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ABSTRACT

Therian mammals experienced an immense evolutionary radiation and now represent one of the
most ecologically diverse clades on Earth. However, therians and their closest relatives (i.e.,
cladotherians) were primarily small insectivores for the first half of their history, a period from
approximately 165 to 80 million years ago, suggesting that this radiation was delayed or
suppressed during this period. Although research has often examined phylogenetic relationships
and morphological evolution of early cladotherians, little work has been devoted to analyzing
their ecological diversity and biomechanical functions. Thus, questions remain about the
adaptive nature of early evolutionary changes and the timing of the ecomorphological radiation
of cladotherians. In this dissertation, I address these topics by examining jaw and molar
morphologies, which are associated with diet and biomechanical function. I investigate two
evolutionary events in particular. First, | analyze changes to jaw morphologies that accompanied
the evolution of the tribosphenic molar (and its precursors). Biomechanical analyses of
musculoskeletal configurations support the hypothesis that changes to jaw, molar, and ear
morphologies in cladotherians are associated with increased transverse movement via yaw
rotation during mastication. These changes may have been especially important prerequisites for
the evolution of the tribosphenic molar morphology, an evolutionary innovation that likely
assisted in the longterm survival and diversification of therians. In addition, the evolution of a
posteriorly positioned angular process (and accompanying changes to masticatory muscles) may
have been crucial for the development of yaw rotation, and the functional significance of the
angular process is further supported by analyses that demonstrate that its size and position is a

strong correlate of diet. Second, I use molar and jaw morphologies to examine the

xiil



ecomorphological patterns of therians in the Cretaceous and early Cenozoic. I find evidence that
the adaptive radiation of therians began in the latest Cretaceous, a period in which angiosperms,
social insects, and non-therian mammals (e.g., multituberculates) are also diversifying. This
suggests that the macroevolutionary patterns of mammals in the Cretaceous were an interplay of
functional adaptations (e.g., evolution of tribosphenic molars) and evolutionary patterns in likely
food sources (i.e., plants and insects). Further, the molar data indicate that mammals experienced
a selective extinction at the Cretaceous-Paleogene (K-Pg) boundary, and jaw morphologies show
evidence for a multi-step radiation of mammals between 80 and 50 million years ago. I conclude
by proposing that the evolutionary adaptations of therians were not only important to their
ecomorphological diversification, but they may have also been critical to their survival during

periods of major environmental perturbations such as the K-Pg mass extinction event.
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CHAPTER 1

The early evolution of cladotherian mammals

1.1 INTRODUCTION

The fossil record provides considerable insight into the origins and evolutionary histories of
clades, often supplying information that cannot be inferred from modern taxa. Detailed
morphological analyses of fossils allow for extinct lineages to be differentiated, permitting the
development of phylogenetic hypotheses. From these data, macroevolutionary patterns can be
further analyzed, such as by calculating taxonomic diversity, morphological disparity, and rates
of evolutionary change.

However, morphological and phylogenetic data are not the only information that can be
extracted from fossils—ecological and biomechanical traits can also be inferred from anatomy.
The importance of these inferences is apparent when considering major evolutionary events such
as adaptive radiations and origins of key innovations. For instance, adaptive radiations involve
invasions into distinct ecological niches, and therefore testing for this type of diversification
necessitates collection of ecological information. Ecological evidence also helps inform our
understanding of the tempo in which lineages evolve to produce adaptive changes on broad time
scales (i.e., millions of years), which cannot be adequately revealed by modern ecological studies
that only span years or decades. Further, this evidence can be especially important in formulating

evolutionary hypotheses about the differential origination and extinction rates of various clades.



However, obtaining ecological and biomechanical data from fossils can be challenging. It
often requires examination of morphological correlates of ecological traits in modern analogs
(Fig. 1.1) or building models for biomechanical analyses. Thus, in comparison to morphological
and taxonomic data, it is less common for ecological and functional data to be incorporated into
quantitative paleontological studies. This hinders our ability to recognize critical evolutionary
events such as adaptive radiations and the appearance of key innovations, and it limits our ability

to examine potential influences on macroevolutionary patterns.
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Figure 1.1. A schematic illustration of the interactions between ecology, morphology, and
evolution. Morphology alone can provide valuable evolutionary information (top), but
incorporation of ecological information (e.g., diets) allows for additional considerations such
as adaptive evolutionary changes (bottom). Functional traits (e.g., jaw correlates of diet as
shown here; see Chapter 3) can serve as the link between ecology and morphology.
Identification of functional traits can be applied to fossil taxa (e.g., gray jaw and question
marks in the phylogenies). Jaws are of Tarsius bancanus (FMNