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Accentuated line: Pronounced, irregularly spaced lines which represent a disturbance of 

the enamel secretion process; follow a parallel course to striae of Retzius from the EDJ to 

OES, but do not always show the same morphology of Striae of Retzius. (Lemmers et al. 

2021) 

 

Cross striations: 24-hour circadian rhythms in enamel secretion that present in 

transmitted light as dark and light bands that cross enamel prisms at an angle of 90 

degrees (Smith 2007). 

Enamel dentine junction (EDJ): Area of the tooth where enamel and dentine interface. 

Enamel prisms: Basic structural components of enamel that originate at the EDJ and 

move outwards, representing the pathway of a single enamel-secreting cell (Smith 2008). 

Linear enamel hypoplasia: bands of reduced enamel thickness presenting on the outside 

of the teeth that are often associated with accentuated lines inside the teeth (Hillson & 

Bond, 1997, McGrath 2018) 

Outer enamel surface (OES): The layer of enamel which forms the outside surface of 

the tooth and interacts directly with the environment. 

Striae of Retzius/Retzius lines: typical increments in the enamel which travel from the 

EDJ to the OES, and represent regular, longer-period disruptions in enamel matrix 

secretion; within a given tooth and individual, adjacent striae of Retzius are hypothesized 

to be separated by the same number of days, known as the periodicity (Reid et al. 1998, 

Smith et al. 2007a). 

Stressor: Any stimuli (event, action, or period of time) which is identified as a possible 

reason for a bodily stress response (i.e., disturbance in enamel secretion) (Romero 2004).  

 

Abbreviations:  

M1 - First molar 

C - Canine 

M3 - Third molar 
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Chapter 1: Introduction 

 

 

Just as dendrochronologists can use annual growth increments in trees to 

determine their calendar age and correlate historical climatic events with their 

development, biologists can use teeth to reconstruct the passage of developmental time 

through the deposition of microscopic enamel layers. These layers permanently document 

the cadence of daily and longer growth rhythms in enamel (Bromage & Dean 1985, 

Bowman 1991). When examined histologically, these layers can be used to establish an 

absolute chronology of development, along with additional information about life history 

events that may be indicated by disturbances in enamel formation (Bowman 1991, 

Lemmers et al. 2021, Smith 2008).  

Physiological stress can be described as the body’s response to unpredictable or 

harmful stimuli (stressors) and is often measured through glucocorticoid steroid hormone 

levels (Romero 2004). Cortisol is the primary glucocorticoid in primates, including 

chimpanzees and humans; it is a heightening of cortisol levels that is a secondary stress 

response to an initial secretion of epinephrine and norepinephrine in the adrenal glands 

that can be measured as a proxy for degree of stress (Muller & Wrangham 2004). 

Hormone levels are not the only tool useful to understanding stress responses, however. It 

is thought that physiologically stressful life events can be observed in the teeth as atypical 

increments that record disturbances of the tooth’s normal secretory cell activity (Bowman 

1991, Dirks et al. 2002, Lemmers et al. 2021, Smith 2008, Witzel et al. 2008). These 

developmental disruptions are visible against the backdrop of normal incremental growth 

lines, analogous to tree rings (Smith 2008, Witzel et al. 2008).  By examining an 
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individual’s teeth at a histological level, we are able to open a window in time into 

development and reconstruct a history of their biological response to stressors over the 

duration of enamel formation. The ability to construct a timeline of an individual’s stress 

response throughout their development is one advantage dental histology has over 

studying stress through measuring cortisol levels alone. In this way, examining dental 

remains is a helpful method to retrospectively unlock complementary information about 

how physiological stress impacts development in different ways than can be determined 

hormonally, or perhaps for individuals who may not have been studied for stress 

indicators in life (e.g., in medieval dental remains, Witzel et al. 2008). 

The overarching goal of this study is to determine how stressful events (stressors) 

impact the lives of individuals through their teeth, adding a novel perspective to the study 

of wild chimpanzees from Gombe National Park, Tanzania. Long-term observation at 

Gombe encompasses a chimpanzee’s life from birth to death, thus allowing researchers to 

access life history information from various points in time. This faithful log of 

information allows us to directly compare observed and recorded stress events from 

individually recognized chimpanzees with hypothesized stress events found in their tooth 

enamel after death (Table 1). Additionally, this study aims to provide the first such data 

on parameters of enamel formation in Gombe chimpanzees–with the exception of where 

reconstruction is not possible due to wear caused by regular mastication–adding to the 

already existing literature regarding chimpanzee dental development (Reid et al. 1998, 

Smith et al. 2007a, Stuhlträger et al. 2021). 
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Chapter 2: Background 

 

 

Dental Histology + Enamel Development 

 Unlike bone, dental enamel does not have the ability to repair or regenerate due to 

its acellular composition (Lacruz et al. 2017, Nanci 2018). Enamel mitigates the risks of 

this weakness by being the most durable and highly mineralized tissue in the mammalian 

body (Witzel et al. 2008, Nanci 2018). Through amelogenesis–categorized into 

presecretory, secretory, and maturation stages–enamel forms a protective barrier over the 

crown of the tooth (Witzel et al. 2008, Nanci 2018). During the secretory stage of enamel 

formation, ameloblasts (enamel-forming cells) secrete a protein matrix that is quickly 

mineralized by the deposition of hydroxyapatite crystallites (Kierdorf et al. 2016, Nanci 

2018). During a brief transitional phase prior to the maturation stage, ameloblasts prepare 

themselves by developing new morphological features, becoming shorter and squatter 

maturation cells (Nanci 2018). In maturation, ameloblasts go through programmed cell 

death and the matrix laid down by ameloblasts is broken down by matrix-degrading 

enzymes, while apatite crystals continue to grow (Nanci 2018). The resulting product of 

this phase is layered enamel that has mineralized to the degree of about 96% by weight 

(Kierdorf et al. 2016, Nanci 2018).  

Because mature dental enamel is a permanent structure, it holds information about 

the growth and development–or the obstruction of such processes–of an individual during 

their lifetime (Witzel et al. 2008). It is this process that bridges the study of the 

microstructures of the tooth and physiologically stressful life events. It is theorized that 

stressful life events can be observed as accentuated or atypical lines within the structure 
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of enamel that record disturbances of the ameloblasts’ normal secretory activity 

(Bowman 1991, Dirks et al. 2002, Lemmers et al. 2021, Smith 2008, Witzel et al. 2008).  

Typical growth increments within enamel are produced by regular changes in the 

secretory activity of ameloblasts, that follow short period (24 hour or circadian) and 

longer period (>24 hours) physiologic rhythms (Witzel et al. 2008, Nanci 2018, Smith 

2008, Smith 2004, Dean 2019). Short-period increments, termed cross striations, present 

in transmitted light as dark and light bands that cross enamel prisms at an angle of 90 

degrees (hence the term “cross” striation) (Figures 1 and 3; Smith 2007). Secretory and 

maturation ameloblasts are subject to the oscillation of circadian clock genes which 

regulate in 24-hour rhythms; this is the reason the resulting growth increments, cross 

striations, represent time intervals of 24 hours (Zheng et al. 2013). 

Long-period growth increments in enamel are termed striae of Retzius/Retzius 

lines, named for the Swedish anatomist by whom they were first described (Figure 1; 

Nanci 2018, Dean 2019). The underlying explanation for striae of Retzius (which 

represent secretory rhythms greater than 24 hours in duration) is debated, though we 

know that they are somehow linked to the process that causes analogous lines in the 

dentine, a structure that is forming at the same time as enamel (Bowman 1991, Witzel et 

al. 2008). Retzius lines can be distinguished from other features in the lateral enamel as 

they terminate in perikymata (small uniform divots) where they reach the outer enamel 

surface (OES; Smith et al. 2003, Schwartz et al. 2006). Within a single individual, a 

uniform number of cross striations can be observed following the trajectory of enamel 

prisms (from the medial to the lateral aspect of the enamel section) between striae of 

Retzius in postnatal enamel; this number is recognized as the periodicity of Retzius lines 
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(Nanci 2018, Smith 2007, Mahoney et al. 2017 provides argument for differences in 

periodicity between deciduous and permanent dentition).  

 

Figure 1. Illustration depicting various features found in enamel. Retzius lines are in 

blue running from the enamel-dentine junction (EDJ) to the outer enamel surface 

(OES) and between them can be found more frequent lines called laminations (in 

green). On the right is a magnified section showing enamel prisms (brown) running 

from the EDJ to the OES with cross striations (red) lining up perpendicularly to the 

enamel prisms (Original figure from Smith 2006).  

 

 

Separate from the normal growth increments in enamel, irregularly patterned 

features called accentuated lines (sometimes referred to as accentuated striae or Wilson 

bands) are also visible within the internal microstructure of enamel (Reid et al. 1998, 

Smith et al. 2007).  Accentuated lines follow the trajectory of Striae of Retzius, though 

they may not exactly coincide–instead they may occur in the days between adjacent long-

period Striae of Retzius (Goodman & Rose 1990, Fitzgerald & Saunders 2005, Smith & 

Boesch 2015). Accentuated lines can present differently in the enamel depending on 

factors that may have to do with the severity and duration of a stressor, but also with the 
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timing of the stressor in relation to the secretory stage and/or position of the ameloblasts 

(Figure 2; McGrath 2018, Witzel et al. 2008).  They may or may not be continuous with 

defects that are visible on the OES, such as linear enamel hypoplasia (horizontal grooves 

visible in the OES that represent deficiencies in enamel thickness; Figure 3) (Hillson & 

Bond 1997). In a prior study of linear enamel hypoplasia in humans, ameloblasts that 

were in the late stage of secretion were more often susceptible to being impacted by 

stressors than those in earlier stages of secretion (Witzel et al. 2008).  

