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Rationale: The last decade has seen a dramatic increase in the application of serial
sampling of human dentine in archaeology. Rapid development in the field has
provided many improvements in the methodology, in terms of both time resolution
as well as the ability to integrate more isotope systems in the analysis. This study
provides a comparison of two common sampling approaches, allowing researchers to
select the most suitable approach for addressing specific research questions.
Methods: Two common approaches for sequential sampling of human dentine
(micro-punches and micro-slices) are compared in terms of viability and efficacy.
Using archaeological deciduous second molars and permanent first molars, this study
demonstrates how the two approaches capture aspects of the weaning process in
different ways. In addition, different aspects related to the extraction protocols, such
as the thickness of the central slide and the solubilisation step, are also evaluated.
Results: While both approaches show similar intra-tooth isotopic patterns, the micro-
punches approach is preferable for research that requires a very fine temporal
resolution, while the micro-slices approach is best for research where 534S values are
needed, or when the samples are poorly preserved. In addition, the solubilisation step
has a large effect on collagen yield, and, to a lesser extent, on isotopic compositions.
Therefore, it is important to ensure that only samples that have undergone the same
pre-treatment protocol are directly compared.

Conclusions: We present the pros and cons of the two micro-sampling approaches
and offer possible mitigation strategies to address some of the most important issues

related to each approach.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
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INTRODUCTION

Stable isotope analysis is a well-established method used in
archaeology to reconstruct past subsistence behaviours. Recent
developments in both sampling techniques and instrumentation have
allowed detailed life-history approaches on incrementally grown
tissues, particularly on tooth primary dentine, to obtain fine-resolution
sequential isotope data through micro-samples. Traditionally, the
most commonly analysed isotope systems in primary dentine have
been carbon (5*3C) and nitrogen (5*°N). Variations in §*3C and §*°N
values have been used to answer questions such as weaning (in both

1-3

humans and non-human mammals), mobility and trading,4 animal

husbandry practices,® and early physiological stress.® New studies
have recently demonstrated the potential of including the analysis of
sulfur (5%4S) values in serial approaches to help elucidate childhood
mobility patterns and/or feeding practices.”® However, the balance
between obtaining the optimum temporal resolution and the amount
of material to measure carbon, nitrogen, and sulfur isotope systems
remains a challenge.

First proposed by Fuller et al,? dentine serial sampling has come a
long way. In the early days, teeth were divided into broad ‘anatomical
regions’: crown, cervix, and root. Only one sample was obtained from
each region, rendering a total of three to four samples per tooth.
Because of a better understanding of primary dentine growth
patterns, together with improvements in instrumentation for stable
isotope analysis, it is now possible to take smaller sample sizes (ca
0.3 mg for synchronous C and N isotope analysis, and ca 1.2 mg for
synchronous C, N, and S isotope analysis) and a higher number of
time-series measurements (up to 17) from a single adult human
tooth.’® There are now two major approaches for taking serial
samples in human dentine: thin horizontal or oblique slices (micro-
slices) cut with a scalpel®***? and small cylindrical transects (micro-
punches) using a biopsy punch.!®® A recent study also proposed the
use of a MicroMill-assisted approach, where up to 65 incremental
samples were obtained from a single human tooth.** Due to the lack
of access to a MicroMill, this approach is not tested here. For the sake
of completion, a third approach involving analysing non-demineralised
(untreated) dentine powder is described but not tested.

The purpose of this study is to describe and discuss the pros and
cons of these major approaches to serial sampling in primary dentine
- i.e. micro-slices versus micro-punches - particularly when there is
an interest in integrating sulfur isotope analysis. In mammalian bone
and dentine collagen, only one amino acid - methionine - contains
sulfur, so comparing to the more ubiquitous carbon (ca 42.1 wt%) and
nitrogen (ca 15.4 wt%), the amount of sulfur is much lower (ca
0.28 wt%).2> As a result, sulfur isotope analysis typically requires a
much larger amount of material. Integrating sulfur isotope analysis in
the serial micro-sampling of dentine will therefore mean
compromising temporal resolution for data from an additional isotope
system. In additional to the differences in sampling techniques and
sample size requirements, minor variations in the sampling process
pertaining to the solubilisation step, which may have a negative

impact on small sample sizes, are also tested. The discussions in this

study will help researchers to better design and select the sampling
strategies that are best suited for their particular archaeological

contexts and questions.

2 | SAMPLING APPROACHES

21 | The micro-slices approach

As an improved variation on the original ‘anatomical regions’
approach, the micro-slices approach takes horizontal slices of dentine
perpendicular to the growth axis. There are several minor alternatives
within this methodology, where some studies use the whole

