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Abstract 
 

Nicolas Bourgon 
 

Zinc Isotope Systematics in Terrestrial Food Webs: Implications for 
the Trophic Ecology of Tropical Hunter-Gatherer of Late Pleistocene 

Southeast Asia 

 

This thesis explores the use of “non-traditional” stable isotopes in archeology and 

paleontology, specifically isotopes of the trace element zinc (Zn) from tooth enamel 

to obtain dietary information from fossil specimens. Throughout this thesis, the use of 

zinc stable isotopes is explored through methodological and application perspectives, 

addressing some analytical challenges and developing study designs that are optimized 

for extracting robust dietary data from fossil materials. In particular, this method 

allows assessing the trophic level of a consumer, i.e., its relative dietary reliance on 

plant or animal resources. While nitrogen stable isotope (δ15N) analysis of bone or 

dentin collagen is an established method for trophic level assessment, such method is 

limited by protein preservation. Trophic level assessment of fossils beyond the Late 

Pleistocene, or coming from adverse taphonomic settings such as tropical and 

subtropical environments, are mostly unfeasible with this conventional method. 

However, the 66Zn/64Zn ratio (expressed as δ66Zn value) in bioapatite shows promise 

as a proxy to infer trophic and dietary information from fossil vertebrates, even under 

adverse taphonomic conditions. Indeed, zinc is incorporated as a trace element in the 

enamel bioapatite and thus has a better long-term preservation potential of diet-related 

isotope compositions than collagen-bound nitrogen. 

The first part of this thesis aims at giving an overview of zinc isotope analysis in 

paleodietary reconstructions, outlining principles of zinc isotope systematics and 

highlighting the potential and challenges of this analysis for archeology and 

paleontology. The lack of a strongly defined interpretative framework and comparative 

data are key obstacles to using zinc stable isotopes for paleodietary reconstructions. 
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The second part of this thesis examines the preservation potential of pristine diet-

related zinc isotope ratios under tropical conditions with poor collagen preservation, 

such as the studied depositional context in Southeast Asia. Analyses were conducted 

on the enamel of fossil teeth from the Late Pleistocene (38.4–13.5 ka) mammalian 

assemblage of Tam Hay Marklot (THM) cave in northeastern Laos, representing the 

first use of zinc isotopes on fossils for paleodietary studies. Distinct trophic 

discriminations according to expected feeding habits were obtained from enamel δ66Zn 

values of the fossil taxa. Moreover, trace element and zinc concentration profiles 

suggest an excellent long-term preservation potential of original zinc isotope 

compositions and validate the use of this method for paleodietary studies.  

The third part of this thesis comprises an assessment of zinc contamination from gloves 

used during sample preparation, using teeth of a population of early Holocene hunter-

gatherers from Lapa do Santo, Brazil. No sign of significant zinc contamination was 

identified, and the primary source of zinc isotope variability in the Lapa do Santo 

population appeared associated with dietary transitions. For the first time, the potential 

of zinc stable isotope values as a proxy to trace age at weaning was demonstrated. 

The fourth part of this thesis involves the application of zinc isotope ratios to assess 

the reliance on plant or animal resources of a Late Pleistocene (63–46 ka) fossil Homo 

sapiens individual from Tam Pà Ling, one of the earliest-known anatomically modern 

humans in tropical Southeast Asia. The results highlighted a diet comprised of 

substantial amounts of plant and animal matter, which contrasts with most trophic level 

assessments of contemporaneous hunter-gatherer humans from other regions that 

comprise higher proportions of animal matter in their diet. It also reinforces a growing 

body of evidence for early human foragers’ occupation and adaptation to tropical 

rainforest environments. These results further illustrate the potential of the isotopic 

ratios of zinc in bioapatite to bypass the taphonomical limitations of collagen-bound 

nitrogen isotopes, allowing insights otherwise unobtainable. 
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Zusammenfassung 
 

Nicolas Bourgon 
 

Zink-Isotopen-Systematik in terrestrischen Nahrungsnetzen: 
Implikationen für die trophische Ökologie der tropischen Jäger und 

Sammler im späten Pleistozän Südostasiens 

 

Diese Dissertation untersucht die Anwendung "nicht-traditioneller" stabiler Isotope in 

der Archäologie und Paläontologie, insbesondere die Anwendung von Isotopen des 

Spurenelements Zink (Zn) aus Zahnschmelz, um Informationen über die Ernährung 

aus fossilen Proben zu erhalten. Mit dieser Methode lässt sich insbesondere die 

trophische Ebene eines Konsumenten beurteilen, d. h. seine relative Abhängigkeit von 

pflanzlichen oder tierischen Ressourcen in der Ernährung. Die Analyse der stabilen 

Stickstoffisotope (δ15N) von Knochen- oder Dentinkollagen ist zwar eine etablierte 

Methode zur Bewertung der trophischen Ebene, doch wird die Anwedung dieser 

Methode durch die Proteinkonservierung limitiert. Bei Fossilien, die älter als 

∼100.000 sind oder aus ungünstigen taphonomischen erhältnissen stammen, ist eine 

Bestimmung der Trophiestufe mit dieser herkömmlichen Methode meist nicht 

möglich. Das 66Zn/64Zn-Verhältnis (ausgedrückt als δ66Zn-Wert) in Bioapatit ist 

jedoch ein vielversprechender Indikator, um trophische und ernährungsbezogene 

Informationen aus fossilen Wirbeltieren abzuleiten, selbst unter ungünstigen 

taphonomischen Bedingungen. Zink ist nämlich als Spurenelement in den Bioapatit 

des Zahnschmelzes eingebaut und hat daher ein besseres Potenzial für die langfristige 

Erhaltung nahrungsspezifischer Isotopenzusammensetzungen als kollagengebundener 

Stickstoff. 

Der erste Teil dieser Arbeit soll einen Überblick über die Zink-Isotopenanalyse bei als 

Werkzeug zur paläodiätischen ErnährungsrekonstruktionRekonstruktionen geben, die 

isotopischen Prinzipien der Isotopensystematik von Zink umreißen und das Potenzial 

und die Herausforderungen dieser Analyse für die Archäologie und Paläontologie 

aufzeigen. Für paläodätische ErnährungsrRekonstruktionen werden das Fehlen eines 
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klar definierten Interpretationsrahmens und von Vergleichsdaten als zentrale 

Herausforderungen bei der Verwendung von Isotopen des Spurenelements Zink 

genannt.   

Im zweiten Teil dieser Arbeit wird das Erhaltungspotenzial ursprünglicher 

ernährungsbezogener Zinkisotopenverhältnisse unter tropischen Bedingungen mit 

schlechter Kollagenerhaltung untersucht. Die Analysen wurden am Schmelz fossiler 

Zähne aus der spätpleistozänen (38,4–13,5 ka) Assemblage Fossilassoziation von Tam 

Hay Marklot (THM) durchgeführt. Anhand der δ66Zn-Werte im Zahnschmelz der 

fossilen Taxa konnten eindeutige trophische Unterscheidungen entsprechend den 

erwarteten Ernährungsgewohnheiten getroffen werden. Darüber hinaus deuten die 

Profile der Spurenelement- und Zinkkonzentration auf ein ausgezeichnetes Langzeit-

Erhaltungspotenzial der nahrungsbezogenen Zn-Isotopenzusammensetzung hin und 

bestätigen die Verwendung dieser Methode für paläodiätetische Studiendie 

Ernährungsrekonstruktion.  

Der dritte Teil dieser Arbeit befasst sich mit der Bewertung der Zinkkontamination 

von Handschuhen, die bei der Probenvorbereitung verwendet wurden, bei für Zähne 

einer Population von Jägern und Sammlern aus dem frühen Holozän in Lapa do Santo, 

Brasilien. Es wurden keine Anzeichen für eine signifikante Zinkkontamination 

festgestellt, und die primäre Quelle der Zinkisotopenvariabilität in der Bevölkerung 

von Lapa do Santo scheint mit Ernährungsumstellungen Ernährungsänderungen 

zusammenzuhängen. Zum ersten Mal wurde das Potenzial des Zink-

Isotopenverhältnisses als Näherungswert möglicher Indikator für das 

EntwöhnungsAalter beim Absetzenvon der Muttermilch nachgewiesen. 

Der vierte Teil dieser Arbeit befasst sich mit der Anwendung von Zink-

Isotopenverhältnissen, um die Abhängigkeit von pflanzlichen oder tierischen 

Ressourcen eines spätpleistozänen (63–46 ka) fossilen Homo sapiens-Individuums aus 

Tam Pà Ling, einem der frühesten anatomisch bekannten modernen Menschen in 

Südostasien, zu bewerten. Die Ergebnisse weisen auf eine Ernährung hin, die 

erhebliche Mengen sowohl an pflanzlichen pflanzlicher und als auch an tierischen 

tierischer Stoffen Kost enthält, was im Gegensatz zu den meisten Bewertungen der 

trophischen Ebene zeitgenössischer Jäger und Sammler Menschen aus anderen 

Regionen steht, die einen höheren tierischen Proteinanteil in ihrer Ernährung 

aufweisen. 
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Chapter 1 

 
Dietary reconstruction in 
archeology 

 
1.1 Introduction 
Determining the dietary habits of fossil humans provides us with crucial insights into 

their behavior and ecology, and represents a key concern in the study of human 

evolution. The relationships between diet, hominin evolution, and behaviors are much 

discussed and highly debated (e.g., Lee-Thorp et al., 1994; Aiello and Wheeler, 1995; 

Sponheimer and Lee-Thorp, 1999a; Teaford and Ungar, 2000; Richards et al., 2001; 

Braun et al., 2010; Sponheimer et al., 2013), not least due to a lack of unequivocal 

tracers and the persistent challenge of relating existing records to past human activities. 

Pre-Holocene archeological sites are seldom found, and most of the artifacts present 

during their occupation disappeared through time. Even when archeological material 

such as organic remains (i.e., animal bones or plant remains) and stone tools are found, 

they mostly prove inadequate in providing reliable insight into overall dietary reliance, 

as they merely offer an indirect measure of past diets. Indeed, they could very well 

relate to single isolated events such as hunting, butchering, and food processing, or 

constitute a time-averaged assemblage covering an unknown lapse of time (e.g., 

Kidwell and Behrensmeyer, 1993; Dibble et al., 1997; Garvey, 2018), and their 

representation of everyday diets can hardly be assessed. The archeological record as a 

whole is thus most likely biased and unrepresentative of the daily subsistence practices 

of hominids. 

Moreover, archeological material that survives the best (i.e., animal bones and stone 

tools) also strongly bias inferences towards a strongly meat-based subsistence since 

plant remains are missing from a large part of the archeological record (e.g., Miksicek, 

1987; Wright, 2010). Fortunately, it is possible to directly assess the overall dietary 



___________________________________________________________________________ 36 DIETARY RECONSTRUCTION IN ARCHEOLOGY 

reliance of past hominids through stable isotopes analyses of surviving tissue, 

primarily bone collagen (e.g., Ambrose, 1986; Bocherens et al., 1991; Richards and 

Hedges, 1999; Richards et al., 2001; Müldner and Richards, 2005; Fischer et al., 2007; 

Richards and Trinkaus, 2009) and tooth enamel (e.g., Lee-Thorp et al., 1994; 

Sponheimer and Lee-Thorp, 1999a; Sponheimer et al., 2006b, 2013; Roberts et al., 

2015, 2017a). However, these methods are confronted with limitations of their own, 

most notably arising from protein preservation in the case of stable isotopes analyses 

of collagen. This thesis explores the potential of another chemical dietary tracer, 

specifically of the zinc isotope method in tooth enamel, for providing dietary and 

trophic information in fossil communities. More specifically, the work presented here 

seeks to assess diagenetic post-mortem alterations and the preservation potential of a 

diet-related zinc isotope composition in tooth enamel, explore sampling strategies and 

contamination-related issues, expand on the interpretative framework of this isotope 

system, and provide exemplary application studies that highlight the usefulness of zinc 

isotopic composition for exploring paleodietary habits. 

The following sections outline traditional isotopic approaches linking dietary habits 

and archeological evidence (Section 1.2) and compare this with the zinc isotope 

composition approach (Section 1.3). Section 1.4 offers background information 

relative to Southeast Asia's archeological context and implications relative to human 

evolution. Finally, Section 1.5 details the specific aims and objectives of this thesis, 

followed by the results of the application studies (Chapters 2-4) conducted as part of 

this thesis project. A synthesis of these results, an outlook and a concluding summary 

can be found in Chapter 5 and 6. 

 

1.2 Stable isotope analysis in paleodietary studies 
One of the biggest revolutions in paleodietary reconstruction studies was the 

introduction of stable isotope analysis, which allowed the direct exploration of past 

human populations’ diets. Historically, most dietary studies have relied on the study 

of isotopes from two light elements of bone collagen: carbon (13C/12C, expressed as 

δ13C values) and nitrogen (15N/14N, expressed as δ15N values). These elements are also 

found in calcified tissues like bones and teeth, the most common vertebrate tissues 

surviving into the archeological record, making them a prime candidate for 

paleodietary reconstruction. 
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As was the case in geology, archeologists were first interested in measuring radiogenic 

isotope ratios, with radiocarbon dating applied as early as 1949 (Arnold and Libby, 

1949). The advent of the radiocarbon method resulted in a veritable revolution in 

archeology, frequently considered as one of its most decisive development of the 20th 

century. Twenty years later, some plants were recognized to exhibit higher δ13C values 

than others and erroneously produce older dates (Hall, 1967), foreshadowing and 

initiating investigations on dietary and environmental reconstructions using carbon 

stable isotopes. The cause was revealed by identifying differential fractionation of 

carbon isotopes during CO2 fixation by plant groups with different photosynthetic 

pathways: C3 and C4, and CAM to a lesser extent (Smith and Epstein, 1971; O’Leary, 

1988; Farquhar et al., 1989). Plants using the C3 photosynthesis pathway (trees, most 

shrubs, and temperate grasses) are characterized by low δ13C values, ranging from −37 

‰ to −20 ‰ (Smith and Epstein, 1971; O’Leary, 1988; Farquhar et al., 1989; Kohn, 

2010), while the C4 plants (mostly tropical grasses) have higher values around −16 ‰ 

to −10 ‰ (Smith and Epstein, 1971; O’Leary, 1988; Farquhar et al., 1989; Basu et al., 

2015). Isotopic compositions of carbon and nitrogen in animal tissues were 

subsequently studied (DeNiro and Epstein, 1978; DeNiro and Epstein, 1981), and their 

association with diet and fractionation along the food chain was quickly established.  

Carbon isotope compositions are passed along in food webs with only secondary 

fractionation (e.g., Lee-Thorp et al., 1989; Cerling and Harris, 1999; Passey et al., 

2005), resulting in consumers’ tissues to reflect the relative proportion of a food web’s 

primary carbon sources, namely of C3- (bushes, shrubs, and grasses) or C4-plants 

(mostly tropical and subtropical grasses, sedges) in their diet. This distinction quickly 

proved valuable in paleodietary studies, where it provided a sensitive proxy to the 

introduction of maize (a C4 grass) domestication (Vogel and Merwe, 1977; Van der 

Merwe and Vogel, 1978), the contributions of marine resources, typically more 13C-

enriched than terrestrial carbon sources, into populations’ diet (Tauber, 1981; 

Chisholm et al., 1982; Hobson and Collier, 1984; Sealy et al., 1986) and insights into 

the diet of early hominids (e.g., Lee-Thorp et al., 1994; Sponheimer and Lee-Thorp, 

1999a; Sponheimer et al., 2006b). Additionally, in tropical and subtropical regions, 

forest and woodland habitats, and animals living in these environments, are associated 

with C3 plants that exhibit low δ13C values, whereas drier and more open environments 

are characterized by C4 plants (i.e., mostly grasses) with high δ13C values (e.g., Cerling 

et al., 1997; Zazzo et al., 2000; Sponheimer et al., 2006a; Cerling et al., 2015; Bacon 

et al., 2018a, 2018b). Additional insights into densely forested C3 ecosystems can also 

be gleaned through low values that result from a "canopy effect" (van der Merwe and 
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Medina, 1991): the lowest δ13C values are found in flora and fauna living on the forest 

floor (Vogel, 1978; Ehleringer et al., 1986; Medina et al., 1986; Ehleringer et al., 1987; 

Sternberg et al., 1989; van der Merwe and Medina, 1989, 1991; Krigbaum, 2003; 

Krigbaum et al., 2013; Graham et al., 2014; Blumenthal et al., 2016; Roberts et al., 

2017b) and can consequently be used as a tracer to infer the density of a forest cover 

and its associated habitat type. The δ13C values of consumers accordingly reflect these 

isotopically distinct carbon sources and thus allow the reconstruction of 

paleoenvironments and vegetation cover. 

Substantial variability exists between ecosystems in nitrogen isotopic composition, 

reflecting an intricate balance between biological nitrogen fixation, recycling within 

the biosphere and soils, and re-release of N2 (e.g., Shearer and Kohl, 1986; Ambrose, 

1991; Robinson, 2001; Amundson et al., 2003; Evans, 2007). More importantly, 

nitrogen isotopes found in bone or dentin collagen vary according to the diet, 

specifically with trophic level. Indeed, a stepwise shift of +2–6‰ in δ15N has been 

widely documented between consumers and their diet in various food webs (e.g., 

DeNiro and Epstein, 1981; Schoeninger and DeNiro, 1984; Minagawa and Wada, 

1986; Sealy et al., 1987; Bocherens and Drucker, 2003; Passey et al., 2005; Fox-Dobbs 

et al., 2007), and even for breastfeeding (e.g., Fogel et al., 1989; Schurr, 1998; 

Richards et al., 2002; Fuller et al., 2006).  

However, ecosystems have multiple food sources that exhibit distinct nitrogen stable 

isotope composition despite sharing a single trophic level. Differences in δ15N values 

of primary consumers are governed mainly by a balance between atmospheric fixation, 

denitrification, and ammonia volatilization within the soil (e.g., Shearer and Kohl, 

1986; Ambrose, 1991; Evans, 2007). Collectively, the primary consumers' isotopic 

compositions define an isotopic baseline specific to different regions or times, which 

needs to be accounted for when assessing trophic position using nitrogen stable isotope 

(Post, 2002; Casey and Post, 2011; Woodcock et al., 2012). By analyzing sympatric 

animals as a frame of reference for each trophic level, baseline variability can thus be 

assessed, and the stepwise trophic shift allows the use of δ15N as a tool for evaluating 

the degree of animal-matter in the diet of past populations (e.g., Schoeninger et al., 

1983; Ambrose, 1986; Bocherens et al., 1991; Richards and Hedges, 1999; Richards 

et al., 2001; Müldner and Richards, 2005; Fischer et al., 2007; Richards and Trinkaus, 

2009). This method notably played a pivotal role in determining Homo 

neanderthalensis as apex predator with a meat-rich diet (e.g., Bocherens et al., 1991, 
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1999, 2005; Drucker and Bocherens, 2004; Richards and Trinkaus, 2009; Jaouen et 

al., 2019a; Wißing et al., 2019).  

Compared to other sources of information on past diets, these two isotope systems 

provide a quantitative approach to assess the overall dietary reliance for an individual, 

i.e., they average out the whole diet over specific periods (bone formation and 

remodeling of the lifespan of an animal or human (e.g., Enlow, 1962; Enlow and 

Bangm 1965), and tooth enamel secretion and mineralization over the formation time 

of teeth (e.g., Dean, 2006; Lacruz et al., 2008, 2017; Bromage et al., 2012)). However, 

analyses of collagen are limited by the preservation of organic material (i.e., proteins), 

which typically does not survive in skeletal remains beyond the Late Pleistocene (van 

Klinken, 1999). This time frame is shorter (∼15 ka) in arid or wet tropical 

environments (Ambrose, 1991; Krigbaum, 2005; Loosdrecht et al., 2018). 

Moreover, the source material for biosynthesis determines what portions of the diet 

are represented in the stable nitrogen isotope compositions of tissues (e.g., Schoeller, 

1999; Schwarcz 2000; Harrison and Katzenberg 2003), whereby collagen is more 

indicative of the protein portion of the diet (e.g., Ambrose and Norr, 1993; Tieszen 

and Fagre, 1993). Consequently, reconstructions of overall dietary reliance made 

through stable nitrogen isotope analysis of collagen are hampered by meat almost 

consistently containing more protein than plants (Phillips and Koch, 2002). As a result, 

animal-based dietary signals in δ15N values are prevailing in humans (e.g., Richards et 

al., 2001; Bocherens et al., 2005; Richards and Trinkaus, 2009; Naito et al., 2016; 

Jaouen et al., 2019a), since the relative importance of plants in the diet is generally 

being overprinted by meat consumption. Additionally, as absolute values do not define 

trophic positions but are relative to others from specimens of known trophic position, 

variation in δ15N baselines must be appropriately accounted for by defining a context 

for which consumers’ δ15N values can be directly compared, otherwise erroneous 

assessment of consumer trophic positions are likely to arise (Post, 2002; Casey and 

Post, 2011; Woodcock et al., 2012). These caveats represent severe limitations to 

paleodietary investigations across ecosystems and climatic zones, and limit insights 

that can be gleaned into human evolution.  

Recently, developments in mass spectrometry have allowed the measurement of 

different natural stable isotope ratios for elements such as calcium, magnesium, 

strontium, and zinc (e.g., Chu et al., 2006; Knudson et al., 2010; Costas-Rodríguez et 

al., 2014; Martin et al., 2014), and collectively referred to as “non-traditional stable 

isotopes” (Albarède and Beard, 2004; Anbar and Rouxel, 2007; Weiss et al., 2008). It 
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was not long until studies on biological materials was carried out, such as plants and 

human or animal tissues (Skulan et al., 1997; Skulan and DePaolo, 1999; Walczyk and 

von Blanckenburg, 2002; Ohno et al., 2004, 2005; Weiss et al., 2005; Guelke and von 

Blanckenburg, 2007; Viers et al., 2007; Black et al., 2008; Moynier et al., 2009, 2013; 

von Blanckenburg et al., 2009; Balter et al., 2010, 2013; Aucour et al., 2011; Weinstein 

et al., 2011; Jouvin et al., 2012; Hindshaw et al., 2013). 

While these non-traditional stable isotopes provided the opportunity to assess new 

types of information such as human metabolism (Walczyk and von Blanckenburg, 

2005; Albarède et al., 2011; Heghe et al., 2012; Jaouen et al., 2012; Jaouen and Balter, 

2014) and diseases (Krayenbuehl et al., 2005; Morgan et al., 2012; Aramendía et al., 

2013; Balter et al., 2015; Larner et al., 2015), one of the greatest potentials of these 

non-traditional isotopes rests in paleodietary studies. Indeed, the relation in isotopic 

composition to trophic level has already been demonstrated for calcium (Skulan et al., 

1997; Skulan and DePaolo, 1999; Chu et al., 2006; Reynard et al., 2010; Heuser et al., 

2011; Tacail et al., 2017, 2020; Hassler et al., 2018; Martin et al., 2020), stable 

strontium (Knudson et al., 2010; Weber et al., 2020), magnesium (Martin et al., 2014, 

2015), and zinc (Jaouen et al., 2013, 2016a, 2016b, 2018; Costas-Rodríguez et al., 

2014). 

Moreover, these non-traditional stable isotopes can be measured in the bioapatite of 

vertebrates, the mineral part of bones, dentin, and tooth enamel. In particular, tooth 

enamel offers the potential of preserving biogenic diet-related isotope composition 

over millions of years and perhaps even over geological timescales (e.g., Copeland et 

al., 2011; Balter et al., 2012, 2019; Dean et al., 2018; Hassler et al., 2018). Indeed, the 

porosity of tooth enamel is low, it has a low content of organic matter, and has larger 

and more compact crystallites relative to bones, making it a mineral tissue that is less 

susceptible to diagenetic trace element exchange (e.g., Kyle, 1986; Wang and Cerling, 

1994; Kohn et al., 1999; Schoeninger et al., 2003; Kocsis et al., 2010; McCormack et 

al., 2015). Moreover, tooth enamel mineralizes sequentially and remains 

compositionally and structurally stable during life, thus capturing and preserving 

environmental and dietary changes that occurred during the enamel mineralization 

phases in an individual’s life (Dean, 2006; Lacruz et al., 2008, 2017; Bromage et al., 

2012). The combination of trophic level proxy and high preservation potential is 

precisely what makes non-traditional stable isotopes such promising paleodietary 

tracers. They could provide a new tool to assess diet and trophic interaction in past 

food webs where the traditionally-used nitrogen isotope composition of collagen from 
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bone and dentin are affected by diagenetic alteration and limited by the degree of 

protein preservation.  

 

1.3 Zinc stable isotope analysis in (paleo)dietary studies 
Among these non-traditional stable isotope systems, the isotopes of the trace element 

zinc (Zn) constitute a promising dietary indicator (Jaouen et al., 2013, 2016a, 2016b, 

2018; Costas-Rodríguez et al., 2014), yet the study of this system is still in its infancy.  

Zinc is the second most abundant micronutrient in the human body after iron (Lim et 

al., 2013; Maret, 2016), and it is an essential agent in many biological processes and 

necessary for most living organisms (Vallee and Falchuk, 1993; Berg and Shi, 1996; 

Maret, 2017). In fact, it is estimated to bind as many as 2800 different proteins in the 

human body (Andreini et al., 2006), covering a wide variety of diverse functions 

(Matthews et al., 2009; King, 2011; Hara et al., 2017). 

Zinc has to be continuously supplied by dietary intake (Rink, 2000) to ensure and 

support healthy zinc homeostasis in intestinal absorption (Krebs, 2000) and 

compensate endogenous zinc losses (Maret, 2006; Gibson et al., 2016). While the 

amount of absorbed zinc depends on the zinc content of the diet (Brown et al., 2004), 

zinc absorption is conditional on its intestinal bioaccessibility and bioavailability from 

the diet, as some food components can influence the available zinc concentration. 

Phytate, naturally found in many plants, is one such component that has been shown 

to decrease intestinal zinc bioavailability severely (e.g., Turnlund et al., 1984; 

Ferguson et al., 1988). Consequently, plant-based diets generally contain less 

intestinally-available zinc than meat-based diets (Kristensen et al., 2006; Foster and 

Samman, 2015). Conversely, dietary proteins correlate with higher zinc uptake 

(Sandström et al., 1980; Wapnir, 2000), and even more so for animal proteins 

(Sandström et al., 1983). Moreover, adding animal protein to plant-based diets appears 

to improve zinc bioavailability considerably (Sandström et al., 1989), because protein 

seemingly counteracts the impairing effects of phytate (Davidsson et al., 1996). The 

zinc content in animal products is also generally high, whereby meat and offals from 

some commonly-consumed terrestrial animals contain between 1000 to 7000 μg/100g 

of zinc (e.g., Onianwa et al., 2001; Scherz and Kirchhoff, 2006). In comparison, the 

zinc content in most commonly-consumed plants is less than 1000 μg/100g, except for 

cereals, seeds, and nuts, where zinc content ranges from 2560 to 3700 μg/100g (e.g., 

Onianwa et al., 2001; Scherz and Kirchhoff, 2006). However, while cereals, seeds, and 
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nuts contain a similarly high amount of zinc than animal products, they almost 

systematically also contain a high level of phytate compared to tubers, fruits, leaves, 

and vegetables (e.g., Reddy, 2002), severely decreasing the intestinal zinc 

bioavailability. In addition to zinc content and zinc bioavailability, zinc absorption also 

seemingly depends on individuals' overall zinc content in their diet, as zinc-deficient 

humans and animals exhibit increased and more efficient zinc absorption from dietary 

intakes (Istfan et al., 1983; Wada et al., 1985; Taylor et al., 1991; Hunt et al., 2008; 

Yasuno et al., 2011). 

While zinc is not a transition metal, its properties are more similar to them than post-

transition metals. It displays an average relative atomic mass of 65.38 (Ponzevera et 

al., 2006) and possesses five naturally occurring stable isotopes: 64Zn (48.63%), 66Zn 

(27.90%), 67Zn (4.10%), 68Zn (18.75%) and 70Zn (0.62%) (Rosman and Taylor, 1998). 

Isotopic abundances are presented in δ (delta) notation expressed as deviation per mil 

(‰) using the two most abundant isotopes relative to the JMC-Lyon standard solution, 

as follows: δ66Zn = (66Zn/64Zn sample/66Zn/64Zn standard ─ 1) × 1000.  

In 2012, Van Heghe and colleagues (Heghe et al., 2012) began investigating in humans 

the causes of the variability of zinc isotopes in a pilot study. Since then, work on 

mammals from modern food webs, first in Africa (Jaouen et al., 2013, 2016a) and then 

in the Canadian Arctic (Jaouen et al., 2016b), have further elucidated the relationship 

between zinc isotopes and diet. The few studies that have utilized stable zinc isotopes 

indicate that the method shows exceptional promise for paleodietary analysis in fossils 

(Jaouen et al., 2013, 2016a, 2016b, 2018, 2020; Bourgon et al., 2020, 2021; 

McCormack et al., 2021). Zinc is incorporated as a trace element in the mineral fraction 

(i.e., bioapatite) of tooth enamel. Consequently, it is not reliant on the preservation of 

organic material (in contrast to classical organic matter-bound nitrogen isotopes), 

representing a major advantage in archeological applications. As already mentioned, 

tooth enamel is crucially resistant to soil alteration and contamination (Lee-Thorp and 

van der Merwe, 1991; Michel et al., 1996; Kohn et al., 1999; Trueman and Tuross, 

2002; Dauphin and Williams, 2004), and therefore can retain unaltered elemental 

signatures for millions of years. The potential for recovering dietary information 

beyond the reach of other conventional collagen-bound dietary tracers in ancient 

vertebrate fossils and environments adverse to organic matter preservation is thus 

consequential.  

As currently understood, the primary source of zinc in a given terrestrial food web 

derives from plants. Two main parameters are then suggested to explain the zinc 
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isotope composition of plants: the initial zinc isotope ratios of the source-intake (Viers 

et al., 2007; Fekiacova et al., 2015) and the biological fractionation that occurs by and 

within the plant itself (Weiss et al., 2005; Viers et al., 2007, 2015; Moynier et al., 2009; 

Aucour et al., 2011, 2015; Tang et al., 2012, 2016; Deng et al., 2014; Caldelas and 

Weiss, 2017; van der Ent et al., 2021). For plants specifically, the initial source-intake 

is derived from the soil, whose isotopic composition is in turn controlled by the nature 

of the underlying bedrock, as well as chemical weathering in soils (e.g., Viers et al. 

2007, 2015; Opfergelt et al. 2017; van der Ent et al., 2021). While igneous rocks 

exhibit a narrow range of δ66Zn values (+0.3 ± 0.14 ‰ (2σ)) (Moynier et al., 2009, 

2017), δ66Zn values recorded in sedimentary rocks are more heterogeneous and 

variable, exhibiting higher values that can go as high as 1.4 ‰ in marine carbonates 

(Luck et al., 1999; Maréchal et al., 2000; Pichat et al., 2003; Cloquet et al., 2008; 

Moynier et al., 2017). Higher values in carbonate rock have been suggested to be the 

result of biological processes, whereby marine algae's uptake favors the lighter zinc 

isotopes and consequently induces a relative enrichment of δ66Zn in the surface 

seawater zinc pool (Maréchal et al., 2000), leading to a similar enrichment in that of 

shell carbonate formed in isotopic equilibrium with ambient seawater (Pichat et al., 

2003). 

Following zinc intake in the rhizosphere, an initial fractionation through preferential 

absorption occurs in plants between the roots and the soil (Weiss et al., 2005; Aucour 

et al., 2011, 2015; Tang et al., 2016), leading to a general enrichment in heavy isotopes 

in the roots relative to the litter (Figure 1; Weiss et al., 2005; Viers et al., 2007; 

Moynier et al., 2009; Aucour et al., 2011, 2015; Tang et al., 2016; van der Ent et al., 

2021). A correlation also possibly exists between δ66Zn and the length of plants, both 

within a single plant and between species (Figure 1). Indeed, root-to-shoot zinc 

translocation leads to active uptake of heavy zinc isotopes out of the xylem, seemingly 

occurring during transport, and consequently favors the mobility of light zinc isotopes 

to the most aerial parts of the plants (Figure 1; Viers et al., 2007; Moynier et al., 2009). 

This active uptake during transport leads to lower δ66Zn values observed for the most 

aerial parts of the plants (Weiss et al., 2005; Viers et al., 2007; Moynier et al., 2009; 

Tang et al., 2012, 2016; Deng et al., 2014; Caldelas and Weiss, 2017; van der Ent et 

al., 2021), and generally higher δ66Zn values in low growing plants compared to high 

growing plants, respectively such as herbaceous species and trees (Weiss et al., 2005; 

Viers et al., 2007; Moynier et al., 2009). 
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Figure 1. Box and whisker plots presenting the range of δ66Zn values (‰, relative to the JMC-Lyon zinc isotope 
standard) in some plants (Viers et al., 2007; Moynier et al., 2009; Aucour et al., 2011; Tang et al., 2016; van der 
Ent et al., 2021), highlighting the general enrichment in heavy isotopes in the roots (brown square) relative to the 
source (orange diamond) and the general trend of lower δ66Zn values in shoots (light green circle; here including 
stem and/or shoots data) and leaves (turquoise triangle) relative to the roots. The isotopic composition of the known 
or likely source (e.i., litter, soil, or nutrient solution in experimental settings) of zinc uptake from the plant does not 
contribute to the boxes and whiskers, which represent the 25th–75th percentiles, with the median represented by a 
bold horizontal line, for each plant. 

Similar underlying principles then governs the zinc isotope composition in the tissues 

of subsequent trophic chains’ consumers (i.e., animals): isotopic fractionations 

occurring within the consumer during intestinal absorption and the initial zinc isotope 

ratios of the food ingested (Turnlund et al., 1984; Cousins, 1985; Lönnerdal, 2000; 

Balter et al., 2010; Jaouen et al., 2013, 2017; Moynier et al., 2013). Naturally, the zinc 

isotope composition in animal tissues depends on the initial source intake, which varies 

according to what is consumed. Indeed, different species, organs, and tissues of plants 

and animals alike are likely to induce different δ66Zn values in the consumer (Figure 

1 and 2; Supplementary Information (SI) Appendix, Table S1; Balter et al., 2010, 

2013; Moynier et al., 2013; Jaouen et al., 2013, 2016a; Costas-Rodríguez et al., 2014; 

Mahan et al., 2018). Additionally, while the physiological mechanisms (i.e., element 

cycling in the body) which drive zinc isotope fractionation are not yet well understood, 

biological activities fractionate zinc isotopes in the body among organs and account 

for variability in body tissues δ66Zn values (Figure 2; SI Appendix, Table S1; Balter 

et al., 2010, 2013; Moynier et al., 2013; Mahan et al., 2018). Specifically, zinc isotopes 

can be used as ecological proxies precisely because the coordination of zinc with 

different ligands induces high isotopic fractionation within organisms. Indeed, heavy 

zinc isotopes tend to form stronger bonds that often involve oxygen in hydroxides, 

phosphates, carbonates, and nitrogen in histidine, whereas bonds involving sulfides 
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are enriched in lighter zinc (Balter et al., 2013). For example, mammal bones are 

typically enriched in heavy zinc because of the binding to phosphates, whereas the 

liver is conversely enriched in light zinc isotopes due to its bond to sulfur (Balter et 

al., 2010, 2013; Moynier et al., 2013; Mahan et al., 2018). As a result, muscles and 

most organs are typically 66Zn depleted relative to the animal’s diet (Figure 2; SI 

Appendix, Table S1; Balter et al., 2010, 2013; Moynier et al., 2013; Mahan et al., 

2018) and thus inducing successively lower δ66Zn value with increasing trophic level.  

 

Figure 2. The zinc isotope compositions (‰, relative to the JMC-Lyon zinc isotope standard) of red blood cells, 
bones, feces, muscle, kidney, liver, and respective feeds of animals, as reported from controlled-feeding 
experiments, highlights the generally low δ66Zn values in soft tissues and higher values in bones compared to the 
diet. The beige squares correspond to data from sheep of Balter et al. (2010), the green circles from mice of Moynier 
et al. (2013), blue triangles from mice of Balter et al. (2013), and red diamonds from rats of a preliminary dataset 
(SI Appendix, Table S1). The dashed lines correspond to the mean δ66Zn values of the diet provided to the animals 
in each study. 

Generally, plant-matter has relatively elevated δ66Zn values (Costas-Rodríguez et al., 

2014; Jaouen et al., 2016a), whereas muscles and other soft tissues exhibit low values 

(SI Appendix, Table S1; Balter et al., 2010, 2013; Jaouen et al., 2013, 2016a; Moynier 

et al., 2013; Costas-Rodríguez et al., 2014; Mahan et al., 2018). This difference leads 

to discrimination in δ66Zn values between trophic levels within a given food web where 

higher trophic level consumers exhibit lower δ66Zn values in their body tissues than 

primary consumers (Jaouen et al., 2013, 2016a, 2016b, 2018; Costas-Rodríguez et al., 

2014). The underlying mechanism responsible for trophic level discrimination through 

zinc stable isotopes is thus different from that of the classical nitrogen stable isotopes, 

whereby δ15N values instead allow trophic level assessment through a 'global' 

preferential uptake of 15N relative to their diet (e.g., Ambrose and DeNiro, 1986; 

Ambrose, 1991; Kelly, 2000). 
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However, the implementation of zinc isotopic composition as trophic proxies is still in 

its infancy, with various ecological and physiological mechanisms that are poorly 

understood or not yet investigated. For example, it has not been directly tested if the 

underlying bedrock affects a whole food web’s baseline δ66Zn values. While its 

influence is indeed suspected (Jaouen et al., 2016a, 2016b), systematic assessment of 

local geology will be crucial to address this question as other factors could likely 

inhibit or offset this influence, such as preferential adsorption in plants (Weiss et al., 

2005; Arnold Tim et al., 2009). Variability in δ66Zn values for a given food web will 

also require further investigation. Different dietary habits, such as omnivorous, 

frugivorous, insectivorous, browsers, grazers, still have not been systematically 

assessed, and more rigorous trophic relations between different animals from a whole 

food web are needed. Above all else, the prospect of a high preservation potential of 

pristine diet-related zinc isotope ratios in fossils specimens is one of the primary 

interests for this method, but its application has yet to be attempted. 

 

1.4 Hominin biogeography and tropical forest reliance in 
Southeast Asia during the Pleistocene 
Through the course of this thesis, a focus was given to Late Pleistocene vertebrate 

fossil assemblages from cave settings in Laos in the Indochinese Peninsula of 

Southeast Asia, as it served various purposes. For the first time, zinc stable isotope 

analysis could be conducted on fossils to assess post-mortem taphonomic alteration 

and the preservation of pristine diet-related δ66Zn values in tooth enamel, moreover 

under tropical conditions that are adverse for collagen preservation. The overall dietary 

reliance information can also reinforce a growing body of evidence for early human 

foragers’ exploitation and occupation of tropical rainforest environments. Meanwhile, 

these results would pave the way to explore adaptations and dietary reliance of 

different fossil hominins, offering insights into palaeoanthropological and 

archeological research, whereby the hominin specimen record of Asia is the fastest-

changing in this field of research. 

Currently, the earliest hominin movements in East and Southeast Asia are attributed 

to Homo erectus populations (Swisher et al., 1994; Larick et al., 2001), which was 

widely dispersed by 700 ka (Brumm et al., 2016; Ingicco et al., 2018). Two insular 

dwarf hominins were later found in Southeast Asia: Homo floresiensis at 100 to 60 ka 

(Sutikna et al., 2016) and Homo luzonensis at 66.7 ± 1 ka (Détroit et al., 2019). More 

recently, genomic evidence from modern populations in New Guinea provided insights 
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into the arrival of another early hominin, the Denisovan, in insular Southeast Asia by 

about 363 ka (Jacobs et al., 2019). Anatomically modern humans first expanded into 

Southeast Asia by at least 70 ka (Demeter et al., 2017; Westaway et al., 2017; 

Shackelford et al., 2018) and encountered Denisovan lineages (Jacobs et al., 2019) and 

possibly other hominins. The Far East then witnessed a major turnover of hominins 

during the Late Pleistocene, with the extinction and replacement of all hominin groups 

following the arrival of Homo sapiens (Sutikna et al., 2016). However, much remains 

to be understood about population relationships and variability across the Pleistocene 

from East and Southeast Asia (Dennell and Roebroeks, 2005; Rabett, 2012; Dennell, 

2016). 

It was suggested that a shift in the transition between the Middle Pleistocene and the 

Late Pleistocene from open habitats (such as mixed savannah and woodland 

environments) into tropical lowland evergreen rainforests brought about the extinction 

of most hominins in East and Southeast Asia (Louys and Roberts, 2020). By contrast, 

the ability of Homo sapiens to adapt in such environments became increasingly evident 

as it expanded its niche in Southeast Asia to make use of resource-rich rainforest 

habitats (Barton, 2005; Barker et al., 2007; Summerhayes et al., 2010; Roberts et al., 

2017a; Wedage et al., 2019; Langley et al., 2020). 

However, the adaptation to rainforests by our species represents a somewhat new 

paradigm in itself, as Homo sapiens had long been seen as primarily adapted to open 

environments and especially savannahs (Fleagle et al., 2010; Norton and Braun, 2011). 

Moreover, it was also argued early on that human forager habitation of tropical forest 

environments was virtually impossible, owing to supposed dietary constraints imposed 

by spaced resources, seasonal availability, and scarcity of energy-rich wild foods 

(Hutterer, 1983; Hart and Hart, 1986; Headland, 1987; Bailey et al., 1989). 

Paleoanthropologists and archeologists then adopted these views, which led to tropical 

forests being seen as ‘barriers’ to human dispersal and occupation (e.g., Gamble, 1993; 

Bird et al., 2005; Boivin et al., 2013; Wurster and Bird, 2016) or simply avoided and 

under-studied. Since then, this paradigm slowly waned, whereby various studies 

highlighted that foraging lifestyles in tropical forests are possible, whether currently 

or in the past (Bahuchet et al., 1991; Brosius, 1991; Balée, 1999; Roberts and Petraglia, 

2015). Importantly, archeological research firmly established that humans exploited 

tropical forest resources well into the Late Pleistocene (Barton, 2005; Barker et al., 

2007; Summerhayes et al., 2010; Roberts et al., 2017a; Wedage et al., 2019; Langley 

et al., 2020). However, little is still known about the overall contribution of wild 
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tropical forest resources to the diet of fossil human foragers, whether relative to other 

habitats, other subsistence strategies, or relative to resource types (i.e., animal-matter 

or plant-matter). 

Among others, the lack of archeological material and the poor preservation of organic 

matter in tropical latitudes limits the insights that can be gleaned into human dietary 

reliance on rainforest (Tappen, 1994), despite evidence of our species being present in 

these habitats since at least 70 ka (Demeter et al., 2017; Westaway et al., 2017; 

Shackelford et al., 2018). Indeed, the vertebrate assemblages from Southeast Asia are 

usually found in karst breccias and are governed by complicated and various 

sedimentary processes emanating from highly variable, climate-driven, and water-

dependent environments (Duringer et al., 2012; Bacon et al., 2015, 2018b). Most 

notably, fossil assemblages undergo long transportation processes through 

subterraneous cave networks with often multiple reworking episodes (Duringer et al., 

2012; Bacon et al., 2015, 2018b). Conversely, while sedimentary sequences from 

caves and rock shelters that yield archeological material (e.g., lithic technology, hearth 

features, plant macro-remains, cut marks on bones) can offer insights into past human 

behaviors (Barker et al., 2007; Summerhayes et al., 2010; Perera et al., 2011), such 

depositional contexts are few in Southeast Asia. Furthermore, organic archeological 

material (particularly faunal and plant remains) from pre-Holocene contexts is found 

very seldomly. When available, stable isotope analysis of bones and teeth can provide 

insights into the diets of past humans from tropical rainforest environments, and such 

approaches were able to highlight a reliance on forest resources for Late Pleistocene 

forager populations from Sri Lanka (Roberts et al., 2015, 2017a). However, whether 

animal or plant resources were consumed cannot be determined from stable carbon 

isotopes due to the small trophic fractionation. Moreover, stable carbon and nitrogen 

isotope analysis of bone or dentin collagen is mostly unfeasible in tropical 

environments because collagen is generally absent due to poor protein preservation 

(van Klinken, 1999; Krigbaum, 2005; Clarkson et al., 2009). The classical dietary 

proxy δ15N, used to assess the degree of animal protein consumption and trophic level, 

is thus not suitable for these settings. As such, evaluating the overall dietary reliance 

of past human forager populations from tropical rainforests has proven complicated. 

1.5 This study 
This thesis explores the use of zinc stable isotope analyses of fossil teeth to generate 

direct evidence of overall dietary reliance, specifically for trophic level assessment. 

The work presented herein is structured as a series of interconnected projects prepared 
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for publication in international peer-reviewed scientific journals. The thesis focuses 

mainly on zinc isotope (δ66Zn) as dietary proxy applied to tooth enamel of a variety of 

species, but also uses a range of other isotopic methods such as carbon (δ13C), oxygen 

(δ18O), strontium (87Sr/86Sr), and nitrogen (δ15N) isotope analysis. In addition, various 

statistical modelings were conducted to further the interpretative framework and help 

identify controlling factors of variability in δ66Zn values.  

The first publication of this thesis (Chapter 2) demonstrates and outlines the 

preservation potential of pristine diet-related zinc isotopic composition in tooth enamel 

and its first application on fossil teeth, namely from a Late Pleistocene mammal 

assemblage from Laos, to assess the feeding ecology of these species. The second 

publication (Chapter 3) explores zinc contamination concerns from handling samples 

with standard disposable laboratory gloves during enamel sampling and chemical 

sample preparation. In parallel, the study explores variability in δ66Zn values based on 

the developmental stage of the human teeth sampled. The third publication (Chapter 

4) demonstrate the application of zinc stable isotope analysis to assess the overall 

dietary reliance and subsistence strategies of a Late Pleistocene human from Tam Pà 

Ling in Laos’ rainforests. Moreover, this study illustrates how δ66Zn analysis on teeth 

can be used for contexts where archeological material evidence is absent and other 

forms of trophic level assessment are impossible.  

 

1.5.1 Aims and objectives 

Chapter 2 − Publication 1 

While stable nitrogen isotope analyses of collagen from bone and dentin have 

commonly been used for dietary reconstructions and trophic level assessment, protein 

preservation limits the use of this method. This publication explores zinc isotope ratios 

in tooth enamel as an alternative dietary and trophic level proxy by analyzing fossil 

mammals from the Late Pleistocene (38.4 to 13.5 ka) assemblage of the Tam Hay 

Marklot cave in northeastern Laos. 

As observed in modern-day samples, this publication seeks to discern discrimination 

in zinc isotopes in mammals between different dietary behaviours (i.e., carnivorous, 

omnivorous and herbivorous diets), thus demonstrating that zinc isotopes can also be 

used in paleodietary studies of fossil hominins or other mammalian species. Notably, 

a key aim is to prove the preservation of pristine diet-related zinc isotope ratios, even 

under tropical conditions adverse to collagen preservation. 
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This article is published in Proceedings of the National Academy of Sciences of the 

United States of America: Bourgon, N., Jaouen, K., Bacon, A.-M., Jochum, K.P., 

Dufour, E., Duringer, P., Ponche, J.-L., Joannes-Boyau, R., Boesch, Q., Antoine, P.-

O., Hullot, M., Weis, U., Schulz-Kornas, E., Trost, M., Fiorillo, D., Demeter, F., 

Patole-Edoumba, E., Shackelford, L.L., Dunn, T.E., Zachwieja, A., Duangthongchit, 

S., Sayavonkhamdy, T., Sichanthongtip, P., Sihanam, D., Souksavatdy, V., Hublin, J.-

J., Tütken, T., 2020. Zinc isotopes in Late Pleistocene fossil teeth from a Southeast 

Asian cave setting preserve paleodietary information. Proc. Natl. Acad. Sci. U.S.A. 

117, 4675–4681. 

doi.org/10.1073/pnas.1911744117 

 

Chapter 3 − Publication 2 

While zinc isotope ratios of tooth enamel are a promising tracer for paleodietary 

reconstruction, much work is still necessary to establish this method fully. Notably, 

contamination remains a possible issue and could consequently bias results. Indeed, 

the zinc content of sample solutions of tooth enamel can be as low as 400 ng and could 

thus be affected by exogenous zinc contributions during sampling and/or chemical 

preparation.  

