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Abstract
On the Sequence of Postcanine Tooth Eruption in Mammals
by
Tesla Allyse Monson
Doctor of Philosophy in Integrative Biology
University of California, Berkeley

Dr. Leslea Hlusko, Chair

As the key physical interface between mammals and their environment, teeth are
extremely important biological structures and a great deal is known about the biology of tooth
eruption. Nonetheless, there remains significant disagreement on whether life history, phylogeny,
or possibly other factors, are driving the evolution of dental eruption sequence in mammals.
Schultz’s Rule, which states that eruption sequence is adaptive and associated with life history
variables like postnatal growth and longevity, has also been used in dozens of studies of extant
and fossil mammals since it was proposed by Smith in 2000. However, none of these studies
account for phylogeny in their analyses.

To address this, [ assessed postcanine dental eruption sequence across a large sample of
primates and artiodactyls in order to test two hypotheses: 1) dental eruption sequence is
associated with life history variables like post-natal growth and longevity in mammals (Schultz’s
Rule), and as such could be adaptive, and 2) eruption sequence is a good phylogenetic character
for primates and artiodactyls. I examined the dentition of more than 8,000 animals and assessed
postcanine eruption sequence in 31 primate and 81 terrestrial artiodactyl genera, spanning 10
families in each clade. With the inclusion of 30 additional primate genera from the literature, this
is the most comprehensive compilation of dental eruption sequence in mammals to date.

Tests of phylogenetic signal show that dental eruption sequence is phylogenetically
conserved in primates and artiodactyls as are almost all of the life history and body size traits
tested here. However, only body size in primates is significantly associated with dental eruption
sequence. Ancestral state reconstruction supports that the third molar erupted before one or more
of the premolars in the ancestor of primates, while the third molar erupted after the premolars in
the ancestor of artiodactyls. More derived clades within primates and artiodactyls have a
different eruption sequence, where the third molar erupts after the premolars in anthropoids
(Primates), and the third molar erupts before one or more of the premolars in Ruminantia
(Artiodactyla). This change likely occurred during the Paleogene in both primates and
artiodactyls. Within primates and artiodactyls, several taxa exhibit a dental eruption sequence
that is either secondarily derived or a reversal to the ancestral state, and several taxa exhibit
intra- and intraspecific variation in dental eruption sequence. Many of these secondary changes
likely occurred in the Miocene and Pliocene. Dental eruption sequence is phylogenetically
conserved in primates and artiodactyls, and changes in eruption sequence may be associated with



changes in body size. Variation in dental eruption sequence may also be related to the
biomechanics of chewing. In both primates and artiodactyls, a fused mandible is associated with
taxa that erupt the third molar after the premolars, while an unfused mandible is associated with
taxa that erupt the third molar before one or more of the premolars. The evolution of symphyseal
fusion of the mandible is convergent in several mammalian taxa, and in primates, mandibular
fusion is thought to be an adaptation to the increasing mechanical stress associated with
increasing body size in herbivorous animals.

The data in this study suggest that dental eruption sequence is likely driven by factors
that include body size, fusion of the mandibular symphysis, and the biomechanics of chewing. It
also seems likely that limited resource availability, as is seen in the island fossil caprine
Mpyotragus and other extant high elevation caprines, can further affect the timing and sequence of
dental eruption. Overall, Schultz’s Rule, as it is currently written and applied, is not supported by
this extended data set. Dental eruption sequence is phylogenetically conserved and is not
associated with age at eruption of the first molar, longevity, or many other life history and size
traits, with the exception of body size. Phylogeny, not life history, explains dental eruption
sequence in mammals. My research demonstrates that dental eruption sequence is a far better
predictor of phylogeny, and it will likely prove useful in phylogenetic hypotheses about
relationships between extinct and extant mammalian taxa.



“There can be little doubt...”

Adolf Schultz, 1935

I hope there is always room for doubt.
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CHAPTER 1:
Mammalian dental eruption sequence

1.1 Overview

This dissertation investigates the relationship between dental eruption sequence, life
history, and phylogeny in mammals. As an introduction, this chapter gives background on the
evolution of mammalian dentition and recounts the history of study of dental eruption sequence,
including Schultz’s seminal work (1935) and Smith’s (2000) more recent naming of Schultz’s
Rule. Alternate hypotheses about the relationship between dental eruption sequence and
phylogeny are also reviewed. The two hypotheses to be tested in this dissertation are presented,
and the chapter concludes with a summary outline of the dissertation and details about all of the
subsequent chapters. A summary of the materials used in this dissertation are described in the
next chapter (Chapter 2).

1.2 Evolution of the dentition

The dentition is one of the most important organs of the mammalian body, as teeth play a
significant role in fitness and reproduction (e.g., Bryant 1990, McCollum and Sharp 2001,
Swindler 2002, Hillson 2005, Leigh et al. 2008, Ungar 2010). Teeth only evolved in vertebrates a
single time, and they are hypothesized to have emerged via one of two likely scenarios: 1) teeth
are derived from the internalization of skin denticles either after, or simultaneously with, the
evolution of jaws (e.g., Reif 1982, Smith and Hall 1993, Smith and Coates 2001), or teeth are
derived from internal pharyngeal denticles, independently of the jaws (e.g., McCollum and
Sharpe 2001, Smith and Coates 2001). Fossil evidence increasingly supports the latter -
evolution of teeth before jaws (e.g., Smith and Coates 2001). Dental variation has given rise to a
range of diverse morphologies (particularly within mammals), while still maintaining a high-
level of similarity in type, number, and developmental origins (e.g., McCollum and Sharp 2001,
Swindler 2002, Hillson 2005).

1.3 Dental eruption sequence

Most mammals are diphyodont, meaning they have two generations of teeth: the
deciduous (milk) teeth and the adult teeth. These two generations allow for size and complexity
of the teeth to increase while growing from juvenile to adult, matching changes in overall body
size and shape (Hillson 2005). The timing of tooth eruption is highly correlated between teeth,
particularly in the postcanine dentition (Smith 1994), and is generally considered to be adaptive.
This tight correlation is not surprising when considering that the timing of tooth eruption is
constrained by many other factors including the timing of permanent tooth development, the size
of the face and dental arch, life history, juvenile and adult diets, and even group dynamics as
represented by intrasex competition (e.g., Schultz 1935, 1956, Bryant 1990, Smith 1994, 2000,
Leigh et al. 2008).

Tooth eruption has been well-studied in mammals, and a great deal is known about the
biology of tooth eruption including the processes of resorption and the cellular and molecular
processes associated with eruption (e.g., Cahill 1969, Marks 1973, Cahill et al. 1988, Wise et al.
2002). However, less is known about the factors driving the timing and sequence of dental



eruption (e.g., Woodroffe et al. 2010, Kjar 2014). Many dental eruption studies have focused on
primates and found that the sequence of eruption of the second generation of teeth varies across
taxa, is highly functional in diet and competition/defense, and is likely influenced by genetic
effects (Schultz 1935, 1956, Bryant 1990, Smith 1994, 2000, Wise et al. 2002, Suri et al. 2004,
Leigh et al. 2008). There has also been considerable interest in the dental eruption sequence of
fossil mammals, including primates (e.g., Gregory 1920, Lamberton 1938, Wallace 1977, Kay
and Simons 1983), whales (Kellogg 1936), and other extinct groups (e.g., Ciffeli and de Muizon
1998, Lucas and Schoch 1990).

Because of this paleontological interest, and in order to understand the implications of
fossil dental eruption sequences, it has become imperative to understand the factors influencing
dental eruption sequence in extant mammals. Over the last century, two major hypotheses about
dental eruption sequence in mammals have arisen: 1) Dental eruption sequence is adaptive and
associated with life history variables like post-natal growth and longevity (Schultz 1956, 1960,
Smith 1994, 2000), or 2) Dental eruption sequence is a good phylogenetic character in primates,
and likely other mammals (Schwartz 1974, Tattersall and Schwartz 1974, Byrd 1981,
Veitschegger and Sanchez-Villagra 2016).

1.3.1 Schultz’s study of dental eruption sequence

One of the first and most influential studies on dental eruption sequence was published by
Adolph Schultz in 1935. Schultz’s interest in dental eruption sequence originated in methods of
age estimation in primates which continue to rely on stages of dental eruption wear. Schultz
(1935) assessed dental eruption stages in 12 living primates (macaques and chimps) as well as in
a large sample of dead specimens, focusing exclusively on haplorhines. Overall, Schultz (1935)
was able to examine n=2,908 primate specimens from his own collection and at five U.S.
museums. In this study, Schultz (1935) reports the age at eruption for macaques, chimps, and
humans, as well as dental eruption sequences for four New World monkeys (Cebus, Samiri,
Ateles, and Alouatta), four apes (Gorilla, Pongo, Pan, and Hylobates), and five Old World
monkeys (Pithecia, Papio, Lasiopgya [now Cercopithecus], Colobus, and Pygathrix). Schultz
(1935) notes some intrageneric variation in dental eruption sequence, particularly in Alouatta and
Saimiri. He concludes that all primates in his study erupt the M3 last, with the exception of
Pygathrix and Saimiri (mandible only, Schultz 1935). In this paper, Schultz (1935) states that
dental eruption sequence has a phylogenetic signal that can be used to reconstruct phylogenetic
relationships in primates, particularly primitive versus derived species.

In two influential manuscripts on post-embryonic age changes in primates, Schultz (1956,
1960) expanded on this earlier work on dental eruption sequence. He noted that many species of
primate have delayed eruption of the third molar, with humans as the most extreme example of
this delay, presenting a table of dental eruption sequences in 11 genera of primates as well as a
generalized category that distinguish the “majority of monkeys and all apes” (Schultz 1956:12).
After considering the dental eruption sequences of his primate sample, Schultz wrote that,
“There can be little doubt that these ontogenetic specializations represent necessary adaptations
to the gradual prolongation of the period of post-natal growth” (Schultz 1956:13). He further
expanded on his hypothesis by theorizing that, “only in the rapidly maturing, primitive forms can
the entire dental row be completed before the delicate milk teeth need to be replaced” (Schultz
1960:938). Since Schultz (1935, 1956, 1960) proposed that dental eruption sequence is an
adaptation to rates of post-natal growth, his work has been cited hundreds of times.



Building off of work investigating the relationship between brain size and life history
variables (e.g., Sacher, 1959, 1975, 1978, Sacher and Staffeldt 1974), Smith (1989) collected
data on age at M, eruption (mandible), and age at completed dental eruption, for 21 species of
primate spanning seven families. Smith (1989) found that age at M; eruption is highly correlated
with brain size (r=0.98). Although also correlated, Smith (1989) reports that the correlations
between brain size and other life history traits (e.g., gestation length, female sexual maturity, and
lifespan) are much lower (r=0.48-0.68). Smith (1989) also cites Harvey and Clutton-Brock
(1985) in noting the positive correlation between body size and some life history traits, and she
postulates that high correlations between dental eruption ages and brain size likely also indicate
that the study of dental eruption sequence is important in understanding the evolution of life
history.

In order to expand on her earlier work, and to further test hypotheses about the
relationship between dental eruption sequence and life history, Smith (1994) compiled a
comprehensive list of primate dental eruption sequences from the literature and added in data for
four new species, finding that age at dental eruption is strongly correlated with both body and
brain size. The age of tooth eruption is also correlated across teeth (Smith 1994). For example,
Smith (1994) reports that the age at eruption of the deciduous premolars is highly correlated with
the age at eruption of the permanent premolars (r=0.95-0.96, Smith 1994:194).

From this interest in dental eruption ages, Smith (2000) turned to an investigation of
dental eruption sequence. Based on all of Schultz’s work (1935, 1956, 1960), and following her
own analyses, Smith (2000) proposed Schultz’s Rule, which states that replacement teeth erupt
earlier relative to the molars in long-lived species with a slower rate of growth, also known as a
slower life history. Smith (2000) tested Schultz’s Rule in primates and ungulates, comparing
dental eruption sequence and a measure of growth speed, classified by proxy of age at emergence
of the first molar. Smith (2000) reports that faster-growing species erupt the molars earlier in the
sequence while slower growing species erupt the molars later in the sequence. Smith (2000) also
found that maximum lifespan is significantly correlated with dental eruption sequence in both
primates and ungulates (calculated by the eruption of either I; or P; relative to the mandibular
molars). Within her sample, Smith (2000) finds that body size and brain weight are also
correlated with dental eruption sequence in primates, but not in ungulates. Overall, Smith (2000)
suggests that ungulates tend to follow Schultz’s Rule, and primates appear to adhere to it tightly.

Smith’s (2000) work on Schultz’s Rule has been cited extensively in the interpretation of
life history and dental eruption sequence in extant and, particularly, fossil primates (e.g.,
Schwartz et al. 2005, Robson and Wood 2008, Franzen et al. 2009), as well as other mammals
(e.g., Macho and Williamson 2002, Loe et al. 2004, Asher and Olbricht 2009, Dirks et al. 2009,
McGee and Turnbull 2010, Townsend and Croft 2010, Yamanaka et al. 2010, Billet and Martin
2011), and even marsupials (Van Nievelt and Smith 2005). Researchers have also published
support for Schultz’s Rule in the form of correlations between individual taxa, dental eruption
sequence, and the pacing of life history and post-natal growth (e.g., Hellmund 2013, 2016,
Jordana et al. 2013).

1.3.2 Hypotheses on the relationship between dental eruption sequence and phylogeny
As a counterpoint to Schultz’s hypothesis that dental eruption sequence is related to life

history and rates of post-natal growth, several researchers have argued that dental eruption
sequence, whether or not it is correlated with other factors, has a conserved phylogenetic signal



(Schwartz 1974, Tattersall and Schwartz 1974, Byrd 1981, Veitschegger and Sanchez-Villagra
2016). Additionally, Schultz’s Rule has been challenged by authors studying groups of primates
(Godfrey et al. 2005, Guthrie and Frost 2011, Jogahara and Natori 2012), and other mammals
(Veitschegger and Séanchez-Villagra 2016).

In his dissertation, Schwartz (1974) extensively examined dental eruption sequence in
prosimians and found that almost all prosimians erupt the M3 before one or more of the
premolars. He assumes a phylogenetic signal to this homogeneity, reconstructing a likely
ancestral dental eruption sequence where the M1 erupts first, and where the M3 erupts before
several of the premolars (Schwartz 1974, Tattersall and Schwartz 1974). From a large sample,
Schwartz (1974) also notes that the sequence of initial eruption (when the crown starts to show)
is not always the same as the final eruption sequence (when the crown is in occlusion), meaning
that teeth may begin erupting in one sequence, and then, due to variation in eruption speed,
complete erupting in a different sequence. Byrd (1979, 1981) also used Schultz’s (1935) work, in
conjunction with studies by Schwartz (1974) and Tattersall and Schwartz (1974), to advance
phylogenetic hypotheses about New World monkey family, Callitrichidae.

Smith (2000) noted that lemurs, in particular, do not seem to follow Schultz’s Rule, an
observation that has been extrapolated on by Godfrey et al. (2005). In their work, Godfrey et al.
(2005) assess dental eruption sequence in Avahi and Lepilemur, supplementing Smith’s (2000)
data. With these new data, they refute Smith’s (2000) hypothesis that a toothcomb is responsible
for the dental eruption sequence seen in lemurs, and they also challenge Schultz’s Rule and its
power to explain dental eruption sequence through rates of post-natal growth (Godfrey et al.
2005).

Most recently, Veitschegger and Sanchez-Villagra (2016) attempted to more fully test
Smith’s (2000) hypothesis that Schultz’s Rule can be applied to cervids in the same manner as
primates. They collected dental eruption sequences for 25 extant and extinct cervids, examining
mandibles of specimens from seven museums as well as collecting data from the literature.
Veitschegger and Sanchez-Villagra (2016) report variation in dental eruption sequence, and they
conclude that Schultz’s Rule does not apply to cervids. According to their analyses, dental
eruption sequence in cervids is not associated with lifespan, age at sexual maturity, brain or body
mass, or age at weaning (Veitschegger and Sanchez-Villagra 2016), Instead, in cervids, dental
eruption sequence is directly influenced by phylogeny (Veitschegger and Sdnchez-Villagra
2016).

1.4 Research questions and hypotheses

This history of research demonstrates significant disagreement on whether life history
variables or phylogeny, or possibly other factors, are driving the evolution of dental eruption
sequence. In large part because of Schultz’s (1935) work, primates have been a primary focus of
many studies on dental eruption sequence, but Schultz’s Rule (Smith 2000) has been applied to
many studies of extant and fossil mammals (e.g., Macho and Williamson 2002, Loe et al. 2004,
Schwartz et al. 2005, Robson and Wood 2008, Asher and Olbricht 2009, Dirks et al. 2009,
Franzen et al. 2009, McGee and Turnbull 2010, Townsend and Croft 2010, Yamanaka et al.
2010, Billet and Martin 2011). Because of this focus on primates and artiodactyls in past studies,
and the seemingly contradictory results among them, I chose to focus on these two groups in an
attempt to resolve the puzzle.



In this study, I add to the primate and artiodactyl dental eruption sequence literature by
examination of more than 8,000 specimens spanning more than 200 species at the Museum of
Vertebrate Zoology in Berkeley, California, and the Smithsonian National Museum of Natural
History in Washington, D.C. Using these specimens, along with data gleaned from the literature,
I aim to address two main hypotheses:

Hypothesis 1:

H1,) Dental eruption sequence is not correlated with life history or body size.

H1,) Dental eruption sequence is significantly correlated with life history and body size
variables that capture post-natal growth and longevity (Schultz’s Rule).

Hypothesis 2:

H2) Dental eruption sequence does not have a phylogenetic signal in either primates or
artiodactyls

H2,) Dental eruption sequence is phylogenetically conserved, or more similar in more
closely related genera. It is also possible that dental eruption sequence is
phylogenetically conserved in one group and not the other (conserved in primates
but not artiodactyls, or vice-versa).

1.5 Dissertation overview

In order to test these hypotheses, I conducted a comprehensive examination of dental
eruption sequence in Primates and Artiodactyla. A complete breakdown of the sample used in
this study, of both primates and artiodactyls, is presented in Chapter 2. The methods used to
assess dental eruption sequence are discussed in Chapter 3, followed by a detailed summary of
dental eruption sequences for all of the primates and artiodactyls examined in this study, and
supplemented by data from the literature. All of the analytical methods used in this study are
given their own chapters (Chapters 3, 4, 5, and 6). In each of these analytical chapters, a
description of the analysis and the methods are detailed, followed by a presentation of the results
of the analysis, first for the primates and then for the artiodactyls. I test both hypotheses in
Chapter 4 with tests for phylogenetic signal and phylogenetic independent contrasts of dental
eruption sequence and life history and body size traits. The ancestral state reconstruction is
presented in Chapter 5, and I detail the hypotheses about the likelihood of dental eruption
sequences at particular ancestral nodes. Fossil dental eruption sequences, collected both by
examination and from the literature, are presented and compared to the results of the ancestral
state reconstruction in Chapter 6. In the discussion (Chapter 7), I present several hypotheses on
factors that may be driving the evolution of dental eruption sequence in primates and
artiodactyls. The discussion is followed by a conclusion and comprehensive summary of the
results of this study (Chapter 8). The results for artiodactyls were previously published as an
independent body of work in the Journal of Mammalian Evolution (Monson and Hlusko 2016).



CHAPTER 2:
Materials used in the assessment of dental eruption sequence

2.1 Overview

Built largely from Schultz’s work (1935, 1956, 1960), and expanded by Smith (2000), the
large majority of research on dental eruption sequence has focused on either primates or
artiodactyls. Because of this, I chose to focus on the same taxa to test my hypotheses, reviewing
their basic biology and ecology in this chapter. What is known about primate evolution from
fossils and molecular data is presented first, followed by the artiodactyls. I also present a
complete breakdown of the primate and artiodactyl samples used in the study, by family, genus,
species, and by specimens examined. For the primates, I collected supplementary data on dental
eruption sequence from the literature, and I compare the breakdown of specimens collected by
TM and from the literature below. Following the discussion of the materials in this chapter, a full
description of the the distribution of dental eruption sequences across extant taxa is presented in
Chapter 3. Both hypotheses about dental eruption sequence are tested in Chapter 4, followed by
an ancestral state reconstruction of dental eruption sequence (Chapter 5) with incorporation of
fossil specimens (Chapter 6).

2.2 Evolution of the primates

Primates are a diverse order composed of more than 400 species across Africa, Asia, and
South America (Nowak 1999, Rylands and Mittermeier 2014), a number that continues to grow
with the discovery of new species (e.g., Jones et al. 2005, Merker and Groves 2006). Based on
the fossil record, extinct primates also flourished in North America and Europe (Szalay and
Delson 1979, Hartwig 2002). Molecular data points to the origin of primates in the late
Cretaceous, approximately 60-80 MA (Steiper and Young 2006, Soligo et al. 2007, Rosenberger
and Hartwig 2013), and the earliest fossils definitively date the origin of the group to the Eocene,
approximately 55 MA (Covert 2002, Soligo et al. 2007).

Primates are varied in size, morphology, diet, behavior, etc. Body size ranges from the
smallest primate, Microcebus, the mouse lemur, averaging 30 grams, to Gorilla, an extant ape
that can weigh more than 200 kilograms (Mittermeier et al. 1999, Nowak 1999). Many primates
have evolved a primarily arboreal locomotor system, and the resulting morphological adaptions
associated with this lifestyle have influenced the evolution of vision, brain size, morphology of
the hands and feet, and countless other attributes of physiology and behavior (Mittermeier et al.
1999, Nowak 1999). Within the primates, there are also several important dietary and non-
dietary dental adaptions, including the continuously growing incisors of the aye-aye and the
incisor toothcomb of the lemuriformes (Hillson 2005). The primate diet ranges from all parts of
plant material (barks, fruits, leaves, shoots, flowers, nectar, and even gum), to fungi, to
vertebrates and invertebrates (Mittermeier et al. 1999, Nowak 1999).

2.2.1 The earliest primates
The earliest primates are Omomyoidea and Adapoidea, extinct taxa of which fossils have

been recovered in Africa, Asia, the Middle East, Europe, and North America, primarily dated to
the Eocene (Covert 2002), although fossil discoveries indicate their persistence into the



Oligocene and Miocene (Beard 1998, Kohler and Moya-Sola 1999, Chaimanee 2010). Debates
continue on the relationship between omomyoids and adapoids and extant primates (e.g., Fleagle
and Kay 1994, Dagosto et al. 1996, Covert 2002). One hypothesis is that omomyoids gave rise to
the eosimiids and tarsiids, and the adapoids gave rise to the lorisoids and lemuroids (Covert
2002). Phylogenetic analyses place adapoids as sister taxa to extant strepsirrhines (e.g., Seiffert
et al. 2009, Williams et al. 2010), although there is no consensus on which adapoid group may
have given rise to extant taxa (Covert 2002), and there is little to no evidence for a direct phyletic
relationship (Seiffert et al. 2005, Godinot 2006, Fleagle 2013). The last common ancestor of
strepsirrhines and anthropoids marks the divergence of crown primates and has been dated at
approximately 77.5 MA (Steiper and Young 2006), essentially at the last common ancestor for
euprimates (Covert 2002, Steiper and Young 2006, Soligo et al. 2007, Rosenberger and Hartwig
2013).

