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Establishing strontium isotope (87 Sr/26Sr) geographical variability is a key component of
any study that seeks to utilize strontium isotopes as tracers of provenance or mobility.
Although lithological maps can provide a guideline, estimations of bioavailable 87 Sr/20Sr
are often necessary, both in qualitative estimates of local strontium isotope “catchments”
and for informing/refining isoscape models. Local soils, plants and/or animal remains
are commonly included in bioavailability studies, although consensus on what (and
how extensively) to sample is lacking. In this study, 96 biological samples (plants and
snails) were collected at 17 locations spanning 6 lithological units, within a region of
south-west France and an area with a high concentration of Paleolithic archaeological
sites. Sampling sites aligned with those from a previous study on soil bioavailable
strontium, and comparison with these values, and the influence of environmental and
anthropogenic variables, was explored. Data confirm a broad correspondence of plant
and snail 87Sr/80Sr values with lithological unit/soil values, although the correlation
between expected 87Sr/88Sr values from lithology and bioavailable 87 Sr/88Sr ratios from
biological samples was higher for plants than for snails. Grass, shrub and tree 87Sr/86Sr
values were similar but grasses had a stronger relationship with topsoil values than
trees, reflecting differences in root architecture. Variability in 87Sr/%%Sr ratios from all
plant samples was lower for sites located on homogeneous geological substrates than
for those on heterogeneous substrates, such as granite. Among environmental and
anthropogenic variables, only an effect of proximity to water was detected, with increased
873r/88Sr values in plants from sites close to rivers originating from radiogenic bedrock.
The results highlight the importance of analyzing biological samples to complement,
inform and refine strontium isoscape models. The sampling of plants rather than snails is
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recommended, including plants of varying root depth, and (if sample size is a limitation) to
collect a greater number of samples from areas with heterogeneous geological substrates
to improve the characterizations of those regions. Finally, we call for new experimental
studies on the mineralized tissues of grazers, browsers, frugivores and/or tree leaf
feeders to explore the influence of 8”Sr/88Sr variability with soil profile/root architecture
on 878r/883r values of locally-feeding fauna.

Keywords: strontium, bioavailability, isoscape, provenance, mobility, snails, plants, archaeology

INTRODUCTION

Although the first strontium isotope studies on ancient skeletal
materials took place almost forty years ago (Ericson, 1985),
it has only been in the past two decades that the technique
has emerged as a leading means of exploring past human
and animal movements in archaeology and paleoecology. In
archaeological studies, strontium isotope analysis is used to
study the geographical origins of humans, animals and artifacts,
and can thus help provide insights into diverse demographic,
economic and socio-cultural aspects of past lives. This includes
the identification of individual and population patterns of
immigration and emigration (e.g., Knudson et al., 2004; Leach
et al., 2009); the inference of social conventions such as matri-
or patri-locality (e.g., Bentley et al., 2005); the reconstruction
of trade and exchange networks (e.g., Thornton, 2011; Laffoon
et al, 2015); and the exploration of animal husbandry and
herding practices (Balasse et al., 2002; Bentley and Knipper,
2005).

In Paleolithic archaeology, given the otherwise sparse record,
insights into the past movement habits of humans and animals
can be particularly valuable. The strontium isotope analysis
of zooarchaeological materials from Paleolithic sites has been
used to explore prey-species movements and seasonality (Julien
et al., 2012; Price et al, 2017), giving insights into hominin
landscapes use and hunting strategies (Pellegrini et al., 2008;
Britton et al., 2011). These methods have also been applied
to the fossilized hominin teeth, largely through the application
of minimally destructive laser ablation sampling and analyses.
These approaches have, for example, been used to infer landscape
use and home range size amongst early hominins in South
Africa (Copeland et al.,, 2011; Balter et al., 2012; Joannes-Boyau
et al,, 2019). Strontium isotope studies have also illuminated
the lifetime movement habits of Neanderthals (Richards et al.,
2008; Willmes et al.,, 2016) and Upper Paleolithic humans in
Europe (Lugli et al,, 2019). Strontium isotope studies have also
focused on raw materials to infer the movement of crafted
objects. For example, strontium isotopes were used to infer the
provenance of Late Upper Paleolithic beads from a child burial in
southwest France, and whether their source was contemporary
coastlines or local fossil assemblages from Miocene marine
deposits (Vanhaeren et al., 2004). Other types of material
culture have been studied using similar techniques: for example,
87Sr/86Sr ratios, along with other rare earth elements, were also
used to identify a single, French source of colorful fluorites found
at Upper Paleolithic sites in Belgium (Goemaere et al., 2013).

While showing great potential, the number of applications
in Paleolithic archaeology remains small and—as in all other
research areas using strontium isotopes in archaeology—is at
least in part limited by the extent to which local strontium
isoscapes are understood. Assessing the range of biologically
available strontium isotope values around sites of interest and
across the wider landscape, and establishing an isoscape, are
key components for any mobility and provenance study—
from the Middle Paleolithic to the post-medieval period.
However, the strategies for the construction of isoscapes remain
contentious, and methods used to characterize and describe
spatial variation in strontium isotope ratios vary—along with
the methods for gauging local values. Approaches used to
generate isoscapes include GIS-based techniques, including a
priori approaches (Bataille and Bowen, 2012; Bataille et al., 2014),
often incorporating mixing models, machine learning (Bataille
etal., 2018), or spatial aggregation (often based on underlying the
lithology) to demark discrete strontium isotope units or packages
(Evansetal., 2010, 2018; Snoeck et al., 2020). All these approaches
rely on source strontium data. While lithological maps, or the
direct measurement of strontium local rock samples, can provide
a guide for local bioavailable strontium, samples are normally
collected to assess bioavailability directly. These may include
modern plants, soils, micro-fauna, local waters, archaeological
fauna, or a mixture of analytes. However, only a few studies have
been published comparing these sample types (see Maurer et al.,
2012 for an example), and there is a lack of consensus concerning
what (and how extensively) to sample for bioavailability when
generating or refining isoscapes (see discussion in Snoeck et al.,
2020).

