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Chapter 6
The Potential of Dental Calculus as a Novel 
Source of Biological Isotopic Data

Domingo C. Salazar-García, Christina Warinner, Jelmer W. Eerkens, 
and Amanda G. Henry

Abstract Stable isotope analysis has become an essential tool in investigations of 
ancient migration and paleodietary reconstruction. Because the biogeochemistry of 
bone collagen and apatite is well known, current methods rely almost exclusively on 
analyses of bones and teeth; however, dental calculus represents a potentially addi-
tional biological source of isotopic data from ancient skeletons. Dental calculus is a 
mineralized bacterial biofilm that forms on the surfaces of teeth. Sampling dental 
calculus does not damage the dentition and thus can be used in cases where it is not 
possible to perform destructive analyses of conventional mineralized tissues. Like 
bone and dentine, dental calculus contains both inorganic and organic components, 
allowing measurement of C, N, O, H, and Sr isotopes. Additionally, dental calculus 
forms as serial, non-remodeling laminar accretions on the tooth surface, opening up 
the possibility of analyzing discrete time points during the lifetime of an individual. 
However, as a microbial biofilm and not a human tissue, the biochemistry of dental 
calculus is complex, containing multiple calcium phosphate mineral phases, organic 
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and inorganic food remains, hundreds of human and bacterial proteins, and diverse 
biomolecules from thousands of endogenous bacterial taxa. Isotopic investigation 
of dental calculus is still in its infancy, and many questions remain regarding its 
formation and processes of diagenesis. This chapter (1) reviews the unique advan-
tages presented by dental calculus as a novel source of biological isotopic data, (2) 
critically evaluates published isotopic studies of dental calculus, and (3) explores 
the current challenges of dental calculus stable isotope analysis through a case study 
of an Ancient Puebloan Basketmaker II population from the American Southwest.

Keywords Dental calculus · Dietary reconstruction · Carbon stable isotopes · 
Nitrogen stable isotopes · Oral microbiome

6.1  Introduction

Dental calculus is a long-term reservoir of dietary information in the archaeological 
record. Microscopic investigation of plant microremains (e.g., phytoliths and starch 
grains) preserved within dental calculus is now a well-established and powerful 
approach for reconstructing the use and consumption of plants by ancient peoples 
(Power et al., 2014, 2015a). This direct approach has broadened our understanding 
of the plant consumption and subsistence ecology of archaic hominins (Henry et al., 
2011, 2012; Power et al., 2015b; Salazar-Garcia et al., 2013), as well as more recent 
human populations in geographic locations as varied as Oceania (Dudgeon & 
Tromp, 2012), the Caribbean (Mickleburgh & Pagan-Jimenez, 2012), Africa 
(Leonard et al., 2015) and Europe (Warinner et al., 2014a).

In parallel to this approach, the recent discovery that ancient biomolecules, such 
as DNA, proteins, and alkaloids, also preserve within dental calculus has provided 
valuable and novel information on the diet, health, and behavior of past populations. 
Genetic investigations of medieval German dental calculus have detected trace 
amounts of preserved dietary DNA from both plant and animal food resources 
(Warinner et al., 2014a), and recent proteomic investigations of prehistoric European 
and northern Southwest Asian human dental calculus have identified beta- 
lactoglobulin, a diagnostic and species-specific milk protein that attests to the 
expansion of cattle, sheep, and goat dairying economies since the Bronze Age 
(Warinner et al., 2014b). Moreover, both genetic and proteomic approaches allow 
reconstruction of the native bacterial communities of the oral cavity, the oral micro-
biome, which provides additional useful information for understanding the health 
status of ancient populations (Adler et al., 2013; Eerkens et al., 2018a; Warinner 
et al., 2014a). Recent analyses show that nicotine, and perhaps other alkaloids, can 
also preserve in calculus over archaeological time scales, providing additional 
information on health and human behaviour (Eerkens et al., 2018b).

Recently, it has been proposed that dental calculus might also serve as a  
suitable substrate for isotopic investigations, including carbon and nitrogen stable 
isotope- based paleodietary inference (Scott et al., 2013; Scott & Poulson, 2012). 
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However, subsequent studies have found that interpretation of isotopic values 
obtained from dental calculus is far from straightforward (Eerkens et  al., 2014; 
Price et al., 2018; Salazar-García et al., 2014a). In this chapter we review the basic 
biology of dental calculus, discuss sampling considerations and the suitability of 
dental calculus as a substrate for isotopic measurement, and explore both the poten-
tial benefits and challenges associated with utilizing dental calculus as an alternative 
to collagen in stable isotope-based paleodietary models. We then present a case 
study comparing isotopic data generated from bone collagen, bone apatite, and den-
tal calculus from the maize farming Ancient Puebloan Basketmaker II culture of the 
American Southwest.

6.2  Composition of Dental Calculus

6.2.1  Formation of Dental Calculus

What exactly is dental calculus (Fig. 6.1)? In brief, dental calculus is dental plaque 
that has undergone a process of in vivo mineralization and semi-fossilization (Jepsen 
et  al., 2011; Jin & Yip, 2002; Lieverse, 1999; Schroeder, 1969; Warinner et  al., 
2015a). Within the oral cavity, saliva is saturated in calcium phosphate in order to 
prevent the dissolution of the teeth during consumption of acidic foods. Saliva also 
contains a number of proteins that are capable of binding to the surface of enamel in 
order to form a protective barrier against dietary acids, known as the acquired 
enamel pellicle (AEP) (Yao et al., 2003). The AEP, however, also serves as a binding 
site for oral bacteria, which colonize the dentition and form a complex and struc-
tured microbial biofilm known as dental plaque (Zijnge et al., 2010).

Dead cells and complex biomolecules within dental plaque are thought to serve 
as nucleation centers for spontaneous mineral formation (Jin & Yip, 2002; White, 
1997), and as a result the dental plaque biofilm undergoes periodic calcification 
events during which salivary calcium phosphate precipitates in the dental plaque 
matrix, eventually mineralizing the biofilm. This is then followed by the reforma-
tion of an AEP on the surface of the calcified plaque and the reestablishment of a 
new dental plaque biofilm. This process repeats many times during the lifetime of 
an individual, resulting in temporally ordered layers of calcified dental plaque, or 
dental calculus (Schroeder, 1969). These layers, which are typically 20–200 μm 
thick, are visible under both light and electron microscopy (Power et  al., 2014; 
Warinner et al., 2014a). The rate of dental calculus formation varies by individual 
and is believed to depend on several factors, including host genetic variation affect-
ing salivary content (Nancollas & Johnsson, 1994), as well as age, sex, disease state, 
and bacterial load of the individual (Nancollas & Johnsson, 1994; White, 1997). 
Diet may also influence dental calculus formation by altering oral pH either directly 
(e.g., dietary acids) or indirectly (e.g., acidic bacterial end products of metabolism). 
Among these dietary components, acidogenic sugars are thought to reduce dental 
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Fig. 6.1 Dental calculus deposits on archaeological human teeth. Dental calculus accumulation 
may be (a) small and localized or (b) massive and generalized. At a microscopic level, food par-
ticles such as (c) starch granules and (d) whole bacterial cells may be observed within dental cal-
culus. At a molecular level, DNA and proteins (e, f) from a wide variety of sources have identified, 
including from bacteria, from the host, and from dietary sources. For example, mass spectra of 
peptides unique to the milk protein beta-lactoglobulin (e) have been identified within dental calcu-
lus from Norse Greenland, and the gingipain virulence factor produced by the periodontal patho-
gen Porphyromonas gingivalis has been identified within medieval German dental calculus on the 
basis of both protein and (f) DNA sequence evidence
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calculus formation, while urea-generating animal tissues are thought to promote it 
(Jin & Yip, 2002; Lieverse, 1999; Scheie, 1994).

Understanding the gradual and incremental formation of dental calculus is 
important for archaeologists because it is during this process that food particles, 
bacteria, human proteins, and other minor constituents and debris become trapped 
in the mineralizing dental plaque matrix. It is this mineralization process that is key 
to the long-term preservation of both organic and inorganic microremains within 
dental calculus.

6.2.2  Mineral Composition of Dental Calculus

Scanning electron microscopy analysis coupled with energy-dispersive X-ray spec-
troscopy (SEM-EDX) of modern and ancient dental calculus (Power et al., 2014) 
indicates that its elemental constituents are very similar to enamel, dentine, and 
bone, containing a high percentage of calcium and phosphate, but also several other 
elements including carbon (mainly in carbonate-based minerals). Major elemental 
components of calculus are calcium, phosphorous and oxygen, and important minor 
components include carbon, sulphur, iron, silicon, sodium, aluminium, magnesium 
and chlorine (Fig. 6.2). Strontium is also present in trace, but measurable, quantities 
(M.J. Collins, personal communication).

Spatial analysis of dental calculus in cross-section using SEM-EDX has also 
revealed that calcium is densely and uniformly distributed throughout dental calcu-
lus, while silicon (an elemental marker of major soil components such as quartz and 
clays) is limited to the external surface of dental calculus and exhibits little penetra-
tion into the calculus matrix beyond minor infilling of surface cracks (Warinner 
et al., 2014a). One notable exception to this pattern occurs when silaceous micro-
fossils of biological origin (e.g., phytoliths and diatoms) become embedded within 
dental calculus, appearing as spatially discrete inclusions of silicon within the pri-
marily calcium phosphate matrix.

