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ARTICLE INFO ABSTRACT

Keywords: Objective: Ancient dental calculus (DC) serves as a critical biomolecular repository, preserving dietary and extra-

M_merahzed dental plaque dietary residues related to past health and disease. This review examines DC as a potential ‘One Paleopathology’

gmlr_h resource, highlighting the interconnectedness of past human-animal-environmental health. Through a One
ea

Health lens, it critically assesses current research and opportunities for the next 50 years of study.

Results: By synthesizing the available literature and the current state of the art, we critically evaluate how DC
research bridges paleopathology, bioarchaeology, and modern health sciences, providing a unique lens for
assessing health and disease within ecological and evolutionary contexts. We highlight methodological advances
and limitations, while identifying critical gaps and opportunities for interdisciplinary integration, standardiza-
tion, and forward-looking research to expand the field over the next 50 years.

Conclusions: DC research effectively integrates paleopathology, bioarchaeology, and modern health sciences
enabling the reconstruction of health and disease within ecological and evolutionary contexts and highlights the
interdependence of humans, animals, and the environment.

Significance: From a One Health perspective, dental calculus analysis provides a long-term perspective on in-
teractions among humans, animals, microbes, and environments, informing past and contemporary health
research.

Limitations: Interpretation is constrained by preservation biases, variability in analytical methods, and the
destructive nature of sampling dental calculus.

Further Research: Future investigations should prioritize sustainable sampling, methodological standardization,
and interdisciplinary collaboration. Emerging technologies and integrative approaches will place DC research at
the forefront of ‘One Paleopathology’.

Environmental contaminants
Medical practices
Residue analysis

1. Introduction

The One Health approach is an integrative framework that recog-
nizes health as the outcome of interconnected relationships among
humans, animals, and the environment (WHO, 2025a). Rather than
viewing health solely in terms of the presence or absence of disease, One
Health emphasizes overall well-being, resilience, and adaptation within
complex ecological and social systems. Human health cannot be fully
understood in isolation, as ecological settings, subsistence strategies,

and interactions with other species shape susceptibility and resilience to
disease. By integrating biological, environmental, and cultural evidence,
the One Health framework treats health as a dynamic process shaped by
nutrition, microbial communities, environmental exposures, and social
practices, providing a deeper understanding of how these factors have
shaped human health across time and space (Atlas, 2012; Bertram et al.,
2024; Lerner and Berg, 2015; Pitt and Gunn, 2024; Wang et al., 2024).

In paleopathology, applying a One Health framework enables the
examination of how past populations interacted with their ecosystems,

* Correspondence to: Research Centre for Anthropology and Health, Department of Life Sciences, University of Coimbra, Calgada Martim de Freitas, Coimbra 3000-

456, Portugal.
E-mail address: dulceisabel.almeidaneves@uniromal.it (D. Neves).

https://doi.org/10.1016/j.ijpp.2026.05.001

Received 30 December 2025; Received in revised form 3 May 2026; Accepted 7 May 2026

Available online 16 May 2026

1879-9817/© 2026 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-8796-9652
https://orcid.org/0000-0002-8796-9652
https://orcid.org/0000-0002-0912-2325
https://orcid.org/0000-0002-0912-2325
https://orcid.org/0000-0002-1912-6581
https://orcid.org/0000-0002-1912-6581
mailto:dulceisabel.almeidaneves@uniroma1.it
www.sciencedirect.com/science/journal/18799817
https://www.elsevier.com/locate/ijpp
https://doi.org/10.1016/j.ijpp.2026.05.001
https://doi.org/10.1016/j.ijpp.2026.05.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpp.2026.05.001&domain=pdf
http://creativecommons.org/licenses/by/4.0/

D. Neves et al.

not only in terms of disease emergence and zoonotic transmission but
also through behaviors that shaped overall health outcomes (e.g., diet,
medical treatments), either positively or negatively (Rayfield et al.,
2023; Schug and Buikstra, 2025). This ‘One Paleopathology’, a concept
first introduced by Buikstra et al. (2022), integrates evidence from
multiple fields, including modern medicine and public health, bio-
archaeology, zooarchaeology, and paleoecology, to reconstruct histori-
cal disease dynamics and their impact on human and other animal
populations (Buikstra et al., 2025; Mitchell, 2024; Schug and Buikstra,
2025; Stamer et al., 2026).

