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ABSTRACT

Ratios of barium and strontium concentrations in skeletal samples (e.g. in the logarithmic form 1g(Ba/Sr)), are a
possible alternative or supplementary marker to stable carbon isotope ratios (5'3C) for identification of marine
food consumption. Previous studies have compared 1g(Ba/Sr) values between different species of animals with
differing diets, but few studies have been performed where animals of the same species consumed known diets
ranging from completely terrestrial to completely marine. Additionally, how seaweed consumption affects dental
and bone Ba, Sr and other trace element concentrations has not yet been directly investigated.

In this study, tooth enamel from modern sheep (n = 15) that consumed known diets containing varying
amounts of terrestrial grasses and seaweeds were analysed for their Sr, Ba, Ca, V, Mn, Co, Ni, As, and U con-
centrations. Additionally, 5'3C values were analysed to enable comparison of 3'°C and trace element ratios as
markers of marine plant food consumption. The consumed vegetation types (grasses and seaweeds) were also
analysed for trace element ratios, as were soils and sands from areas where the animals were pastured. To
investigate how decay processes (i.e., diagenesis) may affect 1g(Ba/Sr) in archaeological tooth enamel, teeth of
22 sheep from seven archaeological sites (ranging from ca. 5000 to 1000 years old) on the Orkney Islands,
Scotland, were also analysed.

The results show that tooth enamel from seaweed-eating sheep had significantly different 1g(Ba/Sr) (—2.4 to
—1.6) and 513C values (—6.7%0 to —3.3%0) when compared to terrestrial-feeding sheep (1g(Ba/Sr) 0.6 to —0.5;
5'3C —15.5%0 to —14.7%o), with a linear correlation between 1g(Ba/Sr) and 5'3C (R2 = 0.94). Vegetation, soil and
sand results confirmed the assumed dependence of enamel 1g(Ba/Sr) values on the (bioaccessible) Ba and Sr
concentrations of the consumed matter. The archaeological samples had elevated relative amounts of U, V, As,
Mn, Co, and Ni, attributable to diagenesis. However, the Ig(Ba/Sr) values of the archaeological enamel followed
the trend established using the modern samples, indicating that diagenesis did not cause significant changes in Ig
(Ba/Sr) in these samples. In conclusion, 1g(Ba/Sr) values in enamel appear to be a useful indicator of the relative
amount of marine food consumed, including seaweeds. This may be particularly advantageous for samples and
locations where 8'3C is unreliable or ambiguous as an indicator of marine food consumption.

1. Introduction

whereby the same end-result can be achieved by many different dietary
combinations. For example, stable carbon isotope ratios (8'3C) of skel-

Particularly when considering complex omnivorous diets, interpre- etal material are routinely used to identify the extent of marine dietary
tation of single palaeodietary markers faces issues of equifinality, contributions and to study the relative contributions of C3 and C4 plants
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to diets (Kelly, 2000; Schwarcz, 1991). However, a combination of
terrestrial Cs plants (5!°C generally between —32%o and —23%o; Kohn,
2010) and marine foods (6*°C around —15%o to —20%o, Chisholm et al.,
1982; Raven et al., 2002) can give rise to the same consumer 513C value
as a completely terrestrial diet combining Cs and C4 plants (5*3C around
—10%o to —16%o in C4 plants; Basu et al., 2015; O’Leary, 1988). Here,
combining multiple, independent markers can help to exclude signifi-
cant dietary contributions of particular food types, and provide addi-
tional resolution (Madgwick et al., 2021). While other stable isotope
ratios, including 51°N, 8%H, 5'80, §3*S and §°0Zn, have been utilised in
palaeodietary studies (Balasse et al., 2019; Jaouen et al., 2016; Makar-
ewicz and Sealy, 2015; Richards et al., 2003; Schwarcz, 1991), the po-
tential of trace element analysis has not yet been fully explored
(Simpson et al., 2021).

Barium (Ba) and strontium (Sr) appear to be the most reliable trace
elements for use as palaeodietary indicators, in part because of their
lower susceptibility to diagenesis particularly in tooth enamel compared
to other trace elements (Ezzo, 1994; Hollund et al., 2014; Sponheimer
and Lee-Thorp, 2006). Both Sr and Ba may substitute for calcium (Ca) in
geological systems and organisms due to their similar properties, and
Sr/Ca and Ba/Ca vary with underlying geology in terrestrial systems. As
part of the biopurification of Ca, organisms discriminate against Sr and
Ba in favour of Ca, causing a decrease in bone Sr/Ca of around 70%, and
Ba/Ca of around 84% with each trophic step (Peek and Clementz,
2012a). In marine systems, these biopurification steps also take place,
but marine Ba/Sr ratios tend to be lower on average than in terrestrial
systems (Burton and Price, 1990; Peek and Clementz, 2012a), because
sulphates (8042’) in seawater bind large amounts of barium into
insoluble barium sulphate (BaSO4), depleting surface waters of dis-
solved barium (Peek and Clementz, 2012a). It has been shown that the
proportion of marine food in diets can therefore be studied using skeletal
Ba/Sr ratios (usually as 1g(Ba/Sr), the decadic logarithm; Burton and
Price, 1990; Knudson et al., 2012). Since enamel §'3C values are
measured on carbonates (CO3"), they are not inherently coupled to Ca,
Ba, and Sr. Enamel trace element ratios thus provide a separate, inde-
pendent means of assessing diets, which may be particularly useful when
513C and other dietary indicators are ambiguous due to natural
inter-individual variability and/or face issues of equifinality, or when
513C cannot be studied (e.g., potentially in burnt material).

