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Advancements in archaeological sciences through innovative scientific techniques applied to ancient human
remains have increasingly been transforming the study of the past. Destructive analyses of bioarchaeological or
palaeontological specimens such as dental histology, isotopic or elemental analysis of dental mineralised tissues,
14¢ dating, proteomic analysis or ancient DNA are increasingly being applied to obtain ever more refined past life
histories. In tandem with spatially-resolved analyses, mineralised dental tissues, especially enamel, have proven
to be ideal archives. The main concern with any of these techniques is the need for some level of destructive
sampling and thus damage to specimens. In compliance with the ALARA (As Low [damage] As Reasonably
Achievable) principle, we present a standardised protocol (the NOWA protocol) for the optimisation, in terms of
minimising the destructive approach, of tooth sampling for histology, biomolecular and biogeochemical ana-
lyses. The NOWA protocol enables the collection of multiple datasets through optimised sampling of a single
dental specimen, ensuring the preservation of most of the tooth and, to a substantial degree, its morphology.
Overall, this approach balances the significant scientific insights from such investigations against the inevitable
conservation requirements of valuable archaeological and palaeontological specimens, thus maximising the
feasibility of future analyses of individual specimens that need to be evaluated on a case-to-case basis.

1. Introduction

The growing application of cutting-edge techniques in archaeolog-
ical sciences has increasingly transformed the study of past human
populations, offering unrivalled interpretative potential. Advanced an-
alyses of human archaeological and palaeontological specimens are
today ever-present in archaeological studies, as evidenced in a plethora
of scientific publications and projects, providing detailed re-
constructions of individual life histories (e.g., Dupras et al., 2001; Miiller
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et al., 2003; Porr and Alt, 2006; Dupras and Tocheri, 2007; Abbazzi
et al., 2008; Melton et al., 2013; Frei et al., 2015; Lugli et al., 2017;
Emery et al., 2018; Lugli et al., 2019a; Lugli et al., 2019b; Craig-Atkins
et al., 2020; Francisci et al., 2020; Lugli et al., 2020; Nava et al., 2020;
Gigante et al., 2021; Richards et al., 2021; Lugli et al., 2022; Esposito
et al., 2023; Miiller et al., 2024; Nava et al., 2024).

Mineralised dental tissues, and especially enamel, are optimal for
opening a window on individual growth trajectories, as well as dietary,
mobility, ancestry, and exposome histories with remarkable temporal
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accuracy (e.g., Montgomery, 2010; Dean, 2012; Beaumont et al., 2014;
Humphrey, 2014; Beaumont and Montgomery, 2015; Smith et al., 2018;
Nava et al., 2020; Smith et al., 2021; Lugli et al., 2022). Furthermore,
tooth enamel is considered largely resistant to diagenetic alterations (i.
e., post-burial elemental uptake Kohn et al., 1999; Chiaradia et al., 2003;
Hoppe et al., 2003; Bentley, 2006; Montgomery, 2010) over both
archaeological (e.g., Budd et al., 2000; Nielsen-Marsh and Hedges, 2000;
Price et al., 2002; Trickett et al., 2003; Montgomery, 2010; Montgomery
et al., 2010; Madgwick et al., 2012) and geological timescales (e.g.,
Bocherens et al., 1994; Horn et al., 1994; Michel et al., 1996), although
complete resistance to diagenesis cannot be unconditionally assured
(Nava et al., 2020; Kubat et al., 2023; Kowalik et al., 2023; Higgins et al.,
2024).

Despite the undeniable achievements of these techniques, there is a
concern about the unavoidable destructiveness of sampling. Techniques
such as dental histology, stable and radiogenic isotope analyses — both
high-resolution and bulk approaches — serial sampling of dentine, trace
element (TE) analysis, radiocarbon dating (1*C), high-resolution oxygen
isotopes mapping using Secondary Ion Mass Spectrometry (SIMS), pro-
teomics, and ancient DNA (aDNA) analyses are all based on the
destructive sampling of specimens, albeit in increasingly smaller quan-
tities with ever less invasive approaches (e.g., Czermak et al., 2020;
Harney et al., 2021).