tooth,¢17

and some cut the tooth longitudinally into two or more
portions and take slices from only part of a tooth.31118-20 There are
certain benefits and drawbacks to both sub-approaches. The first
difference is the amount of sample acquired. Obviously, a 1 mm
micro-slice from the whole tooth would produce more analytical
material than that from half a tooth. However, as serial sampling is a
destructive methodology, sampling from half (or part of) a tooth
would allow the other half/part to be analysed with other methods
(e.g. thin section for microscopy, etc.), or preserved for future studies.
Secondly, another important consideration is the number of growth
layers traversed in the sampling process. Human primary dentine
deposition pattern follows an inward and rootward direction,
analogous to truncated cones that progressively increase in convexity
towards the apex.2! Therefore, when sampled transversely, the larger
the sample area (i.e. whole tooth versus half tooth) involved, the
greater the number of growth layers traversed. Lastly, the direction of
dentine growth shifts from mostly crown-to-apex in the crown, to
almost completely lateral-medial in the roots (Figure 1). This means
that micro-slices cut transversely in the roots will likely contain many
growth layers. While technically a tooth that measures 20 mm (after
demineralisation) from cusps to apex could produce 20 x 1 mm
transverse micro-slices, the time resolution represented by the last
10 slices would overlap significantly, blurring time resolution and
isotope signals, as illustrated in the study of Czermak et al.?° To
somehow solve this issue, there are improved methods using high-
resolution transmission microscopy images as a reference for
changing the directions of slicing from horizontal in the crown to
about 45° at the root following dentine long-period increments
(i.e. the Andresen lines), therefore minimising cutting across different
growth layers.122° While the latter approach is able to produce
anatomically correct time-sensitive micro-slices, it ideally requires the
preparation and microscopical examination of a thin section for each
sampled tooth, which is extremely time-consuming and may not be

feasible in some research projects.

2.2 | The micro-punches approach

This method has been described in detail in Fernandez-Crespo

|10,13 | 22

et a and Czermak et al.““ With this approach, each tooth is cut
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FIGURE 1 (A) The demineralised ‘central
slide’ of a first molar (T3 - 199) and (B) a
schematic drawing of the tooth showing the
general direction of dental growth, the three
anatomical regions, and their respective estimated
growth periods. The growth layers and age
estimations are adapted from Czermak et a
[Color figure can be viewed at wileyonlinelibrary.
com]
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Crown:
Birth to ~ 3 years

Cervix:
~ 3 to 5 years

Root:
~51to 10 years

FIGURE 2 Pictures of T6 (BLR19 - M1) at various stages of preparation for serial sampling. (A) Before demineralisation, the tooth is cut into
three parts along the longitudinal axis: (i) the buccal slide; (ii) the lingual slide; (iii) the central (sampling) slide. (B) The demineralised middle slide.
(C) The thickness of the middle slide shown next to a biopsy pen [Color figure can be viewed at wileyonlinelibrary.com]

into three portions longitudinally. Only the central slide is required for
micro-sampling, while the outer parts can be preserved for further
analyses. Currently, most published studies using this approach
propose a 2 mm thickness for the sampling slides.'%*%?2 However,
this thickness may need to be adjusted depending on multiple factors.
For example, in smaller specimens, such as deciduous teeth, a thicker
slide, or even up to half a tooth, may be required to obtain sufficient
analytical material.>® Preservation also plays an important role.?*
Generally speaking, samples taken from a thinner slide are more likely
coming from discrete growth layers, therefore providing a more
precise temporal resolution of the isotopic record. However, samples
obtained from a thinner slide will also have a smaller weight.
Currently, most mass spectrometers require at least 0.3 mg of
collagen to produce reliable isotopic (5*°C and §*°N) measurements.
Micro-punches that yield less than 0.3 mg of collagen will therefore
have to be combined with preceding/subsequent sample(s), or
abandoned altogether, whichever is deemed appropriate according to
the location of the micro-sample(s). This would essentially decrease
the temporal resolution. Therefore, instrumental sensitivity, the state
of preservation, the size of the tooth, and the time resolution required
to answer the research question(s) are all factors that need to be

considered when deciding the thickness of the central slide.

After preparing the sampling central slide, it is demineralised
following conventional collagen extraction protocols (i.e. dissolution
with HCI, possibly combined with a NaOH bath). A biopsy punch is
then used to obtain small cylinders of dentine of fixed diameter
(depending on the size of the pen, usually between 0.75 and 1.2 mm)
from crown to apex (Figure 2C). The small sample size obtained with
this approach means that fewer growth lines would be traversed,
even in the roots. Thus, micro-punches tend to provide time series of
isotope data with much finer time resolutions than micro-slices. This
approach also has the benefit of not requiring the prior removal of
secondary and tertiary dentine or cementum before sampling, as is
required for the micro-slices approach. Secondary and tertiary dentine
form at a later date, and therefore can alter the isotope signal for the
age assigned. In addition, this approach only takes samples from one
half of a central slide (from the cusp of the crown to the apex of the
medial root generally, which is longer on average in mandibular
molars). The remaining half of the demineralised slide can be kept in a
freezer (or lyophilised for long-term storage) for future studies. Note
that the aforementioned MicroMill-assisted approach* follows the
same principle as this method, with several minor adjustments, such
as sampling after the tooth section is lyophilised (instead of before).
With the help of a MicroMill it is possible to get very small samples
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FIGURE 3 Unfiltered dentine collagen from the roots of T8
(BLR23 - M1). The sample was solubilised and spun down using a
mini-centrifuge before the lyophilisation step. Note the precipitates
collected at the bottom of the lyophilised collagen [Color figure can
be viewed at wileyonlinelibrary.com]

(0.35 mm diameter x 1 mm depth) from precise locations, gaining
extremely fine temporal resolution that it is hard to achieve by manual
sampling. Readers interested in that method should refer to the

original publication'* for more details.

