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Abstract

Strontium isotope analysis of archeological skeletal materials is a highly effective and commonly employed analytical tool to inves-
tigate past human mobility and migration. Most such studies to date have focused on the analysis of a single tooth sample per
individual to identify migration. Increasingly, however, studies have analyzed multiple teeth from the same individual permitting
the detection of migrations occurring during childhood, more fine-grained temporal resolution of the age at which migration(s)
occurred, and even the identification of multiple migration episodes. In this study, we review the application of such approaches to
a wide range of archeological contexts worldwide. We compiled and analyzed published *’St/*Sr data for 1043 individuals from 122
sites to explore the potential variability of childhood mobility patterns cross-culturally. The results demonstrate a high degree of
variability in childhood mobility that differs significantly between different regions and time periods. Potential interpretations involved
in multiple tooth ¥’St/**Sr analysis are reviewed, including heterogeneity in variance of regional *’St/**Sr, as well as variability in
human mobility patterns such as residential change of whole family, fosterage, herding activities, post-marital residence rules, or forced
migrations. Various limitations and caveats concerning the multiple teeth sampling approach are also critically discussed.

Keywords Childhood - Mobility - Migration - Strontium isotope - Cross-cultural comparison

Introduction

The topic of human mobility is not only popular in discussions
of contemporary societies but owing to the rapid development
of various scientific approaches, such as genetics and biogeo-
chemical analyses, also in archeological research. Traditional
archeological methods to explore past human mobility often
relied upon indirect evidence such as the changing distributions
of material culture in time and space. However, it has long been
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recognized that it is extremely difficult to distinguish between
the actual movement of people and other processes such as
diffusion (the movement of ideas), exchange and trade (the
movement of objects and materials), independent innovation
and evolution (the autochthonous development of similar ideas
and cultural “traits”), or emulation (the copying of behaviors)
(Anthony 1990; Burmeister 2000, 2016; Hakenbeck 2008;
Laffoon 2012).

In the last decades, there has been an exponential increase in
archeological research utilizing recent advances in scientific
methods and techniques. The trend, sometimes called The
Third Science Revolution in Archeology (Kristiansen 2014),
began with the study of genetic and phenotypic data (e.g.,
Ammerman and Cavalli-Sforza 1984) and increasingly the
use of biogeochemical analyses based on the study of the iso-
tope compositions (e.g., strontium, oxygen, and lead) of bio-
logical tissues (Brown and Brown 2011; Laffoon et al. 2017,
Slovak and Paytan 2011). These methods, unlike traditional
archeological approaches, can provide direct evidence about
the movement of populations and individuals from the analyses
of their skeletal and non-skeletal remains.

To date, most such studies have focused on the analysis of a
single tooth sample per individual to identify migration. The
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single tooth sampling approach is, however, limited to the
identification of a single migration event occurring sometime
after the formation of the sampled tooth (varying from roughly
birth to mid-teens for permanent teeth, depending on the den-
tal element). Increasingly, however, studies have analyzed
multiple teeth from the same individual permitting the detec-
tion of migrations during childhood, more fine-grained tem-
poral resolution assessments of the age at which migration(s)
occurred, and even multiple migration episodes (e.g., Buikstra
etal. 2004; Eriksson et al. 2018; Evans et al. 2006; Fraser et al.
2018; Hadley and Hemer 2011; Hedman et al. 2018; Knipper
2009; Knipper et al. 2018; Schweissing and Grupe 2003;
Weber and Goriunova 2013). This follows the current trend
of increased interest in the topic of childhood in the past,
which had been previously neglected (e.g., Crawford et al.
2018; Hadley and Hemer 2014; Murphy 2017).

The objective of the current study is to compile and analyze
published ®”Sr/**Sr data from sites across the world to explore
the variability in childhood mobility cross-culturally. We also
discuss potential outcomes and interpretations involved in
multiple tooth *’St/*®Sr analysis and highlight various issues
concerning this approach and their implications for future
research.

Background

Strontium isotopes from the ground to the human
body

The principles, methods, and applications of strontium isotope
analysis in archeological research have been described in de-
tail elsewhere (e.g., Bentley 2006; Slovak and Paytan 2011).
Here, we provide only a brief summary.

Strontium (Sr) is a chemical element that occurs in rocks, as
well as in seawater, fresh water, soil, plants, and animals,
including humans. There are four naturally occurring isotopes
(atoms that have the same number of protons, but different
numbers of neutrons) of strontium— 84y, 863t 37Sr, and %8s,
Three of these are stable and non-radiogenic, while 873 is
radiogenic, being produced by the radioactive decay of
%7Rb, with a half-life of approximately 4.88 x 10'° years
(Faure and Mensing 2005: 3).

From an archeological point of view, the most important
ratio is that of ®’Sr/*®Sr because it varies substantially in re-
gions with different bedrock geology and thus serves as a
“geochemical signature.” In simple terms, very old rocks have
higher 37Sr/*°Sr ratios, while younger rocks have lower
87S1/%0Sr ratios (Bentley 2006: 139). Besides, there are addi-
tional, non-geological sources of strontium in the biosphere,
such as seawater, groundwater, rivers, or atmospheric aerosols
that also influence the resulting ®”Sr/**Sr signatures in biolog-
ical tissues, although usually to a lesser extent (Bentley 2006).
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Strontium passes from weathered bedrock through soil into
the plants and then moves through the food chain into the
human body, where it substitutes for calcium in the mineral
portions of skeletal tissues. Because of strontium’s relatively
large atomic mass, ®’Sr/*°Sr ratios change very little as it
moves through trophic levels. This means that the strontium
ratio measured in human tissues reflects the composition of
water, plants, and animals consumed, which in turn reflect the
87Sr/*Sr geochemical signatures in a given territory from
which consumed food and water originates.