 

 

 

Figure 2. Relationships between stressor intensity, duration, and secretory stages/age 

of ameloblasts and types of defects. This diagram depicts these relationships for 

hypoplastic defects, but these relationships are also informative for understanding 

internal accentuated line defects (Figure 12 from Witzel et al. 2008).  
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Dental Defects in Primates 

Several studies have been conducted to better understand the connection between 

physiological stress and observed disturbances in primate enamel formation. Linear 

enamel hypoplasia defects have been the most widely studied defects among non-human 

primates, modern humans, and our hominin ancestors (e.g., Guatelli-Steinberg 2003, 

Witzel et al. 2008, Smith & Boesch 2015).  Both linear enamel hypoplasia and 

accentuated lines visible within the tooth crown are understood to reflect disruptions in 

enamel secretion caused by physiologically stressful incidents, such as childhood fevers 

or nutritional deficiencies (Hillson & Bond 1997). For the purpose of this study, I focus 

on the timing and severity of internally observed accentuated lines in the enamel, noting 

observations of linear enamel hypoplasia when relevant (Figure 3).  
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Figure 3. Canine lateral enamel from the focus individual of this study, Sherehe. A deep linear 
enamel hypoplasia starts at the light green arrow and ends at the darkest arrow. The medium 

green arrow marks the lowest point in enamel deficit, after which enamel secretion begins to 

recover. Abnormal patterning and shape (S-like) of striae of Retzius is marked by blue lines and 
perikymata are marked by yellow arrows (Above). 

 

 

 

 

Figure 4. An example from the same tooth as Figure 3 (closer to the cusp) of a more 

typical enamel pattern. Consistent, parallel striae of Retzius, shown in blue, predictably 

meet the outer enamel surface as perikymata, marked by yellow arrows. 

 

Bowman (1991) conducted the first study of internal accentuated lines in enamel 

of primates of known life history; her research assessed captive rhesus macaques and 

provided insight into how factors like nutritional deficiencies and social stress may 

impact dental development. In a case study of one female rhesus macaque, “Indira,” 

Bowman (1991) found the M1, the first permanent molar tooth that typically initiates 

mineralization prenatally, showed an accentuated line at birth (referred to as the neonatal 

line (NNL)).  Subsequent accentuated lines matched within the week to a stillbirth she 

experienced, and a longer-than-normal anesthetization, respectively; it was not possible 
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to determine whether the latter accentuated line was related to the capture or 

anesthetization itself. Indira also developed an accentuated line around the time of her 

mother’s death and another anesthetization. These events happened too closely together 

for either to be distinguished as the true cause of the accentuated line. Bowman (1991) 

postulated that social stressors could be associated with accentuated lines, though most of 

the evidence she found was related to non-social life history events.  

 Only a few studies have had the opportunity to test correspondence between 

social stressors and dental defects in primates with well documented behavioral histories; 

some have demonstrated a correspondence between life events such as birth, injury, 

veterinary capture, malnutrition, flanged/unflanged status, and weaning and different 

types of disruptions in enamel formation (i.e. accentuated lines, enamel hypoplasia) in 

apes and monkeys (baboons, orangutans, gorillas, and chimpanzees) (Schwarts et al. 

2006, Kralick & McGrath 2021, Smith & Boesch 2015, Smith et al. 2010, Dirks et al. 

2010).  One study on wild hamadryas (Papio hamadryas) and anubis (Papio anubis) 

baboons found that accentuated increments were associated with the mother’s resumption 

of her sexual cycle (Dirks et al. 2002). Another study found that major accentuated lines 

were associated with not only insults such as birth and direct bodily injury in a captive 

juvenile western lowland gorilla, but also events related to veterinary visits (Schwartz et 

al. 2006); such events were also found to correspond to dental defects in Virunga 

mountain gorillas (McFarlin et al. 2014, McGrath et al. 2018). In three wild chimpanzees 

of documented life history from the Taï forest, Côte d’Ivoire, Smith and Boesch (2015) 

found that aggression events instigated by a female chimpanzee as she was attaining 

alpha dominance status were coincident in timing with accentuated growth lines observed 
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in the teeth of her offspring, Piment. Researchers were, however, unable to disassociate 

the aggressive behavior with a respiratory infection that occurred around the same time 

(Smith & Boesch 2015). A different study in mandrills found that male mate guarding 

corresponded with accentuated lines, though alpha male takeover was not associated 

regularly enough with accentuated lines to consider it a corresponding stressor (Lemmers 

et al. 2021).  

Despite the efforts that have been undertaken to understand the impacts of social 

stressors on dental development, studies are sometimes complicated by overlapping 

documented stressors or fall short by not possessing complete behavioral history data for 

wild subjects due to the challenges of collecting such longitudinal data.  To better 

understand the cause and specificity of accentuated line defects in enamel, particularly in 

non-human primates from natural settings, more studies of individually recognized 

subjects with well documented life histories are needed. The present study, and studies 

like it that include detailed life history data, help to add to a clearer picture overall of 

what stressors may impact dental development in different species. 

 

Chimpanzees as a study species 

Chimpanzees are a good subject for identifying correlations between stressors and 

obstructions in dental development because of their relatively long developmental period 

among the primate order, and thus comparatively extended odontogenesis (Anemone et 

al. 1996, Jones 2011, Smith & Boesch 2015). Additionally, the lifestyle of a chimpanzee 

makes questions about what insults lead to actual accentuated lines in the teeth even more 

compelling.   
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Chimpanzees often live in large groups called communities of ~20-200 

individuals, the smaller end of the spectrum having been observed in Bossou, Guinea and 

the larger being observed in Ngogo, Kibale National Park, Uganda (Sugiyama et al. 2004, 

Samuni et al. 2021, Badihi et al. 2022). It is thought that the benefits of large group living 

(i.e. better access to food, reproductive opportunities) outweigh the consequences (i.e. 

within group competition, agonism) in environments with patchy resource distribution, as 

is common for where chimpanzees live (Ramos-Fernandez and Aureli 2018, Samuni et 

al. 2021, Badihi et al. 2022). A fission-fusion group dynamic where individuals move 

fluidly within and between subgroups (parties) is thought to be a strategy that abates 

some of the competition between same-group individuals, as well as potentially assisting 

with beneficial microbe transmission and prevention of disadvantageous microbe 

transmission (Ramos-Fernandez and Aureli 2018, Samuni et al. 2021,  Kuthyar et al. 

2019, Badihi et al. 2022).   

Chimpanzees have been the focus of previous studies that aimed to establish 

primary information about aspects of dental development, including tooth emergence 

timing and radiographic and histologic investigations of tooth crown development. 

(Smith et al. 2013, Machanda et al. 2015, Reid et al. 1998, Smith et al. 2007a). Consistent 

with other primates that have shown discrepancies in dental emergence timing between 

captive and wild subjects of the same species (Kahumbu & Eley 1991, Smith et al. 2010, 

Phillips-Conroy and Jolly, 1988; Zihlman et al. 2004), free-ranging P. t. verus from the 

Taï forest and Bossou have been observed to erupt their dentitions at a slower pace than 

those in captivity (Zihlman et al. 2004, Smith & Boesch 2011). However, a study of the 

wild Kanyawara community of P. t. schweinfurthii in Uganda found that emergence ages 
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for deciduous teeth fell mostly within captive ranges (Machanda et al. 2015).  In contrast, 

only one study population–the chimpanzees of Taï forest, Côte d’Ivoire–has been studied 

for correspondence between internal enamel defects and detailed associated life history 

data (Smith et al. 2010, Smith & Boesch 2015).  

The study population of P. t. schweinfurthii at Gombe National Park, Tanzania, is 

the first established and longest-running study of chimpanzees in the wild (Smith & 

Boesch 2015, Smith 2013, Smith et al. 2010, Wilson et al. 2020).  The Gombe study 

population is not only separate geographically from other chimpanzee populations, but 

the subspecies differs genetically and behaviorally from the two other subspecies of 

chimpanzee (P. troglodytes troglodytes in central Africa and P. troglodytes verus in west 

Africa) (Smith & Boesch 2015, Pusey et al. 2007). While Gombe chimpanzees are 

reported to have very similar ages at tooth emergence to another P. t. schweinfurthii study 

community, Kanyawara (Machanda et al. 2015), to date there have been no published 

studies of microscopic internal dental developmental defects using the Gombe 

population, though studies of elements of dental eruption and wear have been undertaken 

(e.g. Kirchoff et al. 2019). 

 

This Study: Aims + Predictions 

This study is a unique opportunity to discover information about chimpanzee life 

history through the lens of a single wild chimpanzee individual (Pan troglodytes 

schweinfurthii) that was the focus of observation from birth until death at Gombe 

National Park, Tanzania. I integrate behavioral and health observations of this individual 

with investigation of dental histology from her naturally accumulated skeleton, to 
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determine the chronology and severity of stress-related impacts on early life 

development. I document the prevalence of accentuated lines in the enamel of this 

individual’s first molar (M1), canine (C), and third molar (M3) and determine the 

correspondence between the timing of accentuated line formation and life history events 

that I expect to be stressful. This study, in particular, examines how accentuated lines 

correspond to behavior and health events recorded in the individual’s data. Data were not 

extracted regarding climactic or dietary stressors. The availability of detailed behavioral 

observations for this wild population is unique and important to our conception of how 

stressors may or may not leave traces of their impact on the morphological landscape of 

the tooth. 

Considering that Gombe chimpanzees live in a highly variable environment and 

rely on seasonal availability of fruit, food-related competition resulting in minor 

aggression is not predicted to lead to the formation of many dental defects around daily 

aggression events, if the high frequency of those types of events are likely not registering 

metabolically (Goodall 1986). Therefore, I predict that food-related aggression will be 

associated with either none or less severe accentuated lines, while more severe aggression 

events, physical injury or illness will be associated with accentuated lines. 

I also predict that stress related to the weaning process, particularly as it may 

manifest behaviorally and thus be recorded in associated records (e.g., as rejection from 

the mother, crying of the weanling, etc.), will have an impact on dental development. One 

study found that accentuated lines matched up to periods of dietary transition in baboons 

around the time of weaning, pointing out that behavioral upsets may be a signal of 

underlying stresses that do impact enamel formation (Dirks et al. 2010). The combination 
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of potential social, nutritional, and immunity-related stress during the weaning process 

makes it a unique amalgamation of processes occurring over a period of time which may 

not be present for most other stressors (Lee 1996, Humphrey 2008a). 

 

Table 1. Events recorded in associated behavioral records that are hypothesized to 

correspond to disruptions in enamel development.  These are assumed stressors only; no 

data were collected to establish the metabolic correlations of these events. 