While biocultural and ecological approaches have long emphasized
interactions between human biology, culture, and environment, they
have often remained analytically bounded, focusing on human pop-
ulations, specific scales of analysis, or particular categories of evidence
(Buikstra and Beck, 2017; Geller, 2021). In contrast, One Paleopa-
thology advances these traditions by explicitly positioning health as
multi-scalar, cross-species, and dynamically interconnected processes
that combine human, animal, and environmental data within a unified
interpretive framework. This shift is not only integrative in scope but
also conceptual in orientation, since it emphasizes the co-evolution of
hosts, pathogens, and environments, and seeks to link molecular, indi-
vidual, populational, and ecological evidence in a way that allows more
systematic comparison across space and time (Buikstra et al., 2025;
Schug and Buikstra, 2025).

As such, One Paleopathology enables approaches that were not
consistently achievable within earlier frameworks, including the inte-
gration of biomolecular and ecological data across scales, the explicit
incorporation of non-human hosts and zoonotic pathways into re-
constructions of past health, while contributing to the development of
more predictive, comparative models of disease dynamics over deep
time (Buikstra and Bolhofner, 2019; Mitchell, 2024).

The growing momentum and relevance of the integrative One
Paleopathology framework offer a transformative opportunity for the
field by promoting cross-disciplinary and multi-scalar health ap-
proaches, as evidenced by the increasing number of contributions in
recent years (Gomes and Santos, 2026; Jones, 2024; Rayfield et al.,
2023; Urban et al., 2021), driving the continued expansion in scope and
methodological rigor within the field of paleopathology.

Despite its potential, integrating One Health with paleopathology
presents challenges. Paleopathology offers critical historical perspec-
tives on disease evolution, zoonotic transmission, and environmental
influences on health. Yet, its reliance on fragmentary and often degraded
archaeological evidence restricts direct comparisons with modern
epidemiological data (Schug and Buikstra, 2025). Methodological con-
straints, such as the destructive nature of ancient DNA (aDNA) and other
biomolecular analyses, raise ethical and sustainability concerns. Thus,
bridging the two fields requires interdisciplinary collaboration, meth-
odological refinement, and frameworks capable of translating ancient
health data into meaningful insights for modern public health and dis-
ease prevention (Mitchell, 2024; Schug and Buikstra, 2025; Webster
et al., 2016).

The analysis of ancient dental calculus (DC) is a particularly
powerful tool in this context, since DC preserves co-occurring evidence
of human, microbial, animal, and environmental interactions within a
single archive. As a mineralized form of dental plaque, it accumulates
over time and serves as a reservoir for various biomolecules, including
starch, pollen grains, DNA, proteins, and metabolites. Moreover, it may
contain preserved residues from both host and microbial sources, of-
fering valuable information about past health and disease (Fagernas and
Warinner, 2023; Warinner et al., 2014). Through a One Health lens, DC
research illuminates how ancient human health was shaped by in-
teractions with animals, food sources, pathogens, and ecological
changes, providing critical insights into zoonotic transmission, shifts in
pathogenicity, medicinal practices, and broader ecological influences
(D’Agostino et al., 2024; Fagernas and Warinner, 2023; Radini et al.,
2017).
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While early DC research has been strongly focused on dietary
reconstruction, studies addressing disease-related residues remain less
extensive in comparison, although a growing number of contributions
have begun to explore these aspects (e.g., Fiorin et al., 2024, 2019;
Gismondi et al., 2018; Hardy et al., 2012). Similarly, while elements of
integrative thinking are present within the broader literature, explicit
engagement with One Health and One Paleopathology frameworks is
still developing. Given the capacity of DC to preserve biomolecular ev-
idence of human, animal, microbial, and environmental interactions, it
represents a promising archive for more systematic interdisciplinary
synthesis. However, these data streams are still often discussed in a
relatively fragmented manner across different subfields. Strengthening
conceptual integration across these domains would further enhance the
interpretive potential of DC research within broader discussions of past
health and disease.

This review critically synthesizes current research on health-related
residues in ancient DC and frames findings within the One Health
perspective. We evaluate methodological strengths and limitations,
highlight key insights into diet, disease, and medicinal practices, and
consider how DC research bridges paleopathology, bioarchaeology, and
modern health sciences. Unlike previous reviews (e.g., Fagernas and
Warinner, 2023; Forshaw, 2022; Putrino et al., 2024; Radini et al., 2017;
Radini and Nikita, 2023), this paper adopts a One Health framework to
critically evaluate how dental calculus reveals
human-animal-environment interactions, disease dynamics, and me-
dicinal practices, at the same time as highlighting methodological gaps
and future directions for the next 50 years. Beyond assessing its current
potential, we discuss future opportunities and challenges, including the
sustainability of destructive analyses and the integration of DC studies
into predictive, interdisciplinary models of human, animal, and envi-
ronmental health.

