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The European Late Iron Age (ca. 5th-1st centuries BCE) is characterized by significant economic, social, and
cultural transformations, including the development and intensification of cultural and economic networks.
These features make the last centuries BCE relevant for the study of human territorial mobility and its de-

:ltlrl(fl:tium mographic and social correlates. In this study, we investigate the frequency and nature of human mobility during
Oxygen the Late Iron Age in one of the central regions of the La Téne cultural sphere, the area that is now Switzerland.

We further address the cultural factors that may have influenced the mobility patterns. Therefore, we analyze
strontium (¥7Sr/%0Sr), oxygen (5'%0) and sulfur (53*S) isotopic ratios from dental enamel and bone collagen in a
human skeletal dataset (N87Sr/865r = 101; N 5180 = 90; N 5%s = 121) representing various Swiss contexts
dating to the last five centuries BCE. These isotopic data are contextualized using faunal and vegetation baselines
and further explored for any demographic and funerary patterns. Results reveal spatial heterogeneity in the
frequency of nonlocal individuals, suggesting that both long- and short-distance residential changes were
influenced by regional political and economic differences across contexts. The absence of a correlation between
geographic origin and sex suggests that specific residential rules may not have been prevalent in these com-
munities. The lack of an association between isotopic variability and funerary treatment suggests that geographic
origin held limited social significance compared to sex, socioeconomic status, and community membership.
These findings enhance our understanding of the demographic and cultural processes in this geochronological
region highlighting the complexities and challenges of estimating past mobility patterns and geographic origin
using isotopic data.

Social complexity

1. Introduction relatively more fluid societies, a process reflected by funerary practices
that seem to put new emphasis on community membership rather than
power structures (Brun, 2018, Collis and Karl, 2018, Fichtl, 2018,

Metzner-Nebelsick, 2019, but see Trémeaud, 2018: 102). Related to

The European Late Iron Age (henceforth LIA, 5th -1st centuries BCE)
is a period featuring significant economic, social, and cultural changes.

In Central Europe, these include intensified metalwork production and
craft specialization, the development of centralized trade networks, and
the gradual shift to settlement conglomeration, in the form of open
settlements and, later, hilltop fortified structures (oppida) (Webley,
2018). During the LIA, earlier hierarchical social systems gave way to
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these processes is the view, influenced by classic authors like Polybius,
Titus Livius, Dionysius of Halicarnassus, Pliny the Elder, and Plutarch, of
"Celtic" societies as particularly inclined to long-distance residential
changes. This idea has shaped traditional discussions of the "Celtic mi-
grations" of the 4th century BCE (Schonfelder, 2024), and the emphasis
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posed on the involvement of these people in trade and mercenary ac-
tivities (Hauschild et al., 2013; Vitali, 1996, 2011). About the factors
leading to this pronounced mobility, classical authors list increased
population pressure, need for additional fertile lands, and the disruptive
effects of intertribal conflict (Hauschild, 2010; Tomaschitz, 2002). Pliny
(Natural History 12.5), for example, recounts that Helicon the Helvetian
returned from Rome with Mediterranean goods like figs, grapes, wine,
and oil. His praise of the southern region’s benefits allegedly prompted
the Helvetians to migrate southward.

1.1. Isotopic studies on Late Iron Age mobility

A revision of simplistic notions, such as that of the "Mobile Celts," has
been prompted by the growing contribution of isotopic studies, although
these remain fragmentary for this time period (Clauzel et al., 2022;
Knipper et al., 2014, 2018; Laffranchi et al., 2022; Oelze et al., 2012;
Piccirilli et al., 2023; Scheeres et al., 2014; Sorrentino et al., 2018). The
analysis of 875r/%0sr, 5'%0, and 534S, is widely used in archaeology to
reconstruct past mobility due to their relationships with local geology
(87Sr/868r and 6345), climate and hydrological sources (6180) (see for
more details Supplementary Methods S3). The 8751 /808r ratio reflects
the age and composition of local bedrock (Bentley, 2006), while 5%
values are shaped by environmental factors such as geography, altitude,
temperature, humidity, and distance from the coast (Lightfoot and
O’Connell, 2016; Rozanski et al., 1993). Sulfur isotopic ratios (534s) are
also influenced by local geology, soil composition, and proximity to
marine environments (Nehlich, 2015) and, although less commonly
used than strontium and oxygen isotopes, have also been applied to
reconstruct past mobility (e.g., Bataille et al., 2021; Laffranchi et al.,
2024a; Milella et al., 2022; Paladin et al., 2020). Due to physiological
and metabolic differences, the analysis of dental enamel and bone
collagen provides different temporal insights into mobility. Enamel
mineralizes during specific developmental periods and is unaffected by
later metabolic processes (Montgomery, 2010). Consequently, its iso-
topic ratios reflect the environment where an individual spent their
mid-to-late childhood (Humphrey et al., 2008). In contrast, bone
collagen, depending on the specific bone analyzed, its turnover rate, and
the element of interest, reflects isotopic signatures from a broader
timeframe, typically spanning 5-20 years or more prior to death (Ebert
et al., 2021; Nehlich, 2015; Richards, 2023).

The application of isotopic analyses to LIA archaeological contexts
suggests a complex and regionally diverse scenario featuring variable
associations between mobility, demographic, economic, and social
variables (Clauzel et al., 2022; Knipper et al., 2014, 2018; Laffranchi
et al., 2022; Oelze et al., 2012; Piccirilli et al., 2023; Scheeres et al.,
2014; Sorrentino et al., 2018). This variability appears to be particularly
elevated for the Swiss territory.

1.2. The Late Iron Age in the Swiss territory: archaeological and isotopic
background

The area that is now Switzerland is of key importance for the
reconstruction of "Celtic mobility." Positioned just across the Alpine
range, the Swiss territory serves as a hinge between the Mediterranean
world and Central Europe. The LIA is here archaeologically well repre-
sented (see also Cooper et al., 2023), with contexts including settlements
like Basel-Gasfabrik, Engehalbinsel, and Mont Vully (Bronnimann et al.,
2022; Ebnother and Wyss, 2004; Kaenel et al., 2004; Martin-Kilcher,
2005), necropolises like Miinsingen-Rain, Andelfingen, Solduno, Trun
Darvella (Hodson, 1968; Stockli, 1975; Tanner, 1980; Viollier, 1912)
and cultic centers. Among the latter one can remember the eponymous
site of La Tene, a landmark for the chronology of the European Proto-
history and a pivotal find for the development of Celtic archaeology (e.g.
Kaenel and Reginelli Servais, 2011; Kaeser, 2013), Tiefenau in Bern
(Miiller, 1990) and Le Mormont in Canton Vaud (Brunetti et al., 2019).
Like elsewhere in Central Europe in this period, the transition to simpler
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burial forms and more homogenous grave good types suggests also for
the Swiss area a progressive shift toward less differentiated societies
(Curdy and Kaenel, 2006; Hofstetter, 2021 — see also Supplementary
Introduction S1). At the same time, the frequent recovery among grave
goods of exotic items and/or inscriptions puts this region in the midst of
complex cultural, social, and economic networks (Danielisova et al.,
2021; Kruta, 1979; Vitali and Kaenel, 2000).

Previous studies on territorial mobility in LIA Switzerland vary in
scope and methodology, focusing on single sites (e.g., Knipper et al.,
2018; Moghaddam et al., 2016), regional analyses (Moghaddam et al.,
2018), and applying different isotopic analyses (e.g., strontium, oxygen
or sulfur). Results are heterogeneous and suggest a regional variability
in mobility patterns. For instance, Knipper et al. (2018) identify a dy-
namic, patrilocal system at Basel-Gasfabrik, contrasting with findings
from Miinsingen-Rain (Moghaddam et al., 2016; Scheeres, 2014), where
no traces of such residential rule were detected. These inconsistencies
underscore the need for new data to clarify mobility processes in the
Swiss area, providing a more comprehensive understanding of
socio-cultural dynamics during the LIA in this region.

Archaeological, anthropological, and paleodietary data indicates an
association between sex, age, socioeconomic status and funerary vari-
ability in these communities (Knipper et al., 2014; 2018; Miiller, 1998).
Previous analyses of carbon (613C) and nitrogen (615N) isotopic ratios
reveal significant variability in diet, possibly shaped by regional, social,
and ecological factors. Dietary patterns differ across regions, reflecting
diverse exploitation of C3 and C4 plants, as well as terrestrial and
freshwater food sources (Moghaddam et al., 2018). While some con-
texts, like Miinsingen-Rain, show dietary differences linked to sex and
social status (Laffranchi et al., 2021a; Moghaddam et al., 2016), this is
not consistent in other analyzed sites (Cooper et al., 2023; Moghaddam
et al., 2018).

The possible social significance of geographic origin remains
debated. Previous comparisons of isotopic and funerary data (Knipper
et al., 2018; Scheeres, 2018; Moghaddam et al., 2016) have yielded
negative or inconclusive results, failing to reveal a pattern between
nonlocal origin and funerary treatment. Applying a multivariate statis-
tical approach, based on the quantification of grave goods in each burial,
may reveal nuanced patterns not identified in previous studies.

In this study we explore the demographic and sociocultural factors
linked to residential mobility in LIA Switzerland, expanding the avail-
able isotopic dataset for this region by analyzing strontium (%”Sr/%sr)
and oxygen (5'80) from dental enamel and sulfur (5°*S) in bone
collagen, and compare these isotopic data with sex and funerary treat-
ment (type and number of grave goods) across different contexts. Based
on these data, we address the following questions.

1) Which kind (short- or long-distance) and frequency of territorial
mobility characterize different contexts from the Swiss Plateau and
Alpine area, and what general patterns emerge regarding the
geographic origins of nonlocals?

2) Are there sex-specific patterns in territorial mobility among these
human groups?

3) Is there a correlation between an individual’s nonlocal geographic
origin and their funerary treatment, specifically regarding grave
good variability?

2. Material and methods
2.1. Anthropological sample

Table S1 reports the regional distribution, chronology, sample size
and bibliographic references for each context. These represent different
areas of the Swiss territory and overall date to La Tene A-D (5th-1st c.
BCE). Further information about the main archaeological contexts can
be found in Supplementary Material S2. For some individuals, estimates
of sex and age at death were available from previous anthropological
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studies (Cooper et al., 2023; Laffranchi et al., 2024a; Moghaddam et al.,
2016, 2018). We double-checked previous estimates and, if needed,
assessed sex and age at death for all the individuals in the study applying
standard anthropological methods, as listed in Buikstra and Ubelaker
(1994). We then grouped the obtained age ranges in seven classes: Fetal
(F): < birth; Infants (I): birth to 3 years; Children (C): 3-12 years; Ad-
olescents (Ao): 12-20 years; Young Adults (YA): 20-35 years; Middle
Adults (MA): 35-50 years; Old Adults (OA): 50+ years. We assigned the
individuals for whom preservation and/or fragmentation hampered a
more precise age-at-death estimate to two broad groups: adults (Ad: >20
years) and nonadults (<20 years).

2.2. Mobility and dating

Before sampling, all skeletal and dental elements were first studied
morphologically, photographed, and scanned by means of a high-
resolution 3D scanner (Artec Spider). To minimize damage to remains,
if an individual was chosen for later paleogenetic analysis (Zingale et al.,
2023), the same tooth/bone fragment was first sampled for aDNA and,
later for the isotopic study, to limit potential contaminations. All
collected photographs and 3D models were provided to the responsible
archaeological institutions and museums, together with the sampled
remains and reports detailing the obtained isotopic results, as recom-
mended by Stantis and colleagues (2024). A detailed description of all
the analytical protocols applied in this study is provided in Supple-
mentary Methods S3; we summarize here the main analytical steps.

For 8Sr/%%sr and §'%0 we sampled a permanent second molar or
premolar or, in their absence, a third molar of 91 and 80 individuals,
respectively. We added to our datasets 10 previously published in-
dividuals from Cornaux/Les Sauges (Laffranchi et al., 2024a). We chose
to sample these specific teeth as our interest was to focus on a period in
the individual’s life corresponding to late childhood and ado-
lescence/early phase of adulthood (approximately up to 9 years old for
M2 and up to around 16 years old for M3) (Hillson, 1996; Montgomery,
2010). For the Sr/%Sr baseline we processed 22 faunal samples (7 Sus
domesticus, 6 Caprinae, 7 Bos domesticus, 2 Equus caballus), 16 modern
plants (5 from Canton Bern, 6 from Baselland, and 5 from Canton Ticino)
and 4 terrestrial snail shells (Canton Bern). We added two water samples
to the ones we previously published for the river Thielle and Lake
Neuchatel (Laffranchi et al., 2024): one from the river Aare (city of Bern,
sampling: November 2022), and one from the river Verzasca (Ticino:
May 2022).

For the specific case of Miinsingen-Rain, we added to our isotopic
dataset also the previous results of 8Sr/%°Sr from 34 humans and five
Sus domesticus available in Scheeres (2014) and Hauschild et al. (2013).
The final human datasets for strontium and oxygen therefore include
135 and 90 individuals, respectively. We processed the enamel samples,
modern plants and terrestrial snail shells samples in the ANTARQBIO lab
of the Universitat de Valencia (Valencian Community, Spain). The mass
spectrometry analyses were then conducted in the Department of
Geological Sciences of the University of Cape Town (South Africa) for
strontium and in the Laboratory of stable isotope analysis (LAIE) of the
Institute of Environmental Science and Technology (ICTA-UAB) of the
Universitat Autonoma de Barcelona (Catalonia, Spain) for oxygen. For
enamel %Sr/%Sr analyses we followed the protocols described in Pin
et al. (1994), while for 5'0 analyses we applied the methodology
proposed by Lee-Thorp and van der Merwe (1987) and modified by Koch
et al. (1997), Balasse et al. (2002), and Tornero et al. (2013). The ana-
lyses of 5'80 (and 8D) of the local water samples were done in the Stable
isotopes biogeochemistry laboratory of the Andalusian Earth Sciences
Institute of Granada (Spain) (see Supplementary Methods S3.1 and
$3.2).

We performed stable isotope analyses of sulfur (5>*S) on 96 in-
dividuals, sampling long bones (e.g., femur) when available and cranial
bone fragments for individuals previously sampled for paleogenomic
analysis or when postcranial elements were absent. This dataset includes
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19 individuals who were previously excluded from the study by Mog-
haddam et al. (2018) due to not meeting the quality criteria for isotopic
analysis. For these individuals, we repeated collagen extraction and
analysis using a new bone sample. We added to this dataset data from 25
individuals from Cornaux/Les Sauges and La Tene (Laffranchi et al.,
2024a). These new results expand the isotopic dataset for Late Iron Age
Switzerland originally published by Moghaddam et al. (2018). In addi-
tion to 5°%S, our bone collagen analysis also yielded stable isotope ratios
of carbon (6'3C) and nitrogen (5'°N). However, given that this study
focuses on territorial mobility, and that paleodietary data and their so-
cial correlates for Late Iron Age Switzerland have already been pre-
sented and discussed by Moghaddam et al. (2018) and Cooper et al.
(2023), we restrict our analysis and interpretation to 5%4S. To better
contextualize the observed human sulfur isotopic ratio variability,
whenever possible, we sampled from each analyzed region and context
faunal remains, for a total of 41 samples (13 Bos taurus, 10 Sus domes-
ticus, 7 Caprinae, 4 Equus caballus, 1 Anser anser, 1 Lutra lutra, 5 Esox
lucius). For both strontium and sulfur, we complemented our faunal
datasets with published data for different chronologies in the Swiss
territory (Andreetta, 2016; Laffranchi et al., 2024a; Moghaddam et al.,
2018; Reitmaier et al., 2018; Rosselet-Christ et al., 2024; Scheeres,
2014; Varalli et al., 2021) (see Table 1 for details).

The collagen extraction for stable isotope analyses was performed in
the Department of Physical Anthropology of the University of Bern
following an acid-base-acid extraction method modified by Ambrose
(1993, 1990), DeNiro (1985), and Longin (1971). The isotope ratios of
carbon (*3c/'%0), nitrogen (*>N/'*N), and sulfur (3*S/%2S) were
measured by isotope ratio mass spectrometry at Isolab GmbH, Schwei-
tenkirchen, Germany (see Supplementary Methods S3.3 for analytical
details and applied quality criteria).

The typological variability of La Téne grave goods is extremely well
studied and chronologically reliable (see Supplementary Introduction
S1). Since most of the analyzed burials were provided with grave goods,
we therefore limited a radiocarbon analysis to skeletons from non-
funerary contexts, or those provided with old and vague documenta-
tion. Fifteen samples for 1#C analysis come from the "catastrophic"
assemblage of Cornaux/les Sauges, and we included them in a recent
work on this context (Laffranchi et al., 2024a). We selected 8 additional
samples from burials whose chronology was ambiguous due to absence
or vague description of included grave goods. The radiocarbon analyses
were carried out at the LARA laboratory at the University of Bern
following Szidat et al. (2017). Radiocarbon ages were translated into
calendar ages with OxCal 4.4.4 (Bronk Ramsey, 2009) using the
IntCal20 calibration curve (Reimer et al., 2020) (see Supplementary
Methods S3.4 for details).

2.3. Funerary analysis

Following our previous works (Alterauge et al., 2020; Laffranchi
et al., 2019, 2021b; Milella et al., 2015), the comparison of isotopic and
funerary data was preceded by the coding of each burial according to 41
variables representing the presence and number of different types of
grave good items (see Table S2). We selected these variables following
the screening of all published and archival information for each burial
from each context. Depending on the type of available information, and
type of item, we treated each variable as either binary (pre-
sence/absence, e.g., beads) or count data (number of items, e.g., ceramic
vessels). After this preliminary step, we focused our analysis on Bern
Engehalbinsel and Miinsingen-Rain, the two contexts with large enough
sample size and detailed archaeological documentation. Following
Sparacello (2013) and Sparacello et al. (2017), we calculated for each
burial a Status index.

(1) we assigned to grave good items a coefficient of status:

Cs(k) =X (h)[N(hk) / N(k)]
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Table 1
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Swiss Alps and Plateau: strontium and sulfur ranges of humans, faunal” and vegetation datasets. N: sample size; SD: standard deviation: Min, Max: minimum and
maximum values. Lwr (Lower) and Upr (Upper) indicate the local isotopic range limits, calculated as Mean =+ 2SD for environmental data and as the estimated 95 %

density region for human data.

878r/%6s¢ 8%4S%0 (VCDT)

Region Type of sample N Mean SD Min Max Lwr Upr N Mean SD Min Max Lwr Upr

Swiss Human 133 0.70907 0.00113 0.70814 0.71795 0.70794  0.71017 233 3.4 28 =71 102 -1.9 8.0
Plateau

Swiss Sus domesticus 10 0.70883 0.00051 0.70836 0.70962 0.70781 0.70984 8 2.8 4.1 —-2.4 8.3 —-5.4 11.1
Plateau

Swiss Bos taurus o - - - - - - 12 21 2.7 -3.8 5.8 -3.3 7.5
Plateau

Swiss Esox lucius 0 - - - - - - 2 2.5 2.3 0.9 4.2 -2.0 7.1
Plateau

Swiss Anser anser 0o - - - - - - 1 29 - 2.9 29 - -
Plateau

Swiss Equus caballus 0o - - - - - - 2 07 0.1 0.6 0.7 0.4 0.9
Plateau

Swiss Lutra lutra 0o - - - - - - 1 2.4 - 2.4 24 - -
Plateau

Swiss Plant 5 0.70889 0.00073 0.70823 0.70974 0.70742  0.71036 0o - - - - - -
Plateau

Swiss Caprinae 5 0.70912 0.00043 0.70875 0.70980 0.70826  0.70998 8 27 3.8 -23 7.7 —49 10.2
Plateau

Swiss Land snail 4 0.70826  0.00006 0.70819 0.70832  0.70815  0.70838 0o - - - - - -
Plateau

Alps Human 5 0.71252  0.00080 0.71123  0.71337  0.71233  0.71340 64 3.6 22 =20 7.7 —0.1 7.9

Alps Bos taurus 15 0.70839  0.00043 0.70796  0.70977  0.70752  0.70926 10 5.8 34 -11 11.0 -1.1 126

Alps Gallus gallus 0o - - - - - - 2 72 0.9 6.6 7.8 5.4 9.0

domesticus

Alps Cervus elaphus 1 070952 - 0.70952  0.70952 - - 3 55 2.6 3.1 8.3 0.3 108

Alps Lepus europaeus 0 - - - - - - 1 9.7 9.7 9.7 9.7 9.7

Alps Sus domesticus 0o - - - - - - 5 6.8 2.4 3.1 9.7 1.9 116

Alps Plant 5 0.70925 0.00019 0.70908 0.70954  0.70888  0.70963 0o - - - - - -

Alps Caprinae 3 0.70899 0.00062 0.70858 0.70971 0.70774 0.71024 6 5.0 3.7 -0.3 9.1 —-2.4 12.5

 Sulfur human averages include data published by Moghaddam et al. (2016, 2018). Faunal averages include published data from Varalli et al. (2021, one B. taurus,
one S. domesticus, one Caprinae from Vaud), Andreetta (2016, three S. domesticus, three Caprinae, two Gallus gallus domesticus, two Cervus elaphus, one Lepus europaeus
from Ticino), and Rosselet-Christ et al. (2024, two S. domesticus, two Caprinae, one C. elaphus sample from Valais. Strontium human averages include published data
from Hauschild et al. (2013) and Scheeres (2014). Faunal averages include published data from Scheeres (2014, five S. domesticus from Canton Bern), Varalli et al.
(2021, two B. taurus from Vaud), Reitmaier et al. (2018, 14 B. taurus from Grisons), and Rosselet-Christ et al. (2024, one B. taurus, one Cervus elaphus, three Caprinae

from Valais).

Where N(k) is the number of burials which includes the specific item k,
and N(hk) the total number of objects in the hth burial that contains the
item k.

(2) we then obtained the status index of a burial [SI(h)] by summing
the products of the status coefficients of the items included in the
burial and their respective quantities (Sparacello, 2013; Spar-
acello et al., 2017).

SI(h) =%(k) [Nk x Cs(K)]

In order to further evaluate the heterogeneity of the grave goods in each
burial, we also calculated a Diversity Index (DI), which is the total
number of different types of included grave goods divided by the total
number of objects in the burial.

To account for potential biases introduced by chronology, age at
death (i.e., nonadults vs adult individuals), and sex in the assessment of
burial status, we employed a residual-based standardization approach.
First, we coded each individual according to their biological sex and
burial chronology, the latter expressed by the classic La Tene phases: A,
B, C, and D. We regressed SI and, separately, RI of all available adults on
burial chronology, and individual sex. The residuals from these models
represent the variation in each index not explained by either chronology
or sex. We applied this method rather than separately calculating indices
by sex and chronological phases in order not to work on too small
sample sizes.

2.4. Data analysis and statistical protocols

Our dataset includes a range of contexts, from isolated finds to large
parts of necropolises, with some regions (e.g., Canton of Bern) having
more consistent sample sizes than others (e.g., surroundings of Luzern).
To incorporate all available data while maintaining a contextual focus,
we applied a hierarchically structured research design. First, we grouped
samples into two main areas: the Swiss Plateau and the Alps, following
Moghaddam et al. (2018). This broad subdivision, while general, allows
the inclusion of smaller contexts that would be excluded from finer-scale
analyses. The distinction is mainly based on geological differences be-
tween these areas. The Swiss Plateau corresponds to the Molasse Basin,
formed between the Oligocene and Miocene epochs, whereas the Alps
consist of crystalline rocks (Reynard, 2021) (Fig. 1). In the second step,
we refined our analysis to smaller geographic regions, approximately 40
km? in size, overlapping with modern Swiss cantons. Finally, we focused
on two specific burial sites (Miinsingen-Rain and Bern Engehalbinsel)
for a detailed comparison of isotopic variability and funerary features.

The geological complexity of the Swiss territory, especially of the
Molasse Basin, makes the detection of strontium and sulfur isotopic
outliers particularly challenging. The Molasse comprises sedimentary
rocks of diverse origins and age, leading to a highly variable isotopic
signal. Considering this challenge, we decided to screen for the presence
of potential nonlocals applying a mixed approach based on the screening
of both environmental and human isotopic variability. Firstly, we used
as proxy of the local range the mean + 2 standard deviations of the
isotopic values of pigs (for strontium and sulfur), snails and plants (for
strontium), including previously published data. Pigs were screened to
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50 Km AN: Andelfingen (n: 16)
ENG: Bern-Engehalbinsel (n: 37)
North @ MR: Munsingen-Rain (n: 77)
BC: Bern Canton (n: 76)
AV: Avenches (n: 13)
CLT: Cornaux/Les Sauges & La Téne (n: 29)
GR: Grisons (n:8)
LN: Luzern & Niedwalden (n: 4)

SB: Sion & Bramois (n: 54)

TI: Ticino (n: 13)

[ ] Pre-Mesozoic Cristalline basement with minor sedimentary cover

[ cenozoic magmatic rocks [ Mesozoic sediments
[ ] cenozoic sediments [ Mesozoic oceanic rocks [ ] Pre-Mesozoic Cristalline basement
I:l Cenozoic mélanges \:| Permo-Carboniferous rocks

Fig. 1. Simplified geological map of Switzerland showing the distribution and sample size of the human dataset, adapted from Gouffon (2024).

exclude those with values outside the interquartile range (IQR) to
address possible cases of imported animals. Out of completeness we also
considered the isotopic variability of other taxa (e.g. Caprinae, bovids).
However, given their larger foraging range, these animal isotopic values
were used as broad reference points rather than strict local baselines. To
approximate the local 5'%0 isotopic signal we added to the results of the
water samples collected in this study (see above) estimates of local
rainfall and groundwater isotopic composition. The former is based on
the range of monthly averages obtained using the Online Isotopes in
Precipitation Calculator (OIPC: https://wateriso.utah.edu/waterisotope
s/pages/data_access/oipc.html). For the primary analysis of the Plateau
versus the Alps, we tailored estimates to the specific sample locations.
For the Plateau, we combined OIPC outputs for Bern, Miinsingen, Cor-
naux, and Avenches, while for the Alps, we used the estimate for
Locarno. Groundwater oxygen isotope values, used exclusively for the
second-level analysis, include the water samples collected in this study
and multi-year (2010-2018) sampling range for catchments of the Sense
River (Bern) and Giirbe River (Miinsingen-Rain) (Staudinger et al.,
2020). In order to compare our enamel carbonate values (Slsoc) with
the precipitation and groundwater isotopic ranges, we first converted
6180c into the VSMOW scale using the equation of Coplen (1988), and
then to drinking water (5'80pw) using the formula of Chenery et al.
(2012) based on equation (6) of Daux et al. (2008).

We complemented these environmental data with an analysis of the
central tendency of human isotopic values. This approach assumes that
the majority of individuals in a given community are local, a reasonable
assumption for the time period under investigation. Individuals whose
isotopic values fall outside their group’s central tendency may therefore
be nonlocals. A similar approach has been applied, with variations, in
other studies (e.g., Burton and Price, 2013; Danielisova et al., 2025;
Velte et al., 2023; Wright, 2005) and offers the advantage of potentially
reducing errors and uncertainties associated with environmental prox-
ies, thereby improving the robustness of nonlocal identification in
geologically heterogeneous landscapes.

To estimate the central tendency of each isotopic system, we applied
a Gaussian kernel density estimation using the hdr function in the R
package hdrcde (Hyndman et al., 2021), selecting the bandwidth based
on Sheather and Jones (1991) and retaining the 95 % highest density
region (HDR) as a probabilistic estimate of the most likely range of local

human values.

For a subset of outliers selected based on their archaeological in-
terest, we performed a dual strontium-oxygen probabilistic geographic
assignments following the method and R scripts of Bataille et al. (2021)
and using the assignR package (Ma et al., 2020). The analysis employed
the strontium isoscape of Bataille et al. (2020) and the global 51%0
precipitation isoscape from Bowen and Revenaugh (2003) and Bowen
et al. (2005), retrieved via assignR (function getlsoscapes). To facilitate
visual comparison between individuals, each assignment surface (the
product of the oxygen and strontium likelihood rasters) was normalized
by its maximum cell value, resulting in a relative likelihood surface
scaled between 0 and 1.

Posterior probability surfaces were then obtained by normalizing the
same raster by the sum of all cell values (i.e., ensuring the total raster
summed to 1), and the most probable regions comprising 33.3 % of the
total posterior probability were mapped using the qtlRaster function in
assignR (with thresholdType = "prob").

Since our enamel and collagen samples represent different life stages
of an individual, we did not perform a triple (strontium-oxygen-sulfur)
geographic assignment.

Differences in nonlocal frequencies between males and females were
tested using Fisher’s

exact test, with Bonferroni correction when needed. We explored the
possible association between isotopic and funerary variability by first
computing for each context an Euclidean distance matrix based on the
Status Index, Diversity Index, and each isotopic variable, and then
running separate Mantel tests between these different matrices. This
approach allowed us to evaluate whether individuals who were more
similar in isotopic composition—potentially reflecting comparable
mobility patterns—also exhibited greater similarities in funerary treat-
ment. By testing these associations quantitatively, we aimed to deter-
mine whether funerary differentiation may have been influenced by
factors related to geographic origin.

We performed all statistical analyses in R version 4.3.2 (R Core
Team, 2023). and JMP®, Version 17 (SAS Institute Inc., Cary, NC,
1989-2023). Graphs were produced with either R or JMP and further
edited with Inkscape (1.0.2-2).
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3. Results

Tables S3 and S4 present the individual values for 87Sr/%6Sr and
5'80. Table S5 presents the results for the collagen samples (5'°C, 5!°N
and 5%4S) respectively. The majority of bone samples (130 out of 160:
81.2 %) met the quality criteria for collagen preservation. We excluded
18 samples that did not meet the quality criteria for sulfur, and addi-
tional 12 because they did not yield any collagen.

With the exception of two samples from Castaneda and one from
Cornaux/Les Sauges that did not return results, all the other individuals
sampled for radiocarbon analysis provided dates consistent with the LIA
(5th-1st ¢ BCE). The oldest date corresponds to the individual from
burial 19 (TD-19/BE-17809.1.1) of Trun Darvella (472-232 cal. BCE)
while the most recent one is the nonadult of burial 17 (ERB-17/BE-
22522.1.2) from Engehalbinsel Reichenbachstrasse 87 (169-48 cal. BCE)
(Table S6).

3.1. Regional patterns: Plateau vs Alps

The mean +2SD strontium isotope ratio value range in the Plateau is
0.70781-0.70984 for pigs, and 0.70742-0.71036 for plants; in the Alps
it is 0.70888-0.70963 for plants (Table 1). The Plateau pig ranges do not
include two samples (Avenches Faubourg F-16323S and Tiefenau TIE-
1S) that were excluded due to their highly radiogenic strontium signa-
tures, strongly suggestive of a nonlocal origin of these animals.

For oxygen isotope ratio values (Table 2), the minimum-maximum
range of the combined OIPC monthly estimates for Avenches, Miinsin-
gen-Rain, Bern, and Cornaux is between —13.6 %0 and —4.0 %o VSMOW.
The minimum-maximum OIPC monthly estimate for Locarno is between
—12.9 %o and 3.6 %eo.

Concerning sulfur, the mean +2SD pig range for the Plateau (—5.1 to
11.1 %o VCDT) is consistently wider than the one for the Alps (1.9-11.6
%o) (Table 1).

Human strontium isotope ratio values range between 0.70814 and
0.71795 (N = 133; mean + 1 standard deviation: 0.70907 £ 0.00113) in
the Swiss Plateau, and between 0.71123 and 0.71337 (N = 5; 0.71252
+ 0.00080) in the Alps. Based on kernel density estimation, the 95 %
highest density region (HDR), representing the most probable range of
human values, spans 0.70794-0.71017 in the Plateau and
0.71233-0.71340 in the Alps (Table 1).

In the Plateau, three females, two males, and one nonadult (all sexed
individuals referenced herein are adults) fall outside the local strontium
range (Fig. 2a). These six nonlocals are in three sites: Miinsingen-Rain,
Bern Engehalbinsel and Cornaux/Les Sauges.

All five human samples from the Alps show strontium values outside
the range for plants as well as the ranges based on published faunal
datasets (Fig. 2d). Rather than considering all individuals nonlocals, this
result may rather stem from a combination of the extremely small
sample size and geological differences on a local scale. Therefore, a more
reliable insight on mobility in this case comes from the distribution of

Table 2
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human values. Four individuals (necropolises of Giubiasco Palasio and
Locarno Solduno) fall in a relatively narrow isotopic range, between
0.71248 and 0.71337. A markedly lower value (0.71126) characterizes a
male from Tenero Contra, suggesting a nonlocal geographic origin.

Human §'®0py in the Swiss Plateau range between —16.0 %o and
—7.6 %0 VSMOW (N = 85; average + 1 standard deviation: 11.0 + 1.5
%o), with the estimated 95 % range of human values between —14.0 %o
and —8.5 %o (Fig. 2b-Table 2). Two adult males from Cornaux/Les
Sauges (Skeleton 9 and Skeleton 23) show isotopic values lower than
both the estimated precipitation range as well as the human 95 %
density region. In the Alps only two individuals (both adult females from
Locarno Solduno and Giubiasco Palasio) returned results for this isotopic
system (respectively —7.7 %o and —9.6 %o VSMOW). Given this sample
size, no central tendency was calculated and therefore plotted in Fig. 2.
Both individuals, in any case, fall inside the estimated local precipitation
range (Table 2).

When considering sulfur isotope ratios, human values in the Swiss
Plateau range between —7.1 %o and 10.2 %o VCDT, and between —2.0 %o
and 7.7 %o in the Alps. Based on kernel density estimation, the 95 %
highest density region (HDR), representing the most probable range of
values, spans —1.8 %o to 8.2 %o VCDT in the Plateau and —0.2 %o to 7.8 %o
in the Alps (Table 1). In total, outliers for sulfur are four, one in the
Plateau (an adult from Avenches of indeterminate sex), and three in the
Alps (one male, two adults of unknown sex from Sion) (Fig. 2c—e). All
these individuals present isotopic values that are lower than the com-
bined pig and human ranges.

3.2. Regional patterns: smaller regions

Tables 2-4 present the averages and ranges for our second, smaller
scale of analysis. We focus here on the number and sex of outliers from
each context. Figs. 3-5 plot the density of human isotopic values along
with faunal, vegetation, and precipitation/groundwater data. Table S7
shows the basic demographic and funerary data of the outliers from each
area. For strontium, 13 individuals (out of 137: 9.5 %) are clear outliers
from their respective local isotopic range. The number of nonlocals is
regionally heterogeneous, with the majority being found at Miinsingen-
Rain (Fig. 3e: three females and one male), Cornaux/Les Sauges (Fig. 3d:
five males), and Bern Engehalbinsel (Fig. 3c: two females). A particular
case is that of five additional individuals from Miinsingen-Rain (three
females and two males, highlighted in green in Fig. 3e), showing a
strontium signature clearly more radiogenic than the rest of the in-
dividuals from this context, although still inside the range of the pigs and
human estimated 95 % density region. These "possible nonlocals" are
clearly highlighted as outliers when plotting a boxplot of the human
values for Miinsingen-Rain.

The number of outliers for oxygen is relatively small, with two males
(from Miinsingen-Rain and Cornaux/Les Sauges) falling distinctly
outside the local 8'%0 range, both exhibiting particularly low values
(Fig. 4c and d). To these, we may add an adolescent (F-16402) from

Summary statistics of human 5'80pw values from the Swiss Plaeau, Alps, and single contexts. LS: Les Sauges; N: sample size; SD: standard deviation: Min, Max:

minimum and maximum values.

Lwr (Lower) and Upr (Upper) indicate the limits of the estimated 95 % density region for human data (only for N > 3). Lopc, Uorpc: endpoints of the local precipitation

6180Dw range (see methods).

5180w %o (VSMOW)

Area/Region N Mean SD Min Max Lwr Upr Lorpc Uorrc
Alps 2 -8.7 1.3 —9.6 -7.7 - - -12.9 -3.6
Swiss Plateau 85 -11.0 1.5 -16.0 -7.6 -14.0 -8.5 -13.6 —-4.0
Avenches 3 -11.3 2.4 -14.0 -9.8 - - -13.2 —4.1
Bern Canton 32 —10.6 1.2 -13.3 -8.3 -13.0 —8.5 -13.6 —4.3
Cornaux/LS & La Tene 10 -12.4 1.6 -16.0 -10.8 —14.6 -10.1 -13.1 —-4.0
Bern Engehalbinsel 21 -11.0 1.5 -13.7 -7.6 -13.7 -89 -13.6 —4.3
Miinsingen-Rain 19 —11.0 1.4 —14.0 -9.2 -13.6 —8.5 -13.6 —4.3
Ticino 2 -8.7 1.3 —9.6 -7.7 - - -12.9 -3.6
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Fig. 2. Swiss Plateau (a—c) and Alps (d, e): distribution of human strontium, oxygen, and sulfur isotopic ratios. The red horizontal bars indicate the 95 %
highest density region (HDR), representing the most probable range of human isotopic values based on kernel density estimation, with outliers highlighted in red. The

plots display single values (star) and ranges (arrows) from local fauna, vegetation, and precipitation data. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Table 3

Summary statistics of human 5'%0pw values from the Swiss Plaeau, Alps, and single contexts. N: sample size; SD: standard deviation: Min, Max: minimum and

maximum values.

Lwr (Lower) and Upr (Upper) indicate the limits of the estimated 95 % density region for human data (only for N > 3).
Lorrc, Uorpc: endpoints of the local precipitation 5%0pw range (see methods).

87y /865y
Analyzed context Type of sample N Mean SD Min Max Lwr Upr
Bern Canton Human 40 0.70897 0.00047 0.70814 0.70983 0.70829 0.70987
Bern Canton Bos taurus 3 0.70902 0.00050 0.70851 0.70952 0.70802 0.71002
Bern Canton Equus caballus 2 0.70871 0.00004 0.70868 0.70873 0.70863 0.70878
Bern Canton Sus domesticus 6 0.70878 0.00051 0.70836 0.70962 0.70776 0.70980
Bern Canton Plant 5 0.70889 0.00073 0.70823 0.70974 0.70742 0.71036
Bern Canton Caprinae 1 0.70876 - - - - -
Bern Canton Land snail 4 0.70826 0.00006 0.70819 0.70832 0.70815 0.70838
Engehalbinsel Human 23 0.70920 0.00102 0.70834 0.71365 0.70813 0.70934
Miinsingen-Rain Human 53 0.70890 0.00138 0.70815 0.71795 0.70801 0.70990
Miinsingen Entlastungsstrasse Bos taurus 2 0.70877 0.00036 0.70851 0.70903 0.70804 0.70950
Miinsingen Gerbegraben Sus domesticus 5 0.70870 0.00053 0.70836 0.70962 0.70765 0.70975
Cornaux/Les Sauges & La Tene Human 11 0.70990 0.00156 0.70827 0.71351 0.70757 0.71187
Cornaux/Les Sauges & La Tene Sus domesticus 3 0.70871 0.00053 0.70841 0.70932 0.70766 0.70976
Cornaux/Les Sauges & La Tene Caprinae 1 0.70875 - - - - -
Grisons Human 0 - - - - - -
Grisons Bos taurus 14 0.70840 0.00045 0.70796 0.70977 0.70751 0.70930
Grisons Caprinae 0 - - - - - -
Avenches Human 5 0.70928 0.00079 0.70814 0.71017 0.70888 0.71027
Avenches Bos taurus 2 0.70928 0.00033 0.70904 0.70951 0.70861 0.70995
Avenches Sus domesticus 1 0.70947 - - - - -
Avenches Caprinae 3 0.70936 0.00038 0.70908 0.70980 0.70860 0.71012
Ticino Human 5 0.71252 0.00080 0.71123 0.71337 0.71233 0.71340
Ticino Plant 5 0.70925 0.00019 0.70908 0.70954 0.70888 0.70963




Z. Laffranchi et al.

Table 4

Journal of Archaeological Science 180 (2025) 106294

Single contexts: sulfur ranges of humans and faunal datasets. N: sample size; SD: standard deviation: Min, Max: minimum and maximum values. Lwr (Lower) and Upr
(Upper) indicate the local isotopic range limits, calculated as Mean + 2SD for environmental data and as the estimated 95 % density region of human data.
See the main text and Table 1 for details on the type, location, and references of included published data.

5°*S%o (VCDT)

Analyzed context Type of sample N Mean SD Min Max Lwr Upr
Bern Canton Human 62 4.0 2.0 -2.2 8.7 1.2 7.1
Bern Canton Sus domesticus 1 -2.0

Bern Canton Bos taurus 3 2.3 0.6 1.7 2.7 1.2 3.4
Bern Canton Equus caballus 2 4.2 0.1 4.1 4.3 3.9 4.5
Bern Canton Caprinae 1 -2.3

Bern Engehalbinsel Human 37 5.5 1.1 1.6 7.1 3.6 7.4
Bern Engehalbinsel Sus domesticus 1 8.0 - - - - -
Bern Engehalbinsel Bos taurus 1 4.8 - - - - -
Bern Engehalbinsel Caprinae 2 7.0 1.0 6.3 7.7 5.0 9.0
Miinsingen-Rain Human 76 1.0 2.2 -2.3 7.6 —-2.7 6.4
Cornaux/Les Sauges & La Tene Human 28 4.5 2.2 -1.9 8.0 1.0 8.6
Cornaux/Les Sauges & La Tene Sus domesticus 3 3.5 1.4 2.0 4.8 0.7 6.3
Cornaux/Les Sauges & La Tene Bos taurus 4 2.9 1.9 0.4 5.0 -0.9 6.7
Cornaux/Les Sauges & La Téne Esox lucius 2 2.5 2.3 0.9 4.2 —2.0 7.1
Cornaux/Les Sauges & La Tene Anser anser 1 2.9 - - - - -
Cornaux/Les Sauges & La Tene Equus caballus 2 0.7 0.1 0.6 0.7 0.4 0.9
Cornaux/Les Sauges & La Tene Lutra lutra 1 2.4 - - - - -
Cornaux/Les Sauges & La Tene Caprinae 1 5.6 - - - - -
Sion & Bramois Human 54 3.3 21 -2.0 7.6 -0.9 7.5
Andelfingen Human 16 5.2 2.2 2.2 8.7 -2.3 8.9
Avenches Human 10 3.8 5.2 -7.1 10.2 -2.5 12.0
Avenches Bos taurus 3 -1.3 2.2 -3.8 0.5 -5.7 3.1
Avenches Sus domesticus 3 2.1 5.6 -2.4 8.3 -9.0 13.2
Avenches Caprinae 3 0.1 1.8 -1.2 2.2 -3.5 3.7
Ticino Human 7 6.3 1.8 2.8 7.9 5.3 8.4
Ticino Bos taurus 4 8.7 2.1 6.1 11.0 4.5 129
Ticino Gallus gallus domesticus 2 7.2 0.9 6.6 7.8 5.4 9.0
Ticino Cervus elaphus 2 6.8 2.2 5.2 8.3 2.4 11.1
Ticino Lepus europaeus 1 9.7 - - - - -
Ticino Sus domesticus 3 8.2 1.3 7.3 9.7 5.6 10.8
Ticino Caprinae 3 7.9 1.9 5.8 9.1 - -

Avenches Faubourg which presents a 6180Dw value of —14.0%.VSMOW,
well outside the local OIPC range (from —13.2 %o to —4.1 %o) and sub-
stantially lower than the other two individuals from this context (—10.0
%o and —9.8 %) (Table 2: no central tendency calculated due to small
sample size). We highlight this result not only because the same indi-
vidual is also a strontium outlier— (Fig. 3b)—a rare case of dual outlier
in our dataset—but particularly due to the combination of a nonlocal
isotopic signature with archaeological evidence of specific ritual prac-
tices. The individual, represented by a well-preserved, isolated
splanchnocranium, was the only human remain found in the backfill of a
road ditch, positioned between two post-holes interpreted as a gate’s
uprights, suggesting the display of the cranial element on the gate itself
(Bridy, 2021).

For oxygen we can point to four possible nonlocals. These include two
adult females from Bern Engehalbinsel and Bern Biimpliz and two adult
males from Koniz and Cornaux/Les Sauges.

The number of sulfur outliers varies across different contexts (Fig. 5):
four at Cornaux/Les Sauges (all males), three at Sion and Bramois (all
adults of unknown sex), two at Bern Engehalbinsel (both males) and
Miinsingen-Rain (one male and one female), and one at Andelfingen
(female), Canton of Bern (male), and Ticino (nonadult). Similarly to
what is observed for strontium and oxygen, a closer examination of
human isotopic distributions suggests for some contexts a more complex
scenario. Miinsingen-Rain and, especially, Andelfingen exhibit an
approximately bimodal distribution (Fig. 5e-h) raising the possibility
that we are observing two distinct groups: one local and one nonlocal.
Following this criterion, nonlocals for sulfur at could actually include
four males and one female at Miinsingen-Rain, and two females and two
males at Andelfingen. Another possible nonlocal can be found at
Avenches (Fig. 5b): an adult of unknown sex that falls outside the human
distribution but is near the lower limit of the pig range. All the
mentioned possible nonlocals are highlighted with an asterisk in Table S7,

and by green ticks in Figs. 3-5.

Fig. 6 presents, for six of these outliers, the dual-isotope (strontium
and oxygen) likelihood surfaces (white to green), along with posterior
probability distributions restricted to the top 33.3 % of spatial proba-
bility (white/red insets). For two individuals (MR-60 and MR-101) not
analyzed for oxygen in this study, the geographic assignment was per-
formed using §'%0 values from phosphate, and the corresponding esti-
mated §'%0py values, previously published by Scheeres (2014) and
Hauschild et al. (2014). We selected these individuals based on their
distinctive isotopic signatures or their association with noteworthy
archaeological features. MR-60 exhibits the most radiogenic strontium
signature at Miinsingen-Rain, while ESCH-22 presents a nonlocal
strontium isotope ratio value and oxygen isotope ratios distinct from the
rest of the assemblage. MR-101, MR-116, and MR-70 were each asso-
ciated with at least one grave good item indicative of non-local con-
nections, and F-16402 is the exposed cranium from Avenches.

The results vary among individuals, with some (e.g., MR-60, MR-70)
showing relatively localized high-probability regions while others like
MR-116 and, especially, MR-101, a broader distribution across Central
and Eastern Europe. The areas showing the highest probability include
the Massif Central and Armorican Massif (MR-60, ESCH-22), the area
between what is now Northern France and Belgium (ESCH-22), the
alpine area (MR-70, MR-116, MR-101), and Central-eastern Europe
(MR-101, MR-116). The result for the cranium F-16402 is the most
constrained highlighting only a limited and narrow high probability
areas in the Alpine and Cisalpine region.

3.3. Sex

Table 5 presents the absolute and relative frequencies of outliers by
sex. These frequencies show no substantial differences across specific
contexts or the entire dataset. The most notable differences are observed
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Fig. 3. Specific regional contexts: distribution of strontium isotopic ratios. The red horizontal bars indicate the 95 % highest density region (HDR), representing
the most probable range of human isotopic values based on kernel density estimation, with outliers highlighted in red. The green ticks and box plot (e) indicate
possible nonlocals at Miinsingen-Rain. The plots display single values (stars) and ranges (arrows) from local fauna and vegetation data. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Specific regional contexts: distribution of oxygen isotopic ratios. The red horizontal bars indicate the 95 % highest density region (HDR), representing
the most probable range of human isotopic values based on kernel density estimation, with outliers highlighted in red and possible nonlocals in green. Arrows
represent local isotopic ranges derived from OIPC (precipitation), published groundwater data, and water samples collected for this study. The red circle marks a
single water sample from the Aare River. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

at Bern Engehalbinsel for strontium (%M: 40 %, 2/5 vs. %F: 11.8 %, 2/
17), Andelfingen for sulfur (%M: 25 %, 2/8 vs. %F: 42.9 %, 3/7), and
Miinsingen-Rain for oxygen (%M: 10 %, 1/10 vs. %F: 0 %, 0/9). How-
ever, none of these differences are statistically significant.

10

3.4. Funerary variability

Table S8 reports the Status and Diversity Indices for the adult in-
dividuals at Miinsingen-Rain and Bern Engehalbinsel. Figs. S1 and S2
present the plots of funerary versus isotopic distances for both contexts,
along with the results of the Mantel tests. These results clearly indicate
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Fig. 5. Specific regional contexts: distribution of sulfur isotopic ratios. The red horizontal bars indicate the 95 % highest density region (HDR), representing the
most probable range of human isotopic values based on kernel density estimation, with outliers highlighted in red and possible nonlocals in green. The plots show
single values (stars) and ranges (arrows) from local fauna data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Table 5
Number and relative frequency (%) of outliers in each sex.

Journal of Archaeological Science 180 (2025) 106294

nF, nM: number of analyzed females and males; Foyu, Moy number of female and male outliers. FET= Fisher exact test
The analysis includes only adults and, for each context, the possible nonlocals as well (see Table S6).

