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Glossary of Terms

Accentuated line: Disturbances in enamel formation hypothesized to be caused by stress,
environmental changes, or illness, which appear as irregular, often dark thick lines in the
enamel and run parallel to striae of Retzius from the EDJ to the OES (Aiello & Dean,
2002, Lemmers at al. 2021, Guatelli-Steinberg, 2001).

Cross Striations: 24-hour circadian rhythms in enamel secretion, represented as fine
dark lines in polarized light that occur perpendicular to the long axes of enamel prisms as
they pass from the EDJ to the surface (Aiello & Dean, 2022).

Enamel dentine junction (EDJ): Where the enamel and dentine interface.

Outer enamel surface (OES): Enamel layer on the outside surface of the tooth which
interacts directly with the environment.

Striae of Retzius/Retzius line: Longer period incremental growth lines or bands seen in
enamel matrix, which traverse multiple enamel prisms and extend obliquely from the
EDJ to OES. Within a given tooth and individual, successive striae of Retzius represent
the sequential forming fronts of enamel secretion during appositional growth of enamel.
Adjacent striae of Retzius in postnatal enamel within a given individual are separated by
the same number of days, known as periodicity (Reid et. al., 1998).
Abbreviations:

ABRP - Amboseli Baboon Research Project

EDJ - Enamel dentine junction

M1 - First permanent molar

M3 - Third permanent molar

NNL — Neonatal line
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Chapter 1: Introduction

Teeth provide an especially rich source of information regarding an individual’s
development, life and stress history (Beynon et al., 1998; Dirks et al., 2002; Lemmers et
al., 2021; Reid et al., 1998). Dental histology is a useful method for examining the
periodic growth rhythms of enamel, which allow researchers to reconstruct dental
chronology along with stressful life history events through enamel disturbances
(Bromage & Dean, 1985; Guatelli-Steinberg, 2001; McFarlin et al., 2014; Schwartz et al.,
2006; T.M. Smith & Boesch, 2015).

Enamel growth increments, visible microscopically within the internal structure of
the tooth crown, reflect the effects of circadian and longer-period physiologic rhythms on
matrix secretion: cross striations and striae of Retzius, respectively (Aiello & Dean, 2002;
Nanci, 2013a; Reid et al., 1998). Striae of Retzius in lateral enamel reach the outer
enamel surface, where they coincide with structures termed perikymata. Due to
established knowledge on the duration of these depositional rhythms, we can use these
increments to determine the absolute chronology (i.e., timing in calendar days) of tooth
development, and recognize disruptions caused by stress (Beynon et al., 1991; Dirks,
1998; Lemmers et al., 2021; Reid et al., 1998). There is evidence that physiological stress
can be observed in the form of developmental defects in enamel structure that represent
interruptions or alterations in normal enamel secretion (Goodman & Rose, 1990;
Guatelli-Steinberg, 2001; Hillson & Bond, 1997; Witzel et al. 2006). Dental development
defects in enamel may appear as deficiencies in enamel thickness resulting from stress
during the secretory phase of amelogenesis (Goodman & Rose, 1990). When visible

within the internal microscopic structure of enamel, these defects are often referred to as
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atypical increments or accentuated lines (Aiello & Dean, 2002; Dean, 2010; Guatelli-
Steinberg, 2001; Humphrey, 2008; Schwartz et al., 2006).

Prior studies in primates have hypothesized that early life events such as birth,
weaning, first sexual swelling, and birth of a sibling coincide with the formation of
accentuated lines (Dirks et al., 2002; Guatelli-Steinberg, 2001; Smith & Boesch, 2015).
Comparing the chronology of these accentuated lines against known life history,
behavioral and environmental data for the same individuals allows researchers to
establish what stressors more conclusively are manifested in the dentition. However, to
date only a few such studies have been possible in wild primates to date (Dirks et al.,
2002; Guatelli-Steinberg, 2001; Lemmers et al. 2021; McFarlin et al., 2014; McGrath,
2018; Smith & Boesch, 2015).

The main goal of this study is to reconstruct the chronology of first permanent
molar (M1) development in four juvenile savannah baboons (Papio cynocephalus) of
known life history and environmental context, and to compare the timing of accentuated
enamel increment formation to a possible environmental stressor, rainfall variation. All
individuals from this study are from the Amboseli basin in southern Kenya. The
Amboseli baboons represent an unparalleled study population given the availability of
detailed records of daily rainfall data, maternal dominance rank at birth, and other
possible causes of stress for individually recognized baboons studied by the Amboseli
Baboon Research Project (ABRP) for over five decades (Alberts & Altmann, 2012).
Skeletal records from natural deaths in the population are readily available. These dental
remains allow us to compare dental histological data to penecontemporaneous rainfall

data collected from the Amboseli basin to ascertain if stress caused by drought accurately
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presents in the dental record. This is the first study to investigate dental development and

dental stress in baboons from the Amboseli Basin.



Chapter 2: Background

Dental Anatomy and Emergence

Teeth contain several distinct anatomical tissues and structures: enamel, dentine,
cementum, periodontal ligament, pulp chamber and the root (Aiello & Dean, 2002; Naci,
2013a, 2013b). Enamel, which covers the crown of the tooth, is the hardest biologically
formed substance, containing 96-97% calcium hydroxyapatite (Aiello & Dean, 2002;
Hlusko & Mahaney, 2009; Nanci, 2013a). Once fully formed, enamel does not remodel,
allowing researchers to investigate dental development and early life events in fossils and
extant dental remains (Beynon et al., 1998; Dean, 2000; Dean, 2010; Humphrey, 2008;
Kelley & Schwartz, 2010). Dentine, which comprises the majority of the tooth, underlies
the enamel cap (Aiello & Dean, 2002). Unlike enamel, dentine cells or odontoblasts
remain alive and are able to add small amounts of tissue to mature teeth (Aielleo & Dean,
2002; Dean, 2000; Dean, 2010). The pulp chamber of the teeth lies within the dentine and
contains the blood vessels, nerves and fibrous connective tissue that allows
communication between the tooth and the jaw (Aiello & Dean, 2002; Kelley & Schwartz,
2010). Below the crown is the root of the tooth, the part of the tooth that lies below the
gums and anchors the tooth in the jaw (Aiello & Dean, 2002; Nanci, 2013b). The dentine
of the root is protected by the cementum, which forms the attachment for the periodontal
ligament that retains the tooth in its socket (Aiello & Dean, 2002; Nanci, 2013b). Enamel,
dentine and cementum all grow incrementally, governed by short to long period rhythms,
which are evident in the incremental markings of each tissue (Dean, 2000).

The M1 is the first tooth to initiate mineralization during fetal development, with

development of the rest of the teeth continuing up to 12-15 years of age in great
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apes. (Aiello & Dean, 2002; Dean, 2000). Crown formation time is determined by a
number of factors including amount of tissue secreted in a day and the number of active
secretory cells, both of which contribute to enamel thickness, and the rate at which the
secretory cells become activated, which determines the height and shape of the crown
(Dean, 2000). One of the most important milestones of tooth development for life history
investigations is gingival emergence, or when any part of a given tooth crown first
pierces the gingiva or gums (Smith et al., 1994; Dirks et al., 2002; Dirks & Bowman,
2007; Kelly & Schwartz, 2010; Nanci, 2013b).

Emergence of the first and third permanent molars (M1 and M3, respectively) is
thought to correspond with important early life history events (Aiello & Dean, 2002;
Dean, 2000; Dirks & Bowman, 2007; Kelly & Schwartz, 2010; Machanda et al., 2015;
Robson & Wood, 2008). This relationship was first formally established by Holly Smith
(1989,1992) who found that the emergence of the M1 tooth corresponds to many
different developmental and physiological milestones, so the M1 is regarded as an
important tooth developmentally in primates. In broad comparative terms, the age at M1
emergence is highly correlated with the age of weaning and when brain volume growth is
90% complete (Smith, 1989, 1990, 1992). In more restricted comparative contexts, a
previous study examining relationships between life history and dental development in
catarrhine primates found that emergence of the M1 occurred just after weaning in Papio
hamadryas (hamadryas baboon), with baboons having the earliest weaning time
compared to M1 emergence (Dirks & Bowman, 2007). The correlation between age at
weaning and emergence of M1 is consistent with the function of M1, which helps the

infant to mechanically breakdown food (Dirks et al., 2010). The emergence of the M3 is
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also an important life history milestone as there is evidence it corresponds to age at
menarche and age at first reproduction. The exact timeline of M1 and M3 emergence may
be different across primates species but the life history events that are connected to their

emergence remains the same (Dirks & Bowman, 2007; Robson & Wood, 2008).

Enamel Formation

Ameloblasts are enamel forming cells that travel away from the EDJ towards the
future outer enamel surface, laying down enamel in their wake as they advance (Dean,
2000; Hlusko & Mahaney, 2009; Lemmers et al., 2021; McGrath et al., 2021). Once the
appropriate thickness is reached, the ameloblasts die, preventing enamel from being
repaired later in life (Aiello & Dean, 2002; Lemmers et al., 2021; Nanci, 2013a). Enamel
is a composite material with a mineral and organic phase during its formation (Aiello &
Dean, 2002; Nanci, 2013a). The production of the organic matrix, which begins at the
start of the secretory stage, is followed by the maturation stage, which turns the immature
enamel into highly mineralized mature enamel (Humphrey, 2008; Lemmers et al., 2021;
Nanci, 2013a). The mineralization phase involves amelogenin, enamelin, and
ameloblastin among other proteins, which are important in the process by which the
organic material and water are replaced with crystallites (Hlusko & Mahaney, 2009).

The daily and longer-period incremental markings, cross striations and striae of
Retzius respectively, are formed during the secretion stage (Humphrey, 2008; Lemmers
et al., 2021). Cross striations are caused by circadian variation in enamel matrix secretion
and are formed c.24 hours (Aiello & Dean, 2002; Nanci, 2013a). Cross striations appear

as fine dark lines in polarized light and occur perpendicular to the enamel prisms, which
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pass from the enamel-dentine junction to the outer enamel surface (Aiello & Dean, 2002;
Nanci, 2013a). Striae of Retzius increments represent longer-period disruptions in enamel
secretion (i.e., on the order of multiple days to weeks). With histological methods
researchers can count the number of cross striations in between adjacent striae of Retzius
to determine periodicity (Kelley & Schwartz, 2010; Lemmers et al., 2021; Reid et al.,
1998; T.M. Smith, 2008). Periodicity varies between species and between individuals, but
in postnatal enamel it remains consistent within the dentition of an individual (Dirks et
al., 2002). The surface manifestations of striae of Retzius are known as perikymata and
can also be used in investigations of dental development and chronology (Beynon et al.,

1998; Humphrey, 2008; McGrath, 2018; Smith, 2008).

Dental Histology and Stress in Primates

Dental histology is a method for investigating microscopic structures in the
dentition from prepared thin sections (Beynon et al., 1991; Hlusko & Mahaney, 2009;
Humphrey, 2008; Lemmers et al., 2021). It is one of the most common and reliable
methods for reconstructing dental development, the age of an immature individual at time
of death, and understanding the relationship between dental development and life history
(Beynon et al., 1991; Hlusko & Mahaney, 2009; Humphrey, 2008; Lemmers et al., 2021
Dirks, 1998). Histological methods are time-consuming and more destructive compared
than radiographic approaches, but they provide more accurate tooth crown initiation
timing; radiographic approaches may underestimate crown formation times (Beynon et

al., 1991; Smith, 2008).
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An advantage of histological approaches is that they allow examination of
periodic growth increments, including cross-striations and striae of Retzius, which are
used to reconstruct cellular activity and the periodicity of teeth (Beynon et al., 1998;
Dean, 2000; Reid et al., 1998; Smith, 2008). The neonatal line (NNL) is a specific type
of accentuated line caused by the stress on a developing individual during birth, and it is
visible in tooth enamel that is forming around the time of birth (Humphrey, 2008; Reid et
al., 1998; Smith, 2008) (Figure 1). Since enamel development of the M1 initiates
prenatally in apes, the NNL is often identified in the cuspal enamel of this tooth (Reid et
al., 1998). The neonatal line represents day O (i.e., birth) and each cross striation after it
represents a 24 hour period, allowing any teeth with overlapping crown formation timing
to be temporally registered to the NNL on M1 (Humphrey, 2008; Reid et al., 1998;
Smith, 2008). Histological studies provide precise ages of individuals when the NNL is
present, compared to radiographic studies (Dirks et al., 2002). The NNL also allows
researchers to determine what day in an individual's life an accentuated line occurred

(Dean et al., 2014; Guatelli-Steinberg, 2001; McGrath, 2018).
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100 microns

Figure 1. NNL found in the mesio-buccal cusp of the right M1 of Specimen 1. White
arrows indicate the NNL present in the enamel and gray arrows indicate the NNL present
in the dentine.

Disturbances in enamel formation are hypothesized to be caused by stress,
extreme environmental changes, and illness (Dirks et al. 2002, 2010; Guatelli-Steinberg,

2001). These enamel disturbances manifest in the outer enamel surface as hypoplastic

defects and/or internally as accentuated lines, pathological lines, Wilson bands or



accentuated striae (Goodman & Rose, 1990; Guatelli-Steinberg, 2001; Hillson & Bond,
1997; McGrath, 2018; McGrath et al., 2021; T.M. Smith & Boesch, 2015). (Figure 2).

In this thesis disturbances that manifest within the internal structure of enamel
will be called accentuated lines, following previous studies (Dirks et al., 2002; Lemmers
et al., 2021; McGrath, 2018; Schwartz et al., 2006). Accentuated lines, which are darker
and often wider than striae of Retzius, course in the same orientation, may be
superimposed on, striae of Retzius, or they may occur between adjacent striae of Retzius
(Aiello & Dean, 2002; Guatelli-Steinberg, 2001).

The regular short and long period increments, cross striations, and striae of
Retzius in enamel, can be analyzed to determine the age at which the tooth cusp begins to
mineralize, the rate and duration of enamel secretion and the age at crown completion.
By registering synchronously forming regions of enamel across teeth in the dentition, this
chronology can extend across the duration of dental development. Once this chronology
is established, researchers can also reconstruct the timing of accentuated lines and any
associated life history events (Beynon et al., 1991; Dirks, 1998; Lemmers et al., 2021;

McFarlin et al., 2014).
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Cross-striations

Laminations Enamel

EDJ

Dentine
Enamel
Prisms

Retzius
lines

Figure 2. lllustration depicting various features present in enamel. Retzius lines (in blue)
running from the enamel-dentine junction (EDJ) to the outer enamel surface (OES); in
between them are features called laminations (in green). The right magnified section
shows enamel prisms (in brown) running from the EDJ to OES with cross striations (in
red) lining up perpendicularly to the enamel prisms (Original figure from Smith 2006).
Many studies have utilized normal incremental markings, cross-striations and
striae of Retzius, and abnormal enamel markings such as accentuated lines, to investigate
stress and life history events in extant primates (Dirks, 1998; Dirks et al., 2002, 2010;
Dirks & Bowman, 2007; Lemmers et al., 2021; McFarlin et al., 2014; Reid et al., 1998;
Smith & Boesch, 2015). Dental histology studies of enamel have been used to reconstruct
nursing behavior (Dirks et al., 2010, 2010; Lemmers et al., 2021). Weaning, when an
infant is gradually introduced to adult foods and reduces their consumption of breast milk
(Humphrey, 2008), is an important life history transition that is often a stressful time for
infants who are losing their source of nutrition and immune support (Dirks et al., 2010,

2010; Lemmers et al., 2021). Multiple studies have found a connection between weaning

stress and accentuated lines (Dirks et al., 2010, 2010; Lemmers et al., 2021). Dirks et al.
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(2010) found that the highest frequency of stress in a female baboon was experienced at
around 6 months of age and in a male baboon at around 11 months of age, which coincide
with inferred reduction of suckling frequency and inferred cessation of suckling,
respectfully. They could also be due to conflict between mother and offspring and/or poor
nutrition (Dirks et al., 2010).

While weaning is one of the most important life history traits, it is not the only
stressful life history event. The start of sexual maturity, first mating experience, an
individual's mother’s return to mating, and the birth of a sibling may also disrupt enamel
formation (Dirks et al., 2002; Guatelli-Steinberg, 2001; Smith & Boesch, 2015). Other
possible causes of stress and sources of early life adversity come from being a social
primate. Infanticide, inter- and intra-group competition, kidnapping, loss of a mother, and
other negative social situations (Alberts, 2018; Rosenbaum et al., 2020; Shopland, 1982;
Tung et al., 2023) may lead to evidence of stress in dental histology, but they have not
been investigated as potential correlates of enamel defects.

Primates living in harsh climates may face periods of environmental stress
resulting in lack of nutrition and disease (Alberts, 2018; Guatelli-Steinberg, 2001, 2001;
Rosenbaum et al., 2020; Tung et al., 2023). Environmental stressors which can lead to
accentuated lines include seasonal differences in food availability, extreme weather
changes, seasonal moisture cycles and/or drought (Dean, 2010). Studies which have
investigated how the environment relates to accentuated line defects are not as conclusive
as studies examining the impact of social stressors and life history events on dental
development (Dirks et al., 2002; Guatelli-Steinberg, 2001, 2001). In one study of two

female Awash baboons, researchers used the dates of death and associated rainfall
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records to determine their dates of birth and the dates of physiological stress events. By
comparing the rainfall records to the accentuated line data, they showed a relationship
between stress events and drought. Due to the lack of behavioral data, however, it was
not possible to determine if environmental stress or other life history events caused the
accentuated line formations, since they occurred during post-weaning in both wet and dry
seasons (Dirks et al., 2002). Histology has the potential to link an individual extant
primate’s life history and developmental milestones with dental microstructural proxies,
which then enables those proxies to be used to recover the life histories of extinct
hominoids, including hominins (Beynon et al., 1991; Dean 2000, 2010; Guatelli-

Steinberg, 2001; Lemmers et al., 2021; Smith, 1992; Smith, 2008).

Baboons as a Study Species

There are several reasons why baboons are a good model for understanding
aspects of dental development in modern humans. Like modern humans, baboons have
been able to survive in a wide variety of environments, including savannahs similar to the
environments of extinct hominins (Alberts, 2018). There are also physiological,
immunological, and morphological similarities between baboons and anatomically
modern humans (AMH) (Hlusko & Mahaney, 2009). The relative timing of dental
development between baboons and AMH is similar even though modern human molars
take around three times longer to mineralize (Hlusko & Mahaney, 2009). Finally, the
pattern, process and genetic markers of enamel mineralization is a conserved trait across
mammalian orders, including anthropoid primates (Hlusko & Mahaney, 2009). Because

of these similarities, studies of factors contributing to both normal and pathological
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dental crown mineralization in baboons can shed important light on similar mechanisms
operating in hominins (Hlusko & Mahaney, 2009). Moreover, performing histological
studies on individual baboons with known life histories from a long-lasting study site can
help inform us about factors that may impact dental development in hominins and other

extinct primates (Beynon et al., 1998; Dean, 2010, 2010; Hlusko & Mahaney, 2009).

Baboon Ecology and Behavior

Baboons have a widespread distribution across Africa and inhabit many different
environments from deserts to savannahs to montane forest (Alberts, 2018). They are
generalist foragers who mostly consume plants and are seen from a young age identifying
the most energetically favorable parts of a plant to consume (Alberts, 2018). This mostly
plant-based diet is supplemented by small vertebrates and nuts (Alberts, 2018). One of
the main contributors to baboons' ability to inhabit many different habitats is their
sociality (Alberts, 2018; Silk et al., 2003; Tung et al., 2023). Baboons utilize their social
interactions to manage difficult situations such as intra-specific competition, predation
risk, disease risk through grooming, environmental stress and passing on useful
information about their surrounding environment (Alberts, 2018; Shopland, 1982; Silk et
al., 2003; Tung et al., 2023).

Positive social influences are especially important for improving the survival of
immature baboons (Alberts, 2018; Archie et al., 2014, Silk et al., 2003). Grooming
facilitates relationships, but also helps mitigate disease risk (Alberts, 2018; Archie et al.,
2014). Amboseli baboons who received less grooming had a higher tick load and lower

packed red cell volume compared to baboons who were being groomed on a regular basis
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(Alberts, 2018). High tick loads impact the survival of young individuals more than
adults because the former have a weaker immune system (Alberts, 2018). It is therefore
important that young individuals engage in grooming rituals in order to create long
lasting social bonds and to decrease disease risk (Alberts, 2018; Archie et al., 2014).
Another factor influencing baboon survival and development is maternal rank and
maternal sociality (Alberts, 2018; Silk et al., 2003). Maternal dominance rank in
Amboseli baboons explains 23% of the variance in body size growth rates for both male
and female offspring, so that offspring of high ranking mothers are typically larger for
their age compared to offspring from lower ranking mothers (Alberts, 2018). Female
offspring from higher-ranked mothers also reach sexual maturity earlier and therefore
increase their fitness (Alberts, 2018). There is also a connection between maternal
dominance rank and social integration (Alberts, 2018; Archie et al., 2014). High ranking
females typically have more social bonds throughout their life with individuals in their
social group, and typically have higher survival (Alberts, 2018; Archie et al., 2014; Silk
etal., 2003).

If a female offspring's mother is high ranking then they will also be high ranking,
which is important for forming bonds with males and females during adulthood (Alberts,
2018; Silk et al., 2003). Female maturity and survival are increased when females grow
up and have strong bonds with other females (Archie et al., 2014). Social connectedness
to adult females reduced the risk of death by 34% in female baboons (Archie et al.,
2014). Females with strong connections to males are typically higher ranking, increasing
an individual's fitness due to males, especially high ranking males, being a limited

resource (Archie et al., 2014). This strong connection to males increases survival for
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females by 45% (Archie et al., 2014). Having a strong social connection to males not
only helps an adult female’s fitness, but also their offspring’s fitness (Archie et al., 2014).
Similar to females, males who are more strongly-bonded to females are higher ranking,
but males who are higher ranked have shorter lifespans (Campos et al., 2020). This is
most likely due to stress, inter- and intra-group competition (Campos et al., 2020). Young
baboons who receive beneficial attention from adult males in general, and from their
biological fathers in particular, are provided more protection from infanticide and
predators (Alberts, 2018). Having fathers present for most of the juvenile period has
positive effects on development, so that these individuals mature faster than those with
absent fathers present (Alberts, 2018). This again is connected to being born to high
ranking mothers, where males are more likely to provide protection to offspring of high
ranking females in order to increase their chance of mating with them in the future
(Alberts, 2018).

Negative social interactions in immature baboons reduce survival rates (Alberts,
2018; Shopland, 1982). While infanticide is relatively uncommon in Amboseli—it only
explains c.2.3% of infant deaths—unsuccessful attempts could leave individuals injured
and/or at risk of death (Alberts, 2018). Immigrant males not only attack offspring but
target pregnant females which can lead to pregnancy termination (Alberts, 2018;
Shopland, 1982). Kidnapping of infant Amboseli baboons, which explains ¢.5% of infant
deaths, can lead to long periods of time without proper nutrients, leading to death
(Alberts, 2018). Young adolescent females may unintentionally harm and even kill any
infants they are carrying (Alberts, 2018; Shopland, 1982). One of the most significant

causes of decreased survival in primates is the loss of a mother at a young age (Lange et
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al., 2023). This loss is associated with weaker female bonds as an adult, compromised
patterns of adult rank, and elevated glucocorticoid concentrations, all of which can cause
decrease in survival (Lange et al., 2023).

Early life environments can also impact fitness outcomes and early life
development. Alberts (2018) reviewed previous studies that identified six adverse
circumstances that can decrease survival, including drought in the first year of life.
Drought would significantly impact nutrition, which could slow down growth and
development and therefore decrease overall survival (Alberts, 2018; Dirks et al., 2002;
Lange et al., 2023; Lea et al. 2015; Tung et al., 2023). Drought can also increase the
number of negative baboons/human interactions resulting in serious injury, or even death
(Alberts, 2018; Paietta et al., 2022). An earlier investigation found that females who
experience three or more episodes of early life adversity, either social or environmental,
die a median of 10 years earlier than females who experience one, or no, adverse
episodes (Tung et al., 2016), which is significant since the average lifespan of a female
Amboseli baboon who reaches adulthood is 18.5 years (Tung et al., 2016). This indicates
that early life adversity and negative social interactions have a substantial effect on life
history and development.

Another strong predictor of life history and development in Amboseli baboons is
diet quality and food availability (Altmann et al., 1993; Altmann & Alberts, 2005;
Altmann, 1991; Lea et al., 2015). In Amboseli baboons fitness is highly predictable from
diet (Altmann, 1991). By 70 weeks of age, before the completion of weaning, a female
baboon’s life fitness is largely established, based on early life diet quality and availability

(Altmann, 1991). Food quality and availability also influence body size growth (Alberts,
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2005; Altmann &Alberts, 2005). Greater food availability has been associated with more
rapid body growth for both males and females, with food availability the primary source
of within-age variability in body size for juvenile baboons (Alberts, 2005). Food
availability has been shown to impact body size differences more than maternal
dominance rank and duration of maternal investment (Alberts, 2005). In Amboseli,
ecological extremes such as persistent drought are associated with large differences infant

survival, growth, and maturation (Alberts, 2005).