Mineralogical analysis using Raman spectroscopy has confirmed that dental cal-
culus is highly distinct from surrounding burial soils, which are dominated in differ-
ent degrees by various clay minerals (alumina-silicates), calcium carbonate (CaCO3) 
and quartz (SiO2) (Warinner et al., 2014a). The inorganic portion of both modern 
and ancient dental calculus is composed almost entirely of calcium phosphate min-
eral present in the mineralogical phases of hydroxyapatite (HA: Ca5(PO4)3(OH)) 
and octacalcium phosphate (OCP: Ca8H2(PO4)6•5H2O) (Jepsen et al., 2011; Warinner 
et al., 2014a). Both HA and OCP are important in the formation and repair of min-
eralized biological tissues. HA is the predominant phase of calcium phosphate 
found in mature bone, dentine, and enamel, and OCP is primarily found in imma-
ture bone and dentine, as well as in regions of saliva-mediated enamel repair. Minor 
components of brushite (CaHPO4•2H2O) and whitlockite (Ca9(MgFe)(PO4)6PO3OH) 
have also been shown to be present in both modern and ancient dental calculus 
using other methods (Jepsen et al., 2011; Schroeder, 1969).

6 The Potential of Dental Calculus as a Novel Source of Biological Isotopic Data
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Fig. 6.2 Highly abundant 
elements within 
archaeological dental 
calculus as measured by 
SEM-EDX. The most 
abundant elements are 
oxygen, phosphorous, and 
calcium, which is 
consistent with calcium 
phosphate mineral. (Figure 
adapted from Power et al., 
2014)

Finally, analysis of archaeological teeth in cross section using scanning electron 
microscopy (SEM) with backscattered electron (BSE) imaging allows taphonomic 
processes, such as mineral decalcification and reprecipitation, to be observed and 
described. In a recent investigation of a 900-year-old mandibular incisor from west-
ern Germany (Warinner et al., 2014a), it was found that taphonomic evidence for 
postmortem decomposition and decay was greatest in cementum and in the dentine 
immediately surrounding the pulp cavity. Here, zones of hypomineralization and 
hypermineralization were clearly visible in association with non-calcified (possibly 
vital) bacterial cells, microbial tunnelling, and tissue decay. Subsequent genetic 
testing of these tissues revealed that they were dominated by bacterial DNA of envi-
ronmental origin resembling the microbial communities found in soils, leaf litter, 
and lakes (Warinner et al., 2014a). By contrast, dental calculus from the same tooth 
showed little evidence of altered mineral density or other taphonomic processes, 
and DNA extracted from these deposits was consistent with bacterial communities 
typical of the human oral microbiome (Warinner et al., 2014a).

Taken together, elemental and mineralogical analyses suggest that dental calcu-
lus preserves well in archaeological contexts and is highly distinct from the sur-
rounding burial matrix. There is now little doubt that dental calculus represents a 
fourth reliably preserved mineralized tissue in the archaeological record, in addition 
to enamel, dentine, and bone. Moreover, the growing body of evidence that dental 
calculus may be more mineralogically stable than dentine offers renewed opportuni-
ties for trace element and/or strontium isotopic investigations of archaeological 
skeletal assemblages, something that has not been recommended for dentine or 
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bone because of strong diagenetic alteration (Ostwald ripening) observed in these 
tissues (Hinz & Kohn, 2010; Trueman et al., 2004).

Nevertheless, there are still many important aspects of dental calculus and its 
formation that are not well understood, including the rate of calculus formation dur-
ing an individual’s life and how this process varies from individual to individual. 
Factors contributing to this process, as mentioned previously, may include host 
genetic variation affecting salivary content (Nancollas & Johnsson, 1994), age, sex, 
health status, and bacterial load (Nancollas & Johnsson, 1994; White, 1997), as well 
as dietary considerations such as the relative proportion of acidogenic sugars 
(Scheie, 1994) versus meat and other urea-generating, high-pH foods (Jin & Yip, 
2002; Lieverse, 1999).

6.2.3  Organic Composition of Dental Calculus

Similar to bone and dentine, the dry weight of dental calculus is composed of 
approximately 75–85% calcium phosphate mineral and 15–25% organic compo-
nents (Jin & Yip, 2002; Schroeder, 1969; Warinner et al., 2015b). However, unlike 
bone and dentine, in which the organic fraction is dominated by a single class of 
proteins, collagen, the organic molecules within dental calculus are rich and diverse, 
including nucleic acids, proteins, carbohydrates, lipids, and even whole bacterial 
cells. The observation that dental calculus has been found to have no consistent C:N 
value (Eerkens et al., 2014; Salazar-García et al., 2014a; Scott et al., 2013) reflects 
the heterogeneous nature of its composition. Taken together, dental calculus is pri-
marily a microbial substrate with several important, but variable, host contributions 
and dietary microfossil inclusions.

Contrary to early reports (Little et  al., 1966), the quantity of nucleic acids in 
dental calculus is quite substantial. Even in archaeological specimens, the amount 
of DNA in dental calculus is typically 1–3 orders of magnitude higher than in den-
tine or bone from the same individual, reaching over 400 ng/mg (ng of DNA per mg 
of dental calculus) in well-preserved specimens from individuals with and without 
oral pathologies (Warinner et al., 2014a). The high DNA content of dental calculus 
is not entirely unexpected given that the estimated microbial cell density of dental 
plaque exceeds 200 million cells per mg (compared to less than 1000 osteocytes per 
mg, or mm3, of healthy bone) (Mullender et al., 1996; Parfitt, 2002; Socransky & 
Haffajee, 2005; Vashishth et al., 2000), but the abundance of well-preserved DNA 
in ancient specimens is nevertheless impressive, and makes dental calculus the rich-
est known source of endogenous ancient DNA known in the archaeological record.

Proteins make up approximately 55% of the organic fraction of dental calculus 
by dry weight (Jin & Yip, 2002), and at least 250 human and bacterial proteins have 
been identified within dental calculus, ranging from digestive (alpha-amylase 1), 
blood (e.g., hemoglobin, albumin) and immune system (e.g., alpha-1-antitrypsin, 
myeloperoxidase) proteins to bacterial enzymes (e.g., dehydrogenases, kinases), 
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outer membrane proteins, and molecular chaperones (Warinner et al., 2014a). There 
appears to be great variability among the most abundant proteins found within den-
tal calculus (Table 6.1). For example, some specimens contain high proportions of 
the human immunological proteins alpha-1-anti-trypsin and antithrombin, while 
others are dominated by blood proteins such as serum albumin, and yet others have 
markedly high levels of bacterial proteins (especially those of the genus 
Actinomyces). In part, these differences may reflect differences in the health status 
or hygiene habits of the individuals during life, with high proportions of human 
proteins likely indicating heightened immune response (e.g., alpha-1-antitrypsin) 
and host tissue destruction and bleeding (e.g., serum albumin, hemoglobin) in asso-
ciation with gingivitis and periodontitis. The bacterial proteins within dental calcu-
lus are likewise rich and diverse; however, they are typically underrepresented in 
proteomics studies due to the insufficiency of modern reference databases to ade-
quately characterize them. Dental calculus contains an impressive range of both 
human and bacterial proteins that are highly distinct from those found in dentine 
and bone (Table 6.1).

6.3  Conventional Analysis of Collagen Carbon and Nitrogen 
Stable Isotopes in Paleodietary Reconstruction

6.3.1  Stable Isotope Analysis from Mineralized Tissues

Carbon and nitrogen stable isotope analysis of collagen from skeletal tissues such 
as bone and dentine has long been established as a reliable tool for inferring infor-
mation about the diets of historic and prehistoric humans and animals (e.g. 
Katzenberg, 2000; Lee-Thorp, 2008; Sealy, 2001). This technique is based on the 
underlying rationale that the isotopic composition of food is recorded in the body 
tissues of a consumer (De Niro, 1985; De Niro & Epstein, 1978, 1981) after a pre-
dictable isotope fractionation (Schoeller, 1999). Well-preserved archaeological 
remains can retain the stable isotope ratios present during life, and although many 
types of human tissues are suitable for stable isotope analysis, archaeological stud-
ies typically focus on bone, dentine, and enamel. Bone and dentine are composed of 
both inorganic (ca. 75–80% of dry weight, mostly hydroxyapatite) and organic (ca. 
20–25% of dry weight, mostly collagen) matter (Hare, 1980), while enamel is typi-
cally composed of more than 98% inorganic hydroxyapatite. Each of these compo-
nents have specific stable isotope values that reflect their chemical origin and 
formation: the inorganic mineral derives from the end products of metabolism and 
reflects the carbon isotopic ratios of the whole diet, while the organic matter derives 
mainly from dietary amino acids (with possible modification, such as transamina-
tion) and reflects carbon and nitrogen isotope ratios linked primarily to protein con-
sumption (Ambrose & Norr, 1993; Tieszen & Fagre, 1993).