Following recent work, this publication aims to assess how different types of typical 

laboratory gloves specifically affect zinc isotope measurements of tooth enamel. Using 

different types of teeth coming from an early Holocene foragers population of Lapa do 

Santo (Brazil), a series of tests were conducted to evaluate the potential of zinc 

contamination from gloves handling during sample preparation and assess various 

sources of variability in zinc isotopic composition, including dietary transitions during 

childhood.  

This article is published in PLoS ONE: Jaouen, K., Trost, M., Bourgon, N., Colleter, 

R., Cabec, A.L., Tütken, T., Oliveira, R.E., Pons, M.L., Méjean, P., Steinbrenner, S., 

Chmeleff, J., Strauss, A., 2020. Zinc isotope variations in archeological human teeth 

(Lapa do Santo, Brazil) reveal dietary transitions in childhood and no contamination 

from gloves. PLoS ONE 15, e0232379. 

doi.org/10.1371/journal.pone.0232379  

Chapter 4 − Publication 3 

Although evidence suggests our species' presence in Southeast Asia by at least 70 ka, 

the frequent lack of archeological material evidence (e.g., lithic technology, hearth 

features, plant macro-remains, cut marks on bones, etc.) and poor preservation of 
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organic matter in tropical latitudes limits our knowledge of human occupation and 

subsistence strategies on tropical rainforests. 

In this publication, a multi-isotope study was conducted to determine the diet and 

ecological adaptations of the TPL1 H. sapiens individual from Tam Pà Ling (Laos), 

the oldest modern human individual (63–46 ka) found in South East Asia. By using 

zinc stable isotopes analyses, this study aims to investigate for the first time the 

reliance on plant or animal resources from Late Pleistocene rainforest human foragers 

and their adaptability in utilizing rainforests and not only open environments. 

Additionally, this publication serves as a case study illustrating the benefits of using 

the zinc isotopic approach for paleodietary reconstruction, especially when nitrogen 

stable isotope analysis of bone or dentin collagen is unsuccessful. 

This article is published in Journal of Human Evolution: Bourgon, N., Jaouen, K., 

Bacon, A.-M., Dufour, E., McCormack, J., Tran, N.-H., Trost, M., Fiorillo, D., Dunn, 

T.E., Zanolli, C., Zachwieja, A., Duringer, P., Ponche, J.-L., Boesch, Q., Antoine, P.-

O., Westaway, K.E., Joannes-Boyau, R., Suzzoni, E., Frangeul, S., Crozier, F., 

Aubaile, F., Patole-Edoumba, E., Luangkhoth, T., Souksavatdy, V., Boualaphane, S., 

Sayavonkhamdy, T., Sichanthongtip, P., Sihanam, D., Demeter, F., Shackelford, L.L., 

Hublin, J.-J., Tütken, T., 2021. Trophic ecology of a Late Pleistocene early modern 

human from tropical Southeast Asia inferred from zinc isotopes. J. Hum. Evol. 161, 

103075. 

doi.org/10.1016/j.jhevol.2021.103075 
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Abstract 

Stable carbon and nitrogen isotope ratios of collagen from bone and dentin have 

frequently been used for dietary reconstruction, but this method is limited by protein 

preservation. Isotopes of the trace element zinc in bioapatite constitute a promising 

proxy to infer dietary information from extant and extinct vertebrates. The 66Zn/64Zn 

ratio (expressed as δ66Zn value) shows an enrichment of the light isotope in mammals 

along each trophic step. However, preservation of diet-related δ66Zn values in fossil 

teeth has not been assessed yet. Here, we analyzed the enamel of fossil teeth from the 

Late Pleistocene (38.4–13.5 ka) mammalian assemblage of the Tam Hay Marklot 

(THM) cave in northeastern Laos to reconstruct the food web and assess the 

preservation of original δ66Zn values. Distinct enamel δ66Zn values of the fossil taxa 

(δ66Zncarnivore < δ66Znomnivore < δ66Znherbivore) according to their expected feeding habits 

were observed, with a trophic carnivore-herbivore spacing of +0.60 ‰ and omnivores 

having intermediate values. Zinc and trace element concentration profiles similar to 

those of modern teeth also indicate the minimal impact of diagenesis on the enamel. 

While further work is needed to explore preservation for settings with different 

taphonomic conditions, the diet-related δ66Zn values in fossil enamel from THM cave 

suggest an excellent long-term preservation potential, even under tropical conditions 

that are well known to be adverse for collagen preservation. Zinc isotopes could thus 

provide a new tool to assess the diet of fossil hominins and associated fauna, as well 

as trophic relationships in past food webs. 

 

Significance 

Dietary habits, especially meat consumption, represent a key aspect in the behavior 

and evolution of fossil hominin species. Here, we explore zinc isotope ratios in tooth 

enamel of fossil mammals. We show discrimination between different trophic levels 

and demonstrate that zinc isotopes could prove useful in paleodietary studies of fossil 

hominin, or other mammalian species, to assess their consumption of animal versus 

plant resources. We also demonstrate the high preservation potential of pristine diet-

related zinc isotope ratios, even under tropical conditions with poor collagen 

preservation, such as the studied depositional context in Southeast Asia. However, 

assessing the preservation of original δ66Zn values is required for each fossil site as 

diagenesis may vary across and even within taphonomic settings. 
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2.1 Introduction 

Stable isotope analyses in archeology and paleontology have been frequently used to 

explore the diet of past human populations. Nitrogen stable isotope (δ15N) analysis of 

bone or dentin collagen is an established method for the trophic level assessment 

(DeNiro and Epstein, 1981; Schoeninger and DeNiro, 1984). However, these analyses 

are confronted with the limitations that arise from the degree of protein preservation 

(van Klinken, 1999). Trophic level assessment of ancient mammals and hominins 

older than ∼100 kyr are, due to the lack of collagen preservation, currently out of 

reach. This timeframe is even shorter (∼15 kyr) in arid and wet tropical settings that 

nonetheless often represent key regions in human evolution, such as Africa (Ambrose, 

1991; Loosdrecht et al., 2018) and Asia (Krigbaum, 2005; Clarkson et al., 2009). 

However, beyond the classical collagen-bound nitrogen isotopes, trophic level 

reconstructions from enamel with different isotope systems have become feasible (Chu 

et al., 2006; Knudson et al., 2010; Costas-Rodríguez et al., 2014, p.; Martin et al., 

2014) and were recently applied to fossil and archeological specimens (Knudson et al., 

2010; Martin et al., 2015, 2018; Jaouen et al., 2018; Balter et al., 2019). Using multi-

collector inductively coupled plasma mass spectrometry (MC-ICP-MS) allows for the 

measurement of “nontraditional” stable isotopes from various elements (calcium, 

magnesium, zinc, and strontium). Among these, zinc isotope ratios (66Zn/64Zn, 

expressed as δ66Zn value) constitute a promising dietary indicator (Jaouen et al., 2013, 

2016a, 2016b, 2018; Costas-Rodríguez et al., 2014). Indeed, zinc is incorporated as a 

trace element in the enamel bioapatite and, thus, has a better long-term preservation 

potential compared to collagen-bound nitrogen, showing promise for dietary 

reconstructions in archeology and paleontology (Dean et al., 2018). It was not until 

2012 that Van Heghe et al. began investigating the causes of the variability of δ66Zn 

values in a pilot study. Since then, work on mammals from modern food webs, first in 

Africa (Jaouen et al., 2013, 2016a) and then in the Canadian Arctic (Jaouen et al., 

2016b), have established the relationship between δ66Zn of bioapatite and diet. 

As currently understood, two factors influence the variability of δ66Zn values in a food 

web: the initial zinc isotope composition from the source of intake and biological zinc 

isotope fractionation occurring within the organism itself. In plants, the initial 

bioavailable zinc isotope composition is derived from the soil, which is in turn 

controlled by the nature of the underlying bedrock. Igneous rocks exhibit relatively 

similar δ66Zn values (+0.3 ± 0.14 ‰ [2σ]) (Cloquet et al., 2008; Moynier et al., 2017). 

Sedimentary rocks show much more variable δ66Zn values (Maréchal et al., 2000; 
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Cloquet et al., 2008; Moynier et al., 2017), with the highest values found in marine 

carbonates (+0.3 to +1.4 ‰) (Luck et al., 1999; Pichat et al., 2003). An initial 

biological fractionation in plants then occurs between the roots and the soil, which 

favors the absorption of heavy zinc isotopes relative to the litter layer in which they 

grow (Weiss et al., 2005; Viers et al., 2007; Moynier et al., 2009; Aucour et al., 2011). 

Active uptake of heavy zinc isotopes then enhances the intra-plant mobility of light 

zinc isotopes to the most aerial parts of the plants (Weiss et al., 2005; Viers et al., 

2007; Moynier et al., 2009), leading to a general trend of progressively lower δ66Zn 

values from root to leaves, i.e., within different parts of a single plant, but also leading 

to variable δ66Zn values between different plant species (Weiss et al., 2005; Viers et 

al., 2007; Moynier et al., 2009). In animals, the body tissues’ δ66Zn values also depend 

on the zinc isotopic composition of the foods consumed. Different plants and parts of 

plants consumed will thus induce varying δ66Zn values in herbivores. Similarly, the 

δ66Zn values of body tissues in carnivores depend on the prey and parts of the prey 

consumed, with muscles usually exhibiting low δ66Zn values compared to the average 

zinc isotopic composition of the body (Balter et al., 2010; Jaouen et al., 2013, 2016a; 

Costas-Rodríguez et al., 2014). Since plants usually have the most elevated δ66Zn 

values (Costas-Rodríguez et al., 2014; Jaouen et al., 2016a) and muscles low values 

(Balter et al., 2010; Jaouen et al., 2013, 2016a; Costas-Rodríguez et al., 2014), the 

resulting δ66Zn values of a trophic chain follow an opposite trend as to the classic 

trophic level proxy δ15Ncollagen values, that increase about 3–4 ‰ per trophic level 

(Schoeninger and DeNiro, 1984). The higher the trophic level of an animal is, the 

lower the δ66Zn values of its body tissues are (Balter et al., 2010; Jaouen et al., 2013, 

2016a, 2016b, 2018; Costas-Rodríguez et al., 2014). 

However, while enamel has been shown to be less prone to alteration than bone and 

dentin (Lee-Thorp and van der Merwe, 1991; Michel et al., 1996; Kohn et al., 1999; 

Budd et al., 2000; Trueman and Tuross, 2002; Dauphin and Williams, 2004), it is 

nevertheless not immune from diagenetic processes (Grandjean and Albarède, 1989; 

Michel et al., 1996; Kohn et al., 1999; Sponheimer and Lee-Thorp, 1999b, 2006; 

Trueman and Tuross, 2002; Schoeninger et al., 2003). One key predicament to 

investigating paleoecology through the analysis of trace elements (such as zinc) is thus 

the absence of diagenetic alteration. Additionally, generalized diagenetic effects on 

zinc from enamel still remain mostly uncertain, as they seem to vary considerably from 

site to site (Bocherens et al., 1994; Sponheimer and Lee-Thorp, 2006; Hinz and Kohn, 

2010). Therefore, careful investigations of potential postmortem alteration on trace 

elements in fossil teeth are crucial for each taphonomic setting to separate genuine 
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ecological information from diagenetic alteration such as trace element incorporation, 

leaching, or replacement (Sponheimer and Lee-Thorp, 2006; Hinz and Kohn, 2010; 

Reynard and Balter, 2014). 

Tam Hay Marklot (THM) cave (filling of the cave, and its associated fauna, dated to 

38.4–13.5 ka by U-Th analysis on teeth, SI Appendix, Supplementary information 

1.1.3, Tables S9–S14, and Figures S43–S46), in the northeastern part of Laos, Hua 

Pan Province, is situated in a subtropical latitudinal setting where preservation of 

organic material (i.e., collagen) is generally poor (Pestle and Colvard, 2012). This cave 

offers ideal conditions to rigorously assess the preservation potential of diet-related 

zinc isotopic composition in fossils when compared to organic matter-bound dietary 

proxies such as nitrogen isotopes. Indeed, the complex and diverse sedimentary 

processes encountered in mainland Southeast Asia often lead to atypical preservation 

of the vertebrate assemblages, almost always originating from karst breccias (Duringer 

et al., 2012; Bacon et al., 2015, 2018b). Subject to a highly variable climate- and water-

dependent environment, these karst systems produce fossil assemblages that are often 

characteristic of long transportation processes through subterraneous cave networks, 

often with multiple reworking episodes (Duringer et al., 2012; Bacon et al., 2015, 

2018b). Furthermore, the surroundings of THM cave offer, at present-day and 

presumably also in the past, two types of photosynthetic pathways used by local plants, 

C3 and C4, thus allowing an additional and already well-established dietary tracer 

(δ13C) of the same specimens to be compared with the δ66Zn results. A detailed 

description of the regional geology and sedimentary deposits is presented in SI 

Appendix, Supplementary information 1.1.1. 

Here, a multi-isotope investigation was carried out on tooth enamel (δ66Zn, 87Sr/86Sr, 

δ13C, δ18O) and dentin collagen (δ15N), if still preserved, from the Late Pleistocene 

(38.4–13.5 ka) fossiliferous assemblage newly recovered in the THM cave in 2015. 

The preservation of diet-related zinc isotopic composition in fossil enamel was 

systematically investigated to assess the potential application of zinc isotope analysis 

for dietary reconstruction in deep time. In order to cover a broad range of distinct 

trophic levels and dietary habits, tooth enamel from 72 specimens belonging to 22 

mammalian taxa was analyzed (SI Appendix, Table S2). A variety of small-, medium- 

and large-sized species were selected, covering a wide range of feeding categories 

including carnivores, omnivores, and herbivores (where a species’ specific trophic 

ecology was assigned based on analogous modern-day fauna’s dietary behaviors; SI 

Appendix, Table S2). 
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Enamel from each specimen was sampled for δ66Zn, 87Sr/86Sr, δ13C, and δ18O isotope 

analyses (>5 mg per sample for zinc analysis; see SI Appendix, Supplementary 

information 1.3.1). Because kinetic and equilibrium biological fractionations of 
87Sr/86Sr are negligible (Bentley, 2006; Price et al., 2012; Wright, 2012; Flockhart et 

al., 2015) and overwritten during normalization for instrumental mass bias (Bentley, 

2006), radiogenic 87Sr/86Sr ratios in animal bones and teeth reflect those of local 

bioavailable strontium sources (Graustein, 1989; Bentley, 2006; Knudson et al., 2010; 

Lewis et al., 2017). Differences in 87Sr/86Sr would thus imply provenance from a 

distinct locality with a different geological bedrock type. The granitic bedrock found 

at THM locality is likely to exhibit higher 87Sr/86Sr associated with concomitant lower 

δ66Zn values, while the limestone bedrock would show the opposite trend. This could 

thus explain some of the variability observed in enamel δ66Zn values among the fossil 

teeth. The carbon isotopic composition (δ13C) of foods is incorporated into the tissues 

(i.e., bone and enamel) of the animals that eat them (DeNiro and Epstein, 1978; Lee-

Thorp et al., 1989). In terrestrial animals, the carbon of food webs is derived from 

plants that undergo either C3 or C4 photosynthesis (Smith and Epstein, 1971), 

providing a complementary dietary tracer to δ66Zn values. While an array of complex 

variables is likely to induce variations in the oxygen isotopic composition (δ18O) of 

tooth enamel in homeothermic vertebrates (Longinelli, 1984; Luz et al., 1984; 

Pederzani and Britton, 2019), the present study seeks to explore possible relation 

between δ18O values and zinc isotopic composition, mostly relative to diet and 

physiology. A subsample of 23 specimens was also analyzed for dentin collagen δ13C 

and δ15N values in order to assess the preservation of organic material. When collagen 

preservation was sufficient (SI Appendix, Supplementary information 1.3.5), the 

δ15N values (n = 4) were compared with δ66Zn of the same specimen since the 

collagen-bound δ15N values reflect the amount of animal protein in the diet and can 

thus be used to assess trophic level (Schoeninger and DeNiro, 1984). The impact of 

postmortem taphonomic alteration processes was assessed in situ with spatially 

resolved element concentration profiles on six fossil mammalian teeth as well as three 

modern ones for comparison, with distinct feeding behaviors (carnivorous, 

omnivorous, and herbivorous), digestive physiologies (foregut, hindgut, and 

carnivore) and phylogenetic histories (Artiodactyla, Perissodactyla, Carnivora, 

Rodentia, and Primates). Finally, in order to enhance the interpretative framework of 

zinc isotopic composition, we explored the relation between individual factors (diet, 
87Sr/86Sr, δ13Capatite, δ18Oapatite, zinc concentration, and body mass) with δ66Zn values, 

by fitting a linear mixed model (LMMs; Baayen, 2008) with a Gaussian error structure 
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and identity link (McCullagh and Nelder, 1989). A detailed description of the variation 

of the different stable isotope systems and the methods used in this study are presented 

in SI Appendix, Supplementary information 1.2 and 1.3. 

 

2.2 Results 

Measured δ66Zn, 87Sr/86Sr, δ13C, δ18O, and δ15N values for all specimens and reference 

materials are summarized in SI Appendix, Supplementary information 1.4, Tables 

S4–S6, and Figures S8–S10.  

 

Figure 3. (A) Range of δ66Zn values (relative to the JMC-Lyon zinc isotope standard; Maréchal et al., 1999) in 
tooth enamel for carnivores (red), omnivores (turquoise), and herbivores (blue) of the THM cave assemblage. The 
boxes from the box and whisker plots represent the 25th–75th percentiles, with the median as a bold horizontal line. 
(B) Distribution of enamel δ66Zn versus δ13Capatite values of the THM cave assemblage (SI Appendix, Table S4), 
where “C3 environment” and “C4 environment” are defined by δ13Capatite < −8 ‰ and > −2 ‰, respectively. Dashed 
lines represent the full range of variation, and full lines represent 40% predictive ellipses (using R statistical 
software and package “SIBER”; Jackson et al., 2011; R Core Team, 2018). 

The total range of tooth enamel δ66Zn values from THM cave is 1.07 ‰, ranging from 

−0.04 ‰ to +1.03 ‰ (Figure 3). Herbivores exhibit the highest δ66Zn values (δ66Zn = 

+0.68 ± 0.38 ‰ [2σ], n = 41), carnivores the lowest (δ66Zn = 0.09 ± 0.24 ‰ [2σ], n = 

9) and the δ66Zn values of omnivores fall in between (δ66Zn = +0.41 ± 0.38 ‰ [2σ], n 

= 22) (Figure 1; SI Appendix, Table S4). Omnivorous taxa, on average, show the 

highest variability in the intra-taxon ranges of their δ66Zn values (average δ66Zn range 

= 0.30 ± 0.34 ‰ [2σ]), compared to herbivores (average δ66Zn range = 0.28 ± 0.24 ‰ 

[2σ]) and carnivores (average δ66Zn range = 0.15 ± 0.10 ‰ [2σ]). 

Sixty-nine of 72 specimens were analyzed for 87Sr/86Sr. Enamel 87Sr/86Sr display a 

broad range, from 0.7097 to 0.7243 (Δ = 0.0146); however, the majority of specimens 

clusters between 0.7135 and 0.7173 (52%, n = 36; SI Appendix, Table S4). 
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Enamel δ13C values range from −16.70 ‰ to 2.40 ‰ (n = 72), covering the full 

spectrum of values typical for pure subcanopy to open woodland C3 and C4 plant 

feeders (Figure 1B; SI Appendix, Table S4). Fossil enamel from THM cave indicates 

that a predominant C3 environment existed in the cave surroundings but with a definite 

C4 grass component (Smith and Epstein, 1971). The enamel δ18O values range from 

−5.85 ‰ to 0.2 ‰. 

Collagen preservation of the teeth was poor, as only 4 (Muntiacus sp., Bos sp., Sus sp., 

and Rhinoceros sondaicus) of the 23 dentin samples yielded any collagen, and even 

these fell below the 1% limit (∼0.46 ± 0.48% [2σ]; modern bones = ∼22%; van 

Klinken, 1999). Nonetheless, collagen extracts have C:N ratios characteristic of well-

preserved collagen (3.26 ± 0.08 [2σ]) (van Klinken, 1999) (SI Appendix, Table S5 

and Figure S9). The δ15Ncollagen values associated with these specimens range from 

+3.15 ‰ to +10.56 ‰ and the δ13Ccollagen values from −24.0 ‰ to −9.1 ‰. The higher 

δ15Ncollagen values are in agreement with associated lower δ66Zn values, for taxa 

assigned an omnivorous diet (Sus sp. and Muntiacus sp.), and conversely the lower 

δ15Ncollagen values with higher δ66Zn values, representative of an herbivorous diet (Bos 

sp. and Rhinoceros sondaicus). The δ13Ccollagen and δ13Capatite values are also consistent 

for each specimen (SI Appendix, Tables S4 and S5). 

Zinc concentration distribution was investigated in 15 cross-sections from 6 fossil 

mammal teeth and compared to that of 10 cross-sections from 3 modern specimens to 

assess the impact of postmortem taphonomic processes on the enamel. Additionally, 

Fe, Mn, Al, Mg, and rare earth elements (REE, calculated as the sum of all measured 

REE concentrations), which are sensitive to diagenetic alteration, provided 

complementary tracers to discern the degree of diagenetic alteration of the enamel. 

Concentrations and distribution profiles of these elements were similar to those of 

modern teeth and were observed almost systematically across modern and fossil 

enamel samples, suggesting a lack of any significant diagenetic alteration (uptake or 

leaching) of trace elements in the latter. Similarly, an absence of a relationship between 

δ66Zn values and average enamel concentration in various other trace elements, with 

potentially different susceptibilities for alteration (Reynard and Balter, 2014), can be 

observed (SI Appendix, Figures S35–S39). In contrast, the dentin and pulp cavity of 

the fossil teeth had higher concentrations of these elements, indicating diagenetic 

alteration (Figure 2). On 15 fossil tooth cross-sections, a total of 23 enamel segments 

were analyzed. Of these, only one enamel cross-section segment showed zinc 

concentration distribution that did not follow the characteristic pattern observed for 
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modern enamel (n = 10) of higher concentration in the outermost layer that decreases 

toward a constant level inward (SI Appendix, Figure S30) (Lee et al., 1999; Kohn et 

al., 2013; Tacail et al., 2017; Dean et al., 2018). While the distribution of this one 

segment may indicate some postmortem alteration, none of the other three enamel 

cross-section segments analyzed from that same specimen (Panthera pardus, 34505) 

displayed an atypical pattern. The absence of any significant postmortem zinc uptake 

is nonetheless further corroborated by the absence of a mixing line between zinc 

concentration and δ66Zn values (SI Appendix, Figure S32). Altogether, good 

preservation of the enamel seems to prevail in the fossil specimens, suggesting no 

alteration of original zinc contents and, hence, preservation of pristine biogenic δ66Zn 

values. Complete sets of spatial element concentration profiles are provided in SI 

Appendix, Figures S12–S29. 

 

Figure 4. Natural log.transformed spatial element concentration profiles (ln.Concentration, as µg/g) of Zn, Fe, Mn, 
Al, Mg, and REE in caprine teeth for a fossil (Capricornis sp., left) and a modern (H. jemlahicus, right) specimen. 
The Fe, Mn, Al, and REE (calculated as the sum of all measured REE concentrations) were selected as tracers for 
diagenetic alteration because of their relative abundance in soil-matter, as well as their tendency to be enriched 
postmortem in fossil bioapatite. Thus, they most likely trace postmortem taphonomic alterations and element uptake 
from soil pore water. Note that in both photomicrographs the tracks of laser ablation line scans are visible. 

Overall, the full-null LMM comparison was clearly significant (likelihood ratio test: 

X2 = 21.29, df = 2, P < 0.001) and allowed to assess which of the tested predictors 

were associated with variations in δ66Zn values. The δ13C and δ18O values, as well as 

the zinc concentration of each sample, appeared to have no significant relation with 

the variability of the δ66Zn values response (δ13Capatite values likelihood ratio test: X2 = 

0.230, df = 1, P = 0.632; δ18Oapatite values likelihood ratio test: X2 = 0.135, df = 1, P = 

0.713). Diet had a significant relation with δ66Zn values whereby omnivores and 

herbivores had clearly elevated values as compared to carnivores (LMM diet P < 0.05; 

SI Appendix, Table S7). Finally, 87Sr/86Sr and body mass both displayed a significant 

relation with the variability of the δ66Zn values (87Sr/86Sr likelihood ratio test: X2 = 
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12.101, df = 1, P = 0.001; body mass likelihood ratio test: X2 = 9.892, df = 1, P = 

0.002).While (G)LMMs do not allow to get an estimated effect size for individual 

predictors, the effect size for the entirety of the fixed effects (“marginal R2”) is 0.63, 

and the one for the entirety of the fixed and random effects (“conditional R2”) is 0.85 

(Nakagawa et al., 2017). 

 

2.3 Discussion 

2.3.1 Preservation of diet-related zinc isotope compositions in 

fossils teeth 

The ordering of fossil taxa from THM cave according to their enamel δ66Zn values 

(δ66Zncarnivores < δ66Znomnivores < δ66Znherbivores) reflects trophic level differences that are 

in good agreement with their expected dietary habits (Figure 3), as well as δ66Zn 

values observed for modern mammals from similar feeding categories (Jaouen et al., 

2013, 2016a, 2016b, 2018). This strongly suggests that the enamel of the 38.4–13.5 

thousand-year-old fossil teeth from THM cave retained their original, diet-related zinc 

isotopic composition expected for each feeding category and, hence, was not altered 

by taphonomic processes. This is further supported by spatial distribution profiles of 

zinc across the fossil enamel with higher concentrations in the outermost enamel layer 

decreasing toward a constant level inward, which is a characteristic pattern for modern 

teeth (Figure 4; SI Appendix, Figures S18–S20 and S27–S30) (Lee et al., 1999; Kohn 

et al., 2013; Tacail et al., 2017; Dean et al., 2018). The higher concentration in zinc in 

the first few tenths of microns of the outermost enamel layer is believed to be a 

biochemical signal that could be associated with the termination of the enamel 

maturation (Tacail et al., 2017). While this pattern is systematically observed for all 

teeth (i.e., both fossil and modern ones), thus supporting the preservation of pristine 

biogenic zinc concentrations (and thus δ66Zn signatures), it also poses a challenge for 

distinguishing between original biogenic signature and postmortem diagenetic uptake. 

However, this layer of higher zinc concentration is systematically only <200 μm thick 

(Figure 3; SI Appendix, Figures S12–S29) (Lee et al., 1999; Kohn et al., 2013; Tacail 

et al., 2017; Dean et al., 2018) and, thus, lends further support to the preservation of a 

biogenic pattern. Furthermore, this outer zinc-rich layer is routinely removed 

mechanically during the enamel cleaning process for stable isotope analysis. 
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Due to the tropical setting of THM cave, collagen preservation is limited, as reflected 

by low collagen extraction success rate (i.e., n = 4) and low collagen yield (<1%). 

Nevertheless, the few δ15Ncollagen values that were obtained follow the expected trend 

in δ66Zn values, where relatively high δ15Ncollagen values are associated with relatively 

low δ66Zn values (Jaouen et al., 2016b) (SI Appendix, Figure S31). Finally, the low 

in vivo-like Mn, Fe, Al, Mg, and bulk REE contents, typical for the enamel of modern 

mammal teeth (Figure 4), demonstrate the lack of any significant diagenetic uptake of 

trace elements from the soil environment rich in these elements. Although postmortem 

taphonomic processes can vary significantly from one location to another due to site 

formations processes, age, environmental conditions, and soil composition (Wang and 

Cerling, 1994; Kohn et al., 1999; Hedges, 2002), multiple lines of evidence presented 

in this study support the effective preservation of diet-related zinc isotopic 

composition in the enamel of the investigated fossil teeth despite the adverse tropical 

setting of THM cave. This is encouraging for future applications of zinc isotopes in 

the enamel of fossil teeth for dietary reconstructions. 

 

2.3.2 Variation in zinc isotopic compositions in tooth enamel. 

The overall mean value and range of δ66Zn values for each diet category, as well as the 

intra-specific δ66Zn variability of each taxon (SI Appendix, Supplementary 

information 1.4.1), are in agreement with their dietary habits and display nearly no 

overlap between carnivores and herbivores. Additionally, the LMM further confirmed 

that δ66Zn values differ between each of the three dietary categories. Carnivores exhibit 

the lowest δ66Zn values, in agreement with a strictly carnivorous diet and the smallest 

range of variation. In contrast, herbivores have significantly higher δ66Zn values than 

carnivores and many omnivores (Figure 3). Herbivores also have a broad range of 

δ66Zn values being consistent with the consumption of a variety of different plants, 

plant parts, and their specific digestive strategies (foregut and hindgut fermentation). 

Omnivores display mostly intermediate δ66Zn values but occasionally exhibit values 

characteristic of carnivorous taxa or strictly herbivorous taxa (Figure 3). Thus, 

omnivores exhibit the largest range of δ66Zn values covering all three dietary 

categories, most likely resulting from a varying proportion of meat (but also of plant- 

and animal-matter from vertebrates and invertebrates) in their diet. While not enough 

data are yet available to draw any definitive conclusions, it is likely that the lower end 

of their δ66Zn range reflect diets that are mostly composed of animal-matter, whereas 

the upper range would be predominantly, if not entirely, comprised of plants. A single 
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herbivore specimen (Muntiacus sp.) falls within the range of carnivores. However, this 

taxon is known at times to exhibit omnivorous dietary habits, feeding on bird’s eggs 

and small animals (Kurt, 1990; Jackson, 2002). Furthermore, its associated high δ15N 

value attests to a diet that is, at the very least, not strictly limited to plant-matter. 

Finally, both its δ66Zn and δ15N values are similar to that of a Sus sp., further 

supporting an omnivorous diet for this Muntiacus specimen. 

Overall, the range of δ66Zn values for THM is smaller (1.07 ‰) than seen in a modern 

terrestrial food web of the Koobi Fora region of Turkana Basin in Kenya (1.24 ‰) 

(Jaouen et al., 2016a), and the absolute δ66Zn values of the whole food web are also 

lower. This is likely the result of different faunal assemblages and environments 

between the two localities: THM cave was situated in a mostly forested setting, 

whereas Koobi Fora is mainly an open grassland landscape. Because trees are likely 

to exhibit lower δ66Zn values in their leaves compared to low growing herbaceous 

vegetation (Viers et al., 2007; Weiss et al., 2008; Moynier et al., 2009), this could 

explain why herbivores, and consequently carnivores, have lower enamel δ66Zn values 

at THM cave. The zinc isotopic composition of the local geology, seen as having a 

significant relation with δ66Zn values of THM cave, could also in part explain 

differences observed between these sites. The trophic spacing observed between 

mammalian carnivore-herbivore is also larger at THM (+0.60 ‰) than at Koobi Fora 

(+0.40 ‰). This is likely the result of the faunal assemblage from Koobi Fora, as it 

contains fewer species and specimens (n = 10 and n = 26, respectively), carnivores that 

do not prey on most or any of the herbivores listed, and hyenas’ higher δ66Zn values 

probably caused by bone consumption (Jaouen et al., 2016a). As opposed to the Koobi 

Fora region, no clear distinction in δ66Zn values can be drawn between grazers and 

browsers at THM. However, two groups can be discerned in the δ66Zn values of 

browsers (established by δ13Capatite < −8 ‰ characteristic for C3 plant feeders), one 

with low (+0.52 ± 0.20 ‰ [2σ], n = 14) and the other with high (+0.90 ± 0.20 ‰ [2σ], 

n = 9) δ66Zn values (Figure 3). In the upper range of the sampled browsers’ δ66Zn 

values (Figure 3), a mixture of both foregut and hindgut fermenters, as well as large 

and intermediate body-sized taxa, are present. Consequently, we conclude that 

digestive physiology and body mass can be ruled out as factors explaining this 

variability. Maternal effects linked to breastfeeding or in utero tooth formation were 

also ruled out as causes to intra-group δ66Zn values variability, as the formation and 

emergence sequence of the sampled teeth (i.e., only teeth of adult individuals formed 

postweaning; SI Appendix, Table S2) goes against such interpretation. Therefore, the 

most likely explanation would be diet, most probably linked to the vertical layering of 
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the vegetation in a given habitat. Because of progressively lower δ66Zn values 

observed within plants from root to leaves, browsing in lower vegetation layers on 

herbaceous understory plants should lead to higher grazer-like δ66Zn values while 

browsing in upper vegetation layers like the canopy should lead to lower δ66Zn values. 

This might be the reason for similar δ66Zn values between some browsers (e.g., 

Rhinoceros sondaicus and Bos sp.) and grazers (e.g., Rucervus eldii and Axis cf. 

porcinus, with δ13Capatite > −2 ‰ characteristic for C4 plant feeders) (Figure 3). 

Finally, the estimates obtained for 87Sr/86Sr and body mass from the LMM were in 

agreement with their respective expectation toward δ66Zn values in a food web (SI 

Appendix, Table S7). Based on the strontium and zinc isotope composition of crustal 

rocks (Luck et al., 1999; Maréchal et al., 2000; Pichat et al., 2003; Cloquet et al., 2008; 

Moynier et al., 2017; Bataille et al., 2018), an increase in 87Sr/86Sr ratios associated 

with a decrease in δ66Zn values was expected (SI Appendix, Table S7): Granitic 

bedrock usually exhibits higher 87Sr/86Sr associated with concomitant lower δ66Zn 

values while limestone bedrock shows the opposite trend, both present at THM 

locality. Likewise, a positive relationship between δ13C and body mass due to 13C 

enrichment with increasing body mass was reported elsewhere (Tejada-Lara et al., 

2018) and seems to also apply for δ66Zn values (SI Appendix, Table S7). Conversely, 

no significant relation could be drawn between δ13C and δ18O values and δ66Zn values 

relative to diet and physiology. The LMM thus allowed us to successfully identify 

which of the tested predictors showed a significant relation with δ66Zn values, 

otherwise not always identified as such (SI Appendix, Figure S10). However, their 

respective impact on δ66Zn values cannot be estimated, although it seems likely that 

its effect is limited since dietary habits are preserved. Further work (e.g., controlled-

feeding experiments) will be necessary to ascertain and quantify the impact of these 

factors on δ66Zn values in a broader and more general context, especially compared to 

diet. 

 

2.4 Conclusion 

In this study, the first zinc isotope dataset of fossil tooth enamel, from a Late 

Pleistocene Southeast Asian faunal assemblage (∼38.4–13.5 ka) from the THM cave 

in northeastern Laos, Hua Pan Province, is presented. We show multiple lines of 

evidence that support the lack of significant postmortem diagenetic trace element 

uptake from the soil environment into the enamel of fossil teeth. Enamel profiles along 
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tooth cross sections do not display any identifiable postmortem alteration of biogenic 

zinc concentration gradients or diet-related δ66Zn by postmortem processes. The 

classic trophic-level proxy δ15Ncollagen (only obtained for four samples) displayed an 

expected inverse trophic relation with δ66Zn of the same teeth, further supporting the 

preservation of original δ66Zn values. The Late Pleistocene mammal teeth from THM 

thus retained pristine, diet-related δ66Zn values in their tooth enamel that are in good 

agreement with the expected dietary habits of the concerned taxa. For this fossil food 

web, a trophic level spacing of −0.60 ‰ between herbivores and carnivores was found, 

while omnivores had intermediate δ66Zn values being 0.30 ‰ lower or higher to 

herbivores and carnivores, respectively. Thus, carnivores have the lowest, omnivores 

intermediate, and herbivores the highest δ66Zn values. Contrary to what was previously 

observed in an African grassland environment regarding the distinction of browsers 

and grazers (Jaouen et al., 2016a), no obvious relation was found between δ13C and 

δ66Zn values. However, both the local geology and the body mass showed a significant 

relation with consumer’s δ66Zn values, as expected. Further studies from other sites 

and from controlled-feeding experiments will be necessary to ascertain the factors at 

play and their impact on the variability of δ66Zn values in consumer (hard) tissues. 

While a systematic, site-specific assessment of the extent of diagenetic alterations of 

biogenic compositions in fossils is required, the results obtained from THM cave show 

promise for a high preservation potential of δ66Zn values in fossil enamel. Applying 

δ66Zn as dietary tracer could thus open new research avenues in paleontology and 

archeology, providing us with a powerful and much-needed isotopic trophic tracer for 

prehistoric and geological time periods (>100 kyr) or settings that lack collagen 

preservation, given pristine δ66Zn values are preserved. 

 

2.5 Methods 

Sample Collection. The material used in this study consists of a selection of diverse 

taxa from the THM assemblage, covering a large range of distinct dietary habits. 

Within each taxon, the same teeth on the dental row (e.g., left p2), or different teeth 

but with various wear stages (e.g., left and right p2), were selected to ensure they 

belonged to different individuals. A total of 72 teeth, belonging to 22 distinct species 

and/or genera, were selected for the present isotopic analysis. One to six specimens 

per species were used (SI Appendix, Table S2).  
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Stable Isotope Analysis. Zinc and strontium isotopic ratios from teeth enamel were 

measured on a Thermo Scientific Neptune MC-ICP-MS, and carbon and nitrogen 

isotopic ratios from teeth dentin were conducted using a Thermo Finnigan Flash EA 

coupled to a Delta V isotope ratio mass spectrometer, at the Max Planck Institute for 

Evolutionary Anthropology in Leipzig, and following the protocols in SI Appendix, 

Supplementary information 1.3.2, 1.3.3, and 1.3.5. Stable carbon and oxygen isotopic 

compositions of every sample were analyzed using a Thermo Delta V Advantage 

isotopic mass spectrometer coupled to a Thermo Kiel IV Carbonate Device chemical 

preparer, at the “Service de Spectrométrie de Masse Isotopique du Muséum” in Paris, 

using the protocol described in SI Appendix, Supplementary information 1.3.4. 

Spatial Element Concentration Profiles Analytical Technique. Spatial element 

concentration profiles were conducted on six fossil teeth (Capricornis sp., Ursus 

thibetanus, P. pardus, Sus sp. Bubalus bubalis, and Macaca sp.) and three modern teeth 

(Bison bison, Hemitragus jemlahicus, and Pteronura brasiliensis) of various feeding 

behaviors (carnivorous, omnivorous, and herbivorous), digestive physiologies 

(foregut, hindgut, and carnivore) and mammalian order (Artiodactyla, Perissodactyla, 

Carnivora, Rodentia, and Primates). The measurement routines were performed with 

a Thermo Scientific Element 2 single collector sector-field ICP-MS coupled with a 

New Wave UP213 Nd:YAG laser ablation system, at the Max Planck Institute for 

Chemistry (Mainz), as described in SI Appendix, Supplementary information 1.3.6. 

Statistical Analysis. All statistical analyses were performed using the statistical 

program R (version 3.6.1) (R Core Team, 2018). To test our hypotheses of predictors 

associated with variability in δ66Zn values, we fitted a LMM (Baayen, 2008) with a 

Gaussian error structure and identity link (McCullagh and Nelder, 1989) using the R-

package “lme4” (version 1.1–17) (Bates et al., 2015). The full method is reported in 

SI Appendix, Supplementary information 1.3.7. 

A complete description of the material and methods used in this study is presented in 

SI Appendix, Supplementary information 1.3. All data discussed in the paper is 

available to readers in SI Appendix. 
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Abstract 

Zinc isotope ratios of dental enamel are a promising tracer for dietary reconstruction 

in archeology, but its use is still in its infancy. A recent study demonstrated a high risk 

of zinc contamination from nitrile and latex gloves used during chemical sample 

preparation. Here we assess the potential impact of the use of such gloves during 

enamel sampling on the zinc isotope composition of teeth from a population of early 

Holocene hunter-gatherers from Lapa do Santo, Lagoa Santa, Minas Gerais, Brazil. 

We first examined the amount of zinc and its isotopic composition released from the 

gloves used in this study by soaking them in weak nitric acid and water. We compared 

zinc isotope ratios obtained from teeth that were sampled wearing nitrile, latex, or no 

gloves. Finally, we performed a linear mixed model (LMM) to investigate post hoc the 

relationship between the gloves used for sampling and the zinc isotope variability in 

dental enamel. We found that the gloves used in this study released a similar amount 

of zinc compared to previous work, but only in acidic solution. Zinc isotope ratios of 

teeth and the LMM identified no sign of significant zinc coming from the gloves when 

teeth were handled for enamel sampling. We hypothesize that zinc in gloves is mostly 

released by contact with acids. We found that the main source of zinc isotope 

variability in the Lapa do Santo population was related to the developmental stage of 

the tooth tissues sampled. We report identical results for two individuals coming from 

a different archeological context. Tooth enamel formed in utero and/or during the two 

first years of life showed higher zinc isotope ratios than enamel formed after weaning. 

More work is required to systematically investigate if zinc isotopes can be used as a 

breastfeeding tracer. 
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3.1 Introduction 

Geochemists performing ion-exchange column chromatography for zinc isotopes 

(66Zn/64Zn expressed as δ66Zn value) are well aware of contamination issues. The first 

work published on zinc stable isotope abundances by Maréchal et al. (1999) reports 

procedural zinc blanks of 50 ng. The zinc concentration used for isotopic analyses is 

typically 300 ng ml-1. The origin of zinc contamination has been observed in different 

clean laboratories and investigated in detail in 2017 by Garçon et al. (2017). The main 

source of contamination comes from gloves, especially those made of nitrile, neoprene, 

and latex. Reagents (acids, resins, Milli-Q water) and laboratory facilities may also 

involve other potential sources of zinc contamination. It has been noted that other 

contaminants may directly be related to body hygiene or care products used by the 

experimenter, such as some types of shampoo, sunscreen, toothpaste, or make-up 

(LeBlanc et al., 1999; Lu et al., 2015; Fatima et al., 2016; Kaličanin and Velimirović, 

2016). The elevated content of zinc in blanks can become a substantial problem when 

working with non-primate mammal teeth, which generally contain low amounts of 

zinc (Bourgon et al., 2020). Sample solutions of tooth enamel can contain zinc contents 

as low as 400 ng. Consequently, zinc isotope ratio analyses may become biased by 

substantial zinc contributions from glove contamination. Unfortunately, while the 

blanks assessed during ion-exchange column chromatography can detect 

contamination in the clean lab, these blanks cannot account for any zinc contamination 

occurring during tooth handling, enamel sampling, or during dilutions performed prior 

to zinc isotope analyses. As much as possible, the sampling procedure should not 

involve any direct contact between the sampled enamel and the gloves, as the 

experimenter should hold the tooth by the root, if formed and/or preserved, and use 

tweezers to collect the chunks of enamel. However, this contact may happen, 

especially when the experimenter is not aware of the risk of contamination or for teeth 

without any formed or preserved roots. 

This study aims to assess how the use of gloves affects zinc isotope measurements of 

dental enamel and to propose safe sample-handling practices. To do so, we performed 

a series of tests to assess the potential of zinc contamination from several types of 

gloves used during the preparation of enamel samples later used in zinc isotope 

analyses (TEST 1). We specifically tested types of gloves, which were not mentioned 

in Garçon et al. (2017) and which are routinely used at the Max Planck Institute for 

Evolutionary Anthropology, where most of the preparatory and analytical work on 

dental enamel has been performed. We also considered the contamination coming from 
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the fingertips of the gloves—in comparison to the whole gloves—since they come into 

direct contact with the teeth if the experimenter used any gloves during sampling. In a 

second step (TEST 2), we analyzed teeth to assess if substantial variation could be 

attributed to potential contamination during sampling from the experimenter wearing 

the different types of gloves used in TEST 1 (nitrile, latex, vinyl, and no gloves). To 

perform TEST 2, we used different types of teeth (deciduous and permanent, premolars 

and molars) coming from a pre-colonial population from Brazil, the early Holocene 

foragers of Lapa do Santo, whose mobility and diet have been previously studied 

(Hermenegildo, 2009; Strauss et al., 2015, 2016). In a third test (TEST 3), we indirectly 

explored post hoc the contamination through nitrile and latex gloves used during the 

sampling of the Lapa do Santo teeth. We chose to use a linear mixed model (LMM) 

similar to the one used by Bourgon et al. (2020) to explore the source of zinc isotopic 

variability in dental enamel. We included in the model the amount of zinc loaded in 

acid onto the ion chromatographic column (abbreviated as “ALC”, which stands for 

Amount Loaded onto the Columns) as a predictor. This amount is different from the 

zinc concentration in the teeth (used as a predictor in the previous model, Bourgon et 

al., 2020) since the zinc ALC depends on the amount of dental enamel sampled, which 

can vary depending on the preservation, as well as the area of the tooth sampled. If the 

zinc ALC is small, the final δ66Zn value is more likely to be impacted by the δ66Zn of 

the gloves. The use of the LMM allows us to predict if other factors can explain the 

zinc isotope variability observed in the teeth, such as the tooth formation time or the 

strontium isotope composition–an indicator of the geographical origin of the humans 

from Lapa do Santo. 

With these three tests, we confirm the high risk of zinc contamination coming from 

nitrile and latex gloves when working in the clean lab but also reveal the absence of 

detectable contamination when gloves are used during enamel sampling. We show that 

zinc isotope variations observed in the teeth of Lapa do Santo are due to dietary 

transitions: from the placental diet to breastfeeding as well as before and after weaning. 

To confirm this result, we undertook an additional experiment (for details, see SI 

Appendix, Supplementary Information 2). We systematically analyzed the teeth of an 

adult and of a child coming from a different archeological context, the early modern 

period Jacobins convent of Rennes, France. We then confirmed the trend observed in 

the Lapa do Santo population, which opens perspectives for the use of zinc isotopes as 

a potential tracer of the weaning age. Finally, the post hoc test performed using the 

LMM does not detect any contamination–the zinc ALC is indeed not a predictor for 

the variance of the zinc isotope ratios–whereas the LMM confirms the crown 
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formation time of the tooth (i.e., prenatally until ~2 years of age vs. after full weaning) 

as a main driver of zinc isotope variation in teeth. 

 

3.2 Material and methods 

3.2.1 Background information on cultural and dietary behavior of 

humans from Lapa do Santo 

The teeth come from the Lapa do Santo archeological collection, a site from the Lagoa 

Santa region in east-central Brazil. The permit IPHAN 01514.002697/2011-97 allows 

the use of the selected teeth for isotope studies. Lagoa Santa has been well known to 

the academic community since the works of the Danish naturalist Peter Lund in the 

first half of the 19th century. Since then, hundreds of archeological sites have been 

located in this region, recording ~12,500 years of non-continuous human occupation 

in caves and open-air sites (Strauss, 2017). For the Early- and Middle-Holocene 

occupations, lithic technology, zooarcheology, osteological markers, and multi-

isotopic analyses indicate groups of foragers with low mobility and a subsistence 

strategy focused on gathering plant foods and hunting small and mid-sized animals but 

no megafauna. A high frequency of caries indicative of elevated consumption of 

carbohydrates is observed among women but not men (Da-Gloria and Larsen, 2014). 

Lithics include small flakes and cores of quartz (Bueno and Isnardis, 2017) that were 

often used to process non-cooked starch plants (Ortega, 2019). Artifacts such as 

projectile points and axe blades occurred only marginally. Rock art abounds, including 

the oldest securely dated evidence of rock art in South America (10.5 cal ky BP). 

Representations include animals, filiform anthropomorphs, geometric motifs, 

manioc’s tubers, and semi-lunar axes. Similar styles are found over a large area of 

Brazil (Neves et al., 2012). 

Of particular importance are the numerous well-preserved Early Holocene (10.6–9.4 

cal ky BP; 95.4% interval) skeletons recovered from the region, in general, and from 

Lapa do Santo, in particular. The skeletal population from Lapa do Santo is comprised 

of ~50 individuals of both sexes and all ages. At Lapa do Santo, funerary rituals include 

primary burials, reduction of the body, followed by secondary burial, and pits filled 

with disarticulated and fragmented bones of a single individual (Strauss et al., 2016).  
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Ancient DNA extracted from skeletons from Lapa do Santo indicates they are entirely 

nested within past and present Native American genetic diversity (Posth et al., 2018). 

Because of the tropical environment, very few individuals yield enough collagen to 

provide dietary information, but based on the few collagen δ13C and δ15N data and 

zooarcheology, it seems that the population relied on terrestrial resources with a small 

contribution of meat in their daily meals (Strauss et al., 2016). However, fish bones 

have also been found on the site (Villagran et al., 2017), revealing a broad dietary 

spectrum. 