2.3 | Untreated dentine powder

Both approaches mentioned above demineralise the dentine
subsamples, either before or after the micro-samples are taken,
thereby only analysing the organic part of the dentine (i.e. collagen). A
third approach describes a rapid method where the dentine is not
demineralised but directly measured. This method is described in
more detail in the study of Guiry et al.*With this method, the tooth is
cut in halves longitudinally, and a series of dentine powder samples
are collected along the growth axis. The main advantages of this
approach are that (a) depending on the preservation of the tooth and
the requirements of the mass spectrometer used, as little as 1 mg of

d?>2% and (b) results can be obtained very

dentine powder is neede
quickly. However, as the mineral portion of the dentine is not
removed, the biggest disadvantage with this approach is that only N
isotopes can be analysed. As there is carbon in both the organic and
inorganic phases, the 5'°C values measured in untreated dentine
would therefore be a mixture from both phases, and cannot be
interpreted easily, nor be directly comparable with C isotope
measurements from collagen. Meanwhile, the amount of nitrogen in
the inorganic phase of dentine is negligible. Therefore, this method is

only applicable to studies where the variations in 6'°N values are

known to be large and prognostic to the specific research in
question, e.g. weaning. Note that while this approach has been
primarily applied on animals with larger teeth,*?°2” one recent
study has demonstrated that it can be applied on human
material.2® (This approach is only described here and is not tested in
this study.)

2.4 | Minor variations concerning collagen
solubilisation

An important difference between the micro-slices and micro-punches
methods, other than the sampling technique, is whether the dentine
sample is solubilised. The solubilisation step, or gelatinisation, or the
denaturalisation of collagen, mainly serves two purposes: (a) to
remove the insoluble fraction, usually via filtration, and (b) to
homogenise the sample.

Regarding the first purpose, after demineralisation, there could
still be some inorganic residues adhered to and/or entangled in the
collagen sample. This is usually a bigger problem with bone rather
than dentine, as bone, especially cancellous bone, is more porous and
can trap more exogenous substrates. By solubilising collagen, these
exogenous substrates, often insoluble, can be separated either using a
filter (e.g. Ezee-Filter™ or ultrafilter) or simply by centrifuging the
dissolved collagen prior to the freezing step, and then discarding any
visible precipitates (Figure 3).

The second purpose is particularly relevant for larger samples
(i.e. micro-slices), and for making duplicate measurements. Firstly,
collagen that has been directly lyophilised is very hard and can be
difficult to cut to precise weight. By contrast, pre-solubilised
collagen is much easier to subsample. Yet more importantly, for
incrementally grown tissues such as dentine, simply cutting a
micro-slice into two halves does not necessarily guarantee that the
two halves would represent the exact same growth periods and,
therefore, have the exact same isotopic compositions. Although
published studies have shown relatively small variations in
(within

duplicates,13'29 in

error)  between
better

measurement precision, duplicates should ideally be performed on

isotopic  measurements analytical

micro-punch order to monitor
homogenised samples.

In theory, the solubilisation step should have minimal effect on
the isotopic compositions of collagen. Beaumont et al conducted a
preliminary test and concluded that solubilised and unsolubilised
dentine samples are indeed directly comparable.*° However, a
different study published in the same year reported that the
solubilisation and filtration steps can cause differences in the isotopic
compositions of (unhomogenised) bone collagen of up to 1.8%o in
5%3C values and 1.7%o in 56'°N values.®* To better understand the
implications of this procedure, two further experiments are designed
here to test the effect of solubilisation in dentine collagen. Note that
this study does not evaluate the demineralisation protocol (i.e. using
different molarity of HCI, or EDTA), as it has been discussed

elsewhere.®?
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TABLE 1 Summary information of all samples used in this study

Laboratory Sample Central slide
code Site name Chronology Period Sex Age Element® thickness (mm)
T1 Saint-Laurent 499 15th century Early Male Adult LLM1 2.5

T2 1144 Modern Female Adult LLM1 22

T3 199 17th century Male Adult LRM1 2.7

T4 225 Female Adult LRM1 20

T5 Balloy ‘les BLR19 c. 4700- Middle Male Non-adult ~ URdm?2 2.7

T6 Réaudins’ 4300 BCE Neolithic ULM1 27

T7 BLR23 Indeterminate  Non-adult ~ LRdm2 2.7

T8 LRM1 2.7

2LLM1 refers to lower left first molar; LRM1 refers to lower right first molar; URdm2 refers to upper right second deciduous molar; ULM1 refers to upper

left first molar; LRdm2 refers to lower right second deciduous molar.

3 | MATERIALS AND METHODS
In order to minimise variations introduced by different archaeological,
taphonomic, and physiological factors, systematic comparisons of the
two methods are conducted on the same tooth. Samples are selected
on the basis of having corresponding anthropological and
archaeological background information available for reference, and
with the expectation that data generated may be used for future
archaeological interpretation. A total of 17 human teeth and four
bones are used in this study. All teeth are reasonably well preserved,
with relatively unworn crowns and without visible tooth decay.
Thirteen teeth come from the Early Modern site (15th to 17th
century CE) of Saint-Laurent cemetery, Grenoble.®*%¢ Four teeth
come from the middle Neolithic (c. 4700-4300 BCE) site of Balloy
‘Les Réaudins’ (BLR) in the Paris Basin region.>”%® Table 1
summarises the sample information of eight teeth (T1-T8), where
comparisons of the two serial sampling approaches are conducted. An
additional nine teeth (T9-T17) are included for various testing of the
solubilisation process. These are loose teeth from the Saint-Laurent
collection, where no individual information can be retrieved. Four
faunal bones are also added to test the solubilisation process. These
bones come from various contexts: one sheep/goat from BLR, two
wild boars from the middle Neolithic site of Vignely ‘La Porte aux
Bergers’, and a modern cattle from the Larzac Plateau, France, which
is also used as the in-house collagen standard at LAMPEA, Aix-
Marseille Université.