2. Ancient dental calculus: a brief summary

DC forms through the mineralization of dental plaque, driven by
interactions between saliva and oral bacteria. Once calcified, it contains
a wide variety of minerals (e.g., apatite, whitlockite) and organic com-
ponents (e.g., proteins, peptides, carbohydrates). The etiology of DC, or
the factors contributing to its formation, is multifaceted and involves
various biological and behavioral influences. Diet and reduced oral
hygiene habits are critical factors as they promote the accumulation of
dental plaque, which mineralizes into DC. Additionally, there are indi-
vidual factors that also play a role in DC formation, such as salivary
composition (e.g., salivary flow rate, pH, and mineral content), oral
microbiome, genetics, age, oral hygiene practices, or health conditions
(Aghanashini et al., 2016; Fagernas and Warinner, 2023; Fons-Badal
et al., 2020; Radini et al., 2017).

Due to its durability and its ability to trap micro-debris, DC serves as
a key biomolecular source, refining archaeological and bio-
anthropological data. Besides the macroscopic examination of DC
(focusing on the quantity and location of calculus deposits on teeth),
other methods have developed to address and identify the residues
trapped in its matrix, such as microscopy (analyzing entrapped debris)
and, more recently, metagenomic and biomolecular (with focus on the
oral microbiome and biomolecular identification) (Forshaw, 2022;
Radini et al., 2017; Radini and Nikita, 2023).

Warinner et al. (2014: 343) recognized it as ‘one of the richest bio-
molecular sources in the archaeological record’. Initially used to
reconstruct diets (e.g., Capasso et al., 2024; Cristiani et al., 2021, 2016),
DC analysis now extends to studying behaviors, such as the use of teeth
as ‘third-hand’ (e.g., Sperduti et al., 2018), self-medication or medical
practices and oral hygiene (e.g., Fiorin et al., 2024, 2026; Hardy et al.,
2012; Radini et al., 2016), or to help trace the evolutionary history of
oral bacteria or detect pathogens that affected past populations (e.g.,
Olsen, 2016; Warinner et al., 2015, 2014). Moreover, its entrapment of
micro-debris offers insights into paleoecology, particularly when other
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forms of environmental evidence, such as macrobotanical remains, are
absent. Beyond individual biographical details, DC provides a broader
perspective on historical living conditions and environmental in-
teractions (e.g., D’Agostino et al., 2024, 2022, 2021; MacKenzie et al.,
2021).

3. Diet and health

Diet is the most extensively studied topic in DC research, yet it is
seldom explicitly linked to health outcomes in past populations, with
some notable exceptions (Buckley et al., 2014; Hardy et al., 2012).
Within a One Health perspective, diet is a central factor shaping human
well-being, disease susceptibility, and ecological interactions. The
World Health Organization highlights that a healthy diet underpins
overall health and disease prevention while also requiring ecological
sustainability (Forde and Decker, 2022; WHO, 2025b).

Ancient dietary reconstruction using bioarchaeological and paleo-
pathological approaches (e.g., stable isotopes, dental paleopathology,
dental microwear) provides essential baseline evidence for dietary
reconstruction and its relationship to health (Buikstra and Beck, 2017;
Larsen, 2015). However, these methods primarily capture broad dietary
patterns rather than fine-grained dietary components. DC adds a com-
plementary dimension by preserving microremains such as starch
granules, pollen, and phytoliths (microscopic silica-rich plant struc-
tures), which reveal the range of consumed foods and access to envi-
ronmental resources (Fagernas and Warinner, 2023; Radini and Nikita,
2023).

Integrating DC studies with paleopathological and bioarchaeological
approaches allows dietary practices to be interpreted not only as sub-
sistence behavior but also as part of broader adaptive strategies linking
environment, food procurement, and health outcomes. Beyond identi-
fying food types, diet-related residues can inform discussions on food
security, zoonotic disease transmission, and environmental sustainabil-
ity in both (pre)historical and modern contexts (Bourbou, 2024; Lewis
etal., 2023; Littleton et al., 2022; Rayfield et al., 2023). For example, the
works of Cristiani et al., (2021); (2016), Gonzalez-Rabanal (2022), and
Gonzalez-Rabanal et al. (2022) have documented the introduction of
new resources or shifts between wild and domesticated resources,
reflecting changes in ecological engagement of prehistoric populations
that may have influenced adaptive strategies to local ecologies, nutri-
tional quality, exposure to pathogens, and long-term physiological
stress.