D. C. Salazar-García et al.
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Table 6.1 Ten most abundant proteins identified by tandem mass spectrometry in modern dental 
calculus, medieval dental calculus, and medieval dentine

Rank 
abundance Species Protein

% of identified 
protein spectra

Modern dental calculus (n = 2)

1 Homo sapiens Serum albumin 12
2 Actinomyces sp. Phosphopyruvate hydratase 8
3 Homo sapiens Protein S100-A9 6
4 Corynebacterium matruchotii Hypothetical protein 4
5 Corynebacterium matruchotii Hypothetical protein 4
6 Homo sapiens Prolactin-inducible protein 4
7 Actinomyces oris Glyceraldehyde-3-phosphate 

dehydrogenase
4

8 Streptococcus mitis Glyceraldehyde-3-phosphate 
dehydrogenase

3

9 Streptococcus sp. Elongation factor-Tu 3
10 Actinomyces oris Elongation factor-Tu 3

Total: 53.22
Medieval dental calculus (n = 4)

1 Homo sapiens Alpha-1-antitrypsin 22
2 Actinomyces sp. Phosphopyruvate hydratase 7
3 Homo sapiens Antithrombin-III 6
4 Homo sapiens Serum albumin 5
5 Actinomyces sp. L-lactate dehydrogenase 5
6 Homo sapiens Myeloperoxidase 4
7 Actinomyces oris ABC trasnporter-related 

protein
4

8 Actinomyces sp. Glyceraldehyde-3-phosphate 
dehydrogenase

4

9 Tannerella forsythia Hypothetical protein 3
10 Homo sapiens Protein S100-A9 3

Total: 62.84
Medieval dentine (n = 4)

1 Homo sapiens Collagen alpha-1(I) chain 30
2 Homo sapiens Collagen alpha-2(I) chain 28
3 Homo sapiens Prothrombin 6
4 Homo sapiens Serum albumin 5
5 Homo sapiens Biglycan 4
6 Homo sapiens Fetuin-A 4
7 Homo sapiens Periostin 2
8 Homo sapiens Pigment epithelium-derived 

factor
2

9 Homo sapiens Collagen alpha-2(XI) 2
10 Homo sapiens Collagen alpha-2(V) chain 1

Total: 83.97

Notes: Data from Warinner et al. (2014a)

6 The Potential of Dental Calculus as a Novel Source of Biological Isotopic Data
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Bulk collagen from bone or dentine is usually the preferred substrate for carbon 
and nitrogen stable isotope-based dietary reconstructions for three reasons: (1) its 
biochemistry is well known, (2) it is the major nitrogen source in skeletal remains, 
and (3) the atomic ratio of C to N obtained from a sample provides a robust quality 
indicator that can even reliably assess the isotopic integrity of material more than 
100,000 years old (Britton et al., 2011; De Niro, 1985; Van Klinken, 1999). However, 
there are a few considerations to bear in mind when interpreting collagen isotope 
ratios. Due to a slow but constant collagen turnover, results obtained from adult 
human bone collagen represent an averaged protein diet over many years prior to 
death, depending on the collagen turnover rate of the bone sampled (Hedges et al., 
2007; Hill, 1998; Schwarcz & Schoeninger, 1991). By contrast, dentine collagen 
exhibits almost no turnover, and thus the isotopic values measured from dentine 
primarily reflect the protein sources consumed during the short interval in which the 
dentine of each tooth was formed, mainly during childhood (Beaumont et al., 2012), 
with the added uncertainty that the values could have been influenced by breastfeed-
ing and weaning (Eerkens et al., 2011; Fuller et al., 2006).

6.3.2  Collagen and Bioapatite Carbon Stable Isotopes

Carbon stable isotope values of collagen are used to distinguish between the con-
sumption of marine (13C enriched) or terrestrial (13C depleted) foods in the diet 
(Chisholm et  al., 1982; Peterson & Fry, 1987; Schoeninger & DeNiro, 1984), 
although the interpretation of δ13C values becomes more complicated if fish obtained 
from brackish water are included in the diet (Eerkens et  al., 2013; Grupe et  al., 
2009; Salazar-García et al., 2014b). δ13C can also be used to estimate the relative 
dietary proportions of plants performing C4 versus C3 photosynthesis (O’Leary, 
1981; Van der Merwe & Vogel, 1978). This is useful because all trees, shrubs and 
herbs, as well as temperate or shade-adapted grasses, are C3 plants (13C depleted), 
while C4 plants (13C enriched) include many important domesticated tropical grasses 
(e.g., maize, sorghum, millet, and sugar cane).

Alternatively, biological apatite from bone or enamel can be analysed as a target 
for carbon stable isotope ratio analysis (Lee-Thorp, 2008). Of these two skeletal 
tissues, enamel apatite is preferred, as several studies suggest that bone apatite is 
more vulnerable to the kinds of diagenesis that frequently influence isotope compo-
sition during post-depositional processes (Lee-Thorp, 2002; Wang & Cerling, 
1994). One advantage of studying enamel is the fact that enamel apatite δ13C reflects 
the composition of the overall diet, in contrast to collagen, which primarily reflects 
the protein portion of the diet (Lee-Thorp & Sponheimer, 2006). A second advan-
tage is the possibility of retrieving direct dietary information from deep times when 
collagen is no longer present. However, one disadvantage is the fact that, in the 
absence of paired nitrogen data, it is not always straightforward to interpret elevated 
δ13C values.

D. C. Salazar-García et al.
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6.3.3  Collagen Nitrogen Stable Isotopes

Collagen nitrogen stable isotope ratios are typically used to estimate trophic level 
because they increase by approximately 3–5‰ with each step up an idealized food- 
chain (De Niro & Epstein, 1981; Minagawa & Wada, 1984; Schoeninger et  al., 
1983), with some acknowledgement of inherent variation among these values 
(Hedges & Reynard, 2007; O’Connell et al., 2012). Although this can be further 
complicated by special cases in which plants have higher δ15N values than expected 
(e.g. Warinner et  al., 2013) or in cases of animal tissue enrichment due to urea- 
recycling under water stress (see review in Pearson, 2007), δ15N values can still 
allow diets rich in plant proteins to be distinguished from those rich in animal pro-
teins (Bol & Pflieger, 2002; Fahy et al., 2013; Petzke et al., 2005). Additionally, 
because aquatic food chains tend to contain more trophic levels than terrestrial ones, 
individuals consuming diets rich in marine or freshwater resources typically have 
higher δ15N stable isotope values than individuals consuming predominantly ter-
restrial food products (Schoeninger et al., 1983; Schoeninger & De Niro, 1984). 
Furthermore, when combined, nitrogen and carbon values can discriminate between 
the consumption of aquatic foods and C4 terrestrial foods.

6.4  New Directions: Stable Isotope Analysis of Bulk 
Dental Calculus

6.4.1  Need for Alternatives to Collagen in Isotopic Analysis

Although carbon and nitrogen stable isotope analysis of collagen has been used to 
successfully infer diet from both recent and very ancient archaeological remains, 
the collagen of very old specimens is often not well preserved. In general, collagen 
preservation decreases over time, and well-preserved collagen is very rarely found 
in bones dating to earlier than the Upper Palaeolithic or late stages of the Middle 
Palaeolithic (ca. 40–60 kya). As a result, there has been a great deal of recent inter-
est in investigating whether there are alternative biological substrates that could be 
used in isotopic analyses, such as coprolites (Ghosh et al., 2003), carbonized sherd 
residues (Hart et al., 2009), or the bone collagen of animals with human-like diets 
(Guiry & Grimes, 2013).

Given that dental calculus appears to preserve better than bone or dentine, it has 
been proposed as a possible surrogate substrate for stable isotope analysis of very 
old archaeological remains, archaeological remains whose collagen is not well pre-
served, and/or human remains for which destructive analysis of bone is not permit-
ted (Scott & Poulson, 2012). Moreover, if sampling could be performed at a 
microscopic level, potentially each incremental layer of dental calculus could be 
analyzed separately, thereby providing a temporally ordered record of isotopic val-
ues spanning the period of adulthood of the individual, something that is not possi-
ble using any other conventional technique.

6 The Potential of Dental Calculus as a Novel Source of Biological Isotopic Data
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6.4.2  Suitability of Dental Calculus for Isotopic Measurement

Before considering issues of paleodietary reconstruction and the interpretation of 
dental calculus isotopic values, it is first necessary to establish that dental calculus 
contains sufficient quantities of carbon and nitrogen to permit accurate isotopic 
measurement. Until very recently, this was an open question and a highly 
debated topic.

Initially, many scientists viewed archaeological dental calculus as an almost 
exclusively inorganic substrate and expressed doubt as to whether dental calculus 
contained sufficient endogenous biomolecules for isotopic measurement and analy-
sis. Such opinions stemmed in part from conflicting and, at times, out-dated and 
erroneous information in the published literature. For example, as recently as 2002, 
reviews of dental calculus in prominent oral biology journals (e.g., Jin & Yip, 2002) 
reported that because dental plaque undergoes “extensive degradation” in vivo, den-
tal calculus is entirely devoid of nucleic acids. The data used to support this view, 
however, was nearly 40 years out of date (Little et al., 1966) and originated from an 
era when methods for the detection of nucleic acids were crude at best. Subsequent 
analyses of archaeological dental calculus revealed a high abundance of in situ 
DNA within calcified cells (Preus et al., 2011) and quantities of DNA equivalent to 
those reported for similarly sized samples of fresh animal tissues such as liver, kid-
ney, and blood (Warinner et al., 2014a).

Likewise, similar doubts were cast upon the prospect of recovering a sufficient 
nitrogen signal in archaeological dental calculus. This was true despite the knowl-
edge that proteins make up 8.6% of the total dry weight of modern dental calculus 
(55% of the organic fraction; Jin & Yip, 2002) and the fact that a 12,000-year old 
specimen of dental calculus had been shown to retain functional epitopes of the 
dental caries pathogen Streptococcus mutans (Linossier et al., 1996).