All samples were prepared at the Preparation Laboratory of UMR
7269 LAMPEA, Aix-en-Provence (France).

3.1 | Micro-slices versus micro-punches

Only T1-T8 are used in this experiment. As one of the objectives of
this study is to compare the sensitivity of the two sampling
techniques (i.e. micro-slices and micro-punches) in capturing time-
series life events, the samples selected needed to show clear isotopic

variations over time (i.e. weaning process). Therefore, first molars

(M1) for all individuals and an additional deciduous second molar
(dm2) for two individuals (BLR19 and BLR23), are selected for this
test specifically. First molars usually record the first 10 years of life,
while deciduous second molars usually record the first 3 years of
life.3? Thus, these teeth allow observations of the breastfeeding/
weaning process and its resulting isotopic variations in the individuals
analysed.

The teeth were first embedded in a high-strength gypsum
moulding material. Two types of materials were tested: Herculite I
and Cantillana (Model Gyps). Both showed adequate tensile strength
required for cutting the teeth. However, trace element analysis using
an ATTOM ES HR-ICP-MS revealed that Cantillana contains a
significant amount of strontium, whereas the amount of strontium in
Herculite Il is negligible. Note that it is very unlikely that strontium in
plaster could interfere with the strontium in enamel. However, if
strontium isotope analysis is planned, researchers may consider using
Herculite Il - or any other non-strontium-containing plaster - and
mixing with deionised water to ensure integrity of the samples. Then,
the teeth were sliced lengthwise (buccal-lingual/palatal) into three
parts with a Buehler IsoMet® 1000 precision section saw: a buccal
1/3 slide, a central slide, and a lingual/palatal 1/3 slide (Figure 2A).
The central slide was cut to intended thickness using the adjustable
blade mover on the machine. Note that due to the vibrations of the
cutting discs, the resulting central slices were about 5-20% thinner
than the intended thickness. The central slides of the Early Modern
teeth (T1-T4) were cut into different thicknesses (2.0 to 2.7 mm) to
test how a difference in thickness may affect sample yields. Sample
yields may restrict the total number of micro-samples that can be
analysed, regardless of the total number of micro-samples obtained
during sampling. The Neolithic teeth (T5-T8) are less well preserved,;
therefore a 2.7 mm thick central slide was cut to ensure sufficient
analytical material could be procured.

The central slides were first demineralised in 0.5 M HCI at 4°C,
with acid change every 2-3 days, until all the enamel was dissolved
and the dentine was soft. The slides were then placed in 0.1 M NaOH
for 30 min at room temperature, followed by 15 min in 0.5 M HCI at

|'22

room temperature, as described in Czermak et al.““ The samples were
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rinsed with at least three washes of deionised water between each
chemical treatment. Before sampling, secondary and tertiary dentine
was removed with a scalpel.

For each central slide, micro-punches were taken on one side
using a biopsy pen (Uni-Core™ 1.2 mm), while the rest of the
section was sliced up horizontally with a scalpel into micro-slices of
roughly 1 mm in thickness (Figure 4). For the micro-slices, the roots
were not sliced but instead the whole section was taken as the
sample. As mentioned above and illustrated in Figure 1, the primary
dentine deposition pattern in the roots is more complex than and
different from that in the crowns. Therefore, in this study, the whole
root is homogenised without being subsectioned. Note that despite
not being practiced in this study, the roots can be subsectioned into
multiple subsamples and still produce meaningful data from different
growth periods.?2°

Micro-punches were not solubilised and were lyophilised directly.
Micro-slices were first solubilised in pH 3 water (10~3 M HCI) at 75°C
for 48 h, then spun down at 6000 rpm for 1 min using a mini-
centrifuge (Stuart SCF1 Spinner), and lyophilised.

3.2 | Solubilisation test 1: collagen yield

Three teeth (T9-11) from Saint-Laurent, Grenoble, were used in this
test. A middle slide from each tooth was obtained following the
procedure described above. As the primary goal of this test was to
evaluate how sample size may affect collagen yield during the
solubilisation process, instead of following the growth lines, the
dentine was simply cut into subsamples of various sizes. These
subsamples were first directly lyophilised and weighed. Then the
same lyophilised samples were solubilised in pH 3 water (102 M HCI)
at 75°C for 48 h, then lyophilised and weighed again. The post-
solubilised weight of each micro-slice was compared with that of the
pre-solubilised weight to calculate collagen lost during the
solubilisation step. None of the dentine samples from this test were
analysed for their isotopic compositions.

(A)

- | Crown:
Crown: | P1-P4
S1-85 =

- L Cervix:

Cervix: ] - P5-P13
S6-S10 A

5 7\ .
Root: : L Root:
SN n P14-P21

3.3 | Solubilisation test 2: isotope compositions

Six human teeth (T12-T17) and four animal bones (B1-B4) of various
preservation levels were used in this test. For the teeth, only the
roots were taken. For the bone samples, a piece of cortical bone
weighing 0.5-1 g was obtained from each sample. The surfaces of all
samples (both and teeth) were first mechanically cleaned with a burr,
then homogenised using a Fritsch Mini-Mill Pulverisette 23. The
homogenised bone/tooth powder was first demineralised following
the same protocol as described above. When the samples had fully
demineralised, about 1/3 of each sample was transferred using a
plastic transfer pipette and lyophilised. The rest of the samples were
solubilised in pH 3 water (10~3 M HCI) at 75°C for 48 h, spun down,
and lyophilised.

3.4 | Analytical methods and instrumentation

Micro-punch samples (0.27-0.84 mg) were sent to Iso-Analytical Limited
(UK) for C and N isotope analysis. Micro-slice samples (1.20-1.62 mg)
were sent to the Archaeology Isotope Laboratory, Simon Fraser
University (Canada) for C, N, and S isotope analysis. For micro-slices
that were too small to be analysed for C, N, and S, the samples were
sent to Iso-Analytical instead for C and N isotope analysis. A number
of samples had to be merged when a single sample yielded less than
the acceptable analytical weight (i.e. 0.3 mg for micro-punches and
1.2 mg for micro-slices). Only samples from the same anatomical
regions (i.e. crown, cervix, or root) were combined. To ensure inter-
laboratory comparability of results, measurements were further
monitored using the following in-house laboratory standards:
MMSH_REF - cattle bone collagen (5¥3C = —20.96 + 0.07%o,
5N = 1+4.17 £ 0.08%0, and  §°*S=+190+0.33%); and
SFU_SRM-1 - sea lion (53C = —13.63 + 0.19%o, §"°N = +17.45
+0.13%o0, and 5°*S = +15.64 + 0.44%o). These in-house standards
were analysed within all analytical sessions to ensure that
measurements produced at both laboratories are directly comparable.

FIGURE 4 Sampling of T3.

(A) Schematic of the sampling site. P
refers to micro-punches; S refers to
micro-slices. A total of 21 micro-punches
and 11 micro-slices are obtained from this
tooth. (B) The tooth after micro-punches
were taken [Color figure can be viewed at
wileyonlinelibrary.com]
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TABLE 2 Comparison of the measurements of in-house standards between the two laboratories: IsoA refers to samples analysed at Iso-

Analytical; SFU refers to samples analysed at SFU

Standard Laboratory Batch n 53¢
Casein IsoA 6 —27.20
SFU 1 8 -27.10
2 9 —27.35
SRM_1 IsoA 6 —13.90
SFU 1 12 —13.52
2 4 —-13.79
MMSH_REF IsoA —21.00
SFU 1 12 —20.69
2 9 -21.11

Std 6%°N Std 54 Std
0.06 +5.91 0.05

0.14 +5.97 0.07 +7.65 0.23
0.17 +5.92 0.10 +7.84 0.15
0.04 +17.37 0.11

0.17 +17.32 0.21 +15.38 0.37
0.05 +17.46 0.01 +15.86 0.30
0.02 +4.26 0.06

0.14 +4.20 0.14 +2.51 0.28
0.26 +4.15 0.07 +2.35 0.15

Detailed information of analytical instruments and calibration
standards used are provided in Supplement S1.

The quality of the collagen is assessed using the following
criteria: %collagen between 0.5% and 22% by weight, %C between
15.3% and 47%, %N between 5.5% and 17.3%, %S between 13%
and 35%, atomic C/N ratio between 2.9 and 3.6, atomic C/S ratio
between 300 and 900, and atomic N/S ratio between 100 and
300.1549-% However, note that the work of Czermak et al on
fluorescence screening of collagen preservation in (unsolubilised)
tooth dentine®* suggests that samples with atomic C/N ratios
higher than 3.3 may indicate some degree of collagen decay or
degradation. Therefore, cautions are given to interpretating
unsolubilised dentine samples (micro-punches) with C/N ratios
between 3.3 and 3.6.

3.5 | Statistical methods and data visualisation

All statistical tests are performed using R version 3.6.0 (R Core Team
2019) with RStudio (RStudio Team 2018). Data are visualised using
the package ‘ggplot2’ (Wickham 2016) and ‘ggpubr (Kassambara
2020). The R script used to generate the plots of this paper is
provided in Supplement S2. Due to the small sample size (n < 15) of
our samples, the non-parametric Kruskal-Wallis and Wilcoxon tests
are used. Relationships between variables are evaluated using a

Pearson correlation test. A 0.05 probability (p < 0.05) is considered

significant.
4 | RESULTS
4.1 | Inter-laboratory comparability

Table 2 presents a comparison of the three in-house standards
measured at both laboratories. Of the 80 samples analysed at SFU,
55 were analysed in August-September 2021 (Batch 1) and 35 were
analysed in February 2022 (Batch 2). While Wilcoxon tests show that
the overall measurements from the two laboratories are generally

comparable (§*°C: peasein = 0.97; pmmsH_rer = 0.12; pspms < 0.001;
8N Peasein = 0.35;  Pmmsh_rer = 0.16; psrms = 0.91), the 6%C
values of the check standards from SFU Batch 1 are consistently
higher than those from Batch 2 (Table 2; Figure 5). It is noteworthy
that most of the sequential dentine samples come from Batch 1, for
which the standards had §'°C values higher than their accepted
values by 0.11%o to 0.27%o (Table 2; Figure 5). As the main objective
of this study is not to interpret the serial dentine data, but instead to
compare and evaluate the two serial sampling approaches, these
minor differences in measurements may serve to highlight potential
issues associated with measuring samples in different laboratories/
instruments, as well as comparing measurements of samples that have
undergone different pre-treatment methods (i.e. solubilised or not).
The implications of the differences in isotope measurements from the
two laboratories are discussed in more detail in the next section. A
summary of all the standards analysed is provided in Supplement S1.
The detailed results from all runs (standards and samples) are
provided in Supplement S3.

