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Abstract

This study investigates health, dental development, diet, and human-environment
interactions in individuals buried in the necropolises of Pontecagnano (Campania,
Italy, 7th-6th century BCE), using an integrated approach merging dental histomor-
phometry and calculus micro-residue analysis. The sample consists of 30 permanent
teeth (canines, first and second molars) from 10 individuals. Histomorphometric
analysis of dental thin sections allowed the estimation of crown formation times, initial
cusp formation, crown completion, and enamel extension rates. The prevalence of
Accentuated Lines, marking physiological stress events, was analyzed chronologi-
cally across tooth classes. Dental calculus analysis was performed on five individu-
als, identifying plant micro-remains and fungal spores. Crown formation times varied
by tooth class, with canines forming the longest (mean=1,977 £ 295 days), followed
by second molars (mean= 1,176+ 179 days) and first molars (mean= 1,094 + 154
days). Initial cusp formation values, estimated through chronological overlap between
teeth, allowed for a more accurate reconstruction of crown completion timing. Accen-
tuated Lines prevalence peaked at 12 and 44 months, likely reflecting early childhood
dietary transitions and the differential recording of stress events across different
crown regions. Calculus analysis identified starch granules from cereals (Triticeae)
and legumes (Fabaceae), fungal spores (Saccharomyces), and plant fibers, indicat-
ing diverse dietary practices, food processing, and extra-masticatory activities. This
interdisciplinary approach reinforces the validity of combining histomorphometric and
micro-residue analyses to reconstruct childhood health, adult diet, and lifestyle. Our

PLOS One | https:/doi.org/10.1371/journal.pone.0338448 January 14, 2026

1/25



http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0338448&domain=pdf&date_stamp=2026-01-14
https://doi.org/10.1371/journal.pone.0338448
https://doi.org/10.1371/journal.pone.0338448
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0001-4007-5483
https://orcid.org/0009-0000-2585-1256
https://orcid.org/0000-0002-8796-9652
https://orcid.org/0000-0002-7082-3104
mailto:r.germano@uniroma1.it
mailto:alessia.nava@uniroma1.it

PLO\Sﬁ\\.- One

Curie Actions Postdoctoral Fellowship, Grant
Agreement No. 101065320 (TULAR). Dental
calculus analyses were carried out in a labora-
tory funded by the European Research Council
(ERC) Starting Grant HIDDEN FOODS, Grant
Agreement No. 639286 (PI: Emanuela Cristiani,
EC). Alessia Nava (AN) received funding from
the European Research Council (ERC) under the
European Union’s Horizon Europe programme,
Grant Agreement No. 101077348 (MOTHERS;
project website: https://www.erc-mothers.eu/).
Roberto Germano (RG) received support from
the Environmental Biology Doctoral School,
Sapienza University of Rome. The funders had
no role in study design, data collection and
analysis, decision to publish, or preparation of
the manuscript.

Competing interests: Alessia Nava (AN) and
Luca Bondioli (LB) serve as Academic Editors
for PLOS ONE. This does not alter our adher-
ence to PLOS ONE policies on sharing data
and materials. The authors declare no other
competing interests.

findings align with previous research while emphasizing population-specific varia-
tions. This study enhances understanding of Iron Age biocultural adaptations, offering
insights into developmental and dietary behaviors in this ancient Italian community.

Introduction

The study of teeth has emerged as a crucial approach in bioarchaeology, combining
methods such as dental histology and micro-residue analysis to reconstruct individual
life histories [1,2]. Teeth, as reliable biological archives, not only record the incremental
formation of dental mineralized tissues — offering unique insights into childhood growth
and health [3,4] — but can also preserve dental calculus, which serves as a repository for
micro-inclusions related to diet and even occupational or para-masticatory activities later
in life [5,6]. By integrating dental histomorphometry, with a particular focus on dental
enamel, and calculus analysis, it is possible to obtain a detailed picture of both biological
life histories during infancy, childhood, and adult lifestyles, enhancing our understanding
of past populations adaptive capacity and cultural behaviors [5—10].

Teeth are excellent archives due to the incremental formation of their tissues and
resistance to diagenetic and post-depositional alteration [11—15]. They act as individ-
ual biological archives providing information about responses to living conditions and
environmental stresses during infancy and childhood [1,3,16]. Dental enamel, once
formed, retains its original structure without undergoing physiological remodeling [17].
Its rhythmic formation produces microscopic physiological incremental lines regularly
repeated in the dental crown, allowing the tracking of information and the ability to
“count” the days in an individual’s life [3,11,18-20].

Dental histology of deciduous and permanent teeth is a valuable tool for obtaining
information on the development and health status of individuals from before birth to the
end of dental development [3,4], helping to partially address challenges associated with
the Osteological Paradox [21,22], particularly concerning selective mortality. Histomor-
phometric analysis of dental crowns allows the study of formation times, the chronology of
non-specific physiological stresses observable as Accentuated Lines (ALs), and individual
life histories [1,3]. Stress markers appear simultaneously in the crowns of all teeth, forming
at the same time, ultimately enabling a pseudo-longitudinal study of childhood by using
multiple teeth to obtain a more comprehensive view of the individual’s life history [3,19].

While dental histology primarily provides insights into infancy, childhood, and ado-
lescence, which are the windows of dental crown formation, the presence of dental
calculus (mineralized plaque) extends the temporal range of study into adulthood.
Dental calculus — formed through the mineralization of plaque — preserves a wide
array of information related to diet, health, and other aspects of daily life. Oral plaque
can calcify already within two weeks, accreting episodically after tooth eruption. If not
mechanically removed, this record can span months to years prior to death [5]. For
this reason, it represents a long-term reservoir of dietary/oral/host biomolecules and
other debris resulting from dietary habits, accidental ingestion/inhalation, and the use
of the mouth as a “third hand” in para-masticatory activities [6,9,23,24].
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This research explores the timing of dental development, infancy and childhood health status and adult diet of the
inhumed individuals from the Pontecagnano necropolises (Campania, Italy, 7th-6th century BCE) [25], one of the largest
pre-Roman site in Southern ltaly, using histomorphometry and microscopy analysis of dental calculus from permanent
teeth. The site of Pontecagnano offers a unique opportunity to unravel the bio-cultural responses to emerging social
and environmental challenges during the Orientalizing period (720-580 BCE) when borders, political balance, and net-
works all over the peninsula were entirely redesigned [26]. These transformations were accompanied by intensified trade
and cultural contacts with the Greek world, increasing social stratification, and shifts in settlement organization [27-29].
Such dynamics may have influenced health and lifestyle through possible exposure to new pathogens via mobility and
exchange networks, and unequal access to resources linked to emerging of new social hierarchies, while broader eco-
nomic and environmental pressures could also have affected living conditions. In this context, studying individual life
histories during childhood — when individuals are most vulnerable and entirely dependent on the care of others — provides
insights into how a population responds to these bio-cultural challenges and changes [7,8,30], enhancing our understand-
ing of the Iron Age community of Pontecagnano and their environmental and social context.

Dental enamel microstructures

Enamel, composed of approximately 95-97% inorganic materials (primarily hydroxyapatite) and 3—-5% organic materials
and water [31,32], develops in incremental layers starting from the enamel-dentine junction (EDJ) towards the outer sur-
face of the tooth. This rhythmic process results in the formation of microscopically visible growth markers. These include
cross-striations, representing daily growth increments, and Retzius lines, which form at longer intervals, usually on a near-
weekly basis [12,33,34].

Cross-striations are visible along the enamel prisms when observed under transmitted light microscopy. They appear as
alternating light and dark bands, representing the daily secretion rate of ameloblasts [12,31]. These striations result from
the regular variation in the rate of enamel matrix secretion, reflecting the circadian rhythm of ameloblast activity [34,35]. The
cross-striations serve as fundamental units for constructing a chronological timeline of enamel formation [19,36].

Retzius lines (or striae of Retzius) are incremental lines that, in longitudinal cross sections, appear as sub-parallel lines
representing the depositional fronts of the ameloblasts at different times of development [12]. Accentuated Lines (ALs) are
stress-affected Retzius lines that, due to temporary disruptions of the normal ameloblast activity, appear darker and more
pronounced compared to regular Retzius lines [37,38]. It is not possible to associate an AL with a specific stress, as ALs
are non-specific physiological stress markers that can form in response to various factors, including malnutrition, infec-
tious diseases, and psychological stress [12,38]. The first notable AL observed in teeth is usually the Neonatal Line (NL),
which marks the birth event and separates prenatal from postnatal enamel [39—41]. However, several studies indicate it is
possible to find ALs in prenatal enamel as well [30,42—48]. The presence of the NL and other ALs provides critical informa-
tion for registering life histories across teeth of the same individual and identifying periods of stress during enamel forma-
tion [12].

By registering ALs across multiple teeth, it is possible to construct a cohesive developmental timeline, offering a longi-
tudinal perspective of childhood growth and stress events [3,49]. This method allows to overcome limitations associated
with mortality samples [21,22], by focusing on developmental periods long before an individual’s death. Overall, the study
of dental enamel microstructures allows for the reconstruction of the timing and duration of enamel formation, the identifi-
cation of periods of physiological stress, and a deeper understanding of past human experiences [12,33,38,50].

Dental calculus

The formation of dental calculus, or tartar, results from the interaction between salivary components and oral bacteria,
leading to a calcified biofilm on tooth surfaces if not regularly removed [5,51,52]. The rate of calculus accumulation varies
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among individuals and is influenced by several factors such as diet, oral pH and hygiene, among others [53]. During

the mineralization, dental calculus can entrap a wide variety of microscopic particles and compounds present in the oral
cavity and the living environment, ranging from plant micro-remains (e.g., starch granules, phytoliths, wood fragments,
bast fibers), to animal-derived residues (e.g., feather fragments, fish scales, collagen fibers), as well as fungi, diatoms,
mineral particles, and microorganisms. Optical analyses of dental calculus under cross-polarized transmitted light allow
the identification of micro-remains associated with food consumption and daily habits, as well as other non-dietary prac-
tices [6,9,54,55]. In addition to morphologically identifiable debris, dental calculus may preserve chemical compounds
and biomolecules, such as secondary metabolites, bacterial and host DNA, which can be analyzed through biochemical
approaches, including proteomics and metagenomics approaches [56]. Its paleopathological relevance has been increas-
ingly recognized, as dental calculus can preserve microbial signatures and biochemical markers indicative of oral and
systemic health conditions [57,58]. Thanks to its heterogeneous composition, dental calculus represents a powerful and
long-term reservoir for reconstructing not only ancient diets, but also health, occupational habits, and biocultural practices in
both ancient and modern human populations and extinct hominins species such as Neanderthals [5,6,10,59].

Although calculus analysis requires caution due to complex formation processes, when combined with isotopic, archae-
obotanical and functional evidence, it provides valuable insights into individual and population-level lifeways [5,60]. More
recently, dental calculus has also been explored within the framework of ancient medicine. Micro-remains and biochemical
markers embedded in this material have revealed the use of plants with potential therapeutic properties, suggesting that
past societies possessed empirical knowledge of local botanicals and may have engaged in intentional health care prac-
tices [59]. These findings underscore the potential of dental calculus to reveal previously inaccessible aspects of ancient
medicinal knowledge and cultural approaches to health.