Another example comes from the works of Hardy et al. (2012), Henry
et al. (2011), and Weyrich et al. (2017) on Neanderthal calculus. The
evidence demonstrated the consumption of plant-based carbohydrates,
including cooked starchy foods, indicating that these populations relied
on a broader and more balanced diet than previously assumed. The in-
clusion of carbohydrate-rich plant foods has important implications for
energy metabolism, nutritional diversity, and overall physiological
resilience, challenging earlier interpretations of predominantly
protein-based diets and highlighting the role of dietary breadth in sup-
porting health.

By explicitly applying a One Health lens, DC research moves beyond
simple dietary reconstruction. It reframes diet as a central interface
through which ecological conditions, subsistence strategies, and bio-
logical outcomes are co-produced in human populations, rather than as
an isolated behavioral variable.

4. Disease and pathogen history

Pathogens leave behind molecular and genetic traces in DC, enabling
paleopathologists to track the deep-time evolution of infectious diseases
and their interactions with human hosts. Ancient DNA (aDNA) retrieved
from DC has provided direct evidence for pathogens that shaped global
history, including Mycobacterium leprae, one of the causative agents of
leprosy (Fotakis et al., 2020; Schuenemann et al., 2018). Such
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discoveries have revolutionized the reconstruction of historical epi-
demics by connecting skeletal, molecular, and contextual evidence,
thereby offering a more comprehensive, dynamic picture of disease
emergence, persistence, and adaptation across human populations.

The recovery of pathogen aDNA from DC demonstrates that this
biomatrix preserves more than dietary or environmental debris. Its
formation in close association with oral microbiota entraps both
commensal and pathogenic species, creating a durable archive of com-
plex microbial assemblages that reflect oral and systemic infection en-
vironments. Analyses of these biomolecular datasets have revealed the
genomic diversity of ancient pathogens, the evolution of virulence fac-
tors, and long-term routes of zoonotic transmission (Ottoni et al., 2021;
Weyrich et al., 2017, 2015). Comparative analyses between ancient and
modern genomes further reveal how pathogens have adapted to shifting
human ecologies, subsistence systems, and population structures
(Putrino et al., 2024; Warinner et al., 2015, 2014).

In some cases, DC also preserves unexpected viral signatures,
expanding the scope of detectable disease processes in paleopathology.
The identification of a human exogenous betaretrovirus (MMTV-like)
contributed to the discussion about its role in breast cancer and sug-
gested possible cross-species viral transmission (Lessi et al., 2020). Thus,
it captured previously unrecognized dimensions of ancient infection
dynamics.

Exceptional cases further illustrate the DC’s intersection of biology
and behavior. Weyrich et al. (2017) identified Enterocytozoon bieneusi, a
known gastrointestinal pathogen, in DC from a Neanderthal individual
from El Sidrén (Spain). The same individual exhibited signs of an oral
abscess and biochemical evidence of self-medication with plant-derived
compounds, suggesting a complex behavioral response to infection. This
exceptional case illustrates the DC’s unique ability to bridge pathogen
biology, human behavior, and ecological context, documenting not only
the presence of pathogens but also human strategies to mitigate them.
Understanding these ancient disease patterns enhances our knowledge
of pathogen ecology, human adaptability, and the long-term conse-
quences of human-animal-environment interactions.

4.1. Oral health and the oral microbiome

Metagenomic analysis of dental calculus provides direct access to
ancient oral microbial communities, offering insight into long-term host-
microbe relationships. These communities are composed of bacteria,
fungi, and viruses that coexisted within the oral cavity and contributed
to both local and systemic health processes. Shifts in microbial diversity
and composition can either strengthen host defenses or, conversely,
increase vulnerability to infections and chronic diseases (Koskella et al.,
2017; Lamont et al., 2018; Warinner et al., 2015, 2014; Weyrich et al.,
2015).

Beyond dietary reconstruction, the oral microbiome offers a unique
lens for exploring the deep-time coevolution of humans and their mi-
crobial symbionts. Studies of DC show that microbial communities have
not been static but evolved alongside cultural, environmental, and
subsistence transitions. By comparing ancient microbiomes with those
of modern humans, researchers have traced the emergence of disease-
associated taxa, antibiotic resistance genes, and metabolic pathways
that underpin both oral and systemic pathologies (Fellows Yates et al.,
2021; Ottoni et al., 2021; Warinner et al., 2015; Weyrich et al., 2017,
2015).

