhood (in-
cisors and first molars), middle childhood (canines, premolars, and
second molars) and teen (third molars). Deciduous teeth and one dentin
sample were excluded from statistical tests. For individuals with mul-
tiple teeth from the same developmental phase, or multiple samples
from the same tissue, each individual 8Sr/%Sr value was considered a
distinct measurement—e.g. samples were not averaged per individual,
sample type, or life course phase. If a molar could not be identified as
first, second, or third, it was used as a data point in the isoscape model
but excluded from statistical testing. All bone samples were coded as late
life, but bone-enamel comparisons were limited to adult bone, since
subadult bone theoretically duplicates some portion of the enamel
signature from late-forming teeth, depending on the age-at-death.

2.2. Statistical analysis

Descriptive statistics were compiled in Minitab 19 (Minitab, LLC).
875r/%55r values were rounded to four decimal places before statistical
analysis, as differences beyond the fifth decimal place are likely due to
intra-individual variation or instrumental uncertainty between and
within laboratories (Knudson et al., 2016: 595). Heterogeneity was
compared between sites by calculating the site-wide standard deviation
(s), variance (sz), as well as the sample-size corrected coefficient of
variation (CV), since that measure enables the direct comparison of
multiple samples while minimizing the distorting effects of outliers. The
coefficient of variation was computed as CV = (1 + 1/4n) (100s/ X),
where n = sample size, s = sample standard deviation, and X = sample
mean. A rough proxy of population diversity was generated by
computing the percentage of each site’s total number of samples that fell
outside the mean 4 2 SD (the most conservative measure of outliers).

Statistical tests were completed in Minitab 19. Distribution of data
was assessed with the Ryan-Joiner test for normality. The spread and
variance of these normally distributed datasets were compared by
computing the ratio of site variance with the F-test (ANOVA) for two
samples. Bartlett’s test for homogeneity of variances was used to
compare variance between more than two samples. When a significant
difference was detected, confidence intervals were compared with
pairwise Bonferroni testing to determine which sample variances were
distinct. Chi-squared was used to compare relative proportions of sta-
tistical outliers between sites. The significance level (a) was 0.05 for all
tests.

2.3. Spatial and geostatistical analysis

To understand spatial variation in 8’Sr/%%sr values, site coordinates
were first plotted in ArcMap 6.1 and projected to the Albers South
America Equal Area Conic coordinate system, which minimizes distor-
tion over the exceptional latitudinal range in the study. Sites within 1 km

of each other were collapsed and data points without site coordinates
verifiable to within a 1 km range of accuracy after reviewing pertinent
literature were excluded from geostatistical analysis. To compare the
potential environmental and cultural effects of altitudinal location on
variance in strontium signatures, site elevations in meters above sea
level (masl) were extracted from the ASTER Digital Elevation Model
(version 2) (Tachikawa et al., 2011), and each site was classified as
coastal (0-500), yunga (500-2300), or highland (over 2300 masl),3
according to the biogeographical zones of Pulgar Vidal (1981)
(Table S1). All subsequent geostatistical analysis was carried out with
ArcMap 6.1.

Because the mixed-source 8Sr/%°Sr signatures in tissues and plants
are assumed to be continuously variable across landscapes, geostatistical
methods were used to establish outlier Sr/%6Sr values (Following
Pellegrini et al., 2016). Moran’s I, a global measure of spatial autocor-
relation, was calculated in order to satisfy the threshold requirements of
geostatistical modeling (Cressie, 1993; Oliver and Webster, 1990, 2014,
2015). Cluster/outlier analysis was completed with Anselin’s Local
Moran’s I, following Pellegrini et al.’s methodology and rationale (2016:
4). High values surrounded by unusually low values and low values
surrounded by unusually high values were defined as spatial outliers and
excluded from the subsequent isoscape model.

The archaeological predictive isoscape model was generated using
Universal Kriging, a geostatistical interpolation method that estimates
values for non-sampled locations by weighting averages of closer sam-
ples more heavily than distant samples (Cressie, 1993). All coincidental
875r/88sr points were modeled rather than averaging site-wide samples
prior to modeling. Universal Kriging was used since the 87Sr/%6Sr values
showed an east-west trend—the trend was modeled using a first-order
local polynomial interpolation and removed from the data (Oliver and
Webster, 1990, 2014, 2015). The semivariogram (a dissimilarity func-
tion describing the distance at which samples cease spatial autocorre-
lation) (Cressie, 1993) was modeled on the residuals with the
parameters indicated in Table S2 and added back after interpolation
(Johnston et al., 2001). The model fit to the data was assessed with
leave-one-out cross-validation within the Geostatistical Wizard tool in
ArcMap, which estimated the trend and autocorrelation of the data
(Johnston et al., 2001). The fit of the predicted to measured values of the
model was assessed using the parameters in Table S2. Validation was
performed by removing 10% of the dataset, trimmed of spatial outliers
(n = 155), as a test set and running the model again with the same pa-
rameters on the training dataset (n = 1391). Model parameters are re-
ported in Table S2 following Fisher and colleagues (Fisher et al., 2010).

8 Pulgar Vidal’s highest elevational zones (quechua [2300-3500 masl], suni
[3500-4100 masl], and janca [over 4100 masl] were collapsed into one high-
land category.
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3. Results

Across the prehistoric Andes, archaeological 8Sr/%6Sr values show a
limited range from %’Sr/%0Sr = 0.70384 to 87sr/%sr = 0.72388 (¢ =
0.00228, ¢ 2— 0000005, CV = 0.32, N = 1658). Descriptive statistics are
reported by sample type in Table 1. The Normal QQ plot for the
measured archaeological dataset shows the greatest departure from the
normal distribution at Chokepukio, Machu Picchu, and Pinami in the
highlands, and the greatest under-estimation at sites between Santiago,
Chile and Mendoza, Argentina.

Examining 7Sr/%%Sr measurements by type, the artifact 87Sr/%0Sr
values are normally distributed (Ryan-Joiner = 0.834, p-value < 0.010,
n = 36), and the modal bin of values is 875r/805r = 0.7068-0.7073
(Fig. 2a). Faunal 8Sr/%0Sr values are normally distributed (Ryan-Joiner
= 0.895, p-value < 0.010, n = 232) and the modal bin of values is from
873r/86Sr = 0.7063-0.70680 (Fig. 2b). Human 875r/80Sr values are also
normally distributed (Ryan-Joiner = 0.762, p-value < 0.010, n = 1390),
and the modal bin is %Sr/%°Sr = 0.70725-0.70775, followed by
878r/%5Sr = 0.70725-0.70825 (Fig. 2c). The variance of the faunal
subsample (Table 1) was significantly higher than the human and arti-
fact subsamples (Bartlett’s test statistic = 29.15, p < 0.001). Small, non-
migratory fauna were less variable in &7Sr/2Sr values (s = 0.004, n =
45) than large, migratory animals like camelids and dogs (s = 0.002, n =
187) (F-test, p < 0.0001). However, the variation of the migratory an-
imal sample was not distinct from the human sample (F-test, p = 0.369),
which suggests migratory animals are no worse of a proxy for local
873r/865r values than humans in the broad study region.

3.1. Comparing intra-site variance between sites

There were 79 sites with 10 or more samples—the number of samples
necessary for calculating and comparing site-wide variance (Table 2,
Fig. 3). Site-wide standard deviations (s) ranged from 0.0000 to 0.0824,
with corresponding coefficients of variation (CV) from 0.01 to 0.68. The
five archaeological sites with the greatest variation (CV) were (not in
order of variation—see Table 2): Machu Picchu and Chokepukio in
Cusco, Yaral in the Late Intermediate Period Ilo Valley, Pinami in Middle
Horizon Lake Titicaca, and Larache in Middle Horizon San Pedro de
Atacama, Chile.

Using the proportion of outliers defined conservatively as beyond the
site mean + 2 SD yielded five distinct sites with the highest proportions
of inter-site outliers. Using this interval method of defining outliers,
there were only 79 outliers across the entire dataset (Table 2).
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Comparing the relative proportions of outliers across sites showed that
Pinami and Solcor Plaza (Middle Horizon San Pedro de Atacama) had
the highest relative proportions of 2 SD outliers (12.5%), followed by
Tilviche in the Archaic Northern Chilean desert (11.1%), and Pucullu
and Ranracancha in the Late Intermediate Period Apurimac Valley
(10%). It is notable that sites with the top five highest proportions of
outliers as calculated with the 2 SD method are from relatively small
sample sizes of 16 individuals or less.

Box plots for the 79 sites that could be mapped show relatively
constrained ranges by site, with varying proportions of outliers beyond
the inter-quartile range (IQR). Sites with the broadest IQR included the
Early Horizon capital of Chavin, the EIP highland site of Pacopampa, the
Middle Horizon San Pedro de Atacama site of Larache, and the Late
Horizon Inca heartland sites of Chokepukio and Machu Picchu.
Notwithstanding these broad ranges, the following sites show few to no
outliers: Chokepukio shows 6 outliers, Chavin shows 1, and Larache and
Pacopampa show none.

Of the 1640 samples from 64 sites with reliable coordinates, most
were recovered from highland sites (681/1640 = 41.5%), as compared
to coast (582/1640 = 35.5%) and yunga zones (377/1640 = 23.0%)
(Fig. 4). Coastal sites showed a smaller standard deviation (s = 0.0006)
than yunga (s = 0.001) and highland sites (s = 0.001) (Bartlett’s test
statistic = 479.27, p < 0.001).

3.2. Temporal variation in 87Sr/%0Sr heterogeneity

Site-wide variance in 87Sr/%Sr values is distinct between time pe-
riods (Fig. 5). Sites dating to before the EIP (n = 90 samples from 4 sites)
and to the EIP (n = 199 samples from 6 sites) and LIP (n = 311 samples
from 11 sites) show narrow inter-quartile ranges with low numbers of
outliers compared to the Middle Horizon (n = 695 samples from 20 sites)
and Late Horizon (n = 196 samples from 4 sites). Table 3 compares the
relative proportion of IQR outliers within sites from each temporal
category (also reflected in Fig. 5).

Sites dating to the EIP and Middle Horizon have greater relative
proportions of IQR outliers than sites from the other time periods. Only
1.1% (1/90) of pre-EIP samples were classified as IQR outliers, as
compared to 5.5% (17/311) of LIP samples, 10.7% (21/196) of Late
Horizon samples, 11.7% (81/695) of Middle Horizon samples, and
13.6% (27/199) of EIP samples (Chi-squared = 20.2655, p = 0.0004, n
= 1491).
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Fig. 3. Boxplot of 87Sr/%®Srr values for sites with more than 10 measurements.
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Fig. 5. Boxplots of &’Sr/%®sr values by time period.

3.3. Intra-lifetime and sex-based variation in human skeletal samples

Human enamel signatures (s = 0.002, n = 975) are significantly more
varied than bone signatures (s = 0.001, n = 377) (F-test statistic = 0.40,
p < 0.0001) (Fig. 6). Variability between infancy/early childhood-
forming enamel samples (s = 0.002, n = 402) and middle childhood
samples (s = 0.002, n = 427) was slightly greater than between enamel
forming during teen years (s = 0.001, n = 163) and bone forming during
late life (s = 0.001, n = 361). Among the developmental categories of
tissue types, the two earliest phases showed the greatest variation in
875r/80Sr values (Bartlett’s test statistic = 181.75, p < 0.001) (Fig. 6).

875r/8%0Sr enamel variances (reflecting childhood and adolescence)
are not significantly different between males (s = 0.002, n = 400) and
females (s = 0.002, n = 407) (F test statistic = 0.82, p = 0.05). However,
variance in bone 8”Sr/%Sr is significantly greater for males (s = 0.001, n
= 126), than for females (s = 0.0007, n = 178) (F-test statistic = 0.32 p
< 0.0001).

3.4. %75r/565r isoscape model for the andes

As expected, the archaeological values exhibited significant clus-
tering, showing that similar Sr/%Sr values are closer to each other
than dissimilar ones. Values were spatially autocorrelated (Moran’s
Index = 0.25, z-score = 53.29, p < 0.0001) at the 99% confidence level.
Of the 1640 plotted values, there were 94 high-low and low-high clus-
ters identified, including 23 outliers from Machu Picchu and 22 outliers
from Larache (Table 4). These values were considered non-
representative of local bioavailable strontium signatures and were
excluded from the geostatistical model.

Given the similar homogeneity between artifacts, faunal, and human
samples as well as between bone and enamel tissues, all remaining non-
spatial outlier 875r/865r values (n = 1546) were used to generate the
archaeological isoscape model (Fig. 7). The model demonstrates a strong
east-west trend with predicted 8 Sr/%Sr values increasing steadily from
0.70384 near the ocean to 0.70951 and greater on the eastern Andean
slopes. The lowest predicted & Sr/%6sr values in the northern Peruvian
coast around Trujillo, the Nasca desert, and around mid-Chile near
modern Santiago. The highest (most radiogenic) values are in the Boli-
vian altiplano and the eastern slopes of the Andes into the rainforest. The
best-fit model was achieved using the equation: predicted &Sr/%0sr =
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0.54361 * (measured %Sr/%6Sr) + 0.32308.

Cross-validation and model assessment statistics show the archaeo-
logical isoscape model is a good fit for the measured 8Sr/%6Sr values
(Table S2). The standard error surface (Fig. 8) was derived from cross-
validation process and shows errors between predicted and measured
values from 0.0003 to 0.0025. The model mean prediction error is <
0.0001 showing the model predictions are unbiased (Table S2). The
nearly-identical average standard error and root-mean-square predic-
tion error shows the model correctly assesses the variability in predic-
tion. The root-mean-square standardized error shows a slight
underestimation in the variability of the predictions.

Validation of the test set again shows excellent fit between pre-
dictions and measured values, ranging in absolute value of the error
from 0.0003 to 0.007 (Table S2 and Table S3). The highest error rates
were observed in sites like Larache and Machu Picchu, already noted in
the corresponding publications for their small sample sizes, broad
875r/%8sr ranges, and high percentages of IQR outliers relative to non-
outliers.

4. Discussion

Modeling pan-Andean spatial trends in archaeological %Sr/%sr
values through geostatistical methods shows an east-west gradient of
less to more radiogenic values (Fig. 7) that enable us to constrain
geographic areas of possible provenience for human, faunal, and artifact
samples within many known long-distance exchange networks. The
entire range of 87Sr/30Sr values in archaeological Andean samples
(0.7038-0.7234) is just as wide as reported in archaeological and
environmental samples globally (Bentley, 2006), so the Andes overall
presents sufficient variability to enable strontium isotope sourcing be-
tween modeled zones. Among the modeled data points, it is possible that
higher variability and the large sample size of migratory fauna inflated
the range of variation expected for humans in the model. Most of the
faunal values (187/232 = 80.6%) modeled were from large domesti-
cated animals like camelids—common traveling companions for
long-distance caravans that often have non-local residential histories
(deFrance et al., 2016; Knudson et al., 2012a; Nielsen, 2001; Takigami
etal., 2019; Thornton et al., 2011; Tomczyk et al., 2019, contributions in
Tripcevich and Capriles, 2016). Nonetheless, the similar variance of the
migratory faunal subsample to the human subsample demonstrates that
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Table 3

Number and percentage of samples within sites determined to be outside of the
interquartile range (n = 1491 samples which could be assigned to a temporal
category).

Time Site Site # samples % of samples
n outside of outside of
IQR IQR
Pre- Early Intermediate Chavin 11 1 9.1
Period Cuncaicha 13 0 0.0
= 4 sites Moro 15 0 0.0
n = 90 samples Pacopampa 51 0 0.0
Early Intermediate Cahuachi 56 5 8.9
Period Cerro del 81 17 20.0
n = 6 sites Gentil
n = 199 samples Ch’isi 23 1 4.0
Chokepukio 8 0 0.0
Cutamalla 22 4 18.2
La Tiza 9 0 0.0
Middle Horizon Ancon 64 4 6.3
n = 20 sites Beringa 58 6 10.3
n = 695 samples Casa Paroquial 36 7 19.4
Castillo de 87 16 18.4
Huarmey
Cerro Baul 11 1 9.1
Chen Chen 66 11 16.7
Chokepukio 1 NA NA
Conchopata 19 2 10.5
Coyo 3 14 1 7.1
Coyo Oriental 26 2 7.7
La Tiza 19 2 10.5
Larache 37 0 0.0
Pinami 12 2 16.7
Quitor 5 29 4 13.8
Rio Muerto 58 4 6.9
Solcor 3 50 5 10.0
Solcor Plaza 16 3 18.8
Solor 3 20 4 20.0
Tchecar 59 6 10.2
Tiwanaku 13 1 7.8
Late Intermediate Period ~ Armatambo 118 1 0.8
n=11sitesn =311  Cachi 14 1 7.1
samples Caspana 30 3 10.0
Chiribaya Alta 36 5 13.9
Chiribaya Baja 10 0 0.0
Chokepukio 5 0 0.0
La Tiza 5 0 0.0
Pucullu 10 3 30.0
Ranracancha 10 1 10.0
Rinconada 60 2 3.3
Alta
Yaral 13 1 7.7
Late Horizonn = 4 sites ~ Chokepukio 38 5 13.2
n = 196 samples Machu Picchu 51 0 0.0
Tiwanaku 48 5 10.4
Tucume 59 6 10.2

