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Chapter 1: Introduction 

 

Weaning is a critical stage in human life history, marking the transitional period 

between the first intake of non-milk foods to the total cessation of suckling (Humphrey, 

2008b). Studies have established that weaning patterns can be linked to various ecological, 

social, and life history factors in primates. Evolutionarily, early weaning, and shorter birth 

intervals distinguish modern humans from their closest living relatives (Kennedy, 2005). 

In addition, early weaning has been linked to other evolutionarily distinct human 

characteristics such as increased fertility, slow childhood growth, extended brain 

maturation, and long post-reproductive life spans (Robson et al., 2006; Lonsdorf, 2019). 

However, there are consequences associated with early weaning on offspring health, such 

as nutritional imbalances and increased pathogen exposure (Lee, 1997; Lambert, 1998; 

Hinde & Milligan, 2011). 

Nevertheless, weaning behaviors are not critical only for the offspring but the 

mother as well, as parental investment is particularly relevant during the weaning process 

(Lee, 1997; Hinde and Milligan, 2011). The Trivers-Willard theory posits that parents face 

a trade-off between investing in the health and well-being of their offspring versus their 

own health and reproductive success (Trivers, 1972, 1974; Trivers & Willard, 1973). While 

lactation is the most energetically costly stage of reproduction for the mother (Gittleman 

& Thompson, 1988; Dufour & Sauther, 2002), mothers may choose to wean early so they 
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can invest instead in future reproduction. In studying weaning practices and their 

relationship to maternal and offspring health outcomes, valuable insights can be gained 

into the evolutionary drivers of human behavior (Hawkes, 2006), as well as the 

mechanisms underlying the intergenerational transmission of health and disease (Hinde & 

Capitanio, 2010). 

Lactation and weaning processes are influenced by a complex interplay of factors, 

including physiological constraints experienced by both mothers and offspring and the 

specific characteristics of their local physical and social environments (Lee, 1997; Hinde 

and Milligan, 2011). While methods for measuring weaning in extant primates, such as 

suckling and interbirth intervals, provide valuable insight, they do not reliably reflect these 

more nuanced aspects of weaning variation (Hinde, 2009). In addition, studying weaning 

in the past also proves challenging due to the impossibility of direct paleontological 

evidence for such behavior in the past (Lee, 1997; Borries et al., 2014). Thus, before we 

can even begin to uncover the intricacies of weaning behavior in both the past and present, 

it is essential to establish a comprehensive, accurate, and reliable set of methodologies for 

chronologically unraveling weaning timelines. Recent studies have shown the potential use 

of fecal stable isotope analysis as a more ethical and noninvasive method to investigate 

weaning patterns in living primates (Reitsema, 2012). Several recent studies were able to 

successfully use Carbon and Nitrogen isotope ratios, interpreted as trophic levels, to 

reconstruct timelines in living primates (e.g., Reitsema, 2012; Badescu et al., 2016). 

However, while this method has demonstrated great efficacy, its applicability to 

understanding weaning in the past is limited by the preservation and availability of fecal 

samples from paleontological contexts. Instead, methods that can analyze more readily 
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available and well-preserved samples found within assemblages, such as hard tissues, are 

more appropriate for reconstructing weaning histories and bridging the gap between 

variations in weaning observed in modern primates and efforts to decipher weaning 

practices in the past. 

           The overarching goal of this study is to investigate the reliability of differential 

element composition analysis methods in identifying hard tissue proxies for early-life 

dietary transitions, such as weaning. Recent advances in dental trace element analysis have 

provided us with many different yet promising methodological approaches to chemically 

assess weaning timelines, such as Scanning Electron Microscopy coupled with Energy 

Dispersive X-ray Spectroscopy (SEM-EDS) and Laser Ablation Inductively Coupled 

Plasma Mass Spectrometry (LA-ICP-MS). These methods are unique in that they have the 

added capacity to measure absolute elemental concentrations with high spatial-temporal 

resolution, allowing for linear reconstructions of elemental composition dynamics and their 

behavioral correlates. This study focuses on testing the capabilities of SEM-EDS analysis 

in examining patterned changes in major and minor elemental concentrations within 

enamel in hopes of producing preliminary data on the reliability of these proxies in 

reconstructing early-life dietary transitions and their potential use for studying weaning in 

the past. 
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Chapter 2: Background 

 

A key feature of human life history evolution was a dramatic shift in the timing of 

weaning (Lonsdorf et al., 2019). On average, modern humans wean 2-4 years earlier than 

extant great apes (Humphrey, 2010). This early weaning in humans is integrated with other 

derived life history traits and behavioral changes, such as cooperative breeding and 

offspring provisioning, increased fertility, slow childhood growth, and extended periods of 

brain maturation and post-reproductive lifespans (Hawkes & Paine, 2006; Lonsdorf et al., 

2019). However, unraveling the evolutionary origins of early weaning in modern humans 

and understanding the circumstances in which it emerged remains difficult to ascertain. 

Comparative analysis suggests that the life history strategies of early humans resemble 

those of our closest living primate relatives. Studying extant great apes offers a valuable 

opportunity to bridge these gaps in understanding human evolution (Witmer, 1995; Robson 

& Wood, 2008).   