Juvenile Baboon Life History

Baboons are a male dispersal species. Females stay in their natal groups, allowing
them to form strong bonds with their kin and other female group members (Alberts,
2018; Altmann et al., 1977; Campos et al., 2020). Similar to almost all primate species,
infant and juvenile baboon survival is dependent on near constant contact with mothers,
especially during the first six months of life (Alberts, 2018; Altmann et al., 1977;
Campos et al., 2020). Mortality rates for baboons are highest during the first year of life;
43% of infant mortality is assumed to be due to predation and the rest caused by disease,
predation by humans, infanticide, aggressive intra- and intergroup interactions and
accidents (i.e. falling from tress) (Alberts, 2018; Altmann et al., 1977). Once an
individual survives the first year of life, ¢.50% of females will reach the average age of
first birth (5.95 years) and 44% of males will reach the average age of first mate guarding
interaction (7.7 years) (Alberts 2018). Weaning occurs around 6-12 months of age for

both males and females (Altmann et al., 1977). Females typically reach sexual maturity
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around 4.5 years and cycle for c.1 year before conception, with 1-3 years between births

(Altmann et al., 1977).

Amboseli

Individuals from this study come from the Amboseli Baboon Research Project
(ABRP), a 50+ year long term research site located in the Amboseli Basin of southern
Kenya (Alberts & Altmann, 2012). The Amboseli Basin is a dry Pleistocene lake basin on
the Northern side of Mt. Kilimanjaro, in between Tanzania and Kenya (Alberts, 2018;
Alberts & Altmann, 2012; Altmann et al., 2002; Paietta et al., 2022; Silk et al., 2003).
The Amboseli Basin consists of acacia woodlands and open grasslands with baboons
being the most common non-human primate (Alberts, 2018; Alberts & Altmann, 2012;
Altmann et al., 2002). The dry season is from June to October, with two different
unpredictable rainfall periods between November and December and March to April or
May (Alberts, 2018; Altmann et al., 2002; Bronikowski & Webb, 1996; Paietta et al.,
2022). In recent years there has been an increase in droughts with Amboseli experiencing
the least amount of recorded rainfall in the 2008-2009 season (Altmann et al., 2002;
Bronikowski & Webb, 1996; Paietta et al., 2022).

The major human population in the area is the Maasai pastoralist community that
has continued to grow in size and has started to move closer to Amboseli National Park
(Alberts, 2018; Paietta et al., 2022). The increase in Maasai population combined with
decrease in rainfall has led to more human-baboon encounters and an increase in
anthropogenic baboon deaths (Alberts, 2018; Paietta et al., 2022). During the 2008-2009

drought 12 baboons were killed in one day by humans and in 2006 around a third of
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baboon deaths were connected to violent encounters with humans and/or their dogs
(Paietta et al., 2022). The Maasai largely access water through wells, which provide
water to baboons during times of drought when natural bodies of water are dried up
(Paietta et al., 2022). As climate change continues to affect this area there will probably
be an even larger increase in human-baboon interactions (Paietta et al., 2022).

The study population consists of around 350 extant individuals all with detailed
life history and behavioral data (Alberts & Altmann, 2012; Silk et al., 2003). There is
also a skeletal collection of around 90 individuals that died from natural causes or
following human-baboon conflict. Many of these skeletal remains also have known life
history and behavioral data (Alberts & Altmann, 2012). All six study groups are either
fission groups from the original two groups, Alto and Hook, which have been studied
continuously since 1971 and 1980, respectively, or from Nyayo’s group, which
experienced a fission event in 2011(Alberts & Altmann, 2012; Silk et al., 2003). The
Amboseli baboons are mostly yellow baboons (Papio cynocephalus) with some
immigrant olive baboons (Papio anubis) (Alberts, 2018; Altmann et al., 2002). Group
size is largely dependent on the acacia woodlands, since baboons rely on these trees for
shelter and food (Alberts, 2018). The region of greatest baboon density in Amboseli is in
the south-west edge closest to acacia woodlands and Maasai wells (Alberts, 2018). The
six study groups from the Amboseli basin offer a rich source of 50+ years of information
which can provide insights to baboon life history, behavior and physiology (Alberts,
2018; Alberts & Altmann, 2012; Altmann et al., 2002; Paietta et al., 2022; Silk et al.,

2003).

20


https://www.zotero.org/google-docs/?TBG5jq
https://www.zotero.org/google-docs/?qXl138
https://www.zotero.org/google-docs/?Ek8yev
https://www.zotero.org/google-docs/?J1qxtY
https://www.zotero.org/google-docs/?ipLbbV
https://www.zotero.org/google-docs/?WWHLlE
https://www.zotero.org/google-docs/?0X1W3M
https://www.zotero.org/google-docs/?lXXDix
https://www.zotero.org/google-docs/?xBMlXw
https://www.zotero.org/google-docs/?Kx5HCB
https://www.zotero.org/google-docs/?Kx5HCB
https://www.zotero.org/google-docs/?Kx5HCB

Aims and Predictions

Prior studies have examined dental development in wild baboons, including two
individual baboons with associated climatic records (Dirks et al., 2002). This prior study,
of anubis and hamadryas baboons from the Awash National Park Ethiopia and Uganda,
respectively, found an increase in accentuated lines during times of drought for two
female anubis baboons for which associated rainfall data were available (Dirks et al.,
2002). The goal of the current study is to expand on this earlier work, by conducting the
first examination of the influence of environmental factors, such as drought, on dental
development in female juvenile baboons of known life history from the Amboseli Basin
of southern Kenya. This study focuses on four baboons, aged 3.31-3.58 years at death,
who were born into and lived in the Viola social group. All are females and all died on
the same day, providing a unique study cohort with overlapping contemporaneous life
history and rainfall data. The availability of monthly rainfall data for the area in which
these individual baboons lived provides an opportunity to understand how environmental
stressors may, or may not, leave traces in developing tooth enamel.

The main goal of this study is to integrate monthly rainfall data with an
investigation of dental histology from the naturally accumulated skeletons of these four
Amboseli baboons, to determine if environmental stressors, namely drought, disrupt
enamel formation and are observed as accentuated lines. To do this, | will pursue two
specific aims:

1. Determine the chronology of M1 crown formation based on available

histological thin sections.
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2. Document the prevalence and age at formation of accentuated lines in the
enamel of each individual’s M1 to determine the correspondence between
the timing of accentuated line formation and periods of drought.

Due to an increase in drought periods at Amboseli and baboon’s reliance on regular
rainfall during the wet season for food production, I predict that there will be more
accentuated lines formed during drought periods (i.e., those months that are preceded by
30 days with less than 50 mm of rain; following Levy et al., 2023), compared to non-
drought periods, and that that there will be an increase in accentuated lines during failing
wet seasons. If accentuated lines are identified in these individuals, future studies will
aim to determine whether they may be associated with other potential stressors in the
physical or social environment (e.g., social stressors, or stressful life history events; Dirks

etal., 2002).
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Chapter 3: Methods and Materials

Study Population

The dental specimens come from four juvenile savannah baboons (Papio
cynocephalus) who were studied by ABRP, a continuous longitudinal research project
conducted in the south-west corner of the Amboseli National Park, Kenya (Alberts &
Altmann, 2012). The field site comprises 100 km? of semi-arid savanna just north of
Mount Kilimanjaro (Alberts & Altmann, 2012; Altmann et al., 2002). All four individuals
were females in Viola’s social group, ranging in age from 3.3 years old to 3.6 years old.
They were born between August 2005 and October 2005, and all died on the same day in
March 2009 (Table 1). Dental specimens were selected to represent an age cohort from a
single social group, and for which the M1 showed minimal enamel wear. The M1 was
chosen because it typically begins to mineralize before birth, allowing for determination

of age at accentuated line formation based on the presence of an NNL.

Tooth Specimen Preparation

Dental specimens were selected to represent an age cohort from a single social
group, and for which the first permanent molar showed minimal enamel wear. The M1
was chosen because it typically begins to mineralize before birth, allowing for
determination of age at accentuated line formation based on the presence of an NNL.

Four specimens were selected based on these criteria (Table 1).
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Thick histologic sections (300-400 um) were available for all specimens, having
been prepared previously according to established methods. They were embedded in a
methyl methacrylate block (following Goldman et al., 1999) and cut longitudinally to
encompass the dentine horn, from buccal to lingual axis across mesial and distal cusps for
molars (following Reid et al., 1998). Sections were then mounted onto strain-free plastic
microscope slides, and ground to a final thin section of ~ 100 um thickness with a 1-
micron surface topography using an ECOMET 4000 variable speed grinder. An ultrasonic
cleaner was used to remove any debris from the slides before adding a coverslip with
immersion oil for microscopic imaging. In most individuals, the mesio-lingual and
mesio-buccal cusps were analyzed; in one individual, the disto-lingual and disto-buccal

cusps were analyzed based on section quality.