all faunal and human samples can be confidently included for modeling
bioavailable strontium in local food webs.

4.1. Highest relative proportions of %”Sr/%6Sr outliers in the Early
Intermediate Period and Middle Horizon

Non-spatial statistics yielded important temporal trends which
clarify aspects of population history through time. Using the least con-
servative measure for defining outliers (IQR), the highest relative pro-
portions of outliers within sites was observed for the EIP (13.9%
outliers), Middle Horizon (11.7%), and Late Horizon (10.7%). While
pre-EIP and LIP sites show relative proportions of IQR outliers under
10.0%. This finding is consistent with prior research that has charac-
terized the Andean Middle Horizon (Knudson and Torres-Rouff, 2014,
2015) and Late Horizon (Andrushko et al., 2009; Knudson et al., 2012a;
Turner et al., 2009) as periods of heightened inter-regional exchange,
cultural and biogeographic diversity, and high levels of population
mobility. The low relative proportion of outliers in the LIP is also
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consistent with the characterization of this period as a time of insularity,
conflict, and constrained inter-regional interaction in the face of envi-
ronmental challenges and Wari imperial dissolution (Arkush, 2018;
Arkush, 2011; Bauer and Kellett, 2010; Kurin, 2016; Langlie and Arkush,
2016; Tung et al., 2016).

The high relative proportion of IQR outliers for EIP sites is surprising
given evidence for intergroup conflict and resource stress that led to
balkanization during this period (Conlee, 2016; Proulx, 1999; Schreiber
and Lancho Rojas, 2003; Silverman and Proulx, 2002; Valdez, 2009;
Vaughn, 2009). While the relatively constrained IQR ranges of EIP sites
might indicate communities were comprised mostly of individuals with
residences restricted to those communities, the large proportions of IQR
outliers suggests that these EIP communities experienced more immi-
gration than during other time periods. This contrasts with the sites with
the largest IQR ranges (Machu Picchu, Chokepukio, Larache Paco-
pampa), which may have been comprised overall of inhabitants from a
wider geographic range, leading to fewer statistical outliers. It is also
worth considering that the broader ranges may reflect more heteroge-
neous strontium isotope catchments, which could be due to heteroge-
neous bedrock, or to extensive consumption of imported foods, use of
fertilizers, or anthropogenic burning at those sites.

4.2. Developmental and sex-based patterns of 8”Sr/%Sr variability
throughout the andes

The highest variability was demonstrated in enamel 8’ Sr/%6Sr values

Table 4

Archaeological®”Sr/®%Sr values excluded from the isoscape model due to being
spatial outliers as determined by the Anselin’s Local Moran’s I test (n = 94
excluded values).

Site Total Spatial Outliers
(Local Anselin Moran’s I)

Armatambo 4

Cahuachi 2

Castillo de Huarmey 4

Cerro del Gentil 3

Chavin 1

Chen Chen 11

Chokepukio 13

Conchopata 2

Jauranga 1

La Tiza 1

Larache 22

Machu Picchu 23

Rinconada Alta 1

Solcor 3 1

Tiwanaku 5

Total 94
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from infancy/early childhood and middle childhood, and that vari-
ability (s = 0.002) is identical to that of the entire archaeological human
sample. This could indicate that infancy and early childhood were
important times for familial mobility, as the resource needs of child-
bearing and childrearing are intensive. Families may have moved
frequently during their offspring’s early years to leverage different
networks of community support, security, and nutritional access. It is
also possible that this variability in early-forming enamel reflects
diverse dietary sources of strontium during childhood, which would
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have spanned in utero and breastfeeding contributions from maternal
diet, weaning foods, and foods foraged by children (e.g. Greenwald
et al., 2016).