In southwest France, the Dordogne is an area famed for its
prehistoric archaeology, particularly the late Middle and Upper
Paleolithic caves and rockshelters of the Vézere valley and its
tributaries. In addition to large assemblages of archaeological
artifacts (including lithics from a number of type sites) and,
of course, world-renowned cave art, this region boasts one
of the densest and most significant early paleoanthropological
records of late Middle/early Upper Paleolithic human remains,
along with abundant faunal assemblages. Situated between the
coastal lowlands to the west, the Loire Valley to the north,
the Pyrenees to the south, and the Massif Central to the east,
the region is at the intersection of different ecological, geological
and topographic zones. Indeed throughout the history of study in
the region, researchers have sought to forge connections across
this significant eco-cultural landscape: for example, sites in the
Périgord and the Pyrenees have been described as representing
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FIGURE 1 | Elevational map of the study area with the sampling locations (black triangles), and the location of selected Middle and Upper Paleolithic archaeological

sites (white circles).
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the different seasonal bases for the same groups of highly mobile
Magdalenian “reindeer followers” (Bahn, 1977: 255; Gordon,
1988). The investigation of human movements in this region,
and the landscape use of the prey-species they depended on,
using strontium isotope analyses remains an important yet
understudied research opportunity.

Here, we present a new strontium isotope bioavailability
dataset for this region comprising almost 100 biological samples
(plants, snails) collected at 17 different sampling locations and
spanning 6 lithological units. Sampling locations were selected
to align broadly with sampling locations of a previous study
on soil strontium, including published and unpublished data
(unpublished data from Moffat, 2013; published data from
Willmes et al., 2014), allowing comparison of plant and snail
measurements with soil values. The influence of a range of
other variables was also explored including elevation, land-
use/ forest cover, proximity to roads and rivers, and lithology.
The aims of this research were three-fold: (1) to compare
variability between substrate strontium values, and bioavailable
values determined from the plants and malacofauna in this
study; (2) to explore the influence of a range of landscape
variables on those bioavailable strontium values in this region;

and (3) to further refine the isoscape for this significant
archaeological region.

MATERIALS AND METHODS

Field Sampling and Sample Identification

Field sampling for plants and snails was conducted in
August 2013. Sampling locations (Figure 1) were based on the
distribution of major geological units in the region of study,
and then—specifically within each unit—selected to align as
closely as possible with 24 locations included in a previous
nationwide study of soil strontium isotope variability (Willmes
et al,, 2014) and from the doctoral thesis from one of the
authors (Moffat, 2013) (see Supplementary Table 1). A handheld
GPS was used to record the location of each plant and snail
sampling locality (Garmin 2465, which is accurate to = 15m).
Typical sites included areas of open unmanaged ground, areas
of forest, and unmanaged areas at the edges of agricultural fields
or track ways. At each location, samples were taken in close
proximity to each other and included multiple samples of grass
(i.e., shallow rooted plants), leaves from shrubs (i.e., medium
root-depth plants) and tree leaves (i.e., deep rooted plants), along
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with empty snail shells (where available). Plant samples were air
dried in open polyethylene sample bags during the field season to
avoid decomposition.

After initial assessment in the field, plant and snail samples
were given taxonomic assignments by two of the authors
(SW and MAM, respectively). Identifications of plant samples
followed Stace (2010) and Rose (1989), and malacofauna were
identified using reference materials, as well as Cossignani and
Cossignani (1995) and Kerney (1999). Species consisted of
common northern and western European species and are listed
in Supplementary Table 2 alongside all plant and snail strontium
isotope data.

Laboratory Protocols and Data Generation
Plant and snail samples were prepared and analyzed at the
Department of Human Evolution, Max Planck Institute for
Evolutionary Anthropology, Leipzig, Germany. Air dried plant
samples were sub-sampled and washed in ultra-pure MilliQ
water to remove any adhering soils, dust or other materials,
before being frozen and freeze dried. Snail shell samples were
ultrasonicated for 15 min in ultra-pure MilliQ water for the same
purpose, air dried overnight and crushed using a clean agate
pestle and mortar. Dried plant samples were cut into smaller
pieces and placed in porcelain crucibles with lids and then ashed
in a muffle furnace overnight at 500°C.

Strontium was extracted from snails and plants using a
modification of the method from Deniel and Pin (2001),
described in detail in Copeland et al. (2008). Aliquots of ashed
plant material and crushed snail shells (~3 to 50 mg) were
weighed into 3 ml Savillex vials (Minnetonka, MN, USA) and
digested in 1ml of 143M HNO;3 (SupraPur grade, Sigma
Aldrich) on a hotplate set at 80°C for 8 h. Samples were then
dried down and re-dissolved in 1 ml 3M HNOj3 before loading
into pre-conditioned microcolumns containing Sr-specific resin
(EiChrom, Darian, I, USA). Strontium was eluted from the
resin in ultrapure deionized water (18.2 MS2), dried and
then re-dissolved in 3% HNO; for analysis of 8 Sr/30Sr ratios
using a Thermo Fisher (Thermo Fisher Scientific, Bremen,
Germany) Neptune multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS).