Weaning Variation in Gorillas and Chimpanzees: Mountain gorillas (Gorilla 

beringei beringei) are a subspecies of eastern gorillas known for their remarkable ecology 

and distinct habitat (Grueter, 2012). Today, these gorillas inhabit two geographically 

discontinuous and ecologically distinct habitats in central Africa, including the Virunga 

Massif of Rwanda, DR Congo and Uganda, and Bwindi Impenetrable National Park, 

Uganda and Sarambwe Nature Reserve in DR Congo (Hickey et al., 2019; Granjon et al., 

2020). As the focus of the current study, Virunga mountain gorillas, in particular, occupy 

a unique high-altitude habitat in the Virunga Massif, where they have access to a higher 
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density of abundant year-round terrestrial herbaceous vegetation than other gorilla habitats 

(Watts, 1984; Robbins, 2018), making them the least frugivorous of all apes with lower 

feeding competition (Robbins et al., 2009). A species' ecology is hypothesized to 

significantly influence life history variations, including weaning age (Robbins et al., 2008; 

Stoinski et al., 2013). In environments such as the Virunga Massif, where there is lower 

competition for food and reduced risks associated with obtaining sufficient energy, infants 

are hypothesized to adopt a fast-growth strategy (Janson & van Schaik, 1993; Stoinski et 

al., 2013). Thus, Virunga mountain gorillas exhibit earlier ages at significant life history 

milestones, including weaning, where suckling termination ages range from 1.8 to 4.8 years 

with an average of 3.3 years (Stoinski et al., 2013; Eckardt et al., 2016).  

Unlike mountain gorillas, common chimpanzees (Pan troglodytes) inhabit lower-

altitude ecologies such as Gombe National Park in Tanzania, where they rely heavily on 

seasonally available fruits as essential dietary components (White & Wrangham, 1988). 

This ecological setting entails increased feeding costs and competition, hypothesized to 

lead to later weaning ages (White & Wrangham, 1988; Breuer et al., 2009). The delayed 

weaning observed in these and other more frugivorous primates is proposed to be correlated 

to slower growth strategies hypothesized to minimize energetic needs and the risk of 

starvation (Robbins & McNeil age, 2003; Breuer et al., 2009; Stoinski et al., 2013). In 

Gombe chimpanzees, suckling termination ages range from 4.2 to 7.2 years with an average 

of 4.71 years (Lonsdorf et al., 2019). This prolonged maternal investment seems to serve 

as a buffer against the potential risks associated with the temporally variable and widely 

dispersed food sources in infants.  
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The comparative study of weaning variation in gorillas and chimpanzees occupying 

distinct ecological settings provides valuable insights into the impact of different 

environments on life history strategies. It sheds light on how ecological factors may have 

shaped the life histories of early hominins, enhancing our understanding of human 

evolution. However, while several studies have thoroughly examined the correlates of 

weaning variation in living representatives of our closest African great ape relatives 

(mountain gorillas: Eckardt et al., 2016; common chimpanzees: Lonsdorf et al., 2019), 

these approaches are not directly applicable when investigating weaning in hominins for 

which hard tissues comprise the only direct evidence of weaning that remains. 

 

Dental Trace Element Analyses 

The body consists of various elements that are derived from dietary sources and 

reflect the elemental signals in the diet. Elemental and isotopic composition of skeletal and 

dental tissues reflects the interaction of environmental exposure, including dietary intake 

and physiological processes (Humphrey, 2010; Tsutaya & Yoneda, 2015). Unlike skeletal 

tissue, the main components of dental tissue (enamel, dentine, and cementum) do not 

compositionally remodel and, instead, form incrementally over long periods of time. As 

dental tissue layers are incrementally deposited, elements introduced to the body are then 

temporally incorporated into the tooth microstructure. Discrete isotopic or trace element 

analysis of different skeletal and dental tissues that form at different developmental stages 

can be used to track distinct events that occurred during the lifetime of a single individual 

(Humphrey, 2010; Simpson, 2021). 
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A foundation for investigating dental evidence of weaning was established with 

studies of the pattern and timing of dental emergence, which we now understand to be 

significant indicators of life history events. Studies have revealed that the age at gingival 

emergence of the first molar (M1) correlates with weaning age across various primate 

species (Smith, 1989, 1992), while the timing of third molar (M3) emergence has been 

associated with reproductive maturation and the completion of body growth (Dirks & 

Bowman, 2007). These patterns provide a valuable comparative framework for studying 

the transition from an early hominin life history profile to a more modern human-like 

schedule of delayed maturation. However, dental emergence studies have limitations, as 

relationships between dental emergence and life history have been established only in very 

broadly comparative contexts and may not necessarily hold within more closely related 

taxa (Smith, 1989; Kelly & Schwartz, 2010). For instance, there is substantial variability 

in modern humans, with a mean weaning age of 2.4-2.8 years preceding M1 emergence by 

approximately 2-4 years (Liversidge, 2003). Additionally, observations in Kanyawara 

chimpanzees indicate that infants continue to suckle after M1 emergence (Smith et al., 

2013). These findings suggest more complexity concerning M1 and M3 emergence and its 

correlation to weaning and maturation when looking across closely related species or 

within species, thus highlighting that additional factors are at play in influencing the 

transition to an adult feeding pattern (Robson and Wood, 2008; Humphrey et al., 2010). 

Elemental analysis of dental tissue can most notably provide direct evidence of 

paleodiet and can be used to reconstruct timelines of early-life dietary transitions. Four 

distinct stages of nutritional intake can be distinguished in early life: placental nutrition, 

exclusive suckling, weaning (mixed feeding), and total cessation of suckling (Humphrey, 
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2010). Elemental signals and patterns systematically differ across breast milk composition 

and solid foods. Thus, each dietary stage is depicted by specific elemental makeups and 

isotopic signatures (Humphrey, 2010; Tsutaya & Yoneda, 2015; Smith & Bharatiya, 2022). 

Although stable isotope analysis is a very well-established and reliable tool for trace 

elemental analysis and reconstructing early life dietary transitions, recent methodologies, 

including LA-ICP-MS and SEM-EDS, have emerged as alternative methodologies capable 

of providing higher resolution spatiotemporal information (Sillen & Smith, 1984; 

Humphrey et al., 2008b; Austin et al., 2013; Tsutaya & Yoneda, 2015; Simpson, 2021). 

LA-ICP-MS and SEM-EDS are similar methodologies, both providing trace elemental 

composition with high spatiotemporal sensitivity. LA-ICP-MS employs a micro-beam 

laser to ablate specific points on a sample, extracting elemental concentrations and isotopic 

ratios from discrete microstructures. In contrast, SEM-EDS detects characteristic X-rays 

emitted by a sample as it is scanned by a microbeam of electrons from the SEM, with the 

X-rays sorted based on their energy to determine major and minor elemental concentrations 

(Simpson, 2021; Cerrito et al., 2022). 

LA-ICP-MS and SEM-EDS have been proven to be reliable methodologies, yet 

both come with their own set of strengths and limitations. While SEM-EDS is a less 

destructive methodology with the ability to provide simultaneous measurement of multiple 

elements, it has a higher detection limit in comparison to LA-ICP-MS (Simpson, 2021; 

Cerrito et al., 2022, 2023). This comparison of strengths and limitations between the two 

methodologies is not to argue which form of trace elemental analysis is best. Instead, it 

suggests that each one may be better equipped to handle different sets of research questions 

and approaches. 
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Known Elemental Biomarkers and Previous Studies 

There are a number of elemental biomarkers indicative of weaning. For instance, 

the analysis of strontium (Sr) and barium (Ba) has been shown to offer a unique opportunity 

to investigate the incorporation and substitution of non-essential alkaline earth metals in 

the bioapatite formation, mirroring physiological concentrations associated with weaning 

(Humphrey et al., 2007). Sr and Ba are non-essential alkaline earth metals that can 

substitute for Calcium (Ca) in the formation of bioapatite. Their incorporation into hard 

tissues is influenced both by dietary intake and metabolic processes, including 

gastrointestinal absorption, renal excretion, and transfer across placental and mammary 

gland epithelia (Sillen & Lee-Thorp, 1994; Burton et al., 1999; Humphrey, 2014). These 

same processes then discriminate against Sr and Ba, leading up to the preferential intake 

of Ca instead (Lough et al., 1963; Burton et al., 1999; Humphrey, 2014).  

The influence of these factors varies over four main stages of nutritional 

development: (1) gestation, (2) exclusive breastfeeding, (3) transitional feeding, and (4) 

dietary independence (Austin et al., 2013; Humphrey, 2014; Tsutaya & Yoneda, 2015). 

Each nutritional stage is associated with predictable changes in calcium-normalized Ba and 

Sr intensities, Ba/Ca and Sr/Ca (Humphrey et al., 2008a; Austin et al., 2013; Humphrey, 

2014; Smith et al., 2017). (1) During gestation, Ca levels rise in the offspring due to 

increased efficiency in maternal Ca absorption and its active transport across the placenta, 

whereas Ba levels are inhibited by the placental barrier and do not experience a significant 

increase (Rossipal et al., 2000; Humphrey et al., 2007; Austin et al., 2013; Humphrey, 
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2014). Sr, however, follows concentration gradients, implying that offspring levels of Sr 

in prenatal enamel highly vary depending on maternal dietary intake, the release rate of 

strontium and calcium from the mother's skeleton, differential transfer of Sr/Ca across the 

mother's digestive tract, and differential transfer of Sr/Ca across the mother's placenta 

(Sillen & Smith, 1984; Rossipal et al., 2000; Humphrey et al., 2007). 

(2) During exclusive breastfeeding, Ca and Ba are transferred through the 

mammary gland resulting in concentration increases in the offspring (Rossipal et al., 2000; 

Humphrey et al., 2007; Austin et al., 2013; Humphrey, 2014). In contrast, Sr transfer is 

dependent on multiple variables: breastmilk composition, maternal dietary intake, release 

rate of strontium and calcium from the mother's skeleton, differential transfer of Sr/Ca 

across the mother's digestive tract, and differential transfer of Sr/Ca across the infant's 

digestive tract. However, because breastmilk is naturally depleted in Sr relative to Ca, we 

can still expect an overall decrease in Sr/Ca (Rossipal et al., 2000; Humphrey et al., 2007; 

Simpson, 2021). Thus, during exclusive breastfeeding, Ba/Ca concentrations are expected 

to increase, while Sr/Ca intensities are generally expected to decrease (Sillen & Smith, 

1984; Rossipal et al., 2000; Humphrey et al., 2007; Austin et al., 2013; Humphrey, 2014; 

Simpson, 2021). 

(3) During transitional feeding, solid, non-milk foods are proposed to have higher 

concentrations of Sr/Ca than breastmilk. This is expected to cause a direct increase in Sr/Ca 

intensities in the offspring. As solid foods contain less bioavailable Ba compared to breast 

milk, however, levels of Ba/Ca are expected to decrease in the offspring during the onset 

introduction to solid non-milk foods (Sillen & Smith, 1984; Smith et al., 2017). 
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(4) Both Sr/Ca and Br/Ca concentrations are expected to decrease during total 

dietary independence. This is due to gastrointestinal discrimination against Sr and Ba, 

which increases with age, causing Sr/Ca and Ba/Ca to be lower than the solid foods 

consumed (Lough et al., 1963; Sillen & Smith, 1984; Humphrey, 2014).  