Sex-based variability in 873r/8Sr from enamel was similar, but males
across the prehistoric Andes showed higher variability in late-life bone
samples than females. This could suggest that childhood mobility and
diets across the Andes were similar for boys and girls, but that males
were more mobile than females as adults, whether this was due to per-
manent residential changes or short-term mobility during their last years
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of life. However, this enhanced variability for males might also reflect
that males had greater access to geographically-diverse or imported
foods during their adult years, while females consumed higher relative
proportions of locally-sourced foods. The exceptionally low standard
deviation among late-life bone 87Sr/%0Sr values for females across the
Andes (s = 0.0007, n = 178) hints that female social roles and subsis-
tence practices were tightly constrained and their mobility largely
limited to their natal communities throughout Andean prehistory.

4.3. Equifindlity in the andean strontium isotope system

The most serious limitation of the archaeological strontium isoscape
is the problem of equifinality, described by Price and colleagues as the
overlapping 8Sr/®°Sr values of geographically-distant regions with
similar underlying bedrock age and morphology (Price et al., 2002; Price
et al., 2007). The isoscape presented herein predicts, for example, a
range of 0.7077-0.7084 throughout much of the Arequipa region, with
only limited intrusion of less radiogenic values from highland geological
formations. Those ranges are duplicated in central coastal Peru (around
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Lima), and in the southern Peruvian portion of Lake Titicaca, so that
individuals within this range could have been locals from Arequipa,
migrants from distant but geologically-similar parts of Arequipa, or
migrants from those distant regions. The model also shows large regions
of homogeneity around the southern Nasca region mirroring earlier
geological models (Schenk et al., 1999), so that individuals from one
limit of that homogeneous region might not be distinguishable from a
non-local from a distant, but geologically-similar region (this issue was
also observed in Knudson et al., 2009). Therefore, the utility of this
single-isotope model depends on the nature of settlement patterns and
exchange networks known or suspected to have been in existence—-
when those cut across isoscape zones, this model can help to geolocate
outliers. However, when hypothesized connections are within regions of
modeled homogeneity, or between bordering zones with contiguous
values, this study shows that multiple isotopic signatures are critical for
sourcing samples to likely places of origin.

5. Conclusions

Applying big data approaches to bioarchaeological isotope analysis
can yield key insights into spatiotemporal and biological patterns of
bioavailable strontium variability. The isoscape model presented clar-
ifies the utility and limitations of a single isotope model for sourcing
samples to discrete regions of origin within the Andean strontium
isotope system. Given the immense promise of strontium isoscape
models for the Andes, it is critical for researchers to publish and share
875r/%5r values along with the spatial and temporal contexts of those
archaeological and baseline data. This study has demonstrated that
strontium isotope variability in the Andes is a spatially-contingent
phenomenon, which merits modeling with spatially-explicit geo-
statistical methods. Collaboration and data sharing with ecologists, ge-
ologists, and other non-archaeologists will help more accurately model
baseline strontium expectations in this hydrologically and geologically-
diverse part of the world.

Finally, this study emphasizes the need for environmental baseline
models of the entire food chain in the Andean region. As other re-
searchers have argued (Crowley et al., 2017; Grimstead et al., 2017;
Lengfelder et al., 2019), modeling the mixed-source contributions of
strontium within local food webs is essential for accurately predicting
skeletal isotope values at local, pan-regional, and continental scales.
Ongoing research is examining the variability of water, plant, and faunal
8751/86Sr values throughout southern Peru in order to develop envi-
ronmental baseline isoscapes for the study region. These models will be
tested against the archaeological values compiled by this study in order
to understand which materials or combinations thereof provide the best
environmental proxies for archaeological tissues throughout the Andes.
These models, combined with multifaceted and deeply-contextualized
studies of prehistoric subsistence, trade, and mobility patterns, with
help to define expected baseline ranges within isotopic catchment areas,
and help us move toward probabilistic determination of sample origins
within these complex biogeographical networks.
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