A particularly illustrative example is the transformation of the oral
microbiome across the shift from foraging to agriculture. The work of
Ottoni et al. (2021) demonstrated that the adoption of agriculture and
subsequent industrialization profoundly reduced microbial diversity
while promoting the dominance of cariogenic and periodontal bacteria,
such as Streptococcus mutans and Porphyromonas gingivalis. These
changes correlate with increased rates of dental caries, periodontal
disease, and systemic conditions associated with inflammation. The
decline in microbial diversity reflects a narrowing of dietary breadth and
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the introduction of refined carbohydrates, highlighting the ecological
sensitivity of the human microbiome to diet and cultural innovation.
This transition represents a pivotal moment in human biocultural evo-
lution, linking subsistence shifts, microbial ecology, and health
outcomes.

The oral microbiome, therefore, serves as a model system for un-
derstanding how microbial ecosystems mediate the relationship be-
tween human biology, diet, and environmental change over time. Its
study offers valuable parallels between ancient and modern health
challenges, from infectious diseases to antibiotic resistance (Olsen,
2016; Putrino et al., 2024; Warinner et al., 2015). Looking forward,
combining ancient microbiome data with paleopathological evidence
will enable predictive modeling of disease origin and emergence, mi-
crobial resistance, and host-microbe coevolution, linking deep-time
insights to contemporary One Health challenges and advancing our
understanding of the evolutionary resilience and fragility of human
health systems.

5. Respiratory health, hygiene habits, and public health issues

Dental calculus preserves inhaled and ingested particulate matter,
including soot, pollen, dust, and mineral particles derived from both
natural and anthropogenic environments. These inclusions provide ev-
idence of long-term exposure to airborne contaminants that are often not
detectable in skeletal remains (MacKenzie et al., 2021; Radini et al.,
2017; Radini and Nikita, 2023).

Several occupational activities can produce dust with significant
levels of particulate matter, including stone-working, pottery-making,
food processing, and woodworking (Chow et al., 2006; Inthavong, 2020;
Se et al., 2010). Inhalation of fine particles, particularly those smaller
than 10 micrometers, is associated with increased respiratory risk
because they can reach deep into the lungs (Se et al., 2010; Hardy et al.,
2016). The presence of such particles in DC provides a direct record of
environmental exposure linked to daily activities, habits, and labor
practices, enabling the reconstruction of past respiratory risk, pollutant
burden, and disease susceptibility (Buckley et al., 2021; Hardy et al.,
2016; Neves et al., 2025, 2024; Radini et al., 2017). For instance, the
presence of conifer wood tissue in DC from a Neanderthal at El Sidrén,
Spain, suggests the use of toothpicks, a behavior supported by the
presence of interproximal grooves (Radini et al., 2016). Additionally,
calculus can trap fungal spores, parasites, and other microorganisms,
offering further insight into infections, dietary exposures, and living
conditions (Afonso-Vargas et al., 2015; Fiorin et al., 2023; Juhola et al.,
2019; Neves et al., 2024).

By bridging environmental, behavioral, and medical evidence, cal-
culus provides a tangible link between past human life and the One
Health framework, emphasizing the interconnectedness of human
health, behaviors, and surrounding ecosystems. By examining DC from
ancient populations, we gain valuable perspectives that resonate with
contemporary public health concerns, providing a long-term view of
how humans have interacted with their environments over millennia.
Such insights can illuminate the historical origins of respiratory diseases
linked to air pollution, the evolution of oral hygiene behaviors, and the
cumulative impact of environmental exposures on health (e.g., the
burden of respiratory irritants). Understanding these patterns informs
contemporary public health strategies by contextualizing modern chal-
lenges in air quality, infection control, and occupational health.

6. Medicinal practices and drug use

Dental calculus preserves molecular traces of plant-based and phar-
macologically active compounds used in past medicinal practices. These
include bioactive molecules derived from herbs, resins, and naturally
occurring drugs, providing direct evidence of therapeutic behaviors
(Cristiani et al., 2025; Fiorin et al., 2026, 2024, 2022, 2019; Hardy et al.,
2012). These discoveries allow for the reconstruction of ancient
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medicinal knowledge, highlighting how humans have long harnessed
natural substances for healing, pain relief, and disease management.