 

 

Event category Stressors hypothesized to coincide with enamel disruption  

Social Aggression events that may relate to alpha male transition  

Social/health Attack on the focal individual or mother 

Social/nutritional 
Behavioral events that may be related to weaning conflict, such 
as the mother rejecting offspring from nursing. 

Social 
When a sibling is born; either the event itself or other behavioral 
events that may be related to conflict with the mother 

Health Illness or injury 

Health/social 
Resumption of cycling by mother; either the event itself or other 
behavioral events that may be related to conflict with the mother 
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Chapter 3: Materials and Methods 

 

 

Study Population  

The dental specimens and behavioral data collected for this study come from a 

naturally deceased individual chimpanzee (Sherehe) who was the focus of longitudinal 

observation in Gombe National Park, Tanzania. The mountainous park spans roughly 35 

km² on the western border of Tanzania along the shore of Lake Tanganyika. Regardless 

of its small size, it is rich in biodiversity due to its range of landscapes (Goodall 1986). 

Sherehe was born on January 27, 1991 and was a member of the Kasekela community, 

which has been studied at Gombe since 1960, beginning with the groundbreaking work 

by Dr. Jane Goodall (Lonsdorf et al. 2006). Sherehe died on November 5, 2006, of a 

suspected infection.  

 

Tooth Specimen Preparation  

The right mandibular M1, C, and M3 were chosen for analysis because together 

they encompass the longest period of dental development (Figures 5a-c; Reid et al. 1998). 

The M1, C, and M3 initiate enamel formation sequentially, and at different ages.  Enamel 

development of the M1 and M3 does not overlap in time.  But C development initiates 

after M1 formation and continues to overlap with M3 enamel development.  Therefore, to 

gain a complete timeline of dental development from birth to ~6 years, it is necessary to 

calibrate both the M1 and the M3 to where the timing of their growth overlaps with the C 

(Reid et al. 1998). Information on teeth collected from Sherehe can be found in Table 2. 
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Figure 5. Anterolateral view of RC (a) occlusal view of M1 (b) and M3 (c). All teeth are 

worn to some degree, but wear is especially evident in the mesio- and disto-buccal cusps 

of the M1.  

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

(c) 
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Before sampling teeth for histologic analysis, high resolution silicone impressions 

of the teeth were made with Coltene light body impression material to create a permanent 

record of the outer tooth surface for future studies of external defects. After soaking each 

tooth in a concentrated ethanol series (increasing from 50% to 100% over one week) for 

cleaning and dehydration, each tooth was embedded in a methyl methacrylate block 

(following Goldman et al. 1999) to preserve the integrity of the external aspects of the 

tooth, as well as fill any internal gaps or cracks that may be present.  (MicroCT scans of 

Sherehe’s dentition were collected previously for an independent research project, at 

University of Minnesota).   

I then followed standard histological preparation procedures (Reid et al. 1998) to 

perform sectioning, which was executed in collaboration with Dr. Shannon McFarlin at 

The George Washington University. The teeth were cut longitudinally to encompass the 

dentine horn, from the buccal to lingual axis across mesial and distal cusps for molars and 

in the labiolingual plane for canines. Two sequential cuts were made to produce thick 

(~200 to 300µm) sections using an Isomet 1000 bone saw, which were then prepared on 

both surfaces to isolate a thin-section that was then mounted to strain-free plastic 

microscope slides, and ground to ~100µm thickness with a 1-micron surface topography 

using an EcoMet 4000 variable speed grinder. An ultrasonic cleaner was used to remove 

any leftover debris from the slides before adding a glass coverslip and immersion oil for 

imaging and preservation of the sections. 
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Table 2. Information about study subject and teeth sampled, sections ground, and dates 

of birth/death. 

 

ID Sherehe (SR) 

Sex Female 

Teeth sampled RM1, RM3, RC 

Number of ground sections  6 

Birth date 27 Jan 1991 

Death date 5 Nov 2006 

 

Data Collection  

Behavior and life history data for Sherehe were collected at Gombe Stream 

Research Center between 1991 and the time of her death by observers as part of B-record 

data (behavioral data from adult focal follows), mother infant data (from focal follows of 

families), and archival disease data collection (Lonsdorf et al. 2006, Lonsdorf et al. 

2018). Behavioral data on potentially stressful events (e.g. severe aggression, illness) 

were extracted from the aforementioned datasets and compiled by Dr. Elizabeth 

Lonsdorf.  

 

Histological Analysis  

Parameters for chronological reconstruction: 

Tooth sections were examined using a Zeiss AxioImager microscope with 

automated stage, integrated with a MicroBrightField Bioscience Stereo Investigator 



 

19 

system with Virtual Slice for automated image montaging and quantification (MBF 

Bioscience, Williston, VT, USA). Crossed Polarized Light (CPL; Bromage et al. 2003) 

and Bright Field (BF) montage images were taken of the specimens using a Optronics 

MicroFire CCD camera; 20x objective images (at 0.3695 microns/pixel resolution) of 

each individual cusp for the molars and 10x images (at 0.7424 microns/pixel resolution) 

for the canine were transferred to Adobe Photoshop for marking accentuated lines and 

counting striae of Retzius.   

Two key calculations are first necessary to obtain when the primary goals of 

dental histological investigation are to 1) determine chronology and 2) determine timing 

of accentuated lines. The calculations include:  

1) Daily secretion rate, also referred to as cross striation width, defined as the 

width of a light and dark band of the short-period structure (typically falling between~ 

2.5-5.5 microns in chimpanzees; Smith et al. 2007a). Measurements of cross striations 

were collected in the microscope using a 40x objective carried out in areas where 

‘intradian lines’ were not observed (Figure 6).  Intradian lines follow the same trajectory 

as cross striations, falling between them at a more frequent interval (Smith 2006, Smith et 

al. 2007a). Intradian lines are thought to be the result of a sub-daily rhythm, compared to 

the daily rhythm of cross striations, though their exact timing is not known for certain 

(Smith 2006).  I note that cross-striation measurements here were collected for the 

purpose of reconstructing accentuated line formation timing, rather than providing 

baseline data for daily secretion rates in inner, middle and outer enamel as done in 

previous studies (e.g., Reid et al. 1991).   
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Figure 6. CPL image of visible cross striations (green) and striae of Retzius (blue) that 

clearly meet the surface (perikymata = yellow arrows) of disto-buccal cusp of M1.   

 

2) Periodicity represents the duration (in days) of the long-period rhythm, or 

timing between adjacent Retzius lines. It is used to determine the duration of the entire 

length of the lateral enamel, as well as the duration between accentuated lines which fall 

between Retzius lines. Periodicity for all three teeth was determined using two methods:  

1) by directly counting cross striations where best distinguishable between adjacent 

Retzius lines (most often in the lateral enamel, see Figure 6), and 2) dividing the distance 

between any two adjacent striae of Retzius by local cross striation width. Direct 
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observations of cross striation counts were most distinguishable in the disto-buccal and 

disto-lingual cusps of the M1 (Figure 6).  

Using local cross striation measurements and periodicity where necessary, I was 

then able to measure between sequential accentuated lines to create a complete 

chronology from earliest to latest forming enamel. This first involved identifying criteria 

for what I consider accentuated lines. Accentuated lines were first observed and 

annotated on acquired 20x images of thin sections of the M1, C, and M3, using a scoring 

system encompassing several methods existing in the literature. Sections were analyzed 

without access to corresponding life history data by myself and Dr. Shannon McFarlin. 

The criteria considered were the following:  

1) Is the feature visible for ¾ of the length between the enamel dentine junction 

(EDJ) and the OES (Witzel et al. 2008);  

2) Is there a corresponding marker in the dentine, which develops at the same time 

as enamel (Witzel et al. 2008);  

3) Is the feature visible at an objective of 10x, out of focus (modified from 4x to 10x 

from Lemmers et al. 2021).  

Only lines that were considered “major,” such that they fit the criteria of being distinct 

for over 75% of the enamel surface between the EDJ and the OES, were mapped 

temporally. Those which did not meet the first criterion, but met the other two criteria, 

were annotated in the corresponding section images and documented in the spreadsheet 

but were not included in calculations of chronological timing. Ideal circumstances for 

future analysis would also encompass a “minor, intermediate, major” scoring system, 

such as the one used by Smith and Boesch (Smith and Boesch 2015).  
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After Dr. McFarlin and I independently marked where we determined accentuated 

lines to be on the images in Photoshop, I compared our findings to see which lines were 

annotated by both observers. While I did my initial image annotations, I also had access 

to the microscope to confirm my assessments of accentuated lines and to prevent any 

possible double counting of lines that may look different under different magnification or 

focus. Dr. McFarlin made initial annotations without access to the microscope. This 

could be an explanation for areas in which I marked more or different lines than those 

that were marked by Dr. McFarlin.  

Once I had decided and clearly marked which lines met the criteria for being 

“accentuated,” I then mapped the timing between accentuated lines to develop an overall 

chronology of tooth development, and thus the timing of accentuated lines, by using the 

methods described below. In other words, the accentuated lines were my anchor points 

and distances between them were measured and converted to a timing in days through the 

assumption that cross striations follow a daily rhythm (Lacruz et al. 2012). The duration 

(in days) between adjacent accentuated lines was determined as follows: distance 

between two accentuated lines (collected along the curvilinear course of individual 

enamel prisms) divided by the local mean cross-striation width (Figure 7). 

I mapped the timing of accentuated lines in Google sheets, each row representing 

7 days and each column representing a different cusp of the same tooth or different tooth 

(Table 4). This visual representation was used not only to compare chronological 

estimates of lines that were thought to match up temporally in the same tooth, but to also 

help identify patterns of disturbance for matching up accentuated lines from the M1 to the 

C to the M3.  
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All distance measurements were taken following the curvilinear course of enamel 

prisms in the 2D section and were measured in microns using the Stereoinvestigator 

measure line tool. These measurements were collected in the microscope using 20x 

objective (at 0.3695 microns/pixel resolution). No correction factor for prism decussation 

was used as, due to tooth wear, measurements were generally not taken in cuspal enamel 

regions where decussation tends to be most marked (Smith et al. 2007a, Alloing-Séguier 

et al. 2018).  

Figure 7. Formula for determination of timing between accentuated lines in the enamel.  

 

Chronological reconstruction: 

A complete breakdown of tooth sections utilized in this study from Sherehe’s 

dentition is included in Table 3. Due to a section of missing enamel in the cuspal tip of 

the right canine, two adjacent longitudinal sections were cut and imaged to encompass 

the missing segment of enamel to the best of my ability; main analysis for this thesis was 

completed on the first section and the second section was visually consulted when 

necessary to reconstruct timing of accentuated lines. No measurements of accentuated 

lines were taken on the second section of the canine. 
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To determine chronology of tooth development–or its unfolding over time as 

registered in absolute terms to days following birth–it was necessary to account for the 

level of cuspal wear, which obliterates the earliest-formed enamel in the chronology 

(Reid et al. 1998, Dirks 1998, and Smith et al. 2007a). In a typical unworn tooth, the 

duration of time to form cuspal enamel (the earliest-formed enamel that overlies the 

dentine horn) and the duration of time to form lateral enamel (that which forms after 

cuspal enamel, starting where the first striae of Retzius visibly reaches the OES, and ends 

at the cervical enamel) are summed to obtain total crown formation time (Reid et al. 

1998, Smith et al. 2007a). Because of substantial tooth wear, I was unable to use this 

method. Instead of attempting to reconstruct missing time, I focused on the timing of 

most prominent accentuated lines to iteratively determine the overall chronological 

timespan of this individual’s teeth.  
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Table 3. Breakdown of tooth section quality. Thin sections were made from Sherehe’s 

mandibular M1, right canine (RC), and M3. These teeth were the only specimens 

available from the individual and were expected to encompass the first ~6.5 years of 

dental crown development (Reid et al. 1998). The quality of each section is noted for 

conveying differences in difficulty of analysis by tooth. During preparation, the mesial 

section of the M3 was mistakenly ground too thin in the cuspal region. The canine section 

was missing enamel due to a pre-existing crack. (+ = slightly more difficult than “ideal” 

section, ++ = much more difficult than “ideal” section, +++ = not usable for principal 

analysis, only supplementary) 

 

Tooth 

Sections 

analyzed 

Quality of 

section 

Degree of wear (relative 

qualitative assessment) 

Analysis difficulty 

level due to missing 

enamel/wear 

M1 Mesial high high + 

 Distal high high + 

RC Labial 1 

Low near 

cuspal tip, 

missing 

enamel low ++ 

 Labial 2 

Low near 

cuspal tip, 

missing 

enamel low ++ 

M3 Mesial 

Low, enamel 

missing medium +++ 

 Distal high medium + 
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I began my reconstruction by first identifying the neonatal line in the first 

permanent molar, which was difficult considering the amount of enamel loss due to wear. 

The NNL is thought to be caused by the metabolic disturbance of birth and affects only 

the teeth which are developing around the same time as birth (first molar and all 

deciduous teeth); its identification is crucial for the spatiotemporal understanding of an 

individual’s life history from their teeth (Bowman 1991).  

I then quantified the distance between visible accentuated long period lines in the 

enamel, starting with the earliest formed enamel to the later formed enamel. First, I 

measured the distance between the EDJ and the NNL to determine the duration of 

prenatal enamel formation represented in the remaining cuspal enamel (given tooth 

wear).  Then, this sequence was extended from the NNL to the next accentuated line to 

determine the start of postnatal enamel formation. At each location, I took cross striation 

width measurements local to that region and divided each length between accentuated 

lines by a mean local cross striation width. 

I continued the process of taking distance measurements until I reached the first 

Retzius line that clearly reached the outer enamel surface and coincided with a 

perikymata. Because of the amount of enamel wear, this stria of Retzius that I count as an 

anchor point for the lateral enamel is not necessarily the first stria of Retzius to form, 

though I refer to it in my annotations as “R1” or “first Retzius line.”  

After determining the first visible Retzius line, I counted successive striae of 

Retzius down the lateral enamel until the cervix of the tooth. Retzius line counts were 

first annotated on images in Photoshop, and then confirmed on the microscope at a 10x or 

20x objective. Additionally, Dr. McFarlin took Retzius line counts for the M1 and canine 
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separately for comparison with my counts. Our counts fell within a range of + 3, though 

counts in the canine were more variable due to areas of low visibility and large regions of 

missing enamel. Thus, a total striae of Retzius count comparable to other studies where 

the entire lateral enamel was unaffected by wear cannot be reported meaningfully for any 

of the teeth analyzed in this sample.  

Once I was confident in my Retzius line count, I used the number of Retzius lines 

that fell between each accentuated line in the lateral enamel and divided that number by 

the overall periodicity to determine the number of days between those accentuated lines. 

For accentuated lines that did not fall directly on striae of Retzius, I directly counted 

cross striations between the accentuated line and closest striae of Retzius, when visible, 

and added those days to the duration calculated by Retzius line counts. For areas where 

visibility was lower (i.e., lots of intradian lines or very dark staining of the enamel), I 

averaged 3 measurements of the distance between the accentuated line and the closest 

Retzius line and divided it by the local average cross striation width to get an estimate of 

days (Dirks et al. 2002, Smith et al. 2007a).  

 

Matching accentuated lines to life history events  

Each tooth section was analyzed for developmental chronology and accentuated 

lines before accessing behavioral or life history information (Schwartz et al. 2006).  In 

this way, timing of developmental defects in enamel was determined by observers who 

were blind to the associated ‘life’ records. Once I was confident in my assessment of 

chronology for the teeth of each individual, Dr. Elizabeth Lonsdorf sent the compiled 
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observation data to myself only, to keep Dr. McFarlin “blind” to the timing of stress 

events in the case that reassessments of any areas in the teeth were necessary.  

I then compared the observed age at which recorded hypothesized stress events 

occurred to the age at which enamel defects/accentuated lines formed, to determine 

whether there was temporal correspondence. A scoring system of + 4 days was used to 

assess whether an accentuated line was considered a match to a life history event; this 

encompasses the mean periodicity for chimpanzees, which is reported in the literature as 

having a range from 6-7 days and a mean of 6.4 days (Lemmers et al. 2021, Smith et al. 

2007a). Lemmers (2021) use a window of both + 3 and + 4 days to encompass the widest 

range of possibility, but this study will only use the latter measurement window. This 

average is consistent with the findings for our individual for which a mean of 6.79 for 

measurements of cross striations and a mode of 6 where direct observation of cross 

striations between striae of Retzius was possible. I used the visually represented 

chronology in Google sheets to map the timing of stress lines in days to where they 

would fall in the timing of the tooth, treating the NNL as the date of birth and calibrating 

the timing of the reset of the events from there (Table 5). 
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Chapter 4: Results  

 

 

Cross striation spacing and periodicity 

 Measurements of cross-striation widths ranged from 2.32 to 5.66, as collected in 

intervening regions between adjacent accentuated lines. 

Measurements to estimate periodicity were collected from the M1, C and M3.  In 

the M1, it was possible to collect direct counts of cross striations, resulting in a 

periodicity of 6. In the C and M3, measurements were taken in multiple locations and 

resulted in larger mean measurements than in the M1 (7.21). Both the quality and the 

position of the section plane may have to do with the level of cross striation visibility 

within and between sections. For the purpose of this study, and with the consideration of 

chimpanzee periodicities cited in the literature, I used a periodicity of 6 based on my 

direct counts of cross striations between adjacent striae of Retzius in the M1 and 

published reports (Smith et al. 2007a). 

 

 

 

 

 

 

 

 

 



 

30 

 

Dental Chronology 

Sherehe’s M1 was significantly worn, but the termination of the probable neonatal 

line was still present in the mesio-lingual cusp of the tooth, the first (or second) cusp 

suggested to initiate in the first molar (Figure 8; Smith 2007, Reid et al. 1998). This 

probable neonatal line was used to calibrate Sherehe’s sequence of accentuated lines in 

the M1 from birth to ~5.4 years (~1.966.84 days) of life.   

 

Figure 8. NNL found in the mesio-lingual cusp of the M1. Follows the trajectory of the 

red dotted line. 
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The chronological timespan of Sherehe’s dental growth was calculated from the 

NNL in the M1 mesio-lingual cusp until a grouping of accentuated lines in the disto-

buccal cusp of the M3 that were the latest easily distinguishable group of lines. The 

distance, and thus time, was calculated between sequential groups of prominent 

accentuated lines in the M1; contemporaneous line groups were matched in the lingual 

and mesial cusps to verify their timing (Figure 10 and 11; Smith et al. 2007a).  

Accentuated lines that formed contemporaneously were identified by comparing 

the durations between sequential accentuated lines that were first calculated 

independently in multiple cusps of the same tooth, and across tooth types. Once these 

cusp-specific chronologies were calculated, I looked for groups of accentuated lines 

across cusps and tooth types that were separated by the same durations, to register timing 

between the M1, C, and M3. The lines were also evaluated for similar morphology 

(width, coloration, etc.), though not all contemporaneous lines appeared identical across 

cusps. Using this approach, the chronology of the M1 was registered to the chronology of 

the C based on accentuated line 2o, and the C was then subsequently registered to the M3 

based on accentuated lines. (Table 4). 

Accentuated lines in the latest-forming enamel of the M3 were difficult to discern 

due to staining of the enamel. Therefore, temporal calculations for the M3 were only 

made until line group 5, which occurs just before the first striae of Retzius to meet the 

OES of the M3. Calculations from the neonatal line in the M1 to line group 5 in the M3 

give us a timespan of 1,570.4 days or 4.3 years (Table 4). However, the calculated 

chronology of the canine extends past the timeframe that is supported by evidence of 
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corresponding accentuated lines in the M3, allowing us to assess Sherehe’s dental stress 

history until 1,966.84 days or 5.38 years of life (Table 4).



 

  

3
3
 

Table 4. Temporal measurements (in days) for the first ~5 years of accentuated lines across the mesio-lingual, disto-buccal, and 

disto-lingual cusps of the M1, the C, and disto-buccal cusp of the M3, compared to behavioral/life history events. Blue rows 

 indicate where lines were synced across cusps/tooth types. Green rows indicate an accentuated line that matches with an  

event from the observational records.  

 

 

Accent
uated 
Line M1ml M1db M1dl C M3db 

Age at 
Nearest 

Stress Event Event Type Event Description 

NNL 0       Birth 

      23 Health 
Observers note that baby is not strong/not gripping, 
mom is cradling while walking 

1A 59.92        

1C 80.29     76 Aggression KD and SA fight 

2o 194.10 194.10 194.10      

2C 209.39 207.67 206.06      

3-x 242.76 240.13 242.11      

3-y 250.93 246.79       

3-z/3-6 262.28 264.15       

4-x  303.58       

4-y  333.76       

      367 
Health, 

Aggression 
Left eye swollen and coughing; SW and SA fight 
with FF 
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A  390.96       

      397 Aggression SA, SR attacked by PX 

B  422.35       

      440 Aggression GL displays following SA, SA carrying SR Scr 

4/5  549.40  549.40     

5/7  612.40  619.33  619 Aggression GM attacks SA to get a monkey she has hunted 

n/a  624.40       

n/a  744.40       

6  838.40       

      968 Aggression FD attacks SA while SR ventral 

      981 Aggression SL displays at SR who runs to others for help 

      984 Aggression 
SA involved in a fight with other females, attacking 
JF/JK 

8    1124.12     

9    1162.37     

10/1-x    1184 1184    

1-y    ~1196 1198.16    

1a     1265.3    

11/1b    1274 1274.94    

LEH 4 
begins         

1-1     1300.95    
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12    1430 1428.8    

      1376 Aggression PR attacks SR 

LEH 5 
begins         

13    1466  1468 Aggression Fight with FN 

      1472 Aggression Lots of displays/chases of SA by WL and AO 

14    1484     

15    1500     

4a     1523.09    

     1544.32    

     1553.62    

 

18/ 

Group 
5    

 

1576.34 

 

1570.4    

19    1606.34     

20    1644.34     

      1629 Aggression FD chases SR 

      1654 Aggression 
KS copulates with SA, SR interferes and is hit by 
KS 

      1656 Aggression PF attacks SA and SR after SA mated with FD 

      1657 Aggression FD copulates with SA, SR interferes, FD hits SR 
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      1658 
Aggression, 
Aggression 

AL attacks SA; KS attacks SR after SR interferes 
with KS mating SA 

21    1689.66  1694 Hunt SA & SR hunt a monkey (successfully) 

      1733 Aggression FR attacks SA and SR 

      1739 Aggression PF attacks SR 

22    1741.36  1745 Weaning SR makes crying noise wanting to suckle 

23    1819.04     

26a    1869.22     

      1864 Weaning Last day observed suckling 

27a    1933.4     

      1944 Birth Birth of sibling (SN) 

28a    1966.84     
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Matching accentuated lines to life history events 

In the first two years of life, using the matching criteria of + 4 days, two 

behavioral events matched with accentuated lines (Table 4; Lemmers et al. 2021). One 

event, a fight between Sherehe’s mother (SA) and another individual (KD), matched with 

an accentuated line at ~80 days or .22 years (Figure 9). The other matching behavioral 

event for this time period matched with an accentuated line at 619 days or 1.69 years, an 

aggression event during which “GM” attacked Sherehe’s mother (“SA”) to retrieve a 

monkey that Sherehe’s mother had hunted. This event matches up to the day with the 

accentuated line in the canine, which was estimated at 619.33 days (Table 4). The line 

that is considered a match in the M1 was estimated at 612.4 days, still within one week of 

when the attack was recorded (Table 4). 
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Figure 9. Accentuated lines and stressful events extracted from the behavioral record 

for the first 2 years of Sherehe’s life. Life history events that are considered a match 

(within + 4 days of an accentuated line) are blue, while non-matching events are grey.  

 

Between 76 and 619 days (.21 years and 1.69 years), there are several major 

accentuated lines that do not correlate to any hypothesized stressful behavioral events 

(Figures 10 and 11; Table 4). The behavioral events during this time frame are all 

“aggression” events besides one health recording which notes SR having a swollen eye 

and coughing (Table 4). There are several minor lines that did not meet my criteria of 

spanning 75% of the length of the enamel from the EDJ to the OES which fall in this 

region. These lines may be attributed to a more acute event that led to the injury or 
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illness, though without around-the-clock behavioral observations, it is difficult to tell the 

actual discrete stressor related to this behavioral note.  

 

 

Figure 10. Accentuated line 2o in the mesio-buccal cusp of the M1, which is the first of 

a series of lines (2o to 5) that could be observed across cusps of the M1 (see Table 4, 

Figure 11). The accentuated line is indicated by the red arrow and follows the 

trajectory of the red dotted line. 
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Figure 11. Accentuated line 2o in the mesio-lingual cusp of the M1, which is the first of 

a series of lines (2o to 5) that could be observed across cusps of the M1 (see Table 4, 

Figure 10). The accentuated line is indicated by the red arrow and follows the 

trajectory of the red dotted line and was determined to be contemporaneous with the 

line indicated in Figure 10. 

 

The next ~3 years of Sherehe’s behavioral records exhibit a disproportionate 

amount of aggression events directed towards both Sherehe and her mother compared to 

other event types (Figure 12). Of the 17 events that were recorded from year three to five 

(September 1993-May 1996), 12 included the words “chase,” “fight,” or “attack.” On 8 

August 1995, Sherehe’s mother resumed cycling, which accounts for a large uptick in 

these types of aggressive behaviors towards her. Of the four stress events that were not 

related to aggression in this span of three years, two are associated within four days of 

accentuated lines in the teeth. The first matching event was a successful hunt between SR 

and her mother. The second matching “event” was a note about Sherehe making a crying 
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noise and wanting to suckle on 7 November 1995 (4.78 years). With the information that 

Sherehe was last observed suckling on 5 March 1996 (5.1 years), we can infer that this 

observation in November was likely a behavioral event related to the weaning process, 

perhaps due to rejection by the mother. That being said, this accentuated line fell around 

the same time as an attack on Sherehe (1 November 1995, 4.76 years). Thus, it is not 

possible to tell with full certainty to which stressor this accentuated line can be attributed. 

 

 

Figure 12. Accentuated lines and stressful events extracted from the behavioral record 

for the first 5 years of Sherehe’s life. Life history events that are considered a match 

(within + 4 days of an accentuated line) are blue, while non-matching events are grey. 
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In summary, of the 26 behavioral and health events/notes extracted from 

Sherehe’s observation records, only six matched to accentuated lines in the teeth (Table 

5). Out of these six matching events, two were the only two events in the entire record 

related to hunting behavior. 
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Chapter 5: Discussion 

 

 

This study has a substantial focus on behavioral events recorded in the 

observational data of one individual chimpanzee’s life that are hypothesized ‘stressors’ 

and examines whether those events register chronologically to the timing of accentuated 

defects in developing tooth enamel of that individual. An absence of ecological data 

could be perceived as a drawback of this study, but this reflects the focus in this 

examination on how behavioral events, particularly aggression, may be impacting the life 

of a young chimpanzee. The results of this study suggest that events categorized as 

aggression that were noted by observers may not, in most circumstances, lead to 

physiological disturbances in enamel development of chimpanzees.  However, other 

events that occur during life may represent significant stressors that leave their marks in 

enamel.  

 

Matching Events 

Behavioral events, such as those related to weaning stress, do seem to line up with 

accentuated lines in the dental record. The most compelling evidence of this is the stress 

line that forms around a noted event of Sherehe crying while wanting to suckle, followed 

by her last recorded suckling that occurred five months later. This suggests support for 

the hypothesis that accentuated lines occur due to stress that occurs throughout the 

weaning process (Dirks et al. 2010). Lee (1996) describes the extended process of 

weaning which involves both nutritional and social transitions and subdivides it into three 

processes: scheduling conflict (during which the mother and offspring resolve timing 
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conflicts), reconception conflict (when suckling is reduced as investment shifts to the 

next offspring), and the final period when the offspring begins to forage independently 

(Lee 1996, Dirks et al. 2010). This amalgamation of transitions over a period of time 

makes it difficult to pin down a single transition ‘event’ for weaning, though the 

behavioral upset that Sherehe exhibited during the time period a few months before she 

quit suckling suggests that there were underlying processes occurring related to this 

transition that impacted her enamel permanently.  

 Additionally, the fact that the only two events related to hunting matched with 

accentuated lines in Sherehe’s teeth could possibly suggest that hunting-related 

behaviors, more so than more generalized or frequent aggression-type behaviors, may 

lead to a metabolic upset/disturbance for this individual. While hunting is a relatively 

common behavior for chimpanzees, it is possible that it may cause a substantial metabolic 

disturbance–particularly if it is one of the first hunts an individual has ever participated 

in–that a signature is left in the teeth (Goodall 1986, Boesch & Boesch 1989).  

 

Non-matching events 

While there were two matches in the first two years, the first two years of 

behavioral data also record anticipated stressors that do not register chronologically to 

areas which I have observed and timed accentuated lines in the M1 and the first half of 

canine enamel development (Figure 12). There are many potential explanations for this 

scarcity of correspondence between behavioral and dental stress data, but I propose three 

areas of thought for now. 1) One is the potential for an unknown ecological or other type 
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of stressor to have occurred during the time in which the clearly accentuated lines are 

observed in the M1, but for which we have a gap in behavioral events. For this study, 

only behavioral and health data were extracted from the available Gombe records, and no 

explicit climactic or ecological data were obtained. This gap in behavioral events, but for 

which many accentuated lines were observed between .21 years and 1 year of age, falls 

during the early dry season at Gombe; it could be that ecological stress during the dry 

period is associated with this group of accentuated lines (Wallis 1995). 2) Also, while we 

know that there is not an unusual gap in behavioral observations in this time period, 

fission-fusion dynamics make round-the-clock behavioral observations essentially 

impossible. Gombe researchers conduct full day follows of focal individuals, but we will 

never know for certain that observers did not miss an intensely stressful event in their 

absence; it could be that the responsible stress events occurred when observers were not 

present. 3) A third explanation takes into account individual susceptibility to stressful 

stimuli, which is particularly important to consider in chimpanzees who experience 

behavioral insults of varying magnitudes over their lifetime (Smith & Boesch 2015). 

Taking this into account, it may be possible for an individual to not have a physiological 

reaction to a particular stressor documented in the behavioral data. The first two years of 

a chimpanzee's life is spent with the mother, such that stress events that occur to the 

mother may also impact her offspring (Lonsdorf et al. 2014). That being said, individuals 

may vary in their susceptibility to the stressors that are impacting their mother. 