Materials and methods
Dental sample

The selected dental sample for histological analysis consists of 30 permanent teeth (Fig 1) from 10 individuals from the Propri-
eta Baldi, Chiancone and Proprieta Gaeta Iron Age necropolises of Pontecagnano (Campania, Italy, 7th-6th century BCE) [25].
The sample size reflects both the strict selection criteria applied to ensure optimal preservation of dental tissues for histological
analysis and the ethical need to minimize destructive sampling of archaeological human remains. The individuals were selected
based on the wear stage of specific dental classes, ensuring that canines did not exceed wear stage D and molars did not
exceed wear stage F, according to Lovejoy’s dental wear scale [61]. Age at death and biological sex of the individuals were
independently estimated by two of the authors (AN and AS) following standard anthropological methods [62—64]. Age at death
for the selected sample ranges between 16 and 40 years, and both males and females are represented (Table 1).

For each individual, three permanent teeth were sampled: one canine, one first molar, and one second molar. In one case
(PTG T.5980), as canines were not available, a fourth premolar was chosen instead. When possible, teeth were selected from
the same dental quadrant. These specific classes of teeth were selected for their chronological overlapping during crown for-
mation, enabling a pseudo-longitudinal study of the individuals’ childhood from birth to around 7 years of age [3,49,65].

The dental calculus samples consist of a subset of four individuals from the same samples used for the histological
analysis, and one additional individual (PTG T.8340, not used for histological analysis due to excessive wear), for a total
of five individuals (Table 1). Only a subset of the original sample was used for these analyses, as not all individuals in the
dental sample had mineralized calculus on their teeth. Dental calculus was sampled from all three tooth classes in individ-
uals with it, which was present in mild to moderate amounts [66].

The odontoskeletal collection is kept at the Museo delle Civilta di Roma under the curation of one of the authors (AS).
All permits were obtained for the described study by the Museo delle Civilta di Roma, which complied with all relevant
regulations.
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Fig 1. Dental sample. The 30 permanent teeth of the 10 individuals from the Iron Age necropolises of Pontecagnano selected for histological analysis,
divided by tombs. All teeth are in buccal view.

https://doi.org/10.1371/journal.pone.0338448.9001

Pontecagnano necropolises

The site of Pontecagnano (Fig 2), located 8 km southeast of Salerno (Campania, Italy), testifies the Etruscan expansion
within Southern Italy [67]. Pontecagnano was founded in the early 9th century BCE by groups of Villanovan culture from
southern Etruria [67,68], but see also Peroni [69] for a different interpretation. The site structure and territorial organization
closely resemble the protourban centers of Tyrrhenian Etruria. The settlement — which then became the Etruscan city of
historical time — was surrounded by numerous necropolises which yielded over ten thousand burials spanning from the
9th to the 3rd century BCE [70].

As in other Iron Age ltalian contexts, funerary evidence has been instrumental in reconstructing community develop-
ments, owing to the abundance and diversity of material culture and grave goods. The most ancient phases in Pontecag-
nano are mostly represented by the Villanovan cremation ritual [67]. Subsequently, in the 8th century BCE, inhumations
increased [71], but cremations were still frequent. During the Orientalizing period (720-580 BCE) Pontecagnano wit-
nessed a significant economic expansion as well as an increase in cultural contacts with the Greek world [28]. These eco-
nomic changes are reflected in the necropolises, where strong elite groups were established, represented by a different
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Table 1. Summary of individuals, sampled teeth, and analyses conducted in this study.

ID sample ID tooth Sex Age at death (years) Analyses performed
LLP4
PTG T.5980 LLM1 ? 25-30 Histology
LLM2
uLc
PTG T.5998 ULM1 M 35-45 Histology and dental calculus microremains
ULM2
LLC
PTG T.6036 ULM1 F 20-30 Histology
URM2
URC
PTG T.6059 URMA1 F 20-307? Histology
URM2
URC
PTG T.6073 URM1 M 20-30 Histology
LLM2
URC
PTG T.6921 URM1 ? 20-30 Histology
URM2
LLC
PTG T.8340 LRM1 = ~40 Dental calculus microremains
LRM2
LRC
PTG T.8356 LLM1 ? ~40 Histology and dental calculus microremains
LRM2
uLC
PTG T.8360 LLMA1 M 18-21 Histology and dental calculus microremains
LLM2
URC
PTG T.8390 LLM1 F? 15-18 Histology
LLM2
LLC
PTG T.8428 LRM1 M? 20-30 Histology and dental calculus microremains
LRM2

The table reports biological sex (M=male, M? =probable male, F =female, F?=probable female,? =undetermined), estimated age at death range (~=ap-
proximate age), and the type of analysis performed.

https://doi.org/10.1371/journal.pone.0338448.t001

funerary costume. Inhumation became the prevalent ritual, with only a few cremations representing prominent individuals
[29]. The character of the grave goods and funerary ritual reflects the central position of Pontecagnano in relation to the
main territory of Etruria and long-range maritime traffic [72]. Between the 7th and 6th centuries a significant phenomenon
of urbanisation took place, which was accompanied by the diffusion of the Etruscan culture [67]. Starting from the 5th cen-
tury, Pontecagnano was influenced by the Samnites’ expansion, witnessed by the establishment of an Italic funerary ritual
[73]. In the first half of the 3rd century, the Roman expansion ended the Etruscan-Samnite city [29].

The tombs here analysed are mainly from the Orientalizing period. The significant cultural and social changes of this
period was reflected in new funerary practices and the abandonment of earlier necropolises [29]. Graves were organized
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Fig 2. Location of Pontecagnano. Satellite imagery of Italy highlighting the geographical location of Pontecagnano (from NASA Visible Earth project —
credits to Jacques Descloitres, MODIS Rapid Response Team, NASA/GSFC).

https://doi.org/10.1371/journal.pone.0338448.9002

in small plots, emphasizing generational ties, with more elaborate funerary goods influenced by foreign customs [70]. A
distinctive feature in both adult and non-adult graves was the introduction of funerary vessels related to the consumption
and ritual offering of wine, symbolizing privileged relationships with the Greek world and the East [27,28].

Preparation of histological thin sections

Before sectioning, each tooth underwent thorough standard documentation [62]. High-resolution photographs were
taken from multiple angles to preserve detailed records of each tooth. To preserve the crown surfaces for future studies,
high-resolution replicas of the tooth crowns were produced [9,74]. All histological procedures were performed at the
BIOANTH-Biological Anthropology and Dental Histology laboratory of Sapienza University of Rome.

For the obtainment of histological thin sections, the NOWA protocol by Esposito et al. [75] was followed. Teeth were first
embedded in Crystalbond™ (Aremco Products, Inc.), and then in bicomponent epoxy resin (Buehler EpoxiCure™ 2). After
curing, the resin blocks were sectioned using an IsoMet Low Speed Saw (Buehler). A longitudinal cut was made along
the bucco-lingual plane passing next to the tip of the dentine horn, targeting the mesio-buccal cusp in molars [11,32]. The
first cut produced two blocklets; the one with the dentine horn was selected for further processing, while the other half was
stored for potential future analyses.
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The selected blocklets were glued to microscope slides using a UV-adhesive (Loxeal® Engineering Adhesives UV
30-23) and cured under UV light. The mounted blocklets were sectioned using the diamond blade saw to produce thin
sections of approximately 250-300 pm in thickness. Thin sections were polished using progressively finer abrasive papers
(Carbimet Buehler - P800, P1200, P2500) to reduce thickness to an optimal range of approximately 80—100 um for his-
tological analysis [11]. Then, the sections were polished with alumina suspension (MicroPolish Alumina 0.3 um, Buehler)
and then mounted using Eukitt® mounting medium (O. Kindler GmbH & Co.) and covered with cover slips. Lastly, high-
resolution photomosaics of the thin sections were acquired at different magnifications (50x, 100x) with polarized light
using a transmitted light microscope (Zeiss Axio IMAGER.M2, Carl Zeiss Microscopy GmbH) equipped with a digital
color camera for microscopy (Zeiss Axiocam 807, Carl Zeiss Microscopy GmbH). The photomosaics were automatically
obtained via the “tiles” tool in ZEN Core (v3.8, Carl Zeiss Microscopy GmbH) software.

Dental enamel histomorphometry

Chronologies of the dental crowns were constructed using the zig-zag method proposed by Dean [76]. This method
involves marking prism segments and Retzius lines starting from the tip of the dentine horn up to the cervical area of the
tooth. Data segments were traced and measured using ImageJ v.1.54p [77]. The measurements were then used to cal-
culate the crown formation time (CFT) and the enamel extension rates (EER) using a standard daily secretion rate (DSR)
of 2.85 ym/day [20]. The CFT represents the total time required for complete crown formation, calculated by summing
the formation times of the measured prism segments along the crown [78-80]. The EER represents the rate of enamel
formation along the EDJ, calculated by measuring the distance between prism segments and dividing it by the estimated
time for each segment [20].

In first molars, chronologies were anchored to birth either through the identification of the Neonatal Line (NL), when
present, or by aligning the start of crown formation with birth as per literature convention [80-82]. For worn first molars,
the dentine horn tip was digitally reconstructed using an overlay of a well-preserved tooth. The EDJ path was traced, and
additional days of enamel formation were added based on the length of the reconstructed segment, providing a calibrated
starting point for the chronology.

ALs were identified if they were visible for at least three-quarters of their length, as suggested by Nava et al. [3], and
if they were observed, at least partially, on both the labial and buccal sides of the crown [4,37,83]. The dental crowns of
each individual were aligned by registering sequences of ALs (Fig 3), used as temporal markers. The methodology is
based on the hypothesis that AL patterns in enamel (morphology and distance) are maintained across the different teeth
forming at the same time [3,4].

The prevalence of stresses was calculated as the number of individuals with at least one AL in a specific month from
birth, divided by the number of individuals with enamel in formation during that same month, and expressed as a percent-
age [3,4]. Statistical analyses and graphs were performed using R version 4.5.1 [84].

Dental calculus

Dental calculus sampling was conducted following the protocol systematized by Sabin and Fellows Yates [85], with some
variations (e.g., disposable blades were changed after each sample extraction). Decontamination procedures, deminer-
alization and optical analyses followed standard published protocols [5,51,85,86] and were conducted in dedicated clean
spaces not connected to modern botanical work and under strict environmental monitoring at the DANTE-Diet and Ancient
Technology laboratory of Sapienza University of Rome.

Calculus samples were cleaned in order to remove soil particles and other potential environmental contaminants
attached to their surface. Bench surfaces were cleaned throughout the multiple steps of the sample preparation,
using soap and ethanol, and starch-free nitrile gloves were used at all times. Each sample was decontaminated under
a stereomicroscope, on a clean Petri dish, with magnifications of up to 100x. During this procedure, the removal of
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Fig 3. Photomosaics of URM1 and URC teeth from individual PTG T.6059 with matched Accentuated Lines (ALs). Colors of the star symbols
indicate homologous ALs, matched by morphology and spacing along the enamel, enabling alignment of developmental chronologies between teeth.
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soil adhering to the surface of the calculus was performed using sterile tweezers to hold the sample and a fine acu-
puncture needle to gently scrape off the soil attached to the external layer of the mineralized plaque. Drops of 0.5 M
HCI acid were used to dissolve the flecks of soil and ultrapure water to halt demineralization, as well as to wash and
remove contaminants. The decontamination water was stored in plastic tubes for monitoring purposes. The clean
calculi were then washed in ultrapure water up to three times to remove any traces of loose sediment, dissolved in

a solution of 0.5 M HCI, and subsequently mounted on slides using a solution of 50:50 glycerol and ultrapure water.
Furthermore, environmental samples from dust-traps set in the laboratory were collected in order to rule out any type
of modern contamination.