 

3.2.2 TEST 1: Experiments on gloves 

Leaching experiments 

Following the work by Garçon et al. (2017), we selected gloves that are commonly 

used in our laboratories (Table 1) and that had not been tested yet as sources of zinc 

contamination. The experiments were conducted in the Pico Trace clean lab at the 

Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology 

in Leipzig, Germany. The acids used in the experiments were ultrapure, certified to 

contain less than 100 ppt of zinc. The resin was rinsed ten times with HNO3 0.5 N, and 

the column steps included additional cleaning steps. All the lab consumables used for 

sample preparation and analyses were soaked 48 h in HCl 2 N. We used four different 

setups (Figure 5) to test the contamination issues. In order to avoid the sampling of 

their inner coating, the gloves were first tied with a knot (TESTS 1A and 1B). This, of 

course, does not apply to TESTS 1C and 1D, where the fingertips of the gloves were 

soaked. For TEST 1A, the complete gloves were soaked for 40 h in 100 ml of a solution 

of HNO3 0.5 N in glass beakers (400 ml) first autoclaved and cleaned with Milli-Q 

water. The beakers were covered with parafilm and placed under a fume hood with 

laminar flow and extraction for the time of the experiment to avoid any external 

contamination. Duplicates were run in 200 ml of solution in 800 ml glass beakers. 

Then 10 ml of solution was sampled, placed in a Teflon beaker, and dried overnight. 

The residue was then digested in 1.5 N HBr and purified using the protocol described 

in Jaouen et al. (2016a) adapted from Moynier et al. (2006). Zinc isotope ratios and 

concentration were then directly measured on the Neptune MC-ICP-MS at the Max 

Planck Institute for Evolutionary Anthropology. For TEST 1B, a double-distilled 

water solution was used instead of the HNO3 0.5 N. For TEST 1C, the fingertips (a 

circle of about 1 cm of diameter) of the gloves were cut using ceramic scissors and 

placed in beakers containing HNO3 0.5 N for 15 min. For TEST 1D, the setup is that 
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of the TEST 1C but with a solution sampled after 40 h instead of 15 min. Ten ml of 

solution were first sampled, and a second sampling was performed 40 h later. The 

samples were then dried down on a hot plate, purified, and analyzed following the 

protocol described for TEST 1A. To test the reproducibility of the results, TEST 1A 

was repeated for the nitrile gloves, 1B for the latex gloves (coated), and 1C for the 

nitrile and latex gloves (textured). For those duplicate analyses, the samples were 

prepared in the laboratories of Leipzig but analyzed with a Neptune Plus at the 

Géosciences Environnement Toulouse department from the Observatoire Midi 

Pyrénées, France. 

 

Figure 5. Schematic setup of the different leaching tests of gloves in acidic and aqueous solution. See text for more 
details. 

 

 

Figure 6. Schematic setup of the different dry contact tests with gloves and tubes cleaned in acidic and aqueous 
solutions. See text for more details. 

 
Dry contact with tubes 

Following the example of Garçon et al. (2017) again, we proceeded to a second glove 

contamination test in the context of dry contact with tubes. For this experiment, 5 ml-
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Eppendorf tubes were cleaned with HNO3 0.5 N (TEST 1E), HCl 1 N–commonly used 

for labware cleaning–(TEST 1F), Milli-Q water (TEST 1G) or not cleaned at all (TEST 

1H, Figure 6). The tubes cleaned with acids (TESTS E and F) were then soaked into 

water for one night, and all the tubes were dried under a fume hood. The experimenter 

then used the gloves listed in Table 1, introduced a finger for one second against the 

tube walls with a slight spin move, removed the finger, and then added 1 ml of Milli-

Q water. The tube was then shaken so that the liquid came in contact with the whole 

surface of the tube walls, the solution was transferred to a clean Savillex, and the 

concentration was finally measured using the protocol described by Jaouen et al. 

(2016b). 

 

3.2.3 TEST 2: Experiment sample contamination using different types 

of gloves 

Twenty-six archeological human teeth (SI Appendix, Table S18) from 18 individuals 

of Lapa do Santo (Brazil) were sampled following our regular sampling technique 

using nitrile gloves (TEST 2A, n = 26), latex gloves (TEST 2B, n = 26) and no gloves 

at all (TEST 2C, n = 6). For this sampling technique, the enamel surface is first cleaned 

mechanically using a diamond-tipped burr before the chunk sampling (about 2 to 3 

mm large and long). A microsaw is then used to sample a chunk of the tooth crown, 

from which the last traces of dentin are removed using a cleaned diamond-tipped burr 

so as to only keep the enamel. All the teeth were sampled for TEST 2A and TEST 2B, 

but unfortunately, only six teeth had enough material for further sampling for TEST 

2C. The teeth were cleaned in Milli-Q water in glass beakers and put in an ultrasound 

bath for 15 min in order to remove the potential contaminants from the surface between 

each different test. In the case of TEST 2C, enamel powder was sampled rather than a 

chunk of tooth tissues to prevent the experimenters from injuring themselves while 

manipulating the microsaw on such a small object. Prior to zinc isotope analyses, the 

zinc from the gloves and the teeth was extracted and purified using the protocol 

described by Jaouen et al. (2016a) adapted from Moynier et al. (2006). The isotope 

analyses were all conducted using a Neptune MC-ICP-MS at the Department of 

Human Evolution, Max Planck Institute for Evolutionary Anthropology in Leipzig, 

Germany. It is worth noting that for the teeth prepared with nitrile gloves, isotope 

compositions were analyzed at the LGPTE of the Ecole Normale Supérieure of Lyon, 

France, with a Nu-500 MC-ICP-MS, and duplicates were run using the Neptune Plus 

at the Géosciences Environnement Toulouse department from the Observatoire Midi 
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Pyrénées, France. For each batch, the in-house standard AZE and the reference 

material SRM 1400 were run for inter-lab and inter-batch comparison (SI Appendix, 

Table S16). 

 

3.2.4 TEST 3: Post hoc assessment of contamination during sample 

preparation using linear mixed model 

The linear mixed model (LMM) was performed using the statistical program R 

(version 3.6.1) (R Core Team, 2018). In order to test the hypothetic predictors 

associated with zinc isotope variability, the model was fitted (Baayen, 2008) with a 

Gaussian error structure and identity link (McCullagh and Nelder, 1989) using the R-

package “lme4” (version 1.1–17) (Bates et al., 2015). The tested predictors were: the 

type of gloves (only nitrile and latex, samples obtained without gloves were excluded 

(n = 6) to ensure the model stability), 87Sr/86Sr isotope ratios-as a proxy for the 

geology-, the amount of zinc loaded on the column (ALC), the formation time of the 

tooth (group A: teeth formed before weaning, group B: teeth formed after weaning). 

All quantitative predictors were inspected for whether they were symmetrically 

distributed. They were also z-transformed to ease the model convergence (to a mean 

of zero and a standard deviation of one). In order to keep Type I error rate at the 

nominal level of 0.05, a random slope of ALC was included (Schielzeth and 

Forstmeier, 2009; Barr et al., 2013). We checked if residuals were normally distributed 

and homogeneous using a QQ plot (residuals plotted against fitted values) (Field, 

2005). The model was tested on 52 teeth, coming from 18 individuals, and handled 

with two types of gloves. 

 

3.3 Results 

All zinc isotope results and concentrations obtained in this study are available in SI 

Appendix, Tables S16-S19. The column zinc blanks for all the tests were found to 

range from 2 to 5 ng. The standards (in-house AZE and NIST SRM 1400) gave results 

consistent with the values previously published, but we noticed that the AZE samples 

prepared with nitrile gloves for the clean lab step gave lower results than the ones 

prepared with latex gloves (SI Appendix, Table S17; Jaouen et al., 2016a, 2016b, 

2018). All samples but one showed mass-dependent fractionation for δ66Zn, δ67Zn, and 

δ68Zn. The SRM 1400 standard gave consistent results in the three different 
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laboratories where it has been measured with three different MC-ICPMS (Neptune, 

Department of Human Evolution/ MPI-EVA, Leipzig; Nu 500 LGTPE/ ENS Lyon, 

Lyon; Neptune Plus, GET/OMP, Toulouse). 

 

Figure 7. Amount of zinc obtained for each test and each type of gloves following the protocol described in Figure 
5 and the corresponding text. “Latex C” corresponds to the coated latex gloves and “Latex T” to the textured latex 
gloves. 

 

3.3.1 TEST 1: Experiments on gloves 

The amount of zinc released by the gloves following the tests by Garçon et al. (2017) 

corresponds to the range reported by these authors (Nitrile and latex gloves release 

several grams, vinyl gloves about 50 mg, TEST 1A, Figure 7). Compared to the 

column blanks associated with TEST 1 (2–3 ng), those amounts are enormous. The 

duplicates, ran in a different solution volume, released similar amounts of zinc (SI 

Appendix, Table S17). Because of the high matrix content of the samples, a column 

purification was performed prior to zinc isotope analyses of the glove test samples. 

The isotope ratios for the nitrile gloves were found to be the lowest values reported for 

any type of gloves (Figure 8). The isotope results were exactly the same for 3 of the 4 

duplicates, the last one being shifted by 0.2 ‰ (Figure 8; SI Appendix, Table S17). 

The tests on the fingertips (TEST 1C and 1D) reveal that 14% and 50% of the zinc 

accumulated over 40 h is released respectively from the latex (coated or textured) and 
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vinyl gloves in the first 15 min, while only 1% of the total amount of zinc recovered 

in 40 h from the nitrile gloves is released during this period. 

 

Figure 8. Zinc isotope composition of the gloves from (1) Garçon et al. (2017) (open circles) and (2) this study 
(filled circles). For this study, the symbols represent the average value for the four tests and the whiskers correspond 
to the standard deviation. T stands for textured, C for coated. 

The amount of zinc released by the fingertips (TEST 1D) of the nitrile and latex gloves 

was comparable to the amount released by the whole gloves (TEST 1A, Figure 5). 

The latex gloves released the same amount in TEST 1A, while the fingertip tests 

(TESTS 1C and 1D) showed slightly higher amounts for the gloves with inner coating. 

This can be explained by a higher zinc content of this coating in comparison to the 

textured gloves since the coating was only exposed to the solution in TESTS 1C and 

1D. TEST 1B shows that a small portion of zinc is released by the gloves when they 

are soaked into water (more than two orders of magnitude lower for the latex gloves). 

As mentioned above, the column blanks are 2 to 3 ng. The blanks coming from the 

solutions in the glass beakers without gloves that were sampled (10 ml), evaporated, 

and purified on the columns like the actual samples (Figure 5) were also 3 ng, with 

the exception of two of them (100 ng). We assume that the contamination comes from 

the glass beakers, even though they were rinsed with Milli-Q water. The beakers were 

stored outside of the clean lab, used by experimenters working with nitrile gloves, and 

were possibly cleaned at different instances using an autoclave. The δ66Zn values of 

the different tests show substantial variation, but there is no correlation between 

concentration and isotope ratios. There is also no systematic difference between the 

ratios measured in the TESTS 1D and 1C, which argues for the absence of kinetic zinc 

isotope fractionation. However, we noticed that the δ66Zn values observed in TEST 1B 

are systematically lower than in the other tests (Figure 9). 
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Figure 9. Zinc isotope ratios measured for the four types of gloves tested in this study. C stands for coated, T for 
textured. The description of the tests is provided in the text and Figure 5. 

TESTS 1E, 1F, 1H, and 1G show similar amounts of zinc released from the gloves 

than those of TEST B from Garçon et al. (2017), except for the latex textured gloves 

that we tested, which release substantially more zinc during a one-second dry contact. 

Surprisingly, those gloves also released more zinc when the tubes were not cleaned 

with acids, in contrast to all the other gloves, which had the highest content in the tubes 

formerly cleaned with HNO3 and HCl. 

 

3.3.2 TEST 2: Experiment sample contamination using different types 

of gloves 

For the 26 Lapa do Santo teeth sampled, 62% gave identical results in TESTS 2A and 

2B. For the remaining 10 teeth, four showed higher zinc isotope ratio values when 

sampled using latex gloves, and six of them had higher values when sampled with 

nitrile gloves (Figure 10). TEST 2C only consists of six teeth sampled without using 

gloves. Among them, three showed values identical to those sampled with nitrile and 

latex gloves (Figures 10 and 11), and two had slightly lower values (0.1 to 0.2 ‰) 

than those sampled with latex and nitrile gloves, which were identical. The last 

sampled tooth showed a higher result in TEST 2B than in TEST 2A, whereas the value 

in TEST 2C was similar to that in TEST 2B. 
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Figure 10. Zinc isotope ratios for each Lapa do Santo tooth sampled either with nitrile gloves (TEST 2A), latex 
gloves (TEST 2B), or without gloves (TEST 2C). The numbers on the x-axis correspond to the tooth specimen ID 
(see SI Appendix, Table S18), to note that several teeth may belong to the same individual. Typical analytical error 
for zinc isotope ratios is 0.05 ‰ to 0.08 ‰ (2σ), and the standard deviation of the different standards (AZE and 
SRM 1400) run on the columns ranges from 0.08 to 0.1 ‰ (2σ). 

We observe no correlation between zinc concentrations and isotope ratios (Figure 12). 

This was also observed for the additional teeth from the Jacobins convent (Rennes, 

France), which are described in SI Appendix, Supplementary Information 2.3. There 

are two outliers, one with a very positive δ66Zn value and another one with a low δ66Zn, 

which was sampled with nitrile gloves. The latter one is also the only sample showing 

mass-independent fractionation (see arrows on Figure 12), which is generally caused 

by isobaric interferences. This can happen when too much matrix is present in the 

solution knowing that the gloves release many other elements than just zinc (2017). 

The two outliers also have drastically different δ66Zn values and zinc concentrations 

compared to the two samples extracted from the same teeth and prepared with nitrile 

and latex gloves (Figure 13). 

In Lapa do Santo, no differences in δ66Zn were observed between individuals identified 

as men or women (Kruskal-Wallis χ2 = 0.3229, df = 1, p-value = 0.57). The carbon, 

nitrogen, and strontium isotope data also did not reveal differences between sexes 

(Strauss et al., 2015, 2016). Interestingly, the type of tooth is strongly associated to 

specific δ66Zn values 
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Figure 11. Relationship between zinc concentrations (µg/g) and isotope values for the six teeth on which all three 
TESTS 2 A, B, and C have been performed. The numbers 2 to 30 corresponds to the identification number of the 
teeth, which are also given in SI Appendix, Table S18. 

 

Figure 12. Relationship between zinc concentrations (µg/g) and δ66Zn values for the Lapa do Santo teeth (black 
circles). All samples are plotted together, independently from the sampling method used. The blue square represents 
the nitrile gloves, and the empty triangles are the latex gloves. 
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(Kruskal-Wallis χ2 = 28.32, df = 6, p-value = 0.000082, all measurements taken 

together; n = 77 and Kruskal-Wallis χ2 = 14.98, df = 6, p-value = 0.02, average value 

per tooth, n = 26). This trend is even more significant (Kruskal-Wallis χ2 = 27.35, df 

= 3, p-value = 0.0000050, all measurements together, n = 77) when the teeth are 

grouped by formation periods, which are themselves related to dietary transitions in 

childhood (deciduous molars: placental and exclusive breastfeeding; permanent first 

molars (M1): breastfeeding, with and without solid food; permanent first premolars 

(P3): weaning and post-weaning diet; second premolars, permanent second and third 

molars (P4, M2, M3): post-weaning diet). 

 

Figure 13. Correlation between the difference of concentration and the difference of δ66Zn values of tooth samples 
from Lapa do Santo prepared with nitrile or latex gloves. P3 = first premolar. The typical analytical error for zinc 
isotope ratios ranges from 0.05 to 0.08 ‰ (2σ), and the standard deviation of the different standards (AZE and 
SRM 1400) run on the columns are 0.08 to 0.1 ‰ (2σ). 

 

3.3.3 TEST 3: Post hoc assessment of contamination during sample 

preparation using linear mixed model 

The full-null linear mixed model comparison was significant (likelihood ratio test: χ2 

= 10.62, df = 8, p-value = 4.95*10−3) and allowed to assess which of the tested 

predictors were associated with variations in δ66Zn values. The tooth formation time 

(i.e., in utero and before weaning vs. post-weaning) and the strontium isotope ratios 

showed a significant relation with δ66Zn values (likelihood ratio test p-values equal to 
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0.002 and 0.039, respectively). The ALC and the type of gloves used for sampling 

appeared to have no significant relation with the variability of the δ66Zn values 

(likelihood ratio test p-values equal to 0.158 and 0.482, respectively). 

 

3.4 Discussion 

3.4.1 Zinc contamination during sample preparation in the clean lab 

Our study confirms the strong risk of zinc contamination from nitrile and latex gloves, 

especially when working with acids. Vinyl gloves release a smaller amount of zinc 

(two orders of magnitude) during acid exposure than the two other types of gloves 

(nitrile and latex). Nitrile gloves release zinc that is depleted in heavy isotopes 

compared to the other brands of nitrile gloves studied by Garçon et al. (2017) (Figure 

8). The four types of gloves release similar amounts of zinc in comparison to the study 

of Garçon et al. (2017) (Figure 7). This suggests that the conclusions of the two other 

experiments (TEST 2 and TEST 3) conducted on different types of gloves of the 

Rotiprotect brand can be of interest to users of other brands. 

We recommend that when working with acids and wearing gloves made of latex, 

nitrile, or neoprene, the experimenters should wear a second pair of gloves on top made 

of vinyl to lower the risk of zinc contamination. Some laboratories also adopt the 

strategy to wash the gloves with water prior to zinc purification in the laboratory. 

However, our tests show that a limited amount of zinc is released in water. 

As mentioned by Garçon et al. (2017), the best strategy is to avoid any contact between 

the gloves and the cleaning solutions for the beakers, the pipette tips, or any labware 

that comes in contact with the samples. This strategy has proved to be efficient in our 

clean lab, where the blanks are usually around 2 ng and never exceed 10 ng, since we 

have become aware of the contamination risk by gloves. We also noticed a small 

change of the δ66Zn value of our inhouse zinc isotope standard and an improvement of 

the standard deviation around this value (SI Appendix, Table S16). This could be 

related to the reduction of potentially glove-derived zinc contamination (now 

measured around 1.59 ‰ instead of 1.51 ‰, see Bourgon et al. (2020) and Jaouen et 

al. (2016a)). We estimated that contamination of 50 ng in the clean lab and 10 ng 

during the sample dilution prior to zinc isotope analyses would trigger a shift of about 

-0.1 ‰ for this in-house standard. We observed consistent values between the two 

above-mentioned publications for the SRM 1400 (δ66Zn = 1 ‰; SI Appendix, Table 
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S16), but this standard contains more zinc (181 µg/g) than the in-house AZE (about 

140 µg/g). 

 

Figure 14. Zinc isotope values in teeth of the Lapa do Santo population. Tooth types are ordered from the earliest 
to the latest crown initiation and formation times: from in utero (deciduous molars) to puberty (permanent third 
molar). A) All single measurements pooled together (sample preparation with gloves nitrile or latex- or without), 
B) average δ66Zn value per dental specimen. The error bars represent the variation within a tooth (1σ). 

 

3.4.2 Zinc contamination during the enamel sampling procedure 

Most of the teeth sampled with two different types of gloves showed identical δ66Zn 

values in the analyzed enamel samples, whereas nitrile and latex gloves used for these 

experiments had very different δ66Zn values. The multiple samples taken from a single 

tooth do not represent a homogenized powder but were rather taken from different 

parts of the tooth crown, thus corresponding to different times of enamel formation 

and thus potentially reflecting differences in diet-related δ66Zn values. For the tooth 

samples showing different δ66Zn values, no systematic trend towards more positive or 

negative values could be observed using one or another type of gloves or no gloves at 

all (Figure 10). The LMM results confirm the lack of influence of the glove type used 

for sampling on the zinc isotopic variability. This could result from the release of zinc 

mostly occurring in an acidic environment (see results from the TESTS 1 A to H). It 

appears that the teeth showing the maximum variation in δ66Zn values form their 

enamel during major periods of dietary transition in human life history, which are birth 

and weaning (Figure 14B). The LMM also demonstrated that the δ66Zn values are 

linked to the formation time of the tooth. Diet is usually known to be the main source 

of zinc isotope variations in human teeth (Jaouen et al., 2016a, 2016b, 2018). 

Strontium isotope ratios are related to the bioavailable strontium from the local 

bedrock substrate and therefore reflect the geographical origin of the studied 

individuals. In Lapa do Santo, these strontium isotope ratios were also found to 

correlate with δ66Zn values, which was already highlighted for well-preserved fossil 
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mammal teeth by Bourgon et al. (2020) using a similar LMM. This means that, 

although zinc is mainly influenced by diet, the geology of the area where the food 

products come from can also influence, to a certain degree, the zinc isotope ratios 

recorded in teeth. This is expected since marine limestones, and some siliceous 

sediments show much higher δ66Zn than other types of rocks (Moynier et al., 2017). 

Although both studies revealed the relationship between strontium and zinc isotope 

ratios, a potential bias in the Lapa do Santo teeth relates to the fact that the previously 

published strontium isotope ratios (Strauss et al., 2016) were obtained from teeth that 

may differ from those used in the present study. When multiple samples coming from 

different teeth or within a tooth of the same individuals were analyzed for zinc, a 

unique strontium isotope ratio was associated. Even if a potential bias exists for the 

relationship between strontium and zinc isotope data, the variation observed between 

the two or three sampling tests (Figure 11) is therefore biogenic and not due to 

contamination, with one possible exception (Figure 10). Contamination-related zinc 

isotopic shifts are often accompanied by a change of zinc concentration (Figure 12). 

In summary, the teeth showing the largest isotopic variations may involve 1) soil 

contamination (δ66Zn = 1.23 ‰, Figures 10, 12 and 13); 2) an analytical problem or 

glove contamination resulting in samples showing mass-independent fractionation 

(δ66Zn = -0.16 ‰, Figures 12 and 13); 3) enamel forming during dietary transition 

periods. For this latter category, the maximal variation did not exceed 0.4 ‰, which 

may reflect a dietary shift by one trophic level (Jaouen et al., 2016b, 2018; Bourgon et 

al., 2020). 

 

3.4.3 Life history and dietary effects on human enamel δ66Zn values 

The zinc isotope composition of archeological teeth, when not impacted by glove 

contamination during sampling, is strongly related to the developmental times at which 

enamel starts forming. Little is known about zinc metabolism and absorption 

mechanisms during lifetime dietary transitions. Zinc absorption is not solely related to 

zinc intake (Dolphin and Goodman, 2009). Phytates contained in plants–- especially 

in cereals—constitute inhibitors to zinc absorption. However, infants whose mothers 

feed on a cereal-based diet show higher Zn/Ca ratios in their prenatal enamel (i.e., 

formed in utero) than other infants (Dolphin and Goodman, 2009). This can be 

explained by the fact that during pregnancy, women having the lowest daily zinc intake 

also have the highest rate of zinc absorption (Fung et al., 1997). This regulation stops 
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during lactation. In another study, Donangelo et al. (2005) not only confirmed that the 

types of diet with a high amount of phytates were correlated with higher zinc 

absorption rates during pregnancy, but they also observed the effect during lactation. 

Zinc absorption among pregnant women remains generally higher than in non-

pregnant and non-lactating women (Hambidge et al., 2006; Donangelo and King, 

2012). Interestingly, however, Zn/Ca measured in modern populations from Mexico 

have been shown to be higher and more variable in enamel formed postnatally than 

prenatally (Dolphin et al., 2005; Garçon et al., 2017). Infants that are breastfed show 

a zinc absorption of around 41% (Sandström et al., 1983), while it does not exceed 

30% in pregnant women (Fung et al., 1997), which might explain this observed 

difference. Zinc concentration has also been shown not to be a reliable trophic level 

indicator (Dolphin and Goodman, 2009) as opposed to zinc isotope ratios (Jaouen et 

al., 2016a, 2016b; Bourgon et al., 2020). Prior to the present study, no work has 

addressed the question of zinc isotope fractionation in enamel formed in utero and 

during breastfeeding. 

For the Lapa do Santo site, we had access to seven tooth types. Two of them—

deciduous first and second molars (m1 and m2, respectively)—had crowns partially 

formed in utero and during the first months of life (Figure 14; AlQahtani et al., 2010). 

The permanent first molars (M1) form their crown during the first three years of life, 

and therefore likely record the isotope signature associated not only with breastfeeding 

but also with the introduction of solid food in the infant’s diet. The crown of the first 

premolar (P3) initiates around 1.5 years of age when most hunter-gatherer infants still 

breastfeed (Feitosa et al., 2010; Horta et al., 2013; Veile and Kramer, 2015; Stuart-

Macadam and Dettwyler, 2017), although solid food has already largely been 

introduced in their diet. Zinc absorption in infants feeding on mother milk is also much 

higher (around 40%) than that of individuals with an omnivorous diet (around 24%, 

Sandström et al., 1983; Wessells and Brown, 2012) because zinc absorption is 

inhibited by phytates contained in plants, notably in high amounts in cereals 

(Lönnerdal, 2000). Therefore, the isotope signature of zinc might be strongly 

influenced by the signature of human milk even after the introduction of solid food. 

The second premolar (P4) crown starts forming two years after birth (AlQahtani et al., 

2010) therefore recording a diet exclusively or mainly based on solid food. The second 

and third permanent molars (M2 and M3) are formed after weaning. When teeth are 

ranked depending on their time of initiation and formation, a trend in enamel δ66Zn 

values can be seen, with the highest values in teeth initiating their enamel formation 

in utero and the lowest values in teeth formed after the weaning age (Figure 14). 
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In order to test the robustness of this ontogenetic trend, we decided to systematically 

analyze each tooth type from archeological remains of a child (estimated age at death: 

5–9 years, see SI Appendix, Supplementary Information 2.1) and an adult. As it was 

not possible on the Lapa do Santo material, this was undertaken on two specimens 

belonging to a medieval population recovered at the Jacobin convent in Rennes, 

France. The diet of these individuals has already been extensively documented (Jaouen 

et al., 2018; Colleter et al., 2019). The procedure of this test is fully described in SI 

Appendix, Supplementary Information 2.2. Every tooth type analyzed from the two 

Les Jacobins individuals yielded a pattern very similar to that observed at the scale of 

the Lapa do Santo population (Figure 15). This test especially confirms that the teeth 

starting to form their crown around birth have the highest enamel zinc isotope ratios, 

while the post-weaning teeth show the lowest values. As expected, the M1 has 

intermediate isotope signatures, as its crown formation time ranges from in utero until 

~3 years of age. The teeth sampled in Rennes allow to clearly confirm the trend 

observed (Figures 15 and 16). 

 

Figure 15. Zinc isotope values from the enamel of different tooth types at (A) Lapa do Santo (Brazil) and (B) 
Jacobins convent (Rennes, France). Note the trend of decreasing δ66Zn values in enamel with increasing crown 
formation age for humans from both archeological sites. 

For the Jacobin convent, we carefully documented the location of the sampling on the 

teeth, which allowed estimating the age of enamel formation for each sample (Figure 

15; SI Appendix, Table S19, and Figure S48). 

Many of the teeth presented in this study have formed their enamel during dietary 

transitions: milk teeth often record in utero and breastfeeding signatures. In some 

cases, they can even record a third dietary transition: the introduction of solid food. 

The M1 enamel also records successively: exclusive breastfeeding, breastfeeding in 

combination with solid food consumption, and to a lesser extent towards the end of the 

crown formation, post-weaning signatures. 
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Figure 16. Zinc isotope compositions of all the tooth types sampled for two individuals of the Jacobins convent. 
The teeth are ranked from the earliest forming enamel to the latest forming crowns. 

 

Figure 17. Zinc isotope ratios in the different teeth of Child 63949, recovered from the Jacobin convent (Rennes, 
France), with the corresponding formation ages of the areas of enamel sampled (SI Appendix, Table S19) 
(AlQahtani et al., 2010). Different parts of the tooth crowns were sampled: top (T); middle (M); bottom (B); whole 
height (W). The age at introduction of solid food and weaning is here fully hypothetical (i.e., there is no 
archeological record for this specimen) but is based on nitrogen isotope data measured in the tooth roots as well as 
historical data on the population (SI Appendix, Supplementary Information 2.1 and 2.3). Because the actual 
weaning age could be slightly younger or older, it is provided only for illustrative purposes. 

Therefore, it remains difficult to identify with certainty which δ66Zn values can be 

associated with dental enamel formed in utero, during the exclusive breastfeeding 

period, or when solid food is present in the diet. From the trend seen in Figure 16, we 

can suggest the two scenarios (Figure 18), described below, in order to explain what 
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causes zinc isotope variations between tooth types. Scenario 1 (S1): The lowest δ66Zn 

values observed in the deciduous m1 could correspond to in utero life, while the 

highest values observed in all studied deciduous m1 and m2 would result from 

exclusive breastfeeding. Indeed, all m2 show higher δ66Zn values than m1, after which 

they shortly started forming. The permanent M1, formed during the first three years 

after birth, would record a mixed signature of breastfeeding and solid food 

consumption. The P3, P4, M2, and M3 then record post-weaning δ66Zn values. 

Scenario 2 (S2): The dental enamel formed in utero records the highest ratios, while 

post-weaning formed enamel shows the lowest. The mother milk would then have 

intermediate zinc isotope ratios between blood (placental diet) and bulk diet (solid 

food). In both scenarios, the variation of δ66Zn values over time could also be due to a 

differential fractionation related to the maturation of the intestinal tract. 

 

Figure 18. Possible scenarios for the evolution of enamel δ66Zn values in teeth during childhood. 

For the juvenile individual 63949 (Jacobin convent), the two deciduous m1 were 

sampled at the cusp tip of the crown to note that the sample of lower m1 includes some 

enamel from the middle part of the crown (SI Appendix, Table S19). This could 

explain the isotope difference observed between the two teeth, provided that the upper 

m1 sample exhibits a lower δ66Zn and contains more enamel formed in utero (Figures 

15-17). Moreover, the deciduous central incisors, which mainly form their enamel in 

utero, show the lowest zinc isotope ratio among all deciduous teeth. This would lend 

support to Scenario 1. The differences observed between the child and the adult at the 

Jacobin convent may first be related to the fact that the top of the crown (cuspal 

enamel) was often sampled for the child, while enamel was more frequently sampled 

in the middle of the crown (lateral enamel) for the adult. This means that the child´s 

samples contain material from earlier stages of enamel formation, while the adult´s 

samples reflect enamel from a time period when the individual was still breastfed. It 

may also be that the adult individual 20106 was weaned before the child 63949, a 
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likely scenario considering their different socio-economical group (SI Appendix, 

Supplementary Information 2.1). 

Does Scenario 1 fit with what could be expected from the isotope composition of the 

food products and animal tissues? In animals, a pilot study showed that dairy products 

tend to have higher δ66Zn values than meat products (Costas-Rodríguez et al., 2014). 

However, those δ66Zn values are even higher in plant products. One could consider 

that a diet in which plants are the main source of proteins, as hypothesized for the Lapa 

do Santo population (Strauss et al., 2016), should be associated with higher δ66Zn 

values (Wessells and Brown, 2012; Jaouen et al., 2018). Nevertheless, most of the zinc 

in the diet comes from animal products (Jaouen et al., 2017), and the adult diet of the 

individuals from Lapa do Santo did contain meat, as attested by the abundant presence 

of burnt bones of small and middle-sized animals in the site (Strauss et al., 2016). 

Moreover, it is not entirely clear what was the dietary source of animal protein in the 

Lapa do Santo population. On the one hand, carbon and nitrogen isotopic data indicate 

a low position in the trophic chain. On the other hand, there were abundant middle- 

and small-sized burnt bones of mammals like rodents, deer, peccary, and armadillo at 

the site, along with bone remains of reptiles and marsupials as well as the abundant 

shell remains from terrestrial snails (Strauss et al., 2016). The δ66Zn values of non-

mammalian tetrapods are still unknown (Strauss et al., 2016). In addition, the δ66Zn 

values of the fauna of Lapa do Santo have not been analyzed yet, so the comparison 

with other existing δ66Zn values on humans from other locations cannot be made. 

Possible site-specific effects (Jaouen et al., 2017; Bourgon et al., 2020) could indeed 

induce variation in local zinc isotope compositions of the food webs. Therefore, it is 

possible that the post-weaning diet of the Lapa do Santo population is associated with 

lower δ66Zn values than the breastfeeding one. In Scenarios 1 and 2, we thus 

hypothesized that mother milk is enriched in heavy zinc isotopes compared to the main 

sources of zinc in Lapa do Santo individuals’ diets. 

Considering the question of the differences between the enamel parts formed in utero 

or during the child’s infancy, Scenario 2 (S2) suggests that in utero δ66Zn values might 

be 0.3 ‰ above that of the permanent teeth, which would correspond, somehow, to 

one trophic level below the post-weaning diet (Jaouen et al., 2016a, 2016b; Bourgon 

et al., 2020). This could be explained by the placental diet based on the nutrients 

coming from the mother’s blood, in a way similar to what happens with calcium 

isotopes (Tacail et al., 2017). Indeed, δ66Zn in human blood is enriched by 0.4 ‰ 

compared to human or animal muscles (Albarède et al., 2011; Jaouen et al., 2019b), 
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which corresponds to the above-mentioned difference between P4, M2, and M3 and 

the parts of m1 and m2 enamel assumed to be formed in utero (S2). However, based 

on the Jacobin convent isotope data, Scenario 1 would be the most likely. A 

progressive maturation of the intestinal tract may be associated with a differential 

fractionation of zinc over time, in a similar way to what happens for strontium and 

calcium (Lough et al., 1963), which are not discriminated by children’s intestinal 

tracts. More work is needed to better understand the zinc isotopic differences between 

human milk and food products, as well as the associated fauna of the Lapa do Santo 

individuals to better constrain diet-related factors controlling intra-population and 

intra-individual variability of tooth enamel δ66Zn values. However, the similarity of 

the patterns observed in two very contrasting contexts (the Paleoamericans and hunter-

gatherers of the tropical and prehistorical site of Lapa do Santo, Brazil, and the 

medieval urban Bretons of the temperate site of the Jacobin convent, Rennes, France) 

is striking. 

 

3.5 Conclusion 

The release of zinc from different types of gloves into acidic solution confirms 

previous results and highlights the potential of zinc contamination during chemical 

sample treatment. Vinyl gloves showed the lowest contamination potential when 

quantifying zinc isotopic ratios, although they still release some zinc and are the less 

protective type of gloves for the experimenter against chemicals. A recommendation 

when working in the clean lab would be to wear two types of gloves, a pair of vinyl 

gloves (minimum contamination) superimposed on a pair of nitrile gloves (best 

protection for the user). Cleaning the gloves prior to utilization is not efficient because 

of the low amount of zinc released in water and the safety risks that would be 

associated with an acid step. However, we did not detect any zinc contamination 

during enamel sampling, although the enamel making the outer surface of the tooth 

crown may have accidentally been in contact with the nitrile or latex gloves. Thus, 

zinc is mostly released from gloves in the context of an acidic environment and not by 

mechanical contact with the tooth. Still, we would recommend not to wear any plastic 

gloves during tooth sampling, and if protection is needed, we recommend wearing 

textile gloves instead. The enamel δ66Zn values of the Lapa do Santo humans display 

a trend where teeth formed during the earlier stages of life have the highest values, 

while teeth forming during later childhood show the lowest values. Enamel samples of 

deciduous teeth have the highest δ66Zn values, which could be best explained by 
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elevated δ66Zn values of maternal blood and milk, enriched in heavier zinc isotopes 

compared to the adult diet of the Lapa do Santo humans, as reflected in the lower δ66Zn 

values of their permanent molars. Teeth mineralized during the first two years of life 

have intermediate enamel δ66Zn values, probably due to the mixed signature of the 

consumption of solid food and mother milk. Future work on the faunal δ66Zn values 

of this site will help to better interpret the diet of the different individuals of this 

population. More work is needed to explain the zinc isotope variations during 

childhood in this study to further explore if zinc can be a promising proxy to trace age 

at weaning–similarly to calcium isotopes. Moreover, this work confirms the interest to 

use zinc isotopes in dental enamel for dietary reconstructions of archeological 

mammals (fauna and humans) in tropical settings (Bourgon et al., 2020) since bone 

and tooth collagen preservation in Lapa do Santo was poor, while enamel δ66Zn values 

seem pristine and a promising dietary tracer. 
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Abstract 

Tam Pà Ling, a cave site in northeastern Laos, has yielded the earliest skeletal evidence 

of Homo sapiens in mainland Southeast Asia. The reliance of Pleistocene humans in 

rainforest settings on plant or animal resources is still largely unstudied, mainly due to 

poor collagen preservation in fossils from tropical environments precluding stable 

nitrogen isotope analysis, the classical trophic level proxy. However, isotopic ratios of 

zinc in bioapatite constitute a promising proxy to infer trophic and dietary information 

from fossil vertebrates, even under adverse tropical taphonomic conditions. Here, we 

analyzed the zinc isotope composition (66Zn/64Zn expressed as δ66Zn value) in the 

enamel of two teeth of the Late Pleistocene (63–46 ka) H. sapiens individual (TPL1) 

from Tam Pà Ling, as well as 76 mammal teeth from the same site and the nearby Nam 

Lot cave. The human individual exhibits relatively low enamel δ66Zn values (+0.24 

‰) consistent with an omnivorous diet, suggesting a dietary reliance on both plant- 

and animal-matter. These findings offer direct evidence of the broad utilization of 

resources from tropical rainforests by one of the earliest known anatomically modern 

humans in Southeast Asia. 
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4.1 Introduction 

Southeast Asia is a key region for understanding patterns of human dispersal into Asia 

and Australasia (Bae et al., 2017; Perry and Verdu, 2017; Rabett, 2018; Louys and 

Roberts, 2020). While traditional assumptions have often viewed tropical rainforest 

habitats as an obstacle to prehistoric human dispersal and occupation (Hutterer, 

1983; Bailey et al., 1989; Bailey and Headland, 1991; Wurster and Bird, 2016), 

increasing evidence and novel analytic approaches have demonstrated human 

occupation and adaptation to rainforest habitats in Southeast Asia (Barton, 

2005; Barker et al., 2007; Summerhayes et al., 2010; Roberts et al., 2015; Demeter 

et al., 2017; Westaway et al., 2017; Wedage et al., 2019; Langley et al., 2020). Indeed, 

it was suggested that adaptive plasticity allowed our species to remain in Southeast 

Asia through ever-increasing climatic instability in the Late Pleistocene and became 

the last surviving hominin, as opposed to Homo erectus and Homo floresiensis, for 

example (Roberts and Amano, 2019; Louys and Roberts, 2020). 

The site of Tam Pà Ling (TPL), at Pà Hang Mountain in the Annamite mountain range 

of northeastern Laos (Huà Pan Province), has shown increasing significance in 

anthropological and archeological studies in Southeast Asia (Bae et al., 

2017; Martinón-Torres et al., 2017; McColl et al., 2018), with the oldest known and 

richest fossil record of our species in this region (Demeter et al., 

2012, 2015; Shackelford et al., 2018). Alongside faunal remains, skeletal remains 

from at least five human individuals have been recovered to date from a 

chronologically well-constrained Late Pleistocene stratigraphic context (Demeter 

et al., 2012, 2015, 2017; Shackelford et al., 2018), providing direct evidence of long-

term human occupation of the region. Located at the top of the Pà Hang Mountain, 

TPL cave has one main chamber, excavated at the east end of a gallery, at the base of 

the entrance's steep 65-m slope. The site's stratigraphy suggests a formation by 

periodic slope wash deposition coming from the cave's entrance (Demeter et al., 

2012, 2015; Shackelford et al., 2018), with no evidence of human occupation on the 

surface. While the source of TPL fossils remains unknown, current evidence suggests 

that they originated at or near the cave's entrance before slope wash transport and 

burial. Various dating methods yielded an age range for the human fossil-bearing 

deposit at TPL of 63–46 ka (Demeter et al., 2012) for the TPL1 individual (a cranium 

with frontal, occipital, maxillae, and dentition showing derived modern human 

morphology), providing the earliest skeletal evidence of anatomically modern humans 

in mainland Southeast Asia. 
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Despite evidence of rainforest occupation by our species from at least 70 ka (Demeter 

et al., 2017; Westaway et al., 2017; Shackelford et al., 2018), poor organic matter 

preservation in tropical latitudes generally hinders our understanding of human dietary 

reliance on these habitats and their resources (Tappen, 1994). Occasionally, insights 

can be obtained when archeological material is preserved in cave and rock shelter 

sedimentary sequences (Barker et al., 2007; Summerhayes et al., 2010; Perera et al., 

2011). However, such depositional contexts are rare in Southeast Asia, and 

archeological material (in particular faunal and plant remains) is seldom found in pre-

Holocene contexts. As such, evaluating the overall dietary importance of 

tropical forest resources based on archeological material alone has proven to be 

difficult. 

Stable isotope analysis of bones and teeth can provide direct evidence of dietary 

resources consumed in this tropical rainforest environment. Such methods have 

successfully highlighted reliance on forest resources for Late Pleistocene tropical 

rainforest forager populations from Sri Lanka (Roberts et al., 2015, 2017a). However, 

no information on the exact nature of these resources—whether animal or plant—can 

be obtained from stable carbon isotopes. In addition, nitrogen stable isotope (δ15N) 

analysis of bone or dentin collagen—an established method for investigating trophic 

relations (DeNiro and Epstein, 1981)—is mostly unsuccessful in tropical 

environments due to generally poor protein preservation (van Klinken, 

1999; Krigbaum, 2005; Clarkson et al., 2009). 

Recently, trophic level assessment from enamel using different ‘non-traditional’ stable 

isotope systems (calcium, magnesium, zinc, and strontium) has become possible 

through the use of multicollector inductively coupled plasma mass spectrometry (Chu 

et al., 2006; Knudson et al., 2010; Costas-Rodríguez et al., 2014; Martin et al., 2014), 

using amounts of material similar to or lower than traditional carbon and oxygen stable 

isotope analysis. These methods have been successfully applied to fossil and 

archeological specimens (Knudson et al., 2010; Martin et al., 2015, 2018; Jaouen 

et al., 2016a; Balter et al., 2019), bypassing the taphonomic limitations of collagen-

bound nitrogen isotopes. In particular, the stable isotope ratios of the trace element 

zinc (including the 66Zn/64Zn, expressed as δ66Zn value) constitute a promising dietary 

indicator among these non-traditional isotope systems (Jaouen et al., 

2013, 2016a, 2016b, 2018; Bourgon et al., 2020; McCormack et al., 2021).  

Incorporated as a trace element in enamel bioapatite, zinc has better long-term 

preservation potential than collagen-bound nitrogen (Dean et al., 2018). Indeed, tooth 
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enamel is more resistant to diagenetic alteration (Kohn et al., 1999; Trueman and 

Tuross, 2002; Dauphin and Williams, 2004), and systematic variations in δ66Zn values 

show promise for dietary reconstructions in archeology and paleontology, as recently 

demonstrated (Bourgon et al., 2020). Two key factors are currently known to control 

the variability of δ66Zn values in animals. First, the δ66Zn values of consumer body 

tissues depend on the zinc isotopic composition of the source intake, i.e., mainly the 

food ingested (Jaouen et al., 2013; Costas-Rodríguez et al., 2014). Second, biological 

zinc isotope fractionation occurring within an organism results in variation in δ66Zn 

values between different plant parts or body tissues (Balter et al., 2013; Moynier et al., 

2013). As such, a consumer's δ66Zn value will ultimately be impacted by what plant or 

animal species were fed upon, as well as which parts of said food source. Other 

physiological factors such as metabolism and body size could also result in δ66Zn 

variability, although such mechanisms are currently poorly understood or investigated. 

Given that plant material typically has higher δ66Zn values relative to animal-matter 

(including insects; Evans et al., 2016), the resulting δ66Zn values of a terrestrial trophic 

chain follow an opposite trend to the classic trophic level proxy δ15Ncollagen values 

(Schoeninger and DeNiro, 1984). Therefore, higher trophic levels are associated with 

lower tissue δ66Zn values (Jaouen et al., 2013, 2016a, 2016b, 2018; Costas-Rodríguez 

et al., 2014). 

Here, we apply a multi-isotope approach (δ66Zn, 87Sr/86Sr, δ13Capatite, δ18Oapatite) to the 

TPL1 individual from TPL to determine the diet and ecological adaptations of the 

oldest modern human individual found in Southeast Asia (Demeter et al., 2012). 

Specifically, the association at TPL of a rich human fossil record and fauna with taxa 

of known ecological preferences for tropical forests allows us to apply methodologies 

such as stable zinc isotope measurements. This association is crucially important in 

sites such as TPL where detailed archeological material evidence is absent (e.g., lithic 

technology, hearth features, plant macroremains, cut marks on bones), making isotopic 

approaches the only way to gain insight into past dietary reliance. We compared the 

variability in enamel δ66Zn values to 87Sr/86Sr measurements from the same specimens 

to account for any potential δ66Zn variability introduced by feeding on different 

bedrock (Graustein, 1989; Bentley, 2006; Bourgon et al., 2020). In addition, we used 

stable carbon isotope measurements (δ13Capatite) as a complementary dietary tracer 

(Cerling and Harris, 1999; Cerling et al., 2015). The δ13C values of bioapatite reflect 

the relative proportion in a consumer's diet of ingested carbon derived from the food 

web's primary sources, namely plants using either C3 (trees, bushes, shrubs, and 
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grasses) or C4 (grasses, sedges) photosynthetic pathways (Smith and Epstein, 

1971; O'Leary, 1988; Farquhar et al., 1989). In tropical and subtropical regions, forest 

and woodland habitats are associated with C3 plants that exhibit low δ13C values, 

whereas drier and open environments are characterized by C4 plants with high δ13C 

values (Zazzo et al., 2000; Sponheimer et al., 2006a; Kohn, 2010; Cerling et al., 

2015; Bacon et al., 2018a, 2018b). In addition, the lowest δ13C values reflect densely 

forested conditions resulting from a ‘canopy effect’ (van der Merwe and Medina, 

1991) and can thus be used to further differentiate between open and forested 

C3 environments (i.e., the degree of tree cover). Using δ13Capatite values and diet enamel 

spacing (see SI Appendix, Supplementary information 3.1), we estimated the average 

δ13C value of the diet (δ13Cdiet) from each animal specimen. Stable oxygen isotope 

analysis (δ18Oapatite) was used to offer possible insights into physiology, water source, 

and diet (Pederzani and Britton, 2019). A description of the different stable isotope 

systems in a tropical context used in this study can be found in SI Appendix, 

Supplementary information 3.1. 

 

4.2 Material and methods 

The two Homo sapiens tooth samples analyzed in this study come from the lateral 

enamel of a first and second permanent upper left molar (M1 and M2) of the same TPL1 

individual, dated to 63–46 ka (Demeter et al., 2012). Faunal remains from TPL are 

scarce and excavated from a chronologically long deposit (70–1.1 ka; Shackelford 

et al., 2018), rendering trophic relations among the taxa equivocal. To address this 

uncertainty, the Late Pleistocene fossiliferous assemblage from Nam Lot cave (NL; 86 

to 72 ka; Bacon et al., 2015, 2018), a nearby cave site in the Pà Hang Mountain 

(≈150 m distance to TPL; SI Appendix, Figure S52), was also analyzed to assess 

consistency between trophic positions of similar fauna from the two different sites and 

to provide a more comprehensive ecological baseline for TPL1. In total, the dental 

enamel of 76 mammal specimens belonging to 18 taxa was analyzed (SI Appendix, 

Table S20), whereby 24 specimens come from TPL (70–1.1 ka) and 52 from NL (86–

72 ka). The spotted hyena (Crocuta crocuta) was considered separately from other 

carnivorous taxa (herein assigned the ‘bone-eating carnivore’ dietary category), as it 

has been found to exhibit different δ66Zn values from other sympatric carnivores 

(Jaouen et al., 2016a). Collagen extraction was attempted in the context of this study 

on a subselection of specimens from NL but was not successful (collagen yield 

<0.05%; SI Appendix, Table S21). Previously published enamel isotope data 
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(δ66Zn, 87Sr/86Sr, δ13Capatite, and δ18Oapatite; n = 72) from the Late Pleistocene fauna of 

Tam Hay Marklot (THM; 38.4 to 13.5 ka), northeastern Laos (Huà Pan 

Province; Bourgon et al., 2020), were also used for comparison throughout this study 

to further enlarge the faunal dataset.  