87gr/86r 534S%o (VCDT) 5'80pw%o (VSMOW)
Analyzed context nF oM Fou (%) Moy (%) p nF nM Four (%) Moyt (%) P nF nM  Fou (%) Mo (%) p
(FET) (FET) (FET)
Andelfingen - - - - - 7 8 3(42.9) 2(25.0) 0.608 - - - - -
Avenches 2 1 0 (0) 0 (0) - 2 1 0 (0) 0 (0) - 1 0 (0) 0 (0) -
Bern Canton 26 9 0 (0) 0 (0) - 36 14 0 (0) 2(14.3) - 21 8 14.8) 1(2.5) 0.483
Cornaux/Le Sauges & La 0 10 - 4(40.00 - 0 20 0(0) 4 (20.0) - 0 9 - 2(22.0) -
Tene
Engehalbinsel 17 5 2(11.8) 2 (40.0) 0.210 21 12 2(9.5) 2 (16.7) 0.610 16 4 1(6.3) 0 (0) 1.000
Miinsingen-Rain 20 27 5(25.0) 4(14.9) 0.465 29 37 2(6.9) 3.1 1.000 9 10 0(0) 1(10.0) 1.000
Sion & Bramois - - - - - 18 26 0 (0) 0 (0) - _ _ _ _ _
Ticino 3 2 0 (0) 1(50.0) 1.000 3 2 0(0) 0 (0) - 2 0 0 (0) - -
Total 68 54 7(93) 11(177) 0204 116 120 7(6.0) 13(10.8) 0244 49 32 2(40) 4(125) 0.203

that these variables are completely uncorrelated. A more detailed view is
provided in Fig. S3, which shows for both sites a rather random distri-
bution of the Status and Diversity indices. For completeness, Fig. S4
presents an overview of carbon and nitrogen isotopic values for these
two contexts (data from Moghaddam et al., 2016, 2018, and this study;
see Table S5), along with the status index and potential nonlocality of
each individual. Although no clear pattern emerges among these vari-
ables, two females from Miinsingen-Rain (MR-70 and MR-101) warrant
attention: MR-70 exhibits a markedly higher §!3C ratio alongside a
nonlocal strontium value, while MR-101 combines an elevated 5'3C
value with a high-status index.

4. Discussion

Before discussing our results, we must first address the primary
limitations of this study. The geological complexity of the Swiss Plateau,
as previously mentioned, presents significant challenges for detecting
nonlocals and estimating their geographic origin. This issue is exacer-
bated by the lack of detailed strontium and sulfur isoscapes for
Switzerland. Caution is also necessary when, as in this study, modern
precipitation and groundwater data are used as proxies for local 5'%0pw.
This approach has well-documented limitations (e.g., Bataille et al.,
2020; Lightfoot and O’ Connell, 2016), as isotopic values of precipitation
have likely shifted over the past two millennia. Additionally, local in-
dividuals may have accessed water sources with a 'non-local’ isotopic
signature, such as rivers originating at high altitudes, and cooking and
brewing practices could have further influenced the 5'80 of ingested
water. The intrinsic error associated with applying conversion equations
to estimate drinking water 5'20 values from human tissues must also be
acknowledged (Daux et al., 2008; Pederzani and Britton, 2019; Pollard
et al., 2011), as it further compounds the broader uncertainties inherent
in oxygen isotope-based mobility studies. Another source of uncertainty
is the differing sample sizes across the analyzed contexts, with some
necropolises and/or regions represented by only a few individuals, while
others are represented by relatively large numbers. A clear example of
this is the small sample size of the contexts from the Alpine area, an issue
affecting especially strontium analysis and primarily due to the poor
preservation of dental and skeletal remains in the region. This problem
restricts our ability to draw robust conclusions about Alpine mobility
patterns, and calls for caution when interpreting the results for this
geographical area. Another challenge lies in selecting the criteria for
defining local isotopic ranges and pinpointing outliers. Although we
exercised caution and considered various factors to minimize false
positives, our approach has limitations that likely led to an underrep-
resentation of nonlocals. This fact is particularly relevant for the
Plateau, where short-distance residential changes—likely more common
in the analyzed period—may go undetected isotopically, while
long-distance mobility is more prominently emphasized. This limitation

may account for the possible nonlocals identified in several contexts, who
may have originated from nearby areas distinct from their final burial
locations. Expanding environmental isotopic datasets across diverse
geographical regions may improve the spatial resolution and accuracy of
provenance analyses in the future, enabling a more precise identification
of nonlocals and their geographic origin (cf. Bronnimann et al., 2018).

It is also important to emphasize the differing temporal resolutions
provided by our isotopic data. While isotopic ratios from dental enamel
offer insights into an individual’s childhood, bone collagen reflects a
broader temporal window, particularly in our case, due to the low
turnover rate of cranial bones. Consequently, we chose not to integrate
these data into a combined triple isotopic probabilistic geographic
assignment. Although our analysis of different tissues can provide
chronological insights into residential changes - such as individuals
exhibiting non-local strontium and/or oxygen signatures alongside a
local sulfur signal - a finer temporal resolution would require additional
analyses. These may include intra-individual sampling of teeth with
varying developmental timelines, bones with different turnover rates,
and incremental sampling of dental enamel and dentine (e.g., Boethius
et al., 2022; Coffin et al., 2022; Depaermentier et al., 2023; Frei et al.,
2017; Knipper et al., 2018; Laffranchi et al., 2022; Lamb et al., 2014;
Pérez-Ramallo et al., 2022).

Regarding our first research question, the results of this study suggest
both short- and long-distance mobility in the analyzed contexts, with
frequency of nonlocals overall low but heterogeneous on a local basis.
Some geographic areas, like the Massif Central and the alpine area,
emerge as important source of incomers.

Archaeological and anthropological data suggest that during the Late
Iron Age, the Swiss Plateau had a higher population density compared to
the Alps (Cooper et al., 2023; Hofstetter, 2021, Pauli-Gabi and Steiner,
2002). The Plateau also featured economically, culturally, and reli-
giously significant centers, such as the Brenodor oppidum at Bern
Engehalbinsel (see Supplementary Material S2.2). Similarly, despite the
absence of archaeological traces of an associated settlement, the type
and variability of grave goods at Miinsingen-Rain suggest a community
engaged in extensive trade networks and characterized by complex so-
cioeconomic differentiation (see Supplementary Material §2.1)
(Hodson, 1968; Miiller, 1998). Larger, economically significant loca-
tions attract potential movers for various reasons, including better
economic opportunities and the presence of kin or other social networks
in the area (Boyd, 1989). Additionally, increased mobility around major
centers may have created a self-reinforcing effect, providing potential
migrants with more information about their target destinations
(Anthony, 1990; Van Hear et al., 2017). Given the central roles of Bern
Engehalbinsel and possibly Miinsingen-Rain in trade, craftsmanship,
and religious activities, it is unsurprising that these sites exhibit higher
frequencies of nonlocals compared to the rest of our dataset. This
observation aligns with those by Knipper et al. (2018) regarding the
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elevated frequency (37 %: 20/54) of nonlocals at the proto-urban center
of Basel-Gasfabrik. At the same time, we need to stress that, compared
with this context, the frequencies of nonlocals observed in our study are
much lower. Methodological and contextual factors may explain this
discrepancy. In particular, by examining two teeth per individual, these
authors detected lifetime residential changes that single-tooth analysis,
like ours, could miss. Additionally, economic, social, and political fac-
tors, along with Basel-Gasfabrik’ s location at key trade routes, may
explain the higher residential mobility rates observed there.

The results of the probabilistic geographic assignment are inter-
esting, as they align with the known spread of the La Tene culture across
continental Europe. In particular, the strong connections to the alpine/
subalpine region and the area corresponding to what is now Central
France are intriguing, suggesting long-distance residential mobility, as
already highlighted by previous studies (Knipper et al., 2018; Laffranchi
et al., 2024a), further supporting the idea that such extended mobility
was not uncommon for this period.

At the same time, as mentioned above, our data suggest the presence
of short-distance residential changes, statistically represented by the
possible nonlocals highlighted in the study. Caution is needed when
interpreting these ambiguous cases, but we believe that considering
them as actual nonlocals, or, following Depaermentier et al. (2020,
2021) "microregional’, returns a more realistic scenario than one where
mobility is exclusively characterized by long-distance residential
changes.