2272 Evolution of the tarsiiformes

The phylogenetic placement of the tarsiers, as either monophyletic with the anthropoids
or the strepsirrhines, has been a source of debate for the last 40 years (e.g. Simons 1976,
Gingerich 1981). Fossil evidence indicates that tarsiiformes existed as early as the earliest
Eocene (Gunnell and Rose 2002), but Tarsius is the only extant tarsiiform, and the only
tarsiiform to persist past the end of the Eocene (Gunnell and Rose 2002). This early divergence
date has made the relationship between tarsiers and anthropoids, relative to the strepsirrhines,
difficult to describe with certainty (Gunnell and Rose 2002). Some researchers use the primitive
dentitions of tarsiers to group them with lemurs and lorises as Prosimii, to the exclusion of
Anthropoidea (e.g., Gingerich 1981, Simons and Rasmussen 1989), a position which has
received some support from DNA analyses (e.g., Murphy et al. 2001, Schmitz et al. 2002). Other
researchers use evidence from soft anatomical features of extant primates, characters that are
rarely preserved in the fossil record, to group tarsiers with anthropoids as Haplorhini, to the
exclusion of lemurs and lorises, the Strepsirrhini (e.g., Szalay and Delson 1979, Kay et al. 1997,
Gunnell and Rose 2002). Like the Prosimii/Anthropoidea classification, the
Haplorhini/Strepsirrhini classification has received support from molecular analyses (e.g.,
Schmitz et al 2001, Jameson et al. 2011). Based on the molecular data used in this study (see
Chapter 4 for methods on building phylogenies), the tarsiers are placed in a monophyletic clade
with the anthropoids as the haplorhines, independent of the strepsirrhines. When the
strepsirrhines and tarsiers are grouped as a paraphyletic clade to compare them with the
anthropoids, they are termed prosimians (e.g., Beard 2002).

223 Evolution of the anthropoids

Living anthropoids are classified into two groups: Catarrhini, the Old World monkeys
and apes, including humans, and Platyrrhini, the New World monkeys (e.g., Dagosto 2002).
Based on fossil evidence in South America, the divergence of the catarrhines and platyrrhines
occurred at least as early as the Oligocene (e.g., Dagosto 2002). Additional fossil evidence from
the Eocene of China has been used to argue that the anthropoids originated early in the Cenozoic
(Beard and MacPhee 1994, Beard et al. 1994), although some researchers are not convinced
(Godinot 1994, Simons and Rasmussen 1994). Overall, basal anthropoids are fairly well-
represented by fossils from the middle Eocene and Oligocene, spanning northern Africa to



China, many of which preserve important anatomy critical to understanding the evolution of this
clade (Beard 2002). Additionally, molecular data support an early divergence of the anthropoids
based on robust support for the clade, as well as monophyly, both lines of evidence for a long
period of common descent (Beard 2002). While debates about the ancestral stock from which
anthropoids are derived continue, fossil evidence points to an Asian origin for the clade (Beard
2002). Additionally, it is now widely agreed that anthropoids and prosimians diverged over
millions of years, with the diagnostic traits separating them evolving gradually over time (Beard
2002).

224 Evolution of the strepsirrhines

The strepsirrhines, made up of lemuriformes and lorises, have a fossil record that
stretches back to the Eocene (Phillips and Walker 2000). The divergence of these two subgroups
has been estimated at approximately 50-80 MA (e.g., Roos et al. 2004), and the fossil record
suggests that Lorisidae and Galagidae both evolved in Africa (Phillips and Walker 2000, Seiffert
et al. 2003). Endemic to the island of Madagascar, lemurs are estimated to have arrived there
sometime in the Eocene (Godfrey and Jungers 2002). This estimation is based on molecular data,
as the stratigraphically shallow fossil record of Madagascar island only extends to ~ 26,000 years
BP in many areas of the island (Godfrey and Jungers 2002). In no small part because of this
limited fossil record, the nature of the divergence, and subsequent phylogenetic relationships
among lemurs remain controversial (e.g., Tattersall and Schwartz 1974, Kolnicki 1999, Delpore
etal. 2001, Roos et al. 2004).

23 Description of the primate sample

In order to thoroughly sample dental eruption sequence in primates beyond what has been
described in the literature, I assessed postcanine dental eruption sequence in a sample of n=4,134
extant primates and primate outgroups, spanning 10 families. All specimens are held in the
Smithsonian National Museum of Natural History in Washington, D.C. The sample includes data
from 31 genera and 105 species of primate and primate-outgroup, all examined by TM. I present
a breakdown of the sample examined by family (Table 1), genus (Table 2) and species (Table 3).
Many of the primate genera, such as Cebus, Hylobates, Trachypithecus, and Eulemur, had more
than five species represented. Catarrhines are the largest and most diverse clade of primates (e.g.,
Nowak 1999), and they have the greatest genus and species representation in this study. Overall,
the majority of the primate specimens I examined for this study are catarrhines.

Because so much work has already been done to compile dental eruption sequences, I
focused on species and genera that are less well-represented in the literature, and I relied on
published data for species such as Homo sapiens, Papio hamadryas, and Macaca mulatta. 1 also
focused on primates that have all three molars and therefore excluded New World monkey
genera that lack the third molars (e.g., Leontopithecus). With the exception of Saimiri,
examined every specimen available for the species listed in Tables 1 to 3.

In addition to the 33 genera and 105 species I examined, I collected data on dental
eruption sequence for 32 genera from the literature. Most of the genera collected from the
literature are catarrhines or strepsirrhines. Two outgroup taxa, both Scandentia, are represented
exclusively by data collected from the literature. Additionally, I collected data on six fossil
species from the literature: extinct lemurs Archaeolemur (two species) and Hadropithecus, fossil



strepsirrhine Megaladapis, adapiforme Adapis, and plesiadapid Acidomomys. All extinct taxa are
marked by a cross (T). With the exception of Archaeolemur and Lemur, the dental eruption
sequence for only one species for each genus was taken from the literature. I present the
breakdown of genera collected by TM and from the literature by major clade (Table 4), and
family (Table 5). A list of references for the dental eruption sequences from the literature is
available in Table 6.

Table 1 Primate and primate-outgroup sample examined by TM, categorized by family

Clade Family Genus Sp(enc)les es;);cii::slzi)
Catarrhine Cercopithecidae 13 45 088
Hylobatidae 3 10 185
Total 16 55 1,173
Platyrrhine  Atelidae 3 17 1,491
Callitrichidae 1 1 12
Cebidae 2 7 1,165
Pitheciidae 2 4 92
Total 8 29 2,760
Strepsirrhine Daubentoniidae 1 1 2
Indriidae 1 7 17
Lemuridae 4 11 74
Lorisidae 1 2 5
Total 7 21 98
Dermoptera  Cynocephalidae 2 2 103
Total 2 2 103
GRAND TOTAL 33 105 4,134




Table 2 Primate and primate-outgroup sample examined by TM, categorized by genus

Species Specimens

Clade Family Genus (n) examined (n)
Catarrhine Cercopithecidae Allenopithecus 1 4
Cercocebus 3 52
Chlorocebus 1 49
Colobus 5 132
Erythrocebus 1 34
Lophocebus 1 25
Miopithecus 1 59
Presbytis 11 237
Piliocolobus 4 49
Pygathrix 2 22
Rhinopithecus 1 13
Semnopithecus 5 34
Trachypithecus 9 278
Hylobatidae Hylobates 6 151
Nomascus 3 15
Symphalangus 1 19
Total 55 1,173
Platyrrhine  Atelidae Alouatta 6 1,085
Ateles 8 360
Lagothrix 3 46
Callitrichidae Callimico 1 12
Cebidae Cebus 6 933
Saimiri 1 232
Pitheciidae Chiropotes 2 56
Pithecia 2 36
Total 29 2,760
Strepsirrhine Daubentoniidae  Daubentonia 1 2
Indriidae Propithecus 7 17
Lemuridae Eulemur 7 38
Hapalemur 1 10
Lemur 1 13
Varecia 2 13
Lorisidae Arctocebus 2 5
Total 21 98
Dermoptera  Cynocephalidae Cynocephalus 1 20
Galeopterus 1 83
Total 2 103
GRAND TOTAL 105 4,134




Table 3a Primate and primate-outgroup sample examined by TM, categorized by species

(Catarrhines)*
Clade Family Genus Species e)i?lflciilnelglzl)
Catarrhine Cercopithecidae  Allenopithecus nigroviridis 4
Cercocebus agilis 2
atys 22
torquatus 27
sp. 1
Chlorocebus aethiops 49
Colobus angolensis 11
guereza 99
polykomos 11
satanas 6
vellerosus 3
sp. 2
Erythrocebus patas 34
Lophocebus albigena 25
Miopithecus ogouensis 59
Presbytis chrysomelas 16
comata 3
femoralis 19
frontata 29
hosei 35
melalophos 30
natunae 8
potenziani 19
rubicunda 49
siamensis 18
thomasi 11
Total 592
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Table 3b Primate and primate-outgroup sample examined by TM, categorized by species
(Catarrhines (cont.))*

Clade Family Genus Species es;);lciilnelslzl)
Catarrhine Cercopithecidae  Piliocolobus badius 43
foai 2
kirkii 3
tephrosceles 1
Pygathrix nemaeus 12
nigripes 10
Rhinopithecus roxellana 13
Semnopithecus entellus 6
johnii 2
priam 4
schistaceus 6
vetulus 15
sp. 1
Trachypithecus  auratus 22
cristatus 163
ebenus 1
germaini 11
obscurus 32
phayrei 46
pileatus 1
poliocephalus 1
shortridgei 1
Hylobatidae Hylobates agilis 22
hoolock 4
klossii 16
lar 53
muelleri 40
pileatus 12
sp. 4
Nomascus concolor 5
gabriellae 2
leucogenys 8
Symphalangus syndactylus 19
Total 581
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Table 3¢ Primate and primate-outgroup sample examined by TM, categorized by species

(Platyrrhines)*
Clade Family Genus Species es;);lciilnelgla)
Platyrrhine Atelidae Alouatta belzebul 27
caraya 34
coibensis 303
palliata 417
pigra 153
seniculus 151
Ateles ater (sp.) 18
belzebuth 34
chamek 10
fusciceps 58
geoffroyi 169
hybridus 59
marginatus 4
paniscus 8
Lagothrix lagotricha 42
lugens 2
poeppigii 1
sp. 1
Callitrichidae Callimico goeldi 12
Cebidae Cebus albifrons 136
apella 131
capucinus 229
libidinosus 121
capucinus 229
olivaceus 87
Saimiri sciureus 232
Pitheciidae Chiropotes albinasus 9
satanas 47
Pithecia monachus 10
Ppithecia 26
Total 2,760
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Table 3d Primate and primate-outgroup sample examined by TM, categorized by species
(Strepsirrhines, Dermopterans)*

Clade Family Genus Species ef;)rflciilnel(eln(jl)
Strepsirrhine Daubentoniidae  Daubentonia madagascariensis 2
Indriidae Propithecus coquereli 1
coronatus 2
deckenii 2
diadema 6
edwardsi 4
holomelas 1
verreauxi 1
Lemuridae Eulemur albifrons 1
collaris 1
Sfulvus 15
macaco 5
mongoz 4
rubriventer 4
rufus 7
sp. 1
Hapalemur griseus 10
Lemur catta 13
Varecia rubra 1
variegata 12
Lorisidae Arctocebus aureus 2
calabarensis 3
Total 98
Dermoptera Cynocephalidae ~ Cynocephalus volans 20
Galeopterus variegatus 83
Total 103
GRAND TOTAL 4,134

*All specimens examined by TM are held at the National Museum of Natural History in
Washington, D.C. Not all specimens examined are at the appropriate ontogenetic stage to assess

dental eruption sequence. A full list of specimens used to assess dental eruption sequence is

available in Chapter 3, Table 14
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Table 4 Primate and primate-outgroup sample from the literature, by major clade*

Genera from the

Clade Families (n) literature (n)
Catarrhine 5 11
Platyrrhine 3 5
Strepsirrhine 5 11
Tarsiiforme 1 1
Adapiforme 1 1
Plesiadapiforme 1 1
Scandentia 2 2

Total 18 32

*References for data collected from the literature are available in Table 6
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Table 5 Primate and primate-outgroup sample from the literature, by family*

Clade

Family

Genera from the
literature (n)

Species from the
literature (n)

Catarrhine

Cercopithecidae
Gorillidae
Hominidae
Hylobatidae
Panidae
Pongidae

Total

6

p— e

P
P

6

Y S Wy

[y
[y

Platyrrhine

Aotidae
Atelidae
Pitheciidae
Total

Strepsirrhine

Archaeolemuridaet
Indriidae
Lemuridae
Lorisidae
Megaladapidaef
Total

—_ RN RN = = U W = =

P
P
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Tarsiiforme

Tarsiidae
Total

Adapiformet

Adapidaet
Total

Plesiadapiformet

Plesiadapidaef
Total

Scandentia

Ptilocercidae
Tupaiidae
Total

N = = e e e e |

N — | | e | -

TOTAL

w
%)

w
w

*References for data collected from the literature are available in Table 6
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Table 6 References for the primate dental eruption sequences from the literature

Clade Family Genus Species Reference

Catarrhine Cercopithecidae Cercopithecus  aethiops Swindler 2002

Macaca mulatta Schwartz et al. 2005

Nasalis larvatus Harvati 2000

Papio hamadryas Schwartz et al. 2005

Procolobus verus Swindler 2002

Semnopithecus  entellus Schwartz et al. 2005

Gorillidae Gorilla gorilla Schwartz et al. 2005

Hominidae Homo sapiens Schwartz et al. 2005

Panidae Pan paniscus Schwartz et al. 2005

Pongidae Pongo pygmaeus Schwartz et al. 2005

Platyrrhine Aotidae Aotus trivirgatus Schwartz et al. 2005

Atelidae Brachyteles arachnoides Henderson 2007

Pitheciidae Cacajao calvus Henderson 2007

Callicebus donacophius Henderson 2007

Chiropotes satanas Henderson 2007

Strepsirrhine Archaeolemuridaef  Archaeolemurt  sp. cf. Schwartz et al. 2005
edwardsit

majorit Schwartz et al. 2005

Hadropithecust  sp. Schwartz et al. 2005

Indriidae Avahi sp. Godfrey et al. 2003

Lemuridae Eulemur fulvus Schwartz et al. 2005

Lemur catta Schwartz 1975

Lemur mongoz Schwartz 1975

Lepilemur mustelinus Schwartz 1975

Lorisidae Loris tardigradus Schwartz 1975

Nycticebus bengalensis Schwartz 1975

Perodicticus potto Schwartz 1975

Megaladapidaef Megaladapist  sp. Schwartz et al. 2005

Tarsiiforme Tarsiidae Tarsius bancanus Guthrie and Frost

2011

Adapiformet Adapidaet Adapist parisiensist Smith 2000

Plesiadapiformef Plesiadapidaet Acidomomyst  hebeticust Bloch et al. 2002

Scandentia Ptilocercidae Ptilocercus lowii Butler 1980, Dirks et

al. 2010

Tupaiidae Tupaia glis Schwartz et al. 2005;

Shigehara 1980
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2.4 Evolution of the artiodactyls

Artiodactyls are a large clade of hooved, terrestrial mammals with more than 200 species
(Geisler et al. 2007, Hassanin et al. 2012), nested paraphyletically within Artiodactyla (Geisler et
al. 2007). Artiodactyls have a global distribution, are almost exclusively herbivorous, and have a
significant impact on their local ecosystems (Vrba and Schaller 2000a). Additionally, many
artiodactyl species are habitat specialists that are strongly affected by environmental change
(e.g., Vrba and Schaller 2000a, Brooks et al. 2001, Buzan et al. 2013). With the exception of
some suiformes, artiodactyls are obligate herbivores, and many families have evolved
specialized feeding techniques including a dependency on bacterial fermentation (Vrba and
Schaller 2000a). As grazers consuming large quantities of plant matter and grasses, artiodactyls
play significant roles in ecosystems and on their local ecologies (Owen-Smith et al. 2010), and
foraging and grazing by artiodactyls has been linked to vegetation changes in composition,
succession sequence, and density (e.g., Molvar et al. 1993, Bowyer 1997).

24.1 The earliest artiodactyls

Artiodactyls evolved approximately 70 MA in Eurasia (Hassanin et al. 2012). The
geographic origin of artiodactyls is not known precisely, as fossil artiodactyls have been
recovered in Asia, Europe, and North America, all dated to the early Eocene (~ 55 MA; Theodor
et al. 2007). These early artiodactyls were small-bodied and have been lumped taxonomically as
Dichobunidae (McKenna and Bell 1997), or alternatively, divided in two families,
Diacodexeidae and Dichobunidae (Theodor et al. 2007). The fossil record of Ruminantia spans
Asia and North America and extends to approximately 55 MA (Métais and Vislobokova 2007;
Theodor et al. 2007). While artiodactyls are rare in the early Eocene, a presumed morphological
radiation led to a diversity of body types by the middle Eocene (Theodor et al. 2007). Since the
Eocene, Artiodactyla have diversified to include more than 200 extant terrestrial taxa as well as
the cetaceans (Geisler et al. 2007, Hassanin et al. 2012).

2.4.2 Domestication of artiodactyls

Artiodactyls represent the mammalian clade most heavily domesticated by humans, and
include pigs, cows, sheep, goats, and llamas (Vrba and Schaller 2000a). The impact that
artiodactyls have had in human history is unrivaled by any other mammalian group in terms of
economics and agriculture, as well as in impact on the environment (Gentry 2000). Domesticated
artiodactyls serve as the largest source of farmed meat, milk, skins, and wools globally (Gentry
2000). Overall, as a paraphyletic clade, artiodactyls share many features including life history,
diet, and a generalized body plan (Vrba and Schaller 2000a). Many artiodactyls also share an
ancestral dental formula with teeth in all four dental classes (i.e., molars, premolars, incisors, and
canines in some groups), similar to primates (Hillson 2005), and they are well-sampled in the
fossil record.

2.5 Description of the artiodactyl sample

I examined postcanine dental eruption sequence in 81 genera and 100 species, spanning 10
families of Artiodactyla. All extant terrestrial families of Artiodactyla are represented by the
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specimens examined for this study. A detailed summary of the artiodactyls examined by TM is
presented below by family (Table 7), and by genus (Table 8). All examined specimens are held in
the collections of the Museum of Vertebrate Zoology, Berkeley, California (n=852) or the National
Museum of Natural History, Washington, D.C. (n=3,925, Table 8). The methods used in

examination are described in Chapter 3.

Table 7 Artiodactyls examined by TM, by family

Clade Family Genera (n) Species (n)

Artiodactyla Antilocapridae 1 1
Bovidae 43 56
Camelidae 3 3
Cervidae 18 23
Giraffidae 2 2
Hippopotamidae 2 2
Moschidae 1 1
Suidae 5 6
Tayassuidae 3 3
Tragulidae 3 3
Total 81 100
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Table 8a Artiodactyls examined by TM, by genus (Antilocapridae, Bovidae)*

Specimens Specimens
Family Genus examined at examined at
MVZ (n) NMNH (n)
Antilocapridae Antilocapra 48 NA
Bovidae Aepyceros 5 64
Alcelaphus NA 131
Ammotragus 20 17
Antidorcas 7 28
Antilope 5 17
Bison 32 NA
Bos 10 NA
Boselaphus 3 8
Bubalus NA 44
Budorcas NA 20
Capra NA 69
Cephalophus NA 105
Connochaetes NA 60
Damaliscus NA 91
Gazella NA 105
Hemitragus 3 11
Hippotragus NA 67
Kobus NA 200
Litocranius 3 27
Madoqua 5 118
Naemorhedus NA 33
Neotragus NA 28
Nilgiritragus NA 1
Oreamnos 27 50
Oreotragus 1 32
Oryx 20 1
Ourebia 9 71
Ovibos 4 53
Ovis 186 NA
Pantholops NA 3
Pelea NA 1
Procapra NA 16
Pseudois NA 28
Total 388 1,499
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Table 8b Artiodactyls examined by TM, by genus (Bovidae, Camelidae, Cervidae, Giraffidae)*

Specimens Specimens
Family Genus examined at examined at
MVZ (n) NMNH (n)
Bovidae Raphicerus NA 124
Redunca NA 84
Rupicapra NA 40
Saiga 7 NA
Sigmoceros NA 28
Sylvicapra NA 124
Syncerus NA 84
Taurotragus NA 40
Tetracerus NA 1
Tragelaphus NA 121
Camelidae Camelus 2 15
Lama NA 58
Vicugna 8 28
Cervidae Alces NA 162
Axis 2 31
Blastoceros NA 10
Capreolus 4 37
Cervus 94 NA
Dama 2 24
Elaphodus NA 24
Elaphurus 8 NA
Hippocamelus NA 8
Hydropotes NA 35
Mazama 30 200
Muntiacus NA 120
Odocoileus 100 NA
Ozotoceros NA 12
Pudu 8 11
Rangifer 41 200
Rucervus NA 25
Rusa NA 181
Giraffidae Giraffa 18 32
Okapia NA 6
Total 324 1,865
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Table 8c Artiodactyls examined by TM, by genus (Hippopotamidae, Moschidae, Suidae,
Tayassuidae, Tragulidae)*

Specimens Specimens
Family Genus examined at examined at
MVZ (n) NMNH (n)
Hippopotamidae Hexaprotodon NA 15
Hippopotamus 15 32
Moschidae Moschus NA 24
Suidae Babyrousa NA 36
Hylochoerus NA 4
Phacochoerus 12 107
Potamochoerus NA 27
Sus 58 NA
Tayassuidae Catagonus 4 7
Pecari 50 NA
Tayassu NA 91
Tragulidae Hyemoschus 1 7
Moschiola NA 11
Tragulus NA 200
Total 140 561
GRAND TOTAL 852 3,925

*All specimens examined by TM are held at the Museum of Vertebrate Zoology in Berkeley,
California, and the National Museum of Natural History in Washington, D.C. Not all specimens
examined are at the appropriate ontogenetic stage to assess dental eruption sequence. A full list
of specimens used to assess dental eruption sequence is available in Chapter 3, Table 23
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2.6 Summary of the sample used in this study

I examined n=4,134 primates and primate-outgroup specimens, and n=4,777 artiodactyls,
spanning 10 families in each clade. A total of 103 primate and 100 artiodactyl species are
represented in this examination. I also gathered data on n=31 primate species from the literature.
The total sample size of specimens examined for this study is N=8,911 and includes taxa from
the majority of primate and artiodactyl families. As discussed in the next chapter, not all
examined specimens are at the appropriate ontogenetic stage to be included in the assessment of
dental eruption sequence. The methods, the full sample of specimens used to determine dental
eruption sequence, and the distribution of dental eruption sequences across extant primates and
artiodactyls are described in Chapter 3.
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CHAPTER 3:
Survey of dental eruption sequence in extant primates and artiodactyls

3.1 Overview

Following a description of materials (Chapter 2), this chapter describes the methods used
to assess dental eruption sequence in mammals, with specific notes on variation in methods used
for primates versus artiodactyls. The description of methods is accompanied by figures
demonstrating different dental eruption sequences as assessed in this study. I also performed a
test of intraspecific variation in dental eruption sequence in one primate and one artiodactyl
species, the results of which are presented below. Following this, I detail a complete breakdown
of all specimens used to determined dental eruption sequence in this study, along with
information about sex. All dental eruption sequences determined in this study, from my
examination and from the literature, are presented in this chapter. Specific attention is given to
taxa that deviate from the predominant dental eruption sequence in their clade. With the
distribution of dental eruption sequences presented in this chapter, Chapter 4 tests the
relationship between dental eruption sequence and life history (Hypothesis 1, Schultz’s Rule),
and tests for phylogenetic signal in dental eruption sequence and other life history and body size
traits (Hypothesis 2).