However, there is currently no detailed understanding yet of how
skeletal 1g(Ba/Sr) values change with marine food consumption. Com-
parisons of how specific diets affect skeletal 1g(Ba/Sr) compositions have
so far primarily been made based on animals of different species
consuming differing diets (e.g. Kohn et al., 2013). Because of this, dif-
ferences in how elements are absorbed (e.g., ruminants vs monogastric
animals) are frequently neglected, so it can be difficult to distinguish if
the cause of differences observed in skeletal composition are the result of
differences in the dietary composition or are instead due to differing
consumer species. These two factors can be disentangled by studying
how different diets affect the skeletal composition of a single animal
species.

The consumption of seaweed and terrestrial C3 vegetation by sheep,
i.e., a simple herbivorous diet with varying amounts of marine food
intake and constant dietary trophic level, provides an ideal opportunity
for further study of the uptake and transfer of Ba, Sr and Ca and other
trace elements into tooth enamel. The development of As concentrations
in teeth as a marker of exposure to As is also particularly well-suited to
be investigated using seaweed- and grass-eating sheep, since many
seaweeds contain significantly higher As concentrations than most
terrestrial vegetation (Caumette et al., 2007; Hansen et al., 2003b). The
consumption of seaweed by terrestrial mammals is common today on
several Scottish islands including North Ronaldsay (Paterson and Cole-
man, 1982) and Rum (Conradt, 2000), but has also been observed in
Norway (Hansen and Aanes, 2012), Iceland (Hersteinsson and Mac-
donald, 1996), and the USA among many other countries (reviewed in
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Carlton and Hodder, 2003). The consumption of seaweed by sheep in
particular is archaeologically and historically well-attested to in Britain
(e.g. Balasse et al.,, 2019, 2005; Martin, 1716). Here, stable carbon
isotope ratios can be used as a quantitative indicator of seaweed con-
sumption, because C4 plants were virtually absent from Britain in pre-
history (Britton et al., 2008; Still et al., 2003). Comparison to enamel
813C values thus helps evaluate how ratios of Sr, Ba and Ca vary with
differing amounts of seaweed-consumption, even when the exact
amount of seaweed consumed (for example by semi-feral modern, or
archaeological sheep) was not observed. The results of this study may
then be transferred to contexts where 8'3C alone is not sufficient as an
indicator of marine food consumption.

The aim of this study was to assess how tooth enamel 1g(Ba/Sr)
values vary with seaweed consumption, and to what extent the inad-
vertent consumption of soil and sand by grazers may influence 1g(Ba/Sr)
values. To achieve this, tooth enamel from modern and archaeological
seaweed-eating sheep and grass-eating sheep, terrestrial vegetation,
seaweed, soils, and sand were analysed to study variations in trace
elemental composition (Ba, Sr and Ca for dietary study, and Mn, Co, Ni,
V and U for diagenetic monitoring). These data were compared to 5'3C
data from the same animals. Additionally, the potential of using dental
As concentration as a marker of seaweed consumption, and of As
exposure more generally, was evaluated. The results of this study
improve the identification of seaweed consumption in herbivores and
help extend current knowledge of how trace element ratios may be used
for palaeodietary studies around the world.

2. Materials and methods
2.1. Mandibles, enamel sampling and analysis

Modern sheep mandibles were collected in 2004 on the islands of
Rousay, Holm of Aikerness (near Westray) and North Ronaldsay within
the Orkney archipelago, Scotland. The sheep on Rousay were pastured
on indigenous grassland and reseeded grassland (n = 6), while the sheep
from the Holm of Aikerness had access to virtually no grass, and pri-
marily consumed seaweed (n = 3). Sheep on North Ronaldsay had access
to unimproved maritime heath, indigenous grassland and cultivated
grassland, but mainly consumed seaweed (n = 7; Hansen et al., 2003a,
2003b). Further detail on these sheep is available in previous publica-
tions (Balasse et al., 2009; Blanz et al., 2020). Archaeological mandibles
and loose teeth were acquired from seven archaeological sites on the
Orkney Islands, shown in Table 1 and Supplementary File 1. This ma-
terial was selected for trace elemental analysis with the aim of including
as wide a range of 5'3C values as possible (previously published in
Balasse et al., 2009; Blanz et al., 2020), to enable better comparison
between 8'°C and lg(Ba/Sr) values.

The outer surfaces of the molars were removed using diamond coated
drill bits (NTI-Kahla) to reveal a clean layer of enamel, from which at
least 0.17 g of powdered enamel (per tooth) was obtained by drilling
along the entire surface length of the enamel on the buccal side. To
remove diagenetic material, e.g., Sr incorporated into diagenetic apatite,
the archaeological samples (except for the samples from Bu Sands) were
washed in 0.1 M acetic acid and rinsed with distilled water. The pre-
treated archaeological samples and untreated modern samples were
dissolved in concentrated HNO3 and Hy03 in an open vessel microwave
digestion system (CEM Mars 5 Microwave Technology). The digests
were diluted with bidistilled water and measured using inductively
coupled plasma tandem mass spectrometry (ICP-MS/MS) for Ba, Co, Mn,
Ni, Sr and As, and by hydride generation inductively coupled plasma
tandem mass spectrometry (HG-ICP-MS/MS) for As in the modern
samples for higher sensitivity. Microwave induced plasma atomic
emission spectrometry (MP-AES) was used to measure Ca, Ba and Sr
concentrations, enabling an additional check on the quality of analysis
by measuring Ba and Sr using two independent methods. Additional
details regarding sample pre-treatment, instrumental setup and
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Table 1
List of sheep teeth sampled for trace element analysis.
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sample prefix archaeological site Orkney Island approximate age observed diet’ sampled teeth no. samples 5'3C analysis material
for trace elements