Glass slides were analyzed using a Zeiss Axio Imager.M2 with magnifications ranging from 100x to 630x. A mod-
ern reference collection of 300 plants native to the Mediterranean region and Europe, along with published literature,
was used for the identification of archaeological starch granules. Spores were identified by comparison with available
literature [87,88].

Results
Histomorphometry results

CFTs for each tooth were estimated through histomorphometric analysis and are reported in Table 2 and S1 Table,
alongside the initial cusp formation (Ci) and crown completion (Crc) rates over the individual’s lifetime. These rates are
expressed in days, months, and years of life. Specifically, canine CFTs range from approximately 1,560 days (4.3 years)
to 2,498 days (6.8 years). In contrast, first molars have a shorter CFT, ranging from 860 days (2.4 years) to 1,304 days
(3.6 years), while second molars have CFTs ranging from 896 days (2.5 years) to 1,428 days (3.9 years). Regarding Ci, it
is important to note that, when the NL was not visible, the apex of the dentin horn tip was considered day O for first molars.
For canines and second molars, however, overlapping ALs are used for calibration, although some of these are still worn.
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Table 2. Crown Formation Time (CFT), Initial Cusp Formation (Ci), and Crown Completion (Crc) values expressed in days, months, and years
for each individual and tooth class.

ID sample ID tooth |CFTdays |CFT months |CFTyears |Cidays |Cimonths |Ciyears |Crcdays |Crc months |Crcyears
LLP4 >1231 >40.4 >3.4 >890 >29.2 >2.4 >2121 >69.7 >5.8
PTG T.5980 | LLM1 860* 28.3* 2.4% 0.0 0.0 0.0 860 28.3 2.4
LLM2 896 29.4 2.5 1096 36.0 3.0 1992 65.4 5.5
uLC >2392 >78.6 >6.5 >184 >6.0 >0.5 >2576 >84.6 >7.1
PTG T.5998 | ULM1 1149*% 37.8* 3.1% 0 0.0 0.0 1149 37.8 3.1
ULM2 1363 44.8 3.7 1179 38.7 3.2 2542 83.5 7.0
LLC >2045 >67.2 >5.6 >230 >7.5 >0.6 >2275 >74.7 >6.2
PTG T.6036 | ULM1 1073* 35.2*% 2.9*% -62 2. -0.2 1010 2 2.8
URM2 1154 37.9 3.2 1018 33.4 2.8 2172 71.4 5.9
URC >1823 >59.9 >5.0 >173 >5.7 >0.5 >1996 >65.6 >55
PTG T.6059 | URM1 960* 31.5* 2.6 0 0.0 0.0 960 31.5 2.6
URM2 1130 371 3.1 1113 36.6 3.0 2243 73.7 6.1
URC >1915 >62.9 >5.2 >70 >2.3 >0.2 >1984 >65.2 >5.4
PTG T.6073 | URM1 1034* 34.0* 2.8*% 0 0.0 0.0 1034 34.0 2.8
LLM2 1240 40.7 34 1011 2 2.8 2251 74.0 6.2
URC >1824 >59.9 >5.0 >125 >41 >0.3 >1949 >64.0 >5.3
PTG T.6921 |URM1 908 29.8 2.5 0 0.0 0.0 908 29.8 2.5
URM2 913 30.0 2.5 1044 34.3 2.9 1957 64.3 54
LRC >2498 >82.1 >6.8 >121 >4.0 >0.3 >2619 >86.0 >7.2
PTG T.8356 | LLM1 1304* 42.8* 3.6* 0 0.0 0.0 1304 42.8 3.6
LRM2 >1269 >41.7 ES15 >1733 >56.9 >4.7 >3002 >08.6 >8.2
uLcC >1855 >61.0 >5.1 >269 >8.8 >0.7 >2125 >69.8 >5.8
PTG T.8360 |LLM1 1250* 41.1* 3.4+ 0 0.0 0.0 1250 411 34
LLM2 1294 42.5 3.5 >983 >32.3 >2.7 >2276 >74.8 >6.2
URC 1560 51.3 43 97 3.2 0.3 1658 54.5 4.5
PTG T.8390 | LLM1 1141 37.5 3.1 =2 0.7 -0.1 1118 36.7 3.1
LLM2 1068 .1 2.9 1182 38.8 8.2 2250 39 6.2
LLC >1885 >61.9 >5.2 >187 >6.1 >0.5 >2071 >68.0 >5.7
PTG T.8428 |LRM1 1265* 41.6* 3.5% 0 0.0 0.0 1265 41.6 3.5
LRM2 1428 46.9 3.9 1218 40.0 3.3 2646 86.9 7.2

The symbol >’ indicates cases where the dentin horn tip is slightly worn, meaning the actual value may be greater than the calculated value. The symbol
*" denotes values derived from a group-specific model reconstruction (i.e., reconstruction of the dentin horn and the first prism segment in the enamel).

https://doi.org/10.1371/journal.pone.0338448.t002

It was not possible to overlay only the M2 of individual PTG T.5980, so three years were given as Ci in this case, as indi-
cated in the literature [80].

Table 3 shows the mean CFTs, Ci and Crc, and their respective standard deviations for each tooth class (excluding the
single P4). On average, canines take about 1,977 days (5.4 years) to form, while first molars take about 1,094 days (3.0
years) and second molars take about 1,176 days (3.2 years). These values highlight the variation in CFT between tooth
classes, with canines exhibiting significantly longer CFTs than the first and second molars. The average Ci for the first
molars is shifted by a few days before birth (-8 days), as the NL was visible in two permanent first molars. Canines show
an average formation onset of 162 days, while second molars show an average of 1,158 days. In contrast, the Crc mean
values are 1,086 days for M1s, 2,139 days for Cs, and 2,333 days for M2s.
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Table 3. Mean and standard deviations (SD) of Crown Formation Time (CFT), Initial Cusp Formation (Ci), and Crown Completion (Crc) across
different tooth classes.

Tooth class CFT days mean CFT days SD Ci days mean Ci days SD Crc days mean Crc days SD
Cc 1977 295 162 64 2139 307
M1 1094 154 -8 20 1086 156
M2 1176 179 1158 218 2333 316

Negative Ci values indicate crown formation initiation before birth.

https://doi.org/10.1371/journal.pone.0338448.t003

Fig 4A presents the growth curves of dental crowns, showing cumulative length along the EDJ as a function of crown
formation days. M1 and M2 crowns exhibit rapid growth during the first 200 days, followed by a gradual deceleration
toward the cervical region. C crowns undergo an accelerated growth phase during the first 400 days before slowing pro-
gressively. Fig 4B illustrates the variation in EER values relative to crown formation days. Initial EER values are signifi-
cantly higher than subsequent ones, indicating a faster ameloblast recruitment rate in the cusp region, which progressively
slows as it approaches the cervical area. The deceleration in EER values along the EDJ is consistent across all tooth
classes. As shown in the M2 graphs, the curve of individual PTG T.8356 is shifted forward in time, reflecting a delayed
onset and completion of crown formation (Ci and Crc) compared to the other individuals in the sample.

Table 4 and S1 Table report respectively the number and the chronology of ALs for each tooth and individual. The aver-
age of stress events during childhood is 25.7 (SD 8.7), with homologous ALs across different teeth counted as a single
stress event. Notably, canines consistently recorded the highest number of ALs among all dental classes.

The monthly prevalence of stress events — calculated as the proportion of individuals presenting at least one AL within
a given month, relative to the number of individuals with teeth forming during that period — is shown in Fig 5. The distribu-
tion exhibits an asymmetric pattern: prevalence is null during the first two months of life, after which it starts to increase;
from the seventh month onwards, prevalence drastically increases, reaching its peak at the twelfth month, where 80% of
the sample presents at least one AL. This produces a bell-shaped distribution centered on the first year of life. Subsequent
months show fluctuating values, with a second peak observed around the forty-fourth month. From the sixtieth month, a
progressive decline in both the rate and denominator of prevalence values is observed, and the graph was therefore cut at
this month.

Differential analysis of stress occurrence across dental classes is presented in Fig 6. Density plots of ALs distribution
throughout the crown indicate that both the cuspal (initial) and cervical (terminal) regions exhibit fewer stress markers
compared to the lateral (central) crown portion, which displays the highest concentration of ALs.

Calculus analysis results

The dental calculus preserved vegetal micro-remains in the form of starch granules, plant fibers, and fungal
spores (Table 5).

Starch granules (Fig 7A) were recovered in three of the five individuals analyzed. Overall, two morphotypes were iden-
tified in this study. To avoid misinterpretation, starch granules smaller than 5 ym (transient starches) were excluded from
the analysis [89].

Morphotype I. Starch granules of this type were found in the dental calculus samples of three individuals (PTG T.8340,
PTG T.8428, PTG T.5998), with some still partially embedded within the calculus matrix. The morphotype is typically
characterized by large granules (sub-type A), which displays a round to sub-oval two-dimensional shape, a centric hilum,
and well-defined lamellae, with maximum widths ranging from 21.1 and 45.1 ym (mean: 33.1 um). Under polarized light, a
centric extinction cross with four arms is visible. In both experimental and published reference collections, starch granules
of this morphotype are typically found in bimodal distributions, with large sub-type A granules associated with smaller
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Fig 4. Enamel-dentine junction (EDJ) growth and enamel extension rate (EER) variation across crown formation days. Growth curves of dental
crowns along the enamel-dentine junction (EDJ) over crown formation days (A) and enamel extension rate (EER) variation over crown formation days
(B). The graphs, divided by tooth class, illustrate crown growth dynamics across different individuals, showing EDJ length progression and changes in

EER values over time.

https://doi.org/10.1371/journal.pone.0338448.9004
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Table 4. Number of Accentuated Lines (ALs) detected in each tooth and

individual.

ID sample ALs M1 ALs C ALs M2 ALs Tot
PTG T.5980 9 10 5 19
PTG T.5998 7 14 5 17
PTG T.6036 8 18 12 28
PTG T.6059 9 12 8 22
PTG T.6073 19 26 11 42
PTG T.6921 9 16 11 30
PTG T.8356 11 20 5 25
PTG T.8360 19 25 10 36
PTG T.8390 7 12 12 19
PTG T.8428 9 12 7 19
Mean 10.7 17.2 8.6 25.7
SD 4.5 5.5 3.0 8.3

The table reports AL counts for first molars (M1), canines (C), and second molars
(M2). It also shows the total number of ALs per individual. Mean values and
standard deviations (SD) are provided for each tooth class and the overall totals.

https://doi.org/10.1371/journal.pone.0338448.t004
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Fig 5. Graph showing the monthly prevalence of Accentuated Lines (ALs) observed in the sample. The x-axis represents age in months, while
the y-axis indicates prevalence percentage. Peaks at specific ages suggest potential physiological stress events during childhood.

https://doi.org/10.1371/journal.pone.0338448.9g005
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Fig 6. Density curves illustrate the distribution of Accentuated Lines (ALs) across different tooth classes. The x-axis represents age in months,
while the y-axis shows frequency (left) and density (right). The curves for first molars (M1), canines (C), second molars (M2), and premolar (P4) highlight
variations in stress occurrence throughout childhood.

https://doi.org/10.1371/journal.pone.0338448.9006

Table 5. Overview of plant and fungal micro-remains detected in dental calculus analysis.