3.2 Methods of assessing dental eruption sequence

Previous work has demonstrated the modularity of the dentition in primates and mice,
where the anterior teeth are genetically and phenotypically independent of the postcanine teeth
(Hlusko et al. 2011). With this in mind, I restricted my study to the functional grinding teeth in
herbivores, the postcanine dentition (premolars and molars). The premolars, unlike the molars,
have a deciduous complement in heterodont mammals (e.g., Osborn and Crompton 1973,
Jarvinen et al. 2009) and are the replacement teeth of the postcanine dentition. Following
Schultz’s Rule, which states that the replacement teeth erupt earlier relative to the permanent
teeth in long-lived species, I focused on the relationship between eruption of the premolars and
the molars for this study. I visually examined specimens across ontogenetic stages. Because the
third molar is always the last molar to erupt in primates and artiodactyls (e.g., Swindler 2002,
Hillson 2005), I focused on the relative eruption sequence of the premolars (PM) and the third
molar (M3) in primates. Eruption sequence for the primates is defined as either having the third
molar erupt after the premolars (Figure 1), or vice versa. In some species of primate, there is
significant variation in whether the third molar or one of the premolars erupts last. These primate
species are categorized as variable.

The number and morphology of premolars vary across artiodactyls, and I defined
eruption sequence slightly differently for artiodactyls than for primates. For artiodactyls, I
focused specifically on the relationship between the third molar and the fourth premolar, noting
eruption sequence as either the third molar erupting before the fourth premolar, or vice versa
(Figure 2). When eruption of the fourth premolar and the third molar seemed to be at the same
stage in multiple specimens, the dental eruption sequence for the genus was scored as
simultaneous (Figure 2, C). At least two occurrences of eruption sequence for each genus were
required to confidently assess the relationship between eruption of the premolars and the third
molar, with some exceptions.
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I examined eruption sequence in both the maxilla and mandible of each specimen where
available, and I use generalized dental notations in this dissertation (e.g. M3 is third molar)
unless I am discussing particular mandibular or maxillary teeth of a specimen (e.g. M3 is
mandibular third molar). While I found no difference in eruption sequence between maxilla and
mandible in the majority of cases, I did note that eruption tends to occur earlier in the mandible
than in the maxilla of an individual.
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NMNH 303035

NMNH 481794

Figure 1 Examples of eruption sequence in primates. M is molar, P is premolar, d is deciduous,
and the number denotes tooth number, e.g., dP” is maxillary deciduous premolar 4, A) Eruption
of the M last in Trachypithecus phayrei. Note that the M is barely visible in the crypt while P*
is well on the way to replacing dP*, B) Eruption of the M last in Piliocolobus badius. Note that
the M3 has not yet fully erupted while the P4 is erupted and in occlusion
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Figure 2 Examples of eruption sequence in artiodactyls. Figure modified from Monson and
Hlusko (2016). M is molar, P is premolar, d is deciduous, and the number denotes tooth number,
e.g., dP4 is mandibular deciduous premolar 4. All views are lateral/buccal, A) Eruption of the M;
last in Capra caucasica. Note that the M3 has only begun to erupt while the P4 and P; are almost
completely erupted, B) Eruption of the P, after the M3 in Odocoileus hemionus. Image is
mirrored for consistency. Note that the M3 is almost fully erupted and in occlusion while the
deciduous premolars, including dP4, are still in place with no signs of the permanent premolars
erupting, C) Simultaneous eruption of M3 and P4 in Oreamnos americanus. Note that the M3 and
P4 are both in the process of erupting
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33 Dental eruption sequences in primates

I was able to definitively assess dental eruption sequence in 22 primate genera and 45
primate species. I also culled dental eruption sequence data from the literature for an additional
30 genera and 31 species, bringing the total number of primate genera and primate species
sampled to n=52 and n=76 respectively (Table 9-13). This sample spans all major clades of
primates. I also compiled data on three outgroup species to primates, through investigation at the
NMNH (Galeopterus, n=8), and from the literature (Ptilocercus lowii, Tupaia glis).

There were some genera for which only one specimen was available at the correct
ontogenetic sequence to evaluate dental eruption sequence. In Primates, these genera are
Allenopithecus, Pygathrix, and Pithecia (Table 10). Overall, the specimens sampled here provide
data for three categories of postcanine dental eruption sequence in primates: 1) the third molar
erupts last, 2) one of the premolars erupts last, 3) there is intraspecific variation in whether the
third molar or one of the premolars erupts last.

3.3.1 Atypical dental eruption sequences in haplorhines

For the majority of haplorhines, the third molar is the last postcanine tooth to erupt.
However, a few species of catarrhine share a dental eruption sequence with the strepsirrhines,
where one of the premolars erupts after the third molar. Two species of colobine (Presbytis hosei
and Semnopithecus entellus), and two species of platyrrhine (dotus trivirgatus and Pithecia
monachus) have this rare dental eruption sequence. Three other platyrrhines (4louatta palliata,
Callimico goeldii, and Saimiri sciureus), and one colobine (Presbytis melalophos), exhibit
variation in dental eruption sequence, with some specimens erupting the third molar last, and
others erupting the premolars after the third molar. With the exception of Presbytis, which is
discussed in the section on intraspecific variation in dental eruption sequence in primates
(3.3.4.D), all of the haplorhine genera with a strepsirrhine-like eruption sequence are discussed
in greater detail below.

33.1.A Semnopithecus

Semnopithecus is a langur genus with a generalized ecology, occupying ranges from
desert to high elevation, with both arboreal and terrestrial tendencies (Oppenheimer 1977,
Nowak 1999). According to molecular data, Semnopithecus and Presbytis diverged
approximately 10 MA (Pozzi et al. 2014), and fossil Semnopithecus specimens have been
recovered from Pliocene and Pleistocene deposits of the Indian subcontinent (Jablonski 2002).

Semnopithecus entellus has a dental eruption sequence where one or more of the
premolars erupt after the M3, a rare sequence in anthropoids. In the past, S. entellus was
considered to be a species of Presbytis (e.g., Oppenheimer 1977), a genus that I found to be
considerably variable in this study, but S. entellus has since been awarded its own genus (Eudey
1987, Nowak 1999).

Schultz (1935) originally described a dental eruption sequence for Pygathrix, a genus
closely related to Semnopithecus, where the M3 erupts before one or more of the premolars,
comparable to S. entellus in this study. I was only able to assess dental eruption sequence in a
single specimen of Pygathrix, in which I found that the M3 erupts last, contrary to Schultz’s
(1935) report. However, due to small sample sizes for Pygathrix in my study, as well as in
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Schultz’s (1935) study, it is possible that there is variation in this genus. Because Schultz (1935)
only discusses his primate sample at the generic level, it is also possible that shifts in taxonomy
over the last 80 years have led to some confusion about the precise taxonomic group sampled.

Overall, several colobine species exhibit a unique dental eruption sequence, or
intraspecific variation in dental eruption sequence. Other researchers have also noted that the
molars of some colobines, particularly the second molar, erupt relatively early compared to other
catarrhines (Harvati 2000, Harvati and Frost 2007). Harvati (2000) noted that Presbytis in
particular is unique among the colobines in having the earliest eruption of the molars relative to
the anterior dentition, as well as relative to the premolars. Harvati (2000) also notes that in some
specimens of Procolobus, and possibly Colobus, the M3 can erupt before the premolars.
However, I found no evidence for the M3 erupting before the premolars in Colobus here,
although one specimen of C. angolensis (NMNH 237325) was verging on simultaneous eruption
of the M3 and P4 in the mandible. Harvati and Frost (2007) also report early eruption of the M2
relative to the anterior dentition in Miocene Mesopithecus, arguing that the trait, present in extant
colobines, has been present in some colobines at least since the late Miocene (Schultz 1935,
Harvati 2000). There is not a good understanding of the relationship between early eruption of
the M2 and the M3 (and it is not the focus of this study). However, further work may clarify any
possible correlation between eruption timing of the molars relative to each other, as well as
relative to the anterior dentition.

3.3.1.B Aotus

Aotus and Callimico are sister taxa with a deep divergence from the other platyrrhines
represented in this study. Aotus, the night monkey, is a New World monkey found throughout
Central and South America and the only genus in family Aotidae (Groves 1989, 2005), although
there is significant disagreement about the taxonomy and phylogenetic placement of this group
(Nowak 1999, Goodman et al. 2001). Aotidae is estimated to have diverged from other
platyrrhines approximately 20-25 MA (e.g., Schneider and Sampaio 2015), and fossil specimens
of Aotus have been recovered from the Miocene of Colombia, dated to approximately 12-15 MA
(Setoguchi and Rosenberger 1987, Hartwig and Meldrum 2002). Aotus is a small arboreal
monkey, with a mixed diet of fruits, nuts, flower, gums, bark, small vertebrates, etc., and is
known for its excellent vision at night (Mittermeier and Coimbra-Filho 1977, Nowak 1999). In
this study, Aotus is one of the few anthropoid species that erupts the third molar before the
premolars. This dental eruption sequence has been confirmed in other studies (e.g., Henderson
2007).

33.1.C Pithecia

Like Aotus, Pithecia is a genus of small, arboreal New World monkey found in many
areas throughout South America (Nowak 1999). The diet of Pithecia includes fruits, berries and
seeds, leaves, flowers, honey, and small vertebrates (Nowak 1999). Taxonomic controversy has
resulted in reclassification of Pithecia from Cebidae (Nowak 1999) to Atelidae (Fleagle and
Tejedor 2002), to a member of its own family, Pitheciidae, the taxonomic designation followed
here (Opazo et al. 2006). Recent molecular estimates have dated the divergence of Pithecia from
Cacajao and Chiropotes to the Miocene, approximately 10-13 MA. No fossils of Pithecia have
yet been recovered, but several fossil genera, including Homunculus, have been dated to the
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early Miocene and attributed to subfamily Pitheciinae (Fleagle and Tejedor 2002). Like Aotus,
the dental eruption sequence of Pithecia, where the third molar erupts before the premolars, has
been confirmed in other studies (e.g. Henderson 2007).

332 Atypical dental eruption sequences in strepsirrhines

Among the strepsirrhines, there are several species that have a dental eruption sequence
that deviates from the norm. Of the strepsirrhines sampled here, 70% of the species erupt one of
the premolars after the M3. However, four lemuriform genera deviate from this dental eruption
sequence: Lepilemur, Lemur, Propithecus, and Avahi. Both Propithecus and Avahi erupt the M3
after the premolars, while Lepilemur and Lemur exhibit variation in dental eruption sequence.
Those taxa that vary from the dominant dental eruption sequence in their clades are discussed in
greater detail below.

3.3.2.A Lemuriformes

Among the strepsirrhines, only Propithecus, Avahi, and Lemur catta have an eruption
sequence where the M3 erupts after the premolars. However, contrasting reports in the literature
suggest that there may be more variation in dental eruption sequence in Lemur catta than was
seen in this study (e.g. Schwartz 1975, Swindler 2002). Lepilemur mustelinus, a sister taxon to
Propithecus and Avahi, also exhibits variation in dental eruption sequence. Together, Lepilemur,
Propithecus, and Avahi form a clade that diverged from other lemurs approximately 41 MA
(Yoder and Yang 2004) and further diverged in the early Miocene, approximately 17 MA
(Masters et al. 2013).

3.33 Test of intraspecific variation in dental eruption sequence

In order to assess the level of intraspecific variation in dental eruption sequence in
primates, I looked at every single specimen available for the majority of primate genera held at
the National Museum of Natural History (n=4,033). Based on this examination, and based on the
sample of 193 primate specimens for which I confidently assessed dental eruption sequence,
there are either variable or non-variable dental eruption sequences. Non-variable taxa have a
consistent dental eruption sequence where either one of the premolars, or the third molar, erupts
last in the postcanine dentition. Variable taxa have regular, intraspecific variation in dental
eruption sequence, insomuch that it can be classified as a phenotype. In every case classified as
exhibiting intraspecific variation in this study, more than 30% of the specimens examined
exhibited a non-dominant dental eruption sequence and/or intra-individual dental eruption
sequence (see Tables 16 to 18). Species with variation in dental eruption sequence are marked in
Table 9 as “Variation’.

As a full test of intraspecific variation among taxa that have a consistent, seemingly
invariable, dental eruption sequence, I examined every specimen of Cebus at the NMNH (n=849)
and took detailed notes on postcanine eruption sequence. Of the n=849 Cebus specimens, n=62
are in the process of erupting one or more of the postcanine teeth. All specimens included have
erupted both the M1 or M2, but the premolars and/or M3 are still unerupted. These 62 specimens
span seven species of Cebus, as well as one hybrid species listed as Cebus nigritus x libidinosus.
In order to assess dental eruption sequence, I scored each postcanine tooth based on stage of
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eruption. In this scoring system, a score of 0 means the tooth is unerupted, a score of 1 means the
tooth is in the process of erupting and is visible above the superior edge of the mandibular corpus
when viewed laterally but is not fully erupted, and a score of 2 means the tooth is fully erupted
and in occlusion. Within the sample of n=62 Cebus, no specimen erupts the third molar before
the premolars (Table 15). The average scores for the entire sample support a dental eruption
sequence of M1, M2, [P4, P3, P2], M3. The premolars are listed in brackets due to observed
variation within species (e.g., female Cebus capucinus specimens NMNH 306828 and NMNH
291230). Both the average and median of the sample support that the M3 erupts last in all species
of Cebus.

While I found no evidence of intra- or interspecific variation in postcanine dental
eruption sequence of Cebus, several other primate species do exhibit intraspecific variation in
eruption sequence (Alouatta palliata, Callimico goeldii, Saimiri sciureus, and Presbytis
melalophos). These species are discussed in greater detail below along with summaries of dental
eruption sequence as assessed in these species.

3.34 Intraspecific variation in primate dental eruption sequence

Among the catarrhines sampled in this study, four species are highly variable in dental
eruption sequence of the postcanine teeth: Alouatta palliata, Callimico goeldii, Saimiri sciureus,
and Presbytis femoralis. Both Alouatta and Presbytis have other species that show no variation
in dental eruption sequence, although greater sample sizes could further resolve to what degree
variation may or may not exist in the dental eruption sequences of these sister species,
particularly in Presbytis. Likewise, a larger sample of Callimico would resolve the level of
intraspecific variation seen in this taxa. However, the sample sizes for Alouatta and Saimiri are
large enough to state with confidence that there is considerable intraspecific variation in dental
eruption sequence, as well as intra-individual variation.

334A Alouatta

Alouatta is a genus of New World monkey, commonly known as the howler monkey,
found extensively throughout Central and South America (Nowak 1999). Alouatta is one of the
largest of the New World monkeys and is heavily dependent on leaf foliage (Nowak 1999).
Unique to primates, and the source of their common name, A/ouatta has evolved an enlarged
hyoid bone and derived mandibular morphology that allow the genus to vocalize at greater
volumes than other primates (Nowak 1999). The genus is estimated to have diverged from other
platyrrhines approximately 16 MA (Cortés-Ortiz et al. 2003). Although fossils of Alouatta have
yet to be recovered, several specimens of Stirtonia have been attributed to tribe Alouattini and
are morphologically similar to extant Alouatta. Stirtonia is a South American Miocene New
World monkey known from dental remains as well as a partial mandible, partial maxilla and
premaxilla, and partial palate with associated frontal (Hartwig and Meldrum 2002).

I was able to assess dental eruption sequence in three species of Alouatta using a total of
27 specimens that are at the appropriate ontogenetic stage. Two of the species (4. pigra and A.
seniculus) have the dominant anthropoid dental eruption sequence where the M3 erupts after the
premolars (n=14). In contrast, 4. palliata shows considerable variation in sequence (Table 16).
Within A. palliata, n=9 erupt the third molar after the premolars, n=3 erupt the premolars after
the third molar, and n=2 have a different sequence between maxilla and mandible (marked by a
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D for mandible, and an X for maxilla, Table 16). In contrast, there is no variation in dental
eruption sequence in either A. pigra or A. seniculus. Examples of this interspecific and intra-
individual variation are shown in Figure 3. Henderson (2007) also noted some variation, or at
least the possibility of simultaneous eruption, in the mandible of Alouatta, although without
elaboration.

3348B Callimico

As the only genus in family Callitrichidae that has third molars, Callimico is the only
species of callitrichid sampled for this study. The presence of third molars in Callimico is a trait
that some researchers believe to be an evolutionary reversal or secondary derivation within the
family (e.g., Scott 2015). I examined two specimens of Callimico at the National Museum of
Natural History that show the eruption of the third molar and the premolars (NMNH 399073 and
NMNH 464993). In one specimen, the third molar erupts after the premolars, but in the other, the
fourth premolar erupts before the third molar, and as a consequence, I marked the dental eruption
sequence of this species as variable. It is unclear if there is any relationship between intraspecific
variation in dental eruption sequence and the evolutionary history of the loss (and potential
secondary derivation) of third molars in family Callitrichidae. A larger sample size and more
thorough examination of Callimico may clarify the level of intraspecific variation in dental
eruption sequence in this group.

3.34.C Saimiri

The sister taxon of Aotus, Saimiri diverged from other platyrrhines in the Miocene
approximately 17 MA (Schneider and Sampaio 2015). In this study, Saimiri exhibits both
intraspecific and intra-individual variation in dental eruption sequence (Table 17). In his original
study, Schultz (1935) noted intra-individual variation in dental eruption sequence among Saimiri
specimens, and he concludes that Saimiri erupts the M3 last, but only in the mandible. In
contrast, Henderson (2007) reports that the M3 erupts after the premolars in both the maxilla and
the mandible among a sample of n=25 Saimiri, primarily comprised of specimens from species S.
sciureus. In this study, I found significant variation in dental eruption sequence in genus Saimiri.
Many of the specimens I examined at the NMNH exhibit intra-individual variation, where the
M3 erupts last in the maxilla only, and the M3 either erupts simultaneously with, or before, the
premolars in the mandible (e.g specimens NMNH 397817, NMNH 397816, NMNH 397802,
NMNH 397803).

3.3.4D Presbytis

Presbytis is an Asian colobine endemic to islands in Southeast Asia, primarily in
Indonesia (Nowak 1999). Species of Presbytis, collectively called langurs, are diurnal and
arboreal, subsisting on a diet of predominantly fruits, seeds, and foliage (Medway 1970, Bennett
and Davies 1994, Nowak 1999). Presbytis is one of the most diverse primate genera, with 11
species (Groves 2001), the result of a massive radiation over the last 7 MA (Barry et al. 1987,
Meyer et al. 2011), likely driven by climatic and geological changes along the Sunda Shelf (e.g.,
Lohman et al. 2011).
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In this study, Presbytis exhibits considerable variation in dental eruption sequence across
the genus (Table 18). Of the four species for which I was able to establish dental eruption
sequence, two erupt the third molar after the premolars (P. frontata and P. potenziani), one
erupts the third molar before one or more of the premolars (P. hosei), and one species exhibits
intraspecific variation in dental eruption sequence (P. melalophos). Six specimens of Presbytis
hosei confirm the dental eruption sequence of the species where the third molar erupts before one
or more of the premolars (Table 18). I was only able to find three specimens of Presbytis
melalophos at the appropriate ontogenetic stage to assess dental eruption sequence, and they
show two different sequences: NMNH 115503 shows eruption of the third molar after the
premolars, but NMNH 86897 shows eruption of the fourth premolars after the third molars. A
larger sample size will provide greater clarity about the extent of intraspecific variation in
Presbytis melalophos.

Presbytis has been noted to be unique in several aspects of craniodental morphology,
including covariation of the skull (TM’s unpublished data) and teeth (Willis and Swindler 2004,
Grieco et al. 2013). Some researchers have proposed that the genus may represent a dwarfed
lineage derived from Trachypithecus-like ancestors (Jablonski 1998, Jablonski and Tyler 1999,
Frazier 2011). I discuss the possible implications of changes in body size for the evolution of
dental eruption sequence in greater detail in the discussion (Chapter 7).