ROU N/A Rousay recent’ terrestrial grasses lower 3rd molars 5 collagen', enamel®*°
NR N/A North Ronaldsay recent’ grasses, seaweeds  lower 3rd molars 7 collagen’, enamel®*°
HAW N/A Holm of Aikerness  recent’ seaweeds lower 3rd molars 3 collagen’, enamel®!°
BV Beachview Mainland Late Norse period? N/A lower 2nd molars 2 collagen'®

SG Snusgar Mainland Late Norse period® N/A lower 2nd molars 2 collagen'®

BS Bu Sands Burray Iron Age/Viking/medieval* N/A various molars* 3 enamel'®

SWR Swandro Rousay Late Iron Age® N/A lower 2nd molars 2 collagen'®

MH Mine Howe Mainland Iron Age® N/A lower 3rd molars 3 collagen!, enamel®*°
NOB Ness of Brodgar Mainland Neolithic’ N/A lower 3rd molars 8 collagen', enamel®*°
POC Point of Cott Westray Neolithic® N/A lower 2nd molars 3 collagen', enamel®*°

*teeth from Bu Sands are two lower 1st or 2nd molars and an upper 3rd molar; 'see Blanz et al. (2020);2Morris (1986);Griffiths et al. (2019);*Brend (2010);°Bond and
Dockrill (2019);6Main1and et al. (2016);”Card et al. (2018);8Barber a 997);9Balasse et al. (2009);1Othis study.

additional reagents used are given in Supplementary File 1. Certified
reference materials NIST1400 (bone ash) and NIST 1486 (bone meal)
were also analysed in triplicate and element recoveries of generally
between 94 and 109% for As, Sr, Ba and Ca were obtained. Compared to
the differences between samples, the analytical error was negligible (see
Supplementary File 2 for further details).

For analysis of 8'C and 5!°0 in the modern samples and the
archaeological samples from Bu Sands, aliquots of the same enamel
samples were analysed using an automated cryogenic distillation system
(Kiel IV carbonate device, ThermoFisher Scientific) coupled to an
isotope ratio mass spectrometer (DELTA V Advantage, ThermoFisher
Scientific). Repeated measurements of the laboratory carbonate stan-
dard Marbre LM (normalised to NBS19) and also of one of the enamel
samples, showed standard deviations of below 0.03%o0 for 5'3¢, and
below 0.06%o for 5'80. The sheep mandibles from Snusgar, Beachview
and Swandro were analysed for collagen §'°C following collagen
extraction (using a modified Longin (1971) method described in Dunbar
et al., 2016) according to Sayle et al. (2013). Results are reported with
1o precisions of +0.2%o for 5!°C and +0.3%. for '°N. The dataset
collected by the experimental analyses above was expanded with pre-
viously published bone collagen 5'3C and 5'°N data from the mandibles
the teeth in this study were extracted from, reported in Blanz et al.
(2020), and sequential enamel 8'3C results for the modern and selected
archaeological samples (Balasse et al., 2009; Blanz et al. forthcoming).

2.2. Modern vegetation, soil, and sand samples

Since ruminants (e.g. sheep, cattle) are known to ingest significant
amounts of soil both deliberately and inadvertently (Abrahams and
Steigmajer, 2003; Smith et al., 2009; Thornton and Abrahams, 1983),
their contribution to a sheep’s elemental uptake also needs to be
considered. For this reason, grasses, seaweeds, soil and sand were ob-
tained in summer 2019 from North Ronaldsay and Rousay from the same
areas that the sheep were pastured in. Multiple areas on the islands were
sampled in triplicate at distances of around 50-100 m from each other.
Each of these triplicates comprised pooled terrestrial vegetation (at least
2 g dry weight; n = 25), seaweed (at least 2.5 g dry weight, n = 27), soil
or sand samples (at least 30 g dry weight; n = 40) from three locations
around 5 m from each other (see Supplementary File 1). Seaweed
sampling was focussed on the kelps Laminaria digitata and Laminaria
hyperborea, and dulse (Palmaria palmata), as these are the species pri-
marily consumed by the sheep on North Ronaldsay (Hansen et al.,
2003a; 2003b). Both fresh and stranded seaweeds were sampled, and
these were also subsampled to stipe, meristem and blade fractions. Soils
were broadly categorised by visual inspection as either predominantly
sandy (defined here as >50% sand), or not predominantly sandy.

2.2.1. Vegetation analysis
Vegetation samples were dried at 50 °C and comminuted in a grinder
(Cuisinart SG20U). Sample aliquots and the certified reference materials

BCR-129 (Hay Powder) and DC73348 (Bushes, Branches and Leaves)
were microwave digested (Anton Paar, Multiwave PRO) at 180 °C in
concentrated nitric acid and hydrogen peroxide. The diluted digests
were measured by ICP optical emission spectroscopy (ICP-OES; Varian
720-ES) for concentrations of Ba, Sr, Ca, Co, Mn, and As (see Supple-
mentary File 1 for further details).

2.2.2. Soil and sand bioaccessibility simulation

The non-bioaccessible fraction of Sr, Ba and Ca is considerably larger
in sand and soil than in the vegetation samples (Abbasi et al., 2016;
Shock et al., 2007; Tamponnet et al., 2008). Therefore, the sheep
digestive process needs to be simulated to gain relevant data for sands
and soils. Soil and sand samples were dried at 105 °C for 24 h and then
sieved to <2 mm for 30 min with a sieve shaker (AS200 Basic, Retsch,
Germany). To estimate bioaccessibility for selected elements in the sand
and soil, an amended version of the physiologically-based extraction test
(PBET) described by Bruce et al. (2007) was used. A detailed description
of the employed bioaccessibility test and reagents is available in Sup-
plementary File 1. Following the bioaccessibility simulation, an aliquot
of each sample was diluted with 8% nitric acid solution and analysed for
Ba, Sr, Ca, Co, Mn, Ni and As by ICP-OES (Varian 720-ES).