4.2 | Micro-slices versus micro-punches
A total of 125 micro-punches and 64 micro-slices were procured from
eight teeth (T1-T8). Note that not all of the samples obtained were
analysed, as a number of them yielded collagen below the acceptable
threshold for analysis (0.3 mg for C and N analysis and 1.2 mg for C,
N, and S analysis); therefore, the number of samples obtained may not
be the same as the number of samples measured for each tooth. In
addition, the integrity of the dentine collagen matrix can differ
strongly within a single tooth. Dentine in the crown tends to be better
preserved than the roots, as it is protected by the enamel from the
burial environment. Therefore, even though all micro-punch samples
should have the same diameter, the collagen yield can still vary greatly
between different anatomical regions. For example, collagen vyield
from micro-punches can range from 0.336 (T8_P1) to 0.808 mg
(T8_P7) in a single tooth (T8).

As mentioned in Table 1, the Early Modern teeth were cut into

four different thicknesses. The thickness of the central slides has little
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FIGURE 5 Comparisons of the 8'°C values of the three standards measured at the two laboratories and different analytical sessions. Shaded
red areas are the expected values of each respective standard. Post hoc pairwise comparisons are performed using the Wilcoxon test, with the p
values of each test shown above the respective pairing [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Thickness of central slides and total of analysable samples. Note that the total analysed micro-punches refer to micro-punches that
are >0.3 mg as well as micro-punches that are <0.3 mg but merged with the next sample

Total micro- Micro-punches Analysed Total obtained and
Thickness punches with <0.3 mg Micro-punches with Total analysed micro-slices analysed micro-
Tooth  (mm) obtained collagen <0.3 mg collagen (%) micro-punches (%) slices
T1 2.5 17 6 35.3 14 82.4 6
T2 2.2 20 8 40.0 15 75.0 7
T3 2.7 21 5 23.8 17 81.0 11
T4 2.0 19 16 84.2 11 57.9 10
T6 2.7 13 0 0.0 13 100.0 10
T8 2.7 12 4 33.3 9 75.0 6
(A) (B)
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FIGURE 6 Weight of samples plotted against their measured atomic C/N ratios. Open circles represent unsolubilised dentine samples; filled
circles represent solubilised dentine samples. (A) Samples sent to Iso-Analytical for CN analysis. (B) Samples sent to SFU for CNS analysis. Blue
dash-dotted lines indicate the theoretical ideal threshold of atomic C/N ratio for quality control at 3.3. Red line in (A) indicates the recommended
analytical weight threshold for isotope analysis at 0.3 mg [Color figure can be viewed at wileyonlinelibrary.com]

effect on the percentage of sampled micro-slices that could be
analysed.* In addition, at least one micro-slice from each tooth could
be measured in duplicate. However, a slight trend can be observed in
the total measurable samples with the micro-punches approach. As
shown in Table 3, the thinnest central slide (T4) produces the highest

percentage of micro-punches with insufficient collagen, while the
opposite is observed with the thickest central slide (T3). Total
measured micro-punches refer to the number of micro-punches being
analysed, after combining those with insufficient collagen yield. No

correlation test has been conducted on these data, as the sample size
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Stable isotope compositions of all four Early Modern teeth (T1-T4). The subsections, indicated by (1), (2), and (3), refer to the

three anatomical sections: crown, cervix, and roots, respectively. (A) Stable carbon isotope compositions of micro-samples plotted against
sampling locations, (B) Stable nitrogen isotope compositions of micro-samples plotted against sampling locations. (C) Stable sulfur isotope
compositions of micro-samples plotted against sampling locations. (D) Images of each tooth post-demineralisation and prior to sampling [Color

figure can be viewed at wileyonlinelibrary.com]

is too small. Neither deciduous teeth (T5 and T7) are included in this
comparison, as both teeth are missing one or part of a root.

For the samples analysed for serial sampling (samples from T1-
T8), all but two analysed samples yielded atomic C/N ratios between
3.1 and 33 samples (T1_P16 +17 and
T8_P10 + P11) have atomic C/N ratios of 3.4. As the isotopic

measurements from these two samples fit well with the rest of the

(Figure 6). Two

measurements from the same teeth, they are included in the following
analysis. No trend is observed between the weight and the atomic
C/N ratios of the samples. However, the smallest samples (0.274-
0.314 mg) have the widest spread of C/N ratios.

The analytical results from the micro-punches versus micro-slices
tests are plotted in Figure 7 (Early Modern teeth: T1-T4) and Figure 8
(Neolithic teeth: T5-T8). A summary of measurements and elemental
compositions of the serial samples are provided in Supplement S4.1.