Previous studies have laid the groundwork for diet reconstruction and the 

exploration of weaning transitions using dental trace element analysis. For example, 

Humphrey and colleagues (2007) used LA-ICP-MS and ArcGIS software to map variation 

in calcium-normalized strontium intensities across thin sections of enamel extracted from 

deciduous teeth from human infants with known nursing histories. This study demonstrated 

a larger-than-expected reduction in Sr across the neonatal line in breastfed individuals, 

whereas formula fed infants illustrated an increase in Sr going across the neonatal line. The 

contradicting directions of change in Sr/Ca ratio in the teeth of those who were breastfed 

for the first few months after birth and those who were exclusively or predominantly 

formula-fed in the first few months after birth suggests that Sr/Ca changes occurring at the 

neonatal line are most likely a reflection of variation associated with dietary intake and 

breast milk composition rather than other parameters that may change at birth (Humphrey 

et al., 2007). Another study by Humphrey and colleagues (2008) tracking dietary 

transitions in weanling baboons further confirmed this decrease in Sr/Ca during exclusive 

breastfeeding while also revealing increases in Sr/Ca concurrent with the introduction of 

formula and solid foods. However, no known nursing histories in this second study 

accompanied their samples. 

In later studies also using LA-ICP-MS, calcium-normalized barium intensities in 

tooth enamel were examined for correspondence with weaning-related dietary transitions. 
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Austin and colleagues (2013) looked at Ba/Ca intensities related to weaning using 

deciduous teeth from human infants and permanent first molars taken from rhesus 

macaques with prospectively recorded diet histories; they also analyzed a single first molar 

from a Middle Neolithic juvenile Neanderthal. This study documented abrupt increases in 

Ba/Ca at birth, with Ba increasing during exclusive breastfeeding followed by a decrease 

after the total cessation of suckling (Smith et al., 2017, 2022, 2023). These patterns in Ba 

concentrations related to weaning have been reaffirmed in a recent review of elemental 

models for weaning by Smith et al., (2023). In their review, Smith and colleagues 

reexamined Ba/Ca and Sr/Ca concentrations among the first mandibular molars of four 

baboons. They found Ba/Ca concentration patterns to be in line with the patterns mentioned 

in the previous studies already discussed in this section. However, they found a lack in 

evident Sr/Ca patterning. Smith et al. (2023) suggest that Sr/Ca patterns may not be a 

reliable proxy for weaning and that there is a greater complexity of Sr/Ca patterns than 

modeled in previous studies.  They suggest that additional understanding about the seasonal 

bioavailability of Sr in non-milk foods and putative developmental changes in the 

absorption of this non-essential element are necessary before Sr/Ca patterns can be reliably 

used as a proxy for weaning in the past (Smith et al., 2023). 

Other studies have explored diet reconstruction and weaning using SEM-EDS 

analysis and found different chemical proxies through which we might be able to 

reconstruct weaning timelines. In her 2023 paper titled "Life History in Primate Teeth is 

Revealed by Changes in Major and Minor Element Concentrations Measured," Cerrito and 

colleagues analyzed the relative major and minor element concentrations in cementum 

using a sample of 34 teeth of seven male and female rhesus macaques (Macaca 
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mulatta) with known medical and life-history information via field-emission (FE) SEM-

EDS analysis. The study found Mg to be the only element that consistently differs in 

concentrations during breastfeeding. However, there was no significant difference in the 

percent concentrations of Mg found between transitional feeding and complete cessation 

of suckling (Cerrito et al., 2022a). Mg was significantly lower in 80% of the dental tissue 

formed at the time of exclusive breastfeeding than in tissue formed after completion of 

weaning due to other elements, such as P and Ca, being transferred to a proportionally 

greater extent than Mg. However, Cerrito and colleagues were unable to find any 

consistently significant difference in the relative percent concentrations between the time 

of transitional feeding and complete cessation of sucking. The same conclusion was 

reached in another study looking at the differences in the elemental composition of primary 

lamellar bone in parous and nulliparous rhesus macaque females (Cerrito et al., 2022b). In 

addition to finding lower concentration levels of Mg during exclusive breastfeeding, 

Cerrito and colleagues also noted that one particular individual had even lower 

concentrations of Mg in transects of prenatal bone than during breastfeeding, suggesting 

that there may also be a delay in Mg transfer from the maternal organism until after the 

birth (Cerrito et al., 2022b). Moreover, it is noteworthy that while LA-ICP-MS has been 

undertaken on enamel and dentine, EDS has been undertaken on bone and cementum. To 

date, I am aware of no tests of this method in the same tissues that have been the focus of 

LA-ICP-MS for this application purpose. 

While these previous studies have provided valuable insights into the patterns of 

dental trace elements in controlled settings, the examination of dental trace elements in 

wild nonhuman primates with documented dietary histories has not yet been done. Thus, 
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the accuracy of dental trace elements in studying weaning transitions in wild primate 

populations remains to be confirmed. Furthermore, additional research is needed to validate 

the applicability of dental trace element analysis in these contexts before it can be used to 

identify and explore weaning strategies and variation in paleontological contexts. 

 

This Study: Aims and Predictions 

The overall purpose of this study is to test the reliability and accuracy of using SEM-

EDS analysis on tooth enamel to reconstruct weaning timelines. Utilizing dental samples 

from individuals from two great-ape populations that have been the focus of long-term 

study, including eastern chimpanzees (Pan troglodytes schweinfurthii) from Gombe 

National Park in Tanzania (Lonsdorf et al., 2019) and mountain gorillas (Gorilla beringei 

beringei) from Volcanoes National Park, Rwanda (Eckardt et al., 2016), this study 

specifically aims to: 

1. Develop and test a set of protocols for SEM-EDS analysis to precisely measure the 

elemental composition within dental enamel. 