3.35 Summary of primate dental eruption sequences

Of this large sample of primates, n=55 species erupt the third molar after the premolars,
n=21 erupt one of the premolars after the third molar, and n=4 species show variation in dental
eruption sequence. A preliminary assessment of the distribution of dental eruption sequences
strongly suggests a phylogenetic signal. Of the n=62 anthropoid (catarrhine + platyrrhine)
species sampled here, n=55 erupt the M3 after the premolars. In contrast, n=7 of the n=10 extant
strepsirrhine species sampled here erupt one of the premolars after the M3. The exceptional
anthropoid taxa that erupt one or more of the premolars after the M3 are Semnopithecus entellus,
Aotus trivirgatus, Pithecia monachus, and Presbytis hosei. Additionally, three anthropoid taxa
exhibit intraspecific variation in dental eruption sequence: Alouatta palliata, Saimiri sciureus,
and Presbytis femoralis. The data for 4. trivirgatus and S. entellus were taken from the literature,
but TM collected the dental eruption sequences for P. hosei, P. monachus, and all of the taxa
exhibiting intraspecific variation. Among the strepsirrhines, Lemur catta, Propithecus diadema,
and Avahi sp. are unique in erupting the M3 after the premolars. The data for L. catta and Avahi
were taken from the literature, but the eruption sequence for P. diadema was collected by TM
during this study.
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NMNH 292182

NMNH A22833

NMNH 310307

Figure 3 Examples of variation in dental eruption sequence in Alouatta. M is molar, P is
premolar, d is deciduous, and the number denotes tooth number, e.g., dP4 is mandibular
deciduous premolar 4, A) Eruption of the M° last in 4. pigra (palatal view). Note that the M° is
in the crypt while the premolars are fully erupted and in occlusion, B) Eruption of the M3 before
the P4 in the mandible of A. palliata (1ateral/buccal view). Note that the Mj is fully erupted while
the P4 has not yet pushed the crown of dP, out of place, C) Intra-individual variation in dental
eruption sequence in 4. palliata (palatal view). Note that the right P* is fully erupted while the
left dP* has not yet been shed
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Table 9a Primate and primate-outgroup dental eruption sequences as assessed by TM

(Catarrhines)*
Clade Family Genus Species PM before M3
Catarrhine  Cercopithecidae  Allenopithecus nigroviridis YES
Cercocebus agilis YES
torquatus YES
Colobus angolensis YES
guereza YES
polykomos YES
satanas YES
vellerosus YES
Erythrocebus patas YES
Lophocebus albigena YES
Miopithecus ogouensis YES
Piliocolobus badius YES
Presbytis frontata YES
hosei NO
melalophos VARIATION
potenziani YES
Pygathrix nemaeus YES
Rhinopithecus roxellana UNDETERMINED
Semnopithecus entellus UNDETERMINED
johnii UNDETERMINED
priam UNDETERMINED
schistaceus UNDETERMINED
vetulus UNDETERMINED
Sp. UNDETERMINED
Trachypithecus  cristatus YES
phayrei YES
Hylobatidae Hylobates agilis YES
hoolock YES
klossii YES
lar YES
muelleri YES
pileatus YES
sp. YES
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Table 9b Primate and primate-outgroup dental eruption sequences as assessed by TM
(Catarrhines (cont.), Platyrrhines, Strepsirrhines, Dermopterans)*

Clade Family Genus Species PM before M3
Catarrhine Cercopithecidae ~ Nomascus concolor UNDETERMINED
gabriellae UNDETERMINED
leucogenys UNDETERMINED
siki UNDETERMINED
Symphalangus syndactylus YES
Platyrrhine Atelidae Alouatta palliata VARIATION
pigra YES
seniculus YES
Ateles ater (sp.) YES
belzebuth YES
fusciceps YES
geoffroyi YES
Lagothrix lagotricha YES
Callitrichidae Callimico goeldii VARIATION
Cebidae Cebus albifrons YES
apella YES
capucinus YES
apella + YES
libidinosus
olivaceus YES
Saimiri sciureus VARIATION
Pitheciidae Chiropotes albinasus UNDETERMINED
satanas UNDETERMINED
Pithecia monachus NO
Strepsirrhine ~ Daubentoniidae ~ Daubentonia ~ madagascariensis UNDETERMINED
Indriidae Propithecus diadema YES
Lemuridae Eulemur Sfulvus UNDETERMINED
Hapalemur griseus UNDETERMINED
Lemur catta UNDETERMINED
Varecia variegata NO
Lorisidae Arctocebus aureus UNDETERMINED
calabarensis UNDETERMINED
Sp. UNDETERMINED
Dermoptera Cynocephalidae  Galeopterus variegatus NO

* PM is premolars, M3 is third molar
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Table 11 Sample size (genus) of determined dental eruption sequences in primates

Genus sample

Genus sample

Clade Family size collected  size from the
by TM (n) literature (n)
Catarrhine Cercopithecidae 10 6
Gorillidae NA 1
Hominidae NA 1
Hylobatidae 2 NA
Panidae NA 1
Pongidae NA 1
Platyrrhine Aotidae NA 1
Atelidae 3 1
Callitrichidae 1 NA
Cebidae 2 NA
Pitheciidae 1 3
Strepsirrhine Archaeolemuridaet NA 2
Indriidae 1 1
Lemuridae 1 4
Lorisidae NA 3
Megaladapidaef NA 1
Tarsiiforme Tarsiidae NA 1
Adapiformet Adapidaet NA 1
Plesiadapiformetf Plesiadapidaet NA 1
Dermoptera Cynocephalidae 1 NA
Scandentia Ptilocercidae NA 1
Tupaiidae NA 1
Total 22 31




Table 12a Sample size (species) of determined dental eruption sequences in primates

(Catarrhines, Platyrrhines)*

Species sample

Species sample

Clade Family Genus size collected size from the
by TM (n) literature (n)
Catarrhine Cercopithecidae  Allenopithecus 1 NA
Cercocebus 2 NA
Cercopithecus NA 1
Colobus 5 NA
Erythrocebus 1 NA
Lophocebus 1 NA
Macaca NA 1
Miopithecus 1 NA
Nasalis NA 1
Papio NA 1
Piliocolobus 1 NA
Presbytis 4 NA
Procolobus NA 1
Pygathrix 1 NA
Semnopithecus NA 1
Trachypithecus 2 NA
Gorillidae Gorilla NA 1
Hominidae Homo NA 1
Hylobatidae Hylobates 6 NA
Symphalangus 1 NA
Panidae Pan NA 1
Pongidae Pongo NA 1
Platyrrhine Aotidae Aotus NA 1
Atelidae Alouatta 3 NA
Ateles 4 NA
Brachyteles NA 1
Lagothrix 1 NA
Callitrichidae Callimico 1 NA
Cebidae Cebus 5 NA
Saimiri 1 NA
Pitheciidae Cacajao NA 1
Callicebus NA 1
Chiropotes NA 1
Pithecia 1 NA
Total 42 15
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Table 12b Sample size (species) of determined dental eruption sequences in primates
(Strepsirrhines, Tarsiiformes, Adapiformes, Plesiadapiformes, Dermoptera,

Scandentia)*
Species sample Species sample
Clade Family Genus size collected size from the
by TM (n) literature (n)
Strepsirrhine Archaeolemuridaet  Archaeolemurt NA 2
Hadropithecus¥t NA 1
Indriidae Avahi NA 1
Propithecus 1 NA
Lemuridae Eulemur NA 1
Lemur NA 1
Lemur NA 1
Lepilemur NA 1
Varecia 1 NA
Lorisidae Loris NA 1
Nycticebus NA 1
Perodicticus NA 1
Megaladapidaet Megaladapist NA 1
Tarsiiforme Tarsiidae Tarsius NA 1
Adapiformet Adapidaet Adapist NA 1
Plesiadapiformef  Plesiadapidaet Acidomomys¥ NA 1
Dermoptera Cynocephalidae Galeopterus 1 NA
Scandentia Ptilocercidae Ptilocercus NA 1
Tupaiidae Tupaia NA 1
Total 3 17
GRAND TOTAL 45 32

*Not all genera sampled have associated species information
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Table 15a Test of intraspecific variation in Cebus*

ID Species Sex P2 P3 P4 M1 M2 M3
NMNH 281628 C. albifrons M 0 1 2 2 2 0
NMNH 397962 C. albifrons M 2 2 2 2 2 1
NMNH 398505 C. albifrons U 2 2 2 2 2 1
NMNH 398451 C. albifrons U 2 2 2 2 2 1
NMNH 406438 C. albifrons F 2 2 2 2 2 1
NMNH 443627 C. albifrons M 2 2 2 2 2 1
NMNH 398447 C. albifrons M 2 2 2 2 2 1
NMNH 239665 C. albifrons M 2 2 2 2 2 1
NMNH 281580 C. albifrons F 2 2 2 2 2 1
NMNH 281589 C. albifrons F 2 2 2 2 2 1
NMNH 281594 C. albifrons M 2 2 2 2 2 1
NMNH 281590 C. albifrons F 2 2 2 2 2 1
NMNH 281622 C. albifrons F 2 2 2 2 2 1
NMNH 518298 C. apella F 0 0 0 2 2 0
NMNH 547896 C. apella F 1 2 2 2 2 0
NMNH 518449 C. apella M 0 0 0 2 2 0
NMNH 518448 C. apella M 0 0 0 2 2 0
NMNH 396012 C. apella M 1 0 0 2 2 0
NMNH 545872 C. apella F 1 2 1 2 2 0
NMNH 397941 C. apella F 2 2 2 2 2 1
NMNH 240987 C. apella M 2 2 2 2 2 1
NMNH 283907 C. capucinus M 1 2 2 2 2 0
NMNH 306828 C. capucinus F 1 2 2 2 2 0
NMNH 336197 C. capucinus U 2 1 1 2 2 0
NMNH 315836 C. capucinus M 2 1 1 2 2 0
NMNH A 14220 C. capucinus U 2 2 2 2 2 1
NMNH 291230 C. capucinus F 2 2 2 2 2 1
NMNH A 25311 C. capucinus U 2 2 2 2 2 1
NMNH 284774 C. capucinus M 2 2 2 2 2 1
NMNH 283908 C. capucinus M 2 2 2 2 2 1
NMNH 310310 C. capucinus M 2 2 2 2 2 1
NMNH 283940 C. capucinus M 2 2 2 2 2 1
NMNH 296286 C. capucinus F 2 2 2 2 2 1
NMNH 223389 C. capucinus M 2 2 2 2 2 1
NMNH 518467 C. libidinosus M 0 1 2 2 2 0
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Table 15b Test of intraspecific variation in Cebus, continued*

ID Species Sex P2 P3 P4 M1 M2 M3
NMNH 518465  C. libidinosus F 2 2 2 2 2 1
NMNH 518408  C. libidinosus M 2 2 2 2 2 1
NMNH 518416  C. libidinosus M 2 2 2 2 2 1
NMNH 518408  C. libidinosus M 2 2 2 2 2 1
NMNH 518271  C. libidinosus F 2 2 2 2 2 1
NMNH 518274  C. libidinosus F 2 2 2 2 2 1
NMNH 518429  C. nigritus F 0 0 0 2 2 0
NMNH 518313  C. nigritus F 0 0 0 2 2 0
NMNH 518463  C. nigritus M 2 1 1 2 2 0
NMNH 518335  C. nigritus M 2 1 1 2 2 0
NMNH 518403  C. nigritus F 2 2 2 2 2 1
NMNH 518491  C. nigritus M 2 2 2 2 2 1
NMNH 518458  C. nigritus F 2 2 2 2 2 1
NMNH 518511  C. nigritus F 2 2 2 2 2 1
NMNH 518498  C. nigritus F 2 2 2 2 2 1
NMNH 518526  C. nigritus x libidinosus F 2 2 2 2 2 1
NMNH 518399  C. nigritus x libidinosus F 2 2 2 2 2 1
NMNH 518522  C. nigritus x libidinosus M 2 2 2 2 2 1
NMNH 518531  C. nigritus x libidinosus ~ M 2 2 2 2 2 1
NMNH 518521  C. nigritus x libidinosus ~ M 2 2 2 2 2 1
NMNH 518402  C. nigritus x libidinosus M 2 2 2 2 2 1
NMNH 372768  C. nigrivittatus M 2 2 2 2 2 1
NMNH 258501  C. nigrivittatus F 2 2 2 2 2 1
NMNH 406635  C. nigrivittatus F 2 2 2 2 2 1
NMNH 148742  C. nigrivittatus F 2 2 2 2 2 1
NMNH 518303  C. xanthosternos M 2 2 2 2 2 1
NMNH 518302  C. xanthosternos F 2 2 2 2 2 1

Average
Median

1.69

2

1.71

2

2

2

2

1

* NMNH is National Museum of Natural History, F is female, M is male, U is unknown, P2 is
second premolar, P3 is third premolar, P4 is fourth premolar, M1 is first molar, M2 is second
molar, M3 is third molar

1.73 2.00 2.00 0.74
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Table 16 Intraspecific variation in dental eruption sequence in Alouatta*

ID Species Sex M3Il)01$fore M?i);/iter Simultaneous
NMNH 257357  A. palliata F X
NMNH 362284  A. palliata F X
NMNH 338110  A. palliata F X
NMNH 315826  A. palliata F X (X) X (D)
NMNH 291963  A. palliata F X
NMNH 291212 A. palliata F X
NMNH 291208 A. palliata M X (D) X (X)
NMNH 291209  A. palliata F X
NMNH 310307  A. palliata F X

NMNH 291176  A. palliata F X
NMNH 171067  A. palliata F X
NMNH A 22833 A. palliata F X

NMNH 306823  A. palliata F X
NMNH 361222  A. palliata F X

NMNH 292201  A. pigra F X
NMNH 292182  A. pigra F X
NMNH 194351  A. seniculus M X
NMNH 261320  A. seniculus M X
NMNH 443382  A. seniculus M X
NMNH 443747  A. seniculus M X
NMNH 443746 A. seniculus F X
NMNH 372757  A. seniculus M X
NMNH 143148 A. seniculus F(?) X
NMNH 281673  A. seniculus M X
NMNH 281756  A. seniculus M X
NMNH 281758  A. seniculus F X
NMNH 261320  A. seniculus U X

* NMNH is National Museum of Natural History, (X) is maxillary, (D) is mandibular, M3 is
third molar, PM is premolars, F is female, M is male, (?) indicates uncertainty, U is unknown
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Table 17 Intraspecific variation in dental eruption sequence in Saimiri*

M3 after M3 before

ID Species Sex PM PM Simultaneous
NMNH 397802 S. sciureus u X

NMNH 397816 S. sciureus U X (X) X (D)

NMNH 397817 S. sciureus u X

NMNH 398628 S. sciureus F X (X) X (D)
NMNH 398685 S. sciureus M X

NMNH 522058 S. sciureus F X

NMNH 522059 S. sciureus F X

* NMNH is National Museum of Natural History, (X) is maxillary, (D) is mandibular, M3 is
third molar, PM is premolars, F is female, M is male, U is unknown

Table 18 Intra- and interspecific variation in dental eruption sequence in Presbytis*

M3 after M3 before

Specimen ID Species Sex PM PM Simultaneous
NMNH 199188  P. frontatus F X

NMNH 198283  P. hosei F X
NMNH 198280  P. hosei F X
NMNH 198285  P. hosei F X
NMNH 198290  P. hosei F X
NMNH 198291  P. hosei F X
NMNH 292560  P. hosei F X
NMNH 83408 P. melalophos U X

NMNH 115503  P. melalophos M X

NMNH 86897 P. melalophos M X
NMNH 121664  P. potenziani M X

NMNH 252314  P. potenziani F X

* NMNH is National Museum of Natural History, (X) is maxillary and (D) is mandibular, M3 is

third molar, PM is premolars, F is female, M is male, U is unknown
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34 Dental eruption sequence in artiodactyls

I definitively assessed postcanine eruption sequence in 62 genera and 81 artiodactyl
species. Of those, 46 genera have a sequence where the fourth premolar erupts after the third
molar, 13 genera have a sequence where the third molar erupts after the fourth premolar, and
three genera have a sequence with approximately simultaneous eruption of the fourth premolar
and the third molar (Table 19-20). I found four more genera that likely erupt the fourth premolar
after the third molar, and one genus that likely erupts the third molar last, but I need a larger
sample size to definitively confirm these sequences. I was unable to assess dental eruption
sequence in 14 genera based on a lack of available specimens at appropriate ontogenetic stages.

The artiodactyl sample is slightly skewed toward males (Table 22), possibly a product of
collection bias. Male artiodactyls are frequently characterized by secondary sex characteristics
like horns and antlers that make them desirable hunting trophies. Since many of the artiodactyls
sampled were collected more than 50 years ago, it is possible that there was favoritism for male
specimens during collection.

A complete list of specimens used to determine dental eruption sequence is available in
Table 23. I found no evidence of interspecific variation in dental eruption sequence in
artiodactyls. However, there were some artiodactyl genera in which only one specimen was
available at the correct ontogenetic sequence to evaluate dental eruption sequence. These genera
are Bos, Bubalus, Catagonus, Hippocamelus, Hylochoerus, Nilgiritragus, Ozotoceros, Pelea,
Phacochoerus, Pseudois, and Rucervus (Table 21).

3.4.1 Variation in dental eruption sequence across artiodactyls

In this study, I successfully sampled the breadth of the artiodactyl phylogeny, and my
results support a conserved phylogenetic signal. Genera sampled in Camelidae, Hippopotamidae,
Suidae, and Tayassuidae all erupt the third molar after the fourth premolar. In contrast, nested
within the artiodactyl clade, ruminant families Bovidae, Moschidae, Cervidae, Antilocapridae,
and Tragulidae almost exclusively erupt the fourth premolar after the third molar , although there
are some exceptions. Of the 52 ruminant genera I examined, 45 erupt the fourth premolar after
the third molar. The exceptional genera are Capra, Hemitragus, Nilgiritragus, Oreamnos, Oryx,
Ourebia, and Ovis.

34.1.A Caprinae

Capra, Hemitragus, Nilgiritragus, and Ovis all erupt the third molar after the fourth
premolar, uniquely among Ruminantia (Figure 4). These four genera are all part of subfamily
Caprinae. Due to small sample sizes, [ was unable to definitively assess dental eruption sequence
in some of the other members of Caprinae (Arabitragus, Ammotragus, and Pantholops), but
several of the caprine genera sampled here erupt the third molar after the fourth premolar.
Molecular data and the fossil record place the evolution of subfamily Caprinae sometime in the
Miocene, approximately 6-15 MA: the wide range reflects the range of opinions on the precise
date (Fernandez and Vrba 2005, Lalueza-Fox et al. 2005, Ropiquet and Hassanin 2005, 2006).
The earliest fossil occurrence of subfamily Caprinae is hypothesized to be Protoryx enanus from
the middle Miocene of Europe (Kdhler 1987, Gentry and Heinzmann 1996). Like many ungulate
groups, caprines underwent a major radiation in the Miocene (Gentry 2000, Vrba and Schaller
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2000b). The exact phylogenetic relationships of extant taxa in subfamily Caprinae are still under
much debate (e.g., Hassanin et al. 1998, Hassanin and Douzery 1999, Shafer and Hall 2010, Bibi
2013).

34.1.B Simultaneous eruption of the fourth premolar and third molar in artiodactyls

Oryx, Ourebia, and Oreamnos appear to erupt the fourth premolar and third molar
approximately simultaneously, but this approximation could be the result of limited sample size.
With a larger sample spanning a greater ontogenetic timeframe, it may be possible to refine this
approximation and definitively assess whether the fourth premolar or third molar erupts later in
these taxa. Oryx (tribe Hippotragini) and Ourebia (tribe Antilopini) are both African bovids with
a primary diet of grasses supplemented by other vegetation. Recent analyses suggest that
Hippotragini and Antilopini diverged 15 to 13 MA (Bibi 2013). There is some suggestion in the
literature that Oreamnos may erupt the third molar after the fourth premolar (Brandborg 1950),
but other reports are contradictory (Kerr 1966). The North American mountain goat (Oreamnos
americanus) is closely related to Capra, Hemitragus, Ovis, and other genera in subfamily
Caprinae. Overall, my data show that subfamily Caprinae is unique among Ruminantia in having
a cluster of genera that erupt the third molar after the fourth premolar (Capra, Hemitragus,
Nilgiritragus, and Ovis), as well as one genus with simultaneous eruption of the third molar and
fourth premolar (Oreamnos).

34.2 Test of intraspecific variation in dental eruption sequence

To assess intraspecific variation in dental eruption sequence, I systematically surveyed all
Ovis craniodental specimens available at the Museum of Vertebrate Zoology in Berkeley,
California (MVZ; Ovis canadensis n=176, Ovis dalli n=9). For artiodactyls, I classified the state
of eruption of each postcanine tooth from 1 to 3, where a score of 1 is unerupted, 2 is erupting,
and 3 is fully erupted. My definition of erupting (Score 2) is when the tooth has erupted above
the level of the maxilla/mandible when viewed lingually, but is not yet fully erupted. All four
postcanine quadrants were scored when available (left and right, maxillary, and mandibular). In
cases where a tooth was missing by wear, but the rest of the jaw was clearly fully erupted and
fully worn, a score of fully erupted was given for that tooth.

Of the 185 Ovis specimens systematically surveyed by TM at the MVZ, n=48 are in the
process of erupting one or more of the postcanine teeth. This sample is reduced when comparing
third molar and fourth premolar eruption; only n=15 specimens, all Ovis canadensis, are in the
process of erupting either the fourth premolar, the third molar, or both. Within that small sample,
n=4 specimens show the fourth premolar fully erupted while the third molar is still in the process
of erupting. There is no variability among these four specimens: all postcanine teeth are fully
erupted except the third molar. In contrast, not a single specimen has a third molar that is fully
erupted while the fourth premolar is still erupting or unerupted. Within this large sample size, I
find no variability in dental eruption sequence. Based on this analysis, I am confident in
assuming that my determination of eruption sequence based on sample sizes of at least two
observations is fairly sound. Given the large sample sizes needed to test this more fully, absolute
certainty will be difficult to accomplish. The full data from the test for intraspecific variation are
available in Appendices A (mandibular data) and B (maxillary data).

56



343 Summary of artiodactyl dental eruption sequences

I confidently assessed dental eruption sequence in 192 artiodactyl specimens spanning 62
genera and 81 species, and representing 10 artiodactyl families. Giraffidae is the only family for
which I was not able to confidently assess dental eruption sequence. Hippopotamidae,
Tragulidae, and Camelidae are also represented by small sample sizes. Of these 62 artiodactyl
species, n=46 erupt the fourth premolar after the third molar, n=13 erupt the third molar after the
fourth premolar, and three species appear to have simultaneous eruption of the fourth premolar
and third molar. The dental eruption sequences are clustered by clade, and all of the taxa basal to
the ruminants erupt the third molar last. Within Ruminantia, the vast majority of taxa erupt the
fourth premolar after the third molar. However, there are some exceptional ruminant taxa that
erupt the third molar after the fourth premolar like more basal artiodactyls. In particular, six
caprine species erupt the third molar after the fourth premolar, and one caprine species appears to
erupt the fourth premolar and third molar simultaneously. Four other bovid species (two genera)
also simultaneously erupt the fourth premolar and third molar. All of the cervid species sampled
(n=18) erupt the fourth premolar after the third molar with no observed variation. Additional
sampling will continue to refine our understanding of dental eruption sequence in artiodactyls
and other mammals.
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Ovis canadensis

Ovis aries

Nilgiritragus hylocrius*
Rupicapra pyrenaica
Rupicapra rupicapra
Pseudois nayaur
Hemitragus jemlahicus
Capra hircus

Capra caucasica

Budorcas taxicolor

Ovibos moschatus
Naemorhedus griseus
Naemorhedus milneedwardsii*
Naemorhedus sumatraensis*

Figure 4 The distribution of dental eruption sequences across subfamily Caprinae. Black
indicates that the third molar erupts after the premolars, blue indicates that the fourth premolar
erupts after the third molar, and yellow indicates that the third molar and the fourth premolar
erupt simultaneously. An asterisk denotes a species with an alternate genus level classification
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Table 19a Results of TM’s examination of artiodactyl dental eruption sequence

Family Genus Species P4 erupts after M3
Antilocapridae Antilocapra americana YES
Bovidae Aepyceros melampus YES
Alcelaphus buselaphus YES
lichtensteinii YES
Ammotragus lervia UNDETERMINED
Antidorcas marsupialis YES
Antilope cervicapra UNDETERMINED
Bison bison YES
Bos grunniens YES
Boselaphus tragocamelus UNDETERMINED
Bubalus bubalis YES
Budorcas taxicolor YES
Capra caucasica NO
hircus NO
Cephalophus weynsi YES
Connochaetes taurinus YES
Damaliscus korrigum YES
Gazella arabica YES
bennettii YES
dorcas YES
Hemitragus jemlahicus NO
Hippotragus equinus YES
niger YES
Kobus ellipsiprymnus YES
Litocranius walleri YES
Madoqua guentheri YES
kirkii YES
Naemorhedus griseus YES
*C. milneedwardsii  YES
*C. sumatraensis YES
Neotragus pygmaeus YES
Nesotragus moschatus YES
Nilgiritragus hylocrius YES
Oreamnos americanus SIMULTANEOUS
Oreotragus oreotragus YES




Table 19b Results of TM’s examination of artiodactyl dental eruption sequence, continued

Family Genus Species P4 erupts after M3
Bovidae Oryx beisa SIMULTANEOUS
dammah SIMULTANEOUS
gazella SIMULTANEOUS
Ourebia ourebi SIMULTANEOUS
Ovibos moschatus YES
Ovis aries NO
canadensis NO
Pantholops hodgsonii UNDETERMINED
Pelea capreolus YES
Procapra gutturosa LIKELY
Pseudois nayaur YES
Raphicerus campestris YES
Redunca Sfulvorufula YES
redunca YES
Rupicapra pyrenaica YES
rupicapra YES
Saiga tatarica UNDETERMINED
Sylvicapra grimmia YES
Syncerus caffer YES
Taurotragus oryx YES
Tetracerus quadricornis UNDETERMINED
Tragelaphus scriptus YES
Camelidae Camelus bactrianus UNDETERMINED
Lama glama NO
Cervidae Alces americanus YES
Axis axis LIKELY
Blastocerus dichotomus UNDETERMINED
Capreolus pygargus LIKELY
Cervus elaphus YES
Dama dama UNDETERMINED
Elaphodus cephalophus YES
Elaphurus davidianus UNDETERMINED
Hippocamelus antisensis YES
Hydropotes inermis YES
Mazama americana YES
rufina YES
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Table 19¢ Results of TM’s examination of artiodactyl dental eruption sequence, continued