Table 1. Information about tooth cusps sampled.

Animal
Project Field Cat. Animal Age Social Tooth
No. Sex (years) Group Sampled
Specimen 2 F 3.6 Viola  Distal RM1
Specimen 4 F 3.3 Viola  Mesial RM1
Specimen 1 F 3.3 Viola  Mesial RM1
Specimen 3 F 3.4 Viola  Mesial LM1

Rainfall Data Collection

Monthly rainfall data have been collected at Amboseli National Park from August
1976 to present by the ABRP. Rainfall was measured daily with a rain gauge in baboon
camp, and daily rainfall (mm) summed to yield monthly rainfall and yearly rainfall data

(Bronikowski & Altmann, 1996). Monthly rainfall data are made openly available
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through the Amboseli Baboon Project Website
(https://amboselibaboons.nd.edu/downloads/). Drought months are defined here
following Levy et al. (2023) and occur when there is less than 50 mm of rainfall in the
previous 30 days (i.e., <50mm rainfall during the preceding one month period, for the

purposes of this project).

Chronological Reconstruction

Tooth sections were examined and imaged using a Zeiss Axiolmager microscope
with an automated stage, integrated with a MicroBrightField Bioscience
Stereoinvestigator system with Virtual Slice for automated image montaging and
quantification (MBF, Bioscience, Williston, VT, USA). Bright Field (BF) and Circularly
Polarized Light (CPL) montage images were taken of the specimens using an Optronics
MicroFire CCD camera. Each individual cusp was imaged at 20x objective (0.3695
micron/pixel resolution), and 10x images were taken of the entire thin section through
both the buccal and lingual cusps (0.7424 microns/pixel resolution). The cuspal images
were transferred to Adobe Photoshop for marking the NNL, accentuated lines, and
counting striae of Retzius.

The primary goals of this dental histological investigation were to determine the
chronology and the timing of accentuated lines following previous methods (Dirks, 1998;
Dirks et al., 2002; Reid et al., 1998). The enamel can be divided into three different
sections for the purposes of chronology.

1) The prenatal enamel, the enamel formed between the EDJ and the NNL,

represents the amount of enamel development that occurred in utero.
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2) The postnatal cuspal enamel is identified from the NNL to the first striae of
Retzius observed to clearly intersect the outer enamel surface near the vicinity of the
cusp, but just lateral to the where the occlusal surface was substantially impacted by
wear, as visualized using the 10x objective.

Note, given that wear obliterated some enamel from the cuspal surface, one or
more of the earliest-formed striae of Retzius (defined on the basis of their intersection
with the outer enamel surface) were likely missed or not counted in the current study
(Reid et al., 1998). These measurements were curvilinear distances, taken following the
long axis of enamel prisms to account for decussation. In order to calculate the prenatal
and cuspal enamel formation times, one key calculation is necessary; the daily secretion
rate (DSR) or cross striation width is defined as the width of a light and dark band of the
short-period cross-striation increment (Reid et al., 1998), typically falling between 2-4
microns for the individuals in the study. Measurements of the cross-striations were
collected in the microscope using a 40x objective in areas where ‘intradian lines’ were
not observed, using the Stereo Investigator measure line tool. Intradian lines follow the
same trajectory as cross striations but fall in between them in frequent intervals (Smith,
2006). Cross-striation measurements were taken in three separate areas, defined as inner,
middle, and outer one-thirds of the total enamel thickness, as measured for prenatal
enamel (from the EDJ to the NNL) and for postnatal cuspal enamel (from the NNL to
where the last striae of Retzius reaches the surface), respectively (Smith & Boesch,
2015). The mean of these measurements, across thirds, were taken as the average daily
rate of enamel secretion for the prenatal and postnatal cuspal enamel, respectively (Dirks

et al., 2002; Smith & Boesch, 2015). This value was used as a divisor for the distance
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measurement taken from the NNL to the first stria of Retzius (for postnatal cuspal
enamel) to calculate the total number of days of enamel formation (Nanci, 2013).

3) Imbricational enamel is defined as the enamel that covers the lateral surface of
the tooth, where stria of Retzius lines reach the surface (Guatelli-Steinberg, 2001). Its
duration of formation was calculated by counting the total number of striae of Retzius
reaching the surface in the lateral enamel using a 20x objective (Dirks et al., 2002).
Periodicity represents the duration in days of the long-period rhythm or timing between
adjacent Retzius lines (Dirks et al., 2002; Reid et al., 1998). This was used to determine
the duration of the imbricational enamel, and the duration between accentuated lines.
Periodicity was measured in a minimum of five separate measurements in five different
areas using two different methods both in a 40x objective on the microscope (Dirks et al.,
2002; Reid et al., 1998): (1) by directly counting cross striations when distinguishable
between Retzius lines and (2) dividing the mean distance between any two adjacent
Retzius lines by local cross-striation width (Dirks et al., 2002; Reid et al., 1998). The
total number of Retzius lines was multiplied by the periodicity to figure out the duration
in days of imbricational enamel formation for each cusp.

The enamel formation time for each cusp was calculated as the sum of the
prenatal, postnatal cuspal enamel and imbricational enamel formation times. To
determine the age at which crown formation time was completed for each cusp, the sum

of the postnatal cuspal enamel and the imbrication enamel was calculated.

Histological Analysis of Accentuated Lines
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The next aim of this study was to calculate the chronological age when any
accentuated lines were formed.

Accentuated lines were first identified and annotated on acquired 20x images of thin
sections of the buccal and lingual cusp of M1, without access to rainfall data. Which
accentuated lines were selected was based on the following criteria:

1. The feature must be visible for % of the length between the EDJ and OES (Witzel

et al., 2008).

2. There must be a corresponding marker in the dentine, which develops at the same

time as enamel (Witzel et al., 2008).

3. The feature must be visible at an objective of 10x, out of focus (modified from 4x

to 10x from Lemmers et al., 2021).

The lines that fit these criteria were recorded and included in calculations for timing of
accentuated lines. Some of the accentuated lines appeared as closely-spaced groups of
accentuated lines, with some fainter than others in the series, but were still used to
calculate the timing and duration of stress events when they fit the above criteria (Smith
& Boesch, 2015). Once | independently annotated the acquired images, | used the
microscope to confirm my assessments and conduct measurements.

Timing, or age at formation, of the first accentuated line was determined by
registering this feature to the chronology determined earlier (i.e., to the NNL). Duration
between subsequent adjacent accentuated lines was determined by dividing the distance
between accentuated lines by the mean local cross striation width, or the DSR (Figure 3).
Between two adjacent accentuated lines, measurements were taken three times in three

separate areas and averaged. Only one of these measurements were used, based on where
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the two accentuated lines being measured were most visible, and this measurement was
used as the linear distance measurement. Local cross striation measurements, and direct
striation counts when distinguished, were averaged and used as the divisor for the linear
measurement to determine the estimated number of days between adjacent accentuated
lines (Dirks et al., 2002; Reid et al., 1998).

Cross striations were measured using the 40x objective, but distances between
accentuated lines were measured using the 20x objective because distances between lines
often exceeded the camera field width at 40x. Measurements were conducted using the
Stereo Investigator measure line tool. These measurements were recorded on Google
sheets and registered against the chronology (or chronological age in days) of postnatal
cuspal and imbricational formation calculated from regular short and long period

increments, to create a timeline of what day each stress event occurred on.

Figure 3. An example showing two prominent accentuated lines (white arrows) in the
enamel and the dentine and showing the NNL (grey arrow) in the mesio-lingual cusp of
the right M1 from Specimen 4.
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Matching Accentuated Lines to Rainfall Data

To match accentuated lines to rainfall data we performed a qualitative
comparison. Each stress event was identified for both the buccal and lingual cusp and its
timing established as described above; if a given accentuated line occurred within +/- 3
days of another in the corresponding buccal/lingual cusp of the same tooth, then they
were counted as the same stress event (i.e., allowing for variations in defect appearance
and/or minor calculation errors). Calibrated accentuated lines separated by more than +/-
3 days were counted separately (Lemmers et al., 2021). The total number of accentuated
lines that occurred in each month for each individual was then aligned graphically to
previously collected monthly rainfall measurements. This allowed us to assess,
qualitatively, correspondence between the timing of accentuated line formation and

periods of drought.
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Chapter 4: Results

Cross Striation Spacing and Periodicity

Cross striation widths ranged from 3.06-5.84 microns (um) in Specimen 2, 3.31-
4.99 um in Specimen 4, 3.33-5.22 pum in Specimen 1 and 2.92 - 4.76 um in Specimen 3,
as collected in five different regions of the imbricational enamel between adjacent
accentuated lines (Table 2).