The tooth enamel samples used for zinc and strontium isotopic analysis were prepared 

following the protocols described in SI Appendix, Supplementary information 3.2 

and measured using Thermo Scientific Neptune multicollector inductively coupled 

plasma mass spectrometry at the Max Planck Institute for Evolutionary Anthropology 

in Leipzig. The stable carbon and oxygen isotope compositions of samples analyzed 

in this study were measured with a Thermo Delta V Advantage isotopic mass 

spectrometer coupled to a Thermo Kiel IV Carbonate Device chemical preparer, at the 

Service de Spectrométrie de Masse Isotopique du Muséum in Paris, using the protocol 

described in SI Appendix, Supplementary information 3.2.  

Statistical analyses were performed in R v. 4.0.2 (R Core Team, 2018), using an alpha 

level for significance of 0.05. To explore sources of variability of δ66Zn values in 

dental enamel, we fitted a linear mixed model (LMM; Baayen, 2008; similar 

to Bourgon et al., 2020) with a Gaussian error structure and identity link (McCullagh 

and Nelder, 1989) using the R package ‘lme4’ version 1.1–17 (Bates et al., 2015; SI 

Appendix, Supplementary information 3.2). Predictors included in the model were 

dietary category (carnivore, bone-eating carnivore, omnivore, and herbivore), site 

(THM, NL, and TPL), 87Sr/86Sr, δ13Capatite, δ18Oapatite, zinc concentration, and body 

mass. One-way analysis of variance (ANOVA) was also performed to determine 

statistical differences in δ66Zn values between dietary categories. Where differences 

were found to be significant, Tukey's post-hoc pair-wise comparisons were carried out 

to determine which dietary categories were significantly different from each other. 

Isotopic niches were estimated using stable isotope Bayesian ellipses (Jackson et al., 

2011), where the shape and size of the ellipses are defined by the covariance matrix of 

δ13C and δ66Zn values, while the position is defined by the means of both variables. 

All data discussed in the paper are provided in SI Appendix, Tables S20–S27. 

 

4.3 Results 

All measured δ66Zn, 87Sr/86Sr, δ13C (apatite and diet), and δ18Oapatite values from TPL and 

NL can be found in SI Appendix, Tables S22 and S23 and all values from reference 
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materials in SI Appendix, Table S26. Most values for δ13Capatite and δ18Oapatite values 

from NL specimens (n = 47) are from previously published work (Bacon et al., 2018a). 

 

Figure 19. Box and whisker plots of the range of δ66Zn values (relative to the JMC-Lyon zinc isotope standard) 
in tooth enamel for each taxon and the TPL1 H. sapiens individual (63–46 ka; black star). Each of the other colors 
and symbols represents specimens from different sites: Tam Pà Ling (70–1.1 ka; orange triangles), Nam Lot (86–
72 ka; blue squares), and previously published data from Tam Hay Marklot (Bourgon et al., 2020; 38.4–13.5 ka; 
yellow circles). Note the inclusion of the bone-eating carnivore C. crocuta with other carnivores. The boxes 
represent the 25th–75th percentiles, with the median represented by a bold horizontal line. The average analytical 
repeatability of samples was 0.01 ‰. 

The δ66Zn values obtained from tooth enamel from TPL and NL caves range 

from −0.11 to +1.07 ‰ (Figure 19-21). The absence of a mixing line between zinc 

concentration and δ66Zn values (Kendall's correlation test for TPL and NL, 

respectively: τb = 0.13, p = 0.34, and τb = 0.15, p = 0.13; SI Appendix, Figure S53) 

suggests no significant postmortem zinc uptake. Carnivores exhibit the lowest δ66Zn 

values (δ66Zn = +0.04 ± 0.13 ‰ 1σ, n = 4), herbivores the highest 

(δ66Zn = +0.72 ± 0.21 ‰ 1σ, n = 45), while δ66Zn values from omnivores are 

intermediate (δ66Zn = +0.40 ± 0.22 ‰ 1σ, n = 21; Figure 20; SI Appendix, 

Table S22). Hyenas display higher values than those of other sympatric carnivores 

(δ66Zn = +0.42 ± 0.13 ‰ 1σ, n = 6). Most notably, the TPL1 H. sapiens individual 

exhibits an identical δ66Zn value of +0.24 ‰ for both M1 and M2, corresponding to an 

intermediate value between carnivorous and herbivorous taxa (Figure 19). 

Seventy-eight specimens were analyzed for 87Sr/86Sr, displaying a broad range of 

values from 0.7103 to 0.7319, with TPL1 exhibiting a value of 0.7200. Most faunal 

specimens exhibit ratios between 0.7127 and 0.7179 (51%, n = 40; SI Appendix, 

Table S22). These ratios are similar to what was observed for THM (0.7135–0.7173; 

52%, n = 36; Bourgon et al., 2020) and consistent with the complex local geology 
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composed of Late Carboniferous (Moscovian) to Permian limestone, 

Silurian sandstone, and Paleozoic granite (Bacon et al., 2011; Duringer et al., 2012). 

 

Figure 20. Violin plots presenting the range of δ66Zn values (relative to the JMC-Lyon zinc isotope standard) 
of tooth enamel from each site for carnivores (excluding the bone-eating carnivore C. crocuta), omnivores, and 
herbivores. Each of the colors and symbols represents specimens coming from different sites: Tam Pà Ling (70–
1.1 ka; orange triangles), Nam Lot (86–72 ka; blue squares), previously published data from Tam Hay Marklot 
(Bourgon et al., 2020; 38.4–13.5 ka; yellow circles), and all sites combined (brown diamonds). The outline of the 
plots illustrates kernel probability density, where the width represents the proportion of the data found therein. The 
boxes from the box and whisker plots inside the violin plots represent the 25th–75th percentiles, with the median 
represented by a bold horizontal line. 

Stable carbon and oxygen isotope analyses were conducted on 32 specimens, the 

remaining having been previously analyzed and published (Bacon et al., 2018a). The 

enamel δ13Cdiet values of the fauna, ranging from −30.2 to −14.1 ‰ (n = 32), are 

typical of a wide range of feeding behaviors from pure subcanopy to open woodland 

C3 plant feeders and C4 plant feeders (i.e., grazers; Cerling and Harris, 1999; Cerling 

et al., 2004, 2015; Tejada et al., 2020; Figure 21; SI Appendix, Table S23), while the 

δ18Oapatitevalues range from −9.4 to −0.6 ‰. TPL1 H. sapiens individual exhibits 

δ13Cdiet and δ18Oapatite values of −26.4 ‰ and −6.4 ‰, respectively. While a C4 grass 

component is present in the area surrounding the sites (as exemplified by 

δ13Capatite values for some herbivorous specimens at NL and TPL that are typical of 

C4 feeders; Cerling and Harris, 1999; Cerling et al., 2015), the prevalence of low 

δ13Capatite values seen from the fossil mammal assemblage suggests a predominant 

C3 environment (average δ13Capatite = −25.0 ± 3.7 ‰ 1σ, n = 52 and −24.9 ± 4.3 ‰ 

1σ, n = 28, respectively, for NL and TPL). 
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Figure 21. Distribution of enamel δ66Zn versus δ13Cdiet values for TPL1 individual (black star), carnivores (red 
square), bone-eating carnivore C. crocuta (yellow diamond), omnivores (turquoise circle), herbivores (blue 
triangle) for A) all three Late Pleistocene sites of Tam Pà Ling (70–1.1 ka), Nam Lot (86–72 ka) and previously 
published data from Tam Hay Marklot (Bourgon et al., 2020; 38.4–13.5 ka) and B) only Tam Pà Ling and Nam 
Lot (this study and Bacon et al., 2018a). 'C3 environment' and 'C4 environment' are respectively defined by δ13Cdiet 
<−21.7 ‰ and >−15.7 ‰. Dashed lines for convex hulls represent the full range of variation and full lines for 
ellipses represent 40% predictive ellipses. VPDB = Vienna Pee Dee Belemnite. 

The full-null LMM comparison was significant (likelihood ratio test: Χ2 = 30.72, 

df = 3, p < 0.001), allowing us to securely assess which tested predictors were 

associated with δ66Zn variability. The δ13Capatite and δ18Oapatite values, site and zinc 

concentration show no significant relationship (p > 0.05) to the variability of δ66Zn (SI 

Appendix, Table S24). Contrary to what was seen in the THM fauna (Bourgon et al., 

2020), body mass was not significantly associated with δ66Zn variability (likelihood 

ratio test: Χ2 = 2.96, df = 1, p = 0.35; SI Appendix, Table S24). Finally, significant 

relationships were observed between δ66Zn variability and 87Sr/86Sr (likelihood ratio 

test: Χ2 = 19.40, df = 1, p < 0.001; SI Appendix, Table S19), as well as with dietary 

categories whereby omnivores, bone-eating carnivores and herbivores all have higher 

values than carnivores (likelihood ratio test: Χ2 = 35.84, df = 3, p < 0.001; SI 

Appendix, Table S24). ANOVA (F (3,144) = 52.75, p < 0.001) revealed that only the 

δ66Zn values of omnivores and bone-eating carnivores are not significantly different 

(p = 0.99), whereas all other dietary categories are statistically distinct (SI Appendix, 

Table S25).  
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4.4 Discussion 

4.4.1 Variability in tooth enamel δ66Zn and trophic level 

As at THM, the preservation of enamel-bound diet-related δ66Zn signals is also 

demonstrated at NL and TPL (SI Appendix, Figure S53). No collagen could be 

successfully extracted from the dentin of the tooth samples (SI Appendix, Table S21), 

reinforcing the usefulness of zinc isotope analysis to assess trophic levels in a tropical 

context where generally poor preservation of organics makes the application of 

traditional collagen-bound stable nitrogen isotope analysis unfeasible. The LMM 

conducted on the THM, NL, and TPL datasets revealed that the faunal enamel δ66Zn 

values associated with each trophic level were in agreement between sites (SI 

Appendix, Table S24), thus ensuring valid trophic relation comparisons. Just as for 

THM, the range of δ66Zn values for TPL and NL are, however, slightly smaller (1.11 

‰ and 1.13 ‰, respectively) than those from the Koobi Fora region of Turkana Basin 

in Kenya (1.24 ‰; Jaouen et al., 2016a), and the absolute δ66Zn values of the whole 

food web are also lower (∼0.50 ‰). While more work is necessary to ascertain 

regional variability in δ66Zn values—especially in other settings or parts of the 

world—these results are promising for paleodietary reconstruction as they suggest a 

certain degree of homogeneity in zinc isotopic compositions among taxa, at least on a 

regional scale.  

ANOVA results demonstrate that δ66Zn values are significantly different between all 

dietary categories except omnivores and bone-eating carnivores, whereby carnivores 

display the lowest mean δ66Zn value and herbivores the highest, while omnivores and 

bone-eating carnivores fall in between (Figure 20). Indeed, the δ66Zn values of hyenas 

are significantly higher than those of other sympatric carnivores, as also observed for 

the Koobi Fora region in Kenya (Jaouen et al., 2016a). Bone tissue generally exhibits 

higher δ66Zn values than muscle tissues (Balter et al., 2013; Moynier et al., 2013), thus 

likely resulting in higher δ66Zn values in taxa that regularly consume bones such as the 

spotted hyena (van Valkenburgh et al., 1990; van Valkenburgh, 1996). 

Omnivores display a large range of δ66Zn values, with the lower end of values likely 

representing a predominantly carnivorous and the upper range a primarily herbivorous 

diet. This distinction is supported by values from fossil orangutans (Pongo sp.) 

and wild boars (Sus sp.), whose modern diets are predominantly composed 

respectively of fruits (Fox et al., 2004; Wich et al., 2006; Kanamori et al., 

2010; Hardus et al., 2012) and plant-matter (Barrios-Garcia and Ballari, 2012; Ballari 
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and Barrios-García, 2014). Indeed, while both orangutans and wild boars exhibit 

variability in their δ66Zn values as expected from taxa that display omnivorous 

behaviors at times (Wich et al., 2006; Barrios-Garcia and Ballari, 2012; Hardus et al., 

2012; Ballari and Barrios-García, 2014), they still fall well within the range of values 

characteristic for herbivores (due to insufficient data to accurately determine a 

frugivorous range of δ66Zn values, orangutans are herein considered as herbivores in 

terms of their δ66Zn values as fruits are plant-matter). Moreover, the predictive 

Bayesian ellipse of omnivores does not overlap with that of carnivores and only 

minimally with that of herbivores, further supporting isotopically distinct δ66Zn values 

for an omnivorous diet (Figure 21). Conversely, the convex hulls (comprising 100% 

of the data) show substantial overlap between omnivores and both herbivores and 

carnivores, suggesting that the lower end of δ66Zn values in omnivores represent a 

predominantly carnivorous diet, while the upper range values represent a largely 

herbivorous diet. The δ66Zn variability of herbivorous taxa across all sites is 

considerable (Δ66Znmax-min = 0.8 ‰; average δ66Zn = +0.70 ± 0.20 ‰ 1σ, n = 86), 

although identifying dietary trends associated with distinct δ66Zn values is challenging. 

Moreover, no apparent differences in δ66Zn can be seen between animals associated 

with C3 and C4 diets (i.e., browsers and grazers) according to the LMM, as was the 

case in the nearby site of THM (Bourgon et al., 2020; see SI Appendix, 

Supplementary information 3.3 for further discussion). Thus, while δ66Zn variability 

observed in herbivores shows potential to investigate dietary preferences of sympatric 

taxa, further work is needed to characterize and distinguish herbivorous dietary 

behaviors.  

Finally, the estimates obtained from the LMM for 87Sr/86Sr (SI Appendix, Table S24) 

are in agreement with what was already highlighted for THM cave, whereby lower 

δ66Zn values are associated with higher trophic levels and higher 87Sr/86Sr values. 

While δ66Zn values recorded in tooth enamel are determined mainly by diet, local 

geology seems to also induce some variability in δ66Zn values, albeit likely to a limited 

degree considering the good agreement between the different dietary categories across 

all three sites. Conversely, the LMM found no significant relation associated with 

average body mass on δ66Zn variability. It is possible that larger mammals were 

coincidentally associated with higher δ66Zn values in THM (Bourgon et al., 2020). In 

contrast, the current LMM—using a larger sample size with a more diverse faunal 

assemblage—likely better explained a relationship of δ66Zn variability (here the lack 

thereof) to body mass. As was the case for THM (Bourgon et al., 2020), no clear 

differences in δ66Zn can be seen between animals associated with C3 and C4 diets 
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according to the LMM (see SI Appendix, Supplementary information 3.3 and 

Figure S54–S57 for further discussion on herbivores’ δ66Zn variability). Similarly, no 

relationship was drawn between variability in δ66Zn values and zinc concentration, as 

demonstrated by the absence of a mixing line between variables (SI Appendix, 

Figure S53). This absence of a relationship further argues for the preservation of 

enamel-bound diet-related δ66Zn signals, as opposed to higher zinc concentrations seen 

in diagenetically altered dental tissues compared to modern ones (Bourgon et al., 

2020). 

 

4.4.2 Stable zinc isotope measurements of the TPL1 H. sapiens 

individual 

Owing to generally poor collagen preservation in fossils from tropical contexts, direct 

trophic assessment of pre-Holocene humans living in rainforests has been impossible 

using the traditional collagen-bound stable nitrogen isotope measurements (Krigbaum, 

2005). Using zinc isotope measurements, a direct trophic assessment was successfully 

obtained for the TPL1 individual, allowing a better understanding of Late Pleistocene 

rainforest human dietary reliance. Additionally, this approach offers a unique 

opportunity to directly assess the diet of this individual in the absence of associated 

archeological evidence at TPL. 

The δ66Zn values obtained for the M1 and M2 of the TPL1 individual are identical 

(δ66Zn = +0.24 ‰) and argue for a post-weaning dietary signal when considering the 

typical development time of the M2 (Hillson, 1996; AlQahtani et al., 2010). When 

compared to δ66Zn values from the fossil faunal assemblages, the zinc isotope 

composition of the TPL1 individual falls within the range of omnivorous taxa (δ66Zn 

between −0.04 and 0.80 ‰; Figure 19) and, more importantly, within omnivores' 

isotopically distinct Bayesian ellipse (Figure 21). This strongly suggests that the diet 

of this individual contained both animal and plant material. Alternatively, a strictly 

carnivorous diet with the inclusion of bone marrow could induce similar omnivore-

like values, as observed for the bone-eating carnivore spotted hyena. However, no 

evidence of bone marrow extraction was observed in Late Pleistocene Southeast Asia 

archeological records, although younger archeological records from terminal Late 

Pleistocene and Holocene Hoabinian period sites suggest the utilization of this 

resource (Forestier et al., 2015; Zeitoun et al., 2019). The δ66Zn values of TPL1 also 

fall outside the range of bone-eating carnivores (Figure 21) and could further suggest 
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an omnivorous diet. However, a smaller proportion of bone marrow to the diet of TPL1 

compared with that of the spotted hyenas could perhaps produce intermediate values 

to the carnivores' and bone-eating carnivores’ dietary categories. Further work using 

other isotopic approaches such as stable calcium isotopes (Martin et al., 2018, 2020) 

could help to further address this question and more fully distinguish a bone-eating 

carnivore diet from an omnivorous one. 

The position at the lower end of δ66Zn values for omnivorous taxa suggests that a 

higher proportion of animal-matter was included in its diet compared with most other 

sympatric omnivorous mammalian species. This is supported by the higher δ66Zn 

values seen in orangutans and wild boars, which provide a frame of reference for 

values reflecting mostly frugivorous (i.e., herbivorous in the larger sense) and 

herbivorous diets with some varying degrees of animal-matter consumption (Wich 

et al., 2006; Barrios-Garcia and Ballari, 2012; Hardus et al., 2012; Ballari and Barrios-

García, 2014). Conversely, the relatively low δ66Zn values of macaques (Macaca sp.) 

support the higher consumption of animal-matter as a likely driving factor to lower 

values in omnivores. This includes but is not limited to insects, as current data suggest 

depleted 66Zn isotopic compositions (Evans et al., 2016) similar to what is observed 

for other animal-matter such as meat. Indeed, while macaque species show 

considerable flexibility in their dietary habits (Heesen et al., 2013; Kato et al., 

2014; Huang et al., 2015; Sengupta and Radhakrishna, 2016; Ruslin et al., 

2019; Khatiwada et al., 2020), fruits and leaves are often a staple component of their 

diet. However, the δ66Zn values for macaques are likely not solely controlled by fruit 

consumption, as values similar to the predominantly frugivorous orangutans would be 

expected (>60% fruits; Fox et al., 2004; Wich et al., 2006; Hardus et al., 2012). As 

such, a comparatively higher proportion of animal-matter in their diet (primarily 

insects in this case, which exhibit low δ66Zn values (Evans et al., 2016) similar to other 

animal-matter) is a reasonable inference for the position of macaques and other 

omnivorous taxa at the lower end on the omnivore spectrum of δ66Zn values. 

Notwithstanding the evidence for animal-matter, the incorporation of plant-matter into 

the diet of TPL1 is still supported, as almost all carnivore specimens (92%, n = 12) 

exhibit lower δ66Zn values, typically associated with a higher trophic level (Jaouen 

et al., 2016a, 2016b). 

Furthermore, the δ66Zn values from TPL1 are similar to those of the M2 from the early 

Holocene tropical hunter-gatherer population of Lapa do Santo from Brazil 

(δ66Zn = +0.26 ± 0.14 ‰ 1σ, n = 13; Jaouen et al., 2020), whose diet was described as 
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a mixture of plants and small-to-mid-sized animals (Strauss et al., 2016, Strauss, 

2017). However, this comparison with the TPL1 individual remains tentative, as 

trophic levels based on δ66Zn could not be assigned to Lapa do Santo's individuals 

because no sympatric fauna from the site was analyzed. Nevertheless, δ15N values also 

obtained from the Lapa do Santo individuals (Strauss, 2017) lend support to an 

omnivorous diet and thus further validate the interpretation of δ66Zn values for TPL1 

as indicative of a mixture of animal and plant material. Additional δ66Zn data from 

human populations are available (Jaouen et al., 2017, 2018), but comparisons between 

TPL1 H. sapiens individuals and these human populations are ill-advised because they 

concern French individuals of the 13th to 20th century from various locations for which 

cultural, social, religious, and economic factors contributed to dietary choices 

(Quellier, 2013). While the absolute range of δ66Zn values of previous studies (Jaouen 

et al., 2017, 2018) is similar to what is seen for the Laotian Late Pleistocene sites 

presented in the current study, data presented from Koobi Fora (where a defined food 

web was studied; Jaouen et al., 2016a) further highlight that baselines vary from one 

setting to another, just as they do for δ15N values. Failure to properly account for 

baseline variation would lead to incorrect assessment of consumer trophic positions 

(Post, 2002; Woodcock et al., 2012). 

The omnivorous diet determined for TPL1 strongly contrasts with most trophic level 

assessments obtained from nitrogen isotope data of humans in other regions of the 

world for that period, where a meat-rich diet is almost consistently observed (Richards 

et al., 2003; Bocherens et al., 2005; Richards and Trinkaus, 2009; Naito et al., 

2016; Jaouen et al., 2019a). Even when data attest to plant consumption, their overall 

dietary contribution remains unknown (Henry et al., 2014; Power et al., 2018) or 

relatively low (Naito et al., 2016), while the δ15N values remain high and within the 

range of other carnivores. Moreover, δ15N values are biased from the relative 

importance of plants in the diet being overprinted by meat consumption, owing to the 

fact that plants usually contain much less protein than meat (Phillips and Koch, 2002). 

This bias consequently hampers accurate reconstruction of overall dietary reliance 

made through nitrogen stable isotope analysis by favoring animal-based diets, which 

is observed in most cases for other regions of the world for that period. 

Even when considering only Southeast Asian sites from Late Pleistocene, the 

omnivorous diet assigned for TPL1 offers some much-needed insights into our species' 

overall dietary reliance and behaviors for this region of the world for that period. 

Indeed, current data are scarce and rely mostly on archeological material evidence 
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(Barker et al., 2007; Wedage et al., 2019; Langley et al., 2020) and, to a lesser extent, 

on carbon stable isotope measurements (Roberts et al., 2017a). Even when 

archeaological material such as organic remains (i.e., animal bones or plant remains) 

and stone tools are found, they mostly prove inadequate for reconstructing overall 

dietary reliance, as they offer indirect evidence of past human diets and may be 

unrepresentative of daily subsistence practices. In contrast, enamel δ66Zn analysis 

provides new insights into human diets (i.e., degree of herbivory vs. faunivory) during 

the period of tooth crown formation. While differences between sites could also 

suggest different adaptations of humans to tropical forest environments, methods such 

as zinc stable isotope analysis offer additional insights and nuances by providing direct 

evidence of overall dietary reliance. The omnivorous diet determined for TPL1 could 

also be in line with behaviors associated with specialized adaptations to tropical 

rainforest environments seen from archeological records from other Southeast Asian 

sites, perhaps even such as exploitation and possible processing of plants (Barton, 

2005; Barker et al., 2007; Summerhayes et al., 2010; Wedage et al., 2019) and diverse 

specialized hunting strategies (Barton et al., 2009; Bacon et al., 2015; Roberts et al., 

2017a; Wedage et al., 2019; Langley et al., 2020).  

Alongside trophic level assessment using δ66Zn measurements, the stable carbon 

isotope analysis of the M1 of TPL1 provides additional dietary information 

(Figure 21). The δ13Cdiet value of TPL1 is relatively low (δ13Cdiet = −26.4 ‰) and falls 

well within the range of food obtained from a forested C3 environment (Cerling and 

Harris, 1999; Cerling et al., 2015). This range of values is also in line with a humid 

climate and forested environments highlighted for northeast Laos before the onset of 

the Last Glacial Maximum (Milano et al., 2018). Within the studied Late Pleistocene 

food web of tropical forest, this value is most similar to that of taxa such as Macaca 

sp., Sus sp., and Muntiacus sp. The δ13Cdiet value of TPL1 is also similar to that of 

human specimens from terminal Pleistocene and Holocene deposits at Fa Hien-Lena 

and Balangoda Kuragala (∼12–3 ka cal BP) and slightly lower than that from Late 

Pleistocene Batadomba-Lena fauna (dated to 36–12 ka; Roberts et al., 2015, 2017a). 

While studies from other Late Pleistocene Southeast Asian sites suggested that semi-

open rainforest and rainforest edges were preferred by humans (Roberts et al., 

2015, 2017a), the δ13Cdiet value from the TPL1 individual clearly highlights a strict 

reliance on dietary resources from forest environments. This value is also very close 

to the threshold (δ13Cdiet = −27.2 ‰) established for a diet entirely consisting of 

resources from closed-canopy forests (Roberts et al., 2017a, 2018; Tejada et al., 
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2020), further contrasting with an initial assessment that tropical forests could not 

support human foraging in the absence of agriculture (Bailey and Headland, 1991). 

 

4.5 Conclusions 

Collectively, δ66Zn values from TPL1 and comparison with fauna strongly suggest that 

the diet of this H. sapiens individual contained both plant and animal material, while 

the δ13C value indicates that the resources consumed came strictly from forested 

environments. This omnivorous diet contrasts with most trophic levelassessments 

obtained from nitrogen isotope data of humans in other regions of the world for that 

period, where a meat-rich diet is almost consistently supported. The current results are 

also the oldest direct evidence of overall dietary reliance and subsistence strategies for 

Late Pleistocene humans in rainforests. These results clearly reinforce a growing body 

of evidence for early human foragers’ exploitation of a broad resource base and long-

term occupation of tropical rainforest environments. Moreover, this study 

demonstrates the potential of δ66Zn analysis on teeth where archeological material 

evidence is absent, and other forms of trophic level assessment are not possible. 

Finally, distinctions observed between other sympatric primates suggest that δ66Zn 

analysis proves especially valuable for studying the diet and ecology of fossil primates 

but, most importantly, to explore adaptations and dietary reliance of different fossil 

hominins. 
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Chapter 5 

 
Synthesis and outlook 
 
The studies carried out and presented in this thesis have important implications for 

trophic interactions in (paleo)dietary investigations, especially when reconstructing 

human diets. The following chapter summarizes the main findings of this thesis and 

examines their relevance to paleodietary reconstructions. The chapter then outlines 

persisting challenges and areas of development. 

The first part of this thesis (Chapter 2) presents the first stable zinc isotope analyses 

conducted on tooth enamel of fossil specimens, namely from the Late Pleistocene 

Southeast Asian faunal assemblage (~38.4 to 13.5 ka) of Tam Hay Marklot cave in 

northeastern Laos, Hua Pan Province. Specifically, a crucial step to applying stable 

zinc isotope analysis for paleodietary studies was to establish that unaltered diet-

related isotopic signals could be retained over long periods of time. 

In this publication, various lines of evidence were consequently presented to 

demonstrate the absence of notable post-mortem diagenetic trace elements uptake into 

the enamel of fossil teeth. Spatial distribution profiles of zinc and diagenetically 

sensitive elements (e.g., iron, manganese, magnesium, uranium and rare earth 

elements) were investigated in cross-sections from fossil mammal teeth and compared 

to modern specimens to evaluate post-mortem taphonomic processes' impact on the 

enamel chemical composition. Zinc’s and these elements' concentrations and 

distribution profiles were similar between fossil and modern enamel samples, 

suggesting that trace elements' diagenetic alteration was absent or negligible. In 

contrast, the dentin and pulp cavity of the fossil teeth displayed overall higher 

concentrations for all the investigated elements, most likely resulting from diagenetic 

alteration (which may also lead to zinc addition and/or exchange). Furthermore, no 

relationship between δ66Zn values and average enamel concentration in the 

diagenetically sensitive elements can be discerned. Similarly, significant 
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modifications of the original enamel mineral elemental composition are equally 

refuted by the absence of a mixing line between δ66Zn values and zinc concentration, 

supporting the absence of any significant postmortem zinc uptake from the embedding 

sediment. 

Furthermore, the overall mean enamel value and range of δ66Zn values for each diet 

category correspond to different dietary habits of the fossil mammals (δ66Zncarnivores < 

δ66Znomnivores < δ66Znherbivores). This systematic stepwise trophic ordering further 

indicates that the enamel of the fossil teeth from Tam Hay Marklot cave retained their 

original zinc isotope composition. Beyond a clear distinction between carnivorous and 

herbivorous diet, an intermediate omnivorous range of δ66Zn values could also be 

discerned. This differentiation is especially promising for paleodietary studies as no 

other geochemical proxy has so far parsimoniously identified and characterized a 

distinct omnivorous feeding habit. Fossil hominins could likely exhibit such dietary 

behaviors, thus making stable zinc isotope analysis a particularly appealing method in 

archeological research. 

Finally, we investigated post hoc relationships between individual predictors (diet, 
87Sr/86Sr, δ13Capatite, δ18Oapatite, zinc concentration and body mass) with δ66Zn values, 

by fitting a linear mixed model (LMM). Contrary to expectations, no apparent 

relationship was observed between δ13C and δ66Zn values, whereby C4 feeders would 

be expected to display higher δ66Zn values due to a δ66Zn-to-height gradient (Weiss et 

al., 2005; Viers et al., 2007; Moynier et al., 2009; Tang et al., 2012, 2016; Deng et al., 

2014; Caldelas and Weiss, 2017; van der Ent et al., 2021) observed in plants and the 

generally lesser height of C4 plants (i.e., primarily grasses) compared to many C3 plants 

(which notably include trees, bushes, and shrubs). However, both local geology 

(expressed through 87Sr/86Sr) and body mass revealed a significant relationship with 

δ66Zn variability. Such exercise aimed to enhance the interpretative framework of 

variability in δ66Zn values, allowing for a more comprehensive understating of the zinc 

isotope system and and potentially controlling factors of bioapatite δ66Zn values, 

leading to more tailored studies in the future by identifying avenues of research. 

The next section of this thesis (Chapter 3) examines specifically how laboratory gloves 

(all of which containing a variable amount of zinc) can affect zinc isotope composition 

and indicate that standard sample-handling practices are not leading to any measurable 

zinc contamination. This work follows up on findings from Garçon et al. (2017) where 

zinc contamination was investigated in detail for various clean laboratories and 

highlighted laboratory gloves as a serious contamination source. This risk of 
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contamination represents a major concern for stable zinc isotope measurements of 

tooth enamel since the zinc content of sample solutions can be as low as 400 ng and 

could thus easily be altered by exogenous zinc contributions. The δ66Zn values for the 

in-house bovine liver reference material (AZE), routinely prepared alongside fossil 

enamel samples during each batch zinc separation on ion chromatographic columns, 

systematically yielded higher values in Bourgon et al. (2020) than previous studies (SI 

Appendix, Table S16; Jaouen et al., 2012, 2016a, 2016b, 2018). Among potential 

causes, zinc contamination was a reasonable culprit.  

Various lines of evidence were thus explored by performing different experiments to 

investigate zinc contamination. In a first experiment, a series of tests were thus 

conducted to assess the potential of zinc contamination, whereby the types of gloves 

(i.e., the material of the gloves) used during chemical preparation were first 

investigated. This test highlighted that vinyl gloves showed the lowest contamination 

potential when working in cleanrooms during zinc separation.  

In a second experiment, teeth were analyzed to assess if substantial variation in δ66Zn 

could be attributed to contamination from manipulating samples during the sampling 

process. Different types of teeth (deciduous and permanent, premolars and molars) 

coming from an early Holocene forager population of Lapa do Santo Brazil (Strauss 

et al., 2016; Strauss, 2017) were sampled numerous times, each time with the 

experimenter using different types of gloves (nitrile, latex, vinyl and no gloves). In 

conjunction with the first experiment, this test concluded that zinc appears to be 

primarily released in an acidic environment and not through direct contact with the 

tooth. 

Finally, the potential contamination from manipulating samples during the sampling 

process was explored post hoc. To this end, a linear mixed model was used to explore 

the source of zinc isotope variability in dental enamel, similar to the one developed in 

Chapter 2, using the different δ66Zn values obtained from the same teeth using 

different types of gloves in their handling (from the aforementioned second 

experiment). The model could determine that the gloves used during the sampling 

process were not significantly associated with variability in zinc isotope composition, 

further arguing that glove contamination was negligible or absent. Additionally, the 

linear mixed model once again identified a significant relationship between zinc and 

strontium isotope composition (the latter was used as an indicator of the bedrock 

geology reflecting the geographical origin of the samples). 
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More importantly, the linear mixed model identified tooth formation stages as 

significantly associated with variability in δ66Zn values. The deciduous teeth recorded 

the highest δ66Zn values in the Lapa do Santo humans' enamel, followed by 

intermediate values for teeth mineralized during the first two years of life and the 

lowest values towards later stages of life (i.e., puberty and early adulthood). The 

association of tooth formation stages and δ66Zn values has far-reaching implications 

for the interpretative framework of variability in δ66Zn values of human and other 

mammal teeth and thus archeological applications, strongly suggesting that dietary 

transitions could be studied with this method: from placental diet to breastfeeding to 

before and after weaning. Because of the implication of such results, additional 

experiments were undertaken to confirm this trend. Accordingly, the teeth of an adult 

and a child from a different archeological context, the early modern period (16th to 18th 

centuries) Jacobins convent of Rennes (France), were thus analyzed. The results 

confirmed the Lapa do Santo's forager population's trend and consequently introduced 

new perspectives for using zinc isotopes as a tracer for assessing weaning practices. 

Finally, Chapter 4 employs the interpretative framework established from the two 

previous publications to explore the overall dietary reliance of a Late 

Pleistocene Homo sapiens from Tam Pà Ling, in the Annamite mountain range of 

north-eastern Laos (Huà Pan Province). More specifically, this study explores how 

stable zinc isotope analysis can be used to assess the type of resources consumed and 

how such data may inform us about human's adaptative plasticity. Indeed, it was 

suggested that the adaptive plasticity of Homo sapiens precisely provided our species 

with the capability to adapt and ultimately persist in Southeast Asia. Conversely, the 

ever-increasing climatic instability of the Late Pleistocene and the expansion of 

lowland tropical rainforests would have brought the extinction of other hominins, like 

Homo erectus and Homo floresiensis, for example (Roberts and Amano, 2019; Louys 

and Roberts, 2020). Moreover, despite evidence of rainforest occupation by our 

species from at least 70 ka (Demeter et al., 2017; Westaway et al., 2017; Shackelford 

et al., 2018), the poor preservation of organic matter in tropical latitudes (Tappen, 

1994) and the rarity of occupation layers in Southeast Asia greatly hinders our 

understanding of humans' adaptation to these habitats and their resources. 

Two H. sapiens tooth samples were analyzed in this study, coming from a first and 

second permanent upper left molar (M1 and M2) of the same TPL1 individual, dated 

to 63–46 ka (Demeter et al., 2012), the earliest skeletal evidence of anatomically-

modern humans in mainland Southeast Asia. Specifically, the M2 of TPL1 was 
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analyzed to establish a potential dietary breastfeeding δ66Zn value (or the lack thereof) 

recorded in the M1, as evidenced in the Lapa Do Santo and Jacobins' populations. 

Indeed, the enamel sample from the M1 would represent a formation period spanning 

from 1.5 to 2.5–3.5 years of age (Hillson, 1996; AlQahtani et al., 2010), whereas that 

from the M2 would cover from 5 to ~7–8 years of age (Hillson, 1996; AlQahtani et 

al., 2010). Tooth enamel of mammal specimens from the Tam Pà Ling (70–1.1 ka) and 

Nam Lot (86–72 ka) assemblages was also analyzed, and the isotope data from Tam 

Hay Marklot (38.4 to 13.5 ka) was also used for comparison and to enlarge the faunal 

dataset further.  

Analyzing the TPL1 individual and the faunal assemblages is crucially relevant in sites 

such as Tam Pà Ling, where archeological evidence is lacking (e.g., lithic technology, 

hearth features, plant macro-remains, cut marks on bones), as isotopic approaches 

constitute the only means to assess past dietary reliance and ecological adaptations of 

fossil humans. A multi-isotope approach (δ66Zn, 87Sr/86Sr, δ13Capatite, δ18Oapatite) was 

thus employed to investigate the diet of the TPL1 individual, one of the oldest modern 

human individual found in South East Asia. This extensive sample size and isotopic 

proxies investigated in this study provided a comprehensive ecological baseline and 

presented exemplary practices for such an application study, especially in conjunction 

with a linear mixed model.  

Like at Tam Hay Marklot, isotopically distinct δ66Zn values for omnivorous diets could 

also be determined for Tam Pà Ling and Nam Lot fossil assemblages. Likewise, Nam 

Lot spotted hyenas' results confirmed earlier observations (Jaouen et al., 2016a) that 

bone consumption would induce higher δ66Zn values in its consumer than in other 

sympatric carnivores. The systematic identification of these isotopically distinct 

dietary behaviors has tremendous implications for zinc stable isotopes as a 

(paleo)dietary tracer, as it seemingly indicates underlying ecological and dietary 

principles. It also highlights the potential for zinc stable isotopes to discern specific 

dietary behaviors beyond mere assessments of trophic levels. 

Contrary to the previous chapter, the δ66Zn values obtained from the M1 and M2 of 

the TPL1 individual were identical, arguing for a post-weaning dietary signal given 

the development timing of human's teeth (Hillson, 1996; AlQahtani et al., 2010). 

Indeed, it suggests a very consistent diet throughout the early years of the individual 

(spanning 1.5 to 8 years of age, based on typical formation time of humans' M1 and 

M2, and the enamel sample taken from TPL1), for which a gradual in the diet over this 

period during weaning is usually observed for archeological and non-industrialized 
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human populations (Sellen, 2001; Richards et al., 2003; Clayton et al., 2006; Guatelli-

Steinberg et al., 2014; Tessone et al., 2015; Tsutaya et al., 2016; Konner, 2017). When 

considering the typical development time of an M2, the δ66Zn values obtained for the 

TPL1 individual argue for a post-breastfeeding isotope composition and a substantial 

contribution of adult food resources to its diet. 

Perhaps more importantly, the comparison with the δ66Zn values from sympatric fauna 

strongly suggests that TPL1 included a substantial amount of both plant and animal 

material in its diet. This omnivorous diet strongly differs from meat-rich diets that 

were almost consistently observed in other fossil humans for that period (mostly from 

the classically-used nitrogen stable isotope proxy). These results also provide some 

much-needed insights into our species' overall dietary reliance for Southeast Asian 

sites from the Late Pleistocene. Indeed, current data are scarce and rely primarily on 

archeological material evidence (i.e., Barker et al., 2007; Wedage et al., 2019; Langley 

et al., 2020). Consequently, the implications proposed from such studies could very 

well be unrepresentative of the daily subsistence practices. While caution equally 

warrants using a single individual to investigate Homo sapiens' behaviors in Southeast 

Asia from the Late Pleistocene, the δ66Zn values from TPL1 nonetheless provide direct 

and unequivocal insights into the diet of this specific individual. 

Alongside the zinc isotope composition, a δ13C value was obtained for the TPL1 

individual and indicated that the resources consumed in the diet of the early modern 

human came strictly from forested environments. Moreover, the δ13C value from the 

TPL1 individual is very close to values of diets relying entirely on resources from 

closed-canopy forests (Roberts et al., 2017a, 2018; Tejada et al., 2020). These results 

confirm that Homo sapiens could adapt to and thrive in rainforest environments, even 

without the need for open environments nearby. Indeed, other studies suggested semi-

open rainforest and rain forest edges were still preferred by humans in other Late 

Pleistocene Southeast Asia sites (Roberts et al., 2015, 2017a). However, this study 

securely attests to early human foragers' exploitation of tropical rainforest 

environments by presenting the oldest direct evidence of overall dietary reliance and 

subsistence strategies for Late Pleistocene humans in rainforests.  

While archeological material evidence is lacking at Tam Pà Ling, the implications of 

an omnivorous diet from a strictly forested environment for the TPL1 individual would 

suggest specialized adaptations to tropical rainforest environments, perhaps similar to 

those observed from archeological records from other Southeast Asian sites. 

Specifically, it could be reasonable to assume practices such as exploitation and 
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possible processing of plants (Barton, 2005; Barker et al., 2007; Summerhayes et al., 

2010; Wedage et al., 2019), as well as specialized hunting strategies (Barton et al., 

2009; Bacon et al., 2015; Roberts et al., 2017a; Wedage et al., 2019; Langley et al., 

2020). Naturally, variations could also arise between sites due to different adaptations 

from human groups to tropical forest environments. Further studies in Southeast Asia 

of different archeological sites, ages, and even species could elucidate and help bring 

the subsistence strategies observed for the TPL1 individual into a broader context. 

 

Figure 22. Violin plots presenting the range of δ66Zn values (‰, relative to the JMC-Lyon zinc isotope standard) 
of tooth enamel in mammals, highlighting the low δ66Zn values in carnivores (red), intermediate in bone-eating 
carnivores (yellow; here comprised only of C. crocuta) and omnivores (turquoise), and high in herbivores (blue). 
The data aggregates specimens of three Late Pleistocene sites of Laos (n = 148, of which 13 are carnivores, 6 are 
bone-eating carnivores, 43 are omnivores, and 86 are herbivores): Tam Pà Ling (70–1.1 ka), Nam Lot (86–72 ka), 
and Tam Hay Marklot (38.4–13.5 ka). The outline of the plots illustrates kernel probability density, where the width 
represents the proportion of the data found therein. The boxes from the box and whisker plots represent the 25th–
75th percentiles, with the median represented by a bold horizontal line. 

Among other things, the work presented in this thesis also outlines the potential of zinc 

stable isotopes as a tool for trophic and dietary assessments compared to other 

geochemical proxies. Indeed, the presence of isotopically distinct δ66Zn values for 

omnivorous diets (Figure 22) suggests zinc isotope composition to be influenced to a 

much lesser extent by animal-matter consumption than the classically-used nitrogen 

stable isotope values (e.g., Ambrose, 2002; Sponheimer et al., 2003; Leichliter et al., 

2021), all the while successfully discriminating carnivorous to herbivorous diets. 

While the novel and ground-breaking application of the oxidation-denitrification 

method allows the measurement of nitrogen stable isotopes in tooth enamel (Leichliter 

et al., 2021) and would likely enables the use of this proxy over geological timescale, 

the current limitations relative to the overestimated importance of animal-matter in the 

diet are likely to persist. Similarly, calcium stable isotopes require a marginal amount 
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of calcium-rich food items, such as bones and dairy products, to produce isotopic 

distinctions between individuals (for example, as low as only 0.6 to 1.5% of bone in 

the food; Heuser et al., 2011). Moreover, it can only determine the inclusion of such 

calcium-rich food items in the diet, nor seemingly quantify it, rather than directly trace 

trophic levels or diets. Meanwhile, other geochemical proxies, such as stable 

magnesium isotopes (e.g., Martin et al., 2014, 2015) and ratios of Sr/Ca and Ba/Ca 

(e.g., Burton et al., 1999; Balter et al., 2002), generally exhibit a low degree of 

discrimination between trophic levels. The studies presented in this dissertation thus 

demonstrate the potential of stable zinc isotopes analyses as (paleo)dietary proxy while 

also highlighting its various use and benefits. However, it also illustrates and exposes 

its current limitations, weaknesses, and future research directions. 

Beyond confirming that stable zinc isotope analyses can be applied to fossil food webs, 

the preservation potential of diet-related zinc stable isotope values on a geological 

timescale still needs to be assessed, especially considering the timeframe currently 

covered by other dietary proxies such as calcium isotopes (e.g., Heuser et al., 2011; 

Hassler et al., 2018; Balter et al., 2019). Application studies on fossil assemblages 

beyond the Quaternary, both marine and terrestrial, will thus be crucial to firmly 

establish stable zinc isotopes as a paleodietary proxy. Such studies would require 

extensive investigation of post-mortem diagenetic alteration using various methods but 

also preferably analyze well-contextualized assemblages or taxa with closely-related 

modern counterparts. 

Various sources of variability in δ66Zn values for a given food web were investigated 

throughout this thesis, partly through statistical modelling. While diet consistently 

appears to be the primary source of variability in δ66Zn values for the publications 

presented in this work, other suspected factors were determined. Indeed, all studies 

identified that the local geology (observed from 87Sr/86Sr values analyzed on the same 

teeth) induces variability in δ66Zn values, albeit to a limited extent given the agreement 

in each study between different dietary categories or tooth formation in the case of 

Lapa Do Santo's population. However, the relationship between 87Sr/86Sr and δ66Zn 

values is limited to some taxa and could thus hint that it is not the result of the bedrock's 

δ66Zn values upon the food web. Instead, it could merely signify that some resources 

growing upon or located on a specific geologic substrate were consumed and not 

others. Some degree of soil consumption in the diet often seen in many mammals 

(Beyer et al., 1994; Abrahams, 2013) could also partly explain this relationship δ66Zn 

values. Indeed, many of the taxa studied from the Southeast Asian assemblages are 
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known to exhibit varying degrees of geophagy or involuntary ingestion of soil (e.g., 

porcupine, tapir, rhinoceros, sambar, and large- and small-size bovids; Abrahams, 

2013). Further work examing δ66Zn values in various plants growing on different 

geological substrates will be necessary to formally ascertain whether the local geology 

induces variability in δ66Zn values.  

Similarly, a recently-published study observed remarkably low geographical δ66Zn 

variability in Pusa hispida and Ursus maritimus bones from North-American Arctic 

(McCormack et al., 2021), thus already arguing for geographically homogenous values 

in marine contexts. While the results from Tam Hay Marklot, Tam Pà Ling, Nam Lot, 

and preliminary data from Late Pleistocene sites of Vietnam (Coc Muoi (148–117 ka) 

and Duoi U'Oi (70–60 ka); SI Appendix, Table S28) also argue for homogeneous 

values across the region and seemingly over 130 kyr, the δ66Zn values from the studied 

Koobi Fora's food web are undoubtedly different (Figure 23).  

 

Figure 23. Violin plots presenting the range of δ66Zn values (‰ and relative to the JMC-Lyon zinc isotope standard) 
of tooth enamel between broad localities for carnivores (red), bone-eating carnivores (yellow; here comprised only 
of C. crocuta), omnivores (turquoise), and herbivores (blue). The data aggregates specimens of different sites into 
three broad groups: Laos, Vietnam, and Koobi Fora. The Laos group (n = 148, of which 13 are carnivores from 5 
different taxa, 6 are C crocuta bone-eating carnivores, 43 are omnivores from 5 different taxa, and 86 are herbivores 
from 10 different taxa) includes data from Late Pleistocene sites of Tam Pà Ling (70–1.1 ka), Nam Lot (86–72 ka), 
and Tam Hay Marklot (38.4–13.5 ka). The Vietnam group (n = 141, of which 12 are carnivores from 4 different 
taxa, 52 are omnivores from 5 different taxa, and 77 are herbivores from 10 different taxa) includes preliminary 
data from Late Pleistocene sites of Coc Muoi (148–117 ka) and Duoi U'Oi (70–60 ka) (see SI Appendix, Table 
S28). The Koobi Fora group (n = 26, of which 9 are carnivores fro m3 different taxa, 3 C. crocuta bone-eating 
carnivores, and 14 are herbivores from 6 different taxa) includes data of modern-day fauna from Koobi Fora (Jaouen 
et al., 2016a). The outline of the plots illustrates kernel probability density, where the width represents the 
proportion of the data found therein. The boxes from the box and whisker plots represent the 25th–75th percentiles, 
with the median represented by a bold horizontal line. 

These results clearly attest to δ66Zn baseline variabilities between different settings, at 

least in terrestrial contexts. Among other things, soil organic matter, soil acidification, 

litter recycling, and dissolved organic carbon appear to play a role in soil's δ66Zn value 
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(Weiss et al., 2007; Viers et al., 2015; Opfergelt et al., 2017; van der Ent et al., 2021), 

and thus likely on its whole food web but it remains to be tested empirically. However, 

beyond observing higher or lower δ66Zn values associated with each trophic level, the 

effects of δ66Zn baselines upon a whole food web remain poorly understood, and the 

causes behind baseline variabilities even more so. Extensive studies will need to be 

conducted to firmly attest to these factors' impacts on δ66Zn baselines and variability 

of a given terrestrial food web.  