As the key objective of this test is to compare the two sampling
approaches and not to determine the weaning age, the measurements
are plotted against their respective positions within the three
anatomical regions, instead of plotting the measurements against
estimated age (typical in most archaeological studies). While both
plotting schematics are similar, plotting the measurements according

to their relative positions within each anatomical region places more

emphasis on the sampling location, instead of on age alignment. This
also circumvents a debate that concerns the proper age alignment of
sequential dentine samples, where several studies have shown that
using a ‘fixed’ scale for all individuals (e.g. males and females, healthy
modern) could be

and malnourished, archaeological and

problematic.*>#¢

The four Early Modern teeth (T1-T4) show varying degrees of
intra-individual variations in isotopic compositions over time. As
shown in Figure 7, all individuals have 5%3C and 6*°N values (613C:
—19.5 £ 0.5%0; 6*°N: +9.2 + 0.9%o; 56 micro-punches and 34 micro-
slices combined) consistent with data reported from the subadults at
the site (63C: —19.8 £ 0.4%o; 6*°N: +8.9 = 1.1%0; n = 51).%¢ No S
data from the site have been previously published. Based on these
four individuals, the 53%S values are highly variable on an inter-
individual level (means: -4.3%o (T3) to +8.7%. (T1); Figure 7C), but
with little intra-individual variability (standard deviations: 0.18%o
(T2) to 0.67%. (T4); Figure 7C). There is little work done on
understanding the S isotope baseline in Early Modern Grenoble;
however, as it is not the focus on this study, there will be no further
comment on this aspect.

In terms of the measurements from micro-punches and micro-
slices approaches, both §'3C and N values from the two
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approaches share very similar trends. The micro-punches approach
provides a higher temporal resolution than the micro-slices, especially
towards the root (Figures 7A and 7B). In general, the micro-slices *
match well with the micro-punches but show less variability in §°C o
and 6%°N values. A number of micro-slice samples have §'°C values ‘\0. 1
that are slightly higher (ca 0.1-0.3%o) than their comparable micro- 40 e \‘ * /_/-’ >
o
punch samples, which is consistent with the inter-laboratory 5 O.\‘\. /_/" =
R o o)
differences noted in the check standard measurements (Table 2). It is ?,,-: e\ /',/ q
o Yy s
noteworthy that three micro-slice samples sent to Iso-Analytical (too z :. °°/}/,\ . ]
[=) =
small to be analysed for CNS) also have §'3C values that closely align g '2:. N, 3
/5 ~N =
with those of the micro-punches, but again are not a precise match to 20 :O'/: ’\~\o 4
., ~
those of the micro-punches (Figure 7A). This suggests that inter- N : \~\.\.
laboratory differences have a larger effect on isotope compositions '/ i
than different pre-treatment methods in collagen (i.e. solubilised or
not). For the 6*°N values, no isotopic offset can be observed between 0 0
the two approaches (and two laboratories). 0 5 10 15 20
Both Neolithic individuals show ranges of §'3C, §1°N, and 534S Frersolublizationwelsht (mg)
values (613C: —20.7 + 05%0; 6&™N: +12.1 = 15%; 5°*S:
( 2 o FIGURE 9 Collagen lost in % (black) and in mg (red) after the

+6.7 + 1.3%0; 40 micro-punches and 23 micro-slices combined)
consistent with data reported from the subadults at the site (5°C:
—21.1 £ 0.5%0; §*°N: +12.5 + 1.6%0; 5°*S: +6.2 + 2.2%0; n = 24).38

solubilisation step. Trend lines shown are logarithmic; shaded areas
are the confidence level intervals, set at 0.95 [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 10

Effect of solubilisation on the isotopic measurements and elemental concentrations of bones and teeth. (A) Net changes in §1°C

values (A*3C) of tested bone and teeth samples plotted against net changes in the atomic C/N ratios of each tested sample after solubilisation.
(B). Net changes in 5°N values (A1°N) of tested bone and teeth samples plotted against net changes in the atomic C/N ratios of each tested
sample after solubilisation. Shaded areas indicate instrumental analytical errors (+0.23%. for 8'°C and +0.13%. for 81°N) [Color figure can be

viewed at wileyonlinelibrary.com]

Compared to the Early Modern individuals, these Neolithic individuals
show larger intra-individual variability across all three isotope
systems. This is probably due to a weaning process that involves food
items with very different isotopic compositions. According to
Figure 8, the two individuals (BLR19 and BLR23) have 5*3C, 5!°N, and
534S values ranging from —21.7 to —19.3%o, +9.8 to +15.7%,, and
+4.1 to +8.6%., respectively. As expected, the micro-punches
samples provide finer details over the temporal intervals, whereas
samples from the micro-slices provide smoothed-over averages. In all
cases, the data from micro-punches generally correspond well with

those from the micro-slices, showing similar overall trends.

4.3 | Solubilisation test 1: collagen yield

The results are listed in Supplement S4.2 and illustrated in Figure 9. A
total of 22 micro-slices were obtained from three teeth (T9-T11),
weighing between 1.3 and 14.6 mg (pre-solubilisation weight). After
solubilisation, all samples lost between 0.5 and 2.3 mg of collagen.
The collagen loss of each sample, as expressed in mg (red) and %
(black), is plotted in Figure 9. It is shown that while larger samples
tend to lose a greater mass, smaller samples lost a greater percentage
of sample, with one sample losing up to 55.9% of the collagen after

the solubilisation step.

4.4 | Solubilisation test 2: isotope compositions

Curiously, all samples had lower %C and %N than expected, including
samples that are known to be very well preserved (detailed elemental
concentration is provided in Supplement S3). It is possible that the
homogenising process was too aggressive, as noted in several studies
that found finely powdered samples tended to produce lower
collagen yields than ‘chunk’ samples.*”*8 Note that B1 is also the in-
house standard (MMSH_REF) prepared in Aix-en-Provence, and B2-
B4 had previously been analysed.3® As the purpose of this
not to determine the absolute

experimentation is isotopic

measurements of these samples, the published data are not presented
here as a comparison. However, they are provided in Supplement
S4.3 for reference.