2.3. Data treatment

Ratios of Ba, Sr, As, V, U and Ca were calculated from concentrations
in mg/kg. Values are reported as averages + 1o, whereby averages for Ig
(Ba/Sr) were calculated here as the arithmetic mean of the calculated 1g
(Ba/Sr) values, resulting in a geometric mean of the original concen-
tration ratio data (as per Burton and Price, 1990; similarly for other
ratios, e.g., 1g(Ba/Ca) and 1g(Sr/Ca)). Standard deviations were calcu-
lated using the logarithmically transformed values unless noted other-
wise. When comparing between archaeological and modern material,
5'3C values must be adjusted for the lowered §'3C values in modern
atmospheric CO;, (affecting entire ecosystems) caused by the burning of
fossil fuels (also called the Suess effect; Keeling, 1979; McCarroll et al.,
2009). Therefore, where comparisons to modern data are made,
archaeological 8'3C data were corrected for the fossil fuel effect by
subtracting 1.6%o (Keeling, 1979; McCarroll et al., 2009). To assess
differences in the elemental composition between sample groups (e.g.,
soils, grasses or enamel of differing origin), two-sample two-tailed t-tests
or one-way ANOVA followed by post-hoc Tukey tests were performed
using Minitab software (Minitab 18, Minitab Inc., USA). The statistical
significance threshold was set at o = 0.05.

3. Results
3.1. Modern material

3.1.1. Enamel from modern sheep
Clear differences in enamel composition based on dietary grouping
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are apparent (Table 2): Grass-eating sheep had lg(Ba/Sr) values of —0.6
to —0.5 and enamel 8'°C values of —15.5%0 to —14.7%. whereas
seaweed-eating sheep had 1g(Ba/Sr) values of —2.4 to —1.6 and &'C
values of —6.7%o to —3.3%o (Fig. 1). Enamel l1g(Sr/Ca), 1g(As/Ca), 1g(V/
Ca), Ig(U/Ca) and 8'3C were statistically significantly elevated (all p <
0.001; Figs. 2 and 3) in sheep that ate at least some seaweed compared to
solely grass-eating sheep, while 1g(Ba/Ca) and lg(Ba/Sr) ratios were
both significantly lower (p < 0.001; Fig. 3) in seaweed eaters when
compared to grass-eating sheep. Concentrations of V in the modern
enamel ranged from 18 to 2169 pg/kg, of U from 5 to 58 pg/kg, and of As
from 6 to 427 pg/kg. Individual values, Co, Mn, Ni and 5180 data, and
the results of the replicate and CRM analyses are given in the Supple-
mentary File 2.

3.1.2. Modern vegetation, soil and sand samples

Three of the soil samples from North Ronaldsay contained significant
amounts (over ca. 50%) of sand, while the soils sampled on Rousay and
soils from two other sampled sites on North Ronaldsay were not pre-
dominantly sandy (see Supplementary File 2). Grass 1g(Ba/Sr) values
generally overlapped with bioaccessible values (to ungulates) in the soil
they were growing on (Figs. 1 and 3). The highest 1g(Ba/Sr) values were
observed for soil and grass from Rousay (—0.2 + 0.2; mean of soil and
grass data + 1c), whereas North Ronaldsay soil and grass had lower
values (—1.2 + 0.4). The lowest 1g(Sr/Ba) values were measured for
sands and seaweeds (—2.1 + 0.2). Concentrations of As varied signifi-
cantly between sample types, with <2 mg/kg in grasses, 48.1 + 5.2 mg/
kg in seaweeds and 5.2 + 4.2 mg/kg bioaccessible in soils and sands (all
dry weights; see Supplementary File 2).

3.2. Archaeological material

Linear correlations were observed between lg(Ba/Sr) and enamel
513C for Ness of Brodgar (R2 = 0.94) and Mine Howe (R2 =0.91), but the
samples from Point of Cott varied in 1g(Ba/Sr) by only 0.04 while enamel
513C varied by —3.2%0 (Fig. 4, left). No clear overall trends were
observed between collagen 513C and 1g(Ba/Sr) data (Fig. 4, right), or
between 1g(As/Ca), 1g(V/Ca), 1g(U/Ca) and 513C data (see Supplemen-
tary File 2). For all archaeological enamel samples, 1g(Sr/Ca) values
were between —3.2 and —2.3, and lg(Ba/Ca) values were between —3.9
and —3.2 (Fig. 5). Values ranged from —6.4 to —4.5 for 1g(V/Ca), and
from —7.4 to —5.9 for 1g(U/Ca) in the archaeological enamel samples
(Fig. 6).