 

Figure 24. Box and whisker plots of the range of δ66Zn values (relative to the JMC-Lyon zinc isotope standard) in 
tooth enamel for each taxon from Late Pleistocene sites from Laos and the preliminary data from Vietnam (see SI 
Appendix, Table S28). Each color corresponds to the two broad regional groups: Laos (orange) and Vietnam (light 
blue). Each of the symbols represents specimens from different sites: Tam Pà Ling (70–1.1 ka; circle), Nam Lot 
(86–72 ka; upside-down triangle), Tam Hay Marklot (38.4–13.5 ka; diamond), Duoi'U'Oi (70–60 ka; triangle) and 
Coc Muoi (148–117 ka; square). Note the inclusion of the bone-eating carnivore C. crocuta with other carnivores. 
The boxes represent the 25th–75th percentiles, with the median represented by a bold horizontal line. 

Beyond attesting to a seemingly homogenous regional baseline, the preliminary data 

from the Late Pleistocene sites of Vietnam (Coc Muoi (148–117 ka) and Duoi U'Oi 

(70–60 ka)) also highlights the variability in δ66Zn values between sites for the same 

species (Figure 24). Differences can be discerned within carnivore and herbivore taxa 

but are especially pronounced within the omnivore taxa, consistent with their 

opportunistic feeding behaviors. This observed variability is encouraging for using 

zinc stable isotope composition as a dietary proxy because it highlights its potential to 

trace changes in the diet through time. To some extent, and perhaps more importantly, 

it also rules out species-specific causes and/or metabolism as major factors behind 

δ66Zn values associated with a taxon or a dietary behavior. Indeed, between all Late 

Pleistocene sites of Laos and Vietnam, some omnivorous taxa (Macaca sp., Ursus sp., 

and Hystricidae) exhibit δ66Zn values (respectively 0.05 to 0.94 ‰, 0.17 to 0.59 ‰, 
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and -0.04 to 0.90 ‰) that cover the typical ranges associated with carnivore, omnivore, 

and herbivore taxa (Figure 24). 

Nonetheless, biological activity fractionates zinc isotopes in the body among organs 

of plants and animals, resulting in variability in body tissue δ66Zn values (e.g., Weiss 

et al., 2005; Viers et al., 2007, 2015; Moynier et al., 2009, 2013; Balter et al., 2010, 

2013; Aucour et al., 2011). In turn, this increased source of differential fractionation 

would suggest an increased variability in δ66Zn values is expected in food webs. 

Indeed, the δ66Zn values seem more variable in plants than what is observed for δ15N 

values based on the results obtained thus far for herbivorous species. While this 

variability might prove challenging for establishing strictly defined cut-off values for 

different dietary behaviors or environments, it could instead prove invaluable in 

distinguishing the feeding ecology of extant animals. Moreover, it could provide the 

means to describe environments beyond the traditional C3-C4 dichotomy or, better yet, 

identify and define further ecological partitioning within this traditional division. 

However, there is too little available data on plants' δ66Zn values, but an already 

seemingly high variability between plants' organs (Weiss et al., 2005; Viers et al., 

2007, 2015; Moynier et al., 2009; Aucour et al., 2011, 2015; Tang et al., 2012, 2016; 

Deng et al., 2014; van der Ent et al., 2021), to address this question adequately. Indeed, 

extensive work and considerable data collection from various ecosystems and 

controlled-growing environments will be necessary to establish a framework in plants' 

δ66Zn variability and to define broad trends in their distribution, whether ecological 

(e.g., lowlight canopy forest, open savannah environment, temperate forests, cold 

steppes, and so forth) or related to plant-resources (e.g., fruits, leaves, grasses, and so 

forth).  

Just as is the case with nitrogen stable isotopes, zinc stable isotope values would 

presumably favor dietary signals indicative of animal-matter consumption because of 

an increased zinc uptake and an improved zinc bioavailability when proteins, 

especially animal proteins, are included in the diet (Sandström et al., 1980, 1983, 1989; 

Wapnir, 2000). However, the data presented in this thesis undoubtedly demonstrate 

the capability of zinc stable isotope values to identify the presence of isotopically 

distinct δ66Zn values for an omnivorous diet, seemingly indicating its lesser degree of 

predispositions toward animal-matter consumption compared to other geochemical 

dietary proxies. Indeed, it has been documented that protein content as low as 19% of 

the whole diet could nonetheless induce a carnivorous signal in consumers with 

nitrogen stable isotope values (e.g., Ambrose, 2002; Sponheimer et al., 2003; 
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Leichliter et al., 2021). Conversely, preliminary data from a controlled-feeding 

experiment study currently reflects no such discrimination in zinc stable isotope values 

(SI Appendix, Table S1). Instead, they seemingly appear wholly dependent on the 

zinc isotopic composition of the ingested food rather than its nature (i.e., meat-based 

or plant-based), unlike for collagen's δ13C and δ15N values that are rather indicative of 

the protein portion of the diet (e.g., Ambrose and Norr, 1993; Tieszen and Fagre, 

1993). Indeed, these preliminary results also suggest no difference in diet-tissue 

fractionation relative to the nature of the food consumed (SI Appendix, Table S1). 

While the physiological mechanisms (i.e., element cycling and fractionation in the 

body) which drive variability in the zinc isotope system are not yet wholly nor well 

understood and variability in food resources, as stated above, not fully grasped, the 

mere outlook of confidently identifying omnivorous diets cannot be overstated enough 

for paleodietary reconstructions. More work is necessary to firmly establish and define 

the isotopically distinct δ66Zn values for omnivorous diets, but its presence nonetheless 

holds exceptional promise in identifying and refining (paleo)dietary reconstructions 

for species that could exhibit omnivorous behaviors, especially for Hominids and 

primates. However, while statistical analyses unquestionably identify it as being 

isotopically distinct from the δ66Zn values of carnivorous and herbivorous diets, the 

question remains as to whether it truly represents an omnivorous diet or not. 

Indeed, omnivorous diets are currently defined based on δ66Zn values of taxa that 

display omnivorous behaviors at times. As such, the δ66Zn values are not empirically 

associated with omnivorous diets per se but rather with omnivorous taxa. These 

species display a large range of δ66Zn values, whereby the majority display δ66Zn 

values intermediate to those of carnivorous and herbivorous taxa. Consequently, the 

lower-end values likely represent a predominantly carnivorous and the upper range a 

primarily herbivorous diet, thus fully representing and consistent with the 

opportunistic feeding behaviors of omnivorous taxa. However, further work will be 

necessary to confirm this assumption through controlled-feeding experiments or multi-

isotope analyses using other dietary proxies. 

Among others, the combined investigation of stable zinc and nitrogen isotopes is a 

promising avenue. Indeed, the extensive knowledge available relative to stable 

nitrogen isotope variability and fractionation makes it an ideal candidate to pair with 

stable zinc isotope analyses. Moreover, stable nitrogen isotope values are usually much 

more sensitive to animal-based resources in the diet because meat almost consistently 

contains more protein, also often more readily bioavailable, than in plants (e.g., Kies, 
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1981; Sealy et al., 1987; Phillips and Koch, 2002). While it makes distinguishing an 

omnivorous diet difficult using this isotopic system alone, it could prove to be the ideal 

tool in assessing the validity of stable zinc isotopes' omnivorous values. Specifically, 

the novel application of the oxidation-denitrification method that allows the 

measurement of nitrogen stable isotopes in tooth enamel (Leichliter et al., 2021) could 

make it possible to directly compare δ66Zn with classical δ15N values from a single 

tooth enamel sample rather than using bone collagen. By using a diverse faunal 

assemblage covering an extensive range of distinct dietary habits, these combined 

methods could consequently investigate δ66Zn variability in different omnivorous taxa 

or species whose diet is still highly debated. Going forward, developments in these 

areas can substantially improve the robusticity of stable zinc isotope analysis as a 

precise empirical tool for (paleo)dietary reconstructions and especially so for 

hominids. 
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Conclusion 
 
The role of dietary behaviors in human evolution is one of the key questions in 

archeology and palaeoanthropology. However, archeological sites are rare, and most 

of the artifacts present when the site was formed have usually disappeared through 

time. Even when archeological material evidence is present (e.g., stone tools and 

animal bones), it cannot be unequivocally associated with daily subsistence practices 

of hominids and could thus offer a biased and unrepresentative view of past diets. 

While the use of bone collagen for stable nitrogen and carbon isotope analyses can 

circumvent these problems and provide overall dietary reliance information, such 

analyses are confronted with issues of their own that arise from the preservation of 

organic matter. This limitation consequently hinders their use for older periods and 

settings with adverse preservation conditions. However, this difficulty can now be 

overcome by conducting stable zinc isotope analyses, a novel dietary and trophic level 

proxy.  

This thesis advances the interpretative framework of stable zinc isotope analysis of 

tooth enamel and promotes exemplary practices in (paleo)dietary reconstruction. 

Investigations of stable zinc isotope analyses of fossil teeth were thus conducted to 

generate direct evidence of overall dietary reliance, specifically for trophic level 

assessment. 

The first publication of this thesis (Chapter 2) confirmed the preservation potential of 

pristine diet-related zinc isotopic composition in fossil specimens and established 

stable zinc isotope analyses as a noteworthy addition to paleodietary investigations’ 

toolset. Variability in δ66Zn values was also explored, and outlined factors of interest 

to be further investigated. 

The second publication (Chapter 3) explored contamination concerns during enamel 

sampling and chemical sample preparation, identified as negligable, and proposed 

safe-handling procedures to perform reliable stable zinc isotope measurements. 

Additionally, variability in δ66Zn values relative to the developmental stage of the teeth 
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sampled was revealed, consequently showing great promises to investigate past 

breastfeeding and weaning practices through stable zinc isotope analyses. 

The third and final publication (Chapter 4) assesses the overall dietary reliance of a 

Late Pleistocene human hunter-gatherer from Tam Pà Ling in Laos’ rainforests and 

illustrates how δ66Zn analysis on teeth can be used where archeological material 

evidence is absent or other forms of trophic level assessment are impossible. The result 

obtained strongly suggest that the diet of this H. sapiens individual contained both 

plant and animal material, contrasting with a meat-rich diet almost systematically 

determined using collagen stable nitrogen isotope analyses from humans in other 

regions of the world for the Late Pleistocene.  

A broader and more comprehensive application of stable zinc isotope analyses has 

significant potential for clarifying aspects of hominid behaviors and subsistence 

strategies in archeology, such as the timing of the introduction of animal-matter to the 

diet, the relationship between environment and dietary choices, breastfeeding and 

weaning practices, food selection or food processing. Future methodological 

developments, such as empirically determined diet-enamel spacing or extensive δ66Zn 

dataset of plant resources and animal tissue, remain to be explored to increase further 

the precision and reliability of (paleo)dietary reconstruction using stable zinc isotope 

analyses in modern and past ecosystems. 
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Supplementary information 1 

Supplementary information to Bourgon et al. (2020), Zinc isotopes in Late Pleistocene 

fossil teeth from a Southeast Asian cave setting preserve paleodietary information. 

Proc. Natl. Acad. Sci. U.S.A. 117, 4675–4681, doi.org/10.1073/pnas.1911744117. 

 

Supplementary information 1.1: Context 

1.1.1 Geology 

Location and geological context 

The studied area is located in the northeastern part of Laos, about 290 km NNE from 

Vientiane, in the Hua Pan province (Figure S1). The site can be reached by the road 

n°1C from Luang Prabang to the small city of Muang Hiam (also called Vieng Thong) 

(Figure S2), and from there, towards the north approximately 60 km to Xoneuna city 

(also called Muang Xon) (Figure S3). The cave is located 6 km SE from the center of 

the city.  

The basement of the region consists of Palaeozoic granite and diorite (Saurin, 1961). 

These rocks are covered with a widespread light metamorphic sedimentary formation 

characterized by grey to yellow poorly cemented arkosic sandstones interbedded with 

pelites and attributed to the Silurian, or perhaps partly to the Devonian (Saurin, 1961). 

This latter formation is strongly deformed and folded. This detrital sedimentary 

formation is capped by a thick limestone unit still poorly dated and attributed by Saurin 

(Saurin, 1961) to an interval between the Late Carboniferous (Moscovian) and the 

Permian, some outcrops displaying many tabulate corals (mostly tetracorals). 

Furthermore, crinoidal remains, as well as calcified sponges (stromatoporoids) 
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developed in laminated calcite with some vertical pillars, are frequent. The karstic 

formation belongs to the northern Annamitic Chain oriented broadly NNW-SSE. 

Locally, the thick limestone unit forms a variety of tower karsts that emerge here and 

there from the forest. This unit consists of a pluri-decametric massive sparitic dark-

grey carbonate without marl intercalation. Grey to black cherts occur in some places 

often reworked inside the cave. The mountain contains a widespread karstic network 

in which bone-rich breccias and sandy clays can be found. 

The Tam Hay Marklot cave is located at the foot of a karstic hill totally covered by 

forest (Figure S4a). The entrance of the cave is constituted by a large and open 

chamber of about 10 m long and 8 m wide (Figure S4b-c), but the entrance of the 

well-developed gallery (very narrow, less than 0.60 m in diameter) (Figure S4d-e) is 

at the end of this chamber. The first passageway leads to the first chamber of about 15 

m long, and the second passageway to the main gallery, which can be followed entirely 

to the end of the cavity. The 235 m long cave consists of a succession of wide to narrow 

galleries ranging from one to ten meters wide (Figure S5). The height of the main 

gallery is, on average, around three meters.  

Some 150 m from the entrance, the gallery is partly flooded on about sixty meters. 

After, this part of the gallery narrows, gradually ending in a dead-end. The soil of the 

gallery from the entrance to about two-thirds of the cavity is entirely covered by a soft 

and partly wet light brown sediment formed by sandy to gravelly clays. The greatest 

part of the vertebrate remains was found in this soft sediment forming the soil of the 

cave until at least the drowned part of the gallery. After this part, the cave ground is 

made up of solid flowstone. The soft sediment has a thickness of at least one meter. 

The lower part is more gravelly. Since the vertebrate remains were mainly located in 

the first 40 cm, no further explorations were conducted deeper for the moment, but 

further investigations will be conducted in 2020. 

 

Description and analysis of the sedimentary deposits 

The karstic filling, homogeneous along the cave, is summarized in Figure S6 through 

three sections. The roof and walls of the cave are formed by a compact grey-colored 

limestone. Four different deposits were recognized in the cave: soft sandy to gravelly 

clays on the soil; well-cemented conglomerate mixed with breccias plastered on the 

wall from the base up to two-thirds of the height of the gallery; speleothems cemented 

on both roof and walls included on the conglomerate; and a 1 to 4 cm dark brown mud 
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covering the soil and partly the walls from place to place. Details of the facies are 

given in Figure S7: 

- The soft sandy to gravelly clays cover almost the entire soil of the cave. The 

sedimentary facies greatly vary from place to place inside the cave but 

generally display pure silty to sandy sticky clays in the first upper 30-60 cm, 

whereas the lower part up to a depth of one meter is made mainly of small to 

coarse-grained mixed gravels and clays. Furthermore, the lower part of the 

deposit is generally cross-bedded with numerous erosion surfaces. Most of the 

teeth come from the upper clayey sediment. Although the vertebrate remains 

can be found everywhere in the gallery, from the entry to the drowned part of 

the gallery, their richness in this soft sediment varies from place to place. In 

some places close to the wall of the gallery, the soft sediment can be poorly to 

hardly cemented by calcite (Figure S7). This calcitic cementation is a 

secondary diagenetic phenomenon due to the water circulation along the wall. 

- The conglomerate and breccias plastered on the wall contain a large range of 

pebbles and cobbles up to 20 cm in size, cemented by small gravels and coarse-

grained sandstones (Figure S7a). The maturity of the clasts is highly variable. 

Full-rounded pebbles and cobbles are mixed with very angular clasts generally 

in contact with each other. The greater quantity of clasts consists of full-

rounded fine-grained yellow-colored sandstones sometimes rich in micas 

similar to the weakly metamorphic Devonian sandstones described above. The 

second type of clasts is constituted by angular square-shaped black cherts. The 

great hardness of these cryptocrystalline silica occurrences compared to the 

hardness of the sandstones can't explain the important difference in the 

maturity of the clasts. It is obvious that these two types of rocks of different 

maturity don't have the same sedimentary history. Cherts probably originated 

from the substratum of the cave (limestone formation) and have been 

transported over only short distances, whereas the composition of the 

sandstone suggests a long transport. In fact, similar black chert concretions can 

be found easily in situ in the limestone formation; thus, their local provenience 

is indisputable. Concerning the sandstone pebbles, they are similar to those 

observed in the river two hundred meters below the Tam Hay Marklot cave in 

the valley. 

- The speleothems (in green on Figure S7d) cover the roof and walls 

(limestone substratum) in the entire gallery. In many places, speleothems 
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obviously cover the conglomerate plastered on the walls but are also covered 

by the soft clayey sediments, which are the last deposited sediments. 

- The thinnest deposit is a centimetric scale brown-soft mud that covers all of 

the other deposits up to one-meter height from the floor of the gallery. This 

suggests episodic flooding of the cave during the rainy season, also explaining 

the cross-bedded sands and gravels in some places, on the soft sediment of the 

floor. 

 

Cave filling history 

The study of the cavity reveals a complicated depositional history, which consists of 

at least four types of deposits, roughly superimposed upon each other (Figure S7). The 

oldest deposit is the conglomerate/breccias covered by all of the other sediments 

(speleothems on the roof and walls, sandy to gravelly clays on the soil, and soft mud, 

successively). 

The perfect imbrication of the flat pebbles (red arrow on Figure S7a-b) suggests a 

water flow orientated from inside to outside, which raises several questions. First, there 

is today no gallery or pipe being able to bring such conglomerate inside the cave. 

Secondly, there is today no likely origin on the top of the tower karst sandstone 

formation that could have provided all of this gravel/pebble material. Similar gravels 

and pebbles (mainly the sandstones) can be found in the current river crossing the town 

two hundred meters below, which also strongly suggests that this intra-karstic 

conglomerate could be very old. With an incision of 0.2 m per thousand years on 

average (Duringer et al., 2012), this deposit situated at least 200 m above the current 

alluvial plain could be potentially 2 million years old. 

The presence of relicts of conglomerates plastered very high on the walls shows that 

the gallery was filled by sediment to the roof and then was almost entirely emptied 

before the sandy clay unit was deposited on the cave floor. That means that a major 

phase of karstic erosion separates the two described sedimentary units and that there 

is an extended range of time between the conglomerate and the clayey sediment (red 

line on Figure S7d). The numerous erosion surfaces inside the clayey deposits of the 

soil, as well as the vertical and lateral alternation of mud, sands, and small gravels, 

suggest that the deposit has been sedimented in several phases. Furthermore, the 

occurrence of a thin layer of sticky mud plastered on the wall, as well as marks of the 

level of the water at different heights inside the main gallery, are evidence that the 
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cave is still episodically flooded today most likely during the rainy seasons. This can 

also explain why the concentration of fossil remains is not uniform in the cave but 

occurs in placer-like loci. Furthermore, some marks of the level of the water in the 

cave (upper limit of the soft mud) correspond exactly to the height of the second 

passageway, which probably plays the role of a water outfall. The origin of vertebrate 

remains is, for the moment, unknown (primary deposit or reworking of old 

fossiliferous deposits). 

In relation to the speleothems, we observed that their location is highly variable from 

place to place in the cave but that, in most cases, they occur between the conglomerate 

and the sandy clays deposits. In this case, their deposition obviously took place after 

the phase of emptying the major part of the conglomerate/breccias and before the 

deposit of the clayey sediment. The thin mud layer that covers all of the other facies is 

the result of episodic flooding of the cave and represents the last known deposit. 

 

1.1.2 Faunal description 

The full faunal analysis from the Tam Hay Marklot fauna are presented here and in 

Table S8. 

 

Artiodactyla 

Within bovids, 115 teeth show the basic pattern of Caprinae, with smooth enamel, 

styles and stylids more prominent than main cusps, and no ectostylid. Dental 

dimensions allow the clear distinction of two taxa, one of large size close to the modern 

Capricornis species (C. sumatraensis or C. milneedwardsi), and a second one of small 

size close to the modern Naemorhedus species (N. goral or N. caudatus, the 

dimensions of C. crispus being intermediar (Suraprasit et al., 2016)). We assign the 

Tam Hay Marklot specimens to Capricornis sp. and Naemorhedus cf. caudatus (P3 

and P4 of square shape, metastyle well developed on M3). Dimensions of the large 

Caprinae from Tam Hay Marklot (Capricornis sp.) are comparable to those of late 

Middle to Late Pleistocene specimens (Tougard, 1998; Bacon et al., 2008, 2011; 

Filoux et al., 2015; Suraprasit et al., 2016; Bacon et al., 2018b, 2018c). 

In relation to the large-sized bovids, it seems that at least two taxa occurred at Tam 

Hay Marklot. The main differences are observable on lower premolars and m3. On the 

first set of premolars, the main cuspids (hypoconid, entoconid, protoconid, and 
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metaconid) appear well-developed buccolingually; the p2s are small mesiodistally and 

massive; on the lingual side, we observe the presence of deep valleys between cuspids, 

and the enamel is often thick, all are features encountered in Bos species. Some m1/m2 

exhibit rounded and voluminous metaconid and entoconid, and m3s a salient 

entostylid, which forms a deep notch with the hypoconulid. These features are close 

to the morphology observed in the modern Bos frontalis (being aware that Bos species 

may be easily confused on size and morphology). On another set of teeth, premolars 

are flatter and more elongated (with a range of variation showing no overlap with that 

of Bos), with shallow valleys and grooves between cuspids and a thinner enamel, as in 

Bubalus bubalis (synonym to B. arnee). We assign cautiously the teeth to Bos sp. 

(close to Bos cf. frontalis) (N = 37) and Bubalus bubalis (N = 40), whereas 27 teeth 

remain difficult to identify. 

The 287 suid specimens (277 permanent and 10 deciduous teeth) of Tam Hay Marklot 

show the typical morphological pattern of Sus (molar bunodont with bulky cusps and 

cuspids and numerous accessory tubercles, showing a star-like shape when worn). 

However, the teeth display differences that suggest the presence of two distinct 

species. This is particularly observable on third molars (m3 and M3) and upper 

premolars (P4), whereas we were not able to detect clear differences on the other cheek 

teeth (except one m2 much elongated). The great majority of M3s display a high 

degree of variation with well-developed anterior cingulum with bulky folds, well-

developed median accessory cusps, and main cusps sometimes duplicated. The 

morphology of the posterior portion of the crowns is complex, with a pentacone 

associated with numerous tubercles on the labial side. Likewise, for m3s, with a large 

pentaconid surrounded by numerous tubercles. On P4s, the cingulum is anteriorly and 

posteriorly developed and ended at the base of their crowns by two small cusps. We 

also observe the presence of a posterior sagittal couplet. This morphology is 

characteristic of Sus scrofa. A small number of teeth (m3 and M3) shows a different 

pattern: on M3, the anterior cingulum is thinner with a crenulated enamel, the median 

cusp behind the first row (hyperpreconule) is few developed, whereas the median cusp 

behind the second row is absent (pentapreconule); on m3s, the accessory median cusp 

behind the talonid is particularly small, a feature observed in Sus barbatus (Badoux, 

1959). On P4s, the cingulum is not marked, and the cuplet is absent. Two taxa can be 

recorded at Tam Hay Marklot: Sus scrofa, which includes most likely a great number 

of teeth, and Sus cf. barbatus only recognized on a small number of teeth (N = 17). 

We didn't observe significant size differences between S. scrofa and S. barbatus at 

Tam Hay Marklot. Moreover, both species exhibit range variations comparable to 
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those of modern species, rather than to those of the late Middle Pleistocene specimens 

(Khok Sung and Thum Wiman Nakin (Tougard, 1998; Suraprasit et al., 2016) for S. 

barbatus, and Coc Muoi (Bacon et al., 2018c) for S. scrofa.  

Numerous teeth exhibit the morphological pattern and dimensions of the large deer, 

Rusa unicolor (N = 390): the presence of an anterior fold on m1/m2, well-developed 

on m3; ectostylid always present on m1/m2; the presence of a small anterior and, more 

rarely, posterior ectostylid on m3s; p4 molarized (Heintz, 1970); salient cusps and 

styles on upper premolars; large paracone and metacone on upper molars. The Tam 

Hay Marklot species overlap in morphology and dimensions with the modern and late 

Middle to Late Pleistocene species.  

The identification of middle-sized and small-sized cervids is more difficult due to the 

large overlap in dimensions and morphology (Tougard, 1998). Within these cervids, 

some teeth are slightly larger with these characteristics: parastylid few developed on 

p2; a small anterior first valley on p3/p4; an entoconid as developed as the metaconid 

and entostylid; the entoconid and entostylid fused at the mid-height of the crown on 

p4; cones and conids of molars with a rounded shape; on m3s, large and rounded 

hypoconulid; parastyle more developed than the other styles on upper molars. All of 

these features are present in Rucervus eldii (N = 27). Dimensions of the Tam Hay 

Marklot m3s, p3s/p4s, fall within the ranges of variation of the modern species 

(Suraprasit et al., 2016). We also recognized a different taxon on the basis of a slightly 

smaller size and features close to the Axis porcinus pattern (N = 22): parastylid well-

developed forming a V-shaped valley with the paraconid; metaconid bilobed on p4s; 

entoconid and entostylid fused; V-shaped cones and conids on molars; on m3s, large 

and elongated hypoconulid. Specimens from the late Middle Pleistocene Thum Wiman 

Nakin site allocated to this species appear much greater (Tougard, 1998). 

Muntiacinae species also occur, which can be distinguished by the smallest dimensions 

of their teeth and the following features: few developed protoconid and parastylid 

oriented more anteriorly on lower premolars; few salient cones and conids on molars; 

upper molars with cone-shaped crowns; small styles on upper premolars and molars. 

However, the specimens remain difficult to identify at the species level (Muntiacus 

sp.) (N = 105). They are close in dimensions to the Muntiacus species of the Late 

Pleistocene Duoi U'Oi site (Bacon et al., 2018c) and to the modern M. muntiacus 

grandicornis measured by the authors at the Raffles Museum in Singapore. 
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Perissodactyla 

The rhinocerotid sample consists of 32 dental elements, which unambiguously 

document at least two extant species, namely the Javan rhinoceros, Rhinoceros 

sondaicus (N = 10), and the Sumatran rhinoceros, Dicerorhinus sumatrensis (N = 9), 

whereas 13 tooth fragments could not be identified at the genus or species levels and 

were accordingly referred to as Rhinocerotina indet.  

Rhinoceros sondaicus is notably documented by a right D2 with a medifossette and a 

sharp parastyle sagittally oriented. A fragmentary P2 has an oblique cingular spur at 

the entrance of the lingual valley. A fragment of one M1 displays a thick hypocone, 

lacking a lingual groove. The fragmentary M3 has a thick paracone rib, vanishing well 

before the neck. The d4 fragment has a quadrangular occlusal outline. One p4 has a 

very thick labial enamel, an oblique cingular spur at the ectolophid groove, the latter 

being pointing mesiodorsally in lateral view. All of these features are characteristic of 

R. sondaicus, based on comparison with the dental material from individuals either 

recent (MNHN-AC) or fossil (Punung locality, Java: Museum Naturalis of Leiden; 

Coc Muoi, Vietnam: Institute of Archeology, Ha Noi). 

Dicerorhinus sumatrensis is recognized thanks to the presence of a mesiolingual 

groove on the sagittally pinched hypocone of one fragmentary D4 and on permanent 

teeth (broken M2). A fragment of one M3, also with a sagittally pinched hypocone, 

shows a slightly convex ectometaloph in occlusal view, with a distolingual cingulum 

restricted to a small spur, further determining a shallow groove lingual to it. The 

complete d2 falls within the size range of D. sumatrensis. It is narrower than d2s 

referred to as R. sondaicus, with a shallow anterolabial groove and a posterior valley 

closed. Several fragmentary d3s and d4s have unconstricted metaconid and entoconid, 

and a distal border of the metalophid straight and oblique, which allows to assign them 

to D. sumatrensis. The labial fragment of m1 has a vertical ectolophid groove reaching 

the neck. Together with small dimensions (especially regarding the width), all of these 

features are considered as diagnostic based on comparison with dental material from 

individuals either recent (MNHN-AC; Cambridge Museum) or fossil (Sibrambang and 

Lida Ajer Caves, Sumatra; Museum Naturalis of Leiden). 

Two teeth of tapir are also recorded at Tam Hay Marklot: one lower left canine 

(Tapiridae indet.) and one fragment of a jugal tooth (Tapirus sp.). 
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Carnivora 

In relation to the Felidae, we recognized a small-sized felid on one m1 (a very simple 

morphology with two sharp blades) and five small canines (N = 6). Within the sample 

of specimens belonging to large felids, several fragmentary large teeth (four P4, two 

p4, and one m1) and one complete upper I3 suggest the presence of Panthera tigris (N 

= 7). Four other complete premolars (one P3, two P4, and one p4) exhibit the 

morphology and size of Panthera pardus (N = 4), with dimensions falling in the range 

size of modern Asian P. pardus (taken by the authors at the Museum Naturalis in 

Leiden). The two P4 display well-developed cusps, one mesial in the line of blades 

and a second one oriented lingually. Six fragmentary canines are assigned to large 

Carnivora.  

Four complete, one fragmentary, and two heavily worn upper M1 belong to a small-

sized melinae, a badger, most likely Arctonyx on the basis of morphology and size 

(hypocone elongated distally, lingual cusps well-developed). The dimensions of M1s 

(length: 14-16.2 mm; width: 10.2-11.1 mm) are particularly small, close to those of 

modern species of Arctonyx: A. dictator (measurements taken by the authors at the 

National History Museum, London, and A. collaris collaris (Colbert and Hooijer, 

1953), rather to that of Pleistocene specimens (de Vos and Long, 1993).  

Four complete permanent teeth belong to a large-sized Canidae. However, this sample 

shows great variation in teeth dimensions, with one large P4 falling within that of Cuon 

javanicus antiquus (Colbert and Hooijer, 1953), one P3 and one m1 are small like in 

individuals from modern Asian populations, C. a. adustus (Myanmar), C. a. 

sumatrensis (Malaysia), C. a. javanicus (East Java) (measured by the authors at the 

National History Museum, London), whereas one very small M1 appears outside of 

the range of variation of modern and fossil populations.  

Three ursids are present at Tam Hay Marklot: Ursus thibetanus has been identified 

based on 17 permanent teeth. The most striking characteristics are: the presence of a 

lingual cusp on P4; outline of the M1 crown elongated with a weak cingulum; a large 

paracone, and an elongated talonid on M2. Dimensions of the teeth are particularly 

great, in comparison with the other available but small modern and fossil samples 

(Colbert and Hooijer, 1953; de Vos and Long, 1993; Bacon et al., 2008, 2011, 2018b, 

2018c). Helarctos malayanus is represented by seven permanent teeth. The occlusal 

outline of the M2s is squarer with a less developed talonid. One M2 is particularly 

massive (Badoux, 1959). One lower m2 is assigned to Ailuropoda melanoleuca. The 
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tooth is smaller than those measured in a recent population (Colbert and Hooijer, 

1953).  

 

Primates 

Twenty-two permanent teeth conform to the morphology of the genus Macaca among 

Cercopithecidae. On the basis of the dimensions of upper molars, it seems that at least 

two species were present at Tam Hay Marklot. The large molars have the size of Late 

Pleistocene specimens (Duoi U'Oi, Tam Hang, and Lang Trang (de Vos and Long, 

1993; Bacon et al., 2008, 2011), close to the modern M. nemestrina or M. mulatta (data 

taken by the authors at the National History Museum, London; and M. nemestrina, M. 

mulatta or M. arctoides (Takai et al., 2014)), whereas a set of small teeth appear close 

to M. fascicularis (data taken by the authors at the National History Museum, London). 

Other species are difficult to identify due to the large size overlap between taxa. Three 

Pongo teeth, two molars and one canine, are recorded, but these limited data preclude 

an assignment either to Pongo pygmaeus or to the Late Pleistocene P. devosi identified 

in China and Vietnam (Harrison et al., 2014). 

 

Rodentia 

Only teeth of large-sized rodents belonging to Hystricidae are recorded at Tam Hay 

Marklot (N = 151): 134 have the dimensions of the Hystrix species, whereas 17 smaller 

could be assigned to the genus Atherurus, most likely A. macrourus, the only species 

recorded in the Pleistocene of Southeast Asia. The length variations of upper (M1-M3) 

and lower (m1-m3) molars largely exceed those of modern Hystrix (Acanthion) 

brachyura s. l., and even those of the taller modern species Hystrix (Hystrix) indica 

(van Weers, 2005). While falling in size closer to H. indica, we allocate the Tam Hay 

Marklot teeth cautiously to Hystrix sp. 

 

1.1.3 Direct dating of Tam Hay Marklot teeth 

Material and methods 

Samples 

Four mammalian tooth samples of the Tam Hay Marklot assemblage discovered in 

2015 and selected from the five samples exported in 2018 for direct dating (SCUMK-
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01, SCUMK-02, SCUMK-03A, SCUMK-03B, and SCUMK-R1) were prepped for U-

series dating and analyzed at Southern Cross University and the University of 

Wollongong (Table S9).  

 

U-series dating protocol and parameters 

Teeth were cut to expose the different dental tissues using a low-speed saw with a 

rotating diamond blade of 300 µm thickness. Each section was then analyzed by 

quadrupole LA-ICP-MS for uranium distribution and with a Neptune Plus LA-MC-

ICP-MS for uranium-series measurements with the following setting: jet sample Ni 

83506 and x skimmer Ni 76250 cones. The instrument was tuned with the NIST610 at 

60% laser energy (2.49 J/cm2), frequency 5 Hz, spot size 65 µm, scan speed of 5 

µm/sec, He: 900 ml/min, N2: 10 ml/min with an obtained value of 238U=1.28 V, 
232Th=1.05 V. Each sample was pre-ablated at 40% laser energy (3.3 J/cm2), frequency 

5 Hz, spot size 150 um, and scan speed of 200 um/sec, before conducting 

measurements of 310 µm rasters long at 80% laser energy (6.27 J/cm2), frequency 20 

Hz, spot size 150 µm, and scan speed of 5 µm/sec. For each sample, between 9 and 10 

rasters were drawn on the samples perpendicular to the growth axis of the tooth (from 

the enamel tip to the pulp cavity). Each raster was analyzed twice consecutively, and 

then data were averaged to obtain one minimum U-series age. Therefore, for each 

sample, we have calculated several minimum U-series ages (depending on the number 

of rasters and the data quality). Ages were not calculated when U concentration was 

below 1 µg/g or when U/Th ratio was below 500. When values permitted, using the 

raster’s sequence along the growth axis, a modeled U-series age was calculated using 

a Diffusion-Adsorption-Decay (DAD) model (Grün et al., 2014). Baseline and drifts 

were corrected using a NIST 612 glass disc, while two coral reference materials (the 

MIS 7 Faviid and MIS5 Porites corals from the Southern Cook Islands (Woodroffe et 

al., 1991)) were used to correct 234U/238U and 230Th/238U ratios and assess the accuracy 

of measurements. Each coral reference material was analyzed by solution MC-ICPMS 

and used for reference. To account for potential matrix effects, a bovid tooth fragment 

from South Africa with known isotope concentrations was used to verify 

measurements. To account for tailing effects, measurements were carried out at half-

masses of 229.5 and 230.5 for 230Th and 233.5 and 234.5 for 234U (Eggins et al., 2003). 
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Results 

The U-series dating results for SCUMK-01, SCUMK-02, SCUMK-03, and SCUMK-

R1 are presented in Tables S10-S13, and range between 37.4 ka +/- 0.9, and 13.1 ka 

+/- 0.5.  

1) The ages for SCUMK-R1 ranges between 37.0 ka +/- 1.5 and 25.0 ka +/- 0.9 

with a mean age estimated at 31.2 ka +/- 1.3. 

2) The ages for SCUMK-01 ranges between 26.4.0 ka +/- 0.8 and 29.8 ka +/- 1.0 

with a mean age estimated at 27.6 ka +/- 1.0. 

3) The ages for SCUMK-02 ranges between 37.0 ka +/- 1.3 and 39.1 ka +/- 1.4 

with a mean age estimated at 37.4 ka +/- 0.9. 

4) The ages for SCUMK-03A ranges between 12.0 ka +/- 0.5 and 13.4 ka +/- 0.9 

with a mean age estimated at 13.1 ka +/- 0.5. 

The 234U/238U ratio was consistent between the samples, except for sample SCUMK-

01 which had slightly lower values. Despite the important difference in minimum age 

between SCUMK-03A (13 ka) and SCUMK-02 (37 ka), it does not appear to be a 

different diffusion environment, and therefore the age discrepancy could only be an 

artifact of a later diffusion of U for SCUMK-03. Yet, because the distribution of U 

around the dental tissue in SCUMK-03A is rather uniform, it appears likely that the 

tooth represents a later deposition event than SCUMK-02.  

In order to advance the dating accuracy, we have modeled each tooth using the DAD 

model (Table S14 and Figures S42-45), which takes into consideration the diffusion 

rate, the distance, and size of each dental tissue, and the diffusion pathway (Grün et 

al., 2014). 

The difference between the mean U-series age and the model DAD age is within error 

the same and therefore indistinguishable (Table S14). The results show that the 

samples can be considered as closed-system and that the minimum ages obtained with 

the U-series are close to the ‘true’ age of the sample obtained by the DAD model. In 

other words, the results indicate that the teeth recovered from Tam Hay Marklot site 

have different ages. 

1.1.4 General chronology and ecology of Tam Hay Marklot cave fauna 

The mammalian faunal assemblage with the occurrence of modern taxa and the 

absence of archaic taxa (Stegodon, Megatapirus, or extinct rhinocerotid species), the 

dimensions of teeth close to those of the post-Middle Pleistocene taxa (species 
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experienced overall trends of dental size decrease throughout the Pleistocene), and the 

dating, which show an age range of 38.4–13.5 ka, document a mammalian assemblage 

during a time period which encompasses the later section of the glacial stage MIS 3 

through all MIS 2, including the Last Glacial Maximum (26.5–19 ka). Isotopic results 

suggest a mixed environment from closed low-light tropical rainforest to open 

savannah. The dating of a tooth of orangutan (Pongo sp.) at 38.4 ka shows that during 

the periglacial MIS 3 period, at this latitude, the great ape still occupied closed, low-

light tropical forests. In this mixed environment, the diet of the tiger (Panthera tigris) 

relied on prey species preferentially from open woodlands where they could find large-

sized cervids and bovids, whereas the diet of canids much more relied on forest-

dwelling species. The diet of the other large predator, the leopard (P. pardus) relied on 

prey species from both ecosystems. 

 

Supplementary information 1.2: Stable isotope analyses 

Stable isotope analysis is now a widely used method in archeological and 

paleontological fields, yielding new insights into the past of animals and humans alike 

(DeNiro and Epstein, 1978; McConnaughey and McRoy, 1979; DeNiro and Epstein, 

1981; Schoeninger and DeNiro, 1984; Kelly, 2000; Richards et al., 2001). Although a 

large array of materials and tissues can be subjected to such analyses, dental enamel is 

of particular interest as it is metabolically inert after formation and is not very sensitive 

to post-mortem diagenesis and alteration (Lee-Thorp et al., 1989; Wang and Cerling, 

1994; Kohn et al., 1999; Lee‐Thorp, 2008). It thus consists of an important material 

for palaeodietary and paleoenvironmental research (Lee-Thorp et al., 1989; Cerling 

and Harris, 1999; Sponheimer and Lee-Thorp, 1999a; Kohn and Cerling, 2002). 

However, enamel bioapatite (a biological carbonate-bearing hydroxylapatite) records 

the isotopic composition of the “whole” diet consumed and this only over the growth 

and mineralization period of the teeth in animals (or hominins), thus representing a 

narrow subadult period (Hillson, 1996; Nanci, 2018). 

 

1.2.1 Variation of zinc stable isotope values in tooth enamel 

Zinc is an element of Group 2B of the periodic table, the last column of the d block. 

While it is not a transition metal per se, it is sometimes included with them as its 

properties are more similar to these than to the post-transition metals. Zinc possesses 
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five naturally occurring stable isotopes, 64Zn (48.63%), 66Zn (27.90%), 67Zn (4.10%), 
68Zn (18.75%) (Rosman and Taylor, 1998), with an average relative atomic mass of 

65.37777 (Ponzevera et al., 2006).  

Zinc is a trace element, but it is an important agent in many biological processes and 

is vital for most living organisms. Indeed, it has reactive stability in a cellular 

environment governed by oxidation-reduction processes because of its single 

oxidation state (2+). Its ligands are multiples (Vallee and Falchuk, 1993), and it is 

involved in all six enzyme classes and most of the regulatory proteins (Berg and Shi, 

1996), as well as being involved in many biochemical functions (Vallee and Falchuk, 

1993).  

In terrestrial contexts, the primary source of zinc in a given food web ultimately comes 

from the plants. Subsequently, two main parameters have been presented to explain 

the zinc isotope composition of plants: the initial zinc isotope ratios of the soil (Viers 

et al., 2007; Fekiacova et al., 2015) and the biological fractionation that occurs 

between the plant and the soil as well as within the plant itself during nutrient transport 

(Weiss et al., 2005; Viers et al., 2007, 2015; Moynier et al., 2009; Aucour et al., 2011).  

The initial 66Zn/64Zn ratio (expressed as δ66Zn value) of the soil is in turn controlled 

by the nature of the underlying bedrock. While igneous rocks exhibit a narrow and 

homogenous range of δ66Zn values (+0.3 ± 0.14 ‰ (2σ)) (Moynier et al., 2009, 2017), 

sedimentary rocks exhibit a broader range of δ66Zn values (Maréchal et al., 2000; 

Cloquet et al., 2008; Moynier et al., 2017) with the highest values observed for marine 

carbonates (up to +1.4 ‰) (Luck et al., 1999; Pichat et al., 2003). In the case of Tam 

Hay Marklot cave, three major rock units are present at the local scale in the cave 

surrounding (see “Supplementary information 1.1: Context - 1.1.1 Geology”): an 

exposed magmatic bedrock composed of granite, widespread arkosic sandstone, and 

finally a sedimentary cover consisting of marine limestone. While δ66Zn stable isotope 

analyses have not been conducted on any of these bedrocks, the limestone cover is 

likely to exhibit higher values than the other two. It is then reasonable to assume that 

local geology may impact local isotope ratios of the food web, thus possibly explaining 

some of the variability observed in enamel δ66Zn values among the fossil teeth. 

Within plants themselves, an initial fractionation occurs between the roots and the soil 

during zinc uptake in the rhizosphere (Weiss et al., 2005; Aucour et al., 2011). As a 

result, roots and shoots are generally enriched in heavy isotopes relative to the litter 

layer in which they grow (Weiss et al., 2005; Viers et al., 2007; Moynier et al., 2009; 
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Aucour et al., 2011). Additionally, low δ66Zn values are systematically observed in the 

most aerial parts of the plants (Weiss et al., 2005; Viers et al., 2007; Moynier et al., 

2009). It is believed that once the zinc is in the xylem, active uptake of heavy isotopes 

by cells out of the xylem occurs during its transport, thus favoring the mobility of light 

isotopes to the most aerial parts of the plants (Viers et al., 2007; Moynier et al., 2009). 

As such, a correlation seems to exist between δ66Zn in leaves and the length of the 

plants, both within a single plant and between species. Generally speaking, low 

growing plants such as herbaceous species are thus expected to have higher δ66Zn 

values compared to high growing plants like trees (Weiss et al., 2005; Viers et al., 

2007; Moynier et al., 2009). 

Similar to plants, the isotopic composition of zinc in trophic chains’ consumers (i.e., 

animal tissues) is governed by two factors: the initial zinc isotope ratios of the food 

products (plants in the case of herbivores and animals in the case of carnivores) and 

the isotopic fractionation occurring during intestinal absorption (Turnlund et al., 1984; 

Cousins, 1985; Lönnerdal, 2000; Balter et al., 2010; Jaouen et al., 2013, 2017; Moynier 

et al., 2013).  

As was the case for plants, in δ66Zn values is prompted by the initial zinc isotopic 

composition of the foods consumed. For plant consumption, different species and 

parts, as well as differences in growth height, are all likely to induce different δ66Zn 

values in the consumer. Similarly, the δ66Zn values of body tissues resulting from meat 

consumption will depend on which parts and organ were consumed, with muscles 

usually being 66Zn depleted relative to the average isotopic composition of the body 

(Balter et al., 2010; Jaouen et al., 2013; Costas-Rodríguez et al., 2014; Jaouen et al., 

2016a). It was suggested that biological activity fractionates zinc isotopes in the body 

among organs, thus explaining variability in body tissues (Balter et al., 2010; Moynier 

et al., 2013). Additionally, plant products usually have the most elevated δ66Zn values 

(Costas-Rodríguez et al., 2014; Jaouen et al., 2016a), whereas muscles exhibit low 

values (Balter et al., 2010; Jaouen et al., 2013; Costas-Rodríguez et al., 2014; Jaouen 

et al., 2016a). Contrary to the classic trophic level proxy δ15Ncollagen values then, the 

higher the trophic level of an animal is, the lower are the zinc isotope ratios of its body 

tissues (Jaouen et al., 2013, 2016a, 2016b, 2018; Costas-Rodríguez et al., 2014). 
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1.2.2 Variation of strontium stable isotope values in tooth enamel 

The geographical distribution of strontium isotopes is mostly determined by the 

evolution of 87Sr in a geologic system. Contrary to the other strontium isotopes, 87Sr is 

radiogenic as a result of the radioactive decay of 87Rb. The relative content and ratio 

of 87Sr to 86Sr is thus a function of both the age of the rock and the original rubidium 

(Rb) amount of a given bedrock. This leads to a general trend of higher 87Sr/86Sr ratios 

in older rocks and lower values in younger rocks.  

Strontium isotopes are widely used as geochemical signatures to “source” individuals 

(whether animals or humans) to a geologic area. This is because the 87Sr/86Sr ratio 

recorded in enamel is directly related to that of the diet and ultimately to that of the 

soils and water available to the plants at the very base of the food web. The underlying 

concept is that the strontium isotopic signature is mostly preserved and carried from 

the eroding geologic bedrock to the soil (Dasch, 1969) and then enters as bioavailable 

strontium into the plants (Hurst and Davis, 1981). This signature is then preserved in 

its consumers, no matter the trophic level (i.e., from plants to herbivores and from 

herbivores to carnivores) (Steadman et al., 1958). While there are additional non-

geologic sources of variations in this 87Sr/86Sr ratio, an isotopic signature from 

specimens can then be associated with a biologically-available signature from a given 

location or region. This correlation between 87Sr/86Sr ratios within a food web with 

underlying geology signature was originally demonstrated in ecological studies (Gosz 

et al., 1983; Åberg, 1995; Koch, 1998) and quickly applied to archeological context 

(Ericson, 1985; Balasse, 2002; Bentley, 2006). 

 

1.2.3 Variation of carbon and oxygen stable isotope values in tooth enamel 

The carbon isotopic composition of bioapatite reflects that of diet, whereas the oxygen 

reflects mainly that of ingested water (DeNiro and Epstein, 1978; Sullivan and 

Krueger, 1981; Longinelli, 1984; Luz et al., 1984; Lee-Thorp et al., 1989; Cerling and 

Harris, 1999; Sponheimer and Lee-Thorp, 1999b; Passey et al., 2005). 

Reliance on food resources can be assessed through the existence of "isotopically" 

distinct resources in the environment. In tropical contexts, there exists an isotopic 

distinction in δ13C values between plants using C3 and C4 photosynthetic pathways 

(Smith and Epstein, 1971; O’Leary, 1988; Farquhar et al., 1989). The δ13C values 

observed in studied faunal or hominin material thus convey the relative proportion of 

C4 grassland and C3 forest/woodland as carbon sources in their diet and, indirectly, to 
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their associated environments (Zazzo et al., 2000; M. Sponheimer et al., 2006a, 2006b; 

Codron et al., 2012; Bacon et al., 2018a, 2018b). C3 plants predominate over the 

terrestrial vegetation biomass and are composed of trees, bushes, shrubs, and grasses 

(Smith and Epstein, 1971; O’Leary, 1988; Farquhar et al., 1989; Still et al., 2003). For 

the geographic area in this study, a δ13C range of -37 ‰ to -23 ‰ is considered for C3 

plants, as higher values (>-23 ‰) are restricted to particular context and species (Smith 

and Epstein, 1971; O’Leary, 1988; Kohn, 2010). C4 plants occur primarily in tropical 

and subtropical grassland and savanna regions, as well as in temperate grassland 

regions in North and South America and Africa (Still et al., 2003). They are mainly 

composed of grasses and sedges and present higher δ13C values of -17 ‰ to -10 ‰ 

(Smith and Epstein, 1971; O’Leary, 1988). 