6.5  Paleodietary Inference from Dental Calculus

6.5.1  Initial Studies

In 2012, Scott and Poulson conducted the first carbon and nitrogen isotopic study of 
archaeological dental calculus (Scott & Poulson, 2012). Noting that bone, teeth, 
fingernails, and hair had all proven valid tissues for isotopic analysis and paleodi-
etary inference, they posed the question of whether dental calculus might serve as 
an additional isotopic proxy. As an additional motivation, they explained that it 
might be easier to secure permission for destructive analysis of dental calculus com-
pared to bone collagen, in part because dental calculus is not universally viewed as 
an integral or inherent part of the human body. Thus, for regions or communities 
where there is heightened sensitivity regarding the destructive analysis of human 
remains, dental calculus may offer a productive middle ground. A major focus of 
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this first study was simply establishing that dental calculus contained sufficient 
quantities of carbon and nitrogen for isotopic measurement.

Focusing on 59 dental calculus samples from medieval Spain, they reported an 
average C weight percent of 4.9% (range 1.7–8.5%) and an average N weight per-
cent of 0.7% (range 0.3–4.5%) in archaeological dental calculus. They followed this 
study up with a similar analysis of much older samples (>4000  years old) from 
Chile and found that these specimens contained an even greater organic content 
(Poulson et  al., 2013; Scott et  al., 2013). Assuming the availability of a starting 
sample size of up to 10 mg of dental calculus, the estimated amount of available 
carbon and nitrogen in both the Spanish and the Chilean samples falls fully within 
the dynamic range of modern isotope-ratio mass spectrometer (IRMS) instruments. 
Thus, assuming that the measured %C and %N values are typical of archaeological 
specimens, dental calculus contains sufficient quantities of carbon and nitrogen for 
isotopic analysis.

A second goal of the study was to determine if the measured δ13C and δ15N val-
ues provided dietary information. Isotopic data were generated for 59 samples from 
northern Iberia (n = 58) and Alaska (n = 1), but unfortunately no comparative isoto-
pic data were measured from bone collagen, bone apatite, or other tissue. The data 
were found to form a diffuse isotopic cluster with a mean δ13C of −21.2‰ and a 
mean δ15N of 11.8‰ (Fig.  6.3). The data were then compared to modeled food 
sources and interpreted within an isotopic framework developed from bone collagen 
models. The authors concluded that the results were consistent with the hypothesis 
that the isotopic composition of dental calculus tracks the isotopic composition of 
the diet, they followed up this study a year later with a similar experimental approach 
on 35 dental calculus samples from prehistoric Chile (Scott et al., 2013). As before, 
no samples of bone collagen or apatite were tested for comparison; however, they 

Fig. 6.3 Plot of published bulk dental calculus δ13C and δ15N values from Northern Iberian and 
Chilean populations. (Scott et al., 2013; Scott & Poulson, 2012)
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did include in their analysis previously published isotopic data for South American 
flora and fauna, as well as unrelated samples of mummified hair and muscle. The 
Chilean dental calculus samples exhibited a high degree of isotopic spread and 
exceptionally high δ15N values, ranging from 17.8‰ to 33.1‰ (Fig. 6.3), which 
they attributed to probable consumption of marine resources and/or consumption of 
isotopically heavy plants fertilized with guano. Since Peruvian and Chilean prehis-
toric populations routinely have δ15N values of over 20‰ (e.g. Silva-Pinto & 
Salazar-García, 2015; Tomczak, 2003) and maize grown in fields fertilized with 
seabird guano can have δ15N values higher than 30‰ (Szpak et al., 2012), such high 
δ15N values in dental calculus could reflect a dietary signal.

Although both studies present plausible paleodietary scenarios, much still 
remains unknown about the biology of dental calculus and the degree to which it 
accurately reflects dietary information, if at all. Unlike collagen, apatite, fingernails, 
and hair, dental calculus is a complex microbial biofilm (and not a human tissue), 
and thus there can be no a priori expectation that dental calculus will function simi-
larly to human tissues as an isotopic proxy in paleodietary studies. Both studies 
drew attention to the fact that basic research on the biology of dental calculus for-
mation is needed, as are comparative studies of dental calculus and bone collagen, 
and – if possible – controlled feeding experiments, although the latter is likely to be 
challenging given the length of time required for calculus formation and the limited 
number of species in which it naturally forms.

6.5.2  Recent Studies Comparing Isotopic Values from Dental 
Calculus and Conventional Tissues

In response to the need for empirical comparisons, three independent isotopic stud-
ies were recently conducted on archaeological samples from medieval Spain, cen-
tral California and the Sudan, and Greece (Eerkens et al., 2014; Price et al., 2018; 
Salazar-García et al., 2014a). In contrast to the articles by Scott and Poulson, these 
studies compared carbon and nitrogen isotopic values measured from paired speci-
mens of dental calculus and bone collagen, and bone apatite (in Eerkens et al., 2014) 
and dentine collagen (in Salazar-García et al., 2014a), in order to test the hypothesis 
that dental calculus isotopic values can serve as an isotopic proxy for diet. Further, 
the Price study attempts to isolate different components of calculus and analyse 
stable isotope signatures in each. To do this, they split larger calculus samples into 
two, and pre-treated half with HCl and NaOH to generate an “organic” component, 
and the other half with NaOCl to generate a “mineral” component, though they only 
report δ15N for the former.

Results from the Salazar-García and Eerkens studies were generally positive, but 
included some discrepancies in the C and N stable isotope ratios of calculus and 
bone collagen. Salazar-García et al. (2014a) focused on a Medieval period site in 
Spain. They found that δ13C and δ15N from calculus and bone collagen produce 
similar mean values among the 35 individuals included in their study. Mean values 
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were more divergent for δ13C (calculus = −15.5‰ vs. bone = −16.4‰) than δ15N 
(calculus = 12.18‰ vs. bone = 12.12‰), but when six calculus samples with C:N 
>12 are removed the δ13C mean (−16.5‰) is also nearly identical to the bone mean.

At the same time, Salazar-García et al. (2014a) also show that calculus isotopic 
values are much more variable than bone collagen. Even removing the six samples 
with unusual C:N, the range of δ13C values is 92% higher in the calculus samples, 
and 287% greater for δ15N. Thus, while isotopic values in calculus track site-level 
averages well, they do not track individual-level paleodietary indicators.

Eerkens et al. (2014) arrive at similar conclusions, especially once calculus sam-
ples with high C:N ratios are excluded. Their database includes samples from mul-
tiple prehistoric sites in California and the Sudan. They show 30–50% greater 
variation and higher ranges of values in calculus than bone collagen stable isotopes. 
At the same time, they record positive linear correlations for δ13C and δ15N between 
calculus and bone collagen across all their samples, though the strength of these 
correlations is lower within particular sites. This suggests, again, that stable isotope 
data from calculus records the same general dietary information as bone collagen at 
a regional level, but does not replicate individual-level dietary differences within 
sites as well. They also show significant intra-individual variation in calculus iso-
topes when multiple calculus samples are analyzed from different teeth. Correlations 
between δ13C in calculus and bone apatite were not as apparent regionally.

The Eerkens et al. (2014) study also suggests site-specific shifts in stable isotope 
signatures of calculus relative to bone collagen. At some sites δ13C in calculus tends 
to be higher, at others lower, and at others about the same, as bone collagen δ13C. On 
the other hand, calculus δ15N was nearly always greater than bone collagen δ15N.

Finally, the Price et al. (2018) study also shows greater variation in calculus iso-
topes than in collagen. As well, they show little to no correlation in δ13C between 
bone collagen and the organic component of calculus, nor in δ13C between bone 
apatite and the mineral component of calculus. They do find a significant and posi-
tive correlation between δ15N in the organic component of calculus and δ15N in bone 
collagen. However, they reject this result as representing a consistent dietary signa-
ture between calculus and bone because of a simultaneously strong and positive 
correlation between δ15N and C/N in calculus. They suggest that nitrogen within 
calculus is consumed and recycled by bacterial species causing an increase in δ15N 
(i.e., a trophic-level effect) as more and more nitrogen is consumed by bacteria 
(causing C to increase relative to N). Interestingly, this relationship between δ15N 
and C/N is not present in the Salazar-García and Eerkens studies.

In sum, while the Salazar-García and Eerkens studies suggest promise for the 
potential of stable isotope analysis of calculus as a means to reconstruct paleodiet, 
at least at a regional or population level, the Price et al. (2018) study on chemically- 
treated calculus samples suggests greater caution. All three studies are consistent in 
showing that calculus isotopes do not reproduce individual-level dietary informa-
tion as determined from bone collagen. This is due to apparent site-specific differ-
ences in either the preservation or composition of calculus, or perhaps due to 
recycling of nitrogen by bacteria within calculus. Clearly, more analysis on calculus 
is warranted, and below, we outline areas where we think additional research can 
help resolve some of these issues.
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6.5.3  Potential Problems and Pitfalls in Isotopic Analysis 
of Dental Calculus

One important issue that has not yet been sufficiently emphasized is the strongly 
heterogeneous composition of the organic fraction of dental calculus in bulk analy-
ses. Unlike conventional tissues analyzed using stable isotope analysis, such as 
bone and hair, which are each characterized by a single dominant class of proteins 
(collagens and keratins, respectively), dental calculus is composed of a large num-
ber of whole bacterial cells, lipids and exopolysaccharides, and hundreds of diverse 
host and bacterial proteins. Among the more than 250 human and bacterial proteins 
that have been thus far identified within human dental calculus, most are bacterial in 
origin although several human proteins may reach relatively high abundance, espe-
cially those relating to immune function (Warinner et  al., 2014a). However, the 
dominant classes of both microbial and human proteins vary from individual to 
individual. The observation that dental calculus has been found to have no consis-
tent C:N value (Eerkens et al., 2014; Price et al., 2018; Salazar-García et al., 2014a; 
Scott et al., 2013) reflects the heterogeneous nature of its composition.