All 873r/86Sr measurements were corrected for interferences
from krypton (Kr) and rubidium (Rb) and normalized for
instrumental mass bias to 38Sr/36Sr = 8.375209 (exponential
law). Analysis of the international strontium isotope standard
NIST SRM987 (National Institute of Standards and Technology,
Gaithersburg, USA) during each analytical session was used
for external normalization of data [long-term 87Sr/%Sr value
= 0.710273 £ 0.000033 (2 o) (n = 97)]. All ¥Sr/%Sr values
reported here were adjusted so SRM987 = 0.710240 (Johnson
and Fridrich, 1990), and this typically involved a data correction
factor of —0.00002. Strontium concentrations of the enamel
samples were determined using the method described in
Copeland et al. (2008), which is accurate to within 31 ppm. In
addition, each batch of sample was prepared with the external
standard SRM 1486 (bone meal). The nine samples analyzed gave
an average value of 0.709297 £ 0.000030, to be compared to the
long term in house value of 0.709298 £ 0.000026, n = 139 or

the compiled value of GeoREM (0.70931, n = 8, http://georem.
mpch-mainz.gwdg.de/).

Soil samples had been analyzed as part of a previous unrelated
study and include published and unpublished data (Moffat, 2013;
Willmes et al., 2014). Soil samples were prepared following the
method described in Willmes et al. (2014). In brief, a ~30g
subsample of each topsoil sample was dried overnight at 60°C,
sieved through a 2 mm sieve, and a 1g aliquot was subsampled
and leached by adding 2.5 ml 1M ammonium nitrate (NH4NO3)
following the protocol DIN ISO 19730 and shaking for 8h.
Samples were then centrifuged at 3,000 rpm for 15min, the
supernatant extracted (~1-2ml) and evaporated to dryness and
then re-dissolved in 2ml 2M nitric acid (HNO3). Strontium
concentration was determined using ICP-AES before the samples
were processed by ion exchange chromatography to isolate
strontium from other interfering elements using two sets of
columns filled with Eichrom Sr-specific resin (pre-filter and Sr-
spec resin). Strontium isotope ratios of soils were measured in the
Environmental Geochemistry and Geochronology Laboratory
at the Research School of Earth Sciences, ANU, also using
a Neptune MC-ICP-MS. Data reduction includes Kr and
87Rb isobar corrections, an exponential mass bias correction,
and 3 sigma outlier rejection. Total procedural blanks varied
between 50 and 250 pg strontium and measurements of the
strontium carbonate standard SRM987 (National Institute of
Standards and Technology) gave an average 8Sr/3¢Sr value of
0.71023 4 0.00001 (n = 167, 20).

87Sr/8Sr values of plant, snail and soil samples used in this
study are shown in Figure2, and in Supplementary Table 1
(soils) and Supplementary Table 2 (plants and snails) in the
Supplementary Material.

DATA ANALYSIS

Environmental Data

For each of the 17 plant and snail sampling sites, data
pertaining to the elevation, minimal distance to a road, minimal
distance to water, and the local habitat, were extracted using
ArcGIS v10.5. Elevation data came from the Digital Elevation
Map of Europe (DEM 25m, Copernicus Land Monitoring
Service, 2018° European Union, https://land.copernicus.eu/).
Distance to road and distance to water were calculated using
road and hydrographic network data!. Habitat was assessed
from Corine Land Cover data (https://land.copernicus.eu/).
Deciduous, coniferous and mixed forest habitats were grouped
into a “forest” category, and pasture and complex cultivation
pattern habitats into a “crop” category. Each plant and snail
sampling site in the current study was associated with the closest
soil sampling sites in the area (Moftat, 2013; Willmes et al., 2014).
Finally, the underlying lithology of each site, as well as associated
87Sr/80Sr isotopes values, were extracted from the strontium
isotope group of France map available at the IRHUM (Isotopic
Reconstruction of Human Migration, www.irhumdatabase.com)

Unstitut National de I'Information Géographique et Forestiére road: ROUTE 500
edition 191, Hydrography: DB TOPO v3. Available online at: https://geoservices.
ign.fr/.
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website (Willmes et al., 2014, 2018). Willmes et al. (2018) grouped
the lithological units observed in France into 5 isotope groups
(Table 1). The western part of the study area is dominated
by limestone and carbonaceous sediments (isotope group 2),
ranging from middle-early Jurassic close to the Massif Central, to
Eocene/Oligocene on the west, with Quaternary clastic sediments
basins along rivers (Figure 3). The Massif Central area included
on the eastern part of the study area is dominated by Cambrian
paragneiss (isotope group 3) and orthogneiss (isotope group
5), and Carboniferous granite (isotope group 4). Oligocene to
Pleistocene volcanic geological units (isotope group 1) are also
present on the eastern edge of the study area. The lithological
units observed at each sampling site were grouped within three
of the five isotope groups: isotope group 2, limestone and other
carbonaceous sediments; isotope group 3, sand and clay; and
isotope group 4 sandstone and granite (Table 1, Figure 3).

Statistical Analyses

A linear mixed-effects model was fitted to assess the effect of
environmental variables on ¥ Sr/80Sr ratios within biological
samples, with the sampling site as a random factor to control
for inherent variability of each site (Ime4 package in R software,
Bates et al., 2015; R Core Team, 2019). In order to facilitate data
analysis, strontium isotope ratios of biological and soil samples
were presented in e%Sr notation (Beard and Johnson, 2000),
defined as:

887SV = ([87sr/gssr]sample / [87sr/86sr]bulk earth — 1) * 10000

where [%7Sr/%08r] sample 18 the 878r/30Sr values of the samples and
[87Sr/%0Sr | pulkearth i equal to 0.7045 (Beard and Johnson, 2000:

TABLE 1 | Isotope groups with their corresponding lithologies and bioavailable
873r/%6Sr range (adapted from Willmes et al., 2018).