The involvement of valuable ancient specimens, including hominins
other than Homo sapiens, often leads to reluctance from museums to
grant permissions for destructive sampling due to concerns over spec-
imen integrity (Hublin et al., 2008) with notable exceptions (Miiller
et al., 2003; Austin et al., 2013; Joannes-Boyau et al., 2019; Nava et al.,
2020; Kubat et al., 2023). Moreover, awareness regarding the ethical
importance of specimen preservation when performing destructive an-
alyses (e.g., Makarewicz et al., 2017; Prendergast and Sawchuk, 2018;
Palsdottir et al., 2019; Sirak and Sedig, 2019; Squires et al., 2019;
Gibbon, 2020; Wagner et al., 2020; Alpaslan-Roodenberg et al., 2021;
Roberts, 2022; Squires et al., 2022; Stantis et al., 2024) is constantly
increasing given the limited nature of archaeological material
(Palsdottir et al., 2019; Stantis et al., 2024) and the growing necessity of
preserving samples for future analyses with progressively sophisticated
techniques.

The entire research process — including research design, data man-
agement, storage and publication - raises specific ethical considerations
that must be carefully addressed, as highlighted in Stantis et al. (2024).
Planning a research project involves careful selection and continual
refinement of methodologies, which may vary on a case-by-case basis. It
is essential to use the smallest sample necessary to answer specific
research questions (Stantis et al., 2024), balancing sample availability
within a specific context with the need to address precise research
questions. However, without the destructive analyses developed and
applied in the past decades, our understanding of the past would not be
as refined. As a non-destructive alternative, especially for dental his-
tology, virtual histology using synchrotron light microtomography is
available (Tafforeau and Smith, 2008; Smith et al., 2010; Tafforeau
et al., 2012; Le Cabec et al., 2015; Nava et al., 2017b, 2022; Hodgkins
et al., 2021; Mahoney et al., 2021; Cerrito et al., 2022) but see Immel
et al. (2016) for an evaluation of damage to organic material caused by
high energy synchrotron-based X-ray beams.

We propose here a standardised protocol (NOthing goes to WAste
protocol: NOWA) for the optimisation, in terms of minimising the
destructive approach, of tooth sampling, which adopts a conservative
approach. NOWA aims to preserve tooth morphology while allowing
sampling for histological, biomolecular and biogeochemical analyses
and opening the possibility to other analytical pathways. Recognising
the diverse requirements and methodologies inherent in this research
field, where specific samples are selectively procured to address
research objectives in a conservative manner, the NOWA protocol pro-
vides a strategy to optimise data acquisition while minimising specimen
destruction. It outlines a detailed methodology and sequence of
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sampling, acknowledging the current absence of a universally recom-
mended protocol. This approach does not prescribe a uniform method of
sampling; instead, it allows for the adaptation of the methodology to suit
specific research objectives. Moreover, the NOWA protocol enables re-
searchers to extract multifaceted information from a single dental
specimen, encouraging a multidisciplinary approach which is increas-
ingly favoured in bioarchaeological studies.

2. Methods: protocol presentation

The NOWA protocol consists of nine steps (a-i) which are described
below and graphically represented in Fig. 1.

2.1. Selection and documentation of the specimen (Fig. 1a)

Samples should be selected taking into consideration the state of
preservation and the stage of development of the teeth according to
specific research questions. Additionally, potential curatorial requests
and restrictions must be factored into the selection and sampling plan-
ning processes.

Prior to destructive sampling, detailed documentation of the spec-
imen is recommended following standard procedures (see Buikstra and
Ubelaker, 1994; Hillson, 2024 for comprehensive reviews). Recorded
data should include: 1) presence and identification of oral pathologies,
enamel developmental defects, masticatory tooth wear, para- and
extra-masticatory modifications determined through macro- and
microscopic inspection; 2) estimated age-at-death of the individual; 3)
dental metric and non-metric traits. Moreover, the specimen is docu-
mented (micro)photographically (White et al., 2012; Parsley et al.,
2018; Ceccarelli, 2023), recording the labial/buccal, lingual/palatal,
occlusal, distal, and mesial views (Fig. 2A). Complementary to the basic
photographic records, additional documentation techniques such as
Structure-from-Motion photogrammetry (SfM) (Luhmann et al., 2006;
Micheletti et al., 2015; Silvester and Hillson, 2020; Scaggion et al., 2022;
Lauria et al., 2022), micro-CT acquisition (Marchewka et al., 2014;
Higgins et al., 2020; Scaggion et al., 2022), or 3D surface scanning
(Fiorenza et al., 2009; Kuzminsky and Gardiner, 2012) are highly rec-
ommended. However, the decision to employ these methods should
consider a balance between cost and benefit.