With respect to the extraordinary number of bacteria present within dental calcu-
lus (>200 million cells per mg), Warinner et al. (2014a) used genetic analysis to 
characterize more than 2600 bacterial OTUs (Operational Taxonomic Units, a clas-
sification unit of microbes approximating species) within ancient human dental cal-
culus. Some of these bacterial taxa are known to be saccharolytic and consume 
dietary sugars and salivary glycoproteins (e.g., Streptococcus mutans), while others 
are proteolytic and consume host tissues (e.g., Porphyromonas gingivalis). Thus, 
dental calculus bacteria consume nutrients of different origins and at different tro-
phic levels with potentially different isotopic values. With so many potential carbon 
and nitrogen sources, each with a potentially different isotopic shift relative to host 
diet, it is unclear what the carbon and nitrogen isotopic values from dental calculus 
signify.

6.6  Case Study: Human Subsistence During 
the Basketmaker II Period at Grand Gulch

6.6.1  Study Design and Archaeological Context

Though previous studies have suggested that stable isotope ratios of bulk calculus 
approximate those from collagen at a population level, only a handful of groups 
have yet been studied. Oral microbiota and diets vary significantly among human 
populations, which may influence the relationship between calculus and collagen 
isotope values. Only by examining a variety of groups can we begin to establish the 
factors that influence calculus isotope values. In order to test whether the carbon and 
nitrogen stable isotope values of dental calculus correlate with those of bone 
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collagen in an archaeological population with a known, primarily C4 diet, we ana-
lyzed bulk dental calculus obtained from a Basketmaker II (400 BC-500 AD) popu-
lation at the Grand Gulch archaeological site in southern Utah, USA. Located within 
the American Southwest, the Grand Gulch site was home to early maize farming 
communities of the Ancestral Puebloan culture (also known as the Anasazi) 
(Coltrain et  al., 2007). The samples analyzed in this study originate from Grand 
Gulch Cave 7, which was originally thought to contain the victims of a single mas-
sacre (Coltrain et al., 2007). However, recent radiocarbon dating of the Cave 7 skel-
etal remains indicates that burials were interred over several centuries spanning ca. 
205 B.C. to A.D. 536 (Coltrain & Janetski, 2013).

Previous analyses of bone collagen at the site have indicated that Basketmaker II 
populations subsisted primarily on C4 resources, with maize as the staple agricul-
tural crop. The transition to a maize-based diet among Basketmaker II populations 
is thought to have occurred both early and rapidly, and nitrogen isotopic analyses 
suggest that animal protein consumption was low (Coltrain et al., 2007). Because 
the Grand Gulch site has been previously well characterized and its subsistence his-
tory is well-supported by both conventional collagen-based stable isotopic analysis 
and archaeological evidence, it presents an ideal case study opportunity for testing 
whether carbon and nitrogen isotopic values measured from dental calculus can 
serve as a paleodietary proxy in subsistence reconstructions.

6.6.2  Methods

We collected supragingival dental calculus from the lingual or buccal aspects of 17 
human teeth obtained from individuals whose bone collagen carbon and nitrogen 
isotope values had already been published (Coltrain & Janetski, 2013). In order to 
ensure that some calculus remained in situ for future studies, we only collected a 
subset of dental calculus from each individual. Samples were then transferred to the 
laboratory of the Plant Foods in Hominin Dietary Ecology research group at the 
Max-Planck Institute for Evolutionary Anthropology (Leipzig, Germany), where 
they were further processed prior to analysis following preparation described in 
Salazar-García et al. (2014a).

The carbon and nitrogen isotope ratios of homogenised bulk dental calculus were 
measured in duplicate at the Department of Human Evolution, Max-Planck Institute 
for Evolutionary Anthropology (Leipzig, Germany). The samples were combusted 
in an elemental analyzer Flash EA 2112 coupled to a Delta XP continuous-flow 
IRMS (Thermo-Finnigan©, Bremen, Germany). Stable carbon isotope ratios were 
measured relative to VPDB (Vienna PeeDee Belemnite) and stable nitrogen isotope 
ratios were analyzed relative to AIR (atmospheric N2). The results are expressed 
using delta notation (δ) in parts per thousand (per mil, ‰). Repeated analysis of 
internal and international standards determined an analytical error better than 
±0.2‰ (1σ) for both δ13C and δ15N values.
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6.6.3  Results

The mean δ13C of bulk dental calculus from the Basketmaker individuals  
is −14.7 ± 4.1‰ (1σ; min: −25.4‰, max: −10.8‰), and the mean δ15N is 9.9 ± 1.7‰ 
(1σ; min: 5.6‰, max: 12.1‰). If interpreted as collagen values, the calculus C and 
N values suggest that some individuals in this population consumed mainly C3  
terrestrial resources, some consumed mainly C4 resources, others consumed a mixed 
diet of C3–C4 terrestrial resources, and yet others likely consumed aquatic resources. 
In other words, the residents of Grand Gulch appear to be practicing nearly all pos-
sible subsistence strategies. However, when plotted on a graph together with paired 
bone collagen carbon and nitrogen isotopic values measured from same individuals 
(Fig. 6.4), a very different picture emerges.

The bone collagen δ15N values as well as the δ13C values of both bone collagen 
and bone apatite plot within a narrow distribution that strongly suggests a heavy 
dietary reliance on C4 terrestrial resources, such as maize (Coltrain & Janetski, 
2013). Analysis of the dental calculus isotopic values in isolation, without compara-
tive isotopic data from bone collagen and bone apatite, would have resulted in a 
highly inaccurate characterization of Basketmaker II diets as having been highly 
heterogeneous and diversified, when in fact both bone collagen and bone apatite 
isotopic data overwhelmingly indicate that they were exactly the opposite.

The mean δ13C and δ15N values of the Basketmaker II collagen, apatite, and  
dental calculus substrates are each quite different (Table 6.2), and there is a higher 
degree of inter-individual δ13C and δ15N variation in dental calculus compared to 
either bone collagen or bone apatite (Fig. 6.4). The ranges of dental calculus δ13C 

Fig. 6.4 Comparison of δ13C and δ15N values obtained from paired bulk dental calculus and bone 
collagen samples from a Basketmaker II population at the Grand Gulch site. Note the lack of con-
cordance between bulk dental calculus and bone collagen with respect to δ13C and δ15N values and 
sample isotopic variance
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and δ15N are much wider than those observed in either bone collagen or bone apa-
tite, and there is no consistent correlation between the isotopic values of dental 
calculus and either bone collagen or bone apatite (Fig. 6.5). Linear regression of 
bone collagen and bulk calculus δ13C and δ15N values show no relationship between 
these substrates (carbon R2 = 0.01, Fig. 6.6a; nitrogen R2 = 0.06, Fig. 6.6b), indicat-
ing that their isotopic values are independent from each other and must be evaluated 
separately. The same is true for bone apatite and bulk calculus (carbon R2 = 0.02, 
Fig. 6.6c).

For some individuals, the lack of correlation between dental calculus and bone 
collagen values is quite stark. For example, the bone collagen δ13C values for indi-
viduals 25,465 and 25,466 differ by only 0.2‰, a trivial difference within the range 
of analytical error for the instrument. However, the dental calculus δ13C values of 
the same two individuals differ by >13‰, a substantial difference that if seen in 
bone collagen would indicate that the two individuals were eating radically different 
diets at either end of the C3-C4 spectrum. Similar, although less extreme, differences 

Fig. 6.5 Direct comparison of (a) δ13C and (b) δ15N values measured from bulk dental calculus, 
bone collagen, and bone apatite samples in the Basketmaker II individuals
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Fig. 6.6 Lack of correlation between bulk dental calculus and bone collagen isotopic values for 
the Grand Gulch Basketmaker II population. Linear regression of paired specimens of bulk dental 
calculus and either (a, b) bone collagen or (c) bone apatite yields no significant correlation with 
respect to (a, c) δ13C or (b) δ15N values

are observed with respect to nitrogen in which paired bone collagen and dental cal-
culus δ15N values differ by as little as 0.4‰ and as much as 4.9‰. Such differences 
span more than a trophic level.

6.6.4  Discussion

There is no ready explanation for the extreme isotopic differences observed between 
calculus and collagen values, except for the fact that they are compositionally dis-
tinct and dental calculus is known to be a heterogeneous substrate. On the basis of 
the evidence, we must conclude that bulk dental calculus does not faithfully record 
the isotopic signal derived from the averaged diets of individuals. There is no statis-
tical correlation between the carbon and nitrogen stable isotope values of bulk den-
tal calculus and either bone collagen or bone apatite, and thus bulk dental calculus 
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cannot serve as a simple collagen or apatite substitute in stable isotope-based paleo-
dietary models for studying human behaviour.