Family Genus Species P4 erupts after M3
Cervidae Muntiacus muntjac YES
reevesi YES
Odocoileus hemionus YES
Ozotoceros bezoarticus YES
Pudu mephistophiles YES
puda YES
Rangifer tarandus YES
Rucervus eldii YES
Rusa timorensis YES
unicolor YES
Giraffidae Giraffa camelopardalis UNDETERMINED
Okapia johnstoni UNDETERMINED
Hippopotamidae Hexaprotodon liberiensis UNDETERMINED
Hippopotamus amphibius NO
Moschidae Moschus berezovskii YES
Suidae Babyrousa babyrussa NO
celebensis NO
Hylochoerus meinertzhageni NO
Phacochoerus aethiopicus NO
Potamochoerus porcus NO
Sus scrofa NO
Tayassuidae Catagonus wagneri NO
Pecari tajacu NO
Tayassu pecari NO
Tragulidae Hyemoschus aquaticus UNDETERMINED
Moschiola meminna LIKELY
Tragulus kanchil YES

61



Table 20a Artiodactyl dental eruption sequences as assessed by TM*

P4

M3

Family Genus Species N later  later Simult.
Antilocapridae Antilocapra americana 2 X
Bovidae Aepyceros melampus 3 X
Alcelaphus buselaphus 3 X
lichtensteinii 1 X
Antidorcas marsupialis 1 X
Bison bison 4 X
Bos grunniens 1 X
Bubalus bubalis 1 X
Budorcas taxicolor 3 X
Capra caucasica 1 X
hircus 2 X
Cephalophus weynsi 2 X
Connochaetes taurinus 3 X
Damaliscus korrigum 4 X
Gazella arabica 1 X
bennettii 1 X
dorcas 3 X
Hemitragus jemlahicus 2 X
Hippotragus equinus 1 X
niger 3 X
Kobus ellipsiprymnus 4 X
Litocranius walleri 6 X
Madoqua guentheri 2 X
kirkii 1 X
Naemorhedus griseus 3 X
*C. milneedwardsii 1 X
*C. sumatraensis 1 X
Neotragus pygmaeus 2 X
Nesotragus moschatus 2 X
Nilgiritragus hylocrius 1 X
Oreamnos americanus 2 X
Oreotragus oreotragus 5 X
Total 72 27 4 1
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Table 20b Artiodactyl dental eruption sequences as assessed by TM, continued*

Family Genus Species N lzﬂ:r lg/tlgr Simult.
Bovidae Oryx beisa 1 X
dammah 1 X
gazella 2 X
Ourebia ourebi 4 X
Ovibos moschatus 4 X
Ovis aries 1 X
canadensis 5 X
Pelea capreolus 1 X
Pseudois nayaur 1 X
Raphicerus campestris 6 X
Redunca fulvorufula 1 X
redunca 1 X
Rupicapra pyrenaica 2 X
rupicapra 1 X
Sylvicapra grimmia 4 X
Syncerus caffer 4 X
Taurotragus oryx 3 X
Tragelaphus scriptus 4 X
Camelidae Lama glama 2 X
Cervidae Alces americanus 2 X
Cervus elaphus 3 X
Elaphodus cephalophus 3 X
Hippocamelus  antisensis 1 X
Hydropotes inermis 2 X
Mazama americana 3 X
rufina 1 X
temama 1 X
Total 64 20 3 4
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Table 20c¢ Artiodactyl dental eruption sequences as assessed by TM, continued*

Family Genus Species N l:::r llz:gr Simult.
Cervidae Muntiacus muntjac 1 X
reevesi 1 X
Odocoileus hemionus 3 X
Ozotoceros bezoarticus 1 X
Pudu mephistophiles 1 X
puda 1 X
Rangifer tarandus 4 X
Rucervus eldii 1 X
Rusa timorensis 2 X
unicolor 1 X
Hippopotamidae Hippopotamus amphibius 2 X
Moschidae Moschus berezovskii 2 X
Suidae Babyrousa babyrussa 1 X
celebensis 1 X
Hylochoerus meinertzhageni 1 X
Phacochoerus aethiopicus 3 X
Potamochoerus porcus 3 X
Sus scrofa 17 X
Tayassuidae Catagonus wagneri 1 X
Pecari tajacu 2 X
Tayassu pecari 4 X
Tragulidae Tragulus kanchil 3 X
Total 56 12 10 NA
GRAND TOTAL 192 59 17 5

* N is specimen sample size, P4 is fourth premolar, M3 is third molar, Simult. is simultaneous.
An asterisk denotes a species with alternate genus-level classification. Table modified from
Monson and Hlusko (2016)



Table 21 Sample size of determined dental eruption sequences in artiodactyls

. Genera  Species  Specimen
Family (n) p(n) cl(:unt (n)
Antilocapridae 1 1 2
Bovidae 36 49 116
Camelidae 1 1 2
Cervidae 13 18 32
Hippopotamidae 1 1 2
Moschidae 1 1 2
Suidae 5 6 26
Tayassuidae 3 3 7
Tragulidae 1 1 3
TOTAL 62 81 192
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Table 22a Artiodactyl sample collected by TM, breakdown by sex*

Family Genus Species N Mm Fm U()
Antilocapridae Antilocapra americana 2 1 1 NA
Bovidae Aepyceros melampus 3 1 1 1
Alcelaphus buselaphus 3 3 NA NA
lichtensteinii 1 NA 1 NA
Antidorcas marsupialis 1 NA 1 NA
Bison bison 4 3 1 NA
Bos grunniens 1 1 NA NA
Bubalus bubalis 1 1 NA NA
Budorcas taxicolor 3 NA 3 NA
Capra caucasica 1 1 NA NA
hircus 2 1 1 NA
Cephalophus  weynsi 2 1 1 NA
Connochaetes  taurinus 3 NA 1 2
Damaliscus korrigum 4 1 3 NA
Gazella arabica 1 1 NA NA
bennettii 1 NA NA 1
dorcas 3 2 1 NA
Hemitragus jemlahicus 2 1 NA 1
Hippotragus equinus 1 NA 1 NA
niger 3 2 1 NA
Kobus ellipsiprymnus 4 2 2 NA
Litocranius walleri 6 4 2 NA
Madoqua guentheri 2 2 NA NA
kirkii 1 NA 1 NA
Naemorhedus  griseus 3 1 2 NA
*C. milneedwardsii 1 1 NA NA
*C. sumatraensis 1 1 NA NA
Neotragus pygmaeus 2 1 1 NA
Nesotragus moschatus 2 1 1 NA
Nilgiritragus  hylocrius 1 1 NA NA
Oreamnos americanus 2 1 NA 1
Oreotragus oreotragus 5 3 2 NA
Oryx beisa 1 NA 1 NA
dammah 1 1 NA NA
gazella 2 1 NA 1
Total 76 40 29 7
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Table 22b Artiodactyl sample collected by TM, breakdown by sex, continued*

Family Genus Species N M@m F@m U()
Bovidae Ourebia ourebi 4 4 NA NA
Ovibos moschatus 4 2 NA 2
Ovis aries 1 NA 1 NA
canadensis 5 3 NA 2
Pelea capreolus 1 NA 1 NA
Pseudois nayaur 1 1 NA NA
Raphicerus campestris 6 4 2 NA
Redunca fulvorufula 1 NA 1 NA
redunca 1 1 NA NA
Rupicapra pyrenaica 2 2 NA NA
rupicapra 1 NA NA 1
Sylvicapra grimmia 4 3 1 NA
Syncerus caffer 4 1 3 NA
Taurotragus oryx 3 2 NA 1
Tragelaphus scriptus 4 2 1 1
Camelidae Lama glama 2 2 NA NA
Cervidae Alces americanus 2 1 1 NA
Cervus elaphus 3 3 NA NA
Elaphodus cephalophus 3 3 NA NA
Hippocamelus  antisensis 1 NA 1 NA
Hydropotes inermis 2 1 NA 1
Mazama americana 3 1 1 1
rufina 1 NA 1 NA
temama 1 1 NA NA
Muntiacus muntjac 1 NA 1 NA
reevesi 1 NA 1 NA
Odocoileus hemionus 3 2 NA 1
Ozotoceros bezoarticus 1 1 NA NA
Pudu mephistophiles 1 1 NA NA
puda 1 NA 1 NA
Rangifer tarandus 4 2 2 NA
Rucervus eldii 1 1 NA NA
Rusa timorensis 2 2 NA NA
unicolor 1 1 NA NA
Hippopotamidae Hippopotamus amphibius 2 1 NA 1
Moschidae Moschus berezovskii 2 1 NA 1
Total 80 49 19 12
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Table 22¢ Artiodactyl sample collected by TM, breakdown by sex, continued*

Family Genus Species N Mm F@m U()
Suidae Babyrousa babyrussa 1 1 NA NA
celebensis 1 NA 1 NA
Hylochoerus meinertzhageni 1 NA 1 NA
Phacochoerus  aethiopicus 3 1 1 1
Potamochoerus porcus 3 1 NA 1
Sus scrofa 17 11 5 1
Tayassuidae Catagonus wagneri 1 NA NA 1
Pecari tajacu 2 NA NA 2
Tayassu pecari 4 2 NA 2
Tragulidae Tragulus kanchil 3 2 1 NA
Total 36 18 9 8
GRAND TOTAL 192 107 57 25

*N is specimen sample size, M is male, F is female, U is unknown. An asterisk denotes a species
with alternate genus-level classification
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3.5 Summary of primate and artiodactyl dental eruption sequences

Almost all anthropoid primates erupt the third molar after the premolars, while the
majority of strepsirrhines erupt one of the premolars after the third molar. In artiodactyls, almost
all ruminants erupt the fourth premolar after the third molar, while the more basal artiodactyls
(suiformes, camelids and hippopotamids) erupt the third molar after the fourth premolar. There
are exceptions to the dominant dental eruption sequence in both clades. In primates, several
colobine species exhibit a seemingly derived dental eruption sequence among catarrhines, where
one of the premolars erupts after the third molar, or where there is variation in dental eruption
sequence. Aotus and Pithecia, both New World monkeys, exhibit a dental eruption sequence
different from the vast majority of anthropoids where the third molar erupts before all of the
premolars are erupted. Three other New World monkeys and a colobine exhibit intraspecific
variation in dental eruption sequence. Among the strepsirrhines, one lemur and two indriid
species erupt the third molar after the premolars, a deviation from all other strepsirrhines
sampled here.

Among artiodactyls, several caprine species erupt the third molar after the fourth
premolar, a dental eruption sequence that is extremely rare among ruminants. Three other bovids,
one a caprine, also exhibit near simultaneous eruption of the third molar and fourth premolar,
and equally rare dental eruption sequence. Overall, there are fewer artiodactyl species than
primate species that deviate from the dominant dental eruption sequence of their clade.
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CHAPTER 4:
Phylogeny, life history, and body size

4.1 Overview

The distribution of dental eruption sequences across primates and artiodactyls described
in Chapter 3 supports a conserved phylogenetic signal for this trait. Both of my null hypotheses
from Chapter 1 are tested here:

H1y) Dental eruption sequence is not significantly associated with life history.
H2y) Dental eruption sequence does not have a phylogenetic signal.

I test these hypotheses using phylogenetic independent contrasts, an analytical method
that tests for correlations between traits across a phylogeny, and the D-statistic and Blomberg’s
K, both tests of phylogenetic signal. The methods for each of the analytical tests are described
below, and the data sets used were described in detail in Chapter 3. In the next chapter (Chapter
5), I present ancestral state reconstructions of dental eruption sequence for both taxa, with fossils
incorporated into the analysis in Chapter 6.

4.2 Methods of generating phylogenies

I generated phylogenies of the primate and artiodactyl samples using molecular data from
the 10ktrees database (Arnold et al. 2010). Six autosomal genes, and 11 and 14 mitochondrial
genes, for primates and artiodactyls respectively, were used to generate the phylogenies. In order
to visualize the distribution of dental eruption sequences, I generated a phylogeny for primates
(Figure 5) and artiodactyls (Figure 6) that includes all species for which I have data. Some of the
species included in my study are not available in the 10ktrees database. For these, I added them
in manually in the Mesquite Program v. 3.11 (Maddison and Maddison 2015). Tarsius spectrum,
Presbytis frontata, and Presbytis hosei were manually placed in the primate phylogeny using
data from published literature (Shekelle et al. 2010, Vun et al. 2011). Cebus apella + libidinosus
was placed sister to C. apella in the phylogeny because it is a hybrid species of C. apella and C.
libidinosus. The Ateles phylogeny is debated (e.g., Morales-Jimenez et al. 2015), but all Azeles
have the same dental eruption sequence in this study, so the exact distribution of species doesn’t
affect the ASR, and Ateles ater was placed sister to Ateles belzebuth. For artiodactyls, the
manually added species are Mazama temama, Muntiacus muntjac, Muntiacus reevesi,
Naemorhedus milneedwardsii, Neotragus pygmaeus, Pudu mephistophiles, Mazama rufina, Rusa
timorensis, Rucervus eldii, Neotragus moschatus (Gilbert et al. 2006, Barmann and Schikora
2014, Shi et al. 2016)

For the phylogenies, I color-coded the species names based on the distribution of dental
eruption sequences across the extant tips. Blue represents a dental eruption sequence where the
third molar erupts before one or more of the premolars, black represents a dental eruption
sequence where the third molar erupts after the premolars, and yellow represents intraspecific
variation in dental eruption sequence in primates, and simultaneous eruption of the fourth
premolar and third molar in artiodactyls.
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4.3 Life history and body size variables

I collected life history and body size data for the majority of primates and artiodactyls
included in this study. Averages and ranges for each trait were collected from published
literature, with the exception of average maximum lifespan. Values for average maximum
lifespan were collected from AnAge, part of the Human Ageing Genomic Resources database
(primates and artiodactyls, Tacutu et al. 2013), as well as from the Max Planck Institute of
Demographic Research (primates, Carey and Judge 2000). All values, with the exception of litter
size, were log corrected for the analyses.

The full list of life history and body size traits collected for primates include: maximum
lifespan, average body mass of females (kilograms), average age at weaning (months), average
gestation length (days), litter size, average age at sexual maturity (females, years), average body
length (centimeters), age at eruption of mandibular M, (years), average brain mass (grams),
average estrous cycle (days), and average interbirth interval (months; Table 24-25).

For artiodactyls, the full list of life history and body size traits collected include: average
maximum lifespan (years), average height (centimeters), average body length (centimeters),
adult body mass (kilograms), and litter size. Body mass values were taken from the average for
the male of the species, but length and height values were not specified by sex (Table 26-27).
Raw data and references for life history and body size variables are available for primates in
Appendix C, and in Appendix D for artiodactyls.
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Table 24 Descriptive statistics for life history and body size variables for primate species in
which the premolars erupt last™*

PM erupt after M3
Life history/body size trait N Mean Median Range
Maximum lifespan (yr) 12 25.5 254 25.0
Body mass (F, kg) 12 2.1 1.3 10.9
Age at weaning (mos) 12 5.2 4.6 8.4
Gestation length (days) 12 155.8 153.3 97.8
Litter size 12 1.2 1.0 1.0
Age at sexual maturity (F, yr) 12 1.9 1.6 2.7
Body length (cm) 11 38.0 34.8 473
Age at M, eruption (yr) 5 0.3 0.36 0.43

* PM is premolars, M3 is third molar, N is species sample size, yr is years, F is female, kg is
kilogram, mos is months, cm is centimeters, M; is mandibular first molar. Raw data for life
history and body size traits are available in Appendix C

Table 25 Descriptive statistics for life history and body size variables for primate species in
which the molars erupt last™*

M3 erupts after PM

Life history/body size trait N Mean Median Range
Maximum lifespan (yr) 43 38.8 37.0 115.5
Body mass (F, kg) 46 9.8 6.1 74.5
Age at weaning (mos) 37 15.5 12.5 45.8
Gestation length (days) 43 190.0 180.0 144.5
Litter size 46 1.0 1.0 0.5
Age at sexual maturity (F, yr) 36 5.2 4.1 11.4
Body length (cm) 27 59.0 54.5 133.3
Age at M, eruption (yr) 14 1.9 1.5 6.25

* M3 is third molar, PM is premolars, N is species sample size, yr is years, F is female, kg is
kilogram, mos is months, cm is centimeters, M; is mandibular first molar. Raw data for life
history and body size traits are available in Appendix C
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Table 26 Descriptive statistics for life history and body size variables for artiodactyl species in
which the fourth premolar erupts last*

P4 erupts after M3
Life history/body size trait N Mean Median Range
Maximum lifespan (yr) 40 21.5 21.9 25.6
Height (cm) 41 86.8 84.0 160.0
Body length (cm) 41 146.4 140.0 2325
Body mass (kg) 43 153.0 50.0 948.0
Litter size 43 1.0 1.0 1.0

* P4 is fourth premolar, M3 is third molar, N is species sample size, yr is years, cm is
centimeters, kg is kilograms. Raw data for life history and body size traits are available in
Appendix D

Table 27 Descriptive statistics for life history and body size variables for artiodactyl species in
which the third molar erupts last*

M3 erupts after P4

Life history/body size trait N Mean Median Range
Maximum lifespan (yr) 14 26.1 22.4 43.9
Height (cm) 11 91.1 82.5 82.5
Body length (cm) 9 168.4 171.0 176.5
Body mass (kg) 16 197.2 83.3 1777.0
Litter size 16 1.9 1.3 4.0

* M3 is third molar, P4 is fourth premolar, N is species sample size, yr is years, cm is
centimeters, kg is kilograms. Raw data for life history and body size traits are available in
Appendix D
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Figure 5 Phylogeny of all primate species for which dental eruption sequence is reported in this study.
Black indicates that the third molar erupts after the premolars. Blue indicates that the third molar erupts
before one or more of the premolars. Yellow indicates that there is intraspecific variation in the sequence
of postcanine eruption. An asterisk indicates taxa for which congener molecular data from another species
in the genus were used. A double asterisk indicates species with an alternate genus-level classification. A
triple asterisk denotes taxa that were manually added into the phylogeny. See Chapter 4 for methods on
building the phylogeny
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Figure 6 Phylogeny of all artiodactyl species for which dental eruption sequence is reported in this study.
Black indicates that the third molar erupts after the fourth premolar. Blue indicates that the third
molar erupts before the fourth premolar. Yellow indicates that third molar and fourth premolar erupt
simultaneously. An asterisk indicates taxa for which congener molecular data from another species in the
genus were used. A double asterisk indicates species with an alternate genus-level classification. A triple
asterisk denotes taxa that were manually added into the phylogeny. See Chapter 4 for methods on
building the phylogeny
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4.4 Phylogenetic independent contrasts between dental eruption sequence, life
history, and body size

I calculated phylogenetic independent contrasts across the phylogenetic tree using the ape
package in R (Paradis et al. 2004). This statistic allows for the comparison of means between
traits while taking into account the phylogenetic relationships of the study taxa and the number
of independent trait occurrences (Ricklefs and Starck 1996). I compared dental eruption
sequence with a series of life history and body size traits in primates, including The traits tested
for in primates include maximum lifespan, average body mass, average age at weaning, average
litter size, average age at sexual maturity, average body length, and average age at mandibular
M; eruption. Because strong sampling of the clade is required for power when testing the PICs,
there were not enough data available to test average brain mass, average estrous cycle, average
gestation length, or average interbirth interval in primates.

In artiodactyls, I compared dental eruption sequence with average body mass, average
litter size, average height, average length, and average maximum lifespan. In part, because many
of the dental eruption studies have been focused on primates (e.g. Smith 2000), a good record of
age at M1 eruption in artiodactyls has not been compiled. As such, there are not enough available
data to test this trait in artiodactyls. All independent contrasts were run through 100 iterations to
account for phylogenetic uncertainty.

4.5 Results of the phylogenetic independent contrasts

For this study, I collected data for eight life history and body size traits in primates, and
five life history and body size traits in artiodactyls. The descriptive statistics for each life history
and body size trait are presented by dental eruption sequence for primates (Tables 24-25) and
artiodactyls (Tables 26-27).

Of the 21 primate species that erupt one of the premolars after the third molar in this
study, I was able to collect life history and body size data for n=5 to n=12 species. I also
collected data from n=14 to n=48 primate species that erupt the third molar after one or more of
the premolars. Data on average age at M; eruption were available for the fewest primate species
relative to the other life history and body size traits sampled here. In contrast, average maximum
lifespan, average body mass, age at weaning, and litter size are the traits with the best coverage
across the phylogeny.

In artiodactyls, the sample size was fairly similar across the five life history and body size
variables sampled in this study (Tables 26-27). For species that erupt the fourth premolar after
the third molar, I collected life history and body size for n=40 to n=43 artiodactyl species. I also
collected life history and body size data for n=9 to n=16 artiodactyl species that have a dental
eruption sequence where the third molar erupts last.

4.5.1 Results for primates
Despite the majority of the traits exhibiting significantly conserved phylogenetic signal,
the only life history or body size variable that is significantly correlated with dental eruption

sequence in primates is average body mass (Table 28). The phylogenetic independent contrast
for average age at sexual maturity is nearing significance (p=0.08), but all of the other traits,
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including the life history variables, are far from significant. These data support that, independent
of phylogeny, body mass and dental eruption sequence are correlated.

452 Results for artiodactyls

The sample size for artiodactyl species that erupt the fourth premolar after the third
molar, for which I was also able to collect life history and body size trait information, ranges
from n=40 to n=43, out of the full sample of n=45 for which I have dental eruption sequence.
None of the phylogenetic independent contrasts between life history or body size variables and
dental eruption sequence in artiodactyls are significant (Table 29). These data indicate that dental
eruption sequence and the life history and body size variables sampled here, including maximum
lifespan, are not correlated. The low number of independent changes in dental eruption sequence
across the artiodactyl phylogeny likely contributes to the lack of significance for these
phylogenetically independent contrasts, as there are few instances where the traits can be
compared to dental eruption sequence.
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Table 28 Phylogenetic independent contrasts between dental eruption sequence and life
history/body size traits in primates*

Life history/body size trait PIC
Average maximum lifespan (yr) 0.561
Average body mass (F, kg) 0.019
Average age at weaning (mos) 0.327
Average gestation time (days) 0.673
Average litter size 0.547
Average age at sexual maturity (F, yr) 0.076
Average body length (cm) 0.753
Average age at M, eruption (yr) 0.259

* Yr is years, F is female, kg is kilogram, mos is months, cm is centimeters, M; is mandibular
first molar, PIC is phylogenetic independent contrast. The phylogenetic independent contrast is
the p-value for a comparison between the mean of each trait and dental eruption sequence
(Ricklefs and Stark 1996). PICs in bold are significant

Table 29 Phylogenetic independent contrasts between dental eruption sequence and life
history/body size traits in artiodactyls*

Life history/body size trait PIC
Average maximum lifespan (yr) 0.935
Average height (cm) 0.528
Average length (cm) 0.261
Average body mass (kg) 0.583
Average litter size 0.929

* Yr is years, cm is centimeters, kg is kilograms, PIC is phylogenetic independent contrast. The
phylogenetic independent contrast is the p-value for a comparison between the mean of each trait
and dental eruption sequence (Ricklefs and Stark 1996). PICs in bold are significant

82



4.6 Tests of phylogenetic signal

In order to test for phylogenetic signal in dental eruption sequence, I ran the D-statistic in
the R statistical program v3.1.2 (R Core Team 2016) using caper (Orme et al. 2015). The D-
statistic tests the hypothesis that a phenotype is more phylogenetically conserved across the tree
than expected under Brownian motion (Orme et al. 2015). The D-statistic is used expressly for
binary traits and was therefore only applied to dental eruption sequence in this study. A D-value
less than 1 indicates phylogenetic conservatism (Orme et al. 2015).