ID Starch (Triticeae) Starch (Fabaceae) Starch indefinite Fungal spores Plant fibers
PTG T.5998 1 1 numerous numerous
PTG T.8340 1 numerous
PTG T.8356 numerous 1

PTG T.8360 numerous numerous
PTG T.8428 1 1 1 numerous

The presence of micro-remains is indicated numerically, where ‘1’ represents a single occurrence, and ‘numerous’ denotes abundant traces of the same
type.

https://doi.org/10.1371/journal.pone.0338448.t005

granules (sub-type B), usually <10 pm, also round/sub-oval in shape and with a central hilum [90-92]. However, in archae-
ological samples, sub-type B granules are often underrepresented or absent, as in this case, likely due to differential pres-
ervation. According to the literature and modern reference collections, the observed morphometric features — along with
bimodal distribution when preserved — are consistent with starch granules from members of the Triticeae tribe (Poaceae
family) and are considered diagnostic for taxonomic identification [54,91,92].

Morphotype II: A single starch granule of this type was identified in two individuals (PTG T.8428, PTG T.5998). These
granules exhibit a reniform shape, with size ranging between 12—-35 ym, and a collapsed/sunken hilum forming a deep
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Fig 7. Micro-remains extracted from dental calculus, observed under optical microscopy. The images show different types of residues: (A) starch
granules, suggesting the consumption of plant-based foods; (B) fungal spores of Saccharomyces, possibly associated with the intake of fermented foods
or beverages; (C) plant fibers, which may reflect para-masticatory activities.

https://doi.org/10.137 1/journal.pone.0338448.9007

fissure extending along almost the entire granule. Under polarized light, a bright extinction cross was visible with several
lateral arms (> 4) diverging from the centric hilum [93]. These features are diagnostic of starch granules in the Fabaceae
family, known for several edible domesticated legumes (e.g., Lens culinaris Medikus, Vicia faba L., and Pisum sativum L.)
and wild vetches (Vicia spp.). Identification at species or genus level was not possible due to overlaps in shape and size
at tribe level, which were observed in our modern reference collection.
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Several Saccharomyces fungal spores (Fig 7B) were identified in three individuals (PTG T.8356, PTG T.8360, PTG
T.5998). Known as “sugar fungi,” they include several yeasts [94,95].

Plant fibers and wood elements (Fig 7C) were identified in the calculus of all the analyzed individuals. The fibers are
long and, in some cases, were observed still embedded in the mineral matrix. Several display diagnostic morphological
features — including distinct longitudinal striations, thickened cell walls, and occasional Z-twisting — clearly visible under
polarized light. These characteristics are consistent with bast fibers derived from plants such as Linum usitatissimum or
Cannabis sativa and align with established identification criteria [96,97]. The presence of these fibers may reflect expo-
sure to fibrous plant materials through extra-masticatory or occupational activities, such as fiber processing, cordage
production, or the use of plant implements for oral hygiene.

Discussion

This study represents an approach to biological life histories reconstruction using dental histomorphometry and calculus
micro-residue analysis on a sample of permanent teeth from the Pontecagnano community (7th-6th century BCE). This
interdisciplinary approach allowed the reconstruction of aspects of individual life histories, including growth trajectories
and health conditions, and provides site-specific insights into lifestyle during the Iron Age. While overall lifespan is often
regarded as a direct proxy for human health and environmental adaptation, the frequency and timing of non-fatal stress
events, such as illnesses or nutritional deficiencies, throughout development can provide significant insights into a com-
munity’s adaptive capacity and biological success [98].

The CFTs obtained in this study reveal significant differences between tooth classes (Tables 2 and 3), with canines
showing the longest formation times (mean=1,977 days, SD=295 days, N=9), followed by second molars (mean=1,176
days, SD=179 days, N=10) and first molars (mean=1,094 days, SD=154 days, N=10). These results are in line with
Reid and Dean [80], who documented similar trends in enamel formation time in modern human teeth, highlighting the
prolonged development of anterior teeth compared to molars. Regarding Ci, our results show that the mesio-buccal cusp
of the first permanent molars begins formation shortly before birth (mean=-8 days, SD=20 days). However, this estimate
should be interpreted with caution: of the ten M1s analyzed, the Neonatal Line (NL) was clearly visible in only two cases
— specifically, in the mesio-buccal cusp of the LLM1 of individual PTG T.8390 and in the mesio-buccal cusp of the ULM1
of individual PTG T.6036. In all other cases, crown initiation was anchored to birth according to standard conventions
in the absence of a visible NL [80—-82]. Canines initiate crown formation a few months later (mean=162 days, SD =64
days), while second molars begin considerably later (mean=1,158 days, SD=218 days), as detailed in Table 3. Reid and
Dean [80] report fixed values for Ci, with M1s always forming at birth, M2s at 3 years of age, and canines at 274 days
(for upper) and 200 days (for lower). Our Ci values for M1 and M2 are generally consistent with these estimates, while
Ci values for C are generally lower. Regarding Crc, our results indicate that crowns of M1s complete at an average of
1,086 days (SD =156 days), those of canines at 2,139 days (SD =307 days), and those of M2s at 2,333 days (SD=316
days). Notably, the M2 of individual T.8356 has extreme Ci and Crc values. In fact, this M2 begins forming around 1.5
years later than the others and consequently finishes forming later. However, these values fall within the expected range
of human variability in enamel formation timing [65] and likely reflect inter-individual developmental differences. Unlike
previous studies that rely on literature-based Ci values — resulting in Crc estimates derived from fixed starting points — our
approach allows for greater precision. The Ci values for C and M2 were determined through chronological overlap with
M1, ensuring more accurate estimations of crown completion. Furthermore, the general trends observed in our study are
consistent with data obtained by AlQahtani et al. [65] on enamel formation rates among tooth classes.

Differences in EERs were observed across tooth classes (Fig 4). M1 and M2 crowns exhibited a rapid initial extension
during the first 200 days, followed by a gradual deceleration toward the cervical region. C crowns showed a prolonged
phase of accelerated growth, lasting up to 400 days before slowing down. These findings align closely with those of
Guatelli-Steinberg et al. [20], who reported an exponential decline in EER from the cusp to the cervical region in modern
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human teeth. Both studies highlight that the highest EER values occur in the cuspal region, gradually decreasing as
enamel formation progresses cervically. These differences emphasize the variability in EERs among different tooth types,
which can be attributed to distinct morphological and developmental characteristics. The observed trend in EER values
over time follows a general decrease in enamel formation rates as crown development advances.

There is a lack of comparative data on histomorphometric parameters from the Iron Age in the literature, which refers to
different chronological and geographical periods [11,99]. Both Nava et al. [11] and Aris et al. [99] report a diachronic trend
of slowing childhood growth trajectories, even in relatively recent evolutionary times. However, only Aris et al. [99] con-
sider the permanent dentition. This study provides, for the first time, histological data from an Iron Age Italian community.

In this study, the prevalence of ALs provided a longitudinal picture of health conditions from birth up to ca. 6 years of
age. The monthly distribution of ALs (Fig 5) shows an asymmetrical, almost bimodal, distribution with notable peaks at 12
and 44 months from birth. These non-fatal stress events are typically linked to infectious diseases and nutritional deficien-
[102], while later peaks may be related to increased exposure to pathogens and/or dietary changes. The initial rise in
stress prevalence, observed from the third month, may coincide with infants becoming more physically engaged with their
surroundings — sitting up, touching objects, and experiencing increased exposure to environmental pathogens [103].

Differential analysis of stress registration across the tooth crowns (Fig 6) indicates that both the cuspal and cervical
regions record stress less effectively compared with the central portion of the crown. If the entire crown were equally
susceptible, a homogeneous distribution of stress markers would be expected; instead, the observed bell-shaped pattern
underscores the differential recording susceptibility across the crown. Thus, examining multiple tooth types enhances the
likelihood of capturing stress events that might otherwise go undetected in a single dental class. This observation con-
firms previous findings by Nava et al. [3], who identified similar crown regional trends in both deciduous and permanent
teeth. It is important to note that, during the first months of life, only M1s are forming enamel, and exclusively in their
cuspal regions, which are less susceptible to stress recording. This may help explain the initial absence of stress markers
observed in the enamel, and consequently in the prevalence curve, during the first two months. Conversely, the second
peak around 44 months likely reflects stress signals recorded mainly by M2s, whose enamel at that stage is forming in the
central crown regions — areas shown to register stress more effectively.

The ALs prevalence distribution partly aligns with a similar study presented by Nava et al. [3] in a Roman Imperial
sample from Isola Sacra (Fig 8). Nava et al. [3] interpreted the observed ALs prevalence distribution in their sample as
indicative of weaning-related stress, with the highest frequency of stress events occurring around the first year of life. In
our Pontecagnano sample, however, the primary peak is slightly shifted forward at approximately 12 months. This differ-
ence may be explained by the differential recording capacity within the dental crown. As demonstrated by Nava et al. [3],
deciduous teeth can record stress events during the first months of life — a stage when the crowns of deciduous canines
and second molars are midway through their development. At this point, enamel is forming in the central regions, which
are particularly sensitive to physiological stress and well suited for its detection. In contrast, in our sample, stress in the
perinatal period can only be registered by M1s, which at that stage are forming enamel only in the cuspal region — an area
less responsive to stress recording. Consequently, the absence of deciduous teeth in our dataset possibly shifts the over-
all ALs prevalence profile forward, potentially leading to a slight underestimation of early-life stress events.

A more challenging interpretation concerns the secondary rise in the AL prevalence curve, with a peak around 44
months. Nava et al. [3] acknowledge that, as children become more mobile and interact more actively with their surround-
ings, increased exposure to pathogens may contribute to further stress events. In our sample, it is also important to note
that this second peak is very likely explained by the fact that, at this stage, enamel is forming almost exclusively in the
central regions of M2s — areas that are highly responsive to stress recording. Additionally, this peak may coincide with
weaning completion and the transition to a diet more closely resembling that of adults, reflecting the metabolic challenges
associated with the diversification of food sources, both of which may pose significant physiological stress during early
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childhood. Given the non-specific nature of ALs as stress markers, it is plausible that both increased environmental expo-
sure and the dietary transition toward an adult-like pattern contribute to this more complex stress profile.

Overall, the ALs prevalence distribution in our Pontecagnano sample reflects the short-term, non-fatal stresses that
individuals experienced during the first 6 years of life. It is important to highlight that although the series considered in this
analysis is essentially a mortality sample, the selected individuals were adults who passed away long after the complete
formation of their dental crowns. Therefore, all individuals survived the stressful events that characterized their childhood.

During the Orientalizing period, the Etruscan civilization experienced significant socio-economic and cultural changes,
characterized by demographic growth, an increase in agricultural activity, and the emergence of a stratified society [70].
This period also saw the expansion of Etruscan culture across various areas of central Italy, with a notable expansion into
Campania [104,105]. The Villanovan and Etruscan diet was predominantly plant-based, with a moderate intake of animal
proteins, as demonstrated by isotope analysis [106,107] and archaeobotanical and zooarchaeological studies [108—110].
Nutrition was primarily based on cereals such as emmer spelt, durum wheat, barley, and rye [111], while legumes — includ-
ing beans, chickpeas, lentils, lupins, and peas — complemented the diet by providing an alternative source of proteins
[112]. Animal food sources included sheep, goats, cattle, wild boars, and small game [113].