2. Employ the established protocols to analyze the elemental composition of tooth 

section samples along three distinct transect lines strategically positioned to 

encompass the entire tooth chronology. 

3. Investigate and interpret any discernible elemental patterns within the samples that 

may serve as reliable indicators of weaning. 
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Based on prior studies reviewed above, elemental profiles in enamel are hypothesized to 

exhibit the following changes associated with birth, exclusive breastfeeding, weaning, and 

total cessation of suckling: 

1. Sr concentrations will decrease at birth but then begin to rise with the introduction 

of solid foods. Sr will continuously increase as weaning is prolonged, establishing 

a positive relationship with Sr intensities and increasing solid food consumption. 

2. Ba concentrations will increase at birth but begin to fall with the introduction of 

non-milk foods. Ba will then continuously decrease as weaning is prolonged, 

establishing an inverse relationship with Sr intensities and increasing solid food 

consumption. 

3. Mg concentrations will be at their lowest prenatally but rise slightly immediately 

after birth. They will remain relatively low during breastfeeding until after the 

complete cessation of suckling and total nutritional reliance on solid, non-milk 

foods, when they will then begin to rise significantly. 

While some individuals sampled in the current study have associated behavioral histories, 

we did not access those behavioral records for this analysis, which is meant instead as a 

first step to demonstrate the feasibility of EDS analysis. Therefore, this study aimed to test 

the following more restricted set of predictions: 

1. If detected, Sr, Ba, and Mg would each exhibit significant changes in relative 

concentration across the neonatal line (i.e., indicative of birth) in the enamel of first 

permanent molars. 
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a. Sr will decrease initially as it traverses the neonatal line, continuing into 

exclusive breastfeeding. 

b. Ba will increase across the neonatal line, coinciding with exclusive breastmilk 

consumption. 

c. Mg will slightly decrease as it crosses the neonatal line; however, changes to 

Mg during exclusive breastfeeding will vary from individual to individual. 

2. Between birth and the first four years (average weaning age at 3.3 years; Eckardt 

et al., 2016) in mountain gorillas and between birth and the first seven years of age 

in chimpanzees (average weaning age at 4.71 years; Lonsdorf et al., 2019), the 

following changes in relative concentrations would be observed:  

a. Sr will gradually increase during transitional feeding due to the introduction 

of solid foods that are richer in Sr content, eventually reaching its highest 

point around mean age at weaning. 

b. Following its highest point immediately after birth and in early infancy, Ba 

will begin to decline over the first three postnatal years, and eventually reach 

its lowest point around the mean age at weaning  

c. Mg will vary during exclusive breastfeeding but begin to increase during 

transitional feeding as it is supplemented with magnesium-rich solid foods.  
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Chapter 3: Materials and Methods 

 

Study Population 

 The dental specimens for this study come from six naturally deceased individuals 

from two great-ape populations under long-term study (Table 1). The study sample 

includes eastern chimpanzees (Pan troglodytes schweinfurthii; N=2 individuals) from 

Gombe National Park in Tanzania and mountain gorillas (Gorilla beringei beringei; N=4 

individuals) from Volcanoes National Park, Rwanda (i.e., Virunga mountain gorillas). 
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Table 1: Specimen information for all individuals initially included in this study. 

 

 

Specimen 

ID GP.009 GP.075 GP.125 GP.004 Sherehe Michaelmas 

Species 

Gorilla beringei 

beringei 

Gorilla beringei 

beringei 

Gorilla beringei 

beringei 

Gorilla beringei 

beringei 

Pan 

troglodytes Pan troglodytes 

Sex Female Male  Male Female Male 

Age at 

Death 

(yrs) Estim. 3.2 6.08 3.72 

 

 

5.48 15.8 13 

Tooth 

Sections 

Analyzed 

RM1Mesial 

RM2 Distal RM1Mesial 

LM1 

LM2 Distal 

RM1 Mesial 

RM2 Distal 

RM3 Distal 

RC1 

RM1Mesial 

RM3 Distal RM1Distal 

Elemental 

Analysis SUCCESSFUL SUCCESSFUL INCONCLUSIVE INCONCLUSIVE SUCCESSFUL SUCCESSFUL 
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Tooth Specimen Preparation  

Sectioning: Tooth removal and histologic preparation of first (M1), second (M2) 

and third (M3) permanent molars and permanent canines (C) were conducted years prior 

to this study in the Skeletal Life History Lab at George Washington University. Tooth 

sectioning was done following the histological preparation procedures set by Reid et al. 

(1998). First embedded in polymethyl methacrylate (PMMA) to prevent spalling of the 

outer surface during sectioning, the samples were then cut in plane parallel sections through 

the dentine horn taken from the midline labio-lingual plane of the canine and buccolingual 

sections through paired mesial and distal cusps of molars. The tooth samples were then 

ground down to ~100 microns and polished using 1500 grit to 1.0 micron surface 

topography using Beuhler aluminum suspension (Kang, 2004; Humphrey et al., 2007; 

Dirks et al., 2010).  