To test the non-binary life history and body size traits, I ran a Blomberg’s K analysis
using phylosignal in the picante package (Kembel et al. 2010). Blomberg’s K tests whether a
particular character is present in related taxa more frequently than expected by Brownian motion
(Blomberg et al. 2003). The K-value for a trait can be either greater than 1, equal to 1, or less
than 1. A K-value of K=1 generally indicates neutral evolution of the trait, while K > 1
generally suggests that the trait is highly phylogenetically conserved relative to Brownian
motion. In contrast, K <1 is generally interpreted as phylogenetically conserved, although less
so than expected under a neutral conservation model. However, rapid divergence or
heterogeneous rates of genetic drift can also result in a low K-value (Blomberg et al. 2003,
Revell et al. 2008).

For these phylogenetic analyses, I trimmed the trees down to only those species for which
dental eruption sequence was confidently assessed (i.e., not “likely” or simultaneous), and
invariable, and for which molecular data were available. In order to account for phylogenetic
uncertainty, I ran both the D-statistic and Blomberg’s K through 25 iterations, using 25 of the
likely phylogenies generated by the 10ktrees analyses. The average of the 25 iterations was taken
as the value of D and K for analysis of phylogenetic signal. All life history and body size traits,
with the exception of litter size, were log corrected for analysis.

4.7 Results of the tests of phylogenetic signal

In order to test for phylogenetic signal in dental eruption sequence, life history, and body
size traits, both the phylogenetic data and the variables of interest must be available for all taxa. I
generated a phylogeny of the primates and artiodactyls tested in this study, the methods for
which are detailed above. Dental eruption sequence, and several life history and body size traits,
were tested for phylogenetic signal, and the results are discussed below.

4.7.1 Results for primates

Dental eruption sequence is phylogenetically conserved and has phylogenetic signal in
primates (D=-0.123). This signal is not significantly different than what is expected under a
neutral model of conservation (p=0.379), a result that is driven by the species that deviate from
the dominant pattern in their clade (e.g., Propithecus diadema, Semnopithecus entellus). The
majority of primate life history and body size traits analyzed here also have significant
phylogenetic signals (p < 0.05), meaning that the distribution of each trait across the phylogeny
is more conserved (i.e., changes match changes in the phylogeny) than expected under a neutral
model of Brownian motion (Table 30). The traits that do not exhibit significant phylogenetic
signal are average body length and average age at weaning. Of the life history and body size
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traits, average age at M; eruption has the most conserved phylogenetic signal (K=2.29). Average
body mass also has a high K-value indicating a highly conserved phylogenetic signal.

4.7.2 Results for artiodactyls

Dental eruption sequence is very phylogenetically conserved (p=0.005) in artiodactyls
(Table 31). All of the life history and body size variables analyzed here also have a significant
phylogenetic signal (p=0.05). Average body mass, height, length, and maximum lifespan all have
K-values less than 1 indicating that these traits have a less conserved phylogenetic signal than
the other traits sampled (Revell et al. 2008). Overall, with the exception of dental eruption
sequence, average litter size is the only life history or body size trait with a K > 1, suggesting
strong phylogenetic signal for this trait in artiodactyls.

Table 30 Tests of phylogenetic signal in primates™®

Life history/body size trait Blomberg's K K p-value D statistic D p-value
PM erupts after M3 - - -0.123 0.379
Average age at M; eruption (yr) 2.286 0.001 - -
Average body mass (F, kg) 1.962 0.001 - -
Average age at sexual maturity (F, yr) 0.849 0.001 - -
Average gestation time (days) 0.677 0.001 - -
Average litter size 0.514 0.009 - -
Average body length (cm) 0.438 0.171 - -
Average maximum lifespan (yr) 0.357 0.003 - -
Average age at weaning (mos) 0.165 0.334 - -

* All bolded p-values are significant. PM is premolars, M3 is third molar, M; is mandibular first
molar, yr is years, F is female, kg is kilogram, cm is centimeters, mos is months. Raw data for
life history and body size traits are available in Appendix C

Table 31 Tests of phylogenetic signal in artiodactyls*

Life history/body size trait Blomberg's K K p-value D statistic D p-value
P4 erupts after M3 - - -1.217 0.005
Average litter size 1.263 0.001 - -
Average maximum lifespan (yr) 0.607 0.001 - -
Average body mass (kg) 0.523 0.001 - -
Average height (cm) 0.440 0.001 - -
Average length (cm) 0.490 0.001 - -

* All bolded p-values are significant. P4 is fourth premolar, M3 is third molar, yr is years, kg is
kilogram, cm is centimeters. Raw data for life history and body size traits are available in
Appendix D
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4.8 Summary of the phylogenetic tests

My results demonstrate that dental eruption sequence has a conserved phylogenetic signal
in primates and artiodactyls, and this signal is highly significant in artiodactyls (p=0.005). Most
of the life history and body size traits that I examined are also phylogenetically conserved. The
traits that do not exhibit phylogenetic signal are average body length in primates and average age
at weaning in primates. The life history trait with the highest K-value of all traits, indicating most
conserved phylogenetic signal, is average age at M; eruption, suggesting that this is the most
phylogenetically conserved of all of the life history and body size traits sampled here. Average
body mass in primates and average litter size in artiodactyls also have high K-values indicating
strong phylogenetic signals.

Of all of the life history and body size traits, only body mass in primates is significantly
correlated with dental eruption sequence (p=0.019). This correlation, tested with the
phylogenetic independent contrast, takes phylogenetic relationships into account and is still
significant. None of the life history or body size traits, including average body mass, are
significantly correlated with dental eruption sequence in artiodactyls.

85



CHAPTER 5:
Ancestral state reconstruction

5.1 Overview

In the previous chapter, my results show that dental eruption sequence has a conserved
phylogenetic signal in primates and artiodactyls and is not correlated with life history. In this
chapter, I present the results of maximum likelihood and parsimony ancestral state
reconstructions using the distribution of extant dental eruption sequences reported for primates
and artiodactyls in Chapter 3. In order to quantify the evolutionary context of dental eruption
sequence, the most likely dental eruption sequence is described at a series of major ancestral
nodes in both the primate and artiodactyl evolutionary histories. The ancestral states generated in
this chapter are directly compared with what we know from the fossil record in the next chapter
(Chapter 6), and the implications of these results are discussed in Chapter 7.

5.2 Ancestral state reconstruction

Also known as character mapping, ancestral state reconstruction (ASR) statistically
predicts the state of each node in the phylogeny based on the distribution of a character across
the tips (Felsenstein 1985, Coddington 1988, Donoghue 1989). For this reconstruction, I mapped
dental eruption sequence onto the primate and artiodactyl phylogenies by creating a character
state matrix. The phylogenies were constructed according to the methods detailed in Chapter 4. I
ran the ancestral state reconstruction in Mesquite with Mk1 likelihood and parsimony methods
(Maddison and Maddison 2015). In cases where I have phenotypic data for a species but
molecular data are not available, I used congeners in the phylogeny (marked by an asterisk), or
manually added the species into the phylogeny (see Chapter 4 for references for manually added
species).

5.2.1 Taxonomic debates

It is important to note that debate continues about phylogenetic relationships among
crown primates, as well as crown artiodactyls. In particular, the relationship of tarsiers relative to
simians and strepsirrhines, has been a source of controversy (Szalay and Delson 1979, Gingerich
1981, Simons and Rasmussen 1989, Kay et al. 1997). Most recently, molecular data has been
used to place tarsiers and anthropoids in a single clade, the haplorhines (Schmitz et al 2001,
Jameson et al. 2011). Following the molecular data, the divergence of strepsirrhines is placed
basal to tarsiers and simians in this study. The divergence of Strepsirrhini is dated to the late
Mesozoic (~ 77 MA, Steiper and Young 2006), followed by the divergence of anthropoids and
tarsiers approximately 65-70 MA (Pozzi et al. 2014). Within the anthropoids, the divergence of
catarrhines and platyrrhines is estimated at approximately 42-50 MA, and the divergence of apes
and Old World monkeys is estimated at approximately 30 MA (Steiper and Young 2006).

The relationships among crown artiodactyls are similarly controversial, and the exact
timing and sequence of divergence of Suina, Camelidae, Hippopotamidae, and Ruminantia are
still debated (Matthee et al. 2001, Murphy et al. 2001, Spaulding et al. 2009, Meredith et al.
2011, Zhou et al. 2011, Hassanin et al. 2012). I chose to use the phylogeny from 10ktrees, in
which the divergence of Suina is placed basal to Camelidae and Hippopotamidae. Artiodactyl
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species classified as “likely” erupting the fourth premolar after the third molar, or vice versa
(e.g., Axis axis, Moschiola meminna), were excluded from the ancestral state reconstruction. See
Chapter 3 for a complete list of dental eruption sequences.

53 Results of the maximum likelihood analysis in primates

Maximum likelihood analysis predicts the likelihood of a character state at each ancestral
node, generating the predictions by choosing a model that maximizes the probability that the
character evolved stochastically (Maddison and Maddison 2015). My ancestral state
reconstruction supports that one of the premolars, rather than the third molar, erupted last in the
ancestor of Primates with 97.8% likelihood (Figure 7). An even higher likelihood of 98.7%
supports that the ancestor of Haplorhini erupted the third molars before one or more premolars.
Following the divergence of the tarsiiformes, the ancestral state reconstruction supports that the
ancestor of simians erupted the third molar last with 87.5% likelihood. In contrast, the
reconstruction supports that the ancestor of living strepsirrhines erupted the third molar before
one or more premolars with 97.7% likelihood. The likelihoods of each dental eruption sequence
at the major nodes are presented in Table 32.

5.3.1 Strepsirrhines

There is still some debate about the phylogenetic relationships between extant
strepsirrhines (e.g., Roos et al. 2004). The distribution of dental eruption sequences across the
strepsirrhine phylogeny as presented here suggests that eruption of the third molar after the
premolars, as an eruption sequence, evolved twice in strepsirrhines: once in the ancestor of
indriids, and again in Lemur catta. The ancestor of Propithecus and Avahi (Indriidae) is
supported to erupt the third molar after the premolars with 90.1% likelihood. Lemur catta also
erupts the third molar after the premolars, but the ancestor of L. catta and Eulemur is supported
to have erupted the third molar before one or more of the premolars with 92.4% likelihood.
There is also greater than 90% support for the hypothesis that the third molar erupted before one
or more of the premolars at every other ancestral node represented within the strepsirrhine
sample.

5.3.2 Tarsiiformes

Two tarsier species are represented in this sample, and they both erupt the third molar
before one or more of the premolars. The ancestor of 7. spectrum and T. bancanus, as well as the
ancestor of tarsiers and anthropoids, is supported to erupt the third molar before the premolars
with greater than 98% support. While some researchers recognize three genera of tarsiiformes
(e.g., Groves and Shekelle 2010), we follow Nowak (1999) in classifying all tarsier species as
belonging to Tarsier for this study. Further sampling of dental eruption sequences in tarsiers will
reveal whether there is any interspecific variation in sequence in this group.

5.33 Platyrrhines

Of all the primates, platyrrhines exhibit the greatest level of variation in dental eruption
sequence, as measured by the proportion of genera that deviate from the majority sequence. Both
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Pithecia and Aotus have a dental eruption sequence like that of the strepsirrhines, where the third
molar erupts before one or more of the premolars. However, the ancestor of Pitheciinae, which
includes Pithecia, Cacajao, and Chiropotes, is supported to erupt the third molar after the
premolars with 94.6% likelihood. Likewise, the ancestor of Aofus and the callitrichids,
represented here by Callimico, is supported to erupt the third molar after the premolars with a
91.3% likelihood, despite the fact that neither Aotus or Callimico have that eruption sequence.
The evolution of callitrichids, in general, is an interesting story (e.g., Scott 2015), and the role
that dental eruption sequence plays is still unexplored. Additionally, Saimiri and Alouatta exhibit
considerable variation in dental eruption sequence, but the ancestors of these genera, along with
all other ancestral nodes in the phylogeny of platyrrhines, are supported to erupt the third molar
after the premolars with greater than 95% likelihood.

534 Colobines

Only three cercopithecid species, all of them colobines, have a dental eruption sequence
that deviates from the primary pattern of the clade. Semnopithecus entellus erupts the third molar
before one or more of the premolars, as does one species of Presbytis. Another species of
Presbytis exhibits variation in dental eruption sequence. The ancestral state reconstruction
supports that the third molar erupted after the premolars with greater than 97% likelihood at
every single node in the catarrhine phylogeny which strongly suggests that these derived
variations evolved relatively recently.

54 Results of the parsimony analysis in primates

Parsimony analysis reconstructs ancestral states using the minimum number of character
changes for a given tree and acts to categorize the ancestral nodes into discrete states instead of a
continuous likelihood (Maddison and Maddison 2015). Since there are three character states
represented, the parsimonious likelihood of a character state can be 0%, 33.3%, 50% or 100%
likely. The results of the ancestral state reconstruction using parsimony analysis are nearly
identical to those using maximum likelihood analysis, translating anything above 50% likelihood
as 100% parsimonious (Figure 8). The exception, and the only difference between the maximum
likelihood and the parsimony results, is in reconstruction of the likelihood of dental eruption
sequences at the node representing the ancestor of Aotus and the callitrichids, and at the node
representing the ancestor of Saimiri and the other cebids. At these nodes, the ancestral state
reconstruction under parsimony is unresolved, with equal likelihood that the third molar erupted
before or after the premolars. As the New World monkey fossil record becomes more well-
sampled, we will better understand the dental eruption sequence of ancestral species at these
nodes.
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Figure 7 Results of the maximum likelihood ancestral state reconstruction in primates. Black indicates
that the third molar erupts after the premolars. Blue indicates that the third molar erupts before one or
more of the premolars. Yellow indicates that there is intraspecific variation in the sequence of postcanine
eruption. An asterisk indicates taxa for which congener molecular data from another species in the genus
were used. A double asterisk indicates species with an alternate genus-level classification. A triple
asterisk denotes taxa that were manually added into the phylogeny. See Chapter 4 for methods on
building the phylogeny. See Table 32 for dates at numbered nodes
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Figure 8 Results of the parsimony ancestral state reconstruction in primates. Black indicates that the third
molar erupts after the premolars. Blue indicates that the third molar erupts before one or more of the
premolars. Yellow indicates that there is intraspecific variation in the sequence of postcanine eruption. An
asterisk indicates taxa for which congener molecular data from another species in the genus were used. A
double asterisk indicates species with an alternate genus-level classification. A triple asterisk denotes taxa
that were manually added into the phylogeny. See Chapter 4 for methods on building the phylogeny
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5.5 Results of the maximum likelihood analysis in artiodactyls

My ancestral state reconstruction supports that the third molar erupted last in the ancestor
of Artiodactyla with 98.8% likelihood (Figure 9), and an equally high likelihood of 98.5%
supports that the ancestor of artiodactyls (excepting Suina) erupted the third molar last. The
likelihood of the third molar erupting last is reduced to 95.5% for the ancestor of Ruminantia +
Hippotamidae. After the divergence of Hippotamidae, my ancestral state reconstruction finds
support for 95.1% likelihood that the fourth premolar erupted after the third molar in the ancestor
of Ruminantia. The likelihood of each dental eruption sequence at the major nodes is presented
in Table 33. It is important to note that, as my test of intraspecific variation was completed in a
ruminant taxon, it is possible that non-ruminant artiodactyls are more variable in their eruption
sequence. Greater sampling, particularly of Camelidae and Hippopotamidae, and their fossil
relatives, will further resolve the support for changes in dental eruption sequence at more basal
nodes of the phylogeny.

5.5.1 Basal artiodactyls

All of the basal artiodactyls in this study erupt the third molar after the premolars.
Support for this dental eruption sequence is greater than 99% likely at every node in the Suina
clade. Because I was only able to sample a single species of camelid and a single species of
hippo, and with relatively small sample sizes, I am unable to reconstruct the likelihood of the
ancestors of these groups to erupt the third molar last at any nodes other than those at their
divergence from more stem artiodactyls. Like their extant counterparts, there is greater than 95%
support for the likelihood that the ancestors at these basal nodes erupted the third molars last.

552 Ruminants

An overwhelming majority of ruminants erupt the fourth premolar after the third molar,
and there is no deviation from this sequence in any of the cervids sampled. Within the bovids,
some species, primarily clustered within subfamily Caprinae, deviate from the dominant dental
eruption sequence. Four non-caprines, Qurebia ourebi and three species of Oryx, exhibit
simultaneous eruption of the fourth premolar and third molar. The last common ancestor of Oryx
is supported to erupt the third molar and fourth premolar simultaneously with greater than 99%
likelihood. However, the ancestor of Oryx and sister taxon Hippotragus is supported to erupt the
fourth premolar after the third molar with greater than 99% likelihood. The same is true for the
ancestor of Madoqua and Ourebia, again suggesting that these changes occurred relatively
recently.

5.53 Caprines

Six caprine species have a dental eruption sequence where the third molar erupts after the
premolars, and one species (Oreamnos americanus) exhibits simultaneous eruption of the fourth
premolar and third molar. Because of uncertainly in the phylogenetic relationships of extant
caprines, resolution of character states at nodes within subfamily Caprinae is subject to
ambiguity. Greater sampling, as well as a more resolved phylogeny, could likely clarify the state
at these nodes.
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My ancestral state reconstruction supports that the ancestor of Caprinae is less than 1%
likely to have erupted the third molar last. The likelihood that the third molar erupted last at the
node between Pseudois and Capra is also less than 1% supported. It is not until the ancestor of
Hemitragus and Capra that I find support that the third molar erupted last (> 99% likelihood). A
similar pattern is found along the branch of the phylogeny leading to Ovis, Nilgiritragus
(Naemorhedus hylocrius), and Oreamnos. The ancestor of this clade is supported to erupt the
third molar before the fourth premolar with 78.3% likelihood. In contrast, the ancestor of Ovis
and Nilgiritragus is supported to erupt the third molar after the fourth premolar with greater than
99% likelihood. Based on the distribution of dental eruption sequences across the artiodactyl
phylogeny, and supported by my ancestral state reconstruction, eruption of the third molar last is
either a reversal to the ancestral state, or secondarily derived, in subfamily Caprinae.

5.6 Results of the parsimony analysis in artiodactyls

Like in primates, the results of the parsimony analysis in artiodactyls are almost identical
to the results of the maximum likelihood analysis. Because the parsimony analysis predicts the
states at ancestral nodes as discrete categories, almost all nodes support either that the fourth
premolar erupts after the third molar with 100% likelihood, or that the third molar erupts after
the fourth premolar with 100% likelihood. The only exception is the node that represents the
ancestor of Oreamnos, Ovis, and Nilgiritragus, which supports all three dental eruption
sequences with equal likelihood.
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Connochaetes taurinus
Damaliscus pygargus*
Alcelaphus buselaphus
Alcelaphus lichtensteini
Hippotragus equinus
Hippotragus niger
Oryx gazella
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O Oryx beisa

Figure 9 Results of the maximum likelihood ancestral state reconstruction in artiodactyls. Figure
modified from Monson and Hlusko (2016). Black indicates that the third molar erupts after the fourth
premolar. Blue indicates that the fourth premolar erupts after the third molar. Yellow indicates that
the third molar and fourth premolar erupt simultaneously. An asterisk indicates taxa for which
congener molecular data from another species in the genus were used. A double asterisk indicates
species with an alternate genus-level classification. A triple asterisk denotes taxa that were manually
added into the phylogeny. See Chapter 4 for methods on building the phylogeny. See Table 33 for
dates and likelihoods at numbered nodes
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Figure 10 Results of the parsimony likelihood ancestral state reconstruction in artiodactyls. Black
indicates that the third molar erupts after the fourth premolar. Blue indicates that the fourth premolar
erupts after the third molar. Yellow indicates that the third molar and fourth premolar erupt
simultaneously. An asterisk indicates taxa for which congener molecular data from another species in
the genus were used. A double asterisk indicates species with an alternate genus-level classification.
A triple asterisk denotes taxa that were manually added into the phylogeny. See Chapter 4 for
methods on building the phylogeny
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5.7 Summary of the ancestral state reconstruction

My ancestral state reconstruction supports that the ancestor of primates likely erupted one
or more of the premolars after the third molar. The eruption of the third molar after the premolars
is an apomorphy for anthropoids within primates. I find the opposite results in artiodactyls.
Ancestral state reconstruction supports that the ancestor of artiodactyls likely erupted the third
molar after the premolars, and that eruption of the third molar before the fourth premolar is an
apomorphy for Ruminantia within Artiodactyla. Based on the fossil record and molecular data
for these groups, the anthropoid eruption sequence likely evolved in the Paleogene,
approximately 45-65 MA (Beard 2002), and the ruminant eruption sequence probably evolved
approximately 40-55 MA (Gentry 2000, Métais and Vislobokova 2007, Hassanin et al. 2012).
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CHAPTER 6:
Incorporating the fossil record into our understanding of the evolution of dental eruption
sequence in mammals

6.1 Overview

The ancestral state reconstruction performed in the previous chapter (Chapter 5) produces
hypotheses about dental eruption sequences in extinct fossil taxa that may be ancestral to living
taxa. In this chapter, I provide evidence for dental eruption sequences in fossil primates and
artiodactyls, dated from the Paleocene to the present, and I discuss how this fossil evidence
compares to the predictions of the ancestral state reconstruction. Many primate and artiodactyl
fossil taxa from the Paleogene are rare and rarely preserve a full set of postcanine dentition.
However, it is possible that additional examples of fossil dental eruption sequence exist in the
literature beyond what is presented in this chapter. Additionally, ongoing and future
paleontological excavations are likely to contribute to the fossil evidence for the evolution of
dental eruption sequence in mammals.

6.2 Dental eruption sequence in fossil primates

In order to test some of the hypotheses generated by the ancestral state reconstruction
(Chapter 5), I collected data on fossil specimens from collections at the University of California
Museum of Paleontology in Berkeley, California, and the Ethiopian National Museum in Addis
Ababa, Ethiopia (Table 34). I also gathered examples of fossil dental eruption sequences from
the literature. These fossil dental eruption sequences can be directly compared to the hypothetical
ancestral states predicted by the reconstruction.

6.2.1 The earliest primates

Adapids and plesiadapids are some of the earliest true primates, with fossils found
throughout North America, Europe, and Asia during the Paleocene and Eocene (Gebo 2002).
Fossil evidence shows that this group, although now extinct, represents a major arm of primate
evolution and is extremely diverse and dispersed (Gebo 2002).

Bloch et al. (2002) present a complete dental eruption sequence for fossil plesiadapid
Acidomomys hebeticus. This extinct species from the Paleocene of North America erupts the
fourth premolar after the third molar in both the maxilla and mandible (Bloch et al. 2002). Bloch
et al. (2002) cite Gingerich (1974) in arguing that the eruption sequence of Acidomomys is
primitive, and that the derived sequence where the third molar erupts last is an adaptive response
to shortening of the jaws in anthropoids, 7Tarsier, and some lemuriformes. In Smith’s (2000)
compilation of several dental eruption sequences from the literature for her study, she also
reports that the dental eruption sequence of Adapis parisiensis is similar to Acidomomys in that
the premolars erupt after the third molar (Smith 2000).