The solubilisation step is shown to have some effects on the
isotopic compositions in both bone and dentine collagen (Figure 10).
In the following, the largest values for measurement accuracy from
the two laboratories are used to represent analytical error (details in
Supplement S1). As shown in Figure 10A, the solubilisation step
appears to cause an increase in the §1°C values in approximately 70%
(12/17) of the paired samples, with 35% (6/17) of the shifts being
larger than that of our analytical error (+0.23%o). For §'°N values, the
solubilisation step appears to have opposite effects on bone and
dentine collagen, respectively. The process has caused a decrease in
5N values for all bone samples, and an increase in 5*°N values for all
dentine samples (Figure 10B), with 41% (7/17) of these shifts being
larger than our analytical error (+0.13%). Further examination into the
effect of solubilisation shows that there is a weak but significant
correlation (R = —0.64, p = 0.0059) between changes in §*3C values
(A*3C) and atomic C/N ratios (AC/N_ratio), where an improved
atomic C/N ratio is associated with an increase in §'°C values. No
correlation is observed between changes in §*°N values (AT°N) and
atomic C/N ratios (AC/N_ratio).

5 | DISCUSSION

In the following discussion, the two approaches are evaluated in
terms of viability and efficacy. For viability, there are two main
aspects that need to be considered: sampling techniques and
instrumentation. For well-preserved samples, the sampling techniques
for both approaches are relatively straightforward and require little
training. The micro-punches approach uses a biopsy punch; therefore
all samples procured would be consistently of the same diameter
throughout. For micro-slices, our approach relied on a ruler to obtain
roughly 1 mm slices with a scalpel. Therefore, it is inevitable that
human error/variability will be involved, which will result in small size

differences among the micro-slices. This lack of constraint in sample
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size, however, also means that the sampling approach can be more
flexible, e.g. sample sizes can be increased in instances where there is
clearly insufficient sample for a standard-sized micro-slice.

For poorly preserved samples and/or samples that have been
over-demineralised, it is harder to obtain micro-punch samples. The
pressure from a biopsy pen can deform poorly preserved collagen,
particularly in the roots that are not protected by enamel, making it
harder to obtain micro-samples from a precise location.

Fresh, or well-preserved, mammalian collagen contains only ca
0.28% S,*° compared to ca 42% C and ca 15% N, and thus obtaining
accurate 5°%S measurements on collagen samples requires larger
sample amounts than are typically required for the more routine CN
analysis. For example, conventional elemental analysers usually
measure S isotopes separately from C and N isotopes and typically
require between 6 and 8 mg of collagen, whereas C and N isotope
analysis trequires between 0.3 and 1.0 mg of collagen. Improved
technology in mass spectrometry in recent years has resulted in a
drastic decrease in amount of sample required for S isotope analysis,
and it is now possible to analyse C, N, and S isotopes in a single
analysis with as little as 1.2 mg of collagen.*’ As of the current date,
few laboratories (either commercial or research) are equipped with
such instrumentation. Therefore, the access to such instrumentation
may be a major impediment to this approach. If time-series S isotope
data are deemed essential to a particular research question, such as in
mobility studies, and researchers are unable to access the newer
instrumentation required for simultaneous CNS analysis, an alternative
solution could be to use one side of the tooth for micro-punches
(CN analysis) and the other half to create larger subsections for S
analysis, as demonstrated in the recent study of Rey et al.® Note that
even with relatively well-preserved teeth, a 1 mm micro-slice usually
only produces between 1 and 3 mg of collagen, which is still not
sufficient for S isotope analysis with conventional elemental analysers.
Therefore, a larger micro-slice may be required. The downside of this
approach is that it may not be possible to directly align the 534S values
with the 5*3C and &N values, as they would have come from
different growth layers. The general trend, however, should still be able
to provide some interesting insights to the mobility history of the
individual. In addition, it is important to note that while there is
obvious benefit of performing synchronous CNS analyses of a single,
relatively small sample, this analysis does come with the downside of
larger precision (+0.18 versus +0.05%o for §*3C and *0.11 versus
+0.05%o for 5*°N) and accuracy values (+0.23 versus +0.14%o. for §°C
and 0.13 versus +0.12%o for 5*°N) than typically observed for
standard NC measurements (see Supplement S1 for more detail).

Since the C and N measurements produced by either approach
show generally comparable trends, the measure for efficacy therefore
largely depends on the specific archaeological questions and the tooth
used for sampling. On the one hand, the biggest advantage of the
micro-punches approach is that it consistently yields a higher number
of analysable micro-samples from distinct growth layers than the
micro-slices approach, regardless of the thickness of the central slice
(Table 3). The micro-slices approach is particularly limited by the
direction of growth in the roots and, therefore, is unable to produce

as many subsamples (from distinct growth layers) as the micro-
punches approach. Overall, the micro-punches approach clearly
provides a more detailed isotopic record over the entire formation
period of the tooth. More particularly, it provides interesting insights
into the dietary patterns recorded in the root region that the micro-
slices approach cannot. Note that this issue can be circumvented if
multiple teeth are available from the same individual, for example, the
crowns and cervixes of M1, M2, and M3 should cover the entire
duration of the growth period of M1. However, how to properly
perform inter-tooth age alignment is another topic of contention.*®
Another important point to note is that the micro-slices approach
produces larger mi