2.2. Pre-embedding sampling

Calculus sampling (Fig. 1b). If present, dental calculus can be
sampled at this stage following the procedure described by Sabin and
Fellows Yates (2020) and Nava et al. (2021). Dental calculus derives
from the mineralization of the dental plaque, trapping biomolecules
from the oral biome, traces of foodstuff, and inclusions originating from
the interaction with the environment (Hardy et al., 2009; Cristiani et al.,
2016; Radini et al., 2017; Nava et al., 2021; Ottoni et al., 2021; Qua-
gliariello et al., 2022; Radini and Nikita, 2023). Besides information on
dietary practices, information on daily life activities or environmental
conditions can be retrieved from the analysis of the mineralised plaque.

Further pre-embedding sampling: Should aDNA and/or '*C ana-
lyses be required, the tooth can be sampled prior to specimen embedding
(Fig. 1d). The lower third of a root (preferably from a multi-rooted
tooth) should be cut using a flexible diamond-edged rotary-mounted
blade. As, to our knowledge, aDNA and 1*C analyses on embedded teeth
have not been previously attempted, it is cautiously suggested to
perform these samplings at this stage. For radiocarbon dating, a sample
size of around 40-200 mg is typically employed (Gurfinkel, 1987;
Beaumont et al., 2010; Santos et al., 2007; Fewlass et al., 2019) with
studies using increasingly smaller samples (3-60 mg) (Cersoy et al.,
2017), depending on collagen availability. For aDNA analysis
~100-300 mg is generally recommended (Gamba et al., 2014; Ziesemer
et al., 2019; Vazzana et al., 2022). It is worth noting that bulk sampling
of the tooth root may reduce the effectiveness of specimen
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Fig. 1. Summary of the proposed NOWA protocol. Within step f, as an alternative to sampling portions of a tooth root, serial sampling of dentine can be performed to
detect dietary shifts occurring during root formation (Beaumont et al., 2013; Eerkens et al., 2019; Czermak et al., 2020; Cheung et al., 2022; Curtis et al., 2022).
Should aDNA and/or *C analyses be required, the tooth root can be sampled prior to specimen embedding (d) and after documentation. Figure created with BioR

ender.com.

reconstruction (see Fig. 1i). Alternatively, aDNA can be also extracted
from the cementum of tooth roots through a minimally destructive
extraction method following Harney et al. (2021).

2.3. High-resolution replica (Fig. 1c)

High-resolution replicas of the crown aspects are made to allow
future microwear analysis following Fiorenza et al. (2009), Ungar
(2017), Hodgkins et al. (2021).

Dental crown moulds are made with a light body polyvinylsiloxane

silicone (in our case, Provil® Novo Light C.D.2, Heraeus Kulzer GmbH),
and supported with a casing made of a silicone impression material (e.g.,
Zhermack, elite HD+). Transparent repliques are produced using
bicomponent epoxy resin (e.g., EpoxiCure 2, Buehler Ltd) (Fig. 3).

2.4. Specimen embedding (Fig. 1d)

The NOWA protocol employs a two-step embedding process
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Fig. 2. (A) Upper right second permanent molar (URM2) from an archaeological individual (Tomb 77, Sala Consilina, Iron Age southern Italy). (B) Specimen URM2
from Tomb 77 embedded in Crystalbond™ 509. (C) Specimen URM2 from Tomb 77 embedded in bicomponent epoxy resin. The tooth is shown in buccal (1), distal
(2), palatal (3), mesial (4) and occlusal views; m = mesial aspect, p = palatal aspect. In (C), the purple star indicates the UV-light-curing composite support shaped to
align the tooth in the mould. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Example of high-resolution replica of the crown of a molar tooth.
Above, polyvinylsiloxane silicone mould (in blue) supported with a casing
made of a silicone impression material (in yellow). Below, the occlusal view of
the resulting transparent replique made using bicomponent epoxy resin
(EpoxiCure 2, Buehler Ltd). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