Isotope Lithologies Bioavailable

group 879r/85Sr range

Group 1 \olcanics 0.7033-0.7059

Group 2 Chalk, dolomite, limestone, impure 0.7072-0.7115
carbonate sedimentary rocks

Group 3 Clay, sand, conglomerate, wacke, 0.7076-0.7170
paragneiss, schist

Group 4 Gravel, sandstone, granite, 0.7084-0.7252
migmatite, mica schist, rhyolitoid

Group 5 Orthogneiss 0.7155-0.7213

Other Amphibols, mud, mafic/ultramafic N/A

igneous rocks, quartzites, minor
lithological units

1050). To meet the assumptions of normality of the residuals and
homogeneity of variance, the response variable was transformed
from &%Sr to -(¢%7Sr)~!. Effects of the sample type (snail,
grass, shrub, tree), the habitat (crop/forest), the distance to road,
the distance to water and the elevation were tested separately.
Variables were then regrouped into three categories: sample type,
anthropogenic variables (habitat, distance to road), landscape
structure (distance to water, elevation), and candidate models
composed of various combinations of these categories were
constructed. As the strontium isotope ratio of the underlying
lithological units was expected to be the main driver of
e%Sr observed in both soils and biological samples (Bentley,
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FIGURE 3 | Lithological units of the study area classified by isotopes groups (adapted from Willmes et al., 2018). Sampling locations of the study are indicated (black

2006; Bataille et al., 2018), the &%Sr lithological values of
each site were included in all models in order to control
for its effect. The list of all models tested in this study is
provided in Supplementary Table 3. Variance inflation factor
(VIF; Zuur et al,, 2010) did not reveal multicollinearity among
explanatory variables, as all variables had a VIF < 3. All
models were ranked using AICc (Akaike’s information criterion)
and models with AAICc < 2 were considered as equivalent
(see Supplementary Table 3). From these models, parameter
estimates, SE and 95% CI were calculated using model averaging
(Burnham and Anderson, 2002). Effects of explanatory variables
were considered significant when the 95% CI did not include 0.
To investigate the relationship between bioavailable £%Sr in
soil and the £¥’Sr observed in plant according the type of plant
(grass, shrub, tree), a linear mixed-effect model was fitted with
~(€%7Sr)~1 of plant as the response variable, the £%Sr of soil in
interaction with the plant type as explanatory variables, and the
plant sample sites as a random factor. As plant and soil sampling
sites originated from two unrelated studies, and were paired post
hoc, only plant sampling sites <1000 m away from soil sampling
sites were kept for this analysis (sites: n = 10, plant samples: n =
39). Parameter estimates were provided with their SE and 95% CI.

Heterogeneous lithological units such as granite are expected
to have a higher variability in their 87Sr/%Sr ratio than more
homogeneous units, which may also be reflected in more variable
bioavailable strontium values (Sillen et al., 1998; Willmes et al.,
2018). Variability in sample #”Sr/36Sr ratio between lithological
groups was compared using robust Levene test because 87Sr/%0Sr
ratio values did not follow a normal distribution. A robust
Levene test is equivalent to an ANOVA performed on the
absolute difference between the 87Sr/36Sr values of the samples
and the median Sr/%6Sr value of the group to which they
belong. Therefore, a post-hoc Tukey’s HSD (honestly significant
difference) test on this difference was performed in order to
compare all possible pairs of groups and identify how variability
differed between groups. Differences in variability were also
tested between sample type (snail, shrub, grass, trees) and
between habitats.

Generating a Local 87Sr/80Sr Isoscape

In order to produce a new local 87Sr/%6Sr isoscape of the study
area, newly sampled sites were incorporated to an existing
87Sr/8Sr isoscape map of France from Willmes et al. (2018).
This isoscape was generated by geostatistical interpolation
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TABLE 2 | Parameters estimates from the best mixed-effects models (random
factor: sampling site) explaining variation in the 87 Sr/%6Sr ratio of biological
samples expressed in -(£87Sn)~".

Variables Beta SE Cl95low Cl95up
(Intercept) —0.02118 0.00230 —0.02568 —0.01668
£87Sr litho 0.00010 0.00002 0.00006 0.00015
samp.type (Snail) —0.00369 0.00047 —0.00461 —0.00276
samp.type (Shrub) 0.00012 0.00054 —0.00094 0.00117
samp.type(Tree) 0.00064 0.00049 —0.00032 0.00161
Habitat 0.00216 0.00114 —0.00007 0.00440
d.road 0.00266 0.00309 —0.00339 0.00871
d.water —0.00072 0.00031 —0.00133 —0.00010
elevation —0.00250 0.00464 —0.01160 0.00659

Parameters were calculated by model averaging. Effects of variable for which 95% CI
exclude 0 (indicated in bold) are considered statistically significant. €7 Sr litho: 87 Sr/%0Sr
values of the lithological units presented in £87Sr notation; samp.type: sample type with
grass as reference category; d.road: distance to road; d.water: distance to water.

of the 8Sr/%Sr values observed at sites recorded in the
IRHUM database (Willmes et al,, 2014, http://dx.doi.org/10.
1594/PANGAEA.819142), using kriging with external drift
(Willmes et al., 2018). The IRHUM database provides 875r/80Sr
ratios for plant and soil samples from >800 locations in France
(see Willmes et al., 2014 for details of samples and isotope
analyses) as well as information about the underlying lithology
(type, age). Kriging relies on the spatial autocorrelation between
the sampled locations to interpolate value and this spatial
autocorrelation is quantified by fitting a variogram model. Values
at a given location are predicted by averaging known neighboring
values weighted according to the variogram model. Kriging with
external drift allows the accounting of an additional spatial
trend defined by an auxiliary variable, such as elevation or other
environmental variables.