Turning to the second research question, our analyses failed to
highlight a contrast in mobility between males and females. Mobility
studies frequently try to compare sex-specific isotopic variability with
those expected based on different social systems and residence patterns
(e.g., Bentley et al., 2004, Cintas-Pena et al., 2023; Depaermentier et al.,
2020; Knipper et al., 2018; Pearson et al., 2023; Sjogren et al., 2020).
Focusing on the European Late Iron Age, the high frequency of male
individuals showing a local isotopic signature suggested to Knipper et al.
(2018) the presence of a patrilocal residential rule at Basel-Gasfabrik.
Conversely, no patterning between sexes was detected at other La
Tene contexts in Germany, Italy, and Czech Republic (Laffranchi et al.,
2022; Scheeres et al., 2013, 2014). Our results would therefore align
with these latter studies. This may be due to several factors including,
besides possible social norms, the limited and small-scale mobility
within the analyzed communities, as well as the chronological resolu-
tion of our data. We cannot exclude that more evident differences in
mobility between sexes may emerge after analyzing different dental
samples from the same individuals and/or incorporating in the future
the analyses of other variables (e.g., Lead, Neodymium, Hydrogen).

Regarding our last research question, our data suggest that the
geographic origin of an individual was not among the factors influencing
how they were buried. This result aligns with those obtained by other
similar analyses on Iron Age contexts (Knipper et al., 2018; Laffranchi
et al., 2019, 2021; Moghaddam et al., 2016; Scheeres et al., 2014), and
may be influenced by a series of factors. First, since funerary rituals are
enacted by the survivors, they may be more informative about the be-
liefs and social structure of the deceased’s community or family than of
the individual themselves (Parker Pearson, 1999). This may have been
especially relevant during the Late Iron Age given the mentioned focus
on community values and membership of funerary practices during this
time period (Collis and Karl, 2018; Fichtl, 2018; Metzner-Nebelsick,
2019). Furthermore, if burial features were actually influenced by the
social perception of the deceased, other factors such as gender, age,
socioeconomic status, familial or social connections, may have been
more relevant. A lack of distinctive burial features for nonlocals could
also suggest cultural or familial ties between incomers and the host
community. This scenario might apply to some of the possible nonlocals
in our study, particularly if they were, as we postulated, linked to
short-distance residential changes. Finally, our analysis of funerary
variability is inherently limited to the physical aspects of the ritual, as it
relies exclusively on the examination of grave goods and burial features.
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Nonetheless, it is important to acknowledge that gestural and vocal el-
ements of funerary rituals, though archaeologically invisible, may have
been central and influenced by the deceased’s geographic and cultural
origins (Laffranchi et al., 2024b). If we shift from the broad perspective
offered by the use of indices to a finer scale of analysis and consider
single cases, we may indeed identify instances where individual grave
goods suggesting cultural connections beyond the Swiss Plateau align
with nonlocal isotopic values. This seems the case for four females
included in our probabilistic geographic assignment: MR-101, MR-116,
and MR-70 from Miinsingen-Rain, and ESCH-22 from Engehalbinsel-
Scharloch.

Among the objects from MR-101, one of the richest burials at Miin-
singen-Rain, is a top-modern fibula (first example of a LTC1 type), with
typological parallels to Bohemia and Bavaria (Miiller and Liischer,
2004). While this hypothesis is primarily supported by isotopic
geographic assignment based on strontium and oxygen, the exception-
ally high 8'3C value of this individual (—16.4 %o VPDB; see Fig. 54)
provides additional evidence. Carbon isotope data from Early and Late
Iron Age sites in southwestern Germany and Bohemia indicate an
increasing reliance on C4 plants (Le Huray and Schutkowski, 2005; Oelze
et al., 2012; Vytlacil et al., 2024), reinforcing this connection. MR-116
was buried with a gold finger ring of a typology linked to northern
Italy and that finds parallels in the ’Celtic’ necropolis of Casalecchio di
Reno (Bologna) (Waldhauser, 1998). At Miinsingen-Rain, only five fe-
male individuals were interred with gold rings, possibly indicating high
social status (Jud, 1998). Notably, the probabilistic geographic assign-
ment highlights the cisalpine region as one of the highest-probability
origin areas (Fig. 6).

MR-70 was buried with a Certosa-type bronze fibula, characteristic
of the southern Alpine and northern Italian cultural sphere
(Martin-Kilcher, 1973). While in this case the isotopic data are less clear,
it is nonetheless interesting to observe that the highest-probability
geographic areas include the eastern Alps and the Alpine region to the
north of the Po valley.

Another, although less clear, example of co-presence of nonlocal
isotopic and funerary data is the female ESCH-22 from the Enge-
halbinsel, for which combined §'80 and 87Sr/%°Sr suggest an origin from
a rather variable set of regions to the west of the Swiss Plateau. The
problem in this case is the archaeological documentation of this burial,
rather fragmentary. This hampers to confidently associate the individual
to specific grave goods. It is however worth noting that among the ar-
tifacts published by Stahli (1977) for Engehalbinsel Scharloch (where
ESCH-22 was found) are a bronze brooch of the Motschwil type,
distributed as far as Bavaria and possibly Bohemia, and two glass arm
rings datable to the LT C2 stage (Miiller, 1996; Jud and Ulrich-Bochsler,
2014; Stahli, 1977).

These observations, if compared with the results obtained by the
analysis of funerary indices, underscore the need to integrate statistical
and qualitative analyses, as broad-scale approaches may obscure the
complexity of individual mobility and cultural interaction. If we assume
that the “exotic” items were worn in life by the deceased—a hypothesis
that remains uncertain—this would suggest that a different geographic
and cultural affiliation was (at least materially) expressed through single
objects rather than through a distinctly different or elaborate burial.
Funerary rituals, focused on the expression of shared community values,
norms, and symbols, may have prioritized collective identity over in-
dividual origins, explaining the consistent burial practices observed for
nonlocals. In this context, geographic origin appears to have been subtly
embodied in life rather than explicitly marked in death.

While the above considerations may apply to data from settlements
or necropolises, they are only marginally relevant to Cornaux/Les
Sauges. The latter is indeed a non-funerary context that yielded a sub-
stantial number of nonlocals (9 out of 20: 45 %) (Laffranchi et al.,
2024a). The osteological and archaeological evidence suggests that
these individuals died due to the collapse of a wooden bridge while they
were crossing it. The high number of isotopic outliers and male
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predominance indicate they may have been part of a specialized group
like traders or soldiers, offering a rare insight into mobility and socio-
economic roles.

Another non-funerary case of interest is the cranium from Avenches
Faubourg archaeologically interpreted as displayed on a gate (Bridy,
2021). Combined strontium and oxygen values suggest a childhood
spent in a southern alpine area or cisalpine region (north of the Italian
peninsula). The exposure of heads and/or cranial remains is attested
historically (e.g. Diodorus Siculus: Bibliotheca Historica) and docu-
mented archaeologically by numerous finds from southern Gaul,
Belgium, Germany, and Switzerland in a range of contexts including
oppida, sanctuaries, as well as domestic spaces (e.g. Brunaux et al.,
1985; Ciesielski et al., 2011; Rousseau, 2012).

The individual’s nonlocal origin may suggest a trophy head from a
vanquished warrior or a raid victim, with the latter scenario potentially
more consistent with their young age at death. Alternatively, as pro-
posed by Bridy (2021), the cranium may represent a relic—retrieved and
displayed post-burial (cf. Rousseau, 2012). Under this hypothesis, the
individual could have been a community member who migrated to
Avenches after being born elsewhere. Further examination of the
archaeological context, combined with additional molecular analyses,
could provide deeper insights into this intriguing case.

5. Conclusions

Our data reveal spatial heterogeneity in the frequencies of nonlocal
individuals among analyzed Late Iron Age Swiss contexts, potentially
linked to regional political and economic differences. Isotopic variability
indicates residential changes over both short and long distances,
possibly involving areas such as the alpine and subalpine regions, and
the area that is now Central-eastern France. The lack of a clear corre-
lation between mobility, sex, and funerary treatment provides new in-
sights into the social dynamics of residential changes in La Tene
cultures. By expanding the isotopic dataset for Late Iron Age Switzerland
and applying diverse statistical methods, this study enhances our un-
derstanding of mobility during this period, highlighting its complexity
within a key area of the La Tene cultural sphere. From a broader
perspective, our findings emphasize that past mobility cannot be
reduced to a singular trend but represents a mosaic of regional and scale-
related variability. Ongoing paleogenetic analyses will further assess
biological kinship between nonlocals and host community members,
shedding light on familial and social ties influencing mobility. Addi-
tional isotopic studies, including multi-tissue analyses and an expanded
faunal and vegetation dataset, could refine our understanding of
nonlocal individuals’ origins and improve the resolution of mobility
reconstructions in the Swiss territory.
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