Dental calculus analysis of Pontecagnano individuals revealed the presence of starch granules, fungal spores, and
plant fibers (Fig 7), which provide complementary insights into both adult diet and non-dietary activities. Starch gran-
ules from the Triticeae (Poaceae) and Fabaceae families were detected in three individuals, indicating the consumption
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of cereals and legumes in line with diversified agricultural practices already documented for ancient Italian populations
[110,114]. The damaged appearance of some starch granules could suggest food processing activities such as cooking
and/or seed grinding, as well as enzymatic degradations resulting from early stages of starch digestion prior to consump-
tion. In addition, the presence of oral diseases such as caries, documented in several individuals from the Pontecagnano
sample, is consistent with a regular intake of carbohydrates, a pattern already well documented in agricultural popula-
tions since the Neolithic [57,115,116]. Interestingly, numerous Saccharomyces spores were identified in three individuals
(two males and one of unknown sex). Their abundance in the dental calculus sample analyzed may indicate regular
consumption of fermented foods or beverages — a practice already attested in archaeological contexts through the anal-
ysis of the mineralized matrix, primarily via proteomic methods and, more rarely, through optical microscopy as in our
study [55,117]. These findings can be contextualized within the broader socio-cultural transformations of the Orientalizing
period at Pontecagnano, when agricultural intensification and increasing contacts with the Mediterranean world contrib-
uted to shaping resource availability and dietary habits. Finally, the presence of plant fibers in all individuals suggests
possible extra-masticatory use of the teeth. In several individuals, long and fragmented fibers were still embedded in
dental calculus, some exhibiting characteristics indicative of cortical fibers. The widespread presence of wood particles
in the sample suggests inhalation associated with extra-masticatory activities — many of which may be occupational in
nature — or the use of wooden implements related to food preparation or oral hygiene within the Pontecagnano com-
munity. As commonly observed in dental calculus studies, such inclusions may also derive from other environmental or
occupational pollutants [5].

All'in all, the variety of microremains recovered from the Pontecagnano individuals highlights the advantages of dental
calculus analysis for reconstructing ancient diet and lifeways. Thanks to its mineralized structure, dental calculus can pre-
serve starches, phytoliths, plant remains, and biomolecules such as DNA and proteins, providing unique direct evidence of
plant food consumption that is often inaccessible through more protein-sensitive methods like traditional isotopic analysis.
Furthermore, the potential taxonomic identification of starch granules can reveal the photosynthetic pathways of plants (C,
vs. C,), offering further insights into the relative contribution of different plant resources to ancient diets. Given the small
number of individuals with preserved dental calculus, the results of this analysis should be interpreted with caution and
are best understood as providing detailed insights into individual life histories, rather than as representative of the broader
population.

Although reconstructing infant feeding practices in past populations is inherently challenging due to the scarcity of
direct evidence, our study adds new data to the debate, particularly regarding early-life dietary stress and the physiologi-
cal impact of weaning. A recent isotopic study on individuals from Pontecagnano [107] during the Orientalizing period
suggests a diet primarily based on C, plants, with limited intake of animal proteins and isolated evidence of C, plant
consumption — possibly millet [107]. According to the WARN model applied in that study, weaning timing ranged between
0.7 years (t,, onset of weaning) and 2.6 years (t,, end of weaning) [107]. The reported onset of weaning align with the
increase in physiological stress markers observed in our sample, and the presence of C, plant consumption align with our
analysis of dental calculus micro-remains.

Conclusions

This study, the first one to apply dental histology analysis to a sample from the Pontecagnano necropolises, does not aim
to provide population-wide generalizations, but rather to offer detailed insights into individual life histories and site-specific
patterns. The unique integration of dental calculus analysis and dental histomorphometry enabled us to investigate dietary
and behavioral aspects in Pontecagnano adult individuals through the micro-residues incorporated in dental calculus and,
at the same time, explore growth trajectories and health profile — derived from enamel histomorphometry — during the
same individuals’ infancy and childhood. The pseudo-longitudinal histological methodology applied to adult permanent
teeth has proven effective in capturing the temporal dynamics of stress during infancy and early childhood and has also
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provided important insights into developmental timing. In parallel, dental calculus analysis has provided valuable data on
adults’ diet and para-masticatory activities, revealing evidence for cereal and legume consumption as well as indications
of food processing and fermentation practices. Overall, the integrated use of these techniques offers a detailed represen-
tation of childhood development and its links with adult biocultural practices. Future research should integrate additional
analytical methods — such as dental microwear studies [9,118], which provide evidence of food mechanical properties and
texture, and high-resolution laser-based in situ trace element and isotopic analyses on dental enamel [1], which shed light
on dietary composition, weaning practices, and mobility — on a larger sample of the ancient community of Pontecagnano.

Supporting information

S1 Table. Histomorphometric data of all sampled individuals.
(XLSX)

Acknowledgments

The authors thank the Museo delle Civilta di Roma for access to the skeletal collection and support during sampling.

Author contributions

Conceptualization: Roberto Germano, Alessandra Sperduti, Luca Bondioli, Alessia Nava.

Data curation: Roberto Germano, Emanuela Cristiani, Alessia Galbusera, Dulce Neves, Luca Bondioli, Alessia Nava.

Formal analysis: Roberto Germano, Owen Alexander Higgins, Emanuela Cristiani, Alessia Galbusera, Carmen Esposito,
Dulce Neves, Alessandra Sperduti, Luca Bondioli.

Funding acquisition: Alessia Nava.

Investigation: Roberto Germano, Emanuela Cristiani, Carmen Esposito, Carmine Pellegrino, Alessandra Sperduti, Luca
Bondioli.

Methodology: Emanuela Cristiani, Luca Bondioli, Alessia Nava.

Resources: Emanuela Cristiani, Alessia Nava.

Supervision: Emanuela Cristiani, Luca Bondioli, Alessia Nava.

Validation: Owen Alexander Higgins, Emanuela Cristiani, Alessandra Sperduti, Giorgio Manzi, Luca Bondioli, Alessia
Nava.

Visualization: Roberto Germano, Owen Alexander Higgins, Emanuela Cristiani.

Writing — original draft: Roberto Germano, Owen Alexander Higgins, Emanuela Cristiani, Luca Bondioli, Alessia Nava.

Writing — review & editing: Roberto Germano, Owen Alexander Higgins, Emanuela Cristiani, Alessia Galbusera, Carmen
Esposito, Dulce Neves, Carmine Pellegrino, Alessandra Sperduti, Giorgio Manzi, Luca Bondioli, Alessia Nava.

References

1. NavaA, Lugli F, Lemmers S, Cerrito P, Mahoney P, Bondioli L, et al. Reading children’s teeth to reconstruct life history and the evolution of
human cooperation and cognition: The role of dental enamel microstructure and chemistry. Neurosci Biobehav Rev. 2024;163:105745. https://doi.
org/10.1016/j.neubiorev.2024.105745 PMID: 38825260

Muller W, Lugli F, McCormack J, Evans D, Anczkiewicz R, Bondioli L. Treatise on Geochemistry. Elsevier. 2024:281-328.

Nava A, Frayer DW, Bondioli L. Longitudinal analysis of the microscopic dental enamel defects of children in the Imperial Roman community of
Portus Romae (necropolis of Isola Sacra, 2nd to 4th century CE, Italy). Journal of Archaeological Science: Reports. 2019;23:406—15. https://doi.
org/10.1016/j.jasrep.2018.11.007

PLOS One | https://doi.org/10.137 1/journal.pone.0338448 January 14, 2026 20/25



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0338448.s001
https://doi.org/10.1016/j.neubiorev.2024.105745
https://doi.org/10.1016/j.neubiorev.2024.105745
http://www.ncbi.nlm.nih.gov/pubmed/38825260
https://doi.org/10.1016/j.jasrep.2018.11.007
https://doi.org/10.1016/j.jasrep.2018.11.007

PLO\Sﬁ\\.- One

4. FitzGerald C, Saunders S, Bondioli L, Macchiarelli R. Health of infants in an Imperial Roman skeletal sample: perspective from dental microstruc-
ture. Am J Phys Anthropol. 2006;130(2):179-89. https://doi.org/10.1002/ajpa.20275 PMID: 16365859
5. Radini A, Nikita E, Buckley S, Copeland L, Hardy K. Beyond food: The multiple pathways for inclusion of materials into ancient dental calculus. Am
J Phys Anthropol. 2017;162 Suppl 63:71-83. https://doi.org/10.1002/ajpa.23147 PMID: 28105717
6. Cristiani E, Radini A, Bori¢ D, Robson HK, Caricola |, Carra M, et al. Dental calculus and isotopes provide direct evidence of fish and plant con-
sumption in Mesolithic Mediterranean. Sci Rep. 2018;8(1):8147. https://doi.org/10.1038/s41598-018-26045-9 PMID: 29802341
7. Barker DJP. The developmental origins of adult disease. J Am Coll Nutr. 2004;23(6 Suppl):588S-5958S. https://doi.org/10.1080/07315724.2004.107
19428 PMID: 15640511
8. Halcrow S, Warren R, Kushnick G, Nowell A. Care of Infants in the Past: Bridging evolutionary anthropological and bioarchaeological approaches.
Evol Hum Sci. 2020;2:e47. https://doi.org/10.1017/ehs.2020.46 PMID: 37588386
9. NavaA, Fiorin E, Zupancich A, Carra M, Ottoni C, Di Carlo G, et al. Multipronged dental analyses reveal dietary differences in last foragers and
first farmers at Grotta Continenza, central Italy (15,500-7000 BP). Sci Rep. 2021;11(1):4261. https://doi.org/10.1038/s41598-021-82401-2 PMID:
33608594
10. Buckley S, Usai D, Jakob T, Radini A, Hardy K. Dental calculus reveals unique insights into food items, cooking and plant processing in prehistoric
central Sudan. PLoS One. 2014;9(7):e100808. https://doi.org/10.1371/journal.pone.0100808 PMID: 25028938
11. Nava A, Bondioli L, Coppa A, Dean C, Rossi PF, Zanolli C. New regression formula to estimate the prenatal crown formation time of human
deciduous central incisors derived from a Roman Imperial sample (Velia, Salerno, Italy, I-Il cent. CE). PLoS One. 2017;12(7):e0180104. https://doi.
org/10.1371/journal.pone.0180104 PMID: 28700601
12. Hillson S. Tooth development in human evolution and bioarchaeology. Cambridge University Press. 2014.

13. NavaA, Lugli F, Romandini M, Badino F, Evans D, Helbling AH, et al. Early life of Neanderthals. Proc Natl Acad Sci U S A. 2020;117(46):28719-26.
https://doi.org/10.1073/pnas.2011765117 PMID: 33139541

14. Guatelli-Steinberg D. What teeth reveal about human evolution. Cambridge University Press. 2016.

15. Alt KW, Résing FW, Teschler-Nicola M. Dental anthropology: fundamentals, limits and prospects. Wien: Springer-Verlag. 1998.

16. Nava A. Understanding the maternal-infant nexus from dental histology and high-resolution compositional biogeochemistry: implications for bioar-
chaeological research. bmsap. 2024;36(1). https://doi.org/10.4000/bmsap.13828

17. Simpson SW. Reconstructing patterns of growth disruption from enamel microstructure. Cambridge Studies in Biological and Evolutionary Anthro-
pology. 1999;241-63.

18. Dean MC, Beynon AD, Reid DJ, Whittaker DK. A longitudinal study of tooth growth in a single individual based on long- and short-period incremen-
tal markings in dentine and enamel. Int J Osteoarchaeology. 1993;3(4):249-64. https://doi.org/10.1002/0a.1390030404

19. Dean MC, Scandrett AE. The relation between long-period incremental markings in dentine and daily cross-striations in enamel in human teeth.
Arch Oral Biol. 1996;41(3):233—41. https://doi.org/10.1016/0003-9969(95)00137-9 PMID: 8735009

20. Guatelli-Steinberg D, Floyd BA, Dean MC, Reid DJ. Enamel extension rate patterns in modern human teeth: two approaches designed to estab-
lish an integrated comparative context for fossil primates. J Hum Evol. 2012;63(3):475-86. https://doi.org/10.1016/j.jhevol.2012.05.006 PMID:
22748383

21. DeWitte SN, Stojanowski CM. The Osteological Paradox 20 Years Later: Past Perspectives, Future Directions. J Archaeol Res. 2015;23(4):397—
450. https://doi.org/10.1007/s10814-015-9084-1

22. Wood JW, Milner GR, Harpending HC, Weiss KM, Cohen MN, Eisenberg LE, et al. The Osteological Paradox: Problems of Inferring Prehistoric
Health from Skeletal Samples [and Comments and Reply]. Current Anthropology. 1992;33(4):343—-70. https://doi.org/10.1086/204084

23. Blatt SH, Redmond BG, Cassman V, Sciulli PW. Dirty teeth and ancient trade: Evidence of cotton fibres in human dental calculus from Late Wood-
land, Ohio. Intl J of Osteoarchaeology. 2011;21(6):669—78. https://doi.org/10.1002/0a.1173

24. Sperduti A, Giuliani MR, Guida G, Petrone PP, Rossi PF, Vaccaro S, et al. Tooth grooves, occlusal striations, dental calculus, and evidence for
fiber processing in an Italian eneolithic/bronze age cemetery. Am J Phys Anthropol. 2018;167(2):234—43. https://doi.org/10.1002/ajpa.23619 PMID:
30159883

25. Pellegrino C. Le necropoli di Pontecagnano: studi recenti. Tra Etruria, Lazio e Magna Grecia: Indagini Sulle Necropoli. Pandemos srl.
2009:169-208.

26. Sabatini S. Tracing transculturality in burial contexts: the case of Sala Consilina, Southern Italy. Forging identities: The mobility of culture in Bronze
Age Europe. Marie Curie Project. 2015:245-55.

27. Pellegrino C, Cuozzo M. Gentes e complessita archeologica: il caso di studio di Pontecagnano. Biblioteca di Athenaeum. 2019:139-54.

28. Cuozzo M. Theoretical issues in the interpretation of cemeteries and case studies from Etruria to Campania. Burial and Social Change in First
Millennium BC ltaly: Approaching Social Agents. 2016:3-30.

29. Pellegrino C. | bambini nelle necropoli della Campania preromana: il caso di Pontecagnano, dalla prima eta del Ferro alla fase sannitica. Disci
Archeologia. 2021;441-73.

PLOS One | https:/doi.org/10.1371/journal.pone.0338448 January 14, 2026 21/25



https://doi.org/10.1002/ajpa.20275
http://www.ncbi.nlm.nih.gov/pubmed/16365859
https://doi.org/10.1002/ajpa.23147
http://www.ncbi.nlm.nih.gov/pubmed/28105717
https://doi.org/10.1038/s41598-018-26045-9
http://www.ncbi.nlm.nih.gov/pubmed/29802341
https://doi.org/10.1080/07315724.2004.10719428
https://doi.org/10.1080/07315724.2004.10719428
http://www.ncbi.nlm.nih.gov/pubmed/15640511
https://doi.org/10.1017/ehs.2020.46
http://www.ncbi.nlm.nih.gov/pubmed/37588386
https://doi.org/10.1038/s41598-021-82401-2
http://www.ncbi.nlm.nih.gov/pubmed/33608594
https://doi.org/10.1371/journal.pone.0100808
http://www.ncbi.nlm.nih.gov/pubmed/25028938
https://doi.org/10.1371/journal.pone.0180104
https://doi.org/10.1371/journal.pone.0180104
http://www.ncbi.nlm.nih.gov/pubmed/28700601
https://doi.org/10.1073/pnas.2011765117
http://www.ncbi.nlm.nih.gov/pubmed/33139541
https://doi.org/10.4000/bmsap.13828
https://doi.org/10.1002/oa.1390030404
https://doi.org/10.1016/0003-9969(95)00137-9
http://www.ncbi.nlm.nih.gov/pubmed/8735009
https://doi.org/10.1016/j.jhevol.2012.05.006
http://www.ncbi.nlm.nih.gov/pubmed/22748383
https://doi.org/10.1007/s10814-015-9084-1
https://doi.org/10.1086/204084
https://doi.org/10.1002/oa.1173
https://doi.org/10.1002/ajpa.23619
http://www.ncbi.nlm.nih.gov/pubmed/30159883

PLO\Sﬁ\\.- One

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

Peripoli B, Gigante M, Mahoney P, McFarlane G, Coppa A, Lugli F, et al. Exploring prenatal and neonatal life history through dental histology in
infants from the Phoenician necropolis of Motya (7th—6th century BCE). Journal of Archaeological Science: Reports. 2023;49:104024. https://doi.
org/10.1016/j.jasrep.2023.104024

Berkovitz B, Boyde A, Frank R, H6hling H, Moxham B, Nalbandian J. Teeth. Springer Science & Business Media. 2012.
Hillson S. Dental anthropology. Cambridge University Press. 2024.

Antoine D, Hillson S, Dean MC. The developmental clock of dental enamel: a test for the periodicity of prism cross-striations in modern humans
and an evaluation of the most likely sources of error in histological studies of this kind. J Anat. 2009;214(1):45-55. https://doi.org/10.1111/j.1469-
7580.2008.01010.x PMID: 19166472

Lacruz RS, Hacia JG, Bromage TG, Boyde A, Lei Y, Xu Y, et al. The circadian clock modulates enamel development. J Biol Rhythms.
2012;27(3):237-45. https://doi.org/10.1177/0748730412442830 PMID: 22653892

Zheng L, Seon YJ, Mourdo MA, Schnell S, Kim D, Harada H, et al. Circadian rhythms regulate amelogenesis. Bone. 2013;55(1):158-65. https://
doi.org/10.1016/j.bone.2013.02.011 PMID: 23486183

Bromage TG. Enamel incremental periodicity in the pig-tailed macaque: A polychrome fluorescent labeling study of dental hard tissues. American J
Phys Anthropol. 1991;86(2):205—14. https://doi.org/10.1002/ajpa.1330860209

Goodman AH, Rose JC. Assessment of systemic physiological perturbations from dental enamel hypoplasias and associated histological struc-
tures. Am J Phys Anthropol. 1990;33(S11):59-110. https://doi.org/10.1002/ajpa.1330330506

Witzel C, Kierdorf U, Schultz M, Kierdorf H. Insights from the inside: histological analysis of abnormal enamel microstructure associated with hypo-
plastic enamel defects in human teeth. Am J Phys Anthropol. 2008;136(4):400—-14. https://doi.org/10.1002/ajpa.20822 PMID: 18350581

Sabel N, Johansson C, Kuhnisch J, Robertson A, Steiniger F, Norén JG, et al. Neonatal lines in the enamel of primary teeth--a morphological
and scanning electron microscopic investigation. Arch Oral Biol. 2008;53(10):954—63. https://doi.org/10.1016/j.archoralbio.2008.05.003 PMID:
18589400

Zanolli C, Bondioli L, Manni F, Rossi P, Macchiarelli R. Gestation Length, Mode of Delivery, and Neonatal Line-Thickness Variation. hub.
2011;83(6):695—-713. https://doi.org/10.1353/hub.2011.2465107

Estivals J, Garot E, Lamare M, Manton DJ, Le Cabec A, Couture C. Insight into perinatal health by investigating the neonatal line: A systematic
review. Arch Oral Biol. 2025;177:106335. https://doi.org/10.1016/j.archoralbio.2025.106335 PMID: 40543249

Kierdorf H, Witzel C, Bocaege E, Richter T, Kierdorf U. Assessment of physiological disturbances during pre- and early postnatal develop-
ment based on microscopic analysis of human deciduous teeth from the Late Epipaleolithic site of Shubayqga 1 (Jordan). Am J Phys Anthropol.
2021;174(1):20-34. https://doi.org/10.1002/ajpa.24156 PMID: 33017861

Lorentz KO, Lemmers SAM, Chrysostomou C, Dirks W, Zaruri MR, Foruzanfar F, et al. Use of dental microstructure to investigate the role of prena-
tal and early life physiological stress in age at death. Journal of Archaeological Science. 2019;104:85-96. https://doi.org/10.1016/j.jas.2019.01.007

Higgins OA, Modi A, Cannariato C, Diroma MA, Lugli F, Ricci S, et al. Life history and ancestry of the late Upper Palaeolithic infant from Grotta
delle Mura, Italy. Nat Commun. 2024;15(1):8248. https://doi.org/10.1038/s41467-024-51150-x PMID: 39304646

Hodgkins J, Orr CM, Gravel-Miguel C, Riel-Salvatore J, Miller CE, Bondioli L, et al. An infant burial from Arma Veirana in northwestern Italy
provides insights into funerary practices and female personhood in early Mesolithic Europe. Sci Rep. 2021;11(1):23735. https://doi.org/10.1038/
s41598-021-02804-z PMID: 34907203

Nava A, Coppa A, Coppola D, Mancini L, Dreossi D, Zanini F, et al. Virtual histological assessment of the prenatal life history and age at death of
the Upper Paleolithic fetus from Ostuni (Italy). Sci Rep. 2017;7(1):9427. https://doi.org/10.1038/s41598-017-09773-2 PMID: 28842603

Sipovac M, Petrovic B, Amzirkov M, Stefanovic S. Enamel incremental markings in the deciduous teeth of children from the Early Bronze and mod-
ern ages. Arch Oral Biol. 2023;148:105635. https://doi.org/10.1016/j.archoralbio.2023.105635 PMID: 36764086

Teschler-Nicola M, Fernandes D, Handel M, Einwdgerer T, Simon U, Neugebauer-Maresch C, et al. Ancient DNA reveals monozygotic newborn
twins from the Upper Palaeolithic. Commun Biol. 2020;3(1):650. https://doi.org/10.1038/s42003-020-01372-8 PMID: 33159107

Scharlotta I, Goude G, Herrscher E, Bazaliiskii VI, Weber AW. “Mind the gap”-Assessing methods for aligning age determination and growth rate in
multi-molar sequences of dietary isotopic data. Am J Hum Biol. 2018;30(5):€23163. https://doi.org/10.1002/ajhb.23163 PMID: 30129288

Christopher Dean M. Tooth microstructure tracks the pace of human life-history evolution. Proc Biol Sci. 2006;273(1603):2799-808. https://doi.
org/10.1098/rspb.2006.3583 PMID: 17015331

Cristiani E, Radini A, Edinborough M, Bori¢ D. Dental calculus reveals Mesolithic foragers in the Balkans consumed domesticated plant foods. Proc
Natl Acad Sci U S A. 2016;113(37):10298-303. https://doi.org/10.1073/pnas.1603477113 PMID: 27573829

Hillson S. Teeth. Cambridge University Press. 2005.