following Nava et al. (2020) and Esposito et al. (2023). The initial phase
involves embedding the tooth in a reversible adhesive (in our case,
Crystalbond™ 509, Aremco Products Inc) which is soluble in Crys-
talbond™ cleaning agent (Crystalbond™ 509-S Stripper, Aremco Prod-
ucts Inc) or acetone (CH3-CO-CHs). This first step allows the future
extraction of the specimen from the resin block after sectioning. The
application of Crystalbond™ 509 entails melting it in a Petri dish on a

laboratory hot plate at a temperature of ~80 °C. Once the adhesive
reaches its mid-range melting point (74 °C), the tooth is coated with
Crystalbond™ 509 using a wooden stick and laboratory tweezers,
ensuring the adhesive fully covers the entire surface of the tooth as a thin
film, while making contact at the lowest possible temperature (Fig. 2B).

The second step involves embedding the Crystalbond™509-coated
tooth in a bicomponent epoxy resin (in our case, EpoxiCure 2, Resin and
Hardener Buehler Ltd) to ensure sample stability during the sectioning
procedure (Nava et al., 2017a, 2019). The resin block is left to cure for
~48 h at room temperature (Fig. 2C).

2.5. Thin section preparation (Fig. 1e)

The specimen embedded in the resin block is sectioned following the
standard method in dental histology (e.g., Dean, 2012; Mahoney, 2012;
Mahoney, 2015; Nava et al., 2020; Peripoli et al.,, 2023) using a
low-speed saw (in our case, IsoMet low-speed diamond blade precision
cutter, Buehler Ltd) equipped with a 300 pm thick diamond blade, or a
microtome. The cuts are made longitudinally along the buccolingual
plane by passing through the tip of the dentine horn. The embedded
specimen undergoes two cuts during this step, resulting in three distinct
parts: PORTION 1, the SECTION, and PORTION 2 (Fig. 4).

PORTION 1 (block resulting from the first cut)

The first cut is performed adjacent to the cutting plane, sectioning
the tooth, and yielding two blocks. This first cut typically serves as a
preparatory step for producing thin sections from the embedded tooth
intended for histological and biogeochemical analyses. Here, PORTION
1 is used for multi-isotope and proteomics bulk analyses, thereby opti-
mising the use of all specimen parts, and minimising wastage.

The advantages of multi-isotope sampling after embedding are
twofold: first, it is possible to assess the quality of the two portions after
sectioning, facilitating the selection of the more appropriate one for
analysis; secondly, after sectioning the thickness of enamel is clearly
visible, thereby reducing the risk of mixing enamel and dentine during
subsequent sampling.

SECTION

The exposed inner surface of the tooth embedded in the other epoxy
block is gently grinded with abrasive paper (in our case, MicroCut,
P2500, Buehler Ltd) and subsequently polished with dye-free poly-
crystalline diamond suspension (in our case, MetaDi Supreme DF, 1 pm,
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SECTION
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PORTION 2

Fig. 4. The resulting three parts of the specimen URM2 from Tomb 77 (see Fig. 2) after cutting: PORTION 1, the SECTION, and PORTION 2.

Buehler Ltd). It is then affixed with a thin layer of bicomponent epoxy
resin (in our case, EpoxiCure 2, Buehler Ltd) to a microscope slide pre-
treated with silane (in our case, Relyx Ceramic primer, 3M Ltd).
Following this, the specimen is sectioned parallel to the microscope
slide, obtaining a section thickness of around 120-150 pm. This thick-
ness is necessary to perform laser-based high-resolution biogeochemical
analyses (Fig. 1g) following which an image of the laser tracks is taken
and the section can be further ground to a thickness of around 100 pm,
which is optimal for the visibility of dental microstructures (Fig. 1h)
(Caropreso et al., 2000; Smith et al., 2006; Nava et al., 2020). Therefore,
the use of cover glasses with permanent mounting is avoided.