Table 2
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4. Discussion
4.1. Modern samples

4.1.1. Effects of diet on enamel Ig(Ba/Sr) and §'°C

The §'3C results are similar to previously published data for enamel
of modern sheep consuming seaweed and Cs plants (Balasse et al.,
2009), and follow the same trend between dietary groups as the collagen
513C values from the same animals (Blanz et al., 2020). The 1g(Ba/Sr)
results show the opposite trend to the §'3C data, with higher 1g(Ba/Sr)
values (averaging —0.55 + 0.07) for grass-eating sheep, and lower
values (averaging —2.10 + 0.14) for seaweed-eating sheep. The results
therefore indicate that by consuming seaweed, sheep enamel can attain
anomalously low 1g(Ba/Sr) values, more similar to those of marine an-
imal bones (averaging —1.6 + 0.4; Gilbert et al., 1994; Peek and
Clementz, 2012a; Ramirez et al., 2019; Zumholz et al., 2006) than to
terrestrial animal bones (averaging —0.4 + 0.7 with a minimum of —1.6,
excluding humans, in Burton et al., 1999; Elias et al., 1982; (Gilbert
et al.,, 1994); compare Fig. 7). These results are supported by the
composition of the animals’ dietary input, with low 1g(Ba/Sr) values of
—2.1 £+ 0.2 for seaweed and sand compared to the higher lIg(Ba/Sr)
values of —0.2 + 0.2 for grass and soil on Rousay (Fig. 1). A decrease in
Sr/Ca of 77%, and 87% in Ba/Ca was observed between grass from
Rousay and the enamel of sheep from Rousay, which is largely similar to
previous reports for bone (Peek and Clementz, 2012a). This shows the
potential of 1g(Ba/Sr) as a dietary marker.

However, despite consuming the most seaweed and having the
highest enamel 5!3C values, the enamel of sheep from the Holm of
Aikerness unexpectedly did not have the lowest Ig(Ba/Sr) values (Fig. 1).
This may be due to differing relative proportions of the different sea-
weeds consumed on Holm of Aikerness and North Ronaldsay, as both
5!3C and Ba and Sr concentrations vary between seaweed species (Raven
et al., 2002 and Supplementary File 2). It is also important to consider
that with differing proportions of seaweed and grass the relationship
between dietary 8'°C and lg(Ba/Sr) does not scale linearly: For example,
a theoretical diet composed of 50% grass with 10 mg Ba/kg and 20 mg
Sr/kg (i.e., lg(Ba/Sr) = —0.3) and 50% seaweed with 5 mg Ba/kg and
1000 mg Sr/kg (i.e., 1g(Ba/Sr) = —2.3), would result in an overall di-
etary composition of 7.5 mg Ba/kg and 510 mg Sr/kg (i.e., 1g(Ba/Sr) =
—1.8). This resulting 1g(Ba/Sr) value (of —1.8) is much closer to the
seaweed value of —2.3 than to that of grass (—0.3); therefore, in this
example a bias towards seaweed consumption is present due to its higher
Sr concentrations. In contrast, variations in carbon concentration are not
as drastic between grasses and seaweeds, and so this mixing effect is less
dramatic (e.g., 41% C in grasses and 36% C in seaweeds with §'C values
of —30.1 and —17.2%o, respectively, would result in an overall dietary

Mean concentrations of selected elements and 5'3C isotope ratios, all + 1c. Terrestrial vegetation is abbreviated as terr. veg.

sample type origin known diet 513C (%0) Ca (mg/kg) Sr (mg/kg)  Ba (mg/ As (mg/kg) V (pg/kg) U(ug/kg) n
kg)

tooth Rousay terr. veg. —-15.0 £ 0.3 321774 £ 420 + 86 118 + 20 0.014 + 37 £15 9.9 +£3.8 5
enamel 23950 0.007

tooth North Ronaldsay terr. veg., —-5.5+0.7 305843 + 1203 + 9.4+ 4.1 0.117 + 375+ 70 32+12 7
enamel seaweed 17001 356 0.083

tooth Holm of seaweed —3.6 £0.2 346550 + 1057 + 85+24 0.225 + 1570 + 523 45 +12 3
enamel Aikerness 19980 129 0.175

tooth archaeological sites -12.1 + 296193 + 720 + 331 90 + 52 0.163 + 1867 + 125 + 23
enamel 0.4* 43885 0.205 1977 124

terr. veg. Rousay 4110 + 882 23.4+8.5 11.1 + 4.1 <0.5 10

terr. veg. North Ronaldsay 5819 + 1830 92 + 46 7.1+3.7 <2 15

seaweeds North Ronaldsay 12635 + 5533 1120 + 6.3 +3.2 48 + 22 26

816

soil** Rousay 883 + 331 7.3 +2.0 5.7 +1.7 45+21 9

soil** North Ronaldsay 2218 + 2183 25+ 17 4.5+ 2.0 9.0 + 6.0 6

sandy soil** North Ronaldsay 31376 + 12928 293 +135 7.7 £ 3.0 6.2 + 4.6 9

sand** North Ronaldsay 30891 + 11031 213 + 74 2.1+0.9 3.3+29 13

*excludes 6 teeth without 5'3C data, **bioaccessible fraction.
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Fig. 2. Modern sheep tooth enamel Ig(As/Ca), 1g(V/Ca), Ig(U/Ca) and enamel 5'3C values.

composition of —24.1%o instead of the arithmetic mean of —23.7%o; data
from Blanz et al., 2020). While potentially misleading if not fully
considered, this bias towards Sr-rich seaweeds for enamel lg(Ba/Sr)
values in mixed grass-seaweed diets may be turned to an advantage,
potentially allowing for the identification of minor amounts of seaweed
in the diet using this tracer, which may not be clearly identifiable by
813C alone.