Measurements to estimate periodicity were collected in the buccal and lingual
cusps of Specimen 2, 4 and 1, but only in the buccal cusps of Specimen 3. In all the
regions sampled, | was able to determine periodicity using two different methods: 1)
direct CS counts, and 2) dividing striae of Retzius spacing by local cross striations

widths, resulting in a periodicity of 5 in all cusps measured in all individuals.
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Table 2. Table showing the max, min, mean and SD of cross striation measurements in the
prenatal, cuspal and imbricational enamel for the distobuccal and distolingual cusps of
Specimen 2, mesiobuccal and mesiolingual cusps of Specimen 4 and Specimen 1, and the

mesiobuccal cusp of Specimen 3.

Specimen 2 Distobuccal Distolingual |Specimen 4 Mesiobuccal Mesiolingual
Prenatal Max 3.86 3.28]Prenatal Max 4.21 4.45
Min 2.19 2.37 Min 2.48 2.39
Mean 2.96 2.83 Mean 3.54 3.44
. .SD 0'46. 0.07 .SD 0.47. 0'57.
Cuspal Max 3.91 3.82]Cuspal Max 4.56 4,92
Min 2.68 2.51 Min 3.63 3.29
Mean 3.44 3.15 Mean 4.26 3.46
. SD 0.39 0.49 Sb 0.51 0.56
Imbricational Max 5.06 3.77]Imbricational Max 4.37 4.43
Min 4.73 3.34 Min 3.76 3.95
Mean 4.69 3.54 Mean 413 4.17
SD 0.22 0.17 SD 0.25 0.21
Specimen 1 Mesiobuccal Mesiolingual]Specimen 3 Mesiobuccal
Prenatal Max 4.99 3.99]Prenatal Max 4.8
Min 3.49 3.45 Min 2.26
Mean 4.36 3.53 Mean 3.38
| .SD 0.45' 0.37 'SD O.68l
Cuspal Max 5.1 4.96]Cuspal Max 4.22
Min 4.16 3.15 Min 2.93
Mean 4.74 3.81 Mean 3.64
. 'SD 0'28. 0.56 'SD 0.4'
Imbricational Max 4.54 4.65]Imbricational Max 4.31
Min 4.38 4.19 Min 3.32
Mean 4.47 4.33 Mean 3.73
SD 0.06 0.2 SD 0.38
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100 microns

Figure 4. CPL image of visible cross striations (yellow) and striae of Retzius (green),
using to determine a periodicity of 5 in all individuals. Specimen 2 (top left), Specimen 4
(top right), Specimen 1 (bottom left) and Specimen 3 (bottom right).
Dental Chronology

The presence of a probable NNL in both cusps for Specimen 2, Specimen 4, and
Specimen 1 and in the buccal cusp of Specimen 3 was used to create a chronology of M1
enamel development. We collected measurements across three periods of enamel
development: prenatal enamel formation, postnatal cuspal enamel formation and
imbricational enamel formation. However, all teeth showed some level of occlusal wear
(Figure 5), such that 1) the duration of prenatal enamel formation represents a minimum

estimate, and 2) the boundary between postnatal cuspal enamel and imbricational enamel
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(following Beynon et al. 1991) is an approximation. However, given the presence of the
NNL, the two regions should provide an accurate estimate of the total duration of

postnatal enamel development.

100 microns

Figure 5. CPL 10x image of Specimen 2 to illustrate the maximum amount of occusal
wear.

Enamel formation time for the mesiobuccal cusp ranged from 1.39 — 1.54 years,
for the mesiolingual cusp from 1.29 — 1.43 years. Enamel formation time was 1.56 years

and 1.31 years for the distobuccal and distolingual cusp, respectively (Table 3).
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Table 3. M1 chronology of Specimen 2, Specimen 4, Specimen 1, and Specimen 3. The
number of days of prenatal enamel formation, cuspal enamel formation and
imbricational enamel formation and the total enamel formation in years for all
individuals. Chronology for both the buccal and lingual cusp are provided for all
individuals except for Specimen 3, where data was only collected for the buccal cusp.

Total Total
Post-natal Enamel Enamel
Enamel Formation: Formation:
Prenatal Cuspal Imbricationa Formation: Prenatal + Prenatal +
Tooth Enamel Enamel | Enamel Cuspal + Cuspal + Cuspal +
Individua Sample Formatio Formatio Formation Imbricationa Imbricationa Imbricationa
| d n (days) n(days) (days) | (days) | (days) | (years)
Distal
Buccal
Specimen RM1 50 283 235 518 568 1.56
2 Distal
Lingual
RM1 53 295 130 425 479 1.31
Mesial
Buccal
Specimen RM1 65 226 255 481 546 1.49
4 Mesial
Lingual
RM1 29 253 240 493 522 1.43
Mesial
Buccal
Specimen RM1 60 183 265 448 508 1.39
1 Mesial
Lingual
RM1 50 200 220 420 470 1.29
Mesial
Specimen Buccal
3 LM1 44 268 250 518 562 154

Matching accentuated lines to rainfall data

Monthly rainfall data were previously collected by ABRP. I aligned the M1
chronology with available monthly rainfall data, to determine whether accentuated lines
fell within times of drought, defined as when there is less than 50 mm of rainfall in the

previous 30 days (i.e., previous one month period). July 2005 was included in the study
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even though it was before the birth of any of the individuals, to determine if August 2005
was a drought month.

There were only four months which had more than 50 mm of rain: March 2006
with 106.8 mm of rainfall, November 2006 with 55.1 mm of rainfall, December 2006
with 243.8 mm of rainfall, and January 2007 with 64.4 mm of rainfall. During the time of
the M1 chronology only April 2006, December 2006, January 2007, and February 2007
are not considered to be drought months (Figure 6).
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Figure 6. Bar graph of the average monthly rainfall spanning the M1 chronology of the
study individuals, from July 2005 to July 2006.

Using the criteria of +/- 3 days Specimen 2 had a total of 27 accentuated lines,
with the greatest number of accentuated lines, 4, being formed in February 2006.
Specimen 4 had a total of 21 accentuated lines, with 4 accentuated lines, the most per
month, being formed February 2006, April 2006, and May 2006. Specimen 1 had a total

of 15 accentuated lines formed, with the greatest number of accentuated lines, 4, being
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formed in March 2006. Specimen 3 had a total of 16 accentuated lines formed, with 3
accentuated lines, the most per month, being formed in January 2006 and February 2006.
February 2006 was the month with the highest number of accentuated line formations
cumulatively across all four individuals: 4 in Specimen 2, 4 in Specimen 4, 2 in
Specimen 1 and 3 in Specimen 3. From July 2006 to the end of M1 crown formation
(March 2007 for Specimen 2, May 2007 for Specimen 4 and April from Specimen 1 and
Specimen 3) all individuals experienced a stress-free period (i.e., no accentuated lines)
(Figure 7). A timeline of each accentuated line, and the day it formed, can be found in the

appendix.

Monthly Accentuated Line Count
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~  Specimen 3
— Specimen 2
Specimen 4
Specimen 1
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Figure 7. Line graph showing the total number of accentuated lines for study individuals
from July 2005 to May 2007.

While the sample of months is not balanced between non-drought and drought

months, the months with the highest accentuated line counts occur after extended periods
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of drought, with a decrease in accentuated lines after the non-drought months.
Cumulatively, the most accentuated lines are formed between January — March 2006.
These months follow a long period with very little or no rain in the preceding 6 months.
During this time period all individuals except Specimen 1 have a maximum amount of
accentuated line formation in February 2006, which follows an extended period with little
rain. Specimen 2 and Specimen 4 have fewer accentuated lines formed after May 2006,
which follows a non-drought month.

All individuals also experience a stress free period from July 2006 to May 2007, a
period with three non-drought months (December 2006, January 2007 and February

2007), and only three months with no rainfall (July-September 2006) (Figure 8).