Following Willmes et al. (2018), sites from the IRHUM
database with both soil and plant samples were selected,
excluding sites that were not representative of the lithology
of their geographic area (minor geologic outcrop, riverbanks,
sites with a strong anthropogenic influence). Strontium isotope
groups defined by Willmes et al. (2018) were used as the auxiliary
variable for the kriging with external drift. Lithological units
of the surface geology map of France available in the IRHUM
(Willmes et al., 2018) were regrouped according the isotope
group to which they belonged (Table 1). The isotope group of
each site in the IRHUM database were then extracted. Kriging
with external drift was first performed on 498 IRHUM sample
sites to obtain a plant isoscape and a soil isoscape of France, using
their corresponding 87Sr/%¢Sr values, and the average isoscape
was computed (Willmes et al., 2018). Then, the plant and soil
data from the current study were added to the IRHUM database.
A single mean 87Sr/30Sr value per sampling site was used for
the plant samples (as kriging analysis requires a unique value
per site). Eight of the 24 soil sites were already recorded in the
IRHUM database but without plant data, and, consequently, were
not included in the IRHUM-only isoscape. Snails 87 Sr/8Sr values
were not included in the isoscape model for comparability (as

these are not included in the IRHUM database). Kriging was
performed with the new plant and soil data and the average
isoscape was computed, also at the scale of France. For each
isoscape, the kriging was done using an exponential variogram
model and a search neighborhood set to min = 5 and max =
50 (Willmes et al., 2018). Analysis was carried out with the gstat
package in R (krige function, Griler et al., 2016).

RESULTS

Effects of Environmental Variables on 87Sr

of Biological Samples

The best models testing the effect of the environmental
variables on £%Sr within biological samples were the complete
model that included &%Sr lithological values, sample types,
habitats, distance to road, distance to water and elevation,
and the model with all variables but anthropogenic variables
(Supplementary Table 3). Parameters estimates from the best
mixed-effects models (random factor: sampling site) explaining
variation in the 8 Sr/%6Sr ratio of biological samples, expressed in
-(e¥7Sr)~!, are shown in Table 2. As expected, £3Sr observed in
biological samples increased significantly with £%”Sr lithological
values (Table 2).

As also shown in Figure4, using %Sr/%Sr ratios, ¢%Sr
values were lower in snails than in plants, but did not differ
systematically between grasses, shrubs and trees (Table 2).
Sample £%7Sr values decreased as the distance of sampling site
from water increased (Table 2), with a mean 8/Sr/%0Sr value of
0.7126 = 0.0043 (SD) for sites within 0.5 km of water, and 0.7088
=+ 0.0014 for sites distant by more than 1km. Anthropogenic
variables, habitats and distance to road, did not have a significant
effect on &%Sr of biological samples (Table2). Both &%Sr
observed in snails and plants correlated significantly with £%7Sr
expected from lithological units but we observed the highest
correlation with plants (plants: # = 64, p < 0.001, R? = 0.79,
snails: n = 32, p < 0.001, R? = 0.51). Based on soil sampling
sites within 5km of plant sampling sites, £3Sr in soil was not
correlated with distance to water (n = 19, p = 0.24, R* = 0.08).

Variability of Biological Sample 87Sr/86Sr

Values Between Lithological Groups

Table 3 details the results of the post-hoc Tukey’s HSD test for
variables for which robust Levene tests identified a significant
difference in the variability of the sample 37Sr/%Sr values
between the different lithological groups. Variability in sample
87Sr/36Sr differed between lithological isotope groups (F =
4.86, p = 0.010, Figure5) with a higher variability observed
in samples from isotope group 4 (granites, sandstone) than
in samples from isotope group 2 (limestone, sediment, p =
0.01, Table 3). The samples from isotope group 3 (sand, clay)
presented an intermediate variability in their 7 Sr/36Sr values but
not significantly different from group 2 (p = 0.38) and group
4 (p = 0.25). Variability in ¥Sr/%6Sr did not differ whether we
compared samples from the forest and agricultural habitats (F
= 0.01, p = 0.907) or, in more detail, from the five different
class of habitats (F = 1.28, p = 0.283). Variability in 87Sr/36Sr
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TABLE 3 | Post-hoc Tukey’s HSD test for variables for which robust Levene tests plant and snail samples was significantly different (F = 12.25,

identified a significant difference in the variability of the & Sr/%6Sr sample values p < 0.001, Figure2), with a lower variability in snails (p <
between groups. 0.001, Table 3). Specifically, the variability in snail  Sr/0Sr was
Estimates SE t-value p-value  lower than the variability observed in that of grasses and tree
leaves but did not differ from variability observed in shrubs
Isotope groups (Table 3). Grass, shrubs and trees presented the same variability
group 3-group 2 0.0004 0.0003 1.34 0.376 in 87Sr/30Sr (Table 3). However, the relationship between soil and
group 4-group 2 0.0011 0.0003 .07 0007 plant 87Sr/%0Sr, expressed in £87Sr, varied according the plant
group 4-groups 0.0006 0-0004 160 0-248 type, with the increase of 8 Sr/36Sr of grasses as 8 Sr/%¢Sr in soils
snail vs. plant increased being significantly stronger than in trees in particular
plant—snail —0.0021 0.0006 3.50 0.001 (Table 4, Figure 6). According to the predictions of the model,
an increase from 0.7100 to 0.7200 in soil 87Sr/%¢Sr would result
snail vs. plant detailed in an increase from 0.7090 to 0.7206 and from 0.7094 to 0.7172,
grass-snail 0.0022 0.0008 2.7 0.039 respectively for grass and tree 8 Sr/%0Sr. Shrubs presented an
shrub-snal 0.0016 0.0007 2.23 0123 intermediate increase (Table 4, Figure 6).
tree-snail 0.0024 0.0007 3.29 0.008
shrub—grass —0.0005 0.0009 —0.61 0.928 agn
tree-grass 0.0002 0.0009 027 0.993 Mo.dlfled 'S°S°aPe . , o
tree—shrub 0.0008 0.0008 0.95 0.778 Adding 17 plant sampling sites and 24 soil sampling sites