6.2.2 Early anthropoids

There is less certainty in the dental eruption sequence of early anthropoids. Kay and
Simons (1983) examined 18 specimens of fossil Parapithecus, and 20 specimens of fossil
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Apidium, both genera of parapithecids from the Oligocene of Africa, finding that Parapithecus is
an interesting example of dental eruption sequence because the premolars and third molar appear
to erupt almost simultaneously. Some researchers have hypothesized that parapithecids should be
placed phylogenetically at the divergence between early anthropoids and tarsiers (e.g., Smith
1919, Kay and Simons 1983), while others include them in anthropoids (Beard 2002). At the
divergence between tarsiers and stem anthropoids, my ancestral state reconstruction supports that
at least one of the premolars erupted after the third molar with 64.2% likelihood. Following the
divergence of tarsiers, my ancestral state reconstruction supports that the ancestor of anthropoids
erupted the third molar last with 87.9% likelihood.

Based on the sequence of crown development, Conroy et al. (1975) hypothesize that
Apidium, a fossil primate from the Oligocene, likely erupted the third molar before the premolars
like other basal primates. YPM 23991, Apidium phiomense, shows the first and second molars in
place, with the third molar missing from the open alveolus socket, and the third and fourth
premolars still erupting (Conroy et al. 1975). However, more recent fossil discoveries have
refuted this sequence. For example, AMNH specimen 11370, a mandible of fossil Apidium
phiomense, is a juvenile with P4-M, erupted and M3 just beginning to erupt (Kay and Simons
1983), suggesting that the third molar may erupt after the premolar in this taxon.

Conroy et al. (1975) also suggest that YPM 23796, a fossil specimen of Parapithecus
grangeri, erupted the third molar before one or more of the premolars based on radiographic
scans of developing tooth crowns. However, subsequent fossil discoveries have shown that the
third molar is the last tooth of the postcanine to erupt in extinct P. grangeri (Kay and Simons
1983). These specimens, generally considered to sit phylogenetically at the basal branch of
Anthropoidea as sister taxa to all other anthropoids (Kay and Simons 1980, Fleagle and Kay
1987, Kay et al. 2004), or as early anthropoids (Beard 2002), are particularly interesting when
considering that the vast majority of extant anthropoid species erupt the third molar after the
premolars.

The dental eruption sequences of fossil Apidium and Parapithecus specimens suggest that
the switch to a derived dental eruption sequence where the third molar erupts after the premolars
occurred at or before the evolution of true anthropoids, likely sometime in the Paleocene or
Eocene. A better understanding of the dental eruption sequence of the fossil taxa that have been
more conclusively attributed to basal Anthropoidea, such as Aegyptopithecus and Catopithecus
(Kay et al. 2004), is likely to contribute to further resolving the timing of this switch.

6.2.3 Cercopithecoidea

The vast majority of cercopithecid specimens examined in this study share an anthropoid
dental eruption sequence where the third molar erupts after the premolars, and my ancestral state
reconstruction supports that the ancestor of cercopithecids erupted the third molar last with >
99% confidence. The dental eruption sequences of many fossil cercopithecids have been studied
and published, and, to my knowledge, all of them report an anthropoid dental eruption sequence.
Likewise, and in support of my ancestral state reconstruction, Victoriapithecus, a Miocene
monkey at the base of the cercopithecid radiation (Benefit and McCrossin 2002), erupts the third
molar after the premolars (Harvati and Frost 2007).

Within the cercopithecids, all of the extant papionin genera sampled in this study (n=16)
have a dental eruption sequence where the third molar erupts after the premolars. My ancestral
state reconstruction supports that the ancestor of papionins also erupted the M3 last with > 99%
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confidence. In order to test this hypothesis, I examined specimens at the University of California
Museum of Paleontology (UCMP) in Berkeley, California. Three Plio-Pleistocene papionin
fossils from South Africa are at the proper ontogenetic stage to view dental eruption sequence.
Descriptions of the fossils, and their dental eruption sequences, are presented below.

UCMP 56610 is the maxilla and face of a juvenile fossil papionin, classified as extinct
species Papio izodi. In this specimen, the majority of the adult postcanine dentition (left and
right P>-M?) is fully erupted (Figure 11). The left M is still in the process of erupting, and a
large portion of the tooth is still in the crypt of the maxilla. The right M® has fallen out of the
maxilla and is not present with the specimen. UCMP 56610 was recovered from the Buxton
Limeworks (V4738) during the southern branch of the UC Africa Expedition (1947-1948) led by
UCMP paleontologist Charles Camp (Monson et al. 2015).

Two other primate fossils from the southern branch of the UC Africa Expedition, stored
at the UCMP, show evidence of postcanine dental eruption sequence in fossil papionins. UCMP
56660 and UCMP 125858 were both excavated from Upper Australopithecus Cave (V67275), a
Plio-Pleistocene site in South Africa. UCMP 56660 is the mandible of Parapapio antiquus, with
right P3-M; fully erupted, and right M3 in the crypt (Figure 12). The bone of the mandible
surrounding the right M3 has been removed, likely either through the excavation process, or
during subsequent sampling. The left premolars are broken, but most of M; and M, are fully
intact. The left M3 is partially erupted and partially visible above the dorsal surface of the
mandible.

In UCMP 125858, cf. Papio izodi, the mandibular postcanine is well-preserved, and the
M; of UCMP 125858 is only partially erupted while the other molars and premolars are fully
erupted and in occlusion. The left M; of this specimen is missing, and the right M3 is broken on
the lingual surface (Figure 13). A view of UCMP 125858 from a lateral angle (Figure 13, B)
shows the broken ridge of the mandibular corpus. Although broken, it seems clear that the
mandibular corpus and ramus were still covering much of the M3 when this juvenile individual
died.

Consistent with the papionins that I examined at the UCMP, more recent fossil papionin
Macaca anderssoni (Zhoukoudian 51:8:HI, Jablonski 2002) also erupts the third molar last.
Photographs of Zhoukoudian 51:8:HI, the mandible of a female Macaca anderssoni from the
Pleistocene of China, show the M3 clearly in the process of eruption while the permanent
premolars are fully erupted in the jaw (Jablonski 2002).

The extant colobines examined in this study are much more variable in dental eruption
sequence than the papionins or the apes. In spite of this, my ancestral state reconstruction
supports that the ancestor of colobines erupted the third molar last with > 99% confidence, and a
survey of available fossil evidence supports this reconstruction. Several fossil colobines have
been reported to have the dominant anthropoid dental eruption sequence where the third molar
erupts after the premolars (Harvati and Frost 2007). For example, a sample of 10 Mesopithecus
fossils, an extinct colobine found in Europe and Asia, shows that the third molar erupts after the
premolars in this taxon (Harvati and Frost 2007). Likewise, Harvati and Frost (2007) report that,
like extant Colobus, two mandibular fossil Colobus specimens from Pleistocene deposits in east
Africa (Kalb et al. 1982a, Harrison and Harris 1996) erupt the third molar after the premolars.
Greater sampling of the fossil ancestors of Presbytis and Semnopithecus may provide insight
about the recent derivation of a secondary dental eruption sequence where the third molar erupts
before one or more of the premolars, or where a level of intraspecific variation in sequence is
present. As these taxa evolved relatively recently and live in tropical areas of Asia, there is a
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limited number of fossils in which dental eruption sequence can be observed, and no examples of
dental eruption sequence in either Presbytis or Semnopithecus were noted during the literature
review for this study.

6.2.4 Platyrrhines

One of the oldest known fossil platyrrhines, Homunculus patagonicus, conforms to the
general dental eruption sequence of extant platyrrhines where the third molar erupts after the
premolars (Perry et al. 2014). This dental eruption sequence is based on fossil cranial specimen
MPM-PV 3505, recovered from Miocene deposits in Patagonia, Argentina (Perry et al. 2014).
Although hundreds of platyrrhine fossils have been recovered, very little has been reported on
dental eruption sequences in fossil platyrrhines. Greater sampling and examination of fossil
platyrrhines, particularly in clades with a derived dental eruption sequence (e.g., Aotus and
Pithecia), as well as those with intraspecific variation in dental eruption sequence (e.g., Alouatta,
Callimico, and Saimiri), will clarify the evolutionary history of dental eruption sequence in these
clades. It is also unclear what role the reduction of the third molars in many platyrrhines (e.g.,
Ford 1980) might have played in the evolution of a derived dental eruption sequence. Further
study is needed to answer this question.

6.2.5 Hominoids

There has been considerable interest in understanding the dental eruption sequences of
fossil hominoids (e.g., Schultz 1950, Hill 1954, Senyiirek 1955, Garn et al. 1957, Koski and
Garn 1957, Dean 1985, Smith 1991, 1994, Smith et al. 1995). The relative order of emergence of
the premolars compared to the second molar, in particular, has been used to differentiate fossil
hominids from recent humans (e.g., Schultz 1950, Hill 1954, Senyiirek 1955). However, work by
Garn et al. (1957) describes a significant level of variation in the relative eruption sequence of
premolars and second molars in modern humans. They suggest that interpreting the sequence in
the fossil record may be more difficult than previously thought, primarily due to the close timing
of eruption of the premolars and the second molar, along with the likelihood of error in assessing
eruption sequence using only bony specimens (Garn et al. 1957). While some variation in dental
eruption sequence, particularly of the premolars and second molar, has been noted in other
studies in humans, the eruption of the third molar after the other postcanine teeth in humans and
other hominoids has not been questioned (e.g., Barrett 1957).

6.2.6 Lemuriformes

The dental eruption sequence of fossil lemuriformes has been relatively well documented
(e.g., Smith 2000, Schwartz et al. 2005) According to Schwartz et al. (2005), fossil lemuriformes
Hadropithecus and Archaeolemur majori erupt all of the premolars after the third molar, while
multiple taxa also erupt some, but not all, of their premolars after the third molar. In contrast
with 4. majori, Schwartz et al. (2005) report that A. edwardsi erupts two premolars before, and
one premolar after, the third molar. Fossil data also show that Megaladapis edwardsi erupts at
least two premolars after the third molar (Schwartz et al. 2005).

Notharctus tenebrosus, a lemuriforme from the Eocene, also erupts the premolars after the
third molar (Smith 2000). This fossil evidence suggests that the dental eruption sequence of

101



Propithecus diadema, Avahi sp., and Lemur catta, all of which erupt the third molar after the
premolars, is derived in these groups. Based on the molecular data, these species have a deep
evolutionary divergence dated to the Miocene (Poux and Douzery 2004, Perelman et al. 2011),
after which the changes in dental eruption sequence in these taxa likely occurred.

UCMP 56610
Papio izodi

Figure 11 Example of a catarrhine dental eruption sequence in a fossil maxilla, cercopithecid
specimen UCMP 56610 (palatal view). Note the unerupted left M>
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UCMP 56660
Parapapio antiquus

Figure 12 Example of a catarrhine dental eruption sequence in a fossil mandible, cercopithecid
specimen UCMP 56660 (occlusal view). Note the unerupted left M. The right M3 has been
exposed during preparation and sampling of the specimen
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UCMP 125858
Papio izodi

Figure 13 Example of a catarrhine dental eruption sequence in a fossil mandible, cercopithecid
specimen UCMP 125858. Note the unerupted right M3, A) Occlusal view, B) Lateral view of the
right postcanine dentition
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6.3 Dental eruption sequence in fossil artiodactyls

Artiodactyls have a robust fossil record with collections excavated and held around the
world (see Prothero and Foss 2007). Many of these fossil specimens retain the complete
postcanine dentition. I present here the dental eruption sequences of a sample of fossil
artiodactyls, with data taken both from the literature and from visual examination of specimens
at the Ethiopian National Museum in Addis Ababa, Ethiopia (Table 34). The specimens
described below in no way comprise the majority of fossil artiodactyl specimens with preserved
dental eruption sequence, as artiodactyls are extremely well sampled in the fossil record
(Prothero and Foss 2007). My goal here was to sample broadly across the families of
artiodactyls, including families that persist as extant taxa as well as extinct taxa.

6.3.1 Suina

The ancestral state reconstruction in this study supports that the ancestor of extant Suina
erupted the third molar after the fourth premolar with > 99% likelihood, a hypothesis that is well
supported by fossil evidence. One example is fossil suid specimen KNM-SH 38051
(Nyanzachoerus), a right mandible with P4-M3, which clearly shows the fourth premolar erupted
and in occlusion while the third molar is in the process of erupting (Tsujikawa 2005). This
Miocene fossil from the Namurungule Formation in Kenya provides evidence that suiformes
have been erupting the third molar after the premolars for at least ten million years, and likely
since their purported divergence with the ancestral artiodactyl group in the Eocene (Kumar and
Hedges 1998).

Three suid fossils from the Ethiopian National Museum also support the results of the
ancestral state reconstruction (Table 34). MAK VP 1/88 is a fossil suid mandible with the M3
erupting while P3 and Py are fully occluded. Another fossil suid, KOB VP 2/75, is a right
mandible with P4-M; in occlusion and M3 just beginning to erupt. Finally, the maxilla of a fossil
Kolpochoerus, MAT 4/254, with M3 erupting and P3-M; in occlusion, is consistent with the other
fossil specimens. Further examination of fossil suiformes, particularly fossil tayassuids, will
likely provide additional support for the persistence of this trait throughout the evolutionary
history of the suiformes.

6.3.2 Giraffidae

While I was unable to definitively assess dental eruption sequence for extant Giraffidae
in this study, personal examination of a fossil giraffe from the Pleistocene of Ethiopia (BOU-VP-
1/30, Table 34) gives at least one example of dental eruption sequence in this group. BOU-VP-
1/30 is a right maxilla with P>-P* in the crypts and visible through wear in the body of the
mandible, dP*-dP* in place, and M'-M? fully erupted. This fossil provides some limited evidence
that Giraffidae, like other ruminants, likely erupts the fourth premolar after the third molar. This
fossil evidence also supports my ancestral state reconstruction, which supports that the fourth
premolar erupted after the third molar with greater than 99% likelihood at almost all nodes in the
artiodactyl phylogeny within Ruminantia, including the node at the divergence of Giraffidae.
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6.3.3 Hippopotamidae

There has been some suggestion that hippos have a more variable dental eruption
sequence than was seen in this study (comment from anonymous reviewer for Evolution). I was
able to examine 47 Hippopotamus and 15 Hexaprotodon specimens at the Museum of Vertebrate
Zoology in Berkeley, California, and at the National Museum of Natural History in Washington,
D.C. From these 62 specimens, only two were at the ontogenetic stage necessary to determine
eruption sequence. In these two specimens (MVZ 124269 and MVZ 117895), the premolars and
first two molars are fully erupted, while the third molar is only partially erupted. These two
specimens support a dental eruption sequence for Hippopotamidae where the M3 erupts after the
premolars, but it is possible that greater sampling of extant hippopotamids will reveal greater
intraspecific variation in dental eruption sequence than was seen in this study.

I also examined several fossil hippos at the Ethiopian National Museum in Addis Ababa
(Table 34), and several of these fossils suggest a level of variation in dental eruption sequence of
the P4 relative to the M3 that I did not observe in my examination of extant samples. L 279-2 is a
fossil maxilla with M'-M? fully erupted and dP” sitting over the mostly, but not completely,
erupted P*. Additionally, AL 906-1 is a maxilla exhibiting simultaneous eruption of the M> and
P* on the left side of the maxilla, but not on the right. In this specimen, the P* is erupting on the
left side, as is the M?, but the dP* is still present and in occlusion on the right side of the maxilla.

Overall, because my test of intraspecific variation was conducted extensively in
ruminants and not in more basal artiodactyls, it is possible that there is greater variation in these
groups. Additionally, a generally low sample size for species in Hippopotamidae, Giraffidae, and
Camelidae may contribute to the lack of variation seen in this study. More extensive examination
of these groups may be necessary to definitively conclude that there is no variation in dental
eruption sequence in these taxa.

6.3.4 Diplobune T

Dental eruption sequence has been described in several extinct artiodactyl genera. Based
on fossil evidence, Diplobune, a European artiodactyl that lived approximately 35 MA, erupted
the fourth premolars after the third molar (Sudre 1974, Blondel 2001, Erfurt and Métais 2007).
The date attributed to this fossil taxon, and thereby this dental eruption sequence, directly
accords with my ancestral state reconstruction detailing the evolution of this phenotype
approximately 40-55 MA, suggesting that either this trait is homoplastic or that Diplobune may
have been a ruminant. Whether or not Diplobune should be considered a member of Ruminantia
is not yet resolved (e.g., Blondel 2001, Orliac et al. 2016). Several morphological characters of
Diplobune have generated discussion about their oddity within artiodactyls (e.g., Theodor et al.
2007) including the presence of a third toe, which has been hypothesized to be evidence of a
partially, or completely, arboreal locomotor habitus (Sudre 1983, Hooker 2007, Hiard et al.
2014).

6.3.5 Caprinae
Fossil evidence from subfamily Caprinae aligns with the results of my examination of

extant taxa. However, my ancestral state reconstruction supports that the fourth premolar erupts
after the third molar with > 99% likelihood at the base of the tribe. At the divergence of
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Pseudois, the ancestral state reconstruction supports that the fourth premolar erupts after the third
molar with 98.7% likelihood, but this shifts to support that the third molar erupts after the fourth
premolar with 98% likelihood. It is not until the divergence of Capra and Hemitragus
approximately 8 MA (Fernandez and Vrba 2005) that the ancestral state reconstruction supports
that the third molar erupts after the fourth premolar as is seen in extant Capra and Hemitragus.

Myotragus, a small fossil goat endemic to the Balearic Islands of Spain, erupts the third
molars after the fourth premolar like other extant caprines (Jordana et al. 2013). This extinct
animal lived exclusively on the Balearic Islands from approximately 5 MA until about 10,000
years ago (Jordana and Kohler 2011). Jordana and Kohler (2011) used radiographic analysis of
five fossil mandibles of Myotragus balearicus to assess dental eruption sequence in this taxon.
They found that, like other caprines, M. balearicus erupts the third molar after the fourth
premolar (Jordana and Koéhler 2011). Combining this analysis of dental eruption sequence with a
histological assessment of enamel microstructure, Jordana and Kohler (2011) compared tooth
growth rates and crown formation time in fossil M. balearicus with extant caprines Ovis and
Rupicapra. Jordana and Kohler (2011) estimate that the development and eruption of the
postcanine dentition of Myotragus takes longer and is significantly later than in extant taxa.
Earlier work by K&hler and Moya-Sola (2009) examined rates of bone growth in Myotragus
using histological analysis of fossil postcranial elements, finding that Myotragus grew more like
crocodiles then extant mammals with what they characterize as a “slow and flexible rate”
(Kohler and Moya-Sola 2009:20354). Together, these estimations provide solid evidence for the
slow growth and life history of Myotragus (Kéhler and Moya-Sola 2009, Jordana and Kohler
2011).

Along with a slow growth rate, Myotragus is a dwarfed caprine, undergoing significant
reduction in body size in the late Miocene after arrival on the Balearic Islands (Bate 1909, Bover
and Alcover 1999, Koéhler and Moya-Sola 2009, Jordana and Kdhler 2011). Some researchers
have hypothesized that the slow life history of Myotragus is directly related to the processes
driving dwarfism in this extinct genus (Kohler and Moya-Sola 2009, Jordana and Kohler 2011).
Another hypothesis that has been advanced is that limited resources on the Balearic Islands
directly impacted body size, and subsequently, the development and eruption of the permanent
dentition (Jordana and Kohler 2011). Interestingly, Myotragus also evolved a very unique dental
apomorphy of continuously growing incisors, a trait that is extremely rare outside of the rodents
and lagomorphs (Bover and Alcover 1999, Hillson 2005, K6hler and Moya-Sola 2009, Tummers
and Thesleff 2009, Jordana and Kohler 2011).

6.4 Summary of fossil primate and artiodactyl dental eruption sequences

The primate and artiodactyl fossil records support the results of my ancestral state
reconstructions generated from a summary of dental eruption sequences in extant specimens.
Fossil evidence supports that early primates had a dental eruption sequence where the third molar
erupted before one or more of the premolars. Lemuriformes have also likely been erupting the
third molar before one or more of the premolars since their divergence with other primates,
although several taxa have secondarily evolved the ancestral dental eruption sequence. The fossil
record of the anthropoids supports that the clade has been erupting the third molar after the
premolars for the entirety of its evolutionary history as is predicted by the ancestral state
reconstuction presented in Chapter 5.
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The fossil record of the artiodactyls also supports the results of my ancestral state
reconstruction based on extant taxa, although a lack of sampling in the Eocene and Oligocene
has obscured the dental eruption sequences of fossil artiodactyls from these epochs. Fossil
suiformes and caprines, like their extant counterparts, erupt the third molar after the fourth
premolar. Based on a few specimens from the Ethiopian National Museum, fossil Giraffidae
seem to have a ruminant dental eruption sequence, and fossil Hippopotamidae may exhibit some
level of intraspecific variation in dental eruption sequence. Other extinct taxa (e.g., Diplobune),
also exhibit a ruminant dental eruption sequence. As with other aspects of this study, even
greater sampling of fossil and extant taxa may further clarify the evolution of dental eruption
sequence in primates and artiodactyls.
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CHAPTER 7:
Discussion

7.1 Overview

In the previous chapters of this dissertation, I have presented an enormous amount of data
describing the distribution of dental eruption sequences across extant primates and artiodactyls
(Chapter 3). I have also tested the relationship between dental eruption sequence and life history
(Hypothesis 1), as well as the phylogenetic signal of dental eruption sequence and all of the life
history and body size traits sampled for this study (Hypothesis 2, Chapter 4). Ancestral state
reconstruction of dental eruption sequence in primates and artiodactyls generates specific
hypotheses about evolutionary changes in dental eruption sequence (Chapter 5), several of which
I was able to test with fossil data in the previous chapter (Chapter 6). The implications of my
results are discussed in this chapter. Since the data indicate that dental eruption sequence is not
correlated with life history, I present several hypotheses about the drivers of dental eruption
sequence in mammals. This chapter is followed by a summary of my results, conclusions, and
future directions (Chapter 8).

7.2 Hypotheses about the drivers of dental eruption sequence in mammals

The data presented in this study provide a fairly clear evolutionary statement about dental
eruption sequence in primates and artiodactyls, and likely other mammals. Dental eruption
sequence in primates and artiodactyls is phylogenetically conserved, evidenced both by the
distribution of sequences across the phylogenies of extant taxa, as well as through the statistical
testing of phylogenetic signal using the D-statistic. Based on my ancestral state reconstruction,
the two clades have different ancestral dental eruption sequences. Ancestral state reconstruction
supports that the premolars erupt after the third molar in the ancestor of primates, and that the
third molar erupts after the premolars in the ancestor of artiodactyls. Both clades exhibit a shift
in dental eruption sequence early in their evolutionary history. In primates, ancestral state
reconstruction supports that dental eruption sequence changed from one where the third molar
erupts before the premolars, to one where the third molar erupts after the premolars, in the
ancestor of anthropoids, sometime after the divergence of the tarsiers in the Paleocene (Beard
2002). In artiodactyls, ancestral state reconstruction supports that the dental eruption sequence
changed from one where the third molar erupts after the premolars to one where the third molar
erupts before the premolars sometime around the divergence of Ruminantia from more basal
taxa, approximately 40-55 MA (Fernandez and Vrba 2005).