4.1.2. Origin of lower Ig(Ba/Sr) ratios in North Ronaldsay soil and
terrestrial vegetation

Literature values for 1g(Ba/Sr) in topsoil in areas of North America
and Europe have been reported to be around 0.4 + 0.4 (Balter et al.,
2002; Burton et al., 1999; Elias et al., 1982; Hamilton et al., 2002; Smith
et al., 2005). This is similar to the data from Rousay, where soil lg(Ba/Sr)
values ranged from —0.4 to +0.1. However, soil lg(Ba/Sr) values on
North Ronaldsay ranged from only —1.8 to —0.6. Sand from North
Ronaldsay had even lower 1g(Ba/Sr) values (ranging from to —2.4 to
—1.6; Fig. 3), and sandy soils on North Ronaldsay had lower 1g(Ba/Ca)
values compared to the clay/loamy soils on North Ronaldsay (mean of
—1.6 compared to —0.7, p < 0.001). Marine sand consists in part of
marine shells, which have lg(Ba/Sr) ratios of around —2.5 (Bowen,
1956; Burton and Price, 1990; Pearce and Mann, 2006). Therefore, the

cause of the lower 1g(Ba/Sr) ratios in the soil samples from North
Ronaldsay is likely the large amount of marine sand, and this lowering of
1g(Ba/Sr) may be expected for soils with substantial amounts of marine
derived sand/shell material. These results suggest that there is potential
for coastal grazing of terrestrial vegetation on shell-rich sandy soils to be
identifiable by a combination of lg(Ba/Sr), '3C and possibly other di-
etary markers, but further study is necessary.

4.1.3. Exposure to arsenic, and its incorporation into enamel

To assess the significance of elevated As concentrations in tooth
enamel of seaweed-eating sheep (mean 149 pg/kg, range 26-427 ng/kg;
data from both North Ronaldsay and Holm of Aikerness sheep)
compared to grass-eating sheep (range <10-22 pg/kg, p = 0.03) it is
necessary to consider the extent of As exposure in both dietary groups.
North Ronaldsay sheep consume around 0.5 kg of seaweed (dry weight)
per day (Hansen et al., 2003a), and sheep of similar bodyweight can be
estimated to consume around 0.6 kg of grass (dry weight) per day
(Penning et al., 1995), leading to estimated average daily dietary As
burdens of around 25 mg and <1 mg, respectively, based on the results
of this study. Contributions from drinking water and seawater in the
study area are likely negligible (Smedley and Kinniburgh, 2002),
whereas soil and sand consumption by the sheep may contribute up to
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Fig. 3. Measured 1g(Sr/Ca) and 1g(Ba/Ca) in tooth enamel of seaweed-eating (North Ronaldsay and Holm of Aikerness) and grass-eating (Rousay) modern sheep, and
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Fig. 4. Archaeological sheep tooth enamel lg(Ba/Sr) plotted against 5'C data (shown here without adjusting for the fossil fuel effect) of enamel shown on the left,
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sheep interpreted to have been consuming seaweed (particularly in winter) based on sequential enamel 5'C and §'®0 results from the same teeth (Balasse et al., 2009
and Blanz et al. forthcoming); such data was unavailable for sheep from Bu Sands, Swandro, Beachview and Snusgar.

ca. 2 mg per day, assuming a soil/sand intake of generally <30% (as a
dry weight proportion of diet; Abrahams and Steigmajer, 2003; Smith
et al., 2009) based on the measured As concentrations in the sampled
soils and sand. Therefore, in this study, exposure to As is estimated as 1-2
orders of magnitude higher in seaweed-eating sheep than in grass-eating
sheep. Together with the enamel results (Fig. 2), this indicates that
increased As exposure leads to elevated As concentrations in tooth
enamel, and thereby also elevated 1g(As/Ca) values (modern
grass-eaters range —7.7 to —7.2; seaweed-eaters range —7.1 to —5.9).
Previous work on dentine indicated uptake during life directly from the
diet due to surface and saliva contact as a strong possibility (Blanz et al.,
2018), which might also be the case here, but is less likely for enamel
than dentine.

4.2. Archaeological material

4.2.1. Diagenetic effects on Ba, Sr, As, V and U

Since all recent and archaeological sheep in this study were from
areas with underlying Rousay or Stromness flagstone geology (Astin,
1990; Supplementary File 1), geological differences are unlikely to ac-
count for large differences in trace element ratios between archaeolog-
ical and modern samples with similar 5!3C values, and these are thus
more likely due to differences in diet or diagenesis. Diagenetic changes
in trace element concentrations can greatly affect trace element ratios
since the elements have different chemical properties (e.g., different
solubilities). In contrast, enamel carbonate stable carbon isotope ratios
are relatively robust against diagenetic alterations (Lee-Thorp and
Sponheimer, 2003; Lee-Thorp and van der Merwe, 1991) since the loss
of a relatively small amount of carbon from the sample is unlikely to
greatly affect the isotope ratio in the remaining sample. Assessing the
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viability of using Ba/Sr ratios for palaeodietary inferences may therefore
be possible by comparison of the relationship between 5'3C values and
trace element ratios for modern and archaeological material. Fig. 6
shows a collation of the modern and archaeological data, including a
mixing model for the modern enamel which shows the expected enamel
composition with varying amounts of seaweed consumption. Where
trace element results deviate significantly from the mixing line,
diagenesis is likely to have significantly affected the trace element ratio.