to the 498 IRHUM sites did not improved the root-mean-
Tukey'’s HSD tests were performed on the variability in 7 Sr/6Sr sample values among square error (RMSE) of the kriging with external drift using

isotope lithological groups and among sample types. The estimates correspond to the . .
difference in the mean variability between the compared groups. Significant differences in the IRHUM sites for the whole of France (RMSE: Plantiraum

mean variability between groups are indicated in bold. Isotope group 2: limestone, other = 0.0033; PlantIRHUM—I—studysites = 0.0034; Soiliggum = 0.0034;
carbonaceous sediments; group 3: sand, clay; group 4: sandstone, granite. Soilirpum +studysites = 0.0033). However, at the local scale, the
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kriging prediction error over the study area decreased with the
new sites (Figures 7c,d). Moreover, including the new sites to
the isoscape led to lower & Sr/%Sr values in the lowland along
the Vézére and the Dordogne rivers and slightly higher 87Sr/8Sr
values at higher elevation (Figures 7a,b) than observed in the
IRHUM database (Willmes et al., 2018). Plant and soil 8 Sr/%0Sr
isoscapes used to compute the average isoscape were relatively
similar, both presenting the decrease in kriging prediction error
rate, as well as the changes in lowland and high elevation
87Sr/%Sr values (Supplementary Figure 4).

DISCUSSION

The results explored above highlight several trends in the
87Sr/36Sr values of plants and malacofauna analyzed in this
study, both inter- and intra- site, and in comparison to each
other and to values expected based on underlying lithology. As
expected, a positive relationship between the 87Sr/%¢Sr values of
the lithological units and that of the biological samples analyzed
(bioavailable 37Sr/®0Sr) was observed. This is in agreement
with the findings of other bioavailability studies (e.g., Maurer
et al., 2012; Willmes et al., 2018; Snoeck et al., 2020), which

TABLE 4 | Parameters estimates from the mixed-effects model (random factor:
sampling site) explaining variation in the 87 Sr/8Sr ratio of biological samples,
expressed in -(e87Sr)~", according & Sr/%5Sr ratio of soil samples, expressed in
£873yr, in interaction with the type of plant.

Variables Beta SE Cl95low Cl95sup
(Intercept) —0.02013 0.00202 —0.02397 —-0.01628
£87Sr soil 0.00007 0.00001 0.00004 0.00009
Plant type (Shrub) 0.00106 0.00112 —0.00106 0.00316e
Plant type (Tree) 0.00324 0.00113 0.00113 0.00538
£873r soil:Plant type (shrub) —0.00001  0.00001 —0.00002 0.00000
£%78Sr soil:Plant type (Tree) —0.00002 0.00001 —0.00003 —0.00001

Effects of variable for which 95% Cl exclude O (indicated in bold) are considered statistically
significant. Reference category for plant type: grass.

have shown that—despite there being multiple environmental
factors known to influence bioavailable strontium—the type
and age of the lithology are the main driver of the spatial
distribution of bioavailable strontium (Bentley, 2006; Bataille
et al., 2018).

Animals and plants acquire 87Sr/%Sr from different sources,
and consequently some sample types may be more relevant to the
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landscape mapping of bioavailable 87Sr/3¢Sr than others (Evans
et al, 2010; Maurer et al., 2012). Here, 87Sr/%0Sr in snail shells
was lower than 87Sr/36Sr in plants across all sampling locations,
and plants of all types generally had a better correlation with the
87Sr/86Sr values expected from the lithology and soils. The snail
taxa included in this study feed primarily on living and dead plant
material (e.g., leaf litter, see Williamson and Cameron, 1976).
While the strontium isotope ratio of leaf litter should reflect the
composition of exchangeable pools within soil, recent studies
have shown 87Sr/%6Sr (and thus Ca) sources in land snails can
differ, and be obtained through sources other than major food
sources (i.e., precipitation or stemflow) (Ohta and Saeki, 2020).
Previous strontium bioavailability studies have also reported low
87Sr/8Sr values for snail shells, with a bias toward rainwater
(Evans et al., 2010) and the 87Sr/3¢Sr values of soil carbonates
(Maurer et al., 2012). The results of the current study agree with
those of others and suggest malacofauna are a less suitable analyte
than plants when mapping bioavailable strontium.