PORTION 2 (block resulting from the second cut)

The block resulting from the second cut can be used for further or
future analyses.

2.6. PORTION 1: bulk sampling of tooth enamel and dentine for multi-
isotope analyses and sex determination through proteomics (Fig. 1f)

PORTION 1 of the tooth is employed for proteomics of dental enamel
and multi-isotope analyses, encompassing strontium (®7sr/86s1), oxygen
(6180), carbon (613C) and lead (206/ 207/ 208Pb/204Pb) of dental enamel,
carbon (613C), nitrogen (515N), and sulfur (5°*S) of root dentinal
collagen.

Proteomic analysis of tooth enamel is a cost-effective, minimally
destructive tool enabling unambiguous sex characterisation from ame-
logenin of poorly preserved skeletal remains of both adult and subadult
individuals (Stewart et al., 2017; Lugli et al., 2019b).

Strontium (87Sr/86Sr), oxygen (6180) and, to a lesser extent, lead
(306/207/208p}, /204ph)  are  established techniques for investigating
movement and provide geological and climatic signals for origins
(Bentley, 2006; Montgomery, 2010; Lightfoot and O’Connell, 2016;
Evans et al., 2018; Pederzani and Britton, 2019; Evans et al., 2022).
Sulfur (6%4S) analysis shows whether individuals were raised in coastal,
wetland or inland areas and has a geological component useful for
exploring origins (Nehlich et al., 2011; Nehlich, 2015; Guiry et al., 2022;
Lamb et al., 2023; Madgwick et al., 2023). 5'3C and 5'°N of bone and
dentine collagen provide information on past diets (Lee-Thorp, 2008;
Britton, 2017). §'3C is used to understand if a population diet was based
on C4 (e.g., millet and sorghum) or C3 (e.g., wheat, root crops) plants.
Environmental factors (Hamilton and Thomas, 2012), as well as the
consumption of fungi (Hamilton et al., 2009; O'Regan et al., 2016) and
marine resources (e.g., ssaweed, molluscs, fish, and marine mammals)
can also impact 5'3C values (Little and Schoeninger, 1995; Balasse et al.,
2006). 8'°N is used to differentiate between herbivorous, omnivorous,
and carnivorous diets, reflecting different trophic levels (O’Connell

etal., 2012). 8'°N values can increase due to manuring, which raises the
515N values in crops, fauna and humans (Hamilton and Thomas, 2012;
Bogaard and Outram, 2013). Additionally, marine diets (Schoeninger
and DeNiro, 1984), nursing (Fogel, 1989; Reynard and Tuross, 2015)
and nutritional stress (Fuller et al., 2005) can result in elevated 8'°N
values. The interception of the possible consumption of marine food in
an individual’s diet enables a better interpretation of Sr/%Sr isotope
ratio analysis. A significant intake of seafood can indeed largely influ-
ence %7Sr/%0Sr values in human individuals, which will be closer to the
seawater 87Sr/%0Sr value, 0.7092 (McArthur et al., 2001). Human teeth
form in precise periods of an individual’s life (AlQahtani et al., 2010;
Hillson, 2024). Bioapatite in tooth enamel starts forming in utero and
early childhood and remains stable without undergoing remodeling,
while collagen within dentine undergoes minimal remodeling
(AlQahtani et al., 2010; Montgomery, 2010; Scorrer et al., 2021). Hence,
the isotope compositions in teeth are used as a record of childhood diet
and mobility, therefore the choice of specific teeth is strictly related to
the research questions. However, we must consider that bulk sampling
hinders the precise estimation of temporal ranges in an individual’s life
as it involves large portions of tissue which cover a wide timeframe.

Initially, the crown dentine from PORTION 1 is sampled, and any
dentine adhering to the enamel is thoroughly removed using a dental
burr and stored in a microcentrifuge tube for future analysis. This step is
critical to eliminate any traces of dentine since it is more susceptible to
diagenesis which would influence 8Sr/%6sr isotope values in dental
samples (Chiaradia et al., 2003; Bentley, 2006).