On this basis, it is possible to distinguish individuals who
are local (i.e., have 87Sr/%%Sr ratios in accordance with a local
range) and those who are not. Therefore, characterizing the
local range of ®’Sr/*®Sr variation is an essential component of
such research (Price et al. 2002). Researchers have come up
with several approaches to this problem, including using the
average Sr ratio of human bones (Grupe et al. 1997; Price et al.
2001); a “normalized” sample of human tooth enamel ratios
(Wright 2005); modern environmental samples (rocks, soil,
water, and plants) which were collected around a site (Evans
et al. 2010; Hodell et al. 2004); or archeological faunal sam-
ples such as rodents, land snails, and other small animals that
presumably lived locally (Bentley 2006; Hedman et al. 2009;
Price et al. 2002). The use of archeological fauna to determine
strontium isotope baselines is not possible for all regions due
to the unavailability of appropriate samples, large investments
in time and resources, or in cases of high proportions of ma-
rine foods in paleodiet (Slovak and Paytan 2011: 745-746),
and the appropriateness of an exclusive focus on faunal isoto-
pic data has been questioned (Grimstead et al. 2017).

Different tissues form at different time periods and remodel
at varying rates (Eriksson 2013: 134—135). Tooth enamel and
(primary) dentine form primarily during infancy and child-
hood, after which their chemical composition does not gener-
ally change, while bones remodel continuously. Hair and nails
are metabolically inert once formed but grow progressively
during the whole lifespan. Theoretically, analysis of different
types of tissues from the same individual may indicate dietary
changes over time, which in turn may indicate residential
change. Practically, however, most researchers focus exclu-
sively on tooth enamel because archeological bones are sus-
ceptible to diagenetic contamination (Bentley 2006: 163—169;
Hoppe et al. 2003) and non-skeletal tissues are usually not
preserved. Nevertheless, by analyzing two or more teeth per
individual (e.g., first molars versus third molars), it is possible
to demonstrate mobility during childhood and/or adolescence.

Nevertheless, it is worth stressing that the strontium isotope
approach has multiple limitations, one of the most important
of which is equifinality (Price et al. 2007). This means that it is
not possible, at least with a single isotope proxy and in the
absence of other evidence, to identify migrations that have
occurred within an isotopically homogenous area nor those
that occurred between two geographically distinct but
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isotopically similar locations. Consequently, the non-locals,
identified by the strontium isotope method, should be consid-
ered a minimal estimate of the actual number of non-locals
within any given analyzed sample population. This limitation
is not, however, specific to the multiple tooth sampling ap-
proach to strontium isotope analysis, as it is equally true of all
single isotope proxy approaches.

Strontium isotopes as evidence for mobility
during childhood

While strontium ratios in teeth reflect the places of residence
during different childhood ages, the ratios in the bones, on the
contrary, correspond to the last years, and in the case of nails
and hair even the last months of life. For instance, comparison
of the strontium ratios in different bones and teeth confirmed
the high mobility of the famous Alpine Iceman “Otzi”
(Hoogewerff et al. 2001; Miiller et al. 2003). Similarly, high
temporal resolution reconstructions of mobility of extremely
well-preserved individuals from Denmark were revealed
through the combined analysis of their teeth, nails, and hair
(Frei et al. 2015a, 2015b, 2017).

Due to the low resistance to contamination in the case of
bones, and the very rare preservation in the case of hair and
nails, however, the most common analyzed material is dental
enamel. One of these approaches is micro-sampling of a single
tooth (or intra-tooth sequential sampling) at the resolution of
its enamel growth layers by laser ablation or micro-drilling
(Copeland et al. 2008; Lewis et al. 2014; Richards et al.
2008). The advantages of this sampling method are the possi-
bility to explore individual mobility at smaller temporal scales
and the minimal destruction of precious archeological mate-
rials. Unfortunately, it is still not clear whether this method is
sufficiently reliable, and whether the mineralization of these
layers occurs in a well-ordered linear sequential fashion in
humans or rather in a non-linear multidirectional pattern
(Montgomery and Evans 2006; Montgomery et al. 2010;
Nowell and Horstwood 2009). For this reason, the most com-
mon method to explore human childhood mobility is currently
bulk isotopic analysis of different teeth from the same
individual.

Tooth enamel forms in the early years of human life and is
not remodeled afterwards (Hillson 1996). Moreover, the age
of formation of different teeth is variable per tooth type
(element) and is relatively consistent within and between pop-
ulations. For example, deciduous teeth mineralize approxi-
mately between the prenatal period and Ist year after birth,
first molars from ca. birth to 3rd year, second molars and
premolars between roughly the 3rd and 8th years, and third
molars between approximately the 8th and 14th years of age
(AlQahtani et al. 2010). Differences in strontium isotope ratios
between teeth formed at different ages can therefore be an

indication for residential change during childhood or
adolescence.

A major unresolved question with such approaches is what
difference in *’Sr/**Sr ratios between teeth of a given individ-
ual is large enough to be clearly identified as resulting from
mobility? Since strontium primarily enters the body through
dietary sources, and because diets usually vary at different
stages of life, whether due to seasonal changes in resource
availability or due to changes in eating habits over time, it is
likely that the strontium ratios will be slightly different even
within the teeth of a person who spent his/her entire life in a
single location. Moreover, in isotopically varied landscapes,
strontium concentrations may differ widely not only between
different food types but also between similar food types with
distinct, although nearby, biogeochemical origins (Laffoon
2012: 54). Researchers often mention 0.001 as a minimal off-
set between the ®’Sr/*°Sr ratios of two different teeth that is
significant enough to demonstrate an individual’s movement
or migration (Knipper et al. 2014: 826; Kootker et al. 2016:
14; Scheeres et al. 2013: 3620; Scheeres et al. 2014: 504;
Slater et al. 2014: 124). Unfortunately, a proper justification
for this specific cut-off is not usually provided.

The most promising approach to inter-tooth offset determi-
nation and its justification was recently proposed by Knipper
and colleagues (Knipper et al. 2018). Through analysis of
differences in strontium isotope ratios in pairs of deciduous
teeth and between a deciduous tooth and a permanent first
molar from the same individuals, they concluded that for de-
tection of residential changes at the site of Basel-Gasfabrik in
Switzerland, the cut-off value is around 0.00064 or 0.00073.
By consequence, offsets lower than this cut-off (among teeth
from the same individual) may indicate permanent residence,
while larger offsets suggest possible residential change
(Knipper et al. 2018: 745).

We attempted to repeat a similar procedure on a larger
sample from multiple locations, by comparing intra-
individual offsets in *’Sr/*°Sr ratios among three different
types of tooth pairs (from the same individuals): (1) deciduous
versus deciduous, (2) deciduous versus permanent first molar,
and (3) first molar versus another first molar (Table 1 in
Online Resource 1). This sample set contains 49 individuals
from 17 sites, including 11 children previously analyzed by
Knipper et al. (2018). Our results are in general accordance
with theirs. The maximum absolute offset is 0.00077 with an
average of 0.00020 +0.00022 (A%¥’Sr/*®Sr tooth 1— tooth 2;
n =49 pairs, 1 SD). Two standard deviations from the mean of
absolute differences are therefore 0.00063. It should be em-
phasized that the observed differences come from the teeth of
individuals reflecting up to ca. 3 years of age. It can be argued
that older children may have experienced even more signifi-
cant changes in their diet and thus even greater differences in
their A¥’Sr/*°Sr values even for local or non-mobile individ-
uals and populations. However, this data set is still very small
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and regionally biased (majority of sites come from Europe), so
it would be risky trying to generalize this result for all other
sites. As Fig. Al indicates, the cut-off value could vary con-
siderably from site to site.

In this study, we do not apply a specific cut-off value.
Although the proposed value of 0.001 might be conservative
enough for use with inter-site comparisons, the current lack of
data on intra-individual variation in strontium isotope values
does not permit an assessment of its broader validity at this
time. On the contrary, we can expect large regional differences
due to numerous confounding variables such as differential
ranges of local variation, the spatial extent of isotopic homo-
geneity, variable catchment areas, long-distance food trans-
port, and culturally mediated differences in the sourcing of
food resources, just to name a few. More research at multiple
scales needs to be done on this topic in the future.

Methods

We compiled human strontium isotope data from studies that
were published before April 2018. We focused only on data
for tooth enamel and we included only individuals with two or
more dental elements which form at different ages. The data-
bases used to find the information for this study was primarily
Web of Science, combined with more limited searches on
Google Scholar and ResearchGate. Various combinations of
the following search terms were used: strontium, Sr, enamel,
isotope. On Web of Science, we limited the Research Areas to
Anthropology and Archeology. It should be noted that the
database created is not exhaustive, but rather is biased toward
data published in English and searchable through the men-
tioned web search tools.

The strontium isotope values were compiled along with
ancillary information about the skeletons and sites (Table 2
in Online Resource 1). We created a unique ID for each indi-
vidual and Site Code for each site purely for analytical pur-
poses. The identification of each individual is possible
through the column Burial that we have taken from the orig-
inal literature. Sex and Age variables were also extracted from
the published datasets. Next, we created three tooth catego-
ries: (1) Early (including deciduous teeth, incisors, canines,
and permanent first molars); (2) Middle (including premolars
and permanent second molars); (3) Late (third molars). The
Early category corresponds approximately with the ages of 0—
3 years, the Middle category with 3-8 years, and the Late
category with 8—14 years of age. In case there were more teeth
from the same category, we preferred molars because these
were more commonly analyzed. In case there were two or
more of the same teeth analyzed (e.g., two second molars),
we averaged their values (in database labeled with *). Since
not all authors use FDI World Dental Federation notation, we
labeled teeth in a simplified but consistent manner: 11 =
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central incisor; 12 = lateral incisor; C = canine; P1 = first pre-
molar; P2 =second premolar; M1 = permanent first molar;
M2 = permanent second molar; M3 = third molar; dec. = de-
ciduous tooth. Resulting analyses should not be affected by
this simplification since the same teeth types have very similar
ages of formation which overlap considerably between differ-
ent locations in the dental arcade (left/right, mandible/maxilla)
(AlQahtani et al. 2010). The 3’Sr/*°Sr ratios are reported to
five decimal places. Offsets between two teeth are presented
as follows: AL-E =Late tooth—Early tooth; AM-E = Middle
tooth—Early tooth; AL-M = Late tooth—-Middle tooth.

Table 3 in Online Resource 1 contains ancillary data for all
sites, including summarizing numbers of individuals in the
database, references, and assignments to modern countries.
In case of six regional case studies (see below) the sites also
contain the column Period. This category refers to the dating
of the skeletal assemblages and is both relative and approxi-
mate due to a lack of absolute data on the one hand and in
order to increase the sample size per period on the other.
Therefore, the aim of the subsequent analyses is not to identify
the exact differences between the periods but rather to indicate
the main trends.

Statistical comparisons were performed using IBM SPSS
Statistics version 23 for Windows.

Dataset

We collected data for 1043 individuals from 122 sites
(Tables 2 and 3 in Online Resource 1). The most common
tooth pairs were Early—Late (n=700), followed by Early—
Middle (340) and Middle—Late (285), with some individuals
represented by multiple pairs. As shown in Fig. 1, the most
sites and individuals come from Europe (71 sites and 477
individuals), while other continents are represented less.
Twenty-six sites (371 individuals) come from Americas, 22
sites (133 individuals) from Asia, and 3 sites (62 individuals)
from Africa. The majority of sites contain 10 or fewer indi-
viduals, while the largest sample (n=119) comes from
Cahokia, IL, USA. From a chronological perspective, the ear-
liest data come from African site of Gobero (9500 to 8200 cal
BP) and Near-East site of Basta (7500—7000 cal BC), while the
latest come from colonial era (post-medieval) cemeteries in
Cape Town, South Africa and Barbados, West Indies (both
17th—19th centuries AD).

It would be impractical to report and discuss the results for
each site. For that reason, we decided to select six regions as
archeological case studies based on the size of the associated
regional multi-tooth 879r/%¢Sr datasets: (1) Cis-Baikal in
Siberia; (2) Southeastern Arabia; (3) Peru; (4) American
Midwest; (5) Cape Town in South Africa; (6) Central
Europe (Fig. 1). The Central Europe case study contains data
for a long temporal span (from 6th millennium Bc till 1st
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Fig. 1 Map of all sites represented in the dataset. Sites from six regional cases studies are highlighted and categorized by periods

millennium AD) and is additionally divided into different time
periods (Fig. 2).