Marcotte H, Lavoie MC. Oral microbial ecology and the role of salivary immunoglobulin A. Microbiol Mol Biol Rev. 1998;62(1):71-109. https://doi.
org/10.1128/MMBR.62.1.71-109.1998 PMID: 9529888

Henry AG, Piperno DR. Using plant microfossils from dental calculus to recover human diet: a case study from Tell al-Raq&’i, Syria. Journal of
Archaeological Science. 2008;35(7):1943-50. https://doi.org/10.1016/j.jas.2007.12.005

Warinner C, Hendy J, Speller C, Cappellini E, Fischer R, Trachsel C, et al. Direct evidence of milk consumption from ancient human dental calcu-
lus. Sci Rep. 2014;4:7104. https://doi.org/10.1038/srep07104 PMID: 25429530

PLOS One | https://doi.org/10.1371/journal.pone.0338448 January 14, 2026 22/25



https://doi.org/10.1016/j.jasrep.2023.104024
https://doi.org/10.1016/j.jasrep.2023.104024
https://doi.org/10.1111/j.1469-7580.2008.01010.x
https://doi.org/10.1111/j.1469-7580.2008.01010.x
http://www.ncbi.nlm.nih.gov/pubmed/19166472
https://doi.org/10.1177/0748730412442830
http://www.ncbi.nlm.nih.gov/pubmed/22653892
https://doi.org/10.1016/j.bone.2013.02.011
https://doi.org/10.1016/j.bone.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23486183
https://doi.org/10.1002/ajpa.1330860209
https://doi.org/10.1002/ajpa.1330330506
https://doi.org/10.1002/ajpa.20822
http://www.ncbi.nlm.nih.gov/pubmed/18350581
https://doi.org/10.1016/j.archoralbio.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18589400
https://doi.org/10.1353/hub.2011.a465107
https://doi.org/10.1016/j.archoralbio.2025.106335
http://www.ncbi.nlm.nih.gov/pubmed/40543249
https://doi.org/10.1002/ajpa.24156
http://www.ncbi.nlm.nih.gov/pubmed/33017861
https://doi.org/10.1016/j.jas.2019.01.007
https://doi.org/10.1038/s41467-024-51150-x
http://www.ncbi.nlm.nih.gov/pubmed/39304646
https://doi.org/10.1038/s41598-021-02804-z
https://doi.org/10.1038/s41598-021-02804-z
http://www.ncbi.nlm.nih.gov/pubmed/34907203
https://doi.org/10.1038/s41598-017-09773-2
http://www.ncbi.nlm.nih.gov/pubmed/28842603
https://doi.org/10.1016/j.archoralbio.2023.105635
http://www.ncbi.nlm.nih.gov/pubmed/36764086
https://doi.org/10.1038/s42003-020-01372-8
http://www.ncbi.nlm.nih.gov/pubmed/33159107
https://doi.org/10.1002/ajhb.23163
http://www.ncbi.nlm.nih.gov/pubmed/30129288
https://doi.org/10.1098/rspb.2006.3583
https://doi.org/10.1098/rspb.2006.3583
http://www.ncbi.nlm.nih.gov/pubmed/17015331
https://doi.org/10.1073/pnas.1603477113
http://www.ncbi.nlm.nih.gov/pubmed/27573829
https://doi.org/10.1128/MMBR.62.1.71-109.1998
https://doi.org/10.1128/MMBR.62.1.71-109.1998
http://www.ncbi.nlm.nih.gov/pubmed/9529888
https://doi.org/10.1016/j.jas.2007.12.005
https://doi.org/10.1038/srep07104
http://www.ncbi.nlm.nih.gov/pubmed/25429530

PLO\Sﬁ\\.- One

56.

57.

58.

59.

60.

61.

62.
63.
64.
65.

66.
67.
68.
69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Hendy J, Warinner C, Bouwman A, Collins MJ, Fiddyment S, Fischer R, et al. Proteomic evidence of dietary sources in ancient dental calculus.
Proc Biol Sci. 2018;285(1883):20180977. https://doi.org/10.1098/rspb.2018.0977 PMID: 30051838

Quagliariello A, Modi A, Innocenti G, Zaro V, Conati Barbaro C, Ronchitelli A, et al. Ancient oral microbiomes support gradual Neolithic dietary shifts
towards agriculture. Nat Commun. 2022;13(1):6927. https://doi.org/10.1038/s41467-022-34416-0 PMID: 36414613

Ottoni C, Guellil M, Ozga AT, Stone AC, Kersten O, Bramanti B, et al. Metagenomic analysis of dental calculus in ancient Egyptian baboons. Sci
Rep. 2019;9(1):19637. https://doi.org/10.1038/s41598-019-56074-x PMID: 31873124

Hardy K, Buckley S, Collins MJ, Estalrrich A, Brothwell D, Copeland L, et al. Neanderthal medics? Evidence for food, cooking, and medicinal plants
entrapped in dental calculus. Naturwissenschaften. 2012;99(8):617—26. https://doi.org/10.1007/s00114-012-0942-0 PMID: 22806252

Buck LT, Stringer CB. Having the stomach for it: a contribution to Neanderthal diets?. Quaternary Science Reviews. 2014;96:161-7. https://doi.
org/10.1016/j.quascirev.2013.09.003

Lovejoy CO. Dental wear in the Libben population: its functional pattern and role in the determination of adult skeletal age at death. Am J Phys
Anthropol. 1985;68(1):47-56. https://doi.org/10.1002/ajpa.1330680105 PMID: 4061601

Buikstra JE, Ubelaker DH. Standards for Data Collection from Human Skeletal Remains. 1994.
White TD, Folkens PA. The human bone manual. Elsevier. 2005.
Ferembach D. Recomendations for age and sex diagnosis of skeletons. Journal of Human Evolution. 1980;9:517—49.

AlQahtani SJ, Hector MP, Liversidge HM. Brief communication: The London atlas of human tooth development and eruption. Am J Phys Anthropol.
2010;142(3):481-90. https://doi.org/10.1002/ajpa.21258 PMID: 20310064

Brothwell DR. Digging up bones: the excavation, treatment, and study of human skeletal remains. Cornell University Press. 1981.

Cinquantaquattro T, Pellegrino C. Southern Campania. Etruscology. 2017;1:1359-94.

Pellegrino C, Rossi A. Citta e campagna nell’Agro Picentino: (Gli scavi dell'autostrada 2001-2006). 2011.

Peroni R. Variazioni sul tema del concetto di ‘Villanoviano’ applicato alla Campania. La presenza etrusca nella Campania meridionale: Atti delle
giornate di studio Salerno-Pontecagnano. 1990:37—48.

Sperduti A, d’Agostino B, Gastaldi P, Faiella |, Fiore |, Pellegrino C, et al. When Children Mark the Change: Funerary Rituals and Socio-
Demographic Dynamics in Pontecagnano (Salerno, Campania) between the 9th and 5th Centuries BCE. Childhood in the Past. 2021;14(2):125—
44. https://doi.org/10.1080/17585716.2021.1956052

de Natale S, d’Agostino B, Gastaldi P. La necropoli del Picentino. Tombe della Prima Eta del Ferro dalla proprieta Colucci/Serenella De Natale.
d’Agostino B, Gastaldi P, editors. Naples: Centre Jean Bérard. 2016.

Pellegrino C. Gli etruschi del golfo di Salerno: scambi, relazioni, fenomeni di mobilita e integrazione dalla fase villanoviana alla sannitizzazione.
Mondadori Electa spa. 2019.

Pellegrino C, Petta V. Dalla citta «etrusca» ai Sanniti. Le dinamiche della trasformazione a Pontecagnano tra V e IV secolo aC. L'eta delle trasfor-
mazioni L'ltalia medio-adriatica tra il V e il IV secolo aC Nuovi modelli di autorappresentazione delle comunita a confronto e temi di cultura materi-
ale. Edizioni Quasar di S. Tognon srl. 2020:81-115.

Fiorenza L, Benazzi S, Kullmer O. Morphology, wear and 3D digital surface models: materials and techniques to create high-resolution replicas of
teeth. J Anthropol Sci. 2009;87:211-8. PMID: 19663176

Esposito C, Higgins OA, Galbusera A, Gigante M, Lugli F, Muller W, et al. NOthing goes to WAste (NOWA): A protocol to optimise sampling of
ancient teeth. Journal of Archaeological Science. 2024;171:106087. https://doi.org/10.1016/j.jas.2024.106087

Dean C. Extension rates and growth in tooth height of modern human and fossil hominin canines and molars. Front Oral Biol. 2009;13:68-73.
https://doi.org/10.1159/000242394 PMID: 19828973

Rueden CT, Schindelin J, Hiner MC, DeZonia BE, Walter AE, Arena ET, et al. ImageJ2: ImageJ for the next generation of scientific image data.
BMC Bioinformatics. 2017;18(1):529. https://doi.org/10.1186/s12859-017-1934-z PMID: 29187165

Liversidge H. Crown formation times of the permanent dentition and root extension rate in humans. Aspects of dental biology: Palaeontology,
anthropology and evolution. 1995:267-75.

Mahoney P. Intraspecific variation in M1 enamel development in modern humans: implications for human evolution. J Hum Evol. 2008;55(1):131—
47. https://doi.org/10.1016/j.jhevol.2008.02.004 PMID: 18439653

Reid DJ, Dean MC. Variation in modern human enamel formation times. J Hum Evol. 2006;50(3):329—-46. https://doi.org/10.1016/j.jhe-
v0l.2005.09.003 PMID: 16300817

Reid DJ, Beynon AD, Ramirez Rozzi FV. Histological reconstruction of dental development in four individuals from a medieval site in Picardie,
France. J Hum Evol. 1998;35(4-5):463—77. https://doi.org/10.1006/jhev.1998.0233 PMID: 9774506

Antoine D. Evaluating the periodicity of incremental structures in dental enamel as a means of studying growth in children from past human popula-
tions. United Kingdom: University of London, University College London. 2001.

FitzGerald CM, Saunders SR. Test of histological methods of determining chronology of accentuated striae in deciduous teeth. Am J Phys
Anthropol. 2005;127(3):277-90. https://doi.org/10.1002/ajpa.10442 PMID: 15584065

R Core Team R. R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. 2025.