Archaeological, historical, and anthropological evidence from
diverse sources, such as material culture, osteological studies, archae-
obotanical analyses, and textual references, has long suggested that
ancient peoples used plant-based remedies. Recent detection of medic-
inal plants and drug-related residues entrapped in DC provides a direct
molecular corroboration, further substantiating long-held hypotheses
about early medicinal practices and the complex use of natural resources
by ancient people (Allende and Samplonius, 2022; Fiorin et al., 2024,
2019; Gismondi et al., 2020, 2018; Hardy et al., 2012; Weyrich et al.,
2017). These findings mark a significant advance in paleopathology and
molecular archaeology, as they enable researchers to identify the spe-
cific plants, bioactive compounds, and even the pharmacological pur-
poses involved in ancient therapies.

The identification of the medicinal use of psychotropic substances in
DC dates back to 1999 with the presentation of a pioneer case-study at
the II Congrés del Neolitic a la Peninsula lberica (Valencia, Spain).
Through a multi-pronged approach to DC—which combined light mi-
croscopy, scanning electron microscopy, radioimmunoassay, and gas
chromatography/mass spectrometry—Juan-Tresseras and Villalba
(1999) identified the use of opium poppy (Papaver somniferum L.) by a
male individual buried in the Neolithic site of Can Tintorer (Gava,
Barcelona). As the individual (male, ~30 y) presented signs of an
antemortem double trepanation, the authors interpreted the possible
application of the opium poppy in surgical practices due to its narcotic,
analgesic, and sedative properties.

More recent research continues to strengthen the link between DC
and ancient pharmacology. Fiorin et al. (2024) identified biomolecular
residues consistent with ginger (Zingiber officinale) in medieval in-
dividuals afflicted with leprosy, providing molecular support for its
documented use in historical medical manuscripts as a treatment for this
condition. Similarly, other studies have detected residues of antimicro-
bial and anti-inflammatory plants, such as chamomile (Matricaria cha-
momilla) and yarrow (Achillea millefolium), highlighting the persistent
reliance on phytotherapeutic compounds in premodern societies
(Gismondi et al., 2020; Fiorin et al., 2019).

The analysis of drug entrapment in DC remains a developing field
(Guerra-Doce, 2015), but it has already yielded significant insights into
both historical and forensic contexts. Sgrensen et al. (2021) demon-
strated that DC can preserve traces of various pharmacological and
psychoactive substances, including opioids, cannabinoids, cocaine, and
nicotine. Their identification is particularly relevant for forensic cases,
yet it also offers new opportunities to study substance use over time. In
archaeological contexts, such findings can reveal individual behaviors
or social practices, such as tobacco consumption in early colonial North
America (Eerkens et al., 2018), while in modern forensic cases, they may
assist in reconstructing drug exposure histories (Sgrensen et al., 2021).

Beyond psychoactive or medicinal compounds, DC can also accu-
mulate heavy metals and other inorganic residues, which can reflect
both toxic exposures and therapeutic applications. Charlier et al. (2010)
and Zhang et al. (2019) detected cadmium in DC from modern pop-
ulations, linking its presence to smoking and betel-quid che-
wing—behaviors associated with elevated cancer risk. In other cases,
heavy metal detection reveals past medical practices: mercury, a known
antimicrobial but toxic element, was found in the DC of medieval in-
dividuals affected by leprosy, aligning with historical documentation of
mercury-based treatments (Fiorin et al., 2026, 2022).

These findings demonstrate that therapeutic practices were
embedded within broader ecological and cultural systems, where heal-
ing, toxicity, and environmental exposure were closely interconnected.
More than documenting therapeutics, disease management, and unin-
tended consequences of medical and environmental interactions, DC
research can add to long-term assessments of the use and efficacy of
traditional medicines while also highlighting potential pathways for
modern pharmacological research grounded in ethnobotanical heritage.
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7. Sustainability and limitations of dental calculus research

Sustainability in archaeological and anthropological research often
involves the use of destructive methods on bioarchaeological remains,
including dental calculus. Although DC is sometimes treated as a sec-
ondary deposit (ectopic growth) rather than primary skeletal tissue
(MacKenzie et al., 2021; Mackie et al., 2017b; Radini and Nikita, 2023),
it nevertheless derives from human remains and therefore should fall
within broader ethical frameworks governing the destructive analysis of
archaeological human-derived materials, including principles of respect,
proportionality, and minimization of sampling.