Monthly Accentuated Line Count and Rainfall

Rainfall

2001
1501
1004
m
o4 | e == 1 |

[ Specimen 2
44
|
34
| B
= o MC1
E 1
5 o
'% Specimen 4
x 4
s
S o
S 2 McC1
2 1 B
- |
2
® [ Specimen 1
2 44
< ‘\
8 T
< 2 MC1
N B Elimm o

Specimen 3

" am NleaEEE =
T e

T T T T T T T T T T T T T T T T T T T T T T T
Jul-05 Aug-05Sep-05 Oct-05 Nov-05Dec-05 Jan-06 Feb-06 Mar-06 Apr-06 May-06 Jun-06 Jul-06 Aug-06 Sep-06 Oct-06 Nov-06Dec-06 Jan-07 Feb-07 Mar-07 Apr-07 May-07

Figure 8. Bar graph showing the total amount of rainfall per month from July 2005 to
July 2006, and the total number of accentuated lines in M1 per month for study
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individuals from July 2005 to May 2007. B indicates the birth month for each individual
and MC1 indicates the month of M1 crown completion.
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Chapter 5: Discussion

M1 Chronology

Specimen 2, Specimen 4, and Specimen 1 total enamel formation time was larger
in the buccal cusp compared to the lingual cusp by a factor of 1.2 in Specimen 2, a factor
of 1.04 in Specimen 4 and a factor of 1.07 in Specimen 1 (Table 2). This aligns with a
histological investigation performed by Reid et al. (1998), which determined that the
buccal cusps, in the lower teeth, are generally larger, rounder and have thicker enamel
indicating that it may take longer for enamel formation to be complete in the buccal cusps
compared to the lingual cusps (Reid et al. 1998). Dirks et al. (2002) reconstructed the
dental chronology of two male Anubis baboons (Papio hamadryas anubis) from Uganda
and two female Hamadryas baboons (P. h. hamadryas) from the Awash National Park,
Ethiopia. The enamel formation time for all four individuals spanned from 1.28-1.48
years, which overlaps with cusp-specific crown formation times reported here (1.29-1.56
years). Another study investigating the dental development in four species of catarrhine
primates found that the M1 enamel formation time in a hamadryas baboon was 1.63 years
(Dirks and Bowman 2007). This study and previous studies indicate that while there is
individual variation in M1 enamel formation time, that tooth captures little more than the
first year and half of a baboon’s life.

The M1 is also able to capture pre-natal enamel formation. In this study, M1
enamel formation was estimated to initiate from 29-65 days before birth and varied
among individuals (Table 2). These results are like previous studies which indicate that
M1 enamel formation starts 36-73 days before birth. However, we note that results of the

current study are an underestimate since light wear obliterated part of the cuspal height.
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Despite individual differences in total enamel formation time, all four baboon
specimens had a stria of Retzius periodicity of five. This is less than other studies, which
found a periodicity of 7 days between striae of Retzius (Dirks et al. 2002; Dirks and
Bowman 2007). Though this periodicity is shorter that the Dirks studies, it is not
unexpected that there would be variation, as other studies have found variation within and
among closely related species (Smith, 2008).

Minor differences in M1 chronology between the current study and previous
studies could be attributed to several factors. Differences could be attributed to the
studies looking at different species of baboons; this study investigated four yellow, or
yellow-anubis hybrid, baboons whereas other studies examined anubis or hamadryas
baboons (Dirks et al., 2002). Differences could also be due to intra-observer error or
methodological differences. Dirks et al. (2002) established M1 developmental
chronology by working backwards from crown completion towards the NNL, given the
known dates of death for the hamadryas baboons and the presence of tooth wear,
compared to this study where we started the dental chronology at the NNL. However, the
overall variation reported here in M1 crown formation timing is consistent with variation

reported in other studies (Smith, 2008).

Timing of accentuated lines

Interpretation of results of this study is complicated by the imbalanced
representation of drought versus non-drought months; most months coinciding with M1
enamel formation in the study individuals were defined as drought months. The highest
number of accentuated lines for all individuals occurred between January and May 2006.

Except for March 2006, when these individuals’ experienced rainfall of 106.8 mm (N.B.,
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36.6 mm of rain fell in April), all other months during this period experienced just 10.8-
36.6 mm of rainfall (Figure 7). For one of the two individuals born earlier than this
period, Specimen 2, a higher number of accentuated lines formed between August-
October 2005, but there were fewer accentuated lines for ABRP .010 (Table 1).

All individuals except Specimen 1 had a peak in accentuated line formation in
February 2006, a month that followed at least 6 months with little rainfall. A reduction in
food quality and availability (Altmann et al., 1993; J. Altmann & Alberts, 2005; S.A.
Altmann, 1991; Lea et al., 2015) as well as social stress due to a possible increase in
inter- and intra-group competition, could lead to physiological stress that disrupts enamel
formation. During the month of May 2006 fewer accentuated lines formed for Specimen
2 and Specimen 4. All four individuals experienced a stress-free period between July
2006 and the end of M1 crown formation. This may reflect increased food quality and
availability with higher rainfall. There was one non-drought month in the 11-month
period between August 2005 and July 2006, but three non-drought months in the 9-month
period between August 2006 and May 2007 (J. Altmann et al., 1993; J. Altmann &
Alberts, 2005; S. A. Altmann, 1991; Lea et al., 2015).

A previous study investigating the impacts of low quality environments (i.e.,
times of drought or high amounts of rainfall) on female fertility found that there was a
qualitative difference between years with normal rainfall and years with high rainfall, and
suggested that high rainfall periods may also be stressful for female baboons (Lea et al.
2015). The 106.8 mm rainfall in March 2006 may not be a lot of rainfall in many

ecosystems, but in this environment that much rain stresses individuals who have spent

42


https://www.zotero.org/google-docs/?D4Yclu
https://www.zotero.org/google-docs/?D4Yclu
https://www.zotero.org/google-docs/?buuQDY
https://www.zotero.org/google-docs/?buuQDY

most of their life in a drought. Two of our study individuals showed comparatively high
accentuated line counts in the following month of April 2006.

An alternative hypothesis that could contribute to the pattern of accentuated line
formation is that they reflect baboon responses to predictable vs unpredictable rainfall,
given that a high proportion of defects formed when rains failed in the wet season
(Alberts et al., 2005; Gesquiere et al., 2024). Alberts et al. (2005) found that the only
reliable aspect of the yearly rainfall pattern in the Amboseli basin was the dry season
from June through October, while the remaining rainy periods of the year were variable
from year to year. The predictability of the dry season has allowed baboons to
compensate in a variety of ways to decrease the negative effects that long drought periods
could cause (Alberts et al., 2005; Gesquiere et al., 2024). Baboons are known to increase
foraging and decrease times of rest due to using fallback foods such as grass corms
(Alberts et al., 2005; Gesquiere et al., 2024). Unlike the high energy foods often
consumed in the wet season (e.g., fresh grass blades, nuts, flowers and insects), grass
corms do not provide as much energy, meaning the baboons have to consume more to get
the same energy input (Alberts et al., 2005; Gesquiere et al., 2024). A study investigating
mT3 thyroid concentration in female baboons found a downregulation in the T3 secretion
and a decrease in metabolic activity at night during the dry season, indicating that they
are going into a slightly hypothermic state to conserve energy (Gesquiere et al., 2024).
The combination of switching over to fallback foods and decreasing metabolic function
allows these baboons to cope with the dry season (Alberts et al., 2005; Gesquiere et al.,
2024). These coping mechanisms are not seen during times when the wet season fails

(Alberts et al., 2005; Gesquiere et al., 2024). This could explain why there is an increase
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in accentuated line formation during the wet season of 2005, but no evidence of
accentuated lines during the wet season of 2006 when there was more consistent rainfall.

All individuals in this study are members of Viola’s social group, whose range
overlaps with the local Maasai pastoralist communities. The Maasai communities’ water
comes from wells they dig across their home range. During times of drought the Maasai
often expand their home range and leave behind wells the baboons can use when natural
bodies of water are dried out (Alberts, 2018). The ability for Viola’s group to access
human-made wells might help offset some of the water-related resource depletion that
occurs during times of drought (Alberts, 2018), but it does not alleviate food shortages
that drive intra- and inter-group competition. All of these factors likely contribute to the
stress events visible in the enamel of all the individuals in this study (J. Altmann et al.,
1993; J. Altmann & Alberts, 2005; S. A. Altmann, 1991; Lea et al., 2015).