Before presenting the results, we first describe all regions
briefly. The first regional case study is Cis-Baikal, Siberia.
Multiple strontium isotope signatures were obtained from 54
individuals at three hunter-gatherer cemeteries dating from
8000 to 4000 BP (Haverkort et al. 2008; Haverkort et al.
2010; Weber and Goriunova 2013). Apart from the fact that
these are the only forager populations in the database, this
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I TALY

sample is remarkable because strontium ratios for all three
molars (M1, M2, and M3) are available for most individuals.
This allows tracking of differences across three distinct age
categories.

The second regional sample consists of 45 individuals
from 10 southeastern Arabian sites, in modern-day United
Arab Emirates (UAE). Of these, 24 individuals come from
the Neolithic graveyard of al-Buhais 18 and shell midden
Umm al-Quwain (Kutterer and Uerpmann 2017), 19

Sample size

0 BC
1000-0 BC
AD 0-1000

Fig. 2 Detailed map of all sites from Central Europe. Sites are categorized by periods
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individuals come from seven Bronze Age tombs
(Gregoricka 2014), and two skeletons were recovered at
Jebel al-Emeilah, dating to Middle Sasanian period
(Kutterer et al. 2015). Some sites are located on or near
the coasts of the Persian and Oman Gulfs such as Umm
al-Quwain, Umm an-Nar Island, Tell Abraq, Mowaihat, or
Unar 1, while al-Buhais 18 and Jebel al-Emeilah are sit-
uated in the inland desert basin.

Seventy individuals from five sites represent the Peruvian
region. Nine individuals derive from two Wari sites (AD 600—
1000)—peripheral village Beringa in the Majes Valley of
southern Peru (Knudson and Tung 2011) and secondary center
Conchopata in the central Peruvian Andes (Tung and
Knudson 2011). Fifty-four individuals belong to two sites in
the Rimac Valley inhabited by Ychsma people—Armatambo
and Rinconada Alta (Marsteller et al. 2017), while seven
Chincha people are from the site of Pampa de los Gentiles
(Knudson et al. 2016). Three latter sites are dated to the Late
Intermediate Period (AD 900-1470).

The American Midwest studies represent a combination of
two close regions—the Mississippi River floodplain of the
American Bottom, and the Fort Ancient region around the
mouths of the Great and Little Miami Rivers in Ohio.
Researchers working in both regions have produced data from
201 individuals in total. More than half comes from the
Cahokia site, located near the modern-day city of St. Louis,
Missouri (Slater et al. 2014; Thompson et al. 2015), and the
rest are from seven Fort Ancient sites (Cook and Price 2015).
The majority of tooth pairs are Early—Late (n=183). Only
four individuals have data for teeth from all three childhood
categories. The most individuals are dated from the 11th to
15th centuries AD.

Cobern Street (Kootker et al. 2016), and Victoria and
Albert Marina Residence (Mbeki et al. 2017) are two
eighteenth—nineteenth century burial grounds in Cape Town,
South Africa. Since both are “informal” or pauper cemeteries,
people buried there include slaves, sailors, soldiers, convicts,
and exiles. Similar to the Cis-Baikal studies, first, second, and
third molars of many individuals were analyzed enabling the
study of multiple migrations during childhood.

The Central Europe category is here broadly defined,
ranging from Alsace in the west to Hungary in the east,
and from central Germany in the north to the Alps and
Pannonian Plain in the south (Fig. 2). Forty-two sites can
be divided into four main periods: Neolithic (6th—5th mil-
lennium BC); Eneolithic/Chalcolithic/Bronze Age (4th—
2nd millennium BC); Iron Age (Ist millennium BC);
Roman/Migration/Early Medieval (1st millennium AD).
Although we are aware that such categorization is far
from perfect, for example, lengths of periods are different
and sites from different periods do not exactly overlap
each other geographically, we argue that it can at least
illustrate some interesting similarities or differences.
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Results and discussion

In the overall dataset, a majority of individuals (around 66%
or 77% depending on the tooth pair) possess an offset between
two paired teeth smaller than 0.0005 (Fig. A2). The number of
individuals for whom the offset is lower than 0.001 varies
from 77.5% (AL-M) to 87.0% (AL-E). The percentage for
AM-E is 82.2% (Tables 1 and 2). The number of individuals
with an offset between 0.001 and 0.002 varies from 7.1% to
13.7%, while individuals with A*’St/**Sr between two teeth
greater than 0.002 represent 5.9—8.8% of the sample.

As could be expected, the reported A®¥’Sr/**Sr variability
differs significantly between different regions and time pe-
riods (Figs. 3, 4, 5, and 6, Table 3). While individuals at some
sites exhibit consistently low A¥7Sr/3Sr values, for example,
in Southeastern Arabia (AL-E—minimum =—0.00010; max-
imum = 0.00010; ¢ =0.00004, n = 34), other individuals had
very large differences between two teeth, for example, those
buried in Cape Town (AL-E—minimum = —0.01494; maxi-
mum = 0.00624; o =0.00340, n=37).

There are also differences between tooth pairs across sites
and regions, indicating that people moved during different
periods of their childhood. For example, in Cis-Baikal
Lokomotiv, large A*’St/*°Sr is common between early and
middle teeth as well as between middle and late teeth (Fig. 3a).
However, because the dietary change is frequent and directed
to sources with both lower and higher strontium isotope ratios,
the resulting difference between early and late teeth is re-
duced. By contrast, greater differences seem to be more fre-
quent rather between early and middle childhood than be-
tween middle and late childhood at Late Neolithic Ust’-Ida.
The highest overall variability in this region can be then seen
in the Khuzhir-Nuge XIV individuals.

Both case studies of Cis-Baikal and Cape Town (Figs. 3a
and 4a) demonstrate the importance of analyzing more than
two teeth per individual. Many of these individuals exhibit a
large offset between all three tooth pairs indicating multiple
dietary/residential changes during childhood. Others exhibit
small AE-L, but large AE-M and AL-M. If only early and late
forming teeth are analyzed, as is the practice of most studies,
the changes occurring among these individuals might not be
observable at all.

In general, small A¥Sr/*Sr values (<0.0001) which can
be observed, for example, in Southeastern Arabia (Fig. 3b),

Table 1 Percentage of different tooth pairs according to offset size

Tooth pair n <0.001  0.001— 0.002— >0.003
0.002 0.003

AL-E 700  87.0% 7.1% 2.9% 3.0%

AM-E 340 82.1% 11.2% 3.8% 2.9%

AL-M 285  77.5% 13.7% 3.5% 5.3%
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Table 2 Basic statistical

description of different tooth pairs Tooth pair n Minimum Maximum Mean SD Mean (AV)
AL-E 700 -0.01494 0.00624 —-0.00009 0.00125 0.00052
AM-E 340 —0.00478 0.01313 0.00006 0.00127 0.00059
AL-M 285 —0.02273 0.00607 —0.00024 0.00208 0.00085

may indicate either a lack of residential mobility between
early childhood and late adolescence or that mobility did oc-
cur but was solely within or between isotopically similar
areas. Although some researchers suggest that even a differ-
ence of 0.00005 between two teeth is “large enough to be
considered as evidence of a change of the predominant living
areas between childhood and adolescence” (Kutterer and
Uerpmann 2017: 85), we suggest caution in this regard be-
cause such a small offset could also be caused only by slight
dietary change independent of any movement (cf. Knudson
et al. 2016).

High A¥Sr/*Sr values among forager communities of the
Cis-Baikal region are not surprising due to the character of
these populations. As researchers (e.g., Haverkort et al. 2010),
however, rightly note, due to the nature of hunting-gatherer
subsistence strategies, it is difficult if not impossible to inter-
pret these results purely in terms of residential mobility. First,
the formation of each permanent molar’s enamel takes several
years, so the measured ®’St/*°Sr values of bulk enamel sam-
ples are merely averages of the strontium intake during that
time period and thus cannot provide information about short-
term (i.e., annual or seasonal) movements (Montgomery
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2010). Second, people likely did not move from one geo-
chemical province to another in perfect periodicity. Their res-
idence at different places could be of variable duration on each
occasion, in addition to varying between individuals, and over
time. Third, climate change could significantly influence the
availability of specific faunal and floral sources, and since
most sampled individuals come from different generations,
they might consume different diets even within the same
catchment area. Fourth, the size of the catchment area from
which resources were obtained could also change over time
and expand to geochemically distinct areas.

The results from the Cape Town burial populations are in
accordance with the very high number of identified non-locals
at these sites, with 54.5% at Cobern Street and 63% at Victoria
and Albert Marina Residence, and with the main conclusion
that migration was primarily related to long-distance forced
migrations of enslaved individuals (Kootker et al. 2016;
Mbeki et al. 2017). On the other hand, one needs to consider
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that the presumed local range is exceptionally wide, from
0.7086 to 0.7179, which can also partially explain unusually
high A*’St/*®Sr values.

A third region with highly variable A®’Sr/*°Sr is Iron Age
Central Europe (Fig. 6a). Several mechanisms have been pro-
posed to explain this pattern. First, the observed differences
could be caused by varying land use strategies in the geolog-
ically heterogeneous environments, in which many of these
sites are situated (Scheeres et al. 2013, 2014). Compared to
earlier periods, new technological improvements, such as iron
plowshares, enabled exploitation of less fertile soils and gave
people more flexibility in selecting farming land. “Cultivated
land plots may have changed frequently, even within a few
years (alternating Sr isotope ratios within the same jaw), or
fluctuated gradually” (Scheeres et al. 2013: 3622). This ex-
planation can be supported by comparison with two Iron Age
sites in Italy (MB and MV on Fig. 6a), which are in more
homogeneous geological settings and have less variable
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A¥’Sr/*Sr. The second option is that high A*’St/*®Sr in in-
dividuals reflects the residential change of larger groups that
involved whole families, which would support the idea of
historic “Celtic migrations” based on ancient written sources
(Scheeres et al. 2014: 507). Third, mobility during childhood
can be also explained in terms of fosterage, which could have
lasted from infancy until marriage and whereby children
might have been raised by one foster family or successive

Fig. 6 Comparison of A%’Sr/*®Sr a
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fosterers (Knipper et al. 2018; Scheeres et al. 2014). This
possibility is documented in written sources and was support-
ed by strontium analysis of children and juveniles (Miiller-
Scheeflel et al. 2015). Possible participation of juvenile boys
in seasonal herding of cattle was also suggested for some sites,
for example Miinsingen-Rain (Scheeres 2014: 32-33), while
for the Glauberg hillfort, researchers propose the hypothesis
that high A®’Sr/*®Sr was caused by supplying food from
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Table 3 Descriptive statistics for

10 case study regions/periods Region (tooth pair) n Mean (AV) SD Region (tooth pair) n Mean (AV) SD
Cis-Baikal 54 Cape Town 42
AL-E 44 0.00101 0.00174 AL-E 37 0.00191 0.00340
AM-E 54 0.00111 0.00149 AM-E 37 0.00125 0.00271
AL-M 44 0.00086 0.00141 AL-M 38 0.00226 0.00463
SE Arabia 45 Neolithic CE 77
AL-E 34 0.00003 0.00004 AL-E 59 0.00033 0.00060
AM-E 10 0.00009 0.00016 AM-E 15 0.00022 0.00028
AL-M 1 0.00003 - AL-M 17 0.00042 0.00069
Peru 70 E/BA CE 68
AL-E 51 0.00031 0.00085 AL-E 42 0.00038 0.00060
AM-E 19 0.00009 0.00013 AM-E 12 0.00028 0.00040
AL-M 2 0.00017 0.00015 AL-M 18 0.00045 0.00063
Cahokia 119 Iron Age CE 116
AL-E 102 0.00014 0.00020 AL-E 59 0.00116 0.00172
AM-E 11 0.00033 0.00049 AM-E 46 0.00066 0.00106
AL-M 10 0.00028 0.00047 AL-M 11 0.00078 0.00090
Fort Ancient 82 R/M/EM CE 86
AL-E 81 0.00024 0.00026  AL-E 41 0.00065 0.00099
AM-E 3 0.00018 0.00025 AM-E 19 0.00059 0.00085
AL-M 2 0.00022 0.00014 AL-M 42 0.00076 0.00210

N = number of individuals (for region/period; in bold) and number of tooth pairs. Mean (AV) = mean from

A7 Sr/8 Sr absolute value

different settlements, representing the economic hinterland of
this “princely seat” (Knipper et al. 2014). Other explanations
include settlement centralization, or children representing hos-
tages or slaves (Knipper et al. 2018). It should be emphasized
that all of these different types of mobility might have existed
simultaneously and that strontium isotope analysis alone can-
not distinguish between them.

The rest of the sites in the compiled data set exhibit
A¥7Sr/%%Sr variability that is intermediate between the afore-
mentioned examples. In many such cases, childhood mobility
has been inferred based on the observed A*’St/*°Sr values,
but the exact number of mobile individuals cannot be accu-
rately estimated without more detailed studies of the local (and
regional) geological, environmental, and archeological con-
texts. Detailed discussions of the case-specific contexts and
interpretations of all of the strontium isotope studies cited
herein are nevertheless beyond the scope of this review and
we refer the reader to the original papers.

Possible outcomes and explanations of multiple tooth
analysis

Analyzing multiple teeth per individual can provide new in-
sights into childhood mobility; nevertheless, the range of pos-
sible explanations is wide and varied. For this summary, we
assumed that the local isotope range is defined correctly, and
we excluded the possibility of post-mortem mobility (e.g.,
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Keegan 2009). For simplicity, we consider analysis of only
two teeth (early and late). We also highlight the well-known
fact that ®’Sr/*°Sr analysis cannot distinguish mobility be-
tween two locations with similar bioavailable ®’Sr/*°Sr.
Therefore, all ®’Sr/**Sr analyses potentially underestimate
the real numbers of nonlocal individuals and consequently
the true amount of mobility. This can be solved only through
incorporation of other evidence, whether they are additional
isotopic analyses (e.g., oxygen or lead) or complementary
archeological or historical data.

We summarize potential outcomes and interpretations in-
volved in multiple tooth *’Sr/*®Sr analysis in Fig. 7 and
Table 4. The complexity and variability in the results obtained
from strontium isotope analyses using the multiple tooth sam-
pling approach are illustrated via several hypothetical out-
comes. Outcomes 1A and 1B, in which both teeth have local
signals and their explanation thus looks straightforward, do
not prove that individual did not move during their life.
They only suggest that he/she did not move between regions
with different bioavailable *’Sr/**Sr ranges. Especially in case
of 1B, where the A¥’Sr/*°Sr between early and late teeth is
greater than the defined offset for the site (e.g., 0.001), possi-
ble childhood mobility cannot be excluded, although the
change in dietary sources is equally probable.

Other outcomes indicate dietary or residential change more
directly. Outcomes 2A and 3 A refer to the cases when one of
the teeth has a local ®”Sr/*®Sr signal and the second one a non-



Archaeol Anthropol Sci (2019) 11:5301-5316 5311
Fig. 7. Pot.ential outcome.:s of O Early (e.g. M1) °
strontium isotope analysis of two ® Late (e.g M3)
teeth from the same individual h 0
° Q e A
[ ) y 2 | © e
. Ce e °®
| | .
O
® O | ’
Q ‘ 8 ° [ O
o T °
1A 1B 2A 2B 3A 3B 4A 4B 4C

Table 4 Potential outcomes and explanations involved in strontium isotope analysis of two teeth from same individual

Local/non-local

A¥Sr/*Sr Possible explanations

1A:  Both teeth local

1B:

2A:  ETlocal, LT
non-local

2B:

3A:  ETnon-local, LT
local

3B:

4A:  Both teeth
non-local

4B,
4-

<OFFSET

>OFFSET

<OFFSET

>OFFSET

<OFFSET

>OFFSET

<OFFSET

>OFFSET

— Locally born, no residential change, no change in dietary sources
— (Non-)locally born, mobility between regions with identical *’Sr/*®Sr ratios
— Locally born, no residential change, but change in dietary sources (e.g., varying land-use strategies)

— (Non-)locally born, mobility between regions with similar, although not identical, 8’St/**Sr ratios

— Locally born, no residential change, but change in dietary sources (consumption of
imported non-local food)

— Locally born, mobility during childhood (e.g., residential change, fosterage, herding)

— Non-locally born, residential change during adulthood from region with similar 8’Sr/*Sr ratios
(but for which both ET and LT are local)

— Locally born, no residential change, but change in dietary sources (consumption of imported

non-local food)

— Locally born, mobility during childhood (e.g., residential change, fosterage, herding)

— Non-locally born (in region with identical %’Sr/**Sr ratios), multiple residential changes/

changes in dietary sources (at least one during childhood and one during adulthood)

— Non-locally born, residential change during childhood

— Non-locally born, residential change during adulthood from region with similar ®’St/*Sr ratios
(but for which both ET and LT are local)

— Locally born to mother consuming non-local food

— Non-locally born, residential change during childhood

— Non-locally born, change in dietary sources during childhood and residential change during adulthood

— Locally born to mother consuming non-local food

— Non-locally born, no residential change or change in dietary sources during childhood, but
immigration to the site during adulthood

— Non-locally born, mobility between regions with identical *’Sr/*°Sr ratios during childhood, and

immigration to the site during adulthood

— Locally born to mother consuming non-local food, and consuming non-local food during his/her entire

childhood (with or without mobility)

— Non-locally born, residential change during adulthood and residential change/change in dietary
sources during childhood

— Non-locally born, residential change during childhood, but consuming non-local food during
the time of LT formation

— Non-locally born, residential change during childhood, which appeared exactly during the time of LT

formation®

— Locally born to mother consuming non-local food, and consuming non-local food (different from that con-
suming by his/her mother) during his/her entire childhood (with or without mobility)

ET = Early tooth (e.g., M1); LT = Late tooth (e.g., M3); OFFSET = A% Sr/*® Sr between two teeth which is not likely produced only by small change in

eating habits (e.g., 0.001)

 Therefore, Sr ratio in LT is a combination of local and non-local signatures (it is possible only when LT Sr ratio is between ET Sr ratio and local range;
i.e., first 4B example in Fig. 7)
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local ¥’St/%°Sr ratio. In outcome 2A, the “local” tooth is an
early one, indicating an individual’s local origin and dietary/
residential change during late childhood. The person might
consume imported non-local food, move away temporarily,
or start a more mobile lifestyle. The reverse situation is repre-
sented by outcome 3A that indicates a non-local origin and
migration to the site during childhood. However, both out-
comes might be also explained in terms of migration during
adulthood from a region with similar ®’Sr/*®Sr ratios.
Although these outcomes seem to be clear evidence for
dietary/residential change, in practice it should be interpreted
with caution because the boundary between local/non-local
signatures is often not very clear. Outcomes 2B and 3B are
clearer in this sense because the A¥’Sr/*°Sr between teeth is
greater than the offset defined for the site.