One of the key advantages of studying DC is its long-term preserva-
tion. Due to its high mineralization, it can store and preserve diverse
micro-debris in a process similar to ‘fossilization’, making it a reliable
source of ancient organic and inorganic data even when other materials,
like macro botanical remains, have deteriorated (MacKenzie et al., 2021;
Radini et al., 2017). Indicative of its preservation potential is the fact
that calculus has been found on teeth from Miocene hominids, as the
Sivapithecus specimen dated between 12 and 8 million years ago
(Hershkovitz et al., 1997), and hominins (Blumenschine et al., 2003;
Henry et al., 2014, 2011; Radini et al., 2016; Weyrich et al., 2017).

Additionally, DC analysis is methodologically efficient. The high
concentration of entrapped microdebris allows for meaningful analyses
using very small sample sizes (often less than 50 mg), and calculus is
frequently present on multiple teeth or in substantial quantities within a
single individual. This enables targeted, minimally destructive sampling
strategies that preserve unsampled material for future research. In this
sense, DC sampling can—and should—be designed with long-term
conservation of archaeological material in mind.

Despite these advantages, DC research does not eliminate broader
sustainability challenges in archaeological science. The destructive na-
ture of analysis requires careful consideration of sampling intensity,
long-term preservation, and cumulative impacts across collections. As
analytical techniques continue to develop, preserving material for future
research remains essential (Mackie et al., 2017b). Although DC is often
treated as a secondary deposit rather than primary skeletal tissue, we
argue that it remains part of human-derived archaeological material and
should therefore be subject to the same ethical principles governing
destructive analysis, including minimization of sampling and long-term
preservation considerations.

A further limitation concerns methodological standardization.
Despite rapid growth in the field, DC research still lacks consistency
across key analytical stages, including sample selection, decontamina-
tion, and decalcification protocols (as discussed in Gancz et al., 2023).
This variability affects comparability and reproducibility, as differences
in workflows can influence recovered biomolecular signatures and
therefore downstream interpretations.

Methodological variability is compounded by contamination and
selective preservation processes operating across the full chaine
opératoire. Contamination may be introduced during burial (soil chem-
istry, groundwater, microbial activity), excavation (handling and re-
covery), curation (storage and conservation), and laboratory analysis
(reagents and procedures), particularly where protocols are not fully
standardized. In parallel, DC is subject to inclusion bias, as its mineral
matrix preferentially preserves chemically stable biomolecules while
more labile components are underrepresented or lost. Together, these
processes mean that DC represents a filtered and partially altered
archive, shaped by both post-depositional processes and analytical
constraints.

These factors introduce interpretative uncertainty. Observed varia-
tion in diet, microbiota, or pathogen presence may reflect not only
biological and environmental differences, but also methodological
choices and/or preservation bias. This limits cross-site comparability
and constrains the development of large-scale synthetic datasets
(Fagernas and Warinner, 2023; Mann et al., 2023).

Because it preserves a selective and temporally compressed record,
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detected signals reflect preservation and detectability rather than their
relative importance in past behavior or health. Co-occurring residues
cannot be assumed to be functionally or causally related, as they may
represent independent exposures. Moreover, the pathways by which
debris becomes incorporated into dental calculus are not always un-
ambiguous, making it difficult to distinguish between dietary, medici-
nal, environmental, or incidental ingestion, for example. This temporal
and compositional compression increases the risk of conflating short-
term events with broader behavioral or ecological patterns, requiring
careful interpretation supported by independent lines of evidence.

From a sustainability perspective, methodological heterogeneity and
interpretative uncertainty can also lead to redundant or non-comparable
destructive sampling, reducing the long-term value of finite archaeo-
logical material. Addressing these challenges requires both methodo-
logical standardization and flexible best-practice frameworks that
accommodate disciplinary diversity. Emerging models from aDNA and
proteomics offer useful precedents, particularly in reporting standards,
quality control metrics, and transparent methodological documentation
(Bender et al., 2022; Chocholova et al., 2023; Fagernas et al., 2020;
Farrer et al., 2021; Mackie et al., 2017a).

In the context of DC research, minimum reporting standards for
sampling, decontamination, and analytical workflows would signifi-
cantly improve comparability without limiting methodological innova-
tion. Cross-laboratory validation, shared reference materials, and open
data practices would further enhance reproducibility and enable meta-
analytical integration. Collectively, these measures would strengthen
methodological consistency and improve the long-term sustainability of
destructive sampling by maximizing interpretative value.