The archaeological enamel 1g(Ba/Sr), 1g(Ba/Ca) and 1g(Sr/Ca) values

largely fit the mixing line created from the modern data. Therefore, the
correlation between the trace element ratios and §'3C values in both
archaeological and modern material suggests that the archaeological 1g
(Ba/Sr), 1g(Ba/Ca) and 1g(Sr/Ca) values were not significantly affected
by diagenesis, and reflect dietary inputs. In contrast, the archaeological
enamel 1g(U/Ca), 1g(V/Ca) and 1g(As/Ca) values deviate from the
calculated mixing lines. Both V and U have been suggested for use as
indicators of diagenesis (Grimstead et al., 2017; Lambert et al., 1985),
and the results of this study indicate that these elements are indeed
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significantly more concentrated in some of the archaeological samples
than in modern samples of terrestrial feeding sheep (Fig. 6). However,
due to differing uptake mechanisms, skeletal material may dispropor-
tionately accumulate certain trace elements with a strong affinity for the
inorganic phase of teeth (Simpson et al., 2021). Therefore, diagenetic
alteration is only of concern when the analytes in question are signifi-
cantly affected by the alteration. While U/Ca and V/Ca appear to have
been significantly affected by diagenesis, this does not appear to be the
case for Ba/Sr, Ba/Ca and Sr/Ca. In contrast, the elevated As/Ca ratios in
archaeological samples compared to modern grass-eating sheep shown
in Fig. 6 indicates that As accumulates diagenetically in enamel. Arsenic
has also previously been shown to accumulate significantly in archae-
ological bones due to diagenesis (Pike and Richards, 2002). Therefore,
while in vivo concentrations of As in enamel do appear to reflect expo-
sure to As (and may thus be useful to identify As exposure in modern
samples), their use as palaeodietary indicators remains limited in most
contexts due to diagenetic issues.

4.2.2. Interpretation of Ba, Sr and Ca data

The correlations between 1g(Ba/Sr) and enamel §13¢C for sheep from
Ness of Brodgar and Mine Howe indicate that 1g(Ba/Sr) values can track
marine contributions to the diet in archaeological samples despite the
potential for diagenesis. The archaeological lg(Ba/Sr) results are overall
consistent with the enamel 8'>C results, indicating that the extent of
seaweed consumption by modern sheep on North Ronaldsay today was
not present in the archaeological sheep in this study. However, there
appear to be some site-specific differences (Fig. 4, left) which could be
due to differences in underlying geology, differing (extent of) diagenetic
processes, or may not be site-specific after all (as the sample sizes are
low). This complicates setting threshold values of 1g(Ba/Sr) (or 1g(Sr/Ca)
and Ilg(Ba/Ca)), below/above which seaweed-consumption can be
interpreted to have taken place, and this likely needs to be assessed on a
site-by-site basis. However, if the cause for these differences between
sites is site-specific, but non-diagenetic, 1g(Ba/Sr) may also present an
opportunity to further investigate animal movement at a high resolution
if local variability is well-known, particularly when combined with
other markers (e.g. lg(Sr/Ba), 613C, and %7Sr/%°Sr). More data are
needed to investigate the source of site-specific differences.

In contrast to the modern samples, the archaeological collagen §'3C
results do not show a correlation with the 1g(Ba/Sr) data (Fig. 4, right).
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Ig(Ba/Sr) Fig. 7. Approximate illustration of the relationship
between 1g(Ba/Ca) and 1g(Sr/Ca) in marine and
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m >25 trends are to be expected. Due to a scarcity of data,
the area shown for marine sand also includes data for
marine shells and corals. The range for marine her-
bivores (abbreviated as mar. herb.) is likely drastically
underestimated due to lack of data. Data for deserts
(see Burton and Price, 1990), the sandy soils from this
study, and omnivores and invertebrates were omitted
for clarity. Data shown are from Balter et al. (2002),
2001; Bowen (1956); Burton et al. (1999); Drouet and
Herbauts (2008); Elias et al. (1982); Hamilton et al.
(2002); Li et al. (2005); Mauchline and Templeton
(1966); Patterson and Settle (1977); Peek and Clem-
entz (2012a), 2012b; Ramirez et al. (2019); Shack-
lette, 1980; Smith et al. (2005); Sponheimer and
Lee-Thorp (2006) and this study. See Supplementary
File 1 Fig. S4 for a more detailed, statistical display of
the same data.

This might be in part because of the difference in sampled tissue, as bone
collagen reflects a different time period than tooth enamel. Similar (but
smaller) discrepancies have also been found between enamel 8'3C and
bone collagen 5'3C of seaweed-eating sheep (Blanz et al., 2020). Addi-
tionally, the spread of the archaeological collagen &'3C data is
comparatively narrow and indicates a primary reliance on terrestrial Cg
vegetation by most of these sheep, which corresponds with the absence
of low 1g(Ba/Sr) values.

4.3. General implications for archaeological and palaeoecological studies

While soil Sr/Ca and Ba/Ca values vary, which affects the rest of the
foodweb geographically, general global trends are still identifiable
(Fig. 7). By comparing measured Sr/Ca and Ba/Ca values to reference
data for the ecosystem and area in question, more precise dietary in-
formation may be gained than by relying on isotope ratios alone.
However, Ba, Ca and Sr concentrations in animal meat, bones, terrestrial
plants, seaweeds, and soils vary considerably and so introduce biases
towards foods and other ingested material with higher concentrations.
For example, carnivorous, meat-based diets are generally poorer in Sr
and Ba (Burton et al., 1999; as also reflected in the bones of carnivores
compared to herbivores, Fig. 7), and ingested soil and dust (e.g. from
unclean food or felines licking their fur) has been suggested to lead to
misleading 1g(Sr/Ca) and 1g(Ba/Ca) patterns indicating a lower trophic
level (i.e., plant consumption; Kohn et al., 2013).