Concern that some of the high isotopic variance observed in dental calculus sam-
ples may be attributable to taphonomy has raised the issue of how to distinguish 
well preserved and poorly preserved dental calculus. The metrics used to identify 
well preserved archaeological collagen (%C, >35%; %N, >10%; C:N, 2.9–3.6) (De 
Niro, 1985) are not relevant to understanding the preservation quality of calculus 
because these values are specific to the protein sequence of collagen. Other proteins, 
such as serum albumin and alpha-1 anti-trypsin, two proteins found to be abundant 
within modern and ancient dental calculus (Table 6.1), have higher C:N than colla-
gen (3.7 and 3.9, respectively), and lipids, which make up >10% of the organic 
fraction of dental calculus (Jin & Yip, 2002), typically contain no nitrogen at all. 
There are no alternative quality markers for dental calculus yet published, although 
most of the calculus samples reported in Eerkens et al. (2014) and Salazar-García 
et al. (2014a) show C:N ratios between 6.5 and 10, which led Eerkens et al. (2014) 
to suggest removing dental calculus with a C:N ratio higher than 12. The observed 
%C, %N, and C:N for dental calculus are quite different from what is expected for 
bone/dentine collagen (Table  6.2). In particular, the C:N of dental calculus is 
extremely variable between samples, ranging from 5 to 17, as is expected for a het-
erogenous substrate not dominated by a single protein, nor necessarily even a single 
macromolecule type. Because biological variation alone can account for the wide 
variance observed in dental calculus C:N, it is not necessary to invoke taphonomy 
as an explanation for these values, nor is it justified to exclude C:N outliers without 
further evidence. In sum, the problem of how to quickly and inexpensively assess 
preservation in dental calculus remains unresolved.

While we acknowledge that, at a population level, average bulk dental calculus 
isotopic values exhibit a coarse correlation with those of bone collagen, it is clear 
that the biology underlying any such correlation is complex and poorly understood. 
We feel strongly that both the theoretical and empirical uncertainties observed at the 
level of individuals are sufficient to suggest that the application of this new approach 
must be taken with extreme caution when attempting to reconstruct ancient human 
behaviour.

6.7  Conclusion and Future Perspectives

The observed differences in the δ13C and δ15N values and the associated control 
parameters (%C, %N, C:N) between dental calculus, bone collagen, and bone apa-
tite highlights the fact that bulk dental calculus is a highly heterogeneous substrate. 
Although the source of the inorganic portion of dental calculus is primarily dis-
solved salivary calcium and phosphate ions, the organic portion is a highly complex 
mixture of whole bacterial cells (>200 million cells/mg), microbial extracellular 
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matrix (e.g., exopolysaccharides, proteins, extracellular DNA), blood and other 
host-derived substances (e.g., immune proteins), and foreign debris (e.g., dietary 
microfossils). Moreover, the organic composition of dental calculus varies by indi-
vidual with respect to the frequencies of bacterial taxa present, the proportions of 
human to bacterial proteins, and the presence or absence of foreign debris. As such, 
it is unsurprising that dental calculus has a more variable C:N ratio and that there is 
no significant correlation between the carbon and nitrogen stable isotope values of 
bulk calculus and human tissues such as bone collagen or bone apatite.

Rather than investigating dental calculus as a bone collagen substitute or ana-
logue, a more productive approach would be to focus on the unique properties of 
dental calculus and its specific strengths, namely the fact that is a rich and diverse 
source of many ancient biomolecules. By its nature, bulk dental calculus is too bio-
logically complex to ever be adequately described by an isotopic model as simple as 
that used for bone collagen. However, through the isolation of specific biomolecules 
from dental calculus, such as specific carbohydrates, lipids, or proteins, more tar-
geted questions about ancient human behavior can be asked. Advances in mass 
spectrometry will continue to facilitate the analysis of smaller and smaller samples, 
allowing us to focus individually on these different biomolecular components.

At present, the preponderance of evidence indicates that bulk dental calculus 
should not be treated in the same manner as that of collagen or apatite when 
performing stable isotope-based dietary interpretations. This does not mean that 
there is no future for dental calculus in stable isotope studies, but rather that an 
evidence- based biological model must first be established before any reasonable 
interpretation of dental calculus isotopic values can proceed. We do not recom-
mend that bulk calculus be used for stable isotope analysis when any other skel-
etal material with well-known biochemistry is available, and we caution against 
the application of dental calculus-based stable isotope analysis even for the interpre-
tation of low- resolution, general dietary trends at a population level. Moreover, we 
strongly encourage researchers to consider alternative methods for paleodietary 
reconstruction from dental calculus, such as microfossil, ancient DNA, and ancient 
protein analysis, that draw on the strengths of dental calculus rather than its 
weaknesses.

Acknowledgments The Basketmaker II skeletal material is curated by the American Museum of 
Natural History. We thank Joan Brenner-Coltrain (University of Utah) for the idea to use the 
Basketmaker sample, Gisselle Garcia-Pack and the other curators of the AMNH for granting the 
access to the dental calculus of the Basketmakers. We thank Anita Radini for providing the starch 
granule image in Fig. 6.1c, and we thank Prof. Hans Ulrich Luder for providing the SEM image of 
dental calculus bacteria in Fig. 6.1d. We also thank Prof. Michael P. Richards, Prof. Jean-Jacques 
Hublin and Sven Steinbrenner at the Department of Human Evolution at the MPI-EVA. We would 
like to acknowledge the Plant Foods Group for help and support along the way. This research was 
partly funded by the Max Planck Society. DCSG acknowledges funding by the Generalitat 
Valenciana (CIDEGENT/2019/061) and the Spanish government (EUR2020-112213).

6 The Potential of Dental Calculus as a Novel Source of Biological Isotopic Data



148

References

Adler, C. J., Dobney, K., Weyrich, L. S., Kaidonis, J., Walker, A. W., Haak, W., Bradshaw, C. J. A., 
Townsend, J., Sołtysiak, A., Alt, K. W., Parkhill, J., & Cooper, A. (2013). Sequencing ancient 
calcified dental plaque shows changes in oral microbiota with dietary shifts of the Neolithic and 
industrial revolutions. Nature Genetics, 45, 450–455.

Ambrose, S.  H., & Norr, L. (1993). Experimental evidence for the relationship of the carbon 
isotope ratios of whole diet and dietary protein to those of bone collagen and carbonate. In 
J. B. Lambert & G. Gruppe (Eds.), Prehistoric human bone: Archaeology at the molecular 
level (pp. 1–37). Springer.

Beaumont, J., Gledhill, A., Lee-Thorp, J., & Montgomery, J. (2012). Childhood diet: A closer 
examination of the evidence from dental tissues using stable isotope analysis of incremental 
human dentine. Archaeometry, 55(2), 277–295.

Bol, R., & Pflieger, C. (2002). Stable isotope (13C, 15N and 34S) analysis of the hair of mod-
ern humans and their domestic animals. Rapid Communications in Mass Spectrometry, 16, 
2195–2200.

Britton, K., Gauzinski-Windheuser, S., Roebroeks, W., Kindler, L., & Richards, M.  P. (2011). 
Stable isotope analysis of well-preserved 120,000-year-old herbivore bone collagen from the 
middle Palaeolithic site of Neumark-Nord 2, Germany reveals niche separation between bovids 
and equids. Palaeogeography, Palaeoclimatology, Palaeoecology, 333–334, 168–177.

Chisholm, B. S., Nelson, D. E., & Schwarcz, H. P. (1982). Stable carbon isotope ratios as a mea-
sure of marine versus terrestrial protein in ancient diets. Science, 216, 1131–1132.

Coltrain, J. B., & Janetski, J. C. (2013). The stable and radio-isotope chemistry of southeastern 
Utah Basketmaker II burials: Dietary analysis using the linear mixing model SISUS, age and 
sex patterning, geolocation and temporal patterning. Journal of Archaeological Science, 40, 
4711–4730.

Coltrain, J. B., Janetski, J. C., & Carlyle, S. W. (2007). Stable and radio-isotope chemistry of 
western Basketmaker burials: Implications for early Puebloan diets and origins. American 
Antiquity, 72, 301–321.

De Niro, M. J. (1985). Postmortem preservation and alteration of in vivo bone collagen isotope 
ratios in relation to palaeodietary reconstruction. Nature, 317, 806–809.

De Niro, M. J., & Epstein, S. (1978). Influence of diet on the distribution of carbon isotopes in 
animals. Geochimica et Cosmochimica Acta, 42, 495–506.

De Niro, M. J., & Epstein, S. (1981). Influence of diet on the distribution of nitrogen isotopes in 
animals. Geochimica et Cosmochimica Acta, 49, 97–115.

Dudgeon, J. V., & Tromp, M. (2012). Diet, geography and drinking water in Polynesia: Microfossil 
research from archaeological human dental calculus, Rapa Nui (Easter Island). International 
Journal of Osteoarchaeology, 24(5), 634–648.

Eerkens, J.  W., Berget, A.  G., & Bartelink, E.  J. (2011). Estimating weaning and early child-
hooh diet from serial micro-samples of dentin collagen. Journal of Archaeological Science, 
38, 3101–3111.

Eerkens, J. W., Mackie, M., & Bartelink, E. J. (2013). Brackish water foraging: Isotopic landscapes 
and dietary reconstruction in Suisun marsh, Central California. Journal of Archaeological 
Science, 40, 3270–3281.

Eerkens, J. W., Nichols, R. V., Murray, G. G. R., Perez, K., Murga, E., Kaijankoski, P., Rosenthal, 
J. S., Engbring, L., & Shapiro, B. (2018a). A probable prehistoric case of meningococcal dis-
ease from San Francisco Bay: Next generation sequencing of Neisseria meningitidis from den-
tal calculus and osteological evidence. International Journal of Paleopathology, 22, 173–180.

Eerkens, J. W., Tushingham, S., Brownstein, K. J., Garibay, R., Perez, K., Murga, E., Kaijankoski, 
P., Rosenthal, J.  S., & Gang, D.  R. (2018b). Dental calculus as a source of ancient alka-
loids: Detection of nicotine by LC-MS in calculus samples from the Americas. Journal of 
Archaeological Science Reports, 18, 509–515.