In the current study, differences in 87Sr/%Sr were also
expected between plant types due to differences in root depth
(Poszwa et al., 2004; Maurer et al., 2012) as water and nutrient
uptake will occur in different soil horizons and soil 87Sr/%6Sr
can vary with depth. Mineral weathering is the main source of
87Sr/86Sr in deep soil horizons, but topsoil can be influenced

by external sources such as atmospheric deposition or the
application of fertilizers (Prohaska et al., 2005; Maurer et al.,
2012). While in this study 37Sr/%Sr values in grasses, shrubs
and trees were broadly similar, different rates of increase in
plant 8Sr/%Sr as soil 8 Sr/%°Sr increased were observed between
grasses and trees across different sites, with intermediate values
for shrubs. Grasses thus appear to be more representative of
bioavailable 37Sr/%Sr values of soil (Figure8), which is in
agreement with the findings of other studies (e.g., Maurer et al.,
2012). Due to their deep and wide root systems, trees at the
same location can display variable 8”Sr/36Sr values in response
to local variation in soil composition and mineral weathering
rates as they can draw 87Sr/%Sr in different pools (Aguzzoni
et al,, 2019). On the other hand, water and nutrient uptake of
grasses is mostly limited to topsoil horizons. External sources
of 87Sr/8Sr, such as rainfall (Evans et al., 2010), occurs at a
large scale and—although rainwater values inland deviate from
sea salts and can be similar to terrestrial underlying values due
to the incorporation of atmospheric dust (e.g., Négrel et al,
2007; Raiber et al., 2009)—this could still serve to decrease
the 87Sr/%0Sr variability of the topsoil horizon between sites.
Soil samples were taken from the topsoil horizon (Willmes
et al,, 2014) and the lower rate of increase in trees may be
linked to their use of multiple and deeper 37Sr/3°Sr sources.
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Therefore, targeting a specific plant category in a sampling
protocol would reflect the bioavailable 87Sr/36Sr values from a
particular soil horizon. Sampling multiple species with different
root systems/root depths at a same location should be more
representative of the bulk soil bioavailable & Sr/%¢Sr. Beyond
isoscape mapping, variations in plant ¥ Sr/%Sr with root depth
could have implications for the reconstruction of human and
animal mobility patterns in archaeology. Humans make choices
about what they consume and when and where they source
those foods, and are thus not passive recipients of environmental
strontium (Johnson et al., 2019). Furthermore, while it has been
long known that strontium inputs are normalized to dietary
calcium budgets (e.g., Comar, 1963), the influence of dietary
composition on & Sr/%¢Sr in humans has received little attention.
While it is currently accepted that the dominant contributor
of metabolized strontium in both herbivores and omnivores
originates from plant foods (as opposed to being derived from
animal sources or water) (see review in Montgomery, 2010),
little consideration has been given to the potential influence of
different types of plant foods in the diet. Grazing animals, for
example, would be expected to represent grass and therefore
topsoil values, and perhaps be more directly relatable to isoscapes
generated using such proxy data. The same may be true of
human groups eating grain-based agricultural diets, and human
tissues could reasonably be expected to show lower intra-group

variability were those individuals subsisting on locally-grown
grains. However, hunter-gatherer groups reliant on a wider range
of plant food sources including berries, fruits or tubers, as well
as greens (as well as animal foods, in varying quantities) could
be incorporating strontium from a variety of different sources
and catchments, even locally. Furthermore, these different plant
foods may have different concentrations of strontium (Millour
etal,, 2012). Although any influence may not substantial enough
to affect the inference of provenance, further studies are required
to determine if a “soil profile” influence could be apparent in
mammalian skeletal bioapatite. Experimental studies on browser
and grazers, or even frugivorous and tree-leaf feeding species,
with similar home range sizes from modern ecosystems would
be an important first step in determining the extent of possible
effects of different types of local plant foods on the 87Sr/30Sr
of hard tissues. To date, however, experimental or controlled
feeding studies incorporating ¥ Sr/36Sr have been rare (e.g., Lewis
et al, 2017). Other experiments, for example concerning the
extent to which the 87 Sr/%6Sr ratios of skeletal tissues are affected
by marine resource consumption or by diets very low in plant
foods would also be welcome in archaeology.

Beside differences in intra-site 37Sr/3Sr variability between
sample type, samples from sites with different underlying
lithology did not show the same 87Sr/%Sr variability. As a product
of soil mineral weathering, variability in soil 8Sr/%¢Sr increases
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with the heterogeneity of the geological substrates (Bataille et al.,
2018; Willmes et al., 2018). It follows that such variability in
soil 8Sr/%Sr should then be reflected in plants (e.g., Hartman
and Richards, 2014; Aguzzoni et al, 2019). Indeed, in the
current study, a positive correlation between sample variability
and substrate variability (based on underlying lithology) was
observed. Variability in bioavailable strontium values from
different plants and snails at the same site was lower for sites
located on homogeneous geologic substrates, such as limestones,
than for sites located on heterogeneous geologic substrates,
such as granites. These findings suggest that—when undertaking
bioavailability studies—sampling efforts should focus on areas
of expected greater heterogeneity to capture the whole range
of bioavailable 87Sr/36Sr. This heterogeneity can be broadly
predicted from lithological maps, helping to guide sampling.
The argument for more intensive and multi-proxy sampling (i.e.,
soils, water, plant leaves) in geologically complex areas has been
made by others (e.g., Ladegaard-Pedersen et al., 2020); here we
add that diverse sampling even within the same broad category
of sample type as explained above (e.g., tree leaves, shrub leaves,
grasses) may help to capture such variability.