It is noteworthy to mention that the terms C3 and C4 refer only to plants’ photosynthetic 

pathways. Technically, they are therefore strictly appropriate to describe the diet of 

herbivores. However, these terms will be used for all taxa in the present study to refer 

to the exploitation of resources provided from an environment dominated by either C3 

or C4 plants rather than the consumption of the plants themselves. Finally, the emission 

of burning fuel over the past 150 years has decreased the δ13C of atmospheric CO2, 

consequently influencing the δ13C of all living organisms. As the δ13C values of plants 

are based on modern samples, they must be corrected (~ 1.5 ‰) (Friedli et al., 1986) 

when comparing with organisms that predate the atmospheric CO2 shift due to fossil 

fuel burning. Therefore, the upper δ13C limit for C3 used for the present study is shifted 

from -23 ‰ to -21.5 ‰, and the lower limit for C4 plants from -17 ‰ to -15.5 ‰. 

The diet’s isotopic composition is then metabolized and incorporated into the tissues 

of animals (Lee-Thorp et al., 1989). Trophic fractionation occurs when the food's 

carbon is metabolized and incorporated into the tissues of animals (bone collagen, 

enamel carbonate, hair, etc.), but is not homogenous and varies across animals (DeNiro 

and Epstein, 1978; Lee-Thorp et al., 1989; Cerling and Harris, 1999; Passey et al., 

2005). No δ13C diet-enamel spacing was thus applied to tooth enamel δ13Capatite values 

in this paper because empirically determined diet-enamel 13C enrichment factors (or 

closely related ones) are not determined for too many of the investigated fossil species. 

Thus, only δ13Capatite values are compared, which avoids the necessity of assumptions 

(however well-founded and logical) otherwise needed in order to assign diet-enamel 

δ13C spacing to species with no such available data. However, this still enables the 

distinction between C3 and C4 plant-feeders. 
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The oxygen isotopic composition (δ18O) of tooth enamel in homeothermic animals is 

regulated by that of body water, which consists of a complex combination of the effect 

of climate, diet, and physiology (Longinelli, 1984; Luz et al., 1984; Ayliffe and 

Chivas, 1990; Bryant et al., 1994; Kohn, 1996; Kohn et al., 1996; Pederzani and 

Britton, 2018). Enamel oxygen isotope composition is nevertheless primarily 

controlled by the composition of drinking water and chemically-bound water in the 

diet, i.e., free water found in plants (Longinelli, 1984; Luz et al., 1984; Bryant and 

Froelich, 1995; Kohn et al., 1996; Fricke et al., 1998; Fricke et al., 1998). The isotopic 

composition of both of these is, in turn, mostly dependent on latitude and climate and 

temperature, moisture content, amount of precipitation, and isotopic composition of 

precipitation (Dansgaard, 1964; Longinelli, 1984; Kohn and Cerling, 2002). In tropical 

and subtropical regions, it has been shown that the δ18O values of vegetation mostly 

reflect either evaporative potential or the source-effect of rainfall (Buchmann et al., 

1997; Buchmann and Ehleringer, 1998; McCarroll and Loader, 2006). 

Carbon and oxygen isotope compositions offer another insight into 

paleoenvironmental conditions in densely forested C3 ecosystems through low values 

resulting from a “Canopy Effect” (van der Merwe and Medina, 1991). The lowest δ18O 

and δ13C values are found in flora and fauna living on the forest floor (Vogel, 1978; 

Ehleringer et al., 1986; Medina et al., 1986; Ehleringer et al., 1987; Sternberg et al., 

1989; van der Merwe and Medina, 1989, 1991; Krigbaum, 2003; Krigbaum et al., 

2013; Graham et al., 2014; Blumenthal et al., 2016; Roberts et al., 2017b) and can 

consequently be used as a tracer to infer the density of a forest cover. Additionally, 

δ18O and δ13C values from densely forested areas and ones that are more open will 

discriminate from one another with higher values associated with open settings 

(Roberts et al., 2015, 2017a, 2017b; Blumenthal et al., 2016). 

 

1.2.4 Variation of nitrogen stable isotope values in collagen 

Collagen-bound nitrogen isotope composition (δ15N) is usually 3 to 5 ‰ higher than 

dietary protein (Schoeninger and DeNiro, 1984; Hedges and Reynard, 2007; 

Katzenberg and Waters‐Rist, 2018). This diet-consumer spacing can thus be used to 

assess the trophic level of an organism within a given food web and particularly to 

identify the consumption of animal protein in the diet. Herbivores from terrestrial food 

web thus usually show δ15N values 3 to 5 ‰ higher than the plants (i.e., 3 to 7 ‰), 

whereas carnivores will exhibit values, again, of 3 to 5 ‰ higher than their prey (i.e., 
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6 to 12 ‰). Omnivore’s δ15N values will usually fall between both ranges, according 

to the proportion of plant and animal proteins in their diet. However, the δ15N values 

of plants are not homogeneous (Ambrose, 1991; Martinelli et al., 1999; Aranibar et 

al., 2008), which can lead to differences in absolute δ15N values from one food web to 

another. Nevertheless, by comparing specimens from a wide range of diets (herbivores, 

omnivores, and carnivores) for a given food web, it is possible to assign trophic level 

positions to specimens. The same trophic level effect can also be observed in aquatic 

ecosystems, but because many more steps usually take place in the food chain in 

aquatic ecosystems, δ15N values of top-level consumers tend to be much higher 

(Richards and Hedges, 1999). 

 

Supplementary information 1.3: Methods 

1.3.1 Sample collection 

The material used in this study consists of a selection of diverse taxa from the Tam 

Hay Marklot cave assemblage, covering a large range of distinct dietary habits. Each 

of the species’ specific trophic ecology was assigned based on analogous modern-day 

fauna’s dietary behaviors (Nowak, 1999; Macdonald, 2009; Johnsingh and Manjrekar, 

2013, 2015). A total of 72 teeth belonging to 22 taxa were selected for the present 

isotopic analysis. One to six specimens per species were used (Table S2). Within each 

taxon, the same types of teeth (ex: left p3) were selected to ensure they belonged to 

different individuals. However, the same "right" and "left" teeth were sometimes 

selected but were considered to belong to distinct individuals based on different dental 

wear stages. In addition to their original submitter number, each specimen was 

assigned a SEVA code associated with samples prepared at the Department of Human 

Evolution of the Max Planck Institute for Evolutionary Anthropology (Leipzig, 

Germany). Enamel was mechanically cleaned using a handheld drill equipped with a 

diamond-tipped burr to remove both adhering external material and a superficial layer 

of enamel. Subsequently, three different samples for each specimen was taken along 

the full height of the crown, using either a diamond-tip cutting wheel or diamond-

tipped burr: 4.8 to 23.5 mg (average 10.5 mg ± 7.3 mg (2σ)) for zinc isotope analysis 

(a minimum of 5 mg is recommended for the analysis), 9.4 to 25.8 mg for strontium 

isotope analysis and 4.1 to 13.7 mg for carbon and oxygen isotope analysis. The 

varying amount of material collected was due to differences in relative thickness of 

the enamel, the height of the crown and the overall aspect of the teeth. 
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1.3.2 Zinc analytical technique 

Enamel samples were digested in 1 ml of HCl 1.0 N, then evaporated and dissolved 

again in HBr 1.5 N. Zinc was then purified in two steps the modified ion exchange 

method adapted from Moynier et al. (2006), first described in Jaouen et al. (2016a). 

Zinc was purified in pre-conditioned microcolumns on 1 ml AG-1x8 resin (200-400 

dry mesh size, 106-180 μm wet bead size) using 2 ml of HBr 1.5 N for matrix residue 

elution and 5 ml of HNO3 0.5 N for zinc elution. Samples were then dried and re-

dissolved in 1 ml HNO3 0.5 N. Every preparation batch of 13 samples included at least 

one reference material (in-house reference material AZE bone powder and/or the NIST 

SRM 1400 bone ash) and a blank in order to assess the quality of the column 

chromatography purification. These replicate measurements allow to correct values of 

the enamel samples run at the same time, while also controlling the precision of the 

mass spectrometer (2σ (AZE) = 0.08 ‰; 2σ (NIST SRM 1400) = 0.06 ‰). Zinc 

isotopic ratios were measured using the protocol of Toutain et al. (2008) and Cu 

doping, on a Thermo Neptune Multi-collector ICP-MS at the Max Planck Institute for 

Evolutionary Anthropology (Leipzig, Germany). The dentin and sediment samples 

were measured on a Thermo Neptune Plus Multi-collector ICP-MS atthe 

“Observatoire Midi Pyrénées” (Toulouse, France). The in-house standard zinc AA-

MPI was used for standard bracketing. Isotopic ratios were expressed relative to the 

international standard JMC-Lyon. Isotopic abundances are presented in δ (delta) 

notation expressed as deviation per mil (‰), as follows: δ66Zn = (66Zn /64Zn sample/66Zn 

/64Zn standard ─ 1) × 1000. Repeated analyses (n = 89) of almost every specimen were 

also performed to determine the homogeneity of the enamel samples. The overall 

average analytical repeatability for these fossil samples was ±0.04 ‰ (2σ) (Table S4). 

Following a protocol adapted from the one used for strontium by Copeland et al. 

(2008) (Copeland et al., 2008) and first used in Jaouen et al. (2016b), regression 

equation based on the 64Zn signal intensity (V) of three solutions with known 

concentrations (150, 300 and 600 ppb) were used to estimate the zinc concentrations 

of samples. The accuracy of these obtained zinc concentration was evaluated through 

the known concentration of international reference material NIST SRM 1400 (bone 

ash) and deemed accurate (expected zinc concentration = 181 ± 6 µg/g (2σ); measured 

zinc concentration 190 ± 19.4 µg/g (2σ)). 
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1.3.3 Strontium analytical technique 

Sample preparation used a modified method of Copeland et al. (2008) (Copeland et 

al., 2008), as presented in Britton et al. (2009) (Britton et al., 2009). Enamel samples 

were digested in 2 ml of HNO3 14.3 N, then evaporated and dissolved in 1 ml HNO3 

3.0 N. Samples are then loaded into 1 ml of pre-conditioned microcolumns containing 

Sr-spec™ resin (50-100 μm particle size). Matrix residues were eluted with 1.2 ml 

HNO3 3 N and strontium was eluted from the resin with 1.5 ml ultrapure deionized 

water (18.2 MΩ), dried and then re-dissolved in 2 ml HNO3 0.5 N. Every preparation 

batch of 10 samples included at least one reference material (NIST SRM 1486 bone 

meal) and a blank in order to assess the quality of the column chromatography 

purification. Analyses of 87Sr/86Sr ratios were measured using a Thermo Scientific 

Neptune Multi-collector ICP-MS at the Max Planck Institute for Evolutionary 

Anthropology. 

All 87Sr/86Sr measurements were corrected for interferences from rubidium (Rb) and 

normalized for instrumental mass bias to 88Sr/86Sr = 8.375209 (exponential law). 

External normalization of data was achieved with analysis of the international 

strontium isotope reference material NIST SRM 987 during each analytical session 

(87Sr/86Sr value = 0.7102957 ± 0.000021 (2σ) (n = 58)). All 87Sr/86Sr values reported 

here were adjusted so SRM987 = 0.710240 (Johnson and Fridrich, 1990), with a 

correction offset of + 0.000056 (n = 58). Strontium concentrations of the enamel 

samples were determined through regression equation based on the 88Sr signal 

intensity (V) of three solutions with known concentrations (100, 400, and 700 ppb), 

using the method described in Copeland et al. (2008) (Copeland et al., 2008). 

 

1.3.4 Carbonate carbon and oxygen analytical technique 

Each sample was soaked in a 1 ml of 0.1 M acetic acid (CH3COOH) solution for four 

hours at room temperature, rinsed three times in distilled water, and then dried 

overnight at 65 °C. Stable carbon and oxygen isotopic compositions of every sample 

were analyzed using a Thermo Scientific Delta V Advantage isotopic mass 

spectrometer coupled to a Thermo Scientific Kiel IV Carbonate Device chemical 

preparer, at the "Service de Spectrométrie de Masse Isotopique du Muséum (SSMIM)" 

in Paris. Isotopic abundances are presented in δ (delta) notation expressed as deviation 

per mil (‰), as follows: δ13C = (13C/12Csample/13C/12Cstandard ─ 1) × 1000 and δ18O = 

(18O/16Osample/18O/16Ostandard ─ 1) × 1000. Analyses of an internal laboratory reference 



___________________________________________________________________________ 156 SUPPLEMENTARY INFORMATION APPENDIX 

material (Marble LM) normalized to the International Atomic Energy Agency 

reference material (NBS-19) (Table S6) were performed alongside fossil samples 

during every mass spectrometer run. These replicate measurements allow to correct 

values of the carbonate enamel samples run at the same time, while also controlling 

the precision of the mass spectrometer (2σ (δ13C) = 0.06 ‰; 2σ (δ18O) = 0.12 ‰). 

 

1.3.5 Collagen carbon and nitrogen analytical technique 

A selection of specimens (n = 23) from various taxon (n = 16) was also taken to assess 

the preservation of organic material. Because most teeth from the assemblage show 

various degrees of porcupine gnawing of their roots, only 23 out of the 72 specimens 

had sufficient dentin material for such analysis. The root of the teeth was cleaned with 

a sandblaster using Korox® 50 (50 µm) 99.6% aluminum oxide sand. Samples were 

obtained by using a handheld drill equipped with a diamond-tip cutting wheel, where 

198.2 to 677.5 mg of material was taken from the root area. Sample preparation for 

collagen extraction followed the protocol first described in Talamo and Richard (2011) 

(Talamo and Richards, 2011). Samples were demineralized with HCl 0.5 N while 

refrigerated for several days (until no effervescence was observed), then rinsed with 

deionized water. NaOH 0.1 N was then added for 30 minutes to remove humic acids, 

followed by an HCl 0.5 N step for 15 minutes, with deionized water rinses after both 

steps. Following Longin’s protocol (1971) (Longin, 1971), samples are gelatinized at 

pH 3 in a heater block at 75 °C for 20 h, and then filtered (Eeze-Filter™, Elkay 

Laboratory Products (UK) Ltd.), to remove small particles (<80 µm), and ultrafiltered 

(Sartorius “Vivaspin Turbo” 30 KDa ultrafilters). Finally, samples were lyophilized 

for 48 h (~ -28 °C). The preservation of the collagen was assessed for the samples with 

a sufficient yield by evaluating C:N (between 2.9 and 3.6) ratios, %C, %N, collagen 

yield (ideally not less than 1% of weight), and δ13C and δ15N values (Ambrose, 1990; 

van Klinken, 1999). Stable isotope analysis was conducted using a Thermo Finnigan 

Flash EA coupled to a Delta V isotope ratio mass spectrometer. The δ13C values are 

measured relative to the V-PDB standard, and δ15N values are measured relative to the 

AIR standard. 

 

1.3.6 Spatial element concentration profiles analytical technique 

Spatial element concentration profiles were conducted on six fossils specimens (Tam 

Hay Marklot cave, Laos) and three modern ones (Center of Natural History of 
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Hamburg, originally zoo animals from Hagenbeck Tierpark in Hamburg). Each tooth 

was sectioned longitudinally along the buccolingual axis using an Isomet low-speed 

saw (Bühler, Lake Bluff, US). In order to obtain a plane surface, the resulting surface 

of each tooth was then polished using an Ecomet 4000 variable speed grinder-polisher 

(Bühler, Lake Bluff, US) with Carbimet grit 360 [P600] (Bühler, Lake Bluff, US) 

paper. The measurement routines were performed with a Thermo Element2 single 

collector sector-field ICP-MS coupled with a New Wave UP213 Nd:YAG laser 

ablation system at the Max Planck Institute for Chemistry, Mainz. Spot analysis with 

a laser beam size of 80 μm and a pulse repetition rate of 10 Hz was performed in a line 

scan analysis at a speed of 10 µm/s after a pre-ablation with 80 µm/s. Fluence (energy 

density) during the experiments was 13 J cm-2. 

Concentration of the following 36 selected isotopes were measured in the same run: 

Na23, Mg25, Al27, Si29, P31, K39, Ca43, Mn55, Fe57, Cu63, Zn66, Zn67, Zn68, Rb85, Sr86, 

Sr88, Cs133, Ba137, Ba138, La139, Ce140, Pr141, Nd143, Sm147, Eu151, Gd157, Tb159, Dy161, 

Ho165, Er167, Tm169, Yb173, Lu175, Pb208, Th232 and U238. The synthetic glass NIST SRM 

612 (n = 6) was used to calibrate element concentrations (Jochum et al., 2011). Each 

monitored isotope was normalized to 43Ca as the internal standard. During each LA-

ICP-MS sequence, the accuracy and precision of the analysis were assessed by 

measuring ca. 160 μm long line scans on a pressed powder pellet of NIST SRM 1400. 

 

1.3.7 Statistical analysis 

To test our hypotheses, analyses were performed using the statistical program R 

(version 3.6.1) (R Core Team, 2018). Our response variable was δ66Zn values, and the 

tested predictors, associated with each δ66Zn value were diet (carnivore, omnivore, and 

herbivore), taxon, δ13C values, δ18O values, 87Sr/86Sr isotope ratios, zinc concentration, 

and the average body mass for that specific species. We fitted a linear mixed model 

(LMMs) (Baayen, 2008) with a Gaussian error structure and identity link (McCullagh 

and Nelder, 1989) using the R-package “lme4” (version 1.1-17) (Bates et al., 2015).  

All quantitative predictors were inspected for whether they were roughly 

symmetrically distributed and were, when they showed to have a skewed distribution 

(body mass and zinc concentration), log-transformed. In order to ease model 

convergence and achieve comparability of estimates, all quantitative predictors were 

subsequently z-transformed (to a mean of zero and a standard deviation of one). We 

included all predictors as fixed effects with the exception of taxon, which we included 
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as a random intercepts effect. Furthermore, to keep Type I error rate at the nominal 

level of 0.05, we included random slopes of δ13C, δ18O, 87Sr/86Sr, and zinc 

concentration within taxon but no parameters for the correlations among random 

slopes and intercepts (Schielzeth and Forstmeier, 2009; Barr et al., 2013). Collinearity 

among predictors was assessed using the function vif of the R-package “car” (Fox and 

Weisberg, 2011) applied to a standard linear model, excluding the random effect, was 

low (maximum of squared nth root of Generalized Variance Inflation Factors, with n 

being twice the degrees of freedom of the respective predictor: 1.56). 

To assess model stability, we compared model estimates obtained from the full dataset 

with those obtained when excluding levels of the random effect (taxa) and as well as 

specimens, one at a time. This revealed model stability to be good. We checked 

whether the assumptions of normally distributed and homogeneous residuals were 

fulfilled by visual inspection of a QQ-plot (Field, 2005) of the residuals and residuals 

plotted against fitted values, which revealed no obvious violations of these 

assumptions. In order to test the significance of the key test predictors, 87Sr/86Sr and 

body mass, we compared the full model with a null model lacking these two terms to 

avoid multiple testing (Forstmeier and Schielzeth, 2011). For this we used a likelihood 

ratio test, approximated using a chi-square distribution (Dobson, 2002). We also tested 

the significance of individual fixed effect predictors using likelihood ratio tests 

comparing the full model and with models dropping predictors one at a time. We 

determined confidence intervals of model estimates by means of a parametric 

bootstrap (function bootMer of the package “lme4”) utilizing 1,000 bootstraps. The 

sample size for the model was 69 specimens from 22 taxa since three specimens could 

not be sampled for 87Sr/86Sr analysis. 

 

Supplementary information 1.4: Results 

1.4.1 Zinc stable isotope values (δ66Zn) in fossil tooth enamel from Tam Hay 

Marklot Cave 

The zinc isotopic compositions of the 72 studied tooth enamel specimens from the 

Tam Hay Marklot fauna are presented here and in Table S4. 

When every taxon and every diet category are considered, δ66Zn values range from -

0.04 ‰ (Hystrix sp.) to 1.03 ‰ (Bos sp.), with an average of 0.52 ‰ (± 0.54 ‰ (2σ)). 

Herbivores (n = 41; meanδ66Zn = 0.68 ‰ ± 0.38 ‰ (2σ)) exhibit δ66Zn values ranging 

from 0.29 ‰ (Muntiacus sp.) to 1.03 ‰ (Bos sp.), carnivores (n = 9; meanδ66Zn = 0.09 
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± 0.24 ‰ (2σ)) from -0.01 ‰ (Panthera tigris) to 0.34 ‰ (Canidae) and omnivores (n 

= 22; meanδ66Zn = 0.41 ± 0.54 ‰ (2σ)) from -0.04 ‰ (Hystrix sp.) to 0.72 ‰ (Sus 

sp.).  

Rhinoceros sondaicus (n = 5) exhibit the largest range of variation in δ66Zn values 

(0.51 ‰) and Ursus thibetanus (n = 3) the smallest (0.05 ‰), with an average range 

throughout all different taxa of 0.27 ‰. When the mean intra-specific δ66Zn ranges of 

variation of each taxon are taken together, omnivores exhibit the largest one (0.30 ‰), 

followed by herbivores (0.28 ‰) and then finally carnivores (0.15 ‰). It is also 

noteworthy to mention that the range of variation in δ66Zn values of herbivores taxa is 

increased by that of Rhinoceros sondaicus, itself influenced by a single outlier. If this 

outlier were to be ignored, the range of variation observed in herbivores taxa δ66Zn 

would decrease to 0.25 ‰. 

The overall range of δ66Zn values for each broad diet category, as well as their taxon 

intra-specific variations, is in agreement with dietary habits. Indeed, omnivorous taxa 

(which diets can consist of various proportions of meat, eggs, insects, grubs, fruits, 

roots, tubers, leaves, stems, bark, etc.) exhibit the largest range and variability of δ66Zn 

values. They display δ66Zn values ranging from those associated with carnivorous taxa 

to those of strict herbivorous, with the bulk, however, consisting of intermediate values 

between carnivores and herbivores. This, in turn, most likely results from a varying 

proportion of meat in the diet. Herbivorous taxa range of δ66Zn values, albeit smaller 

than that of omnivores, is also coherent with expectations. Values are generally higher, 

and the relatively large range in δ66Zn values is consistent with intake from different 

plants and plant parts (i.e., fruits, roots, tubers, leaves, stems, bark, etc.). Finally, 

carnivore taxa exhibit the lowest δ66Zn values and the smallest range of variation, both 

being in agreement with a diet limited to meat consumption.  

Additionally, sediment (n = 5) and dentin samples (n = 13, from 7 specimens) and 

were analyzed for δ66Zn values (Table S15) in order to assess the trend of post-mortem 

diagenesis alteration. The δ66Zndentin values range from 0.39 to 1.05 ‰ (Table S15 and 

Figures S40-42). The offset observed between δ66Zndentin and δ66Znenamel is +0.22 ± 

0.26 ‰ (2σ) (Figure S40), which is in agreement with δ66Zn values obtained from 

modern fauna at Kobi Fora (Δδ66Znbone-enamel ≈ + 0.2 ‰) (Jaouen et al., 2016a). 

Additionally, the trophic levels difference can still be observed, with carnivores having 

the lowest δ66Zn values. The δ66Znsediment values range from 0.12 ‰ to 0.69 ‰ (Table 

S15). The clay sample exhibits the lowest δ66Zn value, as can be expected from a 

usually silicate-rich mineral, and the highest δ66Zn value is found in the cemented 
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fossil-bearing layer. When δ66Zn values from both sediments and dentin samples are 

compared with their respective zinc concentration (Figure S42), no obvious trend 

could be observed. Thus, no clear post-mortem diagenesis alteration in dentin δ66Zn 

values and zinc concentration can be observed. 

 

1.4.2 Strontium radiogenic isotope ratios (87Sr/86Sr) in fossil tooth enamel from 

Tam Hay Marklot Cave 

The radiogenic strontium isotope ratios (87Sr/86Sr) of 69 specimens from the Tam Hay 

Marklot fauna are presented here and in Table S4 and Figures S10-11. Only 69 

specimens out of 72 were analyzed, as not enough material was available from three 

specimens. 

The 87Sr/86Sr ratios range from 0.7097 (Hystrix sp.) to 0.7243 (Helarctos malayanus), 

with an average of 0.7154 ± 0.0062 (2σ). The majority of the specimens falls within a 

range of 87Sr/86Sr ratios from 0.7135 (1st Qu.) to 0.7173 (3rd Qu.). Axis cf. porcinus (n 

= 2) exhibit the smallest intra-specific variation in 87Sr/86Sr isotope (0.0001) and 

Helarctos malayanus (n = 2) display the largest (0.0122 ± 0.0172 (2σ)), while the 

average variation observed for each taxon is of 0.0044 ± 0.006 (2σ). 

No bioavailable strontium isotope ratios are available for the studied region, and no 

local plants were analyzed in the current study. Description of the bedrocks geology is 

nonetheless available (Saurin, 1961) and reported in “Supplementary information 1.1: 

Context - 1.1.1 Geology”. Three major units are identified in the surrounding area of 

the Tam Hay Marklot cave: Palaeozoic granite basement, a widespread Silurian light 

metamorphic sedimentary formation composed primarily of arkosic sandstone, and 

finally, a thick limestone unit attributed to an interval between the Late Carboniferous 

(Moscovian) and the Permian (Saurin, 1961). Considering the local geology of Tam 

Hay Marklot cave’s region, it could be expected that the granite exhibits a higher 
87Sr/86Sr value than the other two the sedimentary substratum. Accordingly, the granite 

would also be expected to display lower δ66Zn values than both sedimentary rock 

formations (Luck et al., 1999; Maréchal et al., 2000; Pichat et al., 2003; Cloquet et al., 

2008; Moynier et al., 2017). The preservation of pristine radiogenic strontium isotope 

ratios was investigated through a mixing line between strontium concentration and 
87Sr/86Sr ratios (Figure S11). The absence of any significant post-mortem strontium 

uptake was corroborated by the absence of relation between the two variables, as well 
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as by the strontium concentrations also fall within the range of modern specimens 

(Figure S11). 

 

1.4.3 Carbon (δ13C) and oxygen (δ18O) stable isotope values in fossil tooth 

enamel from Tam Hay Marklot Cave 

The carbon and oxygen isotopic compositions of the 72 studied specimens from the 

Tam Hay Marklot cave fauna are presented here and in Table S4 and Figure S8.  

Among the 22 taxa present in the sample, the δ13Capatite values range from -16.7 ‰ 

(Ailuropoda melanoleuca) to +2.4 ‰ (Rucervus eldii), with a mean δ13C value of -

10.11 ‰ (± 10.64 ‰ (2σ)). Herbivores (n = 41) present values -16.2 ‰ (Rhinoceros 

sondaicus) to +2.4 ‰ (Rucervus eldii), carnivores (n = 9) between -16.0 ‰ (Canidae 

(?Cuon alpinus)) and -4.0 ‰ (Panthera pardus) and omnivores (n = 22) between -15.4 

‰ (Ursus thibetanus) and -6.0 ‰ (Sus sp.). The majority of the specimens (65%, n = 

47) display δ13Capatite values that reflect a C3 diet (δ13Capatite < -8 ‰), with a moderate 

amount (25%, n = 18) showing a mixed C3/C4 diet (-8 ‰ > δ13Capatite < -2 ‰), and only 

few (10%, n = 7) being associated with a strict C4 diet (δ13Capatite > -2 ‰). Large bovids 

(Bos sp., Bubalus bubalis) and Panthera pardus exhibit the largest variations in δ13C 

values (respectively Δ13C 14.1 ‰, 11.9 ‰, and 9.8 ‰) and Helarctos malayanus, Axis 

cf. porcinus and Rucervus eldii exhibits the smallest ones (respectively Δ13C 0.2 ‰, 

0.2 ‰, and 0.6 ‰). The average overall variation is 4.3 ‰ and the median 2.6 ‰. 

The δ13Capatite values of -14.0 ‰ or lower result from a strong canopy effect, thus 

representative of a mesic closed low-light tropical rainforest (Cerling et al., 1997, 

2004, 2015; Cerling and Harris, 1999; Levin et al., 2008; Roberts et al., 2015, 2017a; 

Bacon et al., 2018a), with arelatively high proportion (30%, n = 22) of specimens from 

Tam Hay Marklot cave being associated with these values. All three dietary categories 

(carnivores, omnivores, and herbivores) are represented for a total of 12 different taxa. 

Rhinoceros sondaicus (n = 5), in particular, is well represented in this ecoregion, with 

only a single specimen falling out of the aforementioned range of δ13Capatite values. 

Higher δ13Capatite values, between -14 ‰ and -8 ‰, consist of diets reflecting a reliance 

on mostly C3 environment resources. It encompasses a similar proportion of specimens 

(35%, n = 25) to those associated with a strong canopy effect and presents the highest 

diversity in species (14/22 taxa). However, these C3 associated δ13Capatite values can 

reflect either a mixed dietary reliance from closed forests and open woodlands 

(Sponheimer et al., 2006a, 2006b; Levin et al., 2008; Roberts et al., 2015, 2017a) or a 
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reliance on strictly mesic forest environment (Erdelen, 1988; Roberts et al., 2015, 

2017a; Bacon et al., 2018a). In the case of Tam Hay Marklot cave, the latter case seems 

the most coherent. Indeed, taxa associated with δ13Capatite values between -14.0 ‰ and 

-8.0 ‰, most notably but not restricted to Pongo sp. (orangutan), support the presence 

of forest habitat, albeit probably not as dense as that of a closed low-light tropical 

rainforest. A natural break in the δ13Capatite values can also be observed around -10.0 

‰. Finally, the highest end of δ13Capatite values encompass values reflecting mixed C3-

C4 resources reliance (from -8.0 ‰ to -2.0 ‰) and strict C4 plant-feeder (i.e., grazer) 

values (> -2.0 ‰). A fairly significant number of specimens (35%, n = 25) and taxa 

from Tam Hay Marklot (10/22) once again present such values. Such values cover a 

wide array of ecoregions going from mixed forests to C3 xeric woodland to C3-C4 

“savannah” environment. While it can be difficult to define a clear limit between these 

various different ecoregions, they nonetheless all consist of open settings of varying 

degrees.  

The oxygen isotopic compositions of Tam Hay Marklot fauna vary from -10.0 ‰ (Sus 

sp.) to 0.2 ‰ (Naemorhedus cf. caudatus), with an average δ18Oapatite values -5.7 ‰ (± 

3.54 ‰ (2σ)). Herbivores display values of -7.6 ‰ (Capricornis sp.) to -4.2 ‰ (Bos 

sp.), carnivores from -7.3 ‰ (Panthera pardus and Canidae (?Cuon alpinus)) to -3.2 

‰ (Canidae (?Cuon alpinus)) and omnivores from -10.0 ‰ (Sus sp.) to -4.1 ‰ (Pongo 

sp.). The average variation seen within taxa is 2.6 ‰ and the median 2.8 ‰. Contrary 

to expectations, the taxa that exhibit the largest variation in their δ18Oapatite values were 

not systematically those that showed large variation in their δ13C values as well.  

 

1.4.4 Carbon (δ13C) and nitrogen (δ15N) stable isotope values in fossil teeth root 

dentin from Tam Hay Marklot Cave 

A sub-sample of 23 specimens from 16 different taxa was processed for collagen 

extraction to assess the preservation of organic material. The preservation of the 

collagen was assessed for the samples with a sufficient yield by evaluating C:N 

(between 2.9 and 3.6) ratios, %C, %N, collagen yield (not less than 1% of weight), 

and δ13C and δ15N values (Ambrose, 1990; van Klinken, 1999). The collagen-bound 

stable carbon and nitrogen isotopic composition of the four specimens that yielded 

collagen are presented here and in Table S5 and Figure S9. 
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Individuals with the highest to the lowest δ15Ncollagen are: Muntiacus sp. (10.56 ‰), Sus 

sp. (8.07 ‰), Rhinoceros sondaicus (6.63 ‰), and Bos sp. (3.15 ‰). The associated 

δ13Ccollagen values are -21.0 ‰, -21.7 ‰, -24.0 ‰ and -9.1 ‰, respectively. 

The low δ15Ncollagen value of Bos sp. can be explained by the fact that the food resources 

consumed by this specimen come from a C4 environment, and thus more open and dry 

than that associated with the other three specimens (Aranibar et al., 2008). Its trophic 

level is nevertheless consistent with a herbivorous diet (Schoeninger and DeNiro, 

1984; Kelly, 2000; Hedges and Reynard, 2007; Katzenberg and Waters‐Rist, 2018). 

The δ15Ncollagen value of the Sus sp. specimen, when compared to herbivorous 

Rhinoceros sondaicus specimen, is consistent with that of an omnivorous diet, as it is 

higher (+1.49 ‰) but not by a full trophic level (Schoeninger and DeNiro, 1984; 

Hedges and Reynard, 2007; Katzenberg and Waters‐Rist, 2018). Muntiacus sp. 

exhibits the highest δ15Ncollagen, which is almost a trophic level higher (+2.49 ‰) than 

that of Sus sp. and a full trophic level higher than that of Rhinoceros sondaicus (+3.93 

‰). This is surprising given that even an omnivorous diet is debated for the muntjac. 

While some studies suggest that they exhibit omnivore habits (Kurt, 1990; Jackson, 

2002), others show that it is not the case (Jackson and Chapman, 1977; Ilyas and Khan, 

2003; Johnsingh and Manjrekar, 2015). At the very least, a full trophic level above 

herbivores, and slightly higher than that of Sus sp., is unexpected. The δ13Ccollagen 

values are consistent with those ranging from mammals feeding in a C4 open 

environment to a closed low-light tropical rainforest. They also mirror the δ13Capatite 

values obtained for the same specimens. A fairly constant δ13Capatite-collagen spacing 

(from 7.8 to 8.8 ‰; 8.2 ± 1.0 ‰ (2σ)) can also be observed and is slightly larger than 

expected spacings, especially for omnivores (Krueger and Sullivan, 1984; Lee-Thorp 

et al., 1989; Passey et al., 2005).  

 

1.4.5 Spatial element concentration profiles 

Spatial element concentration profiles analysis was carried on (Capricornis sp., Ursus 

thibetanus, Panthera pardus, Sus sp., and Macaca sp.) and three modern teeth (Bison 

bison, Hemitragus jemlahicus, and Pteronura brasiliensis) of various feeding 

behaviors (carnivorous, omnivorous, and herbivorous). From the 36 selected isotopes 

measured, sets of spatial element concentration profiles are provided in Figures S12-

S29 for the following elements: zinc (Zn), iron (Fe), manganese (Mn), aluminum (Al), 

magnesium (Mg), strontium (Sr), REE (rare earth elements, calculated as the sum of 
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all measured REE concentrations), lead (Pb) and uranium (U). Elements such as iron, 

manganese, and aluminium and were used as diagenetic tracers because their ionic 

radius is close to that of zinc, making them more likely to share similar behaviors and 

consequently to be altered in similar ways (Jaouen et al., 2018). In addition, rare earth 

elements, lead, and uranium were used to assess the presence of diagenesis in a broader 

sense. Indeed, because their ionic radius differs widely from that of zinc, they behave 

in a very different way and are not a reliable specific diagenesis tracer for elements 

such as zinc (Reynard and Balter, 2014). 

Similar concentrations and undisturbed distribution profiles of these elements were 

observed almost systematically across modern and fossil enamel samples, while in 

contrasts the dentin and pulp cavity in fossil teeth displayed an increase or decrease of 

these elements, indicating diagenetic alteration. A total of 23 enamel cross-section 

segments were analyzed over the 15 analyses conducted on the six fossil specimens. 

Only one, from the Panthera pardus specimen, showed zinc concentration distribution 

that deviates from the pattern found in modern teeth. However, this was only observed 

for one of the cross-section segments analyzed on this specimen. 
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Supplementary information 2 

Supplementary information to Jaouen et al. (2020), Zinc isotope variations in 

archeological human teeth (Lapa do Santo, Brazil) reveal dietary transitions in 

childhood and no contamination from gloves. PLoS ONE 15, e0232379. 

doi.org/10.1371/journal.pone.0232379  

 

Supplementary information 2.1: Archeological context 

The samples come from the site of the convent of the Jacobins, Rennes, France. The 

diet of many individuals from this convent has been investigated in two previous 

studies (Jaouen et al., 2018; Colleter et al., 2019). They revealed a diet rich in animal 

proteins during the 16th to 18th centuries for the well-off individuals (Group A) as well 

as the intermediate socio-economical group (Group B). The two individuals analyzed 

for this study are a 5 to 9-year-old child belonging to Group A (Grave 291, US 63949, 

buried in one of the chapels of the convent church), and an adult belonging to Group 

B (Grave 300, US 20106) buried in the west yard, out of the convent walls (Le Cloirec, 

2016). The adult died between 20 and 49 years of age (AlQahtani et al., 2010) and was 

quite tall compared to the rest of the Jacobin population (178.6 cm). 

 

Supplementary information 2.2: Methods 

Prior to destructive sampling, the teeth were scanned on a Diondo d3 micro-CT 

scanner in the Department of Human Evolution at the Max Planck Institute for 

Evolutionary Anthropology in Leipzig. The following parameters were used for μCT-

scanning the lower left M1: voltage of 130 kV, a current of 80 μA, frame average of 

2, 2430 projections, a resolution of 9.1366 μm (isometric voxels), X-Ray beam filtered 

by 0.5 mm of Brass; the scan took 1h4min. The data were routinely reconstructed as 

described in Le Cabec et al. (2013). Virtual 2D sections and 3D models were generated 

in VGSTUDIO MAX 3.2.0. 

The teeth were sampled following the protocol described in the main text using vinyl 

gloves. The sampling areas were carefully chosen (reported in Table S19) to be able 

to estimate the associated age of enamel formation (Figure S48). The collagen was 

extracted following the protocol of Talamo and Richards (2011) without the 

ultrafiltration step in order to obtain enough material on the milk teeth. All the teeth 
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were analyzed at the GET/OMP lab using a Neptune Plus MC-ICP-MS for zinc 

isotopes and with EA-IRMS for C/N isotopes. 

 

Supplementary information 2.3: Results and discussion 

Isotope data for the samples and standards can be found in Tables S16 and S19, as 

well as Chapter 3, Figures 13 and 14. The collagen extraction was successful for all 

the samples tested, and the C/N ratio corresponds to the modern range (van Klinken, 

1999). For zinc isotopes, the differences between the adult and the child for the I1, I2, 

C, P3, and P4 can be partially explained by the fact that the sampled areas were at the 

tip of the crown for the child (cuspal enamel), and the middle for the adult (lateral 

enamel). However, we have two samples horizontally (parallelly to the enamel dentin 

junction) taken for all the adult teeth except the M1, and they gave consistent results. 

Therefore, the child samples reveal earlier stages of formation when the individual was 

still breastfed. Based on Figure 12, we can assume the child was weaned at 2 years of 

age. It also matches the results obtained on nitrogen isotopes (Figure S49). According 

to nitrogen isotopes, the diet of the child significantly changed after weaning, including 

much more animal proteins around 5 years of age. The fact that the incisors and canines 

of the adult are not different from the premolars and molars suggests an earlier age at 

weaning, probably around 1 year of age. It is known that urban populations were using 

wet nurses in the countryside, who had to care for more than one child, and were 

weaning the children with porridge (Stuart-Macadam and Dettwyler, 2017). The richer 

families used to hire and host directly in their home a private wet nurse, which 

triggered less hygienic and milk deficiency issues and therefore involved later weaning 

ages. However, the shift of nitrogen isotopes observed for the child after weaning age 

(Figure S49) could suggest that the child first grew up at the wet nurse’s residence 

and was weaned on a plant-based diet. The child then moved to his or her biological 

family, where animal resources were more available. However, it could also suggest 

metabolic stress since the roots were still forming when the individual died: nitrogen 

isotope ratios can increase in association to nutritional stress (Hobson et al., 1993; 

Mekota et al., 2006). Many intense and regular stress events were observed in the 

dentin of the M1 (see µCT data, Figure S50). This is consistent and would lend support 

to explain the elevated δ15N values obtained from the M1 dentin. 

The previous works by Dolphin and collaborators (Dolphin et al., 2005; Dolphin and 

Goodman, 2009) suggested that postnatal enamel should exhibit higher zinc 
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concentrations than prenatal one, which we did not observe (Figure S51). In general, 

no correlation was observed between zinc isotope ratios and concentrations. It is 

probably explained by the fact that superficial enamel has a very high zinc content 

(Tacail et al., 2007) and that depending on the depth of the sampling, it might impact 

the zinc concentration of a sample whatever formation time it would correspond to. 
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Supplementary information 3 

Supplementary information to Bourgon et al. (2021), Trophic ecology of a Late 

Pleistocene early modern human from tropical Southeast Asia inferred from zinc 

isotopes. J. Hum. Evol. 161, 103075, doi.org/10.1016/j.jhevol.2021.103075. 

 

Supplementary information 3.1: Stable isotope analyses 

3.1.1 Variation of zinc stable isotope values in tooth enamel 

In a terrestrial context, the primary source of zinc in a given food web originates from 

its primary producers—plants. Two main parameters have been shown to account for 

the zinc isotope composition of plants: initial zinc isotope ratios of the source uptake, 

i.e., soil (Viers et al., 2007; Fekiacova et al., 2015), and biological fractionation (Weiss 

et al., 2005; Viers et al., 2007, 2015; Moynier et al., 2009; Aucour et al., 2011). For 

plants specifically, the initial source uptake is derived from the soil, the isotopic 

composition of which is in turn controlled by the nature of the underlying bedrock. 

The δ66Zn value of the soil itself is determined by the nature of the underlying bedrock, 

where igneous rocks exhibit a narrow range of δ66Zn values (+0.3 ± 0.14 ‰, 2σ; 

Moynier et al., 2009, 2017) and sedimentary rocks exhibit a broader range (Maréchal 

et al., 2000; Cloquet et al., 2008; Moynier et al., 2017) with the highest values observed 

for marine carbonates (up to +1.4 ‰; Luck et al., 1999; Pichat et al., 2003). Within 

plants themselves, biological fractionation first occurs between the roots and the soil, 

specifically through zinc uptake in the rhizosphere. Roots, but also shoots, thus 

generally display higher δ66Zn values relative to the litter layer in which they grow 

(Weiss et al., 2005; Viers et al., 2007; Moynier et al., 2009; Aucour et al., 2011). 

Additional fractionation within plants also seems to occur through an active uptake of 

zinc heavy isotopes by cells out of the xylem during its transport. This consequently 

favors the mobility of light isotopes to the most aerial parts of the plants, which in turn 

exhibit low δ66Zn values (Weiss et al., 2005; Viers et al., 2007; Moynier et al., 2009). 

As a result, a correlation is often observed between the δ66Zn in leaves and the height 

of the plants, both within a single plant and between plant species. Accordingly, low-

growing plants such as herbaceous species are expected to display higher δ66Zn values 

compared to high-growing plants like trees (Weiss et al., 2005; Viers et al., 2007; 

Moynier et al., 2009). Subsequently, the isotopic composition of zinc in a consumer’s 

body tissues is governed by the same two factors, namely, zinc isotopic composition 

of the source uptake (i.e., the food ingested, whether plant or animal; Jaouen et al., 
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2013; Costas-Rodríguez et al., 2014) and the isotopic fractionation occurring within 

an organism (Turnlund et al., 1984; Cousins, 1985; Lönnerdal, 2000; Balter et al., 

2010; Jaouen et al., 2013, 2017; Moynier et al., 2013). It has been suggested that 

biological activity fractionates zinc isotopes in the body, thus explaining variability in 

body tissues (Balter et al., 2010; Moynier et al., 2013). As such, a consumer’s δ66Zn 

values will reflect which plant or animal species was fed upon as well as which parts 

or tissues of said food source. This also applies to breastfeeding milk, which was 

recently demonstrated to induce an isotopically distinct composition to that of an adult 

diet (Jaouen et al., 2020).  

 

3.1.2 Variation of strontium isotope values in tooth enamel 

The 87Sr/86Sr of the underlying soil/rock substrate mainly controls the geographical 

distribution of strontium isotopes. Contrary to other strontium isotopes, 87Sr is 

radiogenic, resulting from the radioactive decay of 87Rb. As such, the relative content 

and ratio of 87Sr to 86Sr of a given bedrock is a function of the age of the rock but also 

of its original rubidium (Rb) amount. A general trend of higher 87Sr/86Sr in older rocks 

and of lower values in younger rocks is thus typical.  

Strontium isotopes are the principal geochemical proxy used to trace migration and to 

determine the provenance of individuals (whether animals or humans) from a geologic 

area, originally demonstrated in ecological studies (Gosz et al., 1983; Åberg, 1995; 

Koch, 1998) and then frequently applied to archeological contexts (Ericson, 1985; 

Balasse, 2002; Bentley, 2006). This is because the geogenic 87Sr/86Sr is mostly 

transferred from the eroding geologic bedrock to the soil (Dasch, 1969) and then enters 

as bioavailable strontium into the plants (Hurst and Davis, 1981). This 87Sr/86Sr is then 

preserved within a food web, regardless of the trophic level (Steadman et al., 1958; 

Blum et al., 2000). Indeed, kinetic and equilibrium biological fractionations of 
87Sr/86Sr are negligible (Bentley, 2006; Price et al., 2012; Wright, 2012; Flockhart et 

al., 2015) and normalization to an 86Sr/88Sr value of 0.1194 to correct for instrumental 

mass bias (Bentley, 2006) subsequently removes all fractionation arising from natural 

processes and measurement. As such, radiogenic 87Sr/86Sr ratios in animal bones and 

teeth are passed along trophic levels and reflect those of local bioavailable strontium 

sources (Graustein, 1989; Bentley, 2006; Knudson et al., 2010; Lewis et al., 2017). 

The 87Sr/86Sr from specimens can thus be associated with a biologically available 

signature from a given location or region.  
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3.1.3 Variation of carbon and oxygen stable isotope values in tooth enamel 

The carbon isotopic composition (δ13C) of bioapatite can be used to assess the reliance 

on food resources through the existence of ‘isotopically’ distinct resources in the 

environment. In a tropical setting, the δ13C values distinguish plants undergoing C3 

and C4 photosynthetic pathways (Smith and Epstein, 1971; O’Leary, 1988; Farquhar 

et al., 1989). The δ13C values observed in studied faunal or hominin material reflect 

that of the carbon sources, and consequently convey the relative proportion of C3 

forest/woodland and C4 grassland in their diet, and indirectly to their associated 

environments (Zazzo et al., 2000; Sponheimer et al., 2006a; Codron et al., 2012; Bacon 

et al., 2018a, 2018b). C3 plants encompass trees, bushes, shrubs, and C3 grasses (Smith 

and Epstein, 1971; O’Leary, 1988; Farquhar et al., 1989; Still et al., 2003). For the 

geographic area in this study, the δ13C values of C3 plants are considered to fall in the 

range of −37 to −23 ‰, as higher values (>−23 ‰) are limited to species from 

particularly dry environments (Smith and Epstein, 1971; O’Leary, 1988; Kohn, 2010). 