Transect Placement: At The George Washington University Skeletal Life History 

Lab, light microscope images were taken of each tooth section, using a Zeiss AxioImager 

with integrated MicroBrightField Bioscience Stereo Investigator system with Virtual Slice 

for automated image montaging (MBF Bioscience, Williston, VT, USA). Circularly 

Polarized Light (CPL; Bromage et al. 2003) and Bright Field (BF) montage images were 

taken of the specimens using an Optronics MicroFire CCD camera; 10x images (at 0.7424 

microns/pixel resolution) of each individual cusp for the molars and the canine were 

transferred to Adobe Photoshop for annotation.   
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These images were used to map the placement of three transect lines, ensuring that 

the majority of the tooth chronology is accounted for. While each transect placement was 

adjusted to fit along the unique microstructure of each tooth, we established a generalized 

transect placement protocol so that transects are standardized across all samples for better 

comparative analysis. Each transect line longitudinally spans from the enamel dentine 

junction (EDJ) to the outer enamel surface (OES), following the long axis of enamel 

prisms. Where each transect reached the OES, the most adjacent perikyma was identified 

and its associated stria of Retizus was then traced down to its origin at the EDJ. This point 

along the EDJ then served as the origin for the next transect line, to follow the enamel 

prism long axis to the OES. We used this strategy for transect placement to ensure that our 

EDS sampling spanned the near entirety of the enamel developmental period for the tooth 

crown. (Cervical-most enamel was not uniformly captured across all teeth.) All three 

transect lines were placed as described in Table 2.  

The placement of transects on each tooth section was purposefully designated so as 

to reconstruct each individual's dental development history. Sequential measurement points 

along each transect form a linear timeline, going from the EDJ (the innermost point 

representative of early life) to the OES (later life relative to point one). Overlap between 

transects due to contemporaneous regions of enamel development across tooth positions 

allows for the timeline reconstruction to be continuous. For instance, T3 of the M1 and T1 

of the M2 may display contemporaneous development due to the initiation of M2 formation 

towards the end of M1 crown development. Similarly, we expect overlap between T3 of 

the M2 and T1 of the M3. Additionally, the formation of C enamel overlaps with the latter 

development of the M1 enamel, all of M2 crown formation, and the first portion of M3 
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crown formation (Smith, 1989, 1992; Liversidge, 2003; Smith et al., 2013). 

 

 

Table 2: Explanation of the standardized placement protocols set for each transect 

placement . 

 

Transect One 

(T1): 

 

This transect originated at the EDJ in the region of earliest forming 

enamel, near the dentine horn, and then followed the course of 

enamel prisms across the neonatal line to the OES. Line placement 

was adjusted to each individual's unique histology so that as much 

prenatal enamel as possible was included in this transect. T1 is 

meant to represent the earliest portion of time in each individual's 

dental chronology, and to sample both prenatal and early postnatal 

enamel across the neonatal line. 

 

 

 

Transect Two 

(T2): 

 

Following the procedure outlined in the methods, whereby the first 

stria of Retzius associated with T1 was followed down to its origin 

at the EDJ, this transect was placed at approximately 50% of total 

crown height. Thus, T2 represents the intermediate portion of time 

represented in enamel development of each cusp of the tooth. 

 

 

 

Transect 

Three (T3): 

 

Following the procedure describe above, this transect is placed at 

the lowest point of the tooth chronology, at about 75% crown 

height. T3 is meant to represent the latest portion of time of enamel 

development in each cusp’s chronology. 
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Figure 1: Annotated light microscope image (10x) illustrating transect placement mapped 

on individual Sherehe’s right third molar (RM3) to match information given in Table 2 

above. The neonatal and a single stria of Retizus are marked for reference. 
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In the final preparation step conducted in the Hard Tissue Research Unit at New 

York University College of Dentistry, all tooth sections were coated with a conductive 

material; in this particular study, we used carbon (C). Conductive coats are necessary to 

reduce any charging effects during SEM analysis. Charging can occur as the sample is 

bombarded with electrons, leading to the accumulation of charge on the sample surface. 

This charge can distort the electron beam and affect the quality of the imaging and analysis. 

Thus, to help dissipate this charge and allow for clearer imaging and more accurate analysis 

of the sample's elemental composition, all tooth sections were coated with a 10-µm layer 

of C (McCormack, 2021). 

 

Data Collection 

SEM-EDS relative elemental concentrations were collected using the Zeiss Gemini 

SEM 300 Field Emission Scanning Electron Microscope equipped with a Bruker Quantax 

200 XFlash 6160 Energy Dispersive X-ray Spectroscopy, available in the Hard Tissue 

Research Unit (HTRU) at New York University College of Dentistry. Samples were loaded 

into the SEM vacuum chamber three sections at a time. Each tooth section was then 

individually brought to focus so that the enamel prisms were visible. Next, using any 

distinct histological features as a guide, we then remapped each transect point onto the 

SEM using our annotated light microscope images as a guide. Using the line scan tool, we 

placed each transect in about the same spot initially set. However, all transect lines were 

adjusted on the SEM to ensure that they followed the long axis of enamel prisms, coursing 

from the EDJ to OES.  
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The EDS was then set to measure the concentration weight of all detectable 

elements in  proportion to the total element counts (ppm) present at each sampling point 

along the transect line. The number of points measured was determined by two factors: the 

total length of the transect and beam radius. So that each transect measurement would be 

temporally continuous, our measurement points were modified to overlap halfway, set 

equally distanced from the following point. To do this, we took the length of each 

individual transect and divided it by the radius of our beam, 1.9 µm at the applied 15 kV. 

The resulting quotient is the  number of points to be measured along that individual transect 

placement being set. Transect length varies across our sample set based on the individual’s 

overall tooth size and transect placement along the tooth’s morphology. But each sampling 

point along these transects was of the same size (3.8 µm in diameter) and thus represents 

roughly similar durations of time (excepting variability in enamel secretion rates). Lastly, 

with our transect lines selected and measurement point totals set, we finally go on to 

measure the elemental compositions of each transect for a total of 256 seconds using the 

following EDS protocol settings (Table 3). Due to our small sample set and the very few 

elemental concentrations detected, this study restricted compositional comparisons to 

qualitative, visual comparisons for the purposes of this study. No formal statistical tests 

were conducted. 
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Table 3: The standardized EDS sample testing protocol set for this study. 