Outcome 4A (both teeth with non-local signals and rela-
tively small A¥’St/*°Sr) suggests dietary/residential change
after adolescence. Although additional mobility during child-
hood cannot be excluded, outcomes 4B and 4C provide better
evidence for multiple mobility events during an individual’s
lifetime. However, since individuals in these cases are proba-
bly non-local, it is impossible to estimate the precise
AP7Sr/%%Sr offset value typical for their home location.

Adding the third tooth (e.g., M2 for middle childhood) into
the analysis can further specify the age at which dietary/
residential change occurred. On the other hand, the range of
possible explanations becomes even wider. Regarding the
possibility of distinguishing between change in dietary
sources and residential mobility, strontium isotope analysis
does not provide a simple answer. Other multiple tooth isoto-
pic analyses (6'%0, 5'°N, and §'°C) or other archeological
methods need to supplement this method.

Possible interpretations of childhood mobility

There is no simple interpretation for any of the multiple tooth
analysis outcomes (Fig. 7). Anthropological and historical lit-
erature provides many examples of different types of child-
hood mobility, which can result in the same or similar Sr
isotope outcomes in human teeth. For this reason, it is neces-
sary to complement Sr isotope results with other lines of evi-
dence. Some of the main types of childhood mobility are
discussed below; although this list should not be considered
exhaustive, it is intended to illustrate the diversity of this
phenomena.

Residential change of whole kin group

Probably the most common movement of children was togeth-
er with their kin group, whether as migration of a single family
or a larger community group. The potential reasons for resi-
dential change include many factors, for example, economic,
demographic, social, ideological, ecological, or political.
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Nevertheless, it is worth noting that migration patterns often
comprise a two-way flow of people including migration and
return migration (Anthony 1990: 904), and thus it is possible
that some of these children returned to their region of birth
later in life, while other children might be born in the new
environment and moved with their returning parents (Hadley
and Hemer 2011: 75).

Fosterage

Fosterage, sometimes called “children circulation”
(Leinaweaver 2008), is a practice characteristic of many
societies, e.g., medieval Ireland or modern-day Peru, when
a child does not reside with his/her own parents. Distinct
from adoption, the child’s natural parents remain the ac-
knowledged parents. Scholars distinguish several types of
fosterage. A main distinction is made between crisis fos-
terage, by close family kin, and allegiance fosterage. The
latter can be further divided between patronal allegiance
fosterage (child-raising by status superior) and cliental al-
legiance fosterage (raising by status inferior) (Parkes 2006:
359). Fosterage can be for free, so-called fosterage for
love, usually undertaken by close kin or family friends,
or parents may pay a fosterage fee, which depended on
the child’s sex and parents’ status (Hemer 2014: 137).
The main functions of this practice are the formation of
alliances between households and/or the provision of edu-
cation (Hemer 2014: 138). Fosterage could have lasted
from infancy until marriage and children might be fostered
by a several successive fosterers (Parkes 2006: 362). This
would divide financial burden associated with rearing a
child between multiple families, and at the same time ex-
tend the allegiance network (Hemer 2014: 138).
Sometimes, children are also fostered if poor families have
difficulties providing sufficient sustenance for them. A
wealthier fostering family may provide children with basic
needs, while receiving extra labor in return (Lancy 2018:
200; Sieff 1997: 523). Besides fosterage, children might
have been raised by institutions, for example, a monastery
or boarding school. Another example of fosterage is in
cases when children primarily receive specialized training
from a master in a craft, art, or medicine, such as appren-
ticeship (Lancy 2012).

Herding

Many studies of the role of children in different societies
showed that they are often involved in the tasks of keeping
livestock even from a very young age (Knipper 2009: 294—
297). In Peru, for instance, children participate in herding
chores since they are barely able to walk and may be entrusted
with a small herd alone by the age of 5 or 6 years (Bolton et al.
1976: 467). Similarly, African Fulani boys are actively
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involved in cattle herding activities with their older brothers or
father from the age of six, but sometimes even earlier (Denga
1983: 171; Lott and Hart 1977: 181). In terms of gender, men
and boys are usually responsible for herding livestock (Lancy
2018: 92; Whiting and Edwards 1988: 63-66); however, there
are examples of both girls and boys being involved in herding
activities. For example, children of both sexes take care of
llamas and alpacas in the Andes (Bolton et al. 1976: 467),
and among Tanzanian Datoga, there are about the same num-
ber of female and male herders. Small livestock and calves are
almost equally guarded by girls and boys, while there are
slightly more males among cattle herders (Sieff 1997: 536—
537). Kel Ewey Tuareg children of both sexes also work from
early age. At about the age of 7, they help their older siblings
to watch over the goats while they are grazing. At about
10 years old, girls start to herd goats on their own, whereas
boys travel with their fathers and camel caravans for several
months on distances up to 900 km (Spittler 2012: 59-61).
Overall, in most pastoralist societies children spent many
hours away from the settlement in herding activities (Lancy
2018: 117-118).

Forced mobility

Children and women have often been overrepresented among
captives in many societies (Cameron 2016), and since warfare,
raiding, and kidnapping were common in many times and
places, unwilling (and usually violent) or forced migration
of children is also a possible interpretation in many contexts.
Some captured children might be adopted or married into
families, while some become slaves. Others were kept as hos-
tages or occupy some marginal positions such as household
servants. Children did not have to be captured to end up in
slavery. They could be also sold by their poor parents in return
for food in times of starvation or they were born as slaves
(Patterson 1982). Once a child became “property”, he/she
could be traded, and moved, from one master to another.
Interestingly, some children were also part of the other side
of the coin. For example, written, as well as archeological,
evidence shows that children clearly accompanied Viking
armies during raids (Hadley and Hemer 2011: 65). And it is
possible that some individuals age 10 or even younger might
be directly involved in combat (Kamp 2001: 26).