Low δ13C values (<−27.2 ‰ (Cerling et al., 2004; Levin et al., 2008; Tejada et al., 

2020)) offer additional insight into paleoenvironmental conditions, as they result from 

a ‘canopy effect’ (van der Merwe and Medina, 1991) found in densely forested C3 

ecosystems. C4 plants mainly consist of grasses and sedges that primarily occur in 

tropical and subtropical grassland and savannah regions (Still et al., 2003). They 

display higher δ13C values of −17 to −10 ‰ (Smith and Epstein, 1971; O’Leary, 1988), 

thus allowing for a clear C4 to C3 distinction in environments where both 

photosynthetic pathways are found. However, the burning of fossil fuels over the past 

150 years has decreased the δ13C of atmospheric CO2 and consequently influenced the 

δ13C of all living organisms. As the δ13C values of plants used in paleontological and 

archeological research are based on modern samples, a correction must be applied 

(~1.3‰; Friedli et al., 1986) when studying organisms that predate this atmospheric 

CO2 shift. Therefore, the upper δ13C limit for C3 used for the present study is shifted 

from –23 to –21.7 ‰, and the lower limit for C4 plants from –17 to –15.7 ‰. The 

upper limit for a closed-canopy C3 environment is –27.2 ‰, following recent work by 

Tejada et al. (2020), and already accounts for the correction of the modern-day 

atmospheric CO2 shift. Finally, the tissues of animals subsequently metabolized and 

incorporated the isotopic composition of the diet (Lee-Thorp et al., 1989). However, 

trophic fractionation occurring between consumer and diet varies between body tissues 

and across animals (DeNiro and Epstein, 1978; Lee-Thorp et al., 1989; Cerling and 

Harris, 1999; Passey et al., 2005). Indeed, some comparable modern data are available 

(Lee-Thorp and Van der Merwe, 1987; Cerling and Harris, 1999, 1999; Balasse, 2002; 
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Bocherens, 2002; Cerling et al., 2004; Passey et al., 2005; Bocherens et al., 2011; 

Codron et al., 2012) and more recently, Tejada-Lara et al., 2018 established a 

relationship where body mass can be used to predict 13C isotope enrichment in 

mammals. In the current paper, species-specific enrichment factors were used for each 

taxon, following the equations proposed by Tejada-Lara et al. (2018) in most cases. 

As explained in Tejada-Lara et al. (2018), the equations use log-transformed (ln) body 

mass. The obtained diet-bioapatite (ε*) also needs to be inverted (ex) in order to obtain 

the ‰ isotope enrichment value. This results in the following equations: 

General: ε*diet-bioapatite = e2.4 + 0.034 (ln BM) 

Foregut fermenter: ε*diet-bioapatite = e2.34 + 0.05 (ln BM) 

Hindgut fermenter: ε*diet-bioapatite = e2.42 + 0.032 (ln BM) 

The enrichment factor of the giant panda (Ailuropoda melanoleuca) was not 

calculated, as Tejada-Lara et al. (2018) clearly demonstrated that the giant panda’s 

calculated enrichment factor was incorrect. Instead, a ε*diet-bioapatite δ13C enrichment of 

+9.7 ‰ from Han et al. (2016) was used for the giant panda (Ailuropoda melanoleuca). 

Similarly, species-specific enrichment factors of specimens from the carnivore guild 

were not calculated, but rather we used the theoretical +9 ‰ diet-enamel spacing (Lee-

Thorp et al., 1989). Species for which this diet-enamel spacing was used include: 

Canidae, large-sized Felidae, Panthera pardus, Panthera tigris, small-sized Felidae, 

Crocuta crocuta, and Ursidae. We report both δ13Capatite and δ13Cdiet values in the 

present study.  

The oxygen isotopic composition (δ18Oapatite) of bioapatite reflects mainly that of 

ingested water (DeNiro and Epstein, 1978; Sullivan and Krueger, 1981; Longinelli, 

1984; Luz et al., 1984; Lee-Thorp et al., 1989; Cerling and Harris, 1999; Sponheimer 

and Lee-Thorp, 1999b; Passey et al., 2005). In homoeothermic animals, this 

composition is regulated by that of body water, which results from a complex 

combination of diet, physiology, and various effects of climate (Longinelli, 1984; Luz 

et al., 1984; Ayliffe and Chivas, 1990; Bryant et al., 1994; Kohn, 1996; Kohn et al., 

1996; Pederzani and Britton, 2019). Nevertheless, the oxygen isotopic composition 

from drinking water and chemically-bound water in the diet (i.e., free water found in 

plants) remain the primary source of variation in δ18Oapatite of enamel (Longinelli, 

1984; Luz et al., 1984; Bryant and Froelich, 1995; Kohn et al., 1996; Fricke et al., 

1998a, b). The δ18O of this water is primarily controlled by latitude, climate, 

temperature, moisture content, amount, and isotopic composition of precipitation 
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(Dansgaard, 1964; Longinelli, 1984; Kohn and Cerling, 2002). For tropical and 

subtropical regions specifically, the δ18O values of vegetation mostly reflect either 

evaporative potential, amount- or source-effect of rainfall (Buchmann et al., 1997; 

Buchmann and Ehleringer, 1998; McCarroll and Loader, 2006). While δ13Capatite 

values were converted to δ13Cdiet, the δ18Oapatite values were not similarly converted to 

drinking water δ18O values, as empirically-determined water-enamel 18O fractionation 

are not known for many of the investigated fossil taxa (or closely related ones). 

 

Supplementary information 3.2: Material and methods 

3.2.1 Sample collection 

The faunal material comprises a selection from the TPL and NL assemblages (70–1.1 

ka, Shackelford et al., 2018; Table S20; and 86–72 ka, Bacon et al., 2015, 

respectively), covering a large range of distinct dietary habits. Only one sample from 

TPL is very young (<1.1 ± 0.2 ka), whereas all others are at least 14 ± 2 ka or older 

(Shackelford et al., 2018; Table S27). A wide range of taxa covering distinct trophic 

levels and dietary habits was selected—including carnivores, omnivores, and 

herbivores—with each taxon assigned to a feeding category based on modern-day 

observations of its dietary behaviors (Table S20). One to 15 specimens per species 

were analyzed (Table S20). Only 32 specimens were analyzed for carbon and oxygen 

isotopes (Table S23), as the majority had already been measured and published in 

Bacon et al., 2018a. Species-specific trophic ecology (carnivore, omnivore, and 

herbivore) was assigned based on modern-day analogous fauna’s dietary behaviors 

(Nowak, 1999; Macdonald, 2009; Johnsingh and Manjrekar, 2013, 2015). Previously 

published data (δ66Zn, 87Sr/86Sr, δ13Capatite and δ18Oapatite; n = 72) were also included 

from the site of Tam Hay Marklot (THM) cave (Bourgon et al., 2020), north-eastern 

Laos (Huà Pan Province). Some species and genera were grouped together into 21 

taxonomic units of upper rank (i.e., Capricornis sp. and Naemorhedus sp. grouped into 

Caprinae; see ‘Taxon’ and ‘Taxonomic Unit’ in Table S20) and referred herein as 

‘taxon’ in this study, 18 of which are present in TPL and NL datasets. 

 

3.2.2 Enamel sampling for isotope analysis 

Enamel was first cleaned mechanically using a handheld dental drill equipped with a 

diamond-tip burr. Using either a diamond-tip cutting wheel or a diamond-tip burr, up 
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to three different samples—powder or fragment—were then taken along the full height 

of the crown for each specimen. Overall, 4.2 to 20.2 mg (average 10.4 mg ± 3.8 mg, 

1σ) were used for zinc isotope analysis (a least 5 mg is usually recommended), 4.8 to 

22.4 mg (average 13.6 mg ± 4.8 mg, 1σ) for strontium isotope analysis and 4.1 to 10.6 

mg (average 5.8 mg ± 1.7 mg, 1σ) for carbon and oxygen isotope analysis. Larger 

amounts of material were used when chips of enamel had broken off, or alternatively 

in some high-crowned teeth in order to have a homogenized sample of the full height 

of the tooth. As samples were taken along the full height of the crown, samples for 

each specimen correspond to a time span of a few months to a few years depending on 

the species and tooth selected (and the extent of tooth wear; Passey and Cerling, 2002; 

Teaford et al., 2007; Berkovitz and Shellis, 2018). The isotopic values are thus also 

timed-average and represent a long-term averaged value over that period (Fricke et al., 

1998a; Sharp and Cerling, 1998; Balasse, 2002). 

The sample from the left M1 from TPL1 consisted of a lingual fragment of enamel that 

had already chipped off, which made up the entire lateral height of the crown. To avoid 

extensive surface modification and to reduce the risk of breakage, the left M2 TPL1 

specimen was only sampled for zinc isotopic ratio measurement with light abrasion all 

over the lateral surface of its crown. For TPL1 specifically, the enamel samples from 

the M1 would represent a period spanning from 1.5 years of age to 2.5–3.5 years of 

age (Hillson, 1996; AlQahtani et al., 2010), whereas that from the M2 would cover 

from 5 to ~7–8 years of age (Hillson, 1996; AlQahtani et al., 2010). The M2 was 

analyzed to control for a potential dietary breastfeeding δ66Zn value recorded in the 

M1, as has recently been documented (Jaouen et al., 2020). When sampling an enamel 

fragment rather than powder, the complete enamel pieces were crushed, powdered, 

and homogenized using an agate mortar and pestle, and then powder aliquots were 

divided accordingly for each isotopic analytical technique. 

 

3.2.3 Zinc isotope analytical technique 

Enamel samples from 78 specimens were digested in 1 ml of HCl 1.0 N, evaporated, 

and then re-dissolved in 1 ml HBr 1.5 N. Using a modified ion exchange method 

adapted from Moynier et al. (2009) and first described in Jaouen et al. (2016a), zinc 

was purified in two steps using pre-conditioned microcolumns on 1 ml AG-1x8 resin 

(200–400 dry mesh size, 106–180 μm wet bead size). Two ml of HBr 1.5 N was used 

for matrix residue elution, followed by 5 ml of HNO3 0.5 N for zinc elution. Finally, 
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samples were dried and re-dissolved in 1 ml HNO3 0.5 N before measurements. At 

least one reference material (in-house reference material AZE bone powder and/or the 

NIST SRM 1400 bone ash) and a blank were included and prepared alongside every 

batch of archeological samples (usually 13 at a time). Zinc isotopic ratios 

measurements were performed on a Thermo Scientific Neptune Multi-collector ICP-

MS at the Max Planck Institute for Evolutionary Anthropology (Leipzig, Germany), 

using the Cu-doping protocol of Toutain et al. (2008). Zinc isotope ratios are expressed 

relative to the JMC-Lyon isotope standard, and isotopic abundances are presented in δ 

(delta) notation expressed as deviation per mil (‰), as follows: δ66Zn = 

(66Zn/64Znsample/66Zn/64Znstandard – 1) × 1000. The in-house standard zinc AA-MPI was 

used for standard bracketing. Repeated analyses (n = 126) of every specimen were also 

performed to determine the homogeneity of the enamel samples. The overall average 

analytical repeatability for these fossil samples was 0.01 ‰, 1σ; Table S22) and those 

of the in-house reference material AZE bone powder and the NIST SRM 1400 bone 

ash are 0.00 ‰ (1σ; n = 5) and ± 0.01 ‰, 1σ; n = 8), respectively (Table S26). 

Estimates for zinc concentrations of samples were obtained with a regression equation 

based on the 64Zn signal intensity (V) of three solutions with known concentrations 

(150, 300, and 600 µg/g), following a protocol adapted from the one used for strontium 

by Copeland et al., 2008 and first used for zinc in Jaouen et al. (2016b). 

 

3.2.4 Strontium isotope analytical technique 

Following a modified method of Copeland et al. (2008), first presented in Britton et 

al. (2009), 78 enamel samples were digested in 2 ml of HNO3 14.3 N, evaporated, and 

then dissolved in 1 ml HNO3 3.0 N. Samples were then loaded on 1 ml of Sr-spec™ 

resin (50–100 μm particle size) in pre-conditioned microcolumns. Matrix residues 

were eluted with 1.2 ml HNO3 3.0 N, while strontium was eluted with 1.5 ml ultrapure 

deionized water (18.2 MΩ). Samples were then dried and re-dissolved in 2 ml HNO3 

0.5 N for measurements. Each preparation batch of archeological samples also 

includes at least one reference material (NIST SRM 1486 bone meal) and a blank. 

Analysis of 87Sr/86Sr was performed with a Thermo Scientific Neptune Multi-collector 

ICP-MS at the Max Planck Institute for Evolutionary Anthropology. Interferences 

from rubidium (Rb) were corrected from every 87Sr/86Sr measurement and normalized 

for instrumental mass bias to 88Sr/86Sr = 8.375209 (exponential law). Analysis of the 

international strontium isotope reference material NIST SRM 987 was performed 

during each analytical session for external normalization of data (87Sr/86Sr value = 
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0.7102852 ± 0.000011, 1σ; n = 59). All 87Sr/86Sr values reported were adjusted so 

SRM 987 = 0.710240 (Johnson and Fridrich, 1990) with a correction offset of 

+0.000045 (n = 59). Following the method described in Copeland et al. (2008), a 

regression equation based on the 88Sr signal intensity (V) of three solutions with known 

concentrations (100, 400, and 700 µg/g) was used to estimate the strontium 

concentration for each specimen. 

 

3.2.5 Carbonate carbon and oxygen isotope analytical technique 

Powdered enamel samples of 32 teeth were soaked in 1 ml of (CH3COOH) 0.1 N for 

four hours at room temperature, rinsed in distilled water, and dried overnight at 65 °C. 

Stable carbon and oxygen isotopic ratios measurement from the carbonate phase of 

enamel were performed at the Service de Spectrométrie de Masse Isotopique du 

Muséum in Paris, using a Thermo Scientific Delta V Advantage isotopic mass 

spectrometer coupled to a Thermo Scientific Kiel IV Carbonate Device chemical 

preparer. Isotopic abundances are presented in δ (delta) notation expressed relative to 

the Vienna Pee Dee Belemnite isotope standard as deviation per mil (‰), where: δ13C 

= (13C/12Csample/13C/12Cstandard – 1) × 1000 and δ18O = (18O/16Osample/18O/16Ostandard – 1) 

× 1000. An internal laboratory standard (Marble LM), normalized to the International 

Atomic Energy Agency reference material (NBS 19; Table S26) was analyzed 

alongside fossil enamel samples during every mass spectrometer run and used for one-

point calibration, allowing correction for the structurally bound carbonate of the 

enamel samples while also controlling for the precision of the mass spectrometer (1σ 

[δ13C] = 0.03 ‰; 1σ [δ18O] = 0.09 ‰; Table S26). Two faunal specimens from Tam 

Pà Ling (SEVA number 35424 and 35958) were analyzed for carbon and oxygen 

isotopic compositions but not for zinc or strontium. 

 

3.2.6 Statistical analysis 

The sample size for the linear mixed model (LLM) was 145 specimens from 21 

(generalized) taxa using datasets of TPL (this study), Nam Lot cave (NL; this study 

and Bacon et al., 2018a), and THM (Bourgon et al., 2020). 

The investigated response variable was δ66Zn values, and the tested predictors were: 

diet (carnivore, omnivore, and herbivore), site (THM, NL and TPL) taxon, δ13Capatite 

values, δ18Oapatite values, 87Sr/86Sr, zinc concentration, and average body mass for each 



___________________________________________________________________________ 176 SUPPLEMENTARY INFORMATION APPENDIX 

species (estimated from modern-day analogous species (Nowak, 1999; Macdonald, 

2009; Johnsingh and Manjrekar, 2013, 2015). All quantitative predictors underwent 

visual inspection to check that they were roughly symmetrically distributed. Those 

showing a skewed distribution (body mass and zinc concentration) were then log-

transformed. Additionally, all quantitative predictors were z-transformed (to a mean 

of zero and a standard deviation of one) to ease model convergence and achieve 

comparability of estimates. Every predictor was used as fixed effects with the 

exception of taxon, which was included as a random intercept effect. Furthermore, 

collinearity among predictors was assessed by calculating variation inflation factors 

(Fox and Weisberg, 2011) to a standard linear model in which the random effect was 

excluded. The model stability was subsequently assessed by comparing the model 

estimates obtained from the full dataset to those excluding levels of the random effect 

(taxon) as well as specimens, one at a time. Assumptions of normally distributed and 

homogeneous residuals were examined by visual inspection. 

To test the significance of the key predictors (site, 87Sr/86Sr and body mass), the full 

model was compared with a null model lacking these terms (Forstmeier and 

Schielzeth, 2011) by using a likelihood ratio test, approximated using a chi-square 

distribution (Dobson, 2002). Similarly, the significance of individual fixed effect 

predictors was also tested by using likelihood ratio tests between the full model and 

models that exclude predictors one at a time and then adjusted using Holm-Bonferroni 

correction for multi-testing (Holm, 1979). Confidence intervals of the model’s 

estimate were obtained with parametric bootstrap (Bates et al., 2015), utilizing 1000 

bootstraps. Finally, while no effect size estimate for individual predictors can be 

obtained for (Generalized)LMMs, the effect size for all combined fixed effects was 

calculated (‘marginal r2’ = 0.57), as well as the one also incorporating random effects 

(‘conditional r2’ = 0.72; Nakagawa et al., 2017). 

Descriptive statistics (e.g., sample size, mean, median, quartiles, standard deviations), 

as well as the LMM results, revealed that the overall δ66Zn distribution for herbivores 

at TPL deviated from THM and NL. To further investigate the δ66Zn distribution from 

TPL fauna and evaluate the potential mechanisms underlying the difference from the 

other sites, we ran two simulations. 

The goal of the first simulation (Figure S56) was to evaluate where the observed δ66Zn 

distribution for each taxon and dietary group in TPL is located in comparison to the 

theoretical distribution for each taxon and dietary group. To do this, δ66Zn distribution 

was separately simulated for herbivores, omnivores, and carnivores (excluding the 
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bone-eating carnivore C. crocuta) from a multivariate normal distribution. Each 

dietary group comprised of various simulated taxa (herbivores = 10, omnivores = 5 

and carnivores = 4). A total of 1000 observations for each taxon was simulated. The 

empirical mean and standard deviation of the observed δ66Zn distribution for each 

taxon aggregated over every site was used for the simulations. The δ66Zn values for 

taxa in the same dietary group were assumed to be slightly correlated 0.2, as species 

in the same dietary category correlate a little with each other in their δ66Zn values since 

they potentially eat overlapping food resources.  

To further investigate whether the observed difference in mean δ66Zn values for 

herbivores from TPL could be due to sampling variability, we ran a second simulation 

(Figure S57) to evaluate whether incomplete data could exhibit δ66Zn distributions 

similar to the one observed from TPL. Zinc stable isotopes distribution was separately 

simulated for herbivores, omnivores, and carnivores from a multivariate normal 

distribution. The simulation structure was identical to the previous simulation. After 

complete simulated data were obtained for δ66Zn values for each dietary group (Figure 

S56), two kinds of missingness were introduced to the simulated data: missingness on 

the taxa and missingness on the dietary group. In TPL, the sample for each taxon 

ranged from 1 to 15; missingness was thus introduced on the taxa so that 1 to 15 

remained for each taxon. Subsequently, missingness was introduced at the dietary level 

equivalent to the missingness in the observed δ66Zn values per dietary group. Ten data 

sets were simulated according to this setup to compare them to the TPL dataset. 

Finally, the proportion of overlap between overlapping areas of kernel density 

estimations was calculated (Pastore, 2018) for δ66Zn values from each dietary category 

(Figure S58). 

 

Supplementary information 3.3: Variation of zinc stable isotope 

values in fossil tooth enamel from Tam Pà Ling and Nam Lot 

Each diet category from TPL and NL displays an overall mean δ66Zn value and range 

that is well in agreement with the expected dietary habits. However, the overall mean 

for herbivores is higher for TPL compared to those of NL and THM (Chapter 4, 

Figure 18), although the overall mean δ66Zn values of carnivores and omnivores from 

TPL are similar to the other two sites, and each taxon shows similar δ66Zn values 

between sites. This is likely the result of the smaller (n = 19) and less diverse herbivore 
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faunal assemblage from TPL. Indeed, many herbivorous taxa associated with lower 

values (i.e., Tapiridae, Ailuropoda melanoleuca and Muntiacus sp.) are absent or very 

few in number in TPL, and comparatively more Caprinae, associated with higher δ66Zn 

values, are present (Figure S54). Multivariate-normal simulations were able to 

replicate these findings and further support that the faunal assemblage composition—

and not different values per se—explains the higher mean δ66Zn value of herbivores at 

TPL (SI Appendix, Supplementary information 3.2.6; Figures S56 and S57). 

Herbivores from NL and TPL display a broad range of δ66Zn values (+0.27 to 

+1.07 ‰) similar to those of THM. A difference in diet linked to a broad grazer-

browser distinction could also be suggested, as it was observed for the Koobi Fora 

region (Jaouen et al., 2016a). However, no clear distinction in δ66Zn values could be 

drawn between taxa with δ13Capatite values from C3 and C4 feeders at TPL and NL, nor 

could THM (Bourgon et al., 2020). Because of the δ66Zn-to-height correlation 

observed in plants, it is possible that lower consumption of plant-matter from 

vegetation layers on C3 understory plants leads to equally high grazer-like δ66Zn 

values, regardless of the photosynthetic pathways. This could thus explain the absence 

of correlation between δ66Zn values and δ13Capatite values from C3-C4 feeders. 

Presumable grazer-browser dietary ecology could be tentatively assigned to each 

herbivorous taxon using analogous modern-day fauna’s dietary behaviors. However, 

the fauna from Southeast Asia is particularly stable and homogenous throughout a vast 

period and geographic range (from Thailand to Borneo, and often even including 

India), covering vastly different environments. In fact, synecological analyses have 

long struggled with this consistency in faunal assemblages (Medway, 1977; de Vos 

and Long, unpub. rep., 1993; van den Bergh et al., 2001). Assigning typical habitat or 

dietary behaviors —such as grazer or browser—was shown to be mostly ineffective 

for many animal species found in Southeast Asia and wholly dependent on the exact 

locality (and time period studied; Bacon et al., 2018a, 2018b; Suraprasit et al., 2018, 

2020; Ma et al., 2019; Bourgon et al., 2020). As such, no ‘grazer’ or ‘browser’ feeding 

ecology was assigned to herbivorous taxa for the present study. Comparisons in δ66Zn 

variability between herbivorous taxa are thus strictly based on δ13Capatite values, 

distinguishing C3 from C4 feeders, i.e., reflecting the diet actually ingested by the 

analyzed individuals.  

Currently, the most likely explanation for this variability is the consumption of a 

variety of different plants species and plant parts, perhaps also linked to the vertical 

layering of the vegetation and its postulated δ66Zn-to-height gradient. Indeed, while 
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lower values could be associated with consumption of high-growing plants or more 

aerial parts due to active uptake of heavy zinc isotopes out of the xylem during 

transport (Weiss et al., 2005; Viers et al., 2007; Moynier et al., 2009), no clear 

distinction can be established between the various dietary habits of the herbivorous 

taxa. Additionally, as the same range of δ66Zn values can be observed for both foregut 

and hindgut fermenters, digestive physiology was ruled out as a factor explaining this 

variability. Maternal effects linked to breastfeeding or tooth formation in utero were 

also ruled out as causes for intra-group δ66Zn variability, as no clear trend can be 

observed relative to the formation and emergence sequence of the sampled teeth. The 

estimate obtained from the LMM for 87Sr/86Sr (Table S24) provides insights into δ66Zn 

variability of herbivores and for that of other dietary categories. However, the 

relationship between 87Sr/86Sr and δ66Zn values is limited to some taxa (Figure S55), 

potentially hinting that this relationship is not the result of the bedrock’s δ66Zn values 

upon the food web. Rather, it could simply be that some food items—growing upon or 

located on a certain geologic substrate—and not others were consumed. Perhaps some 

degree of soil consumption in the diet—often seen in many animals (Beyer et al., 1994; 

Abrahams, 2013)—also has to be accounted for as partly explaining their δ66Zn values. 

In fact, many of the taxa found at TPL, NL, and THM are known to exhibit some 

degree of geophagy or involuntary ingestion of soil (e.g., porcupine, tapir, rhinoceros, 

sambar, and large- and small-size bovids; Abrahams, 2013) and indeed show a clearer 

relationship between 87Sr/86Sr and δ66Zn values. 
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Supplementary information tables 

SEVA Specimen 
no. Diet Diet 

type Material δ66Zn δ67Zn δ68Zn [Zn] 
(ug/g) 

35108 1ERB6B2 Bone Pellet Bone 0.32 0.57 0.69 73 
35111 1ERB6B2 Bone Pellet Liver -1.03 -1.60 -1.99 38 
35114 1ERB6B2 Bone Pellet Kidney -0.73 -1.09 -1.37 60 
35117 1ERB6B2 Bone Pellet Muscle -0.88 -1.27 -1.66 23 
35120 1ERB6B2 Bone Pellet Feces 0.09 0.12 0.23 157 
35131 1ERB6B2 Bone Pellet Hair 0.31 0.58 0.73 85 
35135 1ERB6B2 Bone Pellet RBC -0.08 -0.15 -0.11 8 
35136 1ERB6B2 Bone Pellet Plasma -0.16 0.41 -0.14 2 
35129 N/A Bone Pellet Feed 0.00 0.09 0.15 88 
35107 1ARA5B1 Animal Pellet Bone 0.22 0.37 0.48 81 
35226 1ARA5B1 Animal Pellet Feces -0.12 -0.16 -0.22 265 
35230 1ARA5B1 Animal Pellet Hair 0.10 0.17 0.18 161 
35234 1ARA5B1 Animal Pellet Kidney -0.91 -1.33 -1.54 86 
35238 1ARA5B1 Animal Pellet Liver -1.15 -1.64 -2.19 90 
35242 1ARA5B1 Animal Pellet Muscle -0.94 -1.29 -1.77 30 
35254 1ARA5B1 Animal Pellet Plasma -0.26 -0.21 -0.40 1 
35258 1ARA5B1 Animal Pellet RBC -0.18 -0.24 -0.32 6 
35337 1ARA5B1 Animal Pellet RBC -0.20 -0.13 -0.36 0 
35127 N/A Animal Pellet Feed -0.09 -0.10 -0.12 67 
36026 1BRA1B1 Breeder Pellet Bone 0.46 0.74 0.96 139 
36033 1BRA1B1 Breeder Pellet Feces 0.52 0.93 1.14 121 
36736 1BRA1B1 Breeder Pellet Kidney -0.01 0.06 0.15 63 
36743 1BRA1B1 Breeder Pellet Liver -0.36 -0.46 -0.57 64 
36749 1BRA1B1 Breeder Pellet Muscle -0.10 -0.01 0.15 31 
36025 1BRC1B1 Breeder Pellet Bone 0.39 0.64 0.83 135 
36032 1BRC1B1 Breeder Pellet Feces 0.30 0.52 0.65 208 
36735 1BRC1B1 Breeder Pellet Kidney -0.16 -0.13 -0.14 68 
36742 1BRC1B1 Breeder Pellet Liver -0.51 -0.70 -0.82 73 
35223 1BRC4B1 Breeder Pellet Bone 0.27 0.47 0.52 140 
35227 1BRC4B1 Breeder Pellet Feces 0.50 0.77 0.97 151 
35231 1BRC4B1 Breeder Pellet Hair 0.08 0.12 0.20 208 
35235 1BRC4B1 Breeder Pellet Kidney -0.19 -0.20 -0.28 97 
35239 1BRC4B1 Breeder Pellet Liver -0.56 -0.78 -1.08 87 
35243 1BRC4B1 Breeder Pellet Muscle -0.31 -0.42 -0.54 64 
35255 1BRC4B1 Breeder Pellet Plasma 0.36 0.96 0.93 1 
35257 1BRC4B1 Breeder Pellet RBC 0.46 0.69 0.92 4 
35336 1BRC4B1 Breeder Pellet RBC 0.44 0.80 0.88 0 
35340 1BRC4B1 Breeder Pellet RBC 0.50 0.74 1.02 5 
35126 N/A Breeder Pellet Feed 0.27 0.44 0.53 37 
35248 N/A Breeder Pellet Feed 0.43 0.65 0.90 70 
36037 N/A Breeder Pellet Feed 0.50 0.81 1.11 79 
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36038 N/A Breeder Pellet Feed 0.48 0.78 1.14 67 
36039 N/A Breeder Pellet Feed 0.42 0.84 0.99 70 
35109 2AA6B1 Chicks Natural Bone 0.33 0.54 0.71 115 
35112 2AA6B1 Chicks Natural Liver -0.72 -1.10 -1.37 121 
35115 2AA6B1 Chicks Natural Kidney -0.51 -0.72 -0.97 55 
35118 2AA6B1 Chicks Natural Muscle -0.45 -0.58 -0.86 21 
35121 2AA6B1 Chicks Natural Feces 0.34 0.42 0.73 312 
35122 2AA6B1 Chicks Natural Hair 0.19 0.13 0.42 78 
35138 2AA6B1 Chicks Natural WB 0.23 0.25 0.47 6 
35139 2AA6B1 Chicks Natural RBC 0.23 0.29 0.49 9 
35140 2AA6B1 Chicks Natural Plasma 0.27 0.73 0.63 5 
35141 2AA6B1 Chicks Natural Bone 0.28 0.46 0.58 92 
35142 2AA6B1 Chicks Natural Liver -0.71 -1.09 -1.38 54 
35143 2AA6B1 Chicks Natural Kidney -0.53 -0.82 -1.03 75 
35125 N/A Chicks Natural Feed 0.31 0.58 0.73 32 
35106 1ARA4B2 Insect Pellet Bone 0.26 0.30 0.55 101 
35225 1ARA4B2 Insect Pellet Feces -0.50 -0.77 -0.96 229 
35229 1ARA4B2 Insect Pellet Hair -0.02 0.01 -0.03 163 
35233 1ARA4B2 Insect Pellet Kidney -0.91 -1.34 -1.63 100 
35237 1ARA4B2 Insect Pellet Liver -1.21 -1.75 -2.30 92 
35241 1ARA4B2 Insect Pellet Muscle -0.77 -1.10 -1.48 33 
35253 1ARA4B2 Insect Pellet Plasma -0.28 -0.05 -0.32 1 
35259 1ARA4B2 Insect Pellet RBC -0.13 -0.18 -0.25 3 
35338 1ARA4B2 Insect Pellet RBC -0.15 -0.07 -0.22 0 
35128 N/A Insect Pellet Feed -0.04 -0.07 -0.01 69 
35105 1ARB1B1 Plant Pellet Bone 0.23 0.52 0.48 125 
35110 1ARB1B1 Plant Pellet Liver -1.30 -1.88 -2.53 53 
35113 1ARB1B1 Plant Pellet Kidney -0.92 -1.31 -1.74 36 
35116 1ARB1B1 Plant Pellet Muscle -1.04 -1.60 -1.97 21 
35119 1ARB1B1 Plant Pellet Feces -0.27 -0.36 -0.47 143 
35132 1ARB1B1 Plant Pellet RBC -0.29 -0.51 -0.56 

 

35133 1ARB1B1 Plant Pellet Plasma -0.36 -0.19 -0.59 
 

35249 1ARB1B1 Plant Pellet Hair -0.01 0.02 0.01 185 
36027 1ARB1B2 Plant Pellet Bone 0.23 0.47 0.53 153 
36034 1ARB1B2 Plant Pellet Feces -0.31 -0.39 -0.51 201 
36044 1ARB1B2 Plant Pellet Hair 0.13 0.34 0.36 181 
36737 1ARB1B2 Plant Pellet Kidney -0.85 -1.11 -1.45 82 
36744 1ARB1B2 Plant Pellet Liver -1.18 -1.70 -2.21 89 
36750 1ARB1B2 Plant Pellet Muscle -0.89 -1.20 -1.55 31 
36028 1ARB1G1 Plant Pellet Bone 0.28 0.47 0.61 155 
36035 1ARB1G1 Plant Pellet Feces -0.21 -0.22 -0.33 193 
36045 1ARB1G1 Plant Pellet Hair 0.10 0.32 0.37 188 
36738 1ARB1G1 Plant Pellet Kidney -0.92 -1.28 -1.53 64 
36745 1ARB1G1 Plant Pellet Liver -1.28 -1.81 -2.39 85 
36751 1ARB1G1 Plant Pellet Muscle -1.01 -1.44 -1.76 25 
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36029 1ARB1G2 Plant Pellet Bone 0.30 0.44 0.65 158 
36036 1ARB1G2 Plant Pellet Feces -0.32 -0.40 -0.54 234 
36046 1ARB1G2 Plant Pellet Hair 0.08 0.27 0.32 187 
36739 1ARB1G2 Plant Pellet Kidney -0.91 -1.33 -1.62 76 
36746 1ARB1G2 Plant Pellet Liver -1.24 -1.75 -2.33 84 
36752 1ARB1G2 Plant Pellet Muscle -0.89 -1.20 -1.56 33 
36030 1ARB1R1 Plant Pellet Bone 0.25 0.43 0.56 158 
36042 1ARB1R1 Plant Pellet Feces -0.34 -0.47 -0.57 197 
36047 1ARB1R1 Plant Pellet Hair 0.13 0.35 0.39 183 
36740 1ARB1R1 Plant Pellet Kidney -0.85 -1.20 -1.55 80 
36747 1ARB1R1 Plant Pellet Liver -1.29 -1.82 -2.44 92 
36753 1ARB1R1 Plant Pellet Muscle -0.95 -1.32 -1.65 27 
36031 1ARB1R2 Plant Pellet Bone 0.20 0.34 0.47 159 
36043 1ARB1R2 Plant Pellet Feces -0.26 -0.28 -0.42 280 
36048 1ARB1R2 Plant Pellet Hair 0.17 0.42 0.50 157 
36741 1ARB1R2 Plant Pellet Kidney -0.89 -1.27 -1.46 59 
36748 1ARB1R2 Plant Pellet Liver -1.26 -1.80 -2.37 85 
36754 1ARB1R2 Plant Pellet Muscle -0.80 -1.08 -1.36 31 
35124 N/A Plant Pellet Feed -0.25 -0.35 -0.45 48 
36040 N/A Plant Pellet Feed -0.32 -0.41 -0.53 106 
36041 N/A Plant Pellet Feed -0.33 -0.42 -0.53 101 
35224 2AA1G1 Vegetable Natural Bone 0.37 0.58 0.72 139 
35228 2AA1G1 Vegetable Natural Feces 0.25 0.45 0.55 129 
35232 2AA1G1 Vegetable Natural Hair 0.23 0.32 0.46 191 
35236 2AA1G1 Vegetable Natural Kidney -0.26 -0.36 -0.47 91 
35240 2AA1G1 Vegetable Natural Liver -0.62 -0.90 -1.20 91 
35244 2AA1G1 Vegetable Natural Muscle -0.43 -0.49 -0.68 38 
35250 2AA1G1 Vegetable Natural Hair 0.18 0.27 0.37 164 
35256 2AA1G1 Vegetable Natural Plasma 0.33 0.76 0.71 1 
35260 2AA1G1 Vegetable Natural RBC 0.36 0.56 0.71 7 
35339 2AA1G1 Vegetable Natural RBC 0.33 0.70 0.69 0 
35341 2AA1G1 Vegetable Natural RBC 0.36 0.54 0.73 6 
35245 N/A Vegetable Natural Feed 0.45 0.84 0.92 24 

Table S1. Preliminary δ66Zn results (in ‰) of rats from a controlled-feeding 
experiment. Animals were fed a custom-made diets, either pelleted (plant-, insect-, 
meat-based or meat-based & bone) or natural (day-old-chicks and vegetable mix). The 
diet "Bone" consist in an animal-based pelleted diet with an addition of 14% of bone-
like supplement. Various material (tissues, organs, body fluids and feeds) were 
analyzed for their zinc stable isotope compositions to investigate biological 
fractionation and specific diet-tissue spacings. Abbreviation: SEVA = Stable isotope-
Evolutionary Anthropology (the numbering system used in the Human Evolution 
department of the Max Planck Institute for Evolution Anthropology, Leipzig, for every 
sample analyzed for isotope analysis), RBC = Red blood cell, WB = Whole blood.  
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Taxon SEVA #ref Diet(1,2,3,4) Element 
Capricornis sp. 34489 MI-20 Herbivore m3 inf. right 
Capricornis sp. 34490 MI-21 Herbivore m3 inf. right 
Capricornis sp. 34491 MI-22 Herbivore m3 inf. right 
Capricornis sp. 34492 MI-23 Herbivore m3 inf. right 
Capricornis sp. 34493 MI-24 Herbivore m3 inf. right 
Naemorhedus cf. caudatus 34494 MI-25 Herbivore m3 inf. left 
Naemorhedus cf. caudatus 34495 MI-26 Herbivore m3 inf. left 
Naemorhedus cf. caudatus 34496 MI-27 Herbivore m3 inf. left 
Naemorhedus cf. caudatus 34497 MI-28 Herbivore m3 inf. left 
Helarctos malayanus 34498 MI-103 Omnivore M2 sup. left 
Helarctos malayanus 34499 MI-121 Omnivore M2 sup. left 
Ursus thibetanus 34500 MI-117 Omnivore M2 sup. right 
Ursus thibetanus 34501 MI-119 Omnivore M2 sup. left 
Ursus thibetanus 34502 MI-122 Omnivore M2 sup. left 
Panthera pardus 34503 MI-134 Carnivore P3 sup. right 
Panthera pardus 34504 MI-135 Carnivore p4 inf. left 
Panthera pardus 34505 MI-136 Carnivore P4 sup. left 
Rusa unicolor 34506 MI-166 Herbivore m3 inf. left 
Rusa unicolor 34507 MI-180 Herbivore m3 inf. left 
Rusa unicolor 34508 MI-185 Herbivore m3 inf. left 
Rusa unicolor 34509 MI-187 Herbivore m3 inf. left 
Rusa unicolor 34510 MI-191 Herbivore m3 inf. left 
Rucervus eldii 34511 MI-512 Herbivore m3 inf. left 
Rucervus eldii 34512 MI-595 Herbivore m3 inf. left 
Axis cf. porcinus 34513 MI-556 Herbivore m3 inf. left 
Axis cf. porcinus 34514 MI-557 Herbivore m3 inf. left 
Muntiacus sp. 34515 MI-627 Herbivore m3 inf. right 
Muntiacus sp. 34516 MI-628 Herbivore m3 inf. right 
Muntiacus sp. 34517 MI-629 Herbivore m3 inf. right 
Muntiacus sp. 34518 MI-630 Herbivore m3 inf. right 
Muntiacus sp. 34519 MI-631 Herbivore m3 inf. right 
Bubalus bubalis 34520 MI-650 Herbivore p2 (p3?) inf. right 
Bubalus bubalis 34521 MI-651 Herbivore p2 (p3?) inf. right 
Bubalus bubalis 34522 MI-652 Herbivore p2 (p3?) inf. left 
Bubalus bubalis 34523 MI-653 Herbivore p2 (p3?) inf. left 
Bubalus bubalis 34524 MI-654 Herbivore p2 (p3?) inf. left 
Bos sp. 34525 MI-655 Herbivore p2 inf. right 
Bos sp. 34526 MI-656 Herbivore p2 inf. right 
Bos sp. 34527 MI-657 Herbivore p2 inf. right 
Bos sp. 34528 MI-658 Herbivore p2 inf. left 
Bos sp. 34529 MI-659 Herbivore p2 inf. left 
Panthera tigris 34530 MI-130 Carnivore frag. p4 inf.right 
Panthera tigris 34531 MI-693 Carnivore frag. P4 sup. left 
Panthera tigris 34532 MI-694 Carnivore frag. P4 sup. left 
Sus sp. 34533 MI-662 Omnivore p4 inf. left 
Sus sp. 34534 MI-663 Omnivore p4 inf. left 
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Sus sp. 34535 MI-664 Omnivore p4 inf. left 
Sus sp. 34536 MI-665 Omnivore p4 inf. left 
Sus sp. 34537 MI-666 Omnivore p4 inf. left 
Sus sp. 34538 MI-667 Omnivore p4 inf. left 
Canidae (?Cuon alpinus) 34539 MI-131 Carnivore m1 inf. right 
Canidae (?Cuon alpinus) 34540 MI-681 Carnivore P3 sup. right 
Canidae 34543 MI-682 Carnivore M1 sup. left 
Pongo sp. 34541 MI-683 Omnivore Canine 
Pongo sp. 34542 MI-685 Omnivore M sup. left 
Ailuropoda melanoleuca 34544 MI-684 Herbivore m2 inf. right 
Tapiridae indet. 34545 MI-691 Herbivore canine inf. left 
Tapirus sp. 34546 MI-692 Herbivore frag. dent jugale 
Macaca sp. 34547 MI-695 Omnivore m1/m2 inf. left 
Macaca sp. 34548 MI-696 Omnivore m1/m2 inf. left 
Macaca sp. 34549 MI-697 Omnivore pm inf. right 
Macaca sp. 34550 MI-698 Omnivore m1/m2 inf. left 
Macaca sp. 34551 MI-699 Omnivore pm inf. right 
Hystrix sp. 34552 MI-700 Omnivore incisor 
Hystrix sp. 34553 MI-701 Omnivore incisor 
Hystrix sp. 34554 MI-702 Omnivore incisor 
Hystrix sp. 34555 MI-703 Omnivore incisor 
Rhinoceros sondaicus 34556 MI-686 Herbivore m3 inf. left 
Rhinoceros sondaicus 34557 MI-687 Herbivore m3 inf. left 
Rhinoceros sondaicus 34558 MI-688 Herbivore m2 inf. left 
Rhinoceros sondaicus 34559 MI-689 Herbivore d3 inf. left 
Rhinoceros sondaicus 34560 MI-690 Herbivore d3 inf. right 

Table S2. Full list of fossil tooth specimens from Tam Hay Marklot cave (Laos) 
analyzed in this study, with corresponding SEVA number, original number, broad 
dietary category and anatomical element. The dietary category assigned to each taxon 
was taken from Nowak (1999)(1), Macdonals (2009)(2) and Johnsingh and Manjrekar 
(2013, 2015)(3-4). Abbreviation: SEVA = Stable isotope-Evolutionary Anthropology 
(the numbering system used in the Human Evolution department of the Max Planck 
Institute for Evolution Anthropology, Leipzig, for every sample analyzed for isotope 
analysis). 
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Sample Sample 
matrix SEVA δ66Zn 

Sandy to gravelly silty clays (fossil-bearing 
layer) 

Sediment 35342 0.60 

Calcitic cementation (fossil-bearing layer) Sediment 35343 0.69 
Clay from conglomerate Sediment 35344 0.12 
Conglomerate/breccias Sediment 35345 0.53 
Sediment attached to the enamel surface of 
sample 34556 (Rhinoceros sondaicus) 

Sediment 34556-D_9 0.55 

Rhinoceros sondaicus Dentin 34556-D_1 0.65 
Rhinoceros sondaicus Dentin 34556-D_2 0.77 
Rhinoceros sondaicus Dentin 34556-D_3 0.82 
Rhinoceros sondaicus Dentin 34556-D_4 0.73 
Rhinoceros sondaicus Dentin 34556-D_7 0.71 
Rhinoceros sondaicus Dentin 34556-D_10 0.65 
Rhinoceros sondaicus Dentin 34556-D_mean 0.72 
Capricornis sp. Dentin 34489-D 0.81 
Capricornis sp. Dentin 34490-D 1.05 
Capricornis sp. Dentin 34492-D 0.99 
Helarctos malayanus Dentin 34498-D 0.73 
Panthera pardus Dentin 34505-D 0.39 
Bubalus bubalus Dentin 34524-D 0.85 

Table S3. Sediment and dentin δ66Zn isotope values (‰) from Tam Hay Marklot cave 
(Laos) used to assess the impact of diagenesis on δ66Zn values. Abbreviation: SEVA 
= Stable isotope-Evolutionary Anthropology (the numbering system used in the 
Human Evolution department of the Max Planck Institute for Evolution Anthropology, 
Leipzig, for every sample analyzed for isotope analysis). 
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Taxon SEVA Diet δ13C 
(‰) 

δ18O 
(‰) 

87Sr/86Sr δ66Zn 
(‰) 

δ66Zn 
2σ 

(‰) 
Capricornis 
sp. 34489 Herbivore -13.4 -2.2 0.7136 0.52 0.02 

Capricornis 
sp. 34490 Herbivore -14.7 -5.2 0.7098 0.81 0.03 

Capricornis 
sp. 34491 Herbivore -15.2 -5.2 0.7112 0.67 0.05 

Capricornis 
sp. 34492 Herbivore -13.5 -7 0.7148 0.61 0.02 

Capricornis 
sp. 34493 Herbivore -14.6 -7.6 0.7148 0.78 0.04 

Naemorhedus 
cf. caudatus 34494 Herbivore -2.4 +0.2 0.7103 0.86 0.00 

Naemorhedus 
cf. caudatus 34495 Herbivore -3.9 -2.5 0.7109 0.90 0.01 

Naemorhedus 
cf. caudatus 34496 Herbivore -3.7 -1.8 0.7105 0.99 0.07 

Naemorhedus 
cf. caudatus 34497 Herbivore -2.5 -1.6 0.7123 0.76 0.01 

Helarctos 
malayanus 34498 Omnivore -14.7 -3.9 0.7121 0.67 0.01 

Helarctos 
malayanus 34499 Omnivore -14.9 -5.5 0.7243 0.24 0.04 

Ursus 
thibetanus 34500 Omnivore -15.4 -7.4 0.7166 0.43 0.03 

Ursus 
thibetanus 34501 Omnivore -13.3 -6.6 0.7188 0.37 0.03 

Ursus 
thibetanus 34502 Omnivore -14.4 -6.3 0.7177 0.39 0.02 

Panthera 
pardus 34503 Carnivore -7.9 -7.3 0.7135 -0.01 0.05 

Panthera 
pardus 34504 Carnivore -4.0 -7.3 0.7113 0.01 0.02 

Panthera 
pardus 34505 Carnivore -13.8 -6.8  0.08 0.03 

Rusa unicolor 34506 Herbivore -7.5 -5.7 0.7159 0.47 0.06 
Rusa unicolor 34507 Herbivore -5.3 -4.4 0.7149 0.50  
Rusa unicolor 34508 Herbivore -6 -4.9 0.7185 0.47  
Rusa unicolor 34509 Herbivore -3.4 -4.9 0.7117 0.78 0.12 
Rusa unicolor 34510 Herbivore -7.9 -6.1 0.7147 0.61  
Rucervus eldii 34511 Herbivore +2.4 -5.3 0.7144 0.55 0.01 
Rucervus eldii 34512 Herbivore +1.8 -3.1 0.7140 0.71 0.03 
Axis cf. 
porcinus 34513 Herbivore -0.8 -5.8 0.7117 0.72 0.08 

Axis cf. 
porcinus 34514 Herbivore -0.6 -5.3 0.7118 0.62  

Muntiacus sp. 34515 Herbivore -13.8 -7.4 0.7160 0.60 0.07 
Muntiacus sp. 34516 Herbivore -14.8 -8.1 0.7174 0.47 0.01 
Muntiacus sp. 34517 Herbivore -12.7 -8.1 0.7195 0.29 0.20 
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Muntiacus sp. 34518 Herbivore -14.4 -5 0.7163 0.46 0.04 
Muntiacus sp. 34519 Herbivore -14.5 -7.5 0.7158 0.64 0.02 
Bubalus 
bubalis 34520 Herbivore -10.3 -6.0 0.7151 0.59  

Bubalus 
bubalis 34521 Herbivore -4.0 -6.6  0.50 0.10 

Bubalus 
bubalis 34522 Herbivore +1.0 -4.7  0.63 0.08 

Bubalus 
bubalis 34523 Herbivore -10.9 -6.3 0.7159 0.55 0.13 

Bubalus 
bubalis 34524 Herbivore +0.1 -5.9 0.7139 0.81 0.01 

Bos sp. 34525 Herbivore -2.5 -4.2 0.7160 0.75  
Bos sp. 34526 Herbivore -14.4 -6.1 0.7165 0.95  
Bos sp. 34527 Herbivore -0.3 -4.6 0.7173 0.77  
Bos sp. 34528 Herbivore -10.0 -7.6 0.7156 1.03 0.01 
Bos sp. 34529 Herbivore -13.1 -5.9 0.7154 0.98 0.05 
Panthera tigris 34530 Carnivore -4.3 -3.2 0.7126 -0.01 0.09 
Panthera tigris 34531 Carnivore -6.9 -3.5 0.7147 0.05 0.06 
Panthera tigris 34532 Carnivore -10.0 -6.8 0.7170 0.16 0.07 
Sus sp. 34533 Omnivore -7.6 -7.5 0.7149 0.70 0.03 
Sus sp. 34534 Omnivore -8.6 -10 0.7210 0.50 0.04 
Sus sp. 34535 Omnivore -6.0 -5.9 0.7168 0.72 0.03 
Sus sp. 34536 Omnivore -13.5 -5.8 0.7181 0.61 0.05 
Sus sp. 34537 Omnivore -14.0 -7.6 0.7154 0.32 0.16 
Sus sp. 34538 Omnivore -13.2 -5.4 0.7202 0.61 0.06 
Canidae 
(?Cuon 
alpinus) 

34539 Carnivore -16.0 -7.3 0.7205 0.02 0.08 

Canidae 
(?Cuon 
alpinus) 

34540 Carnivore -11.4 -3.2  0.20 0.07 

Canidae 34543 Carnivore -13.2 -6  0.60 0.01 
Pongo sp. 34541 Omnivore -14.8 -4.1 0.7159 0.38  
Pongo sp. 34542 Omnivore -13.5 -4.6 0.7103 0.34 0.02 
Ailuropoda 
melanoleuca 34544 Herbivore -16.7 -6.3 0.7121 0.53 0.01 

Tapiridae 
indet. 34545 Herbivore -15.5 -5.9 0.7211 0.50 0.04 

Tapirus sp. 34546 Herbivore -11.3 -7.9 0.7200 0.39 0.06 
Macaca sp. 34547 Omnivore -13.9 -5.3 0.7158 0.22 0.01 
Macaca sp. 34548 Omnivore -14.2 -5.3 0.7178 0.15 0.06 
Macaca sp. 34549 Omnivore -15.1 -5.6 0.7182 0.35 0.01 
Macaca sp. 34550 Omnivore -13.3 -4.7 0.7166 0.30 0.01 
Macaca sp. 34551 Omnivore -12.9 -4.6 0.7107 0.32 0.07 
Hystrix sp. 34552 Omnivore -11.5 -7.6 0.7134 0.42 0.01 
Hystrix sp. 34553 Omnivore -11.5 -5.5 0.7147 0.29 0.06 
Hystrix sp. 34554 Omnivore -7.9 -5.2 0.7097 0.43 0.03 
Hystrix sp. 34555 Omnivore -11.6 -8.5 0.7168 -0.04 0.07 
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Rhinoceros 
sondaicus 34556 Herbivore -16.2 -6.5 0.7199 0.52 0.01 

Rhinoceros 
sondaicus 34557 Herbivore -13.3 -5.5 0.7173 0.86  

Rhinoceros 
sondaicus 34558 Herbivore -15.6 -6.3 0.7156 0.90  

Rhinoceros 
sondaicus 34559 Herbivore -15.3 -7.1 0.7186 0.79 0.11 

Rhinoceros 
sondaicus 34560 Herbivore -14.6 -7.5 0.7150 1.03  

Table S4. Enamel stable isotope results of δ13Capatite, δ18Oapatite, 87Sr/86Sr and δ66Zn 
from the 72 fossil tooth specimens from Tam Hay Marklot cave (Laos). Abbreviation: 
SEVA = Stable isotope-Evolutionary Anthropology (the numbering system used in the 
Human Evolution department of the Max Planck Institute for Evolution Anthropology, 
Leipzig, for every sample analyzed for isotope analysis). 
 