Nevertheless, biases towards certain food groups may also be taken
advantage of. For example, seaweeds and seagrasses have among the
highest 1g(Sr/Ca) values (Fig. 7) and have high concentrations of Sr and
Ca (1120 + 800 mg Sr/kg, and 12634 + 5425 mg Ca/kg in seaweeds, cf.
in grasses around 62 + 4 mg Sr/kg, and 5082 + 1704 mg Ca/kg; data
from this study). These higher concentrations create a bias in consumer
lg(Ba/Sr) and 1g(Sr/Ca) toward seaweed (and seaweed-fertilised
terrestrial plants; Blanz et al., 2019). In contrast, 513Ccouagen data are
biased toward dietary protein (Krueger and Sullivan, 1984; Webb et al.,
2017). Therefore, combining 1g(Sr/Ca) and 5'°C measurements may
enable the identification of small amounts of seaweed consumption in
otherwise terrestrial diets, and distinguishing between the consumption
of Sr-rich seaweeds and the consumption of C4 plants. However, this
requires a thorough understanding of the limitations and biases of each
of these markers, and a knowledge of the local soil composition (and its



M. Blanz et al.

variability) and foodweb for the interpretation of ratios of Ba, Sr and Ca.

Given this area-specific knowledge, more detailed interpretations of
mobility and grazing areas are then likely possible in herbivores. For
example, on Orkney, it might be feasible to use variations in enamel 1g
(Ba/Ca) to identify whether grazing was concentrated in areas with
particularly sandy soil of marine origin. Ingestion of sandy, Ba-poor soils
and the Ba-poor grasses growing on them would lead to low consumer lg
(Ba/Ca) values, while 5'3C would be virtually unchanged by sandy soil
ingestion (due to the higher concentrations of carbon in the diet) and the
consumption of grass growing on sandy soil (see vegetation data in Blanz
et al., 2020). This combination of low 513C and low 1g(Ba/Ca) values
with high 1g(Sr/Ca) values would thus indicate grazing in areas with
marine sandy soil, potentially enabling differentiation between animals
from different grazing areas. By employing laser ablation ICP-MS on
teeth, it may even be possible to gain information on seasonal differ-
ences in soil and sand ingestion and the diet, although this would need to
be separated out from the background variability in Sr/Ca and Ba/Ca
ratios (de Winter et al., 2016; Peek and Clementz, 2012b), and changes
due to sampling depth (de Winter et al., 2019). Combination with other
isotope ratios, e.g. 8Sr/%Sr and §!%0, should also be explored.

Values of 1g(Ba/Sr) may also be useful in the study of burnt remains.
Due to the variable loss of carbon isotopes during the burning process,
513C values are unreliable as dietary indicators in burnt bones (DeNiro
etal., 1985). Sr and Ba concentrations and their ratio are also affected by
burning (Grupe and Hummel, 1991). However, if cremation tempera-
tures were below 800 °C, and the sample still contains residues of pri-
mary carbon, it may be possible to estimate in vivo concentrations of Ba
and Sr (Grupe and Hummel, 1991). The analysis of Ba and Sr concen-
trations may therefore allow previously unattainable dietary informa-
tion to be gained from burnt skeletal remains. If possible, this would be
particularly useful to screen samples for significant marine dietary input
when selecting burnt material for carbon dating, since accurate dating of
burnt material that contains significant amounts of marine carbon is
impossible if the local reservoir effect has not been accurately deter-
mined (Zazzo et al., 2012).

Finally, the elevated Sr concentrations in enamel of seaweed-eating
sheep (Table 2) confirm previous hypotheses that seaweed consump-
tion can lead to elevated Sr concentrations in the consumers skeletal
material (Evans et al., 2012). While the strontium stable isotope ratio
875r/86sr was not measured directly in this study, this elevated Sr con-
centration also indicates that the stable isotope ratio 3”Sr/%5sr may be
significantly affected by seaweed consumption, which needs to be
considered in studies of past mobility.

5. Conclusion

This study has shown that tooth enamel ratios of Sr, As, U, and V to
Ca are elevated in seaweed-eating compared to terrestrially grazing
sheep, whereas 1g(Ba/Sr) is lower in seaweed-eating sheep. Due to
diagenetic processes, As, U and V are not reliable as palaeodietary in-
dicators in most contexts even in tooth enamel, but enamel lg(Ba/Sr)
ratios can add information to current conventional analyses in an inte-
grated dental approach. For example, when concentrations of Sr are
determined in preparation for 873r/85Sr measurements, Ba concentra-
tions may also be analysed at the same time at little extra cost to enable
additional study of 1g(Ba/Sr).

As a sole, independent marker, sequential enamel 5'3C data remain
the more precise method of identifying marine food intake if C4 plants
are absent. Nevertheless, trace element analysis offers an independent
method to §'3C that is particularly sensitive to seaweed consumption,
and further work with laser ablation ICP-MS on enamel may enable
detailed seasonal information to be gained from trace element ratios.
Therefore, the use of 1g(Ba/Sr) as a secondary marker can be particularly
valuable in 6!3C studies with potentially complex diets involving marine
foods and C3 and C4 plants, and merits further research.

Further fundamental research is required to enable more routine use
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of 1g(Ba/Sr) ratios also in other contexts, including the study of modern
reference material with known dietary histories. Since 1g(Ba/Sr) ratios
appear to vary between bone and enamel, and between different teeth of
the same individual (Peek and Clementz, 2012b), comparisons between
datasets need to be made with caution. For application of enamel 1g
(Ba/Sr) as a marker in archaeology, palaeontology and geobiology more
widely, knowledge of the approximate concentrations of Ba and Sr in the
potential foods and soils consumed is required, including an assessment
of how local and regional geology may differ from literature values, as
well as an understanding of how 1g(Ba/Sr) values transfer between the
different trophic levels (discussed e.g. in Peek and Clementz, 2012a).
The study of 1g(Ba/Sr) in archaeological bones is generally to be
discouraged due to diagenetic effects, and enamel should be targeted
instead. This study has shown that the potential uses of Ba and Sr ratios
in enamel are not yet fully explored, and hold potential for future
palaeodietary research.
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