Taken together, dental calculus represents a high-value but finite
archaeological resource whose scientific potential depends on careful
ethical sampling, methodological standardization, and interpretative
caution. Therefore, its effective use requires balancing analytical gain
with long-term preservation, ensuring that its contribution to recon-
structing past health and human-environment interactions remains
robust, comparable, and sustainable over time.

8. Final considerations: the future of paleopathology

As outlined in the introduction, One Paleopathology has emerged as
an increasingly relevant framework for interpreting health in deep time,
although its application across different lines of archaeological bio-
molecular evidence remains uneven. Within this context, DC research
has contributed substantially to reconstructing aspects of diet, disease,
microbiomes, and environmental exposure, but these contributions are
not always synthesized within a unified conceptual framework. This
review builds on existing work by bringing these strands together
through an explicit One Health and One Paleopathology perspective,
offering a structured synthesis across multiple domains of DC research.
Rather than proposing a fundamentally new direction, this article con-
solidates and reframes existing evidence in a way that highlights shared
patterns across biological, environmental, and cultural dimensions of
health. In doing so, it provides a foundation for future work that may
further integrate DC data within broader comparative and interdisci-
plinary approaches to past, present, and future health.

Taken together, evidence from DC demonstrates that human health
in the past was shaped by tightly interconnected biological, environ-
mental, and cultural factors. Diet, pathogen exposure, oral microbial
dynamics, respiratory irritants, hygiene practices, and medicinal or
pharmacological interventions were not isolated phenomena but part of
an integrated ecological system in which humans, animals, and the
environment continuously interacted. As a result, researchers can
explore the complex web of health determinants that influenced resil-
ience, susceptibility, and adaptation across past populations.

Within a One Health perspective, DC offers a way of tracing the co-
evolution of humans, microbes, and environmental exposures over
time. By preserving biomolecular evidence of these interactions, it
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enables long-term perspectives on disease dynamics, ecological change,
and human behavior that are difficult to access through other archae-
ological materials. These insights not only refine reconstructions of past
lifeways but also contribute to broader discussions of disease emer-
gence, antimicrobial resistance, and the ecological determinants of
health.

At the same time, the growing body of DC research has not always
been explicitly integrated within broader conceptual frameworks. This
review has addressed this gap by synthesizing existing evidence through
a One Health and One Paleopathology perspective, demonstrating how
diverse lines of data can be brought together within a shared analytical
framework. In this sense, the contribution of this study lies not in
introducing entirely new data but in clarifying how existing evidence
can be more effectively integrated to advance comparative and inter-
disciplinary approaches to health across deep time.

As we continue to uncover the secrets hidden within ancient DC, we
gain not only a deeper appreciation of our evolutionary past but also
knowledge that can directly inform contemporary medicine, global and
public health initiatives, and sustainability strategies. Studying the past
equips us to navigate the future more effectively, anticipating emerging
diseases, tracking the evolution of antimicrobial resistance, and under-
standing the shifting relationships among humans, their microbiomes,
and the broader environment. The insights gained from ancient DC
highlight the power of interdisciplinary research and demonstrate how
lessons from history can actively shape a healthier future.

Technological advances—ranging from high-resolution microscopy
and metagenomic sequencing to proteomics and metabolomics—will
continue to refine our understanding of microbial evolution, pathogen-
host interactions, and dietary and medicinal adaptations over millennia.
These tools enable predictive, cross-scale analyses that connect deep-
time biological, ecological, and cultural processes to contemporary
health and environmental challenges. DC preserves aDNA, proteins,
metabolites, and environmental residues, providing a nuanced window
into health, disease, and behavioral practices that skeletal analysis alone
cannot capture.

Looking forward, continued advances in analytical techni-
ques—including metagenomics, proteomics, and metab-
olomics—combined with improved methodological standardization and
collaborative research frameworks, will further enhance the interpretive
power of DC. These developments will support more robust, cross-scale
analyses linking biological, ecological, and cultural processes, and will
facilitate the integration of archaeological data into broader discussions
of global and public health.

Future research should embrace sustainable, multi-site, and multi-
omic studies, standardize methodologies, and foster interdisciplinary
collaboration to unlock the full potential of dental calculus. In doing so,
DC will not simply illuminate the past; it will actively guide the next 50
years of paleopathology, transforming our understanding of human-
animal-environment interactions, the origins of disease, and the evolu-
tionary trajectories that continue to shape health today, and connecting
ancient insights to modern health, ecology, and public health strategies.
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