D. C. Salazar-García et al.



149

Eerkens, J. W., de Voogt, A., Dupras, T. L., Rose, S. C., Bartelink, E. J., & Francigny, V. (2014). 
Intra- and inter-individual variation in δ13C and δ15N in human dental calculus and comparison 
to bone collagen and apatite isotopes. Journal of Archaeological Science, 52, 64–71.

Fahy, G., Richards, M. P., Riedel, J., Hublin, J.-J., & Boesch, C. (2013). Stable isotope evidence of 
meat eating and hunting specialization in adult male chimpanzees. Proceedings of the National 
Academy of Sciences of the United States of America., 110(15), 5829–5833.

Fuller, B. T., Fuller, J. L., Harris, D. A., & Hedges, R. E. M. (2006). Detection of breastfeeding 
and weaning in modern human infants with carbon and nitrogen stable isotope ratios. American 
Journal of Physical Anthropology, 129, 279–293.

Ghosh, P., Bhattacharya, S. K., Sahni, A., Kar, R. K., Mohabey, D. M., & Ambwani, K. (2003). 
Dinosaur coprolites from the Late Cretaceous (Maastrichtian) Lameta Formation of India: 
Isotopic and other markers suggesting a C3 plant diet. Cretaceous Research, 24, 743–750.

Grupe, G., Heinrich, D., & Peters, J. (2009). A brackish water aquatic foodweb: Trophic levels and 
salinity gradients in the Schlei fjord, Northern Germany, in Viking and medieval times. Journal 
of Archaeological Science, 36, 2125–2144.

Guiry, E., & Grimes, V. (2013). Domestic dog (Canis familiaris) diets among coastal Late Archaic 
groups of northeastern North America: A case study for the canine surrogacy approach. Journal 
of Anthropological Archaeology, 32, 732–745.

Hare, P. E. (1980). Organic geochemistry of bone and its relation to the survival of bone in the nat-
ural environment. In A. K. Behrensmeye & A. P. Hill (Eds.), Fossils in the making: Vertebrate 
taphonomy and paleoecology (pp. 208–219). The University of Chicago.

Hart, J. P., Uruqhart, G. R., Feranec, R. S., & Lovis, W. A. (2009). Non-linear relationship between 
bulk δ13C and percent maize in carbonized cooking residues and the potential of false-negatives 
in detecting maize. Journal of Archaeological Science, 36, 2206–2212.

Hedges, R. E. M., Clement, J. G., Thomas, C. D. L., & O’Connell, T. C. (2007). Collagen turnover 
in the adult femoral mid-shaft: Modeled from anthropogenic radiocarbon tracer measurements. 
American Journal of Physical Anthropology, 133, 808–816.

Hedges, R. E. M., & Reynard, L. M. (2007). Nitrogen isotopes and the trophic level of humans in 
archaeology. Journal of Archaeological Science, 34, 1240–1251.

Henry, A. G., Brooks, A. S., & Piperno, D. R. (2011). Microfossils in calculus demonstrate con-
sumption of plants and cooked foods in Neanderthal diets (Shanidar III, Iraq; Spy I and II, 
Belgium). Proceedings of the National Academy of Sciences of the United States of America, 
108(2), 486–491.

Henry, A. G., Ungar, P. S., Passey, B. H., Sponheimer, M., Rossouw, L., Bamford, M., Sandberg, P., 
de Ruiter, D. J., & Berger, L. (2012). The diet of Australopithecus sediba. Nature, 487, 90–93.

Hill, P. A. (1998). Bone remodelling. British Journal of Orthopaedics, 25, 101–107.
Hinz, E. A., & Kohn, M. J. (2010). The effect of tissue structure and soil chemistry on trace ele-

ment uptake in fossils. Geochim Cosmochim Ac, 74(11), 3213–3231.
Jepsen, S., Deschner, J., Braun, A., Schwarz, F., & Eberhard, J. (2011). Calculus removal and the 

prevention of its formation. Periodontology 2000, 2000(55), 167–188.
Jin, Y., & Yip, H. K. (2002). Supragingival calculus: formation and control. Critical Reviews in 

Oral Biology and Medicine, 13, 426–441.
Katzenberg, M.  A. (2000). Stable isotope analysis: A tool for studying past diet, demography 

and life history. In M. A. Katzenberg & S. R. Saunders (Eds.), Biological anthropology of the 
human skeleton (pp. 305–328). Willey-Liss.

Lee-Thorp, J. A. (2008). On isotopes and old bones. Archaeometry, 50, 925–950.
Lee-Thorp, J. A. (2002). Two decades of progress towards understanding fossilisation processes 

and isotopic signals in calcified tissue minerals. Archaeometry, 44, 435–446.
Lee-Thorp, J. A., & Sponheimer, M. (2006). Biogeochemical approaches to investigating hominin 

diets. Yearbook of Physical Anthropology, 49, 131–148.
Leonard, C., Vashro, L., O’Connell, J. F., & Henry, A. G. (2015). Plant microremains in dental 

calculus as a record of plant consumption: A test with Twe-forager-horticulturalists. Journal of 
Archaeological Science Reports, 2, 449–457.

6 The Potential of Dental Calculus as a Novel Source of Biological Isotopic Data



150

Lieverse, A.  R. (1999). Diet and the aetiology of dental calculus. International Journal of 
Osteoarchaeology, 9, 219–232.

Linossier, A., Gajardo, M., & Olavarria, J. (1996). Paleomicrobiological study in dental calculus: 
Streptococcus mutans. Scanning Microscopy, 10(4), 1005–1013. discussion 1014.

Little, M., Bowman, L., Casciani, C., & Rowley, J. (1966). The composition of dental calculus—
III: Supragingival calculus—The amino acid and saccharide component. Archives of Oral 
Biology, 11(4), 385–396.

Mickleburgh, H. L., & Pagan-Jimenez, J. R. (2012). New insights into the consumption of maize 
and other food plants in the pre-Columbian Caribbean from starch grains trapped in human 
dental calculus. Journal of Archaeological Science, 39(7), 2468–2478.

Minagawa, M., & Wada, E. (1984). Stepwise enrichment of 15N along food chains: Further evi-
dence and the relation between 15N and animal age. Geochimica et Cosmochimica Acta, 48, 
1135–1140.

Mullender, M. G., van der Meer, D. D., Huiskes, R., & Lips, P. (1996). Osteocyte density changes 
in aging and osteoporosis. Bone, 18(2), 109–113.

Nancollas, G. H., & Johnsson, M. A. S. (1994). Calculus formation and inhibition. Advances in 
Dental Research, 8, 307–311.

O’Connell, T. C., Kneale, C. J., Tasevska, N., & Kuhnle, G. G. C. (2012). The diet-body offset 
in human nitrogen isotopic values: A controlled dietary study. American Journal of Physical 
Anthropology, 149, 426–434.

O’Leary, M. (1981). Carbon isotope fractionation in plants. Phytochemistry, 20, 553–567.
Parfitt, A. M. (2002). Life history of osteocytes: Relationship to bone age, bone remodeling, and 

bone fragility. Journal of Musculoskeletal & Neuronal Interactions, 2(6), 499–500.
Pearson, J.  A. (2007). Hunters, fishers, and scavengers: A review of the isotope evidence for 

Neanderthal diet. Before Farming (2)/2 (online version).
Peterson, B. J., & Fry, B. (1987). Stable isotopes in ecosystem studies. Annual Review of Ecological 

Systems, 18, 293–320.
Petzke, K. J., Boeing, H., & Metges, C. C. (2005). Choice of dietary protein of vegetarians and 

omnivores is reflected in their hair protein C-13 and N-15 abundance. Rapid Communications 
in Mass Spectrometry, 19, 1392–1400.

Poulson, S. R., Kuzminsky, S. C., Richard, S. G., Standen, V. G., Arriaza, B., Muñoz, I., & Dorio, 
L. (2013). Paleodiet in northern Chile through the Holocene: Extremely heavy δ15N values 
in dental calculus suggest a guano-derived signature? Journal of Archaeological Science, 40, 
4576–4585.

Power, R. C., Salazar-García, D. C., Witting, R. M., Freiberg, M., & Henry, A. G. (2015a). Dental 
calculus evidence of Taï Forest Chimpanzee plant consumption and life history transitions. 
Scientific Reports, 5, 1516. https://doi.org/10.1038/srep15161

Power, R. C., Salazar-García, D. C., Straus, L. G., González Morales, M. R., & Henry, A. G. (2015b). 
Microremains from El Mirón Cave human dental calculus suggest a mixed plant-animal subsis-
tence economy during the Magdalenian in Northern Iberia. Journal of Archaeological Science, 
60, 39–46.

Power, R. C., Salazar-García, D. C., Wittig, R. G., & Henry, A. G. (2014). Assessing use and suit-
ability of scanning electron microscopy in the analysis of microremains in dental calculus. 
Journal of Archaeological Science, 49, 160–169.

Preus, H. R., Marvik, O. J., Selvig, K. A., & Bennike, P. (2011). Ancient bacterial DNA (aDNA) 
in dental calculus from archaeological human remains. Journal of Archaeological Science, 
38(8), 1827–1831.

Price, S.  D. R., Keenleyside, A., & Schwarcz, H.  P. (2018). Testing the validity of stable iso-
tope analyses of dental calculus as a proxy in paleodietary studies. Journal of Archaeological 
Science, 91, 92–103.

Salazar-García, D. C., Power, R. C., Sanchis-Serra, A., Villaverde, V., Walker, M.  J., & Henry, 
A. G. (2013). Neanderthal diets in central and southeastern Mediterranean Iberia. Quaternary 
International, 318, 3–18.