 

 

 

  

 

 

  

 

 

 

 

 

 

 

 

EHT Voltage: 15 kV 

Aperture: 60 µm 

High Current: ON 

Working Distance: ~8.5 mm 

Field Width: ~1000 µm 

Backscattered detector (BSD): BSD4 A 

BSD Control: 

BSDCOMPO (All 6 Sectors 

On) 

Image Pixels: 1024 

Channel 1: ON 

Imaging Dwell Time: 64 s 

Line Scan Dwell Time: 256 s 
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Figure 2: Light microscope image of 

GP009’s right third molar (RM2) with 

planned transect  

placements marked (left image) 

compared with matched SEM images 

take of the same tooth  

section, illustrating the real measured 

transect and its adjusted placement set to 

go along the  

long axis of enamel prisms (right 

images). 
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Chapter 4: Results 

 

Composition Overview 

Among our cohort of individuals, it was found that of the initial six subjects 

included, measurements could be obtained for only four individuals. During SEM-EDS 

analysis of the individuals for whom measurements could not be obtained (GP004 and 

GP125), it was observed that the EDS was unable to detect any components of 

hydroxyapatite. Instead, elevated levels of carbon (C) and oxygen (O) were consistently 

detected, which may be related to digenesis. 

Relative measurements were successfully obtained for four individuals in our 

study: Sherehe, Michaelmas, GP009, and GP075. Measurements were taken for various 

elements among these individuals during data collection, forming the basis of our data 

analysis. Thus, these individuals are the only samples represented in our results section.  

In summarizing our data, we can categorize the various elements detected into 

two groups: major and minor. The minor elements are defined as those present at 

concentrations greater than 100 parts per million (ppm) but less than 0.1%. The minor 

elements detected across our study sample include sodium (Na), magnesium (Mg), 

chlorine (Cl), and fluorine (F). These minor elements detected were inconsistently 

measured across all individuals and transects and represented in negligible concentration 

amounts. The major elements are defined as those constituting greater than 0.1% of the 
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total composition. Carbon (C), calcium (Ca), phosphorus (P), and oxygen (O). Ca, P, and 

O made up the majority of our samples' elemental composition and were measured 

consistently across all individuals and transects. 

 

Relative Concentration Dynamics 

Major Elements Present: Barring the relative elemental concentrations that have 

been demonstrated in prior studies to relate to weaning (Mg, Sr, and Ba), the composition 

dynamics of major elements may also have potential signals associated with weaning. To 

further investigate concentration dynamics related to weaning, we compared the major 

elemental compositions across the three transects, filtering by different variables. These 

comparisons are represented in the following three figures: Figure 3, all individuals 

represented together, Figure 4, separated by species, and Figure 5, separated by 

individual, aiming to uncover additional patterns that may contribute to our 

understanding of the chemical dynamics of weaning.  

First, looking at the summary of the elemental composition makeup of all 

individuals combined (Figure 3), we can see that overall, there are no distinct elemental 

patterns expressed within any of the detected elements. However, there seems to be a 

slight difference in the concentrations of Ca and C concerning M2. 
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Figure 3: Boxplot of relative elemental compositions measured across transects, grouped by tooth type and separated according to 

element measured.  All individuals were combined for analysis. 
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Second, looking at composition dynamics grouped by species (Figure 4), Ca and 

C for M2 again appear more distinct compared to all other teeth. The M2 pattern also 

appears to be species specific, occurring only in the gorilla samples. All other elemental 

concentrations remained relatively stable across all tooth types and transects within our 

entire sample population.  
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Figure 4:  Boxplot of relative elemental compositions measured across transects, grouped by species and tooth type, separated 

according to element measured. 
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Lastly, we compared the elemental dynamics across all transects separated by 

individual (Figure 5). Again, no other elemental dynamics were observed however, the 

difference observed in the M2’s Ca and C concentrations seems to specifically conce
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Figure 5: Boxplot of relative elemental compositions measured, separated by individual (ID), tooth type, and element measured. 
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individual GP009; though this is likely unique to this individual’s M2 specimen, we note 

that we currently lack M2 specimens for other gorilla individuals. 

 

Minor Elements Present: As noted above, the minor relative elemental 

concentrations measured (Na, Mg, F, and Cl) were low, sparse, and inconsistent. However, 

three elements were more concentrated and prevalent throughout all samples and transects. 

Na, F, and Mg were the most commonly read minor elements, with Na being the most 

consistent and Mg being the least consistent of the three. In addition, while Mg has been 

correlated to weaning in previous studies (Cerrito et al., 2022), we observed no distinct 

patterns in our detected concentrations (Figure 6). Overall, Mg measurements were 

shallow and sparse, only consistently tested in two individuals, Sherehe and GP009. 
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Figure 6: Point graph of Mg concentrations measured in Sherehe and GP009. Points are 

measured along transects, with Point 1 beginning at the Enamel-Dentine Junction (EDJ), 

the innermost point within the prenatal enamel. Sequential points, denoted as the 'n' point, 

progress outward to the outermost point of the postnatal enamel at the Outer Enamel 

Surface (OES), marking the earliest and latest temporal points along each transect. 
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Chapter Five: Discussion 

 

Indicators of Weaning 

Overall, we were unable to detect any definitive elemental indicators of weaning 

via discernable hydroxyapatite compositional dynamics nor through known elemental 

proxies for weaning using SEM-EDS analysis. Our study's inability to measure any Sr or 