Beyond lithology, the influence of other aspects of landscape
structure, such as elevation and distance to water, was also

explored in this study. While bioavailable 87Sr/%Sr values were
generally increased in areas of higher elevation, when controlling
for the 87Sr/30Sr values of the lithological units themselves, no
effect of elevation on bioavailable 87 Sr/%¢Sr values was observed.
This is because, in this study area, the lithological units presenting
high 87Sr/86Sr values, such as granite, also presented a higher
elevation than lithological units with low 87Sr/%0Sr values. On
the other hand, distance to water seemed to affect the 87Sr/36Sr
values of samples. A decrease in 8Sr/%Sr values was observed
as distance to rivers increased, suggesting river water 87Sr/30Sr
values in the region are higher than surrounding bedrock and/or
that rivers are depositing sediments or other materials of higher
878r/36Sr values on areas close to rivers. Higher values in the
rivers—of either water or suspended material—is consistent with
the fact that the Vézére and the Dordogne rivers originate in the
Massif Central, which is dominated by granite and metamorphic
bedrocks that tend to have elevated 37Sr/36Sr ratios. Indeed,
the radiogenic influence of the Massif Central bedrock was
also observed in the Loire river in a previous study (Négrel
et al,, 2003). Mineral weathering is a major source of 87Sr/36Sr
upstream (Pierson-Wickmann et al., 2009; Maurer et al., 2012).
At lower elevations, the relationship between river content
and local bedrock is blurred further, due to the carrying of
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upstream rocks and solids (Bentley, 2006, 144). The absence of
a relationship between distance to river and the 8 Sr/%Sr ratio
of soils suggests that the influence of rivers on the 87Sr/30Sr
of plants was, however, not due to changes in soil/sediment
composition, but due to the addition of strontium from river
water itself. Indeed, other studies have observed variation in
riverine %Sr/%€Sr values based on the size and lithological
diversity of the watershed (Hegg et al., 2013).

Anthropogenic input of 87Sr/%Sr in the ecosystem is a
major concern in bioavailability studies, and therefore for
archaeological applications of strontium isotope analysis. For
example, dust derived from road surfaces, such as that produced
as a consequence of use by heavy vehicles, can modify topsoil
composition (Prohaska et al, 2005, 246), and the use of
mineral fertilizers or carbonate amendment (liming) has been
demonstrated to lower soil 87Sr/80Sr (Pierson-Wickmann et al.,
2009; Maurer et al., 2012). Lime has typically low 87Sr/36Sr values
(~0.7087), and analysis of deionized water-soluble strontium
from three fertilizers in a French study determined strontium
isotope ratios ranging from 0.70794 to 0.70830 (Négrel, 1999,
155). However, unlike some other bioavailability studies (e.g.,
Maurer et al, 2012; Thomsen and Andreasen, 2019), no
differences were detected between plant samples collected in
locations proximal to agricultural fields compared to those
collected in forests in the current study. The landscape of the
study area was a complex mosaic with small fields and forest
patches, which may suggest the influence of fertilizers was either
minimal due to a lack of significant local use or may have been
homogenized across the landscape through runoff.

The addition of the new data to that in the IRHUM database
did not improve the overall performance of the already existing
France isoscape (Willmes et al., 2018), as south western France
was already well covered by IRHUM with a low prediction
error compared to areas with lower sampling density (Willmes
et al., 2018). However, it has served to reduce the predicted
error and refine the isoscape for the study area. Notably this
addition has resulted in an increased difference in 87Sr/%6Sr
values between the areas of low and high elevation in this
important archaeological region. Increased contrast between
areas with lower uncertainty can help to achieve better isotopic
discrimination between regions and thus in archaeological
provenance studies using strontium isotopes (Bataille et al,
2018). This demonstrates that more extensive bioavailability
mapping is essential, can increase resolution at the local scale
in regional studies, and highlights the benefit of combining
large scale mapping and modeling with focused sampling of
specific areas of interest. More broadly, the current study in
particular highlights the importance of focusing efforts on
areas of heterogeneous geological substrate when undertaking
bioavailability studies—in this case study, the granitic upland
areas. Potential environmental and anthropogenic effects must
also be considered. Despite no visible anthropogenic effects
on the 87Sr/%Sr sample values in this study, modern and
historic human activity should always be born in mind
when seeking to apply modern datasets to the study of past
landscape use (Maurer et al., 2012; Thomsen and Andreasen,
2019).

CONCLUSIONS

The results of this study confirm the consistency between plant
and snail ¥ Sr/%6Sr values with lithological unit and soil 8 Sr/36Sr
values observed in other studies. While no obvious impact
of fertilizers or other modern contaminants on the samples
included within this study could be discerned, we note these
remain an ongoing concern for bioavailability studies. In the
current study, plants appeared to be a more reliable analyte
to describe #Sr/%6Sr bioavailability than snails. Results also
highlight that sampling should ideally not only focus on one
plant category but should integrate plants with different root
systems/root depths in order to capture the bulk soil variability
of any particular area. These data also serve to emphasize that
dietary composition, even of type of plant consumed, could,
theoretically, contribute to strontium isotope variability in the
tissues of local humans or animals, and highlights the need for
experimental studies.

In light of the data explored here, we also argue that
sampling strategies in bioavailability studies should account
for spatial heterogeneity in predicted bioavailable 87Sr/36Sr
distribution, and sampling should ideally be more intensive
in areas where high variability in bioavailable Sr/®Sr values
is expected. This may, in many circumstances, be predictable
based on lithological maps (e.g., areas with lithologies of more
heterogeneous composition could be sampled more intensively
than homogeneous deposits). Our results also demonstrate that
the integration of new regional datasets into already existing
datasets can improve overall isoscape accuracy and refine
prediction at the local scale. Such datasets can in turn then
be included in broader scale studies (e.g., Bataille et al., 2018),
although we note that the integration of multiple data sources
from different locations face disparity in sampling methods and
analyses. While far from being a proposal for a unified framework
of sampling, we suggest the sampling of plants of differing root
depth at each sampling location (incorporating grasses, shrub
and tree leaves, for example) can be a practical step in better
representing variability in bioavailable #”Sr/%6Sr on a local level.
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