Child marriage and post-marital residence

Although the marriage age is often set at 18 in the majority of
modern countries, it is not rare when people, especially girls,
got married much younger. The United Nations Population
Fund estimates that 12% of girls around the world become
brides before the age of 15 (Loaiza and Wong 2012).
Among some schools of Islamic legal thought, for example,
the range of minimum marriageable ages for males is between

15 and 18, while for females this extends from a high of 17
down to as young as 9 (Biichler and Schlatter 2013). Similarly,
in Ancient Rome, the legal minimum age of marriage for girls
was 12 and for boys 14, but there is also evidence for children
married at 6 and 7 (Hopkins 1965). In early medieval
Germanic societies, people also usually married very young,
girls aged 12 to 14 and boys between 14 and 16 (Wemple
1993: 229). Therefore, in some rare cases, multiple-tooth anal-
ysis can potentially reveal post-marital mobility occurring at a
young age since third molars develop relatively slowly and the
process of crown mineralization is not completed until ap-
proximately 14 years of age (AlQahtani et al. 2010).

Temporary matrilocal residence was common among some
societies. For example, young indigenous couples living on
Aleutian Islands in the Northern Pacific Ocean remained with
the wife’s parents after their marriage and moved to the hus-
band’s family home only after the first child was born (Lantis
1984: 176). Similarly, men from the North American tribe
Havasupai usually lived in their wife’s parents’ camp until
she had borne one or two children. Afterward, the couple
might establish their new home near either his or her parents’
camp (Spier 1928: 222). Post-marital residence was initially
matrilocal also among the South American Tupinamba, but
the husband’s goal was to free himself and his wife from
dependence on the in-laws and move to his own parents’
longhouse (Métraux 1948: 111-112). In such cases, the resi-
dential mobility of newly born or very young children can be
revealed through differences in strontium ratios between the
early forming teeth (e.g., deciduous teeth which start to min-
eralize in utero) and later forming ones.

Conclusion

Although the analyzed dataset has clear spatial and temporal
biases and is lacking in representativeness, this study has re-
vealed several important findings. The reported A¥’Sr/*°Sr
variability differs significantly between different regions and
time periods. This cannot be explained only by different pat-
terns of subsistence or by diverse geological conditions
around each site, and thus must reflect to some extent different
patterns of childhood mobility in the past. Previous applica-
tions of the multiple tooth sampling approach for strontium
isotope studies of human paleomobility have clearly demon-
strated that childhood mobility was more common than pre-
viously recognized. The increasing number of studies utilizing
this approach in recent years perhaps illustrates a renewed
interest in social (e.g., age-related) variation in patterns of
human migration and mobility, as well as methodological ad-
vances permitting higher resolution reconstruction of past life-
ways and life histories. Nonetheless, the various potentials,
limitations, and complicating variables of the multi-tooth sam-
pling approach merit more explicit consideration.
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First, a minimal A¥S1/8Sr cutoff of 0.001 to detect resi-
dential change during childhood/adolescence has been pro-
posed and applied in several recent studies. This proposed
cutoff (0.001) is approximately two orders of magnitude larger
than the typical measurement error (0.00001) of strontium
isotope analysis (2SE) and thus is extremely unlikely to be
the result of analytical error or random variation. However,
as the degree of normal variation in %’Sr/*®Sr within a single
(non-mobile) individual is not well characterized, caution is
merited in the use of such an absolute cutoff value for
distinguishing between local and non-local individuals.
Future research should focus on more precise estimation of
the expected range of ¥’Sr/*®Sr variation between different
tissues within a single individual (e.g., intra-individual varia-
tion). The approach proposed by Knipper et al. (2018) should
be expanded to larger datasets including individuals that are
documented to have been stationary (non-mobile) and to a
greater diversity of biogeochemical and geographical settings.

Multiple tooth ®’Sr/*®Sr analysis, as well as isotopic
provenancing in general, has its limitations. The extent of
identified childhood mobility will generally remain an
under-estimation since it is usually impossible to reveal mo-
bility between two places with similar bioavailable *’Sr/*°Sr
signatures. This limitation is, however, not specific to the
multiple tooth sampling approach, but is inherent to (single)
isotope approaches more generally. Therefore, it is beneficial
to supplement this method, when possible, with other isotopic
proxies, for example, multiple tooth 5'%0, §'°N, and 5'°C
analyses or other archeological methods. Of course, childhood
mobility can be also revealed by analyzing isotope ratios in
the remains of children themselves (i.c., of individuals who
died during childhood, as opposed to tissue samples from
adults which form during childhood). Such an approach per-
mits the identification of child migrants that did not survive to
adulthood (Hadley and Hemer 2011: 72). Conversely, isotope
analysis of certain deciduous teeth that form solely or primar-
ily in utero could in principle be used to investigate the
mobility/migration patterns of mothers during pregnancy.

As nuanced interpretations cannot be deduced from multi-
ple tooth ®’Sr/*°Sr analysis alone, because every outcome can
be explained in several different ways, the results should al-
ways be placed within an appropriate archeological, historical,
and ethnographic context. In order to reveal dietary/residential
changes at finer temporal resolutions, it is preferable to ana-
lyze teeth from three age categories (e.g., M1, M2, and M3).
The incorporation of four or more permanent teeth does not
provide much additional information in this respect since the
formation ages of many teeth overlap. By contrast, the multi-
ple tooth sampling approach involves significantly higher in-
vestments in time and costs than the traditional single tooth
sampling approach, and it also destroys a larger amount of
archeological material since the strontium isotope analysis is
a destructive method, as is the case with most types of
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biochemical analysis of human remains. As such, decisions
about which sampling approach to employ will likely be in-
fluenced by these practical considerations, as well as the spe-
cific contexts of the individual case studies. Therefore, analy-
sis of multiple tooth should be conducted only in cases where
there is a justified assumption that the results will provide new
and meaningful findings.
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