 

SEVA Taxon % 
Coll δ13Ccollagen δ15Ncollagen %C %N C:N ratio 

34517 Muntiacus 
sp. 

0.70 -21.03 +10.56 43.97 15.86 3.23 

34527 Bos sp. 0.59 -9.15 +3.15 44.29 15.92 3.25 
34537 Sus sp. 0.37 -21.68 +8.07 34.72 12.54 3.23 
34556 Rhinoceros 

sondaicus 
0.17 -24.04 +6.63 40.92 14.39 3.32 

Table S5. Dentin δ13C and δ15N values (‰) from collagen extraction for the four of 
the 23 of the sub sample of 23 dentin samples, for which collagen extraction was 
attempted. Abbreviation: SEVA = Stable isotope-Evolutionary Anthropology (the 
numbering system used in the Human Evolution department of the Max Planck 
Institute for Evolution Anthropology, Leipzig, for every sample analyzed for isotope 
analysis). 

  



___________________________________________________________________________ 

 

189 SUPPLEMENTARY INFORMATION APPENDIX 

  

R
ef

er
en

ce
 m

at
er

ia
l 

E
le

m
en

t 
Su

bs
ta

nc
e 

M
ea

su
re

d 
va

lu
e 

SD
 

n 
E

xp
ec

te
d 

va
lu

e 
SD

 
M

ar
br

e-
LM

(1
)  

C
&

O
 

C
ar

bo
na

te
 

+2
.1

7 
‰

 (δ
13

C
) 

0.
05

 
24

 
+2

.1
3 

‰
 (δ

13
C

) 
N

A
 

(th
eo

re
tic

al
 v

al
ue

 n
or

m
al

iz
ed

  
to

 N
BS

-1
9)

 
 

(in
-h

ou
se

) 
−2

.0
0 

‰
 (δ

18
O

) 
0.

03
 

 
−1

.8
3 

‰
 (δ

18
O

) 
  

EV
A

-0
00

9 
M

et
hi

on
in

e(2
)  

C
&

N
 

M
et

hi
on

in
e 

-2
8.

28
 ‰

 (δ
13

C
) 

0.
09

 
7 

-2
8.

28
 ‰

 (δ
13

C
) 

N
A

 
  

  
 

(in
-h

ou
se

) 
-4

.8
8 

‰
 (δ

15
N

) 
0.

26
 

 
-4

.9
8 

‰
 (δ

15
N

) 
  

IA
EA

-N
-1

 (1
53

–1
56

) 
N

 
A

m
m

on
iu

m
 S

ul
fa

te
 

+0
.4

3 
‰

 (δ
15

N
) 

N
/A

 
1 

+0
.4

0 
‰

 (δ
15

N
) 

0.
2 

IA
EA

-C
H

-6
 (1

53
, 1

57
) 

C
 

Su
cr

os
e 

-1
0.

31
 ‰

 (δ
13

C
) 

N
/A

 
1 

-1
0.

45
 ‰

 (δ
13

C
) 

0.
03

3 
IA

EA
-N

-2
 (1

53
–1

56
) 

N
 

A
m

m
on

iu
m

 S
ul

fa
te

 
+2

0.
31

 ‰
 (δ

15
N

) 
N

/A
 

1 
+2

0.
30

 ‰
 (δ

15
N

) 
0.

2 
IA

EA
-C

H
-7

 (1
53

, 1
57

) 
C

 
Po

ly
et

hy
le

ne
 fo

il 
-3

1.
74

 ‰
 (δ

13
C

) 
N

/A
 

1 
-3

2.
15

 ‰
 (δ

13
C

) 
0.

05
 

N
IS

T 
SR

M
 1

57
7b

(2
)  

C
&

N
 

Bo
vi

ne
 li

ve
r 

-2
1.

24
 ‰

 (δ
13

C
) 

0.
04

 
2 

-2
1.

40
 ‰

 (δ
13

C
) 

N
A

 
  

  
 

  
+7

.6
1 

‰
 (δ

15
N

) 
0.

04
 

 
7.

60
 ‰

 (δ
15

N
) 

  
N

IS
T 

SR
M

 1
48

6(3
)  

Sr
 

Bo
ne

 m
ea

l 
0.

70
93

06
 (87

Sr
/86

Sr
) 

0.
00

00
26

 
7 

0.
70

92
99

 
0.

00
00

27
 

A
ZE

(3
)  

Zn
 

D
en

tin
 (i

n-
ho

us
e)

 
+1

.5
9 

‰
 (δ

66
Zn

) 
0.

04
 

11
 

+1
.5

0 
‰

 (δ
66

Zn
) 

0.
1 

N
IS

T 
SR

M
 1

40
0(3

)  
Zn

 
Bo

ne
 a

sh
 

+0
.9

5 
‰

 (δ
66

Zn
) 

0.
03

 
6 

+1
.0

 ‰
 (δ

66
Zn

) 
0.

04
 

T
ab

le
 S

6.
 L

is
t o

f r
ef

er
en

ce
 m

at
er

ia
ls

 w
ith

 th
ei

r r
es

pe
ct

iv
e 

m
ea

su
re

d 
an

d 
ex

pe
ct

ed
 v

al
ue

s f
or

 d
iff

er
en

t i
so

to
pe

s. 

(1
) E

xp
ec

te
d 

va
lu

es
 o

bt
ai

ne
d 

th
ro

ug
h 

in
-h

ou
se

 lo
ng

-te
rm

 m
ea

su
re

m
en

ts
 a

t t
he

 "
Se

rv
ic

e 
de

 S
pe

ct
ro

m
ét

ri
e 

de
 M

as
se

 Is
ot

op
iq

ue
 d

u 
M

us
éu

m
 (S

SM
IM

)"
 in

 P
ar

is
. 

(2
) E

xp
ec

te
d 

va
lu

es
 o

bt
ai

ne
d 

th
ro

ug
h 

in
-h

ou
se

 lo
ng

-te
rm

 m
ea

su
re

m
en

ts
 a

t t
he

 M
ax

 P
la

nc
k 

In
st

itu
te

 fo
r E

vo
lu

tio
na

ry
 A

nt
hr

op
ol

og
y,

 in
 L

ei
pz

ig
. 

(3
) E

xp
ec

te
d 

va
lu

es
 ta

ke
n 

fr
om

 J
ao

ue
n 

et
 a

l. 
(2

01
8)

. 
  



___________________________________________________________________________ 190 SUPPLEMENTARY INFORMATION APPENDIX 

 
E

st
. 

SE
 

L
ow

er
C

I 
U

pp
er

C
I 

Χ
2  

D
f 

P 
M

in
 

M
ax

 
In

te
rc

ep
t 

0.
07

4 
0.

07
8 

-0
.0

86
 

0.
23

0 
 

 
- 

0.
00

8 
0.

13
5 

D
ie

t (1
)  

N
A

 
N

A
 

 
 

23
.2

89
 

2 
0.

00
0 

 
 

D
ie

t H
er

bi
vo

re
 

0.
52

3 
0.

08
8 

0.
34

0 
0.

70
1 

 
 

 
0.

46
1 

0.
58

2 
D

ie
t O

m
ni

vo
re

 
0.

44
1 

0.
09

5 
0.

24
9 

0.
63

3 
 

 
 

0.
38

4 
0.

52
0 

87
Sr

/86
Sr

 (2
)  

-0
.0

97
 

0.
02

3 
-0

.1
44

 
-0

.0
50

 
12

.1
01

 
1 

0.
00

1 
-0

.1
09

 
-0

.0
79

 
δ13

C
ap

at
ite

 (3
)  

-0
.0

08
 

0.
02

3 
-0

.0
58

 
0.

04
1 

0.
23

0 
1 

0.
63

2 
-0

.0
43

 
-0

.0
05

 
δ18

O
ap

at
ite

 (4
)  

0.
00

6 
0.

02
7 

-0
.0

51
 

0.
06

3 
0.

13
5 

1 
0.

71
3 

-0
.0

05
 

0.
03

0 
Zi

nc
 c

on
ce

nt
ra

tio
n 

(5
)  

-0
.0

50
 

0.
03

6 
-0

.1
33

 
0.

03
1 

2.
16

3 
1 

0.
14

1 
-0

.1
01

 
0.

00
2 

Bo
dy

 m
as

s (6
)  

0.
11

6 
0.

03
5 

0.
04

7 
0.

18
7 

9.
89

2 
1 

0.
00

2 
0.

09
5 

0.
14

3 

T
ab

le
 S

7.
 R

es
ul

ts
 o

f t
he

 li
ne

ar
 m

ix
ed

 m
od

el
 m

od
el

lin
g 

δ66
Zn

 v
al

ue
s a

s a
 fu

nc
tio

n 
of

 se
ve

ra
l p

re
di

ct
or

s (
es

tim
at

es
 an

d 
st

an
da

rd
 er

ro
rs

, c
on

fid
en

ce
 

lim
its

 o
f t

he
 m

od
el

, r
es

ul
ts

 o
f l

ik
el

ih
oo

d 
ra

tio
 te

sts
, a

nd
 th

e 
ra

ng
e 

of
 e

st
im

at
es

 o
bt

ai
ne

d 
fo

r t
he

 m
od

el
 w

he
n 

dr
op

pi
ng

 le
ve

ls
 o

f r
an

do
m

 e
ff

ec
ts

 
on

e 
at

 a
 ti

m
e)

. 

(1
) D

um
m

y 
co

de
d 

w
ith

 c
ar

ni
vo

re
s b

ei
ng

 th
e 

re
fe

re
nc

e 
ca

te
go

ry
 

(2
) z

-tr
an

sf
or

m
ed

 to
 a

 m
ea

n 
of

 0
 a

nd
 a

 st
an

da
rd

 d
ev

ia
tio

n 
of

 1
; w

he
re

as
 th

e 
or

ig
in

al
 m

ea
n 

an
d 

sd
 w

er
e 

0.
71

54
 a

nd
 0

.0
03

1 
87

Sr
/86

Sr
, r

es
pe

ct
iv

el
y 

(3
) z

-tr
an

sf
or

m
ed

 to
 a

 m
ea

n 
of

 0
 a

nd
 a

 st
an

da
rd

 d
ev

ia
tio

n 
of

 1
; w

he
re

as
 th

e 
or

ig
in

al
 m

ea
n 

an
d 

sd
 w

er
e 

-9
.9

9‰
 a

nd
 5

.4
‰

 δ
13

C
ap

at
ite

, r
es

pe
ct

iv
el

y 
(4

) z
-tr

an
sf

or
m

ed
 to

 a
 m

ea
n 

of
 0

 a
nd

 a
 st

an
da

rd
 d

ev
ia

tio
n 

of
 1

; w
he

re
as

 th
e 

or
ig

in
al

 m
ea

n 
an

d 
sd

 w
er

e 
-5

.7
1‰

 a
nd

 1
.7

8‰
 δ

18
O

ap
at

ite
, r

es
pe

ct
iv

el
y 

(5
) z

-tr
an

sf
or

m
ed

 to
 a

 m
ea

n 
of

 0
 a

nd
 a

 st
an

da
rd

 d
ev

ia
tio

n 
of

 1
; w

he
re

as
 th

e 
or

ig
in

al
 m

ea
n 

an
d 

sd
 w

er
e 

11
4.

32
 a

nd
 1

40
.3

5 
µg

/g
, r

es
pe

ct
iv

el
y 

(b
ef

or
e 

lo
g-

tr
an

sf
or

m
ed

) 
(6

) z
-tr

an
sf

or
m

ed
 to

 a
 m

ea
n 

of
 0

 a
nd

 a
 st

an
da

rd
 d

ev
ia

tio
n 

of
 1

; w
he

re
as

 th
e 

or
ig

in
al

 m
ea

n 
an

d 
sd

 w
er

e 
33

0.
51

 a
nd

 4
97

.0
7 

kg
, r

es
pe

ct
iv

el
y 

(b
ef

or
e 

na
tu

ra
l l

og
-tr

an
sf

or
m

ed
) 

  



___________________________________________________________________________ 

 

191 SUPPLEMENTARY INFORMATION APPENDIX 

Taxa Permanent 
teeth 

Deciduous 
teeth Total 

Artiodactyla    
Rusa unicolor 367 23 390 
Rucervus eldii 17 10 27 
Axis cf. porcinus 18 4 22 
Muntiacus sp. 101 4 105 
Middle-sized Cervidae 29 1 30 
Bos sp. (Bos cf. frontalis) 37 - 37 
Bubalus bubalis 40 - 40 
Large-sized Bovidae (Bos/Bubalus) 27 7 34 
Capricornis sp. (Capricornis cf. 
sumatrensis) 83 - 83 

Naemorhedus cf. caudatus 32 - 32 
Sus sp. (S. scrofa/S. barbatus)  264 10 274 
Sus cf. barbatus 17 - 17 
Proboscidea    
Elephas sp.  - 1 1 
Perissodactyla    
Rhinoceros sondaicus  7 3 10 
Dicerorhinus sumatrensis 4 5 9 
Rhinocerotina indet. ≥7 ≥4 13 
Tapiridae indet. 1 - 1 
Tapirus sp. 1 - 1 
Carnivora    
Canidae (?Cuon alpinus) 4 - 4 
Panthera pardus 4 - 4 
Panthera tigris 7 - 7 
Small-sized Felidae 6 - 6 
Large Carnivora  6 - 6 
Ursus thibetanus 17 - 17 
Helarctos malayanus 7 - 7 
Ursidae indet. (U. thibetanus/H. 
malayanus) 5 - 5 

Small-sized melinae (Arctonyx sp.) 7 - 7 
Ailuropoda melanoleuca 1 - 1 
Primates  -  
Macaca sp. 22 - 22 
Pongo sp. 3 - 3 
Rodentia  -  
Hystrix sp. 134 - 134 
Atherurus cf. macrourus 17 - 17 
  -  
Total (NISP) 1292 72 1364 

Table S8. Inventory of specimens (isolated teeth) of mammals recovered at the Tam 
Hay Marklot site. N: Total number of specimens. 
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Sample name Field number Taxon Tooth type 

SCUMK-01 1092 Large bovid (Bos/Bubalus) M1 or M2 

SCUMK-02 3 Pongo sp. R-M1 
SCUMK-03A 1003 Bos cf. frontalis R-P3 

SCUMK-03B 1005 Bos cf. frontalis R-P3 
SCUMK-R1 1058 Dicerorhinus sumatrensis L-P3 

Table S9. Sample description from fossil teeth of the Tam Hay Marklot assemblage 
prepared for U-series dating.  

 

Sample U U/Th 230Th/238U 2 SE 234U/238U 2 SE Age (ka) 2 SE 

SCUMKR1_1 -0.02 0 -5.3000 5.3000 1.4600 0.5300   

SCUMKR1_2 -0.12 -1473 0.5270 0.0340 1.4710 0.0300   

SCUMKR1_3 -0.12 1192 0.4990 0.0410 1.4590 0.0100   

SCUMKR1_4 -0.12 315 0.4960 0.0570 1.4480 0.0120   

SCUMKR1_5 -0.11 463 0.4780 0.0560 1.5110 0.0270   

SCUMKR1_6 3.46 20353 0.3880 0.0140 1.4880 0.0110 37.0 1.5 

SCUMKR1_7 3.68 26286 0.3582 0.0090 1.4770 0.0120 35.0 1.5 

SCUMKR1_8 5.10 25500 0.3320 0.0140 1.4790 0.0120 32.0 1.6 

SCUMKR1_9 6.21 51750 0.2653 0.0057 1.4651 0.0081 25.0 0.9 

SCUMKR1_10 5.98 -31474 0.2866 0.0079 1.4660 0.0110 27.0 1.1 

SCUMKR1 mean age 31.2 1.3 

Table S10. U-series results for the Tam Hay Marklot rhinoceros tooth specimen 
SCUMKR1 (Dicerorhinus sumatrensis). 
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Sample U U/Th 230Th/238U 2 SE 234U/238U 2 SE Age 
(ka) 2 SE 

SCUMK01_1 -0.01 -1 -0.1000 2.0000 0.4400 0.7600   

SCUMK01_2 -0.07 -84 1.3000 1.2000 1.9000 0.7000   

SCUMK01_3 -0.07 -1470 0.5900 0.1600 1.4610 0.0920   

SCUMK01_4 0.61 -6100 0.1120 0.0560 1.4130 0.0510   

SCUMK01_5 9.73 57235 0.2738 0.0049 1.4014 0.0062 26.9 0.6 

SCUMK01_6 12.13 8308 0.2914 0.0063 1.3987 0.0089 27.7 0.9 

SCUMK01_7 10.47 7027 0.2840 0.0120 1.4000 0.0110 27.5 1.7 

SCUMK01_8 10.74 3556 0.2732 0.0057 1.3981 0.0069 26.4 0.8 

SCUMK01_9 7.90 600 0.3110 0.0100 1.3640 0.0150 29.8 1.0 

SCUMK01 mean age 27.6 1.0 

Table S11. U-series results for the Tam Hay Marklot bovid tooth specimen SCUMK01 
(large bovid). 
 

 

Sample U U/Th 230Th/238U 2 SE 234U/238U 2 SE Age 
(ka) 2 SE 

SCUMK02_1 -0.12 293 0.5400 0.0110 1.4518 0.0065   

SCUMK02_2 -0.12 -2306 0.5340 0.0350 1.4580 0.0120   

SCUMK02_3 6.70 -26800 0.3803 0.0081 1.4680 0.0077 37.2 1.1 

SCUMK02_4 12.50 -113636 0.4160 0.0270 1.4729 0.0092 37.2 0.9 

SCUMK02_5 16.01 53367 0.3889 0.0055 1.4730 0.0048 37.2 0.5 

SCUMK02_6 16.47 1647000 0.3872 0.0042 1.4717 0.0051 37.3 0.6 

SCUMK02_7 16.03 320600 0.3884 0.0050 1.4706 0.0061 37.0 1.3 

SCUMK02_8 17.73 1773000 0.3870 0.0100 1.4714 0.0084 39.1 1.4 

SCUMK02_9 17.28 7714 0.3906 0.0069 1.4730 0.0067 37.3 0.8 

SCUMK02_10 17.10 13680 0.3929 0.0061 1.4718 0.0064 37.4 0.7 

SCUMK02 mean age 37.4 0.9 

Table S12. U-series results for the Tam Hay Marklot ourangutan tooth specimen 
SCUMK02 (Pongo sp.). 
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Sample U U/Th 230Th/238U 2 SE 234U/238U 2 SE Age 
(ka) 2 SE 

SCUMK03_1 -0.03 -32 0.1700 0.2000 0.9300 0.3800   

SCUMK03_2 0.11 335 0.1360 0.0610 1.5000 0.1300   

SCUMK03_3 4.42 19217 0.1443 0.0049 1.4360 0.0130 13.1 0.5 

SCUMK03_4 5.30 589 0.1392 0.0080 1.4240 0.0300 12.0 0.5 

SCUMK03_5 5.10 9273 0.1482 0.0050 1.4430 0.0082 13.4 0.5 

SCUMK03_6 5.16 5864 0.1475 0.0043 1.4358 0.0092 13.4 0.4 

SCUMK03_7 4.70 1382 0.1477 0.0055 1.4465 0.0093 13.3 0.5 

SCUMK03_8 4.20 592 0.1465 0.0049 1.4270 0.0110 13.4 0.5 

SCUMK03_9 3.87 2037 0.1473 0.0091 1.4430 0.0140 13.4 0.9 

SCUMK03A mean age 13.1 0.5 

Table S13. U-series results for the Tam Hay Marklot bovid tooth specimen SCUMK03 
(Bos sp. (Bos cf. frontalis)). 
 

 

Sample Mean Age 
U-series (ka) 

Number of 
rasters Age DAD (ka) 2 SE 

SCUMK-R1 31.2ka+/-1.3 5 31.4 +2.9/-2.7 
SCUMK-01 27.6ka+/-1.0 7 28.1 +1.2/-1.2 
SCUMK-02 37.4ka+/-0.9 8 38.4 +1.0/-1.2 

SCUMK-03A 13.1ka+/-0.5 7 13.5 +1.0/-1.0 

Table S14. DAD model results for each fossil tooth sample from the Tam Hay Marklot 
assemblage prepared for U-series dating. 
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Sample Sample 
matrix SEVA δ66Zn 

Sandy to gravelly silty clays (fossil-
bearing layer) 

Sediment 35342 0.60 

Calcitic cementation (fossil-bearing layer) Sediment 35343 0.69 
Clay from conglomerate Sediment 35344 0.12 
Conglomerate/breccias Sediment 35345 0.53 
Sediment attached to the enamel surface 
of sample 34556 (Rhinoceros sondaicus) 

Sediment 34556-D_9 0.55 

Rhinoceros sondaicus Dentin 34556-D_1 0.65 
Rhinoceros sondaicus Dentin 34556-D_2 0.77 
Rhinoceros sondaicus Dentin 34556-D_3 0.82 
Rhinoceros sondaicus Dentin 34556-D_4 0.73 
Rhinoceros sondaicus Dentin 34556-D_7 0.71 
Rhinoceros sondaicus Dentin 34556-D_10 0.65 
Rhinoceros sondaicus Dentin 34556-D_mean 0.72 
Capricornis sp. Dentin 34489-D 0.81 
Capricornis sp. Dentin 34490-D 1.05 
Capricornis sp. Dentin 34492-D 0.99 
Helarctos malayanus Dentin 34498-D 0.73 
Panthera pardus Dentin 34505-D 0.39 
Bubalus bubalus Dentin 34524-D 0.85 

Table S15. Sediment and dentin δ66Zn isotope values (‰) from Tam Hay Marklot 
cave (Laos) used to assess the impact of diagenesis on δ66Zn values. Abbreviation: 
SEVA = Stable isotope-Evolutionary Anthropology (numbering system used in the 
Human Evolution department of the Max Planck Institute for Evolution Anthropology, 
Leipzig, for every sample analyzed for isotope analysis). 
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Dietary 
category 1 

Dietary 
category 2 

Mean 
difference Lower CI Upper CI Adjusted 

p-value 
Bone-
eating 
Carnivore 

Carnivore 0.35 0.10 0.60 <0.001 

Omnivore Carnivore 0.33 0.17 0.49 <0.001 
Omnivore Bone-

eating 
carnivore 

–0.02 –0.24 0.20 0.99 

Herbivore Carnivore 0.62 0.47 0.77 <0.001 
Herbivore Bone-

eating 
carnivore 

0.28 0.06 0.49 0.01 

Herbivore Omnivore 0.30 0.20 0.39 <0.001 

Table S26. Results of Tukey post-hoc pair-wise comparisons for δ66Zn values between 
dietary categories (bone-eating carnivore, omnivore, herbivore, and carnivore). A total 
of 145 specimens was used from all three Late Pleistocene Southeast Asian cave sites 
(Laos) of Nam Lot, Tam Pà Ling and published data from Tam Hay Marklot (Bourgon 
et al., 2020). Abbreviation: CI = confidence interval. 

 

SEVA Ref. # Taxon 
Depth 

recovered 
(m) 

Age 
(and dating method) 

35421 K32 Naemorhedus sp. 0.97 between 1.1 ± 0.2ka and 
2.8 ± 0.2ka (cal. C14) 

35951 L32 Rusa unicolor 1.42 between 14 ± 2 ka and 23 
± 2ka (OSL) 

35957 O32 Panthera sp. 1.55 between 14 ± 2 ka and 23 
± 2ka (OSL) 

35420 K32 Naemorhedus sp. 1.75 23 ± 2ka (OSL) 
35954 L32 Muntiacus sp. 1.85 Between 23 ± 2 ka and 33 

± 3ka (OSL) 
35948 M32 Hystricidae 1.88 Between 23 ± 2 ka and 33 

± 3ka (OSL) 
35955 J31 Caprinae 1.80-1.90 Between 23 ± 2 ka and 33 

± 3 ka (OSL) 
35419 M31 Naemorhedus sp. 2.05 33 ± 3ka (OSL) 
35417 M31 Capricornis sp. 2.22 between 33 ± 3 ka and 43 

± 7 ka (OSL and IRSL 
respectively) 

35425 K32 Macaca sp. 2.23 between 33 ± 3 ka and 43 
± 7 ka (OSL and IRSL 
respectively) 

35946 H33 Capricornis sp. 2.32 between 33 ± 3 ka and 43 
± 7 ka (OSL and IRSL 
respectively) 

35427 M31 Rhinoceros cf. 
unicornis 

2.44 between 33 ± 3 ka and 43 
± 7 ka (OSL and IRSL 
respectively) 



___________________________________________________________________________ 

 

223 SUPPLEMENTARY INFORMATION APPENDIX 

35416 M33 Capricornis sp. 2.50 between 43 ± 7 ka and 46 
± 6 ka (IRSL) 

35428 M31 Dicerorhinus 
sumatrensis 

2.51 between 43 ± 7 ka and 46 
± 6 ka (IRSL) 

35952 K33 Caprinae 2.59 between 43 ± 7 ka and 46 
± 6 ka (IRSL) 

35947 M32 Capricornis sp. 2.78 between 43 ± 7 ka and 46 
± 6 ka (IRSL) 

35949 M29-
30 

Hystricidae 2.85 between 43 ± 7 ka and 46 
± 6 ka (IRSL) 

35418 M35 Naemorhedus sp. 3.00 46 ± 6 ka (IRSL) 
35950 K33 Hystricidae 3.07 46 ± 6 ka (IRSL) 
35423 L33 Caprinae 3.29 between 46 ± 6 ka and 56 

± 6 ka (IRSL) 
35426 L36 Naemorhedus sp. 3.50 between 46 ± 6 ka and 56 

± 6 ka (IRSL) 
35422 M35 Bovidae indet. 3.80 between 46 ± 6 ka and 56 

± 6 ka (IRSL) 
35429 K33 Caprinae 4.20 56 ± 6 ka (IRSL) 
35958 K35 Rhinoceros 

sondaicus 
6.60 >70 ± 8 ka (IRSL) 

Table S27. List of samples from Tam Pà Ling with their associated depth at which 
they were recovered and their associated dating according to the latest chronology of 
the site (Shackelford et al., 2018). Abbreviation: SEVA = Stable isotope-Evolutionary 
Anthropology (numbering system used in the Human Evolution department of the Max 
Planck Institute for Evolution Anthropology, Leipzig, for every sample analyzed for 
isotope analysis), C14 = Radiocarbon dating (also referred to as carbon dating or 
carbon-14 dating), OSL = Optically-stimulated luminescence dating, IRSL = Infrared 
stimulated luminescence dating. 
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Supplementary information figures 

 

Figure S1. Map of the Indochinese Peninsula with the location of the studied area in 
northeast Laos. 
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Figure S2. Map of Laos showing the studied area in the Hua Pan Province, 130 km 
NNE from Luang Prabang. 

 

 

Figure S3. Satellite view of the studied area with the location of the cave 6 km SE 
from the city of Xoneuna (Muang Xon). 
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Figure S4. (A) Tam Hay Marklot cave at the foot of a tower karst covered by the 
forest, and (B, C) the first chamber at the entrance. (D, E) First passageway that leads 
to the gallery. 
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Figure S5. Map of the entire Tam Hay Marklot cave from the first chamber at the 
entrance to the dead-end after a 235 m extent, with three views of the gallery. 
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Figure S6. Map of the Tam Hay Marklot cave showing the three sections of the cave 
and their sedimentary fillings (see Figure S7 for the legend of sedimentary sections). 
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Figure S7. Detail of the section/trench 2 showing the main sedimentary facies of the 
cave. In A and B, the arrows give the direction of the paleocurrents from inside to 
outside of the cave. 
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Figure S9. Distribution of carbon (δ13Ccollagen) and nitrogen (δ15Ncollagen) stable isotope 
values in root dentin of the few fossil teeth from Tam Hay Marklot cave with collagen 
preservation. 
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Figure S17. Spatial element concentration profiles for the element Zn, Fe, Mn, Al, 
Mg, Sr, Pb, U and rare earth elements (REE, calculated as the sum of all measured 
REE concentrations) of the single LA-ICP-MS linescan analysis of the Tam Hay 
Marklot cave fossil tooth (m1/m2 left) specimen 34548 (Macaca sp.). All 
concentration data (µg/g) were natural log.transformed (ln.Concentration). The 
different shaded areas, delimited by dotted lines, represent the different histological 
parts: white for enamel, and light gray for dentin. The profiles follow a left-to-right 
direction as seen from the picture on the left. 
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Figure S20. Spatial element concentration profiles for the element Zn, Fe, Mn, Al, 
Mg, Sr, Pb, U and rare earth elements (REE, calculated as the sum of all measured 
REE concentrations) of the single LA-ICP-MS linescan analysis of the Center of 
Natural History of Hamburg modern tooth (p3/p4) specimen SEVA 34709/ZMH-S-
10612 (Pteronura brasiliensis). All concentration data (µg/g) were natural 
log.transformed (ln.Concentration). The different shaded areas, delimited by dotted 
lines, represent the different histological parts: white for enamel, light gray for dentin, 
and medium gray for pulp cavity. The profiles follow a left-to-right direction as seen 
from the picture on the left. 
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Figure S21. Typical concentrations (µg/g) observed through spatial element 
concentration profiles for the element Zn, Fe, Mn, Al, Mg, Sr, Pb, U and rare earth 
elements (REE, calculated as the sum of all measured REE concentrations) of the Tam 
Hay Marklot cave fossil tooth (m3 right) specimen 34493 (Capricornis sp.). The 
different shaded areas, delimited by dotted lines, represent the different histological 
parts: white for enamel, light gray for dentin, and medium gray for pulp cavity. The 
profiles follow a left-to-right direction as seen from the picture on the left. 
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Figure S22. Typical concentrations (µg/g) observed through spatial element 
concentration profiles for the element Zn, Fe, Mn, Al, Mg, Sr, Pb, U and rare earth 
elements (REE, calculated as the sum of all measured REE concentrations) of the Tam 
Hay Marklot cave fossil tooth (M2 left) specimen 34501 (Ursus thibetanus). The 
different shaded areas, delimited by dotted lines, represent the different histological 
parts: white for enamel, and light gray for dentin. The profiles follow a left-to-right 
direction as seen from the picture on the left. 
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Figure S23. Typical concentrations (µg/g) observed through spatial element 
concentration profiles for the element Zn, Fe, Mn, Al, Mg, Sr, Pb, U and rare earth 
elements (REE, calculated as the sum of all measured REE concentrations) of the Tam 
Hay Marklot cave fossil tooth (P4 left) specimen 34505 (Panthera pardus). The 
different shaded areas, delimited by dotted lines, represent the different histological 
parts: white for enamel, and light gray for dentin. The profiles follow a left-to-right 
direction as seen from the picture on the left. 
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Figure S24. Typical concentrations (µg/g) observed through spatial element 
concentration profiles for the element Zn, Fe, Mn, Al, Mg, Sr, Pb, U and rare earth 
elements (REE, calculated as the sum of all measured REE concentrations) of the Tam 
Hay Marklot cave fossil tooth (p2/p3 left) specimen 34524 (Bubalus bubalis). The 
different shaded areas, delimited by dotted lines, represent the different histological 
parts: white for enamel, and light gray for dentin. The profiles follow a left-to-right 
direction as seen from the picture on the left. 
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Figure S25. Typical concentrations (µg/g) observed through spatial element 
concentration profiles for the element Zn, Fe, Mn, Al, Mg, Sr, Pb, U and rare earth 
elements (REE, calculated as the sum of all measured REE concentrations) of the Tam 
Hay Marklot cave fossil tooth (p4 left) specimen 34538 (Sus sp.). The different shaded 
areas, delimited by dotted lines, represent the different histological parts: white for 
enamel, and light gray for dentin. The profiles follow a left-to-right direction as seen 
from the picture on the left. 
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Figure S26. Typical concentrations (µg/g) observed through spatial element 
concentration profiles for the element Zn, Fe, Mn, Al, Mg, Sr, Pb, U and rare earth 
elements (REE, calculated as the sum of all measured REE concentrations) of the Tam 
Hay Marklot cave fossil tooth (m1/m2 left) specimen 34548 (Macaca sp.). The 
different shaded areas, delimited by dotted lines, represent the different histological 
parts: white for enamel, and light gray for dentin. The profiles follow a left-to-right 
direction as seen from the picture on the left. 
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Figure S27. Typical concentrations (µg/g) observed through spatial element 
concentration profiles for the element Zn, Fe, Mn, Al, Mg, Sr, Pb, U and rare earth 
elements (REE, calculated as the sum of all measured REE concentrations) of the 
Center of Natural History of Hamburg modern tooth (m3 right) specimen SEVA 34707 
/ ZMH-S-10461 (Bison bison). The different shaded areas, delimited by dotted lines, 
represent the different histological parts: white for enamel, light gray for dentin, and 
medium gray for pulp cavity. The profiles follow a left-to-right direction as seen from 
the picture on the left. 
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Figure S28. Typical concentrations (µg/g) observed through spatial element 
concentration profiles for the element Zn, Fe, Mn, Al, Mg, Sr, Pb, U and rare earth 
elements (REE, calculated as the sum of all measured REE concentrations) of the 
Center of Natural History of Hamburg modern tooth (m3 left) specimen SEVA 34708 
/ ZMH-S-10963 (Hemitragus jemlahicus). The different shaded areas, delimited by 
dotted lines, represent the different histological parts: white for enamel, light gray for 
dentin, medium gray for pulp cavity, and dark gray for calculus. The profiles follow a 
left-to-right direction as seen from the picture on the left. 
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Figure S29. Typical concentrations (µg/g) observed through spatial element 
concentration profiles for the element Zn, Fe, Mn, Al, Mg, Sr, Pb, U and rare earth 
elements (REE, calculated as the sum of all measured REE concentrations) of the 
Center of Natural History of Hamburg modern tooth (p3/p4) specimen SEVA 
34709/ZMH-S-10612 (Pteronura brasiliensis). The different shaded areas, delimited 
by dotted lines, represent the different histological parts: white for enamel, light gray 
for dentin, and medium gray for pulp cavity. The profiles follow a left-to-right 
direction as seen from the picture on the left. 
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Figure S30. Zinc concentration (µg/g) distribution of every analyzed fossil enamel 
cross section segment, normalized to the relative enamel thickness (0% = outermost 
enamel layer, 100% = full thickness prior to analysis of enamel-dentin mixture). The 
gray area represents the concentration range observed in modern enamel cross section 
segments, colored lines those of the fossil enamel. 
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Figure S31. Relationship between δ15Ncollagen and δ66Znenamel stable isotope values in 
fossil teeth from Tam Hay Marklot cave that yielded collagen from the dentin. 

 

  



___________________________________________________________________________ 260 SUPPLEMENTARY INFORMATION APPENDIX 

 

 

Fi
gu

re
 S

32
. R

el
at

io
ns

hi
p 

be
tw

ee
n 

th
e 

zi
nc

 c
on

ce
nt

ra
tio

n 
(1

/C
on

c 
[µ

g/
g]

) a
nd

 δ
66

Zn
 s

ta
bl

e 
is

ot
op

e 
va

lu
es

 in
 e

na
m

el
 o

f f
os

si
l t

ee
th

 fr
om

 T
am

 
H

ay
 M

ar
kl

ot
 c

av
e.

 

   

 



___________________________________________________________________________ 

 

261 SUPPLEMENTARY INFORMATION APPENDIX 

  

 

Fi
gu

re
 S

33
. R

el
at

io
ns

hi
p 

be
tw

ee
n 

δ67
Zn

 a
nd

 δ
66

Zn
 st

ab
le

 is
ot

op
e 

va
lu

es
 in

 e
na

m
el

 o
f f

os
si

l t
ee

th
 fr

om
 T

am
 H

ay
 M

ar
kl

ot
 c

av
e.

 
  

 



___________________________________________________________________________ 262 SUPPLEMENTARY INFORMATION APPENDIX 

 

 

Fi
gu

re
 S

34
. R

el
at

io
ns

hi
p 

be
tw

ee
n 

δ68
Zn

 a
nd

 δ
66

Zn
 st

ab
le

 is
ot

op
e 

va
lu

es
 in

 e
na

m
el

 o
f f

os
si

l t
ee

th
 fr

om
 T

am
 H

ay
 M

ar
kl

ot
 c

av
e.

 

   

 



___________________________________________________________________________ 

 

263 SUPPLEMENTARY INFORMATION APPENDIX 

 

Figure S35. Distribution between ln.Concentration Fe (µg/g) and δ66Zn stable isotope 
values in enamel of fossil (Marklot: Tam Hay Marklot) and modern (Hamburg: Center 
of Natural History of Hamburg, originally zoo animals from Hagenbeck Tierpark in 
Hamburg) teeth. 

 

  



___________________________________________________________________________ 264 SUPPLEMENTARY INFORMATION APPENDIX 

 

Figure S36. Distribution between ln.Concentration Al (µg/g) and δ66Zn stable isotope 
values in enamel of fossil (Marklot: Tam Hay Marklot) and modern (Hamburg: Center 
of Natural History of Hamburg, originally zoo animals from Hagenbeck Tierpark in 
Hamburg) teeth. 
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Figure S37. Distribution between ln.Concentration Mn (µg/g) and δ66Zn stable isotope 
values in enamel of fossil (Marklot: Tam Hay Marklot) and modern (Hamburg: Center 
of Natural History of Hamburg, originally zoo animals from Hagenbeck Tierpark in 
Hamburg) teeth. 
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Figure S38. Distribution between ln.Concentration REE (µg/g; calculated as the sum 
of all measured REE concentrations) and δ66Zn stable isotope values in enamel of 
fossil (Marklot: Tam Hay Marklot) and modern (Hamburg: Center of Natural History 
of Hamburg, originally zoo animals from Hagenbeck Tierpark in Hamburg) teeth. 
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Figure S39. Distribution between the zinc concentration (1/Zn Concentration, µg/g) 
and δ66Zn stable isotope values in enamel of fossil (Marklot: Tam Hay Marklot) and 
modern (Hamburg: Center of Natural History of Hamburg, originally zoo animals from 
Hagenbeck Tierpark in Hamburg) teeth. 
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Figure S40. Distribution of δ66Zn stable isotope values in dentin and enamel of fossil 
teeth from Tam Hay Marklot cave. Fossil teeth from various taxa: Capricornis sp. 
(34489, 34490 and 34492), Helarctos malayanus (34498), Panthera pardus (34505), 
Bubalus bubalis (34524) and Rhinoceros sondaicus (34556) were analyzed. Note that 
enamel has systematically lower δ66Zn values compared to dentin of the same tooth. 
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Figure S41. Distribution of zinc concentration (1/Zn Concentration, µg/g) and δ66Zn 
stable isotope values in dentin and enamel of fossil teeth, and sediment from Tam Hay 
Marklot cave. The line between samples indicate they are from the same specimen. 
Samples of fossil teeth include specimens from various taxa: Capricornis sp. (34489, 
34490 and 34492), Helarctos malayanus (34498), Panthera pardus (34505), Bubalus 
bubalis (34524) and Rhinoceros sondaicus (34556). Sediment samples include 
fossiliferous layer (sandy to gravelly silty clay, with calcitic cementation), 
conglomerate/breccias from adjacent layer, and clay from the conglomerate). The 
boxes from the box and whisker plots represent the 25th–75th percentiles, with the 
median as a bold horizontal line, of zinc concentration from modern dentin (D) and 
enamel (E) found elsewhere (Lappalainen et al., 1981; Falla-Sotelo et al., 2005; Kohn 
et al., 2013; Teruel et al., 2015; Jaouen et al., 2016a). 
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Figure S43. DAD model for the Tam Hay Marklot tooth specimen SCUMK-R1 
(Dicerorhinus sumatrensis) that was prepared and analyzed for U/Th series dating. 
Relative distance is calculated from the EDJ to the extremity of the dental tissues 
between [-1;1], being respectively the enamel tip in contact with the sediment and the 
pulp cavity. 

 

 

Figure S44. DAD model for the Tam Hay Marklot tooth specimen SCUMK-01 (large 
Bovid) that was prepared and analyzed for U/Th series dating. Relative distance is 
calculated from the EDJ to the extremity of the dental tissues between [-1;1], being 
respectively the enamel tip in contact with the sediment and the pulp cavity. 
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Figure S45. DAD model for the Tam Hay Marklot tooth specimen SCUMK-02 
(Pongo sp.) that was prepared and analyzed for U/Th series dating. Relative distance 
is calculated from the EDJ to the extremity of the dental tissues between [-1;1], being 
respectively the enamel tip in contact with the sediment and the pulp cavity. 

 

 

Figure S46. DAD model for the Tam Hay Marklot tooth specimen SCUMK-03A (Bos 
sp. (Bos cf. frontalis)) that was prepared and analyzed for U/Th series dating. Relative 
distance is calculated from the EDJ to the extremity of the dental tissues between [-
1;1], being respectively the enamel tip in contact with the sediment and the pulp cavity. 
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Figure S47. Zinc isotope composition in different teeth coming from the same Lapa 
do Santo individuals. Single enamel δ66Zn measurements per tooth and of each 
individual are connected by a line. Burial 23 contains 4 individuals (yellow), while 
burials 11, 15 and 16 involve only one individual (blue, green and red respectively). 
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Figure S48. Three-dimensional model of the left permanent maxillary first molar 
(Specimen ID: SEVA 3598_3) of the Jacobins convent child showing the sampling 
strategy used for the zinc isotope analysis. A chunk of enamel and dentin is first 
detached from the crown using a pre-existing fracture (darker grey in the sectioned 
enamel). This piece of tooth is then cut in three sub-samples, from which the dentin 
will be removed to leave only the enamel to be used for the zinc analyses. The middle 
portion of the sample (natural colors) is preserved and was not used for analyses. The 
red subsample concerns the cuspal part of the crown and thus represents the earliest 
stages of enamel growth (until ~1.5 years), while the green subsample represents 
crown completion (~until 3 years of age). 

 

 

Figure S49. Nitrogen isotopes obtained on the tooth roots of the child 63949 (Jacobins 
convent, Rennes). 
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Figure S50. Matching of the stress events observed in the dentin on the 3D model of 
the lower left M1 of the child of the Jacobins convent and a 200 μm-thick virtual 2D 
section (taken where the red line is on the 3D model). The turquoise arrows show the 
perfect alignment of the virtual 2D section and the 3D model. A strong stress precedes 
crown completion (pink arrows in enamel and dentin) and produce a marked enamel 
hypoplasia on the enamel outer surface. From crown completion (~3 years) to death 
(~6 years), the child has undergone strong and chronic stress events (green and 
orange). 

 

 

 

Figure S51. Relationship between zinc concentrations (ppm, as µg/g) and isotope 
ratios in the teeth of the child and the adult from the Jacobins convent. 
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Figure S52. A) Map of Laos showing the geographical locations of the three 
fossiliferous Late Pleistocene karst cave sites of Tam Pà Ling, Nam Lot and Tam Hay 
Marklot (~50 km north of TPL and NL). B) Photograph of Pà Hang mountain (1170 
m a.s.l), showing the close proximity (~150 m) of Tam Pà Ling and Nam Lot caves. 
Note that the H. sapiens TPL1 was found in the Tam Pà Ling cave. 

 

 

 

Figure S53. Non-significant relationship between the zinc concentration (1/Zn 
concentration, µg/g) and δ66Zn values in enamel of fossil teeth of carnivores (red 
squares), omnivores (turquoise circles), herbivores (blue triangles), bone-eating 
carnivore C. crocuta (yellow diamonds) and TPL1 individual (white six-pointed stars), 
from Nam Lot (top) and Tam Pà Ling (bottom) caves. 
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Figure S54. Relative frequency (%) of each herbivorous taxon from Tam Pà Ling (70–
1.1 ka), Nam Lot (86–72 ka) and published data from Tam Hay Marklot (38.4–13.5 
ka) (Bourgon et al., 2020), ordered by their overall across-sites average δ66Zn values. 
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Figure S55. Distribution of radiogenic strontium isotope ratios (87Sr/86Sr) and zinc 
(δ66Zn) stable isotope values in enamel of fossil teeth of each taxon from the three Late 
Pleistocene cave sites (Laos) of Tam Pà Ling (orange), Nam Lot (blue) and published 
data from Tam Hay Marklot (Bourgon et al., 2020; yellow). Small-sized Felidae, large-
sized Felidae, Elephas sp. and TPL1 were excluded here as they only have one 87Sr/86Sr 
observation each. 
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Figure S56. Violin plots of theoretical δ66Zn values distribution for each dietary group 
and observed taxon and δ66Zn values from TPL. Carnivore (red), omnivore (turquoise) 
and herbivore (blue). The plots illustrate the simulated theoretical δ66Zn distribution 
for each dietary group. The observed δ66Zn values for each taxon (point and shapes) 
from TPL are plotted on the violin plots to show where the TPL samples are located 
on the theoretical δ66Zn distribution. 
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Figure S57. Box and whisker plots of distributions of simulated δ66Zn datasets 
(simulation runs 1 to 10) with introduced missingness, compared to the distribution 
from the fossiliferous assemblage of Tam Pà Ling (TPL). The total number of 
specimen and the number of specimens per taxon mirror that of TPL, so that each 
simulation has 24 specimens and each taxon 1 to 15. The number of taxa per dietary 
category were randomly selected from the full dataset from Nam Lot, Tam Pà Ling 
and published data from Tam Hay Marklot (Bourgon et al., 2020). Carnivore (red), 
omnivore (turquoise) and herbivore (blue). The boxes represent the 25th–75th 
percentiles, with the median represented by a bold horizontal line. 
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Figure S58. Proportion of overlap (as overlap percentage: ov. perc.) between 
overlapping area (represented by black wavy lines) of kernel density estimations for 
δ66Zn values from each dietary category (carnivore = red, bone-eating carnivore C. 
crocuta = yellow, omnivores = turquoise, and herbivores = blue). ‘Overlapping’ can 
be defined as the area intersected by two (or more) probability density functions. 
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