D. C. Salazar-García et al.

https://doi.org/10.1038/srep15161


151

Salazar-García, D. C., Richards, M. P., Nehlich, O., & Henry, A. G. (2014a). Dental calculus is not 
equivalent to bone collagen for isotope analysis: a comparison between carbon and nitrogen 
stable isotope analysis of bulk dental calculus, bone and dentine collagen from same individu-
als from the Medieval site of El Raval (Alicante,Spain). Journal of Archaeological Science, 
47, 70–77.

Salazar-García, D. C., Aura, E., Olària, C., Talamo, S., Morales, J. V., & Richards, M. P. (2014b). 
Isotope evidence for the use of marine resources in the Eastern Iberian Mesolithic. Journal of 
Archaeological Science, 42, 231–240.

Scheie, A. A. (1994). Mechanisms of dental plaque formation. Advances in Dental Research, 8, 
246–253.

Schoeller, D.  A. (1999). Isotope fractionation: Why aren’t we what we eat? Journal of 
Archaeological Science, 26, 667–673.

Schoeninger, M., De Niro, M., & Tauber, H. (1983). Stable nitrogen isotope ratios of bone collagen 
reflect marine and terrestrial components of prehistoric human diet. Science, 220, 1381–1383.

Schoeninger, M. J., & De Niro, M. (1984). Nitrogen and carbon isotopic composition of bone col-
lagen from marine and terrestrial animals. Geochimica et Cosmochimica Acta, 48, 625–639.

Schroeder, H. E. (1969). Formation and inhibition of dental calculus. Hans Huber Publishers.
Schwarcz, H. P., & Schoeninger, M. J. (1991). Stable isotope analyses in human nutritional ecol-

ogy. Yearbook of Physical Anthropology, 34, 283–321.
Scott, G. R., Poulson, S. R., Kuzminsky, S. C., Standen, V., Arriaza, B., & Munoz, I. (2013). Further 

studies on dental calculus as a proxy for stable carbon and nitrogen isotopes: Extraordinarily 
high levels of delta N-15 in prehistoric samples from Chile correspond to findings on tradi-
tional biomaterials. American Journal of Physical Anthropology, 150, 248–248.

Scott, G. R., & Poulson, S. R. (2012). Stable carbon and nitrogen isotopes of human dental calculus: 
A potentially new non-destructive proxy for paleodietary analysis. Journal of Archaeological 
Science, 39, 1388–1393.

Sealy, J. (2001). Body tissue chemistry and paleodiet. In D. R. Brothwell & A. M. Pollard (Eds.), 
Handbook of archaeological sciences (pp. 269–279). Wiley.

Silva-Pinto, V., & Salazar-García, D. C. (2015). Bioarqueología de un cementerio huaqueado. In 
P. Mendez-Quirós & V. Silva-Pinto (Eds.), Poblados mAiceros y Arquitectura Funeraria en el 
Valle de Lluta (1200–1600 d.C.) (pp. 87–110). Universidad de Tarapacá.

Socransky, S. S., & Haffajee, A. D. (2005). Periodontal microbial ecology. Periodontology 2000, 
2000(38), 135–187.

Szpak, P., Millaire, J., White, C. D., & Longstaffe, F. J. (2012). Influence of seabird guano and 
camelid dung fertilization on the nitrogenisotopic composition of field-grown maize (Zea 
mays). Journal of Archaeological Science, 39, 3721–3740.

Tieszen, L. L., & Fagre, T. (1993). Effect of diet quality and composition on the isotopic com-
position of respiratory CO2, bone collagen, bioapatite, and soft tissues. In J. B. Lambert & 
G. Gruppe (Eds.), Prehistoric human bone: Archaeology at the molecular level (pp. 122–155). 
Springer Verlag.

Tomczak, P. D. (2003). Prehistoric diet and socioeconomic relationships within the Osmore Valley 
of southern Peru. Journal of Anthropological Archaeology, 22, 262–278.

Trueman, C. N. G., Behrensmeyer, A. K., Tuross, N., & Weiner, S. (2004). Mineralogical and 
compositional changes in bones exposed on soil surfaces in Amboseli National Park, Kenya: 
Diagenetic mechanisms and the role of sediment pore fluids. Journal of Archaeological 
Science, 31(6), 721–739.

Van der Merwe, N. J., & Vogel, J. C. (1978). 13C content of human collagen as a measure of pre-
historic diet in Woodland North America. Nature, 276, 815–816.

Van Klinken, G.  J. (1999). Bone collagen quality indicators for palaeodietary and radiocarbon 
measurements. Journal of Archaeological Science, 26, 687–695.

Vashishth, D., Verborgt, O., Divine, G., Schaffler, M. B., & Fyhrie, D. P. (2000). Decline in osteo-
cyte lacunar density in human cortical bone is associated with accumulation of microcracks 
with age. Bone, 26(4), 375–380.

6 The Potential of Dental Calculus as a Novel Source of Biological Isotopic Data



152

Wang, Y., & Cerling, T.  E. (1994). A model of fossil tooth and bone diagenesis: Implications 
for paleodiet reconstruction from stable isotopes. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 107, 281–289.

Warinner, C., Matias Rodrigues, J. F., Vyas, R., Trachsel, C., Shved, N., Grossman, J., Radini, 
A., Hancock, Y., Tito, R. Y., Fiddyment, S., Speller, C., Hendy, J., Charlton, S., Luder, H. U., 
Salazar-García, D. C., Eppler, E., Seiler, R., Hansen, L., Samaniego Castruita, J. A., Barkow- 
Oesterreicher, S., Teoh, K. Y., Kelstruo, C., Olsen, J. V., Nanni, P., Kawai, T., Willerslev, E., Von 
Mering, C., Lewis, C. M., Collins, M. J., Gilbert, M. T. P., Rühli, F., & Cappellini, E. (2014a). 
Pathogens and host immunity in the ancient human oral cavity. Nature Genetics, 46, 336–344.

Warinner, C., Hendy, J., Speller, C., Cappellini, E., Fischer, R., Trachsel, C., Arneborg, J., 
Lynnerup, N., Craig, O. E., Swallow, D. M., Fotakis, A., Christensen, R. J., Olsen, J., Liebert, 
A., Montalva, N., Fiddyment, S., Charlton, S., Mackie, M., Canci, A., Bouwman, A., Rühli, F., 
Gilbert, M. T. P., & Collins, M. J. (2014b). Direct evidence of milk consumption from ancient 
human dental calculus. Scientific Reports, 4, 7104. https://doi.org/10.1038/srep07104

Warinner, C., Robles, G. N., & Tuross, N. (2013). Maize, beans and the floral isotopic diversity of 
highland Oaxaca, Mexico. Journal of Archaeological Science, 40, 868–873.

Warinner, C., Speller, C., & Collins, M. J. (2015a). A new era in paleomicrobiology: Prospects 
for ancient dental calculus as a long-term record of the human oral microbiome. Philosophical 
Transactions of the Royal Society B, 370, 20130376.

Warinner, C., Speller, C., Collins, M. J., & Lewis, C. M. (2015b). Ancient human microbiomes. 
Journal of Human Evolution, 79, 125–136.

White, D.  J. (1997). Dental calculus: Recent insights into occurrence, formation, prevention, 
removal and oral health effects of supragingival and subgingival deposits. European Journal of 
Oral Sciences, 105, 508–522.

Yao, Y., Berg, E. A., Costello, C. E., Troxler, R. F., & Oppenheim, F. G. (2003). Identification 
of protein components in human acquired enamel pellicle and whole saliva using novel pro-
teomics approaches. The Journal of Biological Chemistry, 278(7), 5300–5308.

Zijnge, V., van Leeuwen, M. B. M., Degener, J. E., Abbas, F., Thurnheer, T., Gmur, R., & Harmsen, 
H. J. M. (2010). Oral biofilm architecture on natural teeth. PLoSOne, 5(2), e9321.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter’s Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder.

D. C. Salazar-García et al.

https://doi.org/10.1038/srep07104
http://creativecommons.org/licenses/by/4.0/

	Chapter 6: The Potential of Dental Calculus as a Novel Source of Biological Isotopic Data
	6.1 Introduction
	6.2 Composition of Dental Calculus
	6.2.1 Formation of Dental Calculus
	6.2.2 Mineral Composition of Dental Calculus
	6.2.3 Organic Composition of Dental Calculus

	6.3 Conventional Analysis of Collagen Carbon and Nitrogen Stable Isotopes in Paleodietary Reconstruction
	6.3.1 Stable Isotope Analysis from Mineralized Tissues
	6.3.2 Collagen and Bioapatite Carbon Stable Isotopes
	6.3.3 Collagen Nitrogen Stable Isotopes

	6.4 New Directions: Stable Isotope Analysis of Bulk Dental Calculus
	6.4.1 Need for Alternatives to Collagen in Isotopic Analysis
	6.4.2 Suitability of Dental Calculus for Isotopic Measurement

	6.5 Paleodietary Inference from Dental Calculus
	6.5.1 Initial Studies
	6.5.2 Recent Studies Comparing Isotopic Values from Dental Calculus and Conventional Tissues
	6.5.3 Potential Problems and Pitfalls in Isotopic Analysis of Dental Calculus

	6.6 Case Study: Human Subsistence During the Basketmaker II Period at Grand Gulch
	6.6.1 Study Design and Archaeological Context
	6.6.2 Methods
	6.6.3 Results
	6.6.4 Discussion

	6.7 Conclusion and Future Perspectives
	References