PLOS One | https:/doi.org/10.1371/journal.pone.0338448 January 14, 2026 23/25



https://doi.org/10.1098/rspb.2018.0977
http://www.ncbi.nlm.nih.gov/pubmed/30051838
https://doi.org/10.1038/s41467-022-34416-0
http://www.ncbi.nlm.nih.gov/pubmed/36414613
https://doi.org/10.1038/s41598-019-56074-x
http://www.ncbi.nlm.nih.gov/pubmed/31873124
https://doi.org/10.1007/s00114-012-0942-0
http://www.ncbi.nlm.nih.gov/pubmed/22806252
https://doi.org/10.1016/j.quascirev.2013.09.003
https://doi.org/10.1016/j.quascirev.2013.09.003
https://doi.org/10.1002/ajpa.1330680105
http://www.ncbi.nlm.nih.gov/pubmed/4061601
https://doi.org/10.1002/ajpa.21258
http://www.ncbi.nlm.nih.gov/pubmed/20310064
https://doi.org/10.1080/17585716.2021.1956052
http://www.ncbi.nlm.nih.gov/pubmed/19663176
https://doi.org/10.1016/j.jas.2024.106087
https://doi.org/10.1159/000242394
http://www.ncbi.nlm.nih.gov/pubmed/19828973
https://doi.org/10.1186/s12859-017-1934-z
http://www.ncbi.nlm.nih.gov/pubmed/29187165
https://doi.org/10.1016/j.jhevol.2008.02.004
http://www.ncbi.nlm.nih.gov/pubmed/18439653
https://doi.org/10.1016/j.jhevol.2005.09.003
https://doi.org/10.1016/j.jhevol.2005.09.003
http://www.ncbi.nlm.nih.gov/pubmed/16300817
https://doi.org/10.1006/jhev.1998.0233
http://www.ncbi.nlm.nih.gov/pubmed/9774506
https://doi.org/10.1002/ajpa.10442
http://www.ncbi.nlm.nih.gov/pubmed/15584065

PLO\Sﬁ\\.- One

85. Sabin S, A Fellows Yates J. Dental Calculus Field-Sampling Protocol (Sabin version) v2. Springer Science and Business Media LLC. 2020.
https://doi.org/10.17504/protocols.io.bgecmtaw

86. Fiorin E, Cristiani E. A protocol for the extraction of microremains from archaeological human dental calculus v1. Springer Science and Business
Media LLC. 2023. https://doi.org/10.17504/protocols.io.3byl4q6r8vo5/v1

87. Pérez Y, Schenck NC. A Unique Code for Each Species of Va Mycorrhizal Fungi. Mycologia. 1990;82(2):256—60. https://doi.org/10.1080/0027551
4.1990.12025872

88. Karthikeyan A, Arunprasad T. Growth response of Pterocarpus santalinus seedlings to native microbial symbionts (arbuscular mycorrhizal fungi
and Rhizobium aegyptiacum) under nursery conditions. J For Res. 2019;32(1):225-31. https://doi.org/10.1007/s11676-019-01072-y

89. Haslam M. The decomposition of starch grains in soils: implications for archaeological residue analyses. Journal of Archaeological Science.
2004;31(12):1715-34. https://doi.org/10.1016/j.jas.2004.05.006

90. Geera BP, Nelson JE, Souza E, Huber KC. Composition and Properties of A- and B-type Starch Granules of Wild-Type, Partial Waxy, and Waxy
Soft Wheat. Cereal Chem. 2006;83(5):551-7. https://doi.org/10.1094/cc-83-0551

91. Stoddard FL. Survey of Starch Particle-Size Distribution in Wheat and Related Species. Cereal Chem. 1999;76(1):145-9. https://doi.org/10.1094/
cchem.1999.76.1.145

92. Yang X, Perry L. Identification of ancient starch grains from the tribe Triticeae in the North China Plain. Journal of Archaeological Science.
2013;40(8):3170-7. https://doi.org/10.1016/j.jas.2013.04.004

93. Henry AG, Brooks AS, Piperno DR. Microfossils in calculus demonstrate consumption of plants and cooked foods in Neanderthal diets (Shanidar
IIl, Irag; Spy | and Il, Belgium). Proc Natl Acad Sci U S A. 2011;108(2):486—91. https://doi.org/10.1073/pnas.1016868108 PMID: 21187393

94. Rousseau P, Halvorson HO, Bulla LA Jr, St Julian G. Germination and outgrowth of single spores of Saccharomyces cerevisiae viewed by scan-
ning electron and phase-contrast microscopy. J Bacteriol. 1972;109(3):1232-8. https://doi.org/10.1128/jb.109.3.1232-1238.1972 PMID: 4551750

95. Coluccio AE, Rodriguez RK, Kernan MJ, Neiman AM. The yeast spore wall enables spores to survive passage through the digestive tract of Dro-
sophila. PLoS One. 2008;3(8):2873. https://doi.org/10.1371/journal.pone.0002873 PMID: 18682732

96. Suomela JA, Vajanto K, Raisanen R. Seeking Nettle Textiles — Utilizing a Combination of Microscopic Methods for Fibre Identification. Studies in
Conservation. 2017;63(7):412—-22. https://doi.org/10.1080/00393630.2017.1410956

97. Goodway M. Fiber Identification in Practice. Journal of the American Institute for Conservation. 1987;26(1):27—44. https://doi.
0org/10.1179/019713687806027933

98. Goodman AH, Brooke Thomas R, Swedlund AC, Armelagos GJ. Biocultural perspectives on stress in prehistoric, historical, and contemporary
population research. Am J Phys Anthropol. 1988;31(S9):169-202. https://doi.org/10.1002/ajpa.1330310509

99. Aris C, Mahoney P, O’'Hara MC, Deter C. Enamel thickness and growth rates in modern human permanent first molars over a 2000 year period in
Britain. Am J Phys Anthropol. 2020;173(1):141-57. https://doi.org/10.1002/ajpa.24026 PMID: 32078160

100. Birch W, Dean MC. A method of calculating human deciduous crown formation times and of estimating the chronological ages of stressful events
occurring during deciduous enamel formation. J Forensic Leg Med. 2014;22:127—44. https://doi.org/10.1016/j.jflm.2013.12.002 PMID: 24485438

101. Skinner M, Goodman AH. Anthropological uses of developmental defects of enamel. Skeletal biology of past peoples: research methods.
1992:153-74.

102. Glezen WP. Effect of maternal antibodies on the infant immune response. Vaccine. 2003;21(24):3389-92. https://doi.org/10.1016/s0264-
410x(03)00339-6 PMID: 12850346

103. Berk L. Child development. Pearson Higher Education AU. 2015.
104. Tagliamonte G. Southern Italy. Etruscology. Walter de Gruyter. 2017:1551-63.
105. Turfa JM. The Etruscan World. Routledge. 2014.

106. Esposito C, Gigante M, Lugli F, Miranda P, Cavazzuti C, Sperduti A, et al. Intense community dynamics in the pre-Roman frontier site of
Fermo (ninth—fifth century BCE, Marche, central Italy) inferred from isotopic data. Scientific Reports. 2023;13(1):3632. https://doi.org/10.1038/
s41598-023-29466-3

107. Riccomi G, Simonit R, Maudet S, Scott E, Lucas M, Giuffra V, et al. Diets, stress, and disease in the Etruscan society: Isotope analysis and
infantile skeletal palaeopathology from Pontecagnano (Campania, southern Italy, 730-580 BCE). PLoS One. 2024;19(5):e0302334. https://doi.
org/10.1371/journal.pone.0302334 PMID: 38748638

108. Shriver-Rice M, Schmidt F. Environmental and Archaeobotanical Studies in Etruscan Archaeology: An Epistemological Overview and Future Con-
siderations of Human—Plant Relationships. Etruscan and Italic Studies. 2022;25(1-2):113—47. https://doi.org/10.1515/etst-2022-0001

109. Trentacoste A. Etruscan Foodways and Demographic Demands: Contextualizing Protohistoric Livestock Husbandry in Northern Italy. Eur j
archaeol. 2016;19(2):279-315. https://doi.org/10.1179/1461957115y.0000000015

110. Trentacoste A, Nieto-Espinet A, Valenzuela-Lamas S. Pre-Roman improvements to agricultural production: Evidence from livestock husbandry in
late prehistoric Italy. PLoS One. 2018;13(12):e0208109. https://doi.org/10.1371/journal.pone.0208109 PMID: 30596652

111. Cocomazzi FL. L'alimentazione degli Etruschi. FLER Moderne Riflessioni su Antiche Questioni. Milano: Centro Stampa Digicopy. 2008:5-31.
112. Pieraccini LC. Food and drink in the Etruscan world. The Etruscan World. Routledge. 2014:812-22.

PLOS One | https://doi.org/10.1371/journal.pone.0338448 January 14, 2026 24125



https://doi.org/10.17504/protocols.io.bqecmtaw
https://doi.org/10.17504/protocols.io.3byl4q6r8vo5/v1
https://doi.org/10.1080/00275514.1990.12025872
https://doi.org/10.1080/00275514.1990.12025872
https://doi.org/10.1007/s11676-019-01072-y
https://doi.org/10.1016/j.jas.2004.05.006
https://doi.org/10.1094/cc-83-0551
https://doi.org/10.1094/cchem.1999.76.1.145
https://doi.org/10.1094/cchem.1999.76.1.145
https://doi.org/10.1016/j.jas.2013.04.004
https://doi.org/10.1073/pnas.1016868108
http://www.ncbi.nlm.nih.gov/pubmed/21187393
https://doi.org/10.1128/jb.109.3.1232-1238.1972
http://www.ncbi.nlm.nih.gov/pubmed/4551750
https://doi.org/10.1371/journal.pone.0002873
http://www.ncbi.nlm.nih.gov/pubmed/18682732
https://doi.org/10.1080/00393630.2017.1410956
https://doi.org/10.1179/019713687806027933
https://doi.org/10.1179/019713687806027933
https://doi.org/10.1002/ajpa.1330310509
https://doi.org/10.1002/ajpa.24026
http://www.ncbi.nlm.nih.gov/pubmed/32078160
https://doi.org/10.1016/j.jflm.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24485438
https://doi.org/10.1016/s0264-410x(03)00339-6
https://doi.org/10.1016/s0264-410x(03)00339-6
http://www.ncbi.nlm.nih.gov/pubmed/12850346
https://doi.org/10.1038/s41598-023-29466-3
https://doi.org/10.1038/s41598-023-29466-3
https://doi.org/10.1371/journal.pone.0302334
https://doi.org/10.1371/journal.pone.0302334
http://www.ncbi.nlm.nih.gov/pubmed/38748638
https://doi.org/10.1515/etst-2022-0001
https://doi.org/10.1179/1461957115y.0000000015
https://doi.org/10.1371/journal.pone.0208109
http://www.ncbi.nlm.nih.gov/pubmed/30596652

PLO\S\% One

113.
114.

115.

116.
117.
118.

Colivicchi F. 14. Banqueting and food. Etruscology. De Gruyter. 2017:207—20. https://doi.org/10.1515/9781934078495-014

Scarabino C, Lubritto C, Proto A, Rubino M, Fiengo G, Marzaioli F, et al. Paleodiet characterisation of an Etrurian population of Pontecagnano
(Italy) by Isotope Ratio Mass Spectrometry (IRMS) and Atomic Absorption Spectrometry (AAS)(#). Isotopes Environ Health Stud. 2006;42(2):151—
8. https://doi.org/10.1080/10256010600672926 PMID: 16707316

Brothwell D. The Macroscopic Dental Pathology of some Earlier Human Populations. Dental Anthropology. Elsevier. 1963:271-88. https://doi.
org/10.1016/b978-0-08-009823-4.50019-7

Hillson S. Dental pathology. Biological anthropology of the human skeleton. 2018:293-333.
Velsko IM, Warinner C. Bioarchaeology of the Human Microbiome. Bl. 2017;1(1-2). https://doi.org/10.5744/bi.2017.1004

Romero A, De Juan J. Intra-and interpopulation human buccal tooth surface microwear analysis: inferences about diet and formation processes.
Anthropologie. 2007;45(1):61-70.

PLOS One | https:/doi.org/10.1371/journal.pone.0338448 January 14, 2026 25/25



https://doi.org/10.1515/9781934078495-014
https://doi.org/10.1080/10256010600672926
http://www.ncbi.nlm.nih.gov/pubmed/16707316
https://doi.org/10.1016/b978-0-08-009823-4.50019-7
https://doi.org/10.1016/b978-0-08-009823-4.50019-7
https://doi.org/10.5744/bi.2017.1004