 

Future Directions 
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This investigation is a unique opportunity to discover information about 

chimpanzee life history using individually recognized subjects from the first established 

and longest-running study of chimpanzees in the wild (Smith & Boesch 2015, Smith 

2013, Smith et al. 2010, Wilson et al. 2020). Thus, this study provides an opportunity to 

test the co-occurrence of accentuated lines with documented stressors experienced during 

development in great apes, specifically chimpanzees. Future studies may examine how 

this population of chimpanzees, compared to geographically distinct populations, may 

differ in its stress signatures left in the teeth.   

Regarding the current study, the amount of wear seen in the teeth is not abnormal 

for a chimpanzee of Sherehe’s age, as the chimpanzee diet encompasses a wide variety of 

sources, including leaves, fruits, vegetation, and, less commonly, some animal material 

(Stuhlträger et al. 2021). However, the degree of tooth wear on Sherehe’s M1 still posed 

challenges for analysis. Because the M1 is key to anchoring the chronology to a clear 

“start” point, i.e., birth and thus chronological age, it is crucial to be confident about its 

identification and time estimation (Bowman 1991). In the mesio-lingual cusp of the M1, I 

was able to identify a marked feature that I accepted as a neonatal line to synchronize the 

rest of the accentuated lines in enamel development. Because of the less-than-ideal clarity 

in this area of the M1, however, future analysis of this region by a totally separate 

observer would increase the certainty of my evaluation, and thus help us to identify any 

potential error in analysis.  

Additionally, qualitative assessment of the later-forming enamel in the C, and 

enamel development in the M3 that is likely contemporaneous, reveals many distinct 

accentuated lines in both teeth which have the potential of correspondence. Additional 
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analysis will encompass the final uncalculated timing of accentuated lines of the M3 to 

complete the story of Sherehe’s life through dental development. 

Though I would consider the smaller scope of this study a strength, taking into 

account its timeline, I think the incorporation of more ecological/environmental data (i.e. 

dry season/wet season, rainfall) that is available for the time period during which these 

individuals lived could potentially contextualize some of the gaps in our behavioral data 

where there are several accentuated lines. This may allow us to test whether disturbances 

in enamel development (areas where there are more or less accentuated lines) correspond 

with such ecological disturbances as fluctuations in rainfall, as demonstrated in baboons 

(Dirks et al. 2002). 

Another future direction of this study would be to incorporate the accentuated 

lines and behavioral data of more individuals from the same species and time period. 

Plans are ongoing to incorporate two additional Gombe chimpanzees, which would give 

us insight into individual variation and susceptibility to different types of stressors, such 

as the behavioral aggression events discussed here. Additionally, including males to 

compare to the current study’s female individual will provide insight into the types of 

stressors that may impact the sexes differently. 

Overall, this study’s results show some support for the hypothesis that 

physiologically stressful events can be correlated to accentuated lines in the teeth, though 

this correspondence seems to be incomplete. Future studies will help to enlighten the 

complexity and add further insights into how detailed associated life history data can be 

important to decoding the stress preserved during early life enamel formation.   



 

48 

          Bibliography 

 

 

Alloing-Séguier, L., Marivaux, L., Barczi, J.-F., Lihoreau, F., & Martinand-Mari, C. 

(2019). Relationships Between Enamel Prism Decussation and Organization 

of the Ameloblast Layer in Rodent Incisors: EVOLUTION OF RODENT 

ENAMEL PRISM DECUSSATION. The Anatomical Record, 302(7), 1195–

1209. https://doi.org/10.1002/ar.24000 

 

Anemone, R. L., Mooney, M. P., & Siegel, M. I. (1996). Longitudinal study of dental 

development in chimpanzees of known chronological age: Implications for 

understanding the age at death of Plio-Pleistocene hominids. American 

Journal of Physical Anthropology, 99(1), 119–133. 

https://doi.org/10.1002/(SICI)1096-8644(199601)99:1<119::AID-

AJPA7>3.0.CO;2-W 

Austin, C., Smith, T. M., Farahani, R. M. Z., Hinde, K., Carter, E. A., Lee, J., Lay, P. 

A., Kennedy, B. J., Sarrafpour, B., Wright, R. J., Wright, R. O., & Arora, M. 

(2016). Uncovering system-specific stress signatures in primate teeth with 

multimodal imaging. Scientific Reports, 6(1), 18802. 

https://doi.org/10.1038/srep18802 

Badihi, G., Bodden, K., Zuberbühler, K., Samuni, L., & Hobaiter, C. (2022). 

Flexibility in the social structure of male chimpanzees ( Pan troglodytes 

schweinfurthii ) in the Budongo Forest, Uganda. Royal Society Open Science, 

9(9), 220904. https://doi.org/10.1098/rsos.220904 

Beynon, A. D., Clayton, C. B., Ramirez Rozzi, F. V., & Reid, D. J. (1998). 

Radiographic and histological methodologies in estimating the chronology of 

crown development in modern humans and great apes: a review, with some 

applications for studies on juvenile hominids. Journal of Human Evolution, 

35(4–5), 351–370. https://doi.org/10.1006/jhev.1998.0234 

Beynon, A. D., Dean, M. C., & Reid, D. J. (1991). Histological study on the 

chronology of the developing dentition in gorilla and orangutan. American 

Journal of Physical Anthropology, 86(2), 189–203. 

https://doi.org/10.1002/ajpa.1330860208 

Bowden, R., MacFie, T. S., Myers, S., Hellenthal, G., Nerrienet, E., Bontrop, R. E., 

Freeman, C., Donnelly, P., & Mundy, N. I. (2012). Genomic Tools for 

Evolution and Conservation in the Chimpanzee: Pan troglodytes ellioti Is a 

Genetically Distinct Population. PLoS Genetics, 8(3), e1002504. 

https://doi.org/10.1371/journal.pgen.1002504 

Bowman, J. (1991). Life history, growth, and dental development in young primates: 

A study using captive rhesus macaques. University of Cambridge and Wolfson 

College Cambridge. 



 

49 

Boesch, C., & Boesch, H. (1989). Hunting behavior of wild chimpanzees in the Taï 

National Park. American Journal of Physical Anthropology, 78(4), 547–573. 

https://doi.org/10.1002/ajpa.1330780410 

Bray, J., Emery Thompson, M., Muller, M. N., Wrangham, R. W., & Machanda, Z. P. 

(2018). The development of feeding behavior in wild chimpanzees ( Pan 

troglodytes schweinfurthii ). American Journal of Physical Anthropology, 

165(1), 34–46. https://doi.org/10.1002/ajpa.23325 

Bromage, T. G., & Dean, M. C. (1985). Re-evaluation of the age at death of immature 

fossil hominids. Nature, 317(6037), 525–527. 

https://doi.org/10.1038/317525a0 

Bromage, T. G., Goldman, H. M., McFarlin, S. C., Warshaw, J., Boyde, A., & Riggs, 

C. M. (2003). Circularly polarized light standards for investigations of 

collagen fiber orientation in bone. The Anatomical Record Part B: The New 

Anatomist, 274B(1), 157–168. https://doi.org/10.1002/ar.b.10031 

Dean, M. C. (2019). Anders Retzius and the Dental Histologists of the Mid-

Nineteenth Century: Their Contribution to Comparative Anatomy, Histology 

and Anthropology. Journal of the History of Dentistry, 67(2), 58–97. 

Dirks, W. (1998). Histological reconstruction of dental development and age at death 

in a juvenile gibbon. Journal of Human Evolution, 35(4–5), 411–425. 

https://doi.org/10.1006/jhev.1997.0185 

Dirks, W., & Bowman, J. E. (2007). Life history theory and dental development in 

four species of catarrhine primates. Journal of Human Evolution, 53(3), 309–

320. https://doi.org/10.1016/j.jhevol.2007.04.007 

Dirks, W., Reid, D. J., Jolly, C. J., Phillips-Conroy, J. E., & Brett, F. L. (2002). Out of 

the mouths of baboons: Stress, life history, and dental development in the 

Awash National Park hybrid zone, Ethiopia. American Journal of Physical 

Anthropology, 118(3), 239–252. https://doi.org/10.1002/ajpa.10089 

Dirks, W., Humphrey, L. T., Dean, M. C., & Jeffries, T. E. (2010). The Relationship 

of Accentuated Lines in Enamel to Weaning Stress in Juvenile Baboons 

(Papio hamadryas anubis). Folia Primatologica, 81(4), 207–223. 

https://doi.org/10.1159/000321707 

Emery Thompson, M., Muller, M. N., Kahlenberg, S. M., & Wrangham, R. W. 

(2010). Dynamics of social and energetic stress in wild female chimpanzees. 

Hormones and Behavior, 58(3), 440–449. 

https://doi.org/10.1016/j.yhbeh.2010.05.009 

Foerster, S., Zhong, Y., Pintea, L., Murray, C. M., Wilson, M. L., Mjungu, D. C., & 

Pusey, A. E. (2016). Feeding habitat quality and behavioral trade-offs in 



 

50 

chimpanzees: a case for species distribution models. Behavioral Ecology, 

27(4), 1004–1016. https://doi.org/10.1093/beheco/arw004 

FitzGerald, C. M., & Saunders, S. R. (2005). Test of histological methods of 

determining chronology of accentuated striae in deciduous teeth. American 

Journal of Physical Anthropology, 127(3), 277–290. 

https://doi.org/10.1002/ajpa.10442 

Goldman, H. M., Kindsvater, J., & Bromage, T. G. (1999). Correlative light and 

backscattered electron microscopy of bone-Part I: Specimen preparation 

methods. Scanning, 21(1), 40–43. https://doi.org/10.1002/sca.4950210106 

Goodall, J. (1986). The chimpanzees of Gombe: patterns of behavior. Belknap Press 

of Harvard University Press. 