Subsequently, PORTION 1 is immersed in the Crystalbond™ cleaning
agent — or alternatively, acetone (CH3-CO-CH3), as it has been shown not
to affect the biogeochemical properties of the samples (Reynaga et al.,
2023) - to dissolve the Crystalbond™ 509 coating and release the tooth
from the resin block. The specimen is subsequently thoroughly rinsed in
a clean dissolving agent and then with deionised water and dried at
room temperature.

Enamel sampling

Tooth enamel is sampled (Fig. 5) for 8Sr/%0Sr (approximately 5-20
mg, as low as 0.1 mg; Miiller et al., 2003), 5'80-5'3C (approximately
2-3 mg) and amelogenin for sex determination (approximately 10 mg;
Lugli et al., 2019b, 2020). If 206/207/208p, 204p}, analysis is performed,
approximately 20-100 mg of tooth enamel is necessary for both
873r/86Sr and 206/207/208py, /204ph analyses — depending crucially on Pb
concentrations, which can be < 0.1 pg/g in pre-metallurgy specimens. A
flexible diamond-edged rotary-mounted blade is used to sample the
crown as in Esposito et al. (2023), selecting specific portions of the tooth
to answer specific research questions. All equipment is thoroughly
cleaned between each sampling to prevent cross-contamination.
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Enamel samples

Fig. 5. The specimen URM2 from Tomb 77 (see Fig. 2) sampled for multi-
isotope analysis and proteomics.

Alternatively, a microsampling device can be used to increase the pre-
cision of the chronological interval covered by the sampling. For
875r/%08r analysis, the sample undergoes ultrasonic cleaning in deion-
ised water and is processed in a clean working area following the pro-
tocol described in Scorrer et al. (2021). The same solution and same
resin (SrSpec) can be used for sequential elution of strontium and for
lead for subsequent isotope analysis (Miiller et al., 2003). 875r/86r (and
206/207/208py, /204py,  jf required) ratios are measured using a
multi-collector inductively coupled plasma mass spectrometer
(MC-ICPMS). For 5'80-5'3C analyses, a cut parallel to the section pre-
viously sampled for 8 5r/%6Sr to provide the same chronological time-
frame is performed. It is suggested to avoid early developing enamel (e.
g., first permanent molars) so that no nursing signal would impact the
analysis (Wright and Schwarcz, 1998). Enamel samples are powdered
using an agate pestle and mortar. The isotope composition of the car-
bonate moiety (6'3C and 5'%0) of enamel bioapatite is measured
(without further pre-treatment) following the protocol described in
Scorrer et al. (2021) using a dual inlet mass spectrometer coupled to a
carbonate preparation device. In the case of hypsodont (high-crowned)
teeth, as in species such as cattle and sheep, sequential sampling through
rotary abrasion of enamel for 5'3C and 5'®0 analyses can be undertaken
to provide seasonal resolution on diet and management (e.g., Trenta-
coste et al., 2020; Kowalik et al., 2023; Messana et al., 2023). Oxygen
isotopes have been measured by high-resolution ion microprobe (e.g.,
Krzeminska et al., 2017; Smith et al., 2018; Smith et al., 2024). It is
worth noting that a thin section containing Crystalbond™ 509 cannot be
analyzed by a high-resolution ion microprobe, as it requires cleaning
with detergents that could dissolve Crystalbond™ 509 and may release
volatiles in the high vacuum. The remaining tooth enamel is sampled for
proteomics (Lugli et al, 2019b, 2020) and analysed by
liquid-chromatography mass spectrometry (LC-MS/MS) after protein
extraction using 5% HCI. Alternatively, dental proteins can be extracted
by immerging the resin-embedded tooth with the cut surface exposed in
1.2 M HCI as reported by Peripoli et al. (2023).
Tooth root sampling

Journal of Archaeological Science 171 (2024) 106087

Root dentine (approximately 20-100 mg) is sampled for bulk §'°N,
513C and 5%*S collagen analyses (Fig. 5). Targeting specific sections of
the root informs on different periods of an individual’s life, depending
on the research questions being addressed. Alternatively, for a more
time-specific approach, serial sampling of dentine can be performed to
detect dietary shifts that occurred throughout the formation of the root
(Beaumont et al., 2013; Eerkens et al., 2019; Czermak et al., 2020;
Cheung et al., 2022; Curtis et al., 2022). Collagen is extracted following
a modified Longin method (Brown et al., 1988; Madgwick et al., 2023)
and analysed with a continuous-flow isotope ratio mass spectrometer
(CF-IRMS) coupled to an elemental analyser.

2.7. SECTION: high-spatial resolution biogeochemical analysis (Fig. 1g)

High-spatial resolution Sr isotope and trace element (TE) analyses
are performed on the thin section. Time-resolved Sr isotopic composi-
tions are measured using a laser ablation system coupled to a multi-
collector ICPMS (see Miiller and Anczkiewicz, 2016; Nava et al., 2020;
Lugli et al., 2022). TE data is acquired through LA coupled to a SF-ICPMS
or a (T)Q-ICPMS. After a pre-ablation cleaning step, acquisitions are
performed in slow continuous profiling mode in the enamel, closest to
(and <100 pm from) the enamel-dentine junction (EDJ), in the direction
of tooth growth, with a spot size ranging from 4 to 25 pm for TE and from
100 to 130 pm for Sr isotopes, and a scan speed of 5 pm/s (Miiller et al.,
2019; Nava et al., 2020; Kubat et al., 2023). TE data can be used to
understand (early-life) dietary changes and exposure history (specif-
ically through Sr/Ca, Ba/Ca and Pb/Ca ratios), and decipher the overall
chemical-preservation status (e.g., through Mn, REE and U concentra-
tions) of dental specimens (Miiller et al., 2019; Nava et al., 2020; Kubat
et al., 2023). In addition, information on enamel mineralization can be
obtained through specific elemental signatures, as Zn (Miiller et al.,
2019). 2D mapping can also be performed from which compositional
profiles can be extracted (Miiller et al., 2024). The NOWA protocol was
successfully applied by Nava et al. (2020), Lugli et al. (2022) and Hig-
gins et al. (2024) to detect individual mobility at high resolution.

2.8. SECTION: thin section imaging and histomorphometry (Fig. 1h)

Several partially overlapping, high-resolution micrographs of the
polished section, captured under polarised light at various magnifica-
tions (40x, 100x) using a transmitted light microscope are merged to
generate a single image of the whole crown. In our case study, an Axio
Imager 2 (Carl Zeiss AG) equipped with an Axiocam 807 color camera
(Carl Zeiss AG) is used to acquire the micrographs, while the ZEN core
version 3.8 software (Carl Zeiss AG) performed the automatic stitching
of the images (Fig. 6). Histomorphometric analysis is performed using
ImageJ 1.54f (National Institute of Health USA) (Schneider et al., 2012)
software to perform the required measurement and to calculate the
dental growth parameters. The timing of dental crown formation is
derived following the method described by (Guatelli-Steinberg et al.,
2012; Birch and Dean, 2014). The chronological reconstruction utilises
enamel’s circadian and circaseptan rhythms to reconstruct the devel-
opmental history and timing of the crown, identifying crown growth
parameters such as daily secretion rates (DSRs; the speed of enamel
vertical growth along its prisms; Reid et al., 1998), enamel extension
rate (EER; the speed of the crown’s longitudinal growth along the EDJ;
Dean and Smith, 2009), crown initiation (Ci), crown completion (CrC),
and crown formation time (CFT), as well as identifying life history
markers such as the neonatal line (NNL; which marks the moment of
birth; Sabel et al., 2008; Dean et al., 2019) and accentuated lines (ALs;
which mark systemic stress events occurred within the timeframe of
crown formation; Witzel et al., 2008; Nava et al., 2019).

2.9. Morphological reconstruction (Fig. 1i)

The NOWA protocol aims to optimise the amount of material
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Fig. 6. Photomosaic of a permanent molar tooth crown from an archaeological
horizon showing extensive diagenetic alteration of dentine indicated by the
strong presence of fungus hypha branching (red arrows). The micrographs
captured under polarised light using a transmitted light microscope are merged
to generate a single image of the whole crown. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)

sampled to minimise ‘wastage’ and allow reconstruction of the dental
specimen after sampling. However, more analyses necessitate more
extensive sampling, which can complicate the specimen’s
reconstruction.