Ba concentrations, in addition to the minimal and unreliable concentrations of Mg found, 

may, in part, be due to our extremely small sample size. However, we suggest that this may 

mainly be attributed to limitations in the detection sensitivity of the SEM-EDS 

methodology. While EDS has the advantage of being much faster and allowing for whole-

spectrum elemental acquisition, it does have high detection limits, and concentration 

measurements reported here are only relative. The high detection limits make it difficult 

and unlikely to detect elements present only in deficient concentrations, such as those 

correlated to weaning (Sr, Mg, and Ba). These limits in detection sensitivity suggest that 

EDS may not be a suitable method for trace elemental analysis (Wang & Chu, 2012; Cerrito 

et al., 2022). Instead, other methods with absolute concentration measures and lower 

sensitivity limits, such as LA-ICP-MS, are more applicably appropriate for reconstructing 

weaning timelines (Simpson, 2021).  

Another variable that should be considered is our choice of dental tissue sampled. 

The majority of previous studies using SEM-EDS to assess early-life dietary transitions 

in primates have used cementum (Cerrito et al., 2020, 2023). In contrast, only one study 

has used SEM-EDS on enamel in bottlenose dolphin populations (McCormack et al., 
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2021). However, as far as I am aware, there have been no previous studies done using 

SEM-EDS to look at enamel composition in wild primates. The rationale for the use of 

cementum and dentin over enamel is often attributed to the difference in structural 

formation. Odontoblasts and ameloblasts form incremental layers in primary dentin and 

enamel, beginning in utero and extending into adolescence in humans, with secondary 

dentin beginning after root formation is complete. Thus, dentine and enamel carry a short 

record of elemental compositions from development (Simpson, 2021; McCormack et al., 

2021; Cerrito et al., 2022). Conversely, cementoblast activity incrementally forms 

cementum layers throughout the entire course of an individual's lifetime. This means that, 

unlike dentin and enamel, cementum carries a more linear, long-term compositional 

record (Simpson, 2021; Cerrito et al., 2022).  

However, the choice between using enamel versus cementum during analysis is 

not only concerned with the types of information each different dental tissue component 

holds but optimizing EDS testability as well. Compared to cementum, enamel is much 

more highly mineralized, which could hinder trace elemental measurements, especially 

considering the low detection sensitivity of SEM-EDS (Simpson, 2021). Further research 

is needed to investigate how different tissue types, such as enamel and cementum, 

influence the detection sensitivity of SEM-EDS for compositional measurements. 
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Regarding Carbon Composition 

During our analysis, we noticed a few odd compositional measurements. Within 

the minor elements, abnormally prominent C concentrations were detected. It is 

important to note that these measurements could most likely be due to the 10-µm 

conductive layer of C coating each tooth section. While the EDS was set to automatically 

adjust for the 10-µm of C, there is the chance these C readings are due to a technical 

error, not adjusting for the added layer. However, regarding the set of individuals with 

inconclusive EDS results (GP004 and GP125), their compositional data showed elevated 

levels of carbon and oxygen before the line scan ultimately failed, which is indicative of a 

significant presence of CO2. These findings raise concerns about potential contamination, 

suggesting that the unusual carbon readings in our conclusive individuals might also be 

linked to the same CO2 contamination that affected GP004 and GP125's EDS analysis. 

Concerning the possibility of sample contamination, there was a grime and 

scratch layer initially present on all samples. These flaws were polished away prior to 

testing using a 1500 grit and 0.5 µm/1.0 µm aluminum polishing solution. This grime 

layer was initially attributed to the use of immersion oil during light microscopy imaging. 

However, the inability to read for any hydroxyapatite could suggest that contamination 

occurred as a result of diagenesis after death and/or during tooth histological preparation 

and was unable to be resolved by repolishing.  

 

  



 

 

39 

Future Directions 

Our study's focus was to assess whether SEM-EDS is a reliable methodology for 

reconstructing early-life dietary transitions through elemental proxies in dental enamel. 

We expected to find meaningful concentrations dynamics of known elemental proxies 

(Sr, Ba, and Mg) of weaning (Humphrey et al., 2007,2008; Austin et al., 2013; Smith et 

al., 2023), but also inspected our data for any other observably linear compositional 

changes in hydroxyapatite that may be candidates for detecting the time frame of 

weaning. Unfortunately, we were unable to detect any reliable trace relative elemental 

concentrations, nor were we able to detect any linear elemental dynamics possibly 

associated with weaning.  

Throughout our SEM-EDS analysis, we encountered issues concerning sample 

choice and preparation, inconclusive results, and  high concentration detection limits 

rendering essential trace elements undetectable. In light of the number of difficulties 

faced, we cannot fairly assess SEM-EDS analysis and its capabilities as a methodology. 

However, through this experiment, we are able to identify gaps in our understanding and 

operationalization of this methodology. Thus, we propose that future directions following 

this study should focus on (1) comparing the reliability of SEM-EDS detection across 

different dental components, enamel, dentine, and cementum, to assess whether or not 

each component is better or less suited for this methodology or if specialized sample 

preparation and data collection protocols are needed to optimize detection according to 

dental tissue type. (2) Explore different sample preparation standards and protocols to 

help combat SEM-EDS high-detection limits. (3) Investigate potential contaminants and 

any other variables connected to inconclusive EDS results. 
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Overall, we were unable to reconstruct weaning timelines from our samples, nor 

were we able to detect any definitive elemental dynamics loosely associated with 

weaning. However, rather than conclude that SEM-EDS analysis is an unsuitable method 

for studying weaning in paleontological contexts, we see potential in its capacities. We 

suggest that further research focused on optimizing SEM-EDS applications is needed. 
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