Goodman, A. H., & Rose, J. C. (1990). Assessment of systemic physiological 

perturbations from dental enamel hypoplasias and associated histological 

structures. American Journal of Physical Anthropology, 33(S11), 59–110. 

https://doi.org/10.1002/ajpa.1330330506 

Guatelli-Steinberg, D. (2001). What can developmental defects of enamel reveal 

about physiological stress in nonhuman primates? Evolutionary 

Anthropology: Issues, News, and Reviews, 10(4), 138–151. 

https://doi.org/10.1002/evan.1027 

Guatelli-Steinberg, D. (2003). Macroscopic and microscopic analyses of linear 

enamel hypoplasia in Plio-Pleistocene South African hominins with respect to 

aspects of enamel development and morphology. American Journal of 

Physical Anthropology, 120(4), 309–322. https://doi.org/10.1002/ajpa.10148 

Hey, J. (2010). The Divergence of Chimpanzee Species and Subspecies as Revealed 

in Multipopulation Isolation-with-Migration Analyses. Molecular Biology and 

Evolution, 27(4), 921–933. https://doi.org/10.1093/molbev/msp298 

Hallock, M. B., & Worobey, J. (1984). Cognitive development in chimpanzee infants 

(Pan troglodytes). Journal of Human Evolution, 13(5), 441–447. 

https://doi.org/10.1016/S0047-2484(84)80056-1 

Hannibal, D. L., & Guatelli-Steinberg, D. (2005). Linear enamel hypoplasia in the 

great apes: Analysis by genus and locality. American Journal of Physical 

Anthropology, 127(1), 13–25. https://doi.org/10.1002/ajpa.20141 

Hillson, S., & Bond, S. (1997). Relationship of enamel hypoplasia to the pattern of 

tooth crown growth: A discussion. American Journal of Physical 

Anthropology, 104(1), 89–103. https://doi.org/10.1002/(SICI)1096-

8644(199709)104:1<89::AID-AJPA6>3.0.CO;2-8 



 

51 

Humphrey, L. (2008a). Enamel traces of early lifetime events. In Between Biology 

and Culture. Cambridge University Press. 

Humphrey, L. T., Dean, M. C., Jeffries, T. E., & Penn, M. (2008b). Unlocking 

evidence of early diet from tooth enamel. Proceedings of the National 

Academy of Sciences, 105(19), 6834–6839. 

https://doi.org/10.1073/pnas.0711513105 

Jones, J. H. (2011). Primates and the Evolution of Long, Slow Life Histories. Current 

Biology, 21(18), R708–R717. https://doi.org/10.1016/j.cub.2011.08.025 

Kahumbu, P., & Eley, R. M. (1991). Teeth emergence in wild olive baboons in Kenya 

and formulation of a dental schedule for aging wild baboon populations. 

American Journal of Primatology, 23(1), 1–9. 

https://doi.org/10.1002/ajp.1350230102 

Keay, K. A., & Bandler, R. (2001). Parallel circuits mediating distinct emotional 

coping reactions to different types of stress. Neuroscience & Biobehavioral 

Reviews, 25(7), 669–678. https://doi.org/10.1016/S0149-7634(01)00049-5 

Kierdorf, H., Breuer, F., Richards, A., & Kierdorf, U. (2014). Characterization of 

Enamel Incremental Markings and Crown Growth Parameters in Minipig 

Molars: Enamel markings and crown development in minipig. The Anatomical 

Record, 297(10), 1935–1949. https://doi.org/10.1002/ar.22951 

Kierdorf, H., Kierdorf, U., Frölich, K., & Witzel, C. (2013). Lines of Evidence–

Incremental Markings in Molar Enamel of Soay Sheep as Revealed by a 

Fluorochrome Labeling and Backscattered Electron Imaging Study. PLoS 

ONE, 8(9), e74597. https://doi.org/10.1371/journal.pone.0074597 

Kralick, A. E., & McGrath, K. (2021). More severe stress markers in the teeth of 

flanged versus unflanged orangutans (Pongo spp.). American Journal of 

Physical Anthropology, 176(4), 625–637. https://doi.org/10.1002/ajpa.24387 

Lacruz, R. S., Habelitz, S., Wright, J. T., & Paine, M. L. (2017). Dental Enamel 

Formation and Implications for Oral Health and Disease. Physiological 

Reviews, 97(3), 939–993. https://doi.org/10.1152/physrev.00030.2016 

Lacruz, R. S., Hacia, J. G., Bromage, T. G., Boyde, A., Lei, Y., Xu, Y., Miller, J. D., 

Paine, M. L., & Snead, M. L. (2012). The Circadian Clock Modulates Enamel 

Development. Journal of Biological Rhythms, 27(3), 237–245. 

https://doi.org/10.1177/0748730412442830 

Lageard, J. G. A. (2017). Dendrochronology. In A. S. Gilbert (Ed.), Encyclopedia of 

Geoarchaeology (pp. 180–197). Springer Netherlands. 

https://doi.org/10.1007/978-1-4020-4409-0_41 



 

52 

Lee, P.C. (1996). The meanings of weaning: Growth, lactation, and life history. 

Evolutionary Anthropology: Issues, 5. 

Lemmers, S. A. M., Dirks, W., Street, S. E., Ngoubangoye, B., Herbert, A., & 

Setchell, J. M. (2021). Dental microstructure records life history events: A 

histological study of mandrills (Mandrillus sphinx) from Gabon. Journal of 

Human Evolution, 158, 103046. https://doi.org/10.1016/j.jhevol.2021.103046 

Lonsdorf, E. V., Travis, D., Pusey, A. E., & Goodall, J. (2006). Using retrospective 

health data from the Gombe chimpanzee study to inform future monitoring 

efforts. American Journal of Primatology, 68(9), 897–908. 

https://doi.org/10.1002/ajp.20296 

Lonsdorf, E. V., Markham, A. C., Heintz, M. R., Anderson, K. E., Ciuk, D. J., 

Goodall, J., & Murray, C. M. (2014). Sex Differences in Wild Chimpanzee 

Behavior Emerge during Infancy. PLoS ONE, 9(6), e99099. 

https://doi.org/10.1371/journal.pone.0099099 

Lonsdorf, E. V., Markham, A. C., Heintz, M. R., Anderson, K. E., Ciuk, D. J., 

Goodall, J., & Murray, C. M. (2014). Sex Differences in Wild Chimpanzee 

Behavior Emerge during Infancy. PLoS ONE, 9(6), e99099. 

https://doi.org/10.1371/journal.pone.0099099 

Machanda, Z., Brazeau, N. F., Bernard, A. B., Donovan, R. M., Papakyrikos, A. M., 

Wrangham, R., & Smith, T. M. (2015). Dental eruption in East African wild 

chimpanzees. Journal of Human Evolution, 82, 137–144. 

https://doi.org/10.1016/j.jhevol.2015.02.010 

Mahoney, P., Miszkiewicz, J. J., Pitfield, R., Deter, C., & Guatelli-Steinberg, D. 

(2017). Enamel biorhythms of humans and great apes: the Havers-Halberg 

Oscillation hypothesis reconsidered. Journal of Anatomy, 230(2), 272–281. 

https://doi.org/10.1111/joa.12551 

McFarlin, S. C., Reid, D. J., Arbenz-Smith, K., Cranfield, M. R., Nutter, F., Stoinski, 

T. S., ... Bromage, T. G. (2014). Histological examination of dental 

development in a juvenile mountain gorilla from Volcanoes National Park, 

Rwanda. Bulletin of the International Association for Paleodontology, 8, 149. 

McGrath, K. (2018). From the Inside Out: Understanding Stress-Related Enamel 

Defects in Great Ape Canines [PhD Dissertation]. The George Washington 

University. 

McGrath, K., El‐Zaatari, S., Guatelli‐Steinberg, D., Stanton, M. A., Reid, D. J., 

Stoinski, T. S., Cranfield, M. R., Mudakikwa, A., & McFarlin, S. C. (2018). 

Quantifying linear enamel hypoplasia in Virunga Mountain gorillas and other 

great apes. American Journal of Physical Anthropology, 166(2), 337–352. 

https://doi.org/10.1002/ajpa.23436 



 

53 

McGrath, K., Reid, D. J., Guatelli-Steinberg, D., Arbenz-Smith, K., El Zaatari, S., 

Fatica, L. M., Kralick, A. E., Cranfield, M. R., Stoinski, T. S., Bromage, T. 

G., Mudakikwa, A., & McFarlin, S. C. (2019). Faster growth corresponds with 

shallower linear hypoplastic defects in great ape canines. Journal of Human 

Evolution, 137, 102691. https://doi.org/10.1016/j.jhevol.2019.102691 

McGrath, K., Limmer, L. S., Lockey, A.-L., Guatelli-Steinberg, D., Reid, D. J., 

Witzel, C., Bocaege, E., McFarlin, S. C., & El Zaatari, S. (2021). 3D enamel 

profilometry reveals faster growth but similar stress severity in Neanderthal 

versus Homo sapiens teeth. Scientific Reports, 11(1), 522. 

https://doi.org/10.1038/s41598-020-80148-w 

Mitani, J. C., Watts, D. P., & Muller, M. N. (2002). Recent developments in the study 

of wild chimpanzee behavior. Evolutionary Anthropology: Issues, News, and 

Reviews, 11(1), 9–25. https://doi.org/10.1002/evan.10008 

Muller, M. N., & Wrangham, R. W. (2004). Dominance, cortisol and stress in wild 

chimpanzees (Pan troglodytes schweinfurthii). Behavioral Ecology and 

Sociobiology, 55(4), 332–340. https://doi.org/10.1007/s00265-003-0713-1 

Nanci, A. (2018). Ten Cate’s oral histology: development, structure, and function 

(9th edition). Elsevier. 

Nelson, S. J. (2015). Wheeler’s dental anatomy, physiology, and occlusion (Tenth 

edition). Elsevier Saunders. 

Phillips-Conroy, J. E., & Jolly, C. J. (1988). Dental eruption schedules of wild and 

captive baboons. American Journal of Primatology, 15(1), 17–29. 

https://doi.org/10.1002/ajp.1350150104 

Pusey, A., Williams, J., & Goodall, J. (1997). The Influence of Dominance Rank on 

the Reproductive Success of Female Chimpanzees. Science, 277(5327), 828–

831. https://doi.org/10.1126/science.277.5327.828 

Pusey, A. E., Pintea, L., Wilson, M. L., Kamenya, S., & Goodall, J. (2007). The 

Contribution of Long‐Term Research at Gombe National Park to Chimpanzee 

Conservation. Conservation Biology, 21(3), 623–634. 

https://doi.org/10.1111/j.1523-1739.2007.00704.x 

Ramos-Fernandez, G., & Aureli, F. (2018). Fission-Fusion. In J. Vonk & T. 

Shackelford (Eds.), Encyclopedia of Animal Cognition and Behavior (pp. 1–

8). Springer International Publishing. https://doi.org/10.1007/978-3-319-

47829-6_1881-1 

Reid, D. J., Schwartz, G. T., Dean, C., & Chandrasekera, M. S. S. (1998). A 

histological reconstruction of dental development in the common 

chimpanzee,Pan troglodytes. Journal of Human Evolution, 35(4–5), 427–448. 

https://doi.org/10.1006/jhev.1998.0248 



 

54 

Reid, D. J., & Dean, M. C. (2006). Variation in modern human enamel formation 

times. Journal of Human Evolution, 50(3), 329–346. 

https://doi.org/10.1016/j.jhevol.2005.09.003 

Romero, L. M. (2004). Physiological stress in ecology: lessons from biomedical 

research. Trends in Ecology & Evolution, 19(5), 249–255. 

https://doi.org/10.1016/j.tree.2004.03.008 

Sarmiento, E. E., Butynski, T. M., & Kalina, J. (1996). Gorillas of Bwindi-

Impenetrable Forest and the Virunga Volcanoes: Taxonomic implications of 

morphological and ecological differences. American Journal of Primatology, 

40(1), 1–21. https://doi.org/10.1002/(SICI)1098-2345(1996)40:1<1::AID-

AJP1>3.0.CO;2-1 

Samuni, L., Crockford, C., & Wittig, R. M. (2021). Group-level cooperation in 

chimpanzees is shaped by strong social ties. Nature Communications, 12(1), 

539. https://doi.org/10.1038/s41467-020-20709-9 

Schwartz, G. T., Reid, D. J., Dean, M. C., & Zihlman, A. L. (2006). A Faithful 

Record of Stressful Life Events Recorded in the Dental Developmental 

Record of a Juvenile Gorilla. International Journal of Primatology, 27(4), 

1201–1219. https://doi.org/10.1007/s10764-006-9051-2 

Shellis, R. P. (1998). Utilization of periodic markings in enamel to obtain information 

on tooth growth. Journal of Human Evolution, 35(4–5), 387–400. 

https://doi.org/10.1006/jhev.1998.0260 

Smith, T. M., Martin, L. B., & Leakey, M. G. (2003). Enamel thickness, 

microstructure and development in Afropithecus turkanensis. Journal of 

Human Evolution, 44(3), 283–306. https://doi.org/10.1016/S0047-

2484(03)00006-X 

Smith, T. M. (2004). Incremental Development of Primate Dental Enamel [PhD 

Dissertation, Stony Brook University]. 

https://paleoanthro.org/media/dissertations/tanya%20smith.pdf 

Smith, T. M. (2006). Experimental determination of the periodicity of incremental 

features in enamel. Journal of Anatomy, 208(1), 99–113. 

https://doi.org/10.1111/j.1469-7580.2006.00499.x 

Smith, T. M., Reid, D. J., & Sirianni, J. E. (2006). The accuracy of histological 

assessments of dental development and age at death. Journal of Anatomy, 

208(1), 125–138. https://doi.org/10.1111/j.1469-7580.2006.00500.x 

Smith, T. M., Reid, D. J., Dean, M. C., Olejniczak, A. J., & Martin, L. B. (2007a). 

Molar development in common chimpanzees (Pan troglodytes). Journal of 

Human Evolution, 52(2), 201–216. 

https://doi.org/10.1016/j.jhevol.2006.09.004 



 

55 

Smith, T. M., Reid, D. J., Dean, M. C., Olejniczak, A. J., Ferrell Assistant Professor, 

R. J., & Martin, L. B. (2007b). New perspectives on chimpanzee and human 

molar crown development. In S. E. Bailey & J.-J. Hublin (Eds.), Dental 

Perspectives on Human Evolution: State of the Art Research in Dental 

Paleoanthropology (pp. 177–192). Springer Netherlands. 

https://doi.org/10.1007/978-1-4020-5845-5_12 

Smith, T. M. (2008). Incremental dental development: Methods and applications in 

hominoid evolutionary studies. Journal of Human Evolution, 54(2), 205–224. 

https://doi.org/10.1016/j.jhevol.2007.09.020 

Smith, T. M., Smith, B. H., Reid, D. J., Siedel, H., Vigilant, L., Hublin, J. J., & 

Boesch, C. (2010). Dental development of the Taï Forest chimpanzees 

revisited. Journal of Human Evolution, 58(5), 363–373. 

https://doi.org/10.1016/j.jhevol.2010.02.008 

Smith, B. H., & Boesch, C. (2011). Mortality and the magnitude of the “wild effect” 

in chimpanzee tooth emergence. Journal of Human Evolution, 60(1), 34–46. 

https://doi.org/10.1016/j.jhevol.2010.08.006 

Smith, T. M., Machanda, Z., Bernard, A. B., Donovan, R. M., Papakyrikos, A. M., 

Muller, M. N., & Wrangham, R. (2013). First molar eruption, weaning, and 

life history in living wild chimpanzees. Proceedings of the National Academy 

of Sciences, 110(8), 2787–2791. https://doi.org/10.1073/pnas.1218746110 

Smith, T. M., & Boesch, C. (2015). Developmental defects in the teeth of three wild 

chimpanzees from the Taï forest: Developmental Defects in Chimpanzee 

Teeth. American Journal of Physical Anthropology, 157(4), 556–570. 

https://doi.org/10.1002/ajpa.22741 

Smith, T. M., Austin, C., Ávila, J. N., Dirks, W., Green, D. R., Williams, I. S., & 

Arora, M. (2022). Permanent signatures of birth and nursing initiation are 

chemically recorded in teeth. Journal of Archaeological Science, 140, 105564. 

https://doi.org/10.1016/j.jas.2022.105564 

Stuhlträger, J., Schulz-Kornas, E., Kullmer, O., Janocha, M. M., Wittig, R. M., & 

Kupczik, K. (2021). Dental wear patterns reveal dietary ecology and season of 

death in a historical chimpanzee population. PLOS ONE, 16(5), e0251309. 

https://doi.org/10.1371/journal.pone.0251309 

Sugiyama, Y. (1968). Social organization of chimpanzees in the Budongo Forest, 

Uganda. Primates, 9(3), 225–258. https://doi.org/10.1007/BF01730972 

Temple, D. H., & Goodman, A. H. (2014). Bioarcheology has a “health” problem: 

Conceptualizing “stress” and “health” in bioarcheological research: STRESS 

AND HEALTH IN BIOARCHEOLOGICAL RESEARCH. American Journal 

of Physical Anthropology, 155(2), 186–191. 

https://doi.org/10.1002/ajpa.22602 



 

56 

Thesleff, I. (2014). Current understanding of the process of tooth formation: transfer 

from the laboratory to the clinic. Australian Dental Journal, 59, 48–54. 

https://doi.org/10.1111/adj.12102 

Wallis, J. (1995). Seasonal influence on reproduction in chimpanzees of gombe 

national park. International Journal of Primatology, 16(3), 435–451. 

https://doi.org/10.1007/BF02735796 

Watts, D., & Pusey, A. (1993). Behavior of Juvenile and Adolescent Great Apes. In 

Juvenile Primates: Life History, Development and Behavior (pp. 148–167). 

New York: OxfordUniversity Press. 

Watts, D. P. (2015). Mating behavior of adolescent male chimpanzees (Pan 

troglodytes) at Ngogo, Kibale National Park, Uganda. Primates, 56(2), 163–

172. https://doi.org/10.1007/s10329-014-0453-z 

Wilson, M. L. (2012). Long-Term Studies of the Chimpanzees of Gombe National 

Park, Tanzania. In P. M. Kappeler & D. P. Watts (Eds.), Long-Term Field 

Studies of Primates (pp. 357–384). Springer Berlin Heidelberg. 

https://doi.org/10.1007/978-3-642-22514-7_16 

Wilson, M. L., Lonsdorf, E. V., Mjungu, D. C., Kamenya, S., Kimaro, E. W., Collins, 

D. A., Gillespie, T. R., Travis, D. A., Lipende, I., Mwacha, D., Ndimuligo, S. 

A., Pintea, L., Raphael, J., Mtiti, E. R., Hahn, B. H., Pusey, A. E., & Goodall, 

J. (2020). Research and Conservation in the Greater Gombe Ecosystem: 

Challenges and Opportunities. Biological Conservation, 252, 108853. 

https://doi.org/10.1016/j.biocon.2020.108853 

Wittig, R. M., Crockford, C., Weltring, A., Langergraber, K. E., Deschner, T., & 

Zuberbühler, K. (2016). Social support reduces stress hormone levels in wild 

chimpanzees across stressful events and everyday affiliations. Nature 

Communications, 7(1), 13361. https://doi.org/10.1038/ncomms13361 

Witzel, C., Kierdorf, U., Schultz, M., & Kierdorf, H. (2008). Insights from the inside: 

Histological analysis of abnormal enamel microstructure associated with 

hypoplastic enamel defects in human teeth. American Journal of Physical 

Anthropology, 136(4), 400–414. https://doi.org/10.1002/ajpa.20822 

Wrangham, R. W. (1975). Behavioural ecology of chimpanzees in Gombe National 

Park, Tanzania. https://doi.org/10.17863/CAM.16415 

Wroblewski, E. E., Murray, C. M., Keele, B. F., Schumacher-Stankey, J. C., Hahn, B. 

H., & Pusey, A. E. (2009). Male dominance rank and reproductive success in 

chimpanzees, Pan troglodytes schweinfurthii. Animal Behaviour, 77(4), 873–

885. https://doi.org/10.1016/j.anbehav.2008.12.014 



 

57 

Zheng, L., Seon, Y. J., Mourão, M. A., Schnell, S., Kim, D., Harada, H., Papagerakis, 

S., & Papagerakis, P. (2013). Circadian Rhythms Regulate Amelogenesis. 

Bone, 55(1), 158–165. https://doi.org/10.1016/j.bone.2013.02.011 

Zihlman, A., Bolter, D., & Boesch, C. (2004). Wild chimpanzee dentition and its 

implications for assessing life history in immature hominin fossils. 

Proceedings of the National Academy of Sciences, 101(29), 10541–10543. 

https://doi.org/10.1073/pnas.0402635101 