There are two primary approaches to the reconstruction of a spec-
imen. The first is the method described by Vazzana et al. (2022), con-
sisting of the use of microCT scanning, reverse engineering techniques
and rapid prototyping to replicate the sampled portion to be integrated.
The second approach relies on modern dental reconstruction techniques
commonly applied by professionals in dental care environments
(Fidalgo-Pereira et al., 2022). Restorative materials used in dental
practice are chosen because they have the same quality and appearance
as natural teeth. Dentistry polymer-based restorative materials allow a
simple reconstruction while permitting the recognition between
restored and unrestored portions. An example of a restored Neanderthal
tooth following life history analysis (Nava et al., 2020) is given in Miiller
et al. (2024).

The reconstruction of the entire tooth is carried out using the ad-
hesive techniques typical of conservative dentistry with a light-curing,
radiopaque composite. This technique involves neither the use of
orthophosphoric acid as a conditioning agent nor the use of an adhesive
in a subsequent step. Instead, it entails the pre-treatment of the two
exposed surfaces of the specimen with 99% ethanol, drying and bonding
through the application of a small amount of pre-heated (using light
manual pressure) composite resin which is then consolidated using light
curing with a dental light curing lamp. Before the final curing of the
composite, the alignment of the tooth portions is carefully checked
under a stereomicroscope and the dimensions of the reconstructed tooth
are checked against the original.

3. Discussion and conclusions

The application of advanced scientific methodologies to ancient
dental specimens, both human and fauna, has undeniably reshaped our
understanding of the past, revealing intricate details about individual
life histories and societal dynamics. Indeed, teeth are biological records
of an individual’s life, yielding a wealth of information and providing
insights into wide-ranging aspects of the past (Fleming, 2009).

Non-destructive methods, such as macro-morphological analysis
(Buikstra and Ubelaker, 1994; Ungar, 2017; Hillson, 2024) and virtual
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anthropological techniques (Tafforeau and Smith, 2008; Smith et al.,
2010; Tafforeau et al., 2012; Le Cabec et al., 2015; Nava et al., 2017b,
2022; Hodgkins et al., 2021; Mahoney et al., 2021; Cerrito et al., 2022),
can reveal a wide range of information. Though employing destructive
advanced analytical techniques, researchers can further reconstruct the
lives of past individuals and communities, addressing with great accu-
racy questions such as weaning practices, dietary changes, exposure to
pollutants, mobility patterns, refining chronological information and
ancestry (Miiller et al., 2024; Nava et al., 2024).

The rationale behind the proposal of the NOWA protocol is to
maximise the information retrievable from a single specimen through a
multi-analytical approach while minimising as much as possible dam-
ages of fossil and archaeological dental remains. Following the ALARA
principle (As Low [damage] As Reasonably Achievable), commonly
adopted in radiographic and dental medical practices (Yeung, 2019) we
suggest that destructive analyses should adhere to stringent guidelines:
1) analyses should only be conducted if they yield a well-documented
net benefit; 2) all destructive sampling must be minimised as reason-
ably achievable, considering economic and social factors; 3) the extent
of destructive sampling should not exceed the limits recommended for
the specific circumstances, following relevant literature and curatorial
standards. Moreover, in specific contexts, it is prudent to further miti-
gate assumed risks, even below recommended thresholds, and the
definition of acceptable risk may vary substantially between cases
(Nava, 2024). The NOWA protocol proposed here takes into consider-
ation the preservation of fossils and archaeological dental remains,
while advocating for a holistic and multidisciplinary approach to
reconstructing the lives of past communities. This approach not only
safeguards the integrity of the specimens but also fosters a collaborative
environment, where diverse expertise converges to enrich our under-
standing of the complexities inherent to these remnants of human
history.

According to the research questions and the intrinsic value of the
specimen, the NOWA protocol offers an array of possible analytical
pathways using an optimised sampling approach, focused on histology
and biogeochemical analyses and the restoration of the specimen, to the
“NOthing goes to WAste” approach, which enables the extraction of
multiple high-resolution pieces of information from a single dental
specimen. This protocol aims to become a guideline for optimal
destructive sampling, advocating for a responsible and ethical approach
to bioarchaeological research.

Data availability
The information on the protocol is provided in the manuscript.
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