For both primates and artiodactyls, within the clade with a derived dental eruption
sequence there are several taxa that are exceptional in having a dental eruption sequence that is
consistent with the ancestral condition, likely secondarily derived. Based on the morphology of
these clades, and the results of the phylogenetic independent contrasts tested in this study, I have
several hypotheses about the likely drivers of dental eruption sequence in these clades. In this
chapter, I address each of these hypotheses as they apply to each clade individually, and to both
clades more generally.
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7.2.1 Body size

Dental eruption sequence is conserved in primates (D =-0.123), but not as conserved as in
artiodactyls, a difference which may partially explain why there are more primate than
artiodactyl taxa with a dental eruption sequence in exception to the dominant sequence of their
clade (e.g. Semnopithecus, Aotus, etc.). Many of the life history and body size traits tested in
primates are also phylogenetically conserved (Table 30). Age at eruption of M, has the highest
K-value and is significantly phylogenetically conserved, a result that supports what has been
previously published on the relationship between age at eruption of M; and other
phylogenetically conserved traits like body size (e.g., Smith 1989, 1991, Smith et al. 1994,
Kelley and Smith 2003). However, when taking phylogeny and phylogenetic signal into account,
the only variable that is significantly correlated with dental eruption sequence in primates is
average adult body mass.

The relationship between adult body size and dental eruption sequence in primates is
significant, and it is most notable when comparing body size in anthropoids with more basal
primates, the strepsirrhines and tarsiers. The vast majority of strepsirrhines and tarsiers, all small-
bodied primates (e.g., Nowak 1999), have a dental eruption sequence where the third molar
erupts before one or more of the premolars. In contrast, most anthropoids, larger primates on
average (e.g., Nowak 1999), have a dental eruption sequence where the third molar erupts after
the premolars. These two groups, strepsirrhines + tarsiers, and anthropoids, are significantly
different in adult body mass (p < 0.005), and this is likely driving the results of the
phylogenetically independent contrasts. In line with strepsirrhines and tarsiers, Aofus, a small-
bodied platyrrhine, has the ancestral primate dental eruption sequence where the third molar
erupts before the premolars. Additionally, although not included in the phylogenetic analyses,
multiple taxa with variable dental eruption sequence are also small-bodied platyrrhines
(Callimico and Saimiri).

Presbytis and Semnopithecus are not particularly small primates, even when compared to
other anthropoids (Nowak 1999, Appendix C). However, there is some evidence to suggest that
rapid changes in body size during the evolutionary history of these genera may have impacted
craniofacial morphology (e.g. Willis and Swindler 2004, Grieco et al. 2013). This is discussed in
greater detail in the chapter on dental eruption sequence in extant taxa, in the section on
Presbytis (Chapter 3.3.4.D). The effects of rapid reductions in body size, even when the species
are not small-bodied relative to other primates, may have an effect on dental eruption sequence.
More extensive testing of dental eruption sequence in primates, as well as other mammalian taxa,
may help illuminate the factors driving the evolution of a derived dental eruption sequence in
these colobines.

In contrast to my results in primates, body mass is not correlated with dental eruption
sequence in artiodactyls (Table 29) and cannot explain derived dental eruption sequence in this
group. When considering some of the artiodactyls with a derived dental eruption sequence, like
goats (genus Capra) for example, many are relatively large compared to many other bovids
(Grzimek 1990). However, there is some evidence that dwarfing in caprines may further affect
dental eruption sequence. Myotragus, a dwarfed Plio-Pleistocene fossil goat, exhibits a derived
dental eruption sequence like other caprines (Jordana et al. 2013). As discussed in the previous
chapter (6.3.5), researchers have proposed that the eruption of the third molar is even more
delayed in Myotragus than in extant goats, and that this developmental delay may be related to
the slower life history of the genus (Schultz’s Rule), likely resulting from dwarfism and/or
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resource availability on the Balearic Islands (e.g., Jordana et al. 2013). Given this fossil
evidence, along with what we know about the caprines, it is possible that resource availability
plays an important role in the evolution of dental eruption sequence in artiodactyls. Additionally,
this provides further support for the link between changes in body size and changes in dental
eruption sequence.

7.2.2 Resource availability and high-elevation habitats

The early Miocene was characterized by relatively stable and warm temperatures, a
period referred to as the Miocene Climatic Optimum (Béhme 2003). During this Optimum (17-
15 MA), many clades of animals, including artiodactyls, radiated rapidly, exploiting new habitats
created by vegetation shifts and changing climate (Janis 1989, Zachos et al. 2001, Zhou et al.
2012). Increasing aridity in response to changes in pressure systems also expanded open
grasslands, savannah, and steppe plains at both high and low elevations (Janis 1989). After the
Miocene, temperatures cooled in the early Pliocene, resulting in the further spread of grasslands
(Stromberg 2011). The uplifting of mountain ranges like the Himalayas, the East African Rift
System, and the Rockies also occurred during this time, creating new mountain habitats yet to be
occupied by radiating artiodactyls (Wolfe 1985, Janis 1989). As competition among artiodacytls
increased, the caprine ancestor moved into a high-elevation niche, likely expanding into this
novel habitat in response to changing ecosystems.

Caprines continue to be characterized by their ability to occupy high-elevation habitats, a
characteristic that is rare among artiodactyls, and they can be found on mountain tops around the
world (Vrba and Schaller 2000b). Vegetation density, composition, and quality changes with
altitude (Vazquez and Givnish 1998, Shaheen and Shinwar 2012). The vegetation at high
elevations is less diverse than at lower ones (e.g., Tranquillini 1964), and many plants die back
completely under snow (e.g., Khan et al. 2013). It is possible that resource availability in high-
elevation habitats may be associated with the evolution of the unique dental eruption sequence in
caprines. Ancestral changes in habitat usage may have led to changes in diet that in turn altered
the chewing stroke and bite force in goats and their relatives. Eruption of the third molars later in
life guarantees that grinding teeth will be available longer in the lifespan of the animal, a trait
that can potentially improve overall fitness.

In addition to the caprines sampled here, there are a few other ruminants that live in high-
elevation habitats, particularly in the Tibetan plateau (e.g., cervid Cervus albirostris [formerly
Przewalskium], bovid Bos mutus, and caprine Pantholops hodgsonii; Leslie 2010, Ge et al.
2013). Unfortunately, I was not able to sample these taxa for this dissertation, as their rarity in
population size is reflected in their poor representation in many museum collections. Further
work examining these high-elevation species, as well as directly comparing the quality and
diversity of diets in Caprinae and other ruminants, will allow for more thorough testing of this
hypothesis.

7.2.3 Biomechanics of chewing
Evolution of the derived dental eruption sequence of Ruminantia may be related to the
synapomorphic chewing complex shared by this clade. Diet, jaw morphology and/or the

biomechanics of chewing may play roles in the evolution of delayed premolar eruption in the
ancestor of Ruminantia. As a clade, Ruminantia are characterized by forward placement of the
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masseter muscle, one of the most important chewing muscles in mammals, and an unfused
mandible (e.g. Janis 1995, Hogue and Ravosa 2001). Within artiodactyls, ruminants have
evolved enlarged musculature of the masseter and a transverse chewing motion that increases
occlusal contact of the teeth and allows for greater control and directionality during the chewing
cycle (Fraser and Rybcynski 2014). The masseter muscle, largely thought to be adaptive in
herbivores for the processing of grasses and plant materials, is directly involved in chewing and
has been associated with robusticity of the mandible and maxilla (see Fraser and Rybczynski
2014). Researchers have also suggested that an enlarged masseter increases force output and is
biomechanically advantageous in the processing of fibrous plant materials (Fraser and
Rybczynski 2014).

In a study of 13 extant and fossil ungulate taxa, Radinsky (1985) looked at
craniomandibular variation, focusing on the morphologies involved in the biomechanics of
chewing. Radinsky (1985) argues that reduction of the temporal fossa and the coronoid process,
along with expansion of the angular process, are related to increased masseter size, along with
increased musculature related to chewing, relative to more ancestral mammals. Radinsky (1985)
also makes some comment about the increase in chewing musculature in ungulates,
hypothesizing it may be related to adaptive changes in the biomechanics of chewing, and
particularly, the control and directionality of intense vegetation processing in the ruminants.

Additionally, interproximal tooth wear at the junction between the fourth premolar and
the first molar is common in Ruminantia (personal observation) and frequently results in a
concave wear pattern. This wear suggests that the fourth premolar is the site of intense chewing
force and strain during feeding. Eruption of the fourth premolars after the molars may have
evolved as a buffer to this chewing strain, facilitating the availability of a strong chewing surface
for a longer period of time before wear causes serious health problems and even death.

7.2.4 Fusion of the mandibular symphysis

Perhaps also related to the biomechanics of chewing, there seems to be a correlation
between fusion of the mandibular symphysis and dental eruption sequence. Symphyseal fusion is
thought to have evolved convergently multiple times in primates as an adaptation to increasing
jaw muscle force and control (e.g., Tattersall 1973, 1974, Hylander et al. 1998, Ravosa 1999,
Lieberman and Crompton 2000). An unfused mandibular symphysis, like that seen in extant
strepsirrhines and tarsiers, is widely supported as the ancestral state in primates (e.g., Ravosa
1999). Eosimias centennicus, like Catopithecus and other basal anthropoids, has an unfused
mandibular symphysis (Beard et al. 1996). This state is shared with many omomyids and
adapiformes, although, some adapiformes, like Apidium, also evolved a fused symphysis, likely
in convergence with true anthropoids. A fused mandibular symphysis, and eruption of the third
molar after the premolars, are both traits seen as early as the Oligocene in genera such as
Apidium and Parapithecus. Apidium phiomense, like extant anthropoids, has a fused mandibular
symphysis (Kay and Simons 1983), as does Silvaladapis, a fossil adapid from the Miocene
(Gingerich and Sahni 1984). Overall, the fossil record suggests that symphyseal fusion evolved
early in the anthropoid lineage (Simons 1989, 1992, Rasmussen and Simons 1992, Ravosa
1999).

Strepsirrhines have unfused mandibles, like ruminants, while anthropoids have fused
mandibles like more basal artiodactyls (Hylander et al. 1998, 2000, 2004, Lieberman and
Crompton 2000, Williams et al. 2010). There appears to be a correlation between symphyseal
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fusion and dental eruption sequence, at least in this study. Taxa with fused symphyses
overwhelmingly erupt the third molars after the premolars, while taxa with unfused symphyses
erupt the premolars after the third molar. Deviations from this correlation may be representative
of strong evolutionary and ecological pressures resulting from changes in diet and/or body size.
When looking through the fossil record, some researchers have suggested that a higher
degree of mandibular fusion is prevalent in overall larger primate taxa (Ravosa 1996). Beecher
(1983) noted that the evolution of a fused mandibular symphysis in Eocene fossil primate
Notharctus seems to occur in step with increasing body size, while Smilodectes maintains small
body size and an unfused mandibular symphysis. Based on the results of my study, there appears
to be some relationship between body size, mandibular fusion, and dental eruption sequence in
primates, and perhaps artiodactyls. However, while there are some incidences of secondary
derivation, or perhaps reversal, of dental eruption sequence in extant primates, there are no
known cases of change from a fused mandible to an unfused mandible in these primate taxa.

7.3 Zone of variability

The zone of variability, or the developmental variability model, was originally proposed
by Bever et al. (2011) to explain changes in digit loss and digit identity in theropod dinosaurs
and the evolution of the avian hand. This model is intended as a conceptual framework for
interpreting the relationship between developmental processes and evolutionary changes on a
broad scale (Bever et al. 2011). More specifically, the zone of variability is an area of a
phylogeny where phenotypes are more variable, and it directly precedes a change in phenotype
(Bever et al. 2011). According to Bever et al. (2011),

“A Darwinian model of evolution predicts that transformations are
punctuated by an increase in the probability that development will
produce either the ancestral or derived condition. The area in time
and tree space characterized by this increased probability is here
termed a “zone of variability” (Bever et al. 2011:276).

While this model was developed to understand changes in digit morphology and digit
number, the concept seems well-applied to switches from an ancestral to a derived phenotype as
is seen in several cases in my data. Many taxa with a variable dental eruption sequence in this
study are taxa that are phylogenetically close to other taxa with a derived dental eruption
sequence. For example, Oreamnos exhibits simultaneous eruption of the fourth premolar and the
third molar and is sister taxa to Ovis, with a derived dental eruption sequence, within the
caprines. Assessment of a dental eruption sequence as simultaneous, however, could be a product
of low sample size in this taxon, and dental eruption sequence in artiodactyls has a strongly
significant phylogenetic signal, so there is limited evidence for a zone of variability in
artiodactyls. In primates, there is more clustering of variable and derived dental eruption
sequences within larger clades. In platyrrhines, Callimico exhibits intraspecific variation dental
eruption sequence and is sister to Aotus, a taxon with a derived dental eruption sequence.
Squirrel monkeys, Saimiri sciureus, also exhibit intraspecific variation in dental eruption
sequence and are in family Cebidae, phylogenetically sister to Callimico and Aotus.

In colobines, one species of Presbytis exhibits intraspecific variation in dental eruption
sequence while another has a derived sequence. Semnopithecus, with a derived dental eruption
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sequence, is also phylogenetically close to Presbytis (e.g., Oppenheimer 1977, Pozzi et al. 2014).
The rearrangement of species within Presbytis (e.g., Sterner et al. 2006) casts some doubt on the
conclusiveness of intraspecific variation in this genus, but greater sampling will likely clarify
patterns of dental eruption sequence in this clade. Overall, there is some evidence to suggest that
the concept of a zone of variability may apply, in a limited fashion, to the distribution of dental
eruption sequences across the primate and artiodactyl phylogenies. This suggests the possibility
that variation in dental eruption sequence can precede expression of the derived sequence.
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Chapter 8:
Conclusion

8.1 Overview

In the chapters preceding this one, I have presented the methods for study of dental
eruption sequence and the results of my investigation. I tested both hypotheses and found that
dental eruption sequence has a conserved phylogenetic signal in mammals (Hypothesis 2) but is
not correlated with life history (Hypothesis 1, null). I have also presented ancestral state
reconstructions of dental eruption sequence for primates and artiodactyls (Chapter 5), and
incorporated data from the fossil record (Chapter 6). Some hypotheses about the drivers of the
evolution of dental eruption sequence in mammals, including possible associations with body
size, mandibular fusion, and resource availability, were presented in the discussion (Chapter 6).
This chapter summarizes the results of this dissertation and offers some conclusions about the
applicability of Schultz’s Rule to mammalian evolution. In this chapter, I also present some
future directions for dental eruption sequence research, including ideas about increasing extant
and fossil sample size, investigating dental eruption sequence in the anterior dentition, and
sampling in other taxa. Finally, I conclude with a statement on the overall importance of this
research.

8.2 Summary of results

The results of this study clearly show that dental eruption sequence is phylogenetically
conserved in primates and artiodactyls, and, contrary to the hypothesis postulated by Schultz’s
Rule, is not correlated with life history in either of these taxa. However, average adult body mass
is significantly correlated with dental eruption sequence in primates. This correlation is driven by
the strepsirrhines and tarsiiformes, as well as a few platyrrhine taxa. Several primate species also
exhibit intraspecific variation in dental eruption sequence, including three platyrrhines and two
colobine species.

In contrast, there is no correlation between body mass, or life history, and dental eruption
sequence in artiodactyls, despite a highly significant phylogenetic signal for eruption sequence in
this group. The caprines are unique among Ruminantia in erupting the third molar after the
premolars, and their fossil record and extant distribution suggest that limited resource availability
may be playing a role in the evolution of the derived dental eruption sequence in this group.

Overall, my results suggest that the morphology of the mandible and its affect on the
biomechanics of chewing is likely a significant factor driving changes in dental eruption
sequence in mammals. Mandibular symphyseal fusion is a diagnostic feature of almost all of the
taxa in this study that erupt the third molars after the premolars. And changes in mandibular
symphyseal fusion directly coincide with evolutionary changes in dental eruption sequence in
both primates and artiodactyls. Work in primates has shown a positive relationship between body
size and mandibular symphyseal fusion, further bolstering the link between dental eruption
sequence and these two phenotypes.

The distribution of variation in dental eruption sequence across the primate and
artiodactyl phylogenies also lends some support to the hypothesis of a zone of variability (Bever
et al. 2011), where there is a tendency for taxa exhibiting intraspecific variation in dental
eruption sequence to be sister to, and often basal to, taxa with a derived dental eruption
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sequence. Given this association, it is possible that intraspecific variation in dental eruption
sequence is a precursor step to the evolution of a derived dental eruption sequence. Additionaly
sampling of dental eruption sequence in mammalian taxa may provide further support for this
hypothesis.

8.3 Re-evaluating Schultz’s Rule

Schultz’s Rule specifically states that dental eruption sequence is correlated with rates of
post-natal growth and longevity. The traits most frequently used to test Schultz’s Rule are age at
eruption of M, age at weaning, and maximum lifespan (e.g., Smith 2000, Guthrie and Frost
2011, Hellmund 2013, 2016, Jordana et al. 2013). While these three traits are phylogenetically
conserved, they are not significantly associated with dental eruption sequence in primates. A
superficial correlation appears when comparing the dental eruption sequences of select taxa with
lifespan, age at eruption of M, and age at weaning (e.g., Smith 2000, Hellmund 2013, 2016,
Jordana 2013). However, when phylogeny is taken into account, a necessary correction since
these traits are phylogenetically conserved, there is no correlation between dental eruption
sequence and any of these traits. Any qualitative correlation observed is likely an indirect
product of overlapping phylogenetic signal. In support of the original hypotheses underlying
Schultz’s Rule, there is a relationship between dental eruption sequence and life history.
However, this relationship is entirely indirect and therefore should not be used to interpret the
life histories of fossil taxa.

Based on the results of this study, dental eruption sequence in fossil primates can be used
as evidence of phylogenetic affiliation, and to some degree, adult body size. However, dental
eruption sequence of fossil primates should not be used as direct evidence of life history as has
been the case in past studies (e.g., Schwartz et al. 2005, Robson and Wood 2008, Franzen et al.
2009). Instead, fossils can be attributed phylogenetically, and based on the relationship between
life history variables and that particular phylogenetic group, some statements about life history
may be made. Overall, this study highlights the need to account for the complexities of
mammalian evolution, morphology, and life history when attempting to disentangle the
relationships between various aspects of these characters.

8.4 Future directions

This study is the most comprehensive examination of dental eruption sequences in both
primates and artiodactyls. However, there are several ways this research can be expanded to
more fully test the relationship between dental eruption sequence and phylogeny, life history,
and body size. Increasing sample size, incorporating more fossil data, investigating the anterior
dentition, and adding in more taxa to the analyses are discussed below as ways to further expand
on this research.

8.4.1 Sample size
Greater sampling will continue to resolve the relationship between dental eruption
sequence and body size, as well as provide further evidence in support of, or against, the

hypotheses of the ancestral state reconstructions in this study. Due to low sample sizes, in some
cases I determined the dental eruption sequences of primate and artiodactyl species based on
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only a few specimens. Greater sampling of these species will bear greater support for these
sequences and will likely further resolve cases of intraspecific variation in dental eruption
sequence.

Along with increasing sample sizes of the species discussed here, increasing the number
of species with known dental eruption sequence will further resolve the relationship between
eruption sequence, body size, mandibular fusion, the biomechanics of chewing, and resource
availability, as well as provide further data to test whether the distribution of eruption sequences
across extant taxa supports the hypothesis of a zone, or zones, of variability. Likewise, further
sampling of species in clades with derived dental eruption sequences and intraspecific variation
in eruption sequence will increase our understanding of this variation. In primates in particular,
greater sampling of Presbytis, Alouatta, and Semnopithecus will contribute to our understanding
of the evolution of dental eruption sequence in these distinctive groups.

8.4.2 Better resolution of the fossil record

In addition to greater sampling of extant species, increased sampling of the fossil record
will further resolve our understanding of the evolution of dental eruption sequences in primates
and artiodactyls. Our knowledge of the timing of changes in dental eruption sequence is tied to
the fossil record and the estimated timing of divergences. Additionally, the fossil record can shed
light on whether repeated instances of derived dental eruption sequences (e.g. Caprinae,
Presbytis and Semnopithecus, Aotus and Callimico) are convergent and secondarily derived, or
ancestral, within that clade. Increased sampling of Paleogene primates and artiodactyls, in
particular, will further resolve dental eruption sequence in many of the extinct taxa, and it may
contribute to phylogenetic hypotheses about relationships between these extinct groups and
crown taxa.

8.4.3 The anterior dentition

This study compares the eruption sequence of the third molar relative to the premolars in
primates and artiodactyls. Schultz’s Rule specifically cites the eruption sequence of the
replacement teeth relative to the molars (Smith 2000). I chose to restrict my study to the
postcanine dentition because previous work in mice and baboons has shown the genetic and
phenotypic independence of the anterior and postcanine dentition (Hlusko et al. 2011). Given the
phylogenetic signal of the relative eruption sequence of the postcanine dentition, I hypothesize
that the relative eruption sequence of the anterior compared to the postcanine dentition also has a
phylogenetic signal, although I do not have the data here to test that hypothesis. If there is a
phylogenetic signal in the relative eruption sequence of the anterior to postcanine dentition, it is
possible that changes in eruption sequence may be driven by body size, or possibly mandibular
symphyseal fusion, as seen in this study, or by other life history variables.

8.4.4 Sampling in other taxa
The most direct extension of this work is the investigation of dental eruption sequence in
other mammalian taxa. An increase in known dental eruption sequences, along with greater

incorporation of the fossil record, will also help resolve the evolution of dental eruption sequence
more broadly across mammals. The dental eruption sequence of additional mammalian groups
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with mandibular symphyseal fusion, like some carnivores and marsupials (Ravosa and Hogue
2004), will be particularly interesting to explore given the relationship between symphyseal
fusion and dental eruption sequence seen in this study.

8.5 Importance of this study

This study is the most comprehensive collection of dental eruption sequences in primates
or artiodactyls, and the evidence strongly supports that eruption sequence is phylogenetically
conserved in mammals. This study also highlights the importance of teasing out the complexities
of mammalian morphological evolution. Dozens of researchers have used Schultz’s Rule to
make assumptions about extinct and extant taxa (e.g., Macho and Williamson 2002, Loe et al.
2004, Schwartz et al. 2005, Robson and Wood 2008, Asher and Olbricht 2009, Dirks et al. 2009,
Franzen et al. 2009, Townsend and Croft 2010, Yamanaka et al. 2010, Billet and Martin 2011).
However, more intensive testing of Schultz’s Rule with a larger, more phylogenetically diverse
group of mammals, shows that any correlations between dental eruption sequence and life
history are superficial. Dental eruption sequence, life history, and body size all carry a conserved
phylogenetic signal. But only body size is correlated with dental eruption sequence when
phylogeny is taken into account, and only in primates. My data also suggest that body size,
mandibular symphyseal fusion, and the biomechanics of chewing may have intertwined
influences on the evolution of dental eruption sequence.

Moving forward, I would encourage researchers to stop using Schultz’s Rule to interpret
the life history of extinct or extant mammals. However, dental eruption sequence is
phylogenetically conserved and can therefore be used to weigh in on taxonomic debates. Once a
species or specimen has been attributed to a particular taxonomic group, understanding the
phylogenetic distribution of life history traits of interest within that group will allow researchers
to make more precise statements characterizing extinct taxa.

One of the most important aspects of science is to build off of previous work with new
samples, new methods, and new technologies. This study was inspired by countless hours
examining mammalian teeth in the Museum of Vertebrate Zoology and the prominent work of
Schultz (1935, 1956, 1960) and Smith (1994, 2000), which, like all good science, has given rise
to many more research questions and hypotheses. My findings here revise previous studies
through an increase in sampling and updated phylogenetic tests. I can only hope that the findings
presented here will inspire many more research questions and hypotheses, and the testing and
retesting of my hypotheses, in the future.
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