Accentuated lines all follow the same trajectory, but they may not exactly
coincide with each other across cusps (Smith and Boesch 2015; Witzel et al. 2008).
Accentuated lines can present differently in the enamel depending on the severity and
duration of a stressor, and the timing of the stressor in relation to the secretory stage
and/or position of the ameloblast (Figure 8; McGrath 2018, Witzel et al. 2008). In a prior
study of linear enamel hypoplasia and internal enamel defects in modern humans,
ameloblasts in the late stage of secretion were more susceptible to being impacted by
stressors than those in earlier stages of secretion (Witzel et al. 2008). This might explain
why accentuated lines are not uniformly visible even though they occur on the same day
across more than one cusp. Our use of a 3-day window follows other recent studies

(Lemmers et al., 2021) and acknowledges that there may be some error in our estimates
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due to this variability in accentuated line appearance and potential errors in calculation

(e.g., due to the non-linear course of enamel prisms).
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Figure 9. Diagram illustrating the factors influencing accentuated line formation (Figure

12 from Witzel et al. 2008).

Future Directions:

This study investigates how one environmental stressor, rainfall variability,

impacts dental development in individuals studied by the Amboseli Baboon Research

Project, which has gathered 50+ years of longitudinal and environmental data (Alberts,

2018; Alberts & Altmann, 2012; Altmann et al., 2002; Paietta et al., 2022; Silk et al.,
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2003). The four individuals in the study, who all belong to the same social group (Viola),
were born within four-months of each other, and all died on the same day (Table 1). This
provides a study cohort that faced approximately contemporaneous environmental
challenges, thus providing an opportunity to test the co-occurrence of accentuated lines
with documented rainfall data across individuals.

This study focuses on one environmental factor, rainfall, to examine whether
drought influences the timing of accentuated lines in the M1 of four Amboseli baboons.
However, because behavioral data were not incorporated into this study, we cannot
exclude the possibility that the accentuated lines were caused by stressful life history
events and/or social interactions not considered here. The addition of behavioral and life
history data for these individuals would help clarify if the recorded accentuated lines are
due to factors other than rainfall.

Other individuals of various ages, or of different sex, from Viola’s social group,
and other social groups, who also experienced moderate rainfall conditions during their
first 1-2 years of life, would allow more insight into differences in how individuals
respond to stressors. Another future direction of this study would be to extend the
examination into the remaining years of these individual’s lives by including teeth other
than the M1.

While minor accentuated lines were observed in all individuals towards the end of
M1 enamel formation time, they did not meet the inclusion criteria for the study. Another
fruitful next step would be to evaluate the impact that the criteria used had on identifying
accentuated lines and if this criterion should be adjusted. Given the variability and

appearance of accentuated lines a second or possibly a third independent scorer should
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evaluate the accentuated lines and their time of formation, incase these changes the
picture of the accentuated lines and what they possibly could represent.

These results provide some support for the hypothesis that environmentally
stressful events, such as rainfall variation, can be linked to accentuated lines in the
enamel. This study also showed how extreme changes in rainfall patterns, even a rapid
increase in rainfall, may be associated in the formation of accentuated lines.

Future studies will add to our knowledge surrounding the complexities of dental
development and how environmental data can be important to understanding the genesis

of enamel defects caused by stress.
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Appendix:

Figure 10. Raw Accentuated line chronology data. Column 1 is Date, and Columns 2-4
are designated for each individual in the study. The numbers indicate what day of an
individuals life a stress event occurred on. The colors indicate different features in the
enamel. Blue = date of birth, yellow = buccal cusp only, pink = lingual cusp only, orange
= both cusps +/- 3 days and green = date of death.
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251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
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224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255

270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
201
292
293
294
295
296
297
298
299
300
301
302



8/5/2006
8/6/2006
8/7/2006
8/8/2006
8/9/2006
8/10/2006
8/11/2006
8/12/2006
8/13/2006
8/14/2006
8/15/2006
8/16/2006
8/17/2006
8/18/2006
8/19/2006
8/20/2006
8/21/2006
8/22/2006
8/23/2006
8/24/2006
8/25/2006
8/26/2006
8/27/2006
8/28/2006
8/29/2006
8/30/2006
8/31/2006
9/1/2006
9/2/2006
9/3/2006
9/4/2006
9/5/2006
9/6/2006

354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386

269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
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257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288

303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335



9/7/2006

9/8/2006

9/9/2006
9/10/2006
9/11/2006
9/12/2006
9/13/2006
9/14/2006
9/15/2006
9/16/2006
9/17/2006
9/18/2006
9/19/2006
9/20/2006
9/21/2006
9/22/2006
9/23/2006
9/24/2006
9/25/2006
9/26/2006
9/27/2006
9/28/2006
9/29/2006
9/30/2006
10/1/2006
10/2/2006
10/3/2006
10/4/2006
10/5/2006
10/6/2006
10/7/2006
10/8/2006
10/9/2006

387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
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329
330
331
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336
337
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340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
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356
357
358
359
360
361
362
363
364
365
366
367
368



10/10/2006
10/11/2006
10/12/2006
10/13/2006
10/14/2006
10/15/2006
10/16/2006
10/17/2006
10/18/2006
10/19/2006
10/20/2006
10/21/2006
10/22/2006
10/23/2006
10/24/2006
10/25/2006
10/26/2006
10/27/2006
10/28/2006
10/29/2006
10/30/2006
10/31/2006

11/1/2006

11/2/2006

11/3/2006

11/4/2006

11/5/2006

11/6/2006

11/7/2006

11/8/2006

11/9/2006
11/10/2006
11/11/2006

420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452

335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
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323
324
325
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328
329
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331
332
333
334
335
336
337
338
339
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341
342
343
344
345
346
347
348
349
350
351
352
353
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369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401



11/12/2006
11/13/2006
11/14/2006
11/15/2006
11/16/2006
11/17/2006
11/18/2006
11/19/2006
11/20/2006
11/21/2006
11/22/2006
11/23/2006
11/24/2006
11/25/2006
11/26/2006
11/27/2006
11/28/2006
11/29/2006
11/30/2006

12/1/2006

12/2/2006

12/3/2006

12/4/2006

12/5/2006

12/6/2006

12/7/2006

12/8/2006

12/9/2006
12/10/2006
12/11/2006
12/12/2006
12/13/2006
12/14/2006

453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485

368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
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356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434



12/15/2006
12/16/2006
12/17/2006
12/18/2006
12/19/2006
12/20/2006
12/21/2006
12/22/2006
12/23/2006
12/24/2006
12/25/2006
12/26/2006
12/27/2006
12/28/2006
12/29/2006
12/30/2006
12/31/2006
1/1/2007
1/2/2007
1/3/2007
1/4/2007
1/5/2007
1/6/2007
1/7/2007
1/8/2007
1/9/2007
1/10/2007
1/11/2007
1/12/2007
1/13/2007
1/14/2007
1/15/2007
1/16/2007

486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518

401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
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388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420

435
436
437
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439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467



1/17/2007
1/18/2007
1/19/2007
1/20/2007
1/21/2007
1/22/2007
1/23/2007
1/24/2007
1/25/2007
1/26/2007
1/27/2007
1/28/2007
1/29/2007
1/30/2007
1/31/2007

2/1/2007

2/2/2007

2/3/2007

2/4/2007

2/5/2007

2/6/2007

2/7/2007

2/8/2007

2/9/2007
2/10/2007
2/11/2007
2/12/2007
2/13/2007
2/14/2007
2/15/2007
2/16/2007
2/17/2007
2/18/2007

519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551

434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
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422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
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468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500



2/19/2007
2/20/2007
2/21/2007
2/22/2007
2/23/2007
2/24/2007
2/25/2007
2/26/2007
2/27/2007
2/28/2007

3/1/2007

3/2/2007

3/3/2007

3/4/2007

3/5/2007

3/6/2007

3/7/2007

3/8/2007

3/9/2007
3/10/2007
3/11/2007
3/12/2007
3/13/2007
3/14/2007
3/15/2007
3/16/2007
3/17/2007
3/18/2007
3/19/2007
3/20/2007
3/21/2007
3/22/2007
3/23/2007

552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568

467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
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454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486

501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533



3/24/2007
3/25/2007
3/26/2007
3/27/2007
3/28/2007
3/29/2007
3/30/2007
3/31/2007

4/1/2007

4/2/2007

4/3/2007

4/4/2007

4/5/2007

4/6/2007

4/7/2007

4/8/2007

4/9/2007
4/10/2007
4/11/2007
4/12/2007
4/13/2007
4/14/2007
4/15/2007
4/16/2007
4/17/2007
4/18/2007
4/19/2007
4/20/2007
4/21/2007
4/22/2007
4/23/2007
4/24/2007
4/25/2007

500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532

72

487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562



4/26/2007 533

4/27/2007 534
4/28/2007 535
4/29/2007 536
4/30/2007 537
5/1/2007 538
5/2/2007 539
5/3/2007 540
5/4/2007 541
5/5/2007 542
5/6/2007 543
5/7/2007 544
5/8/2007 545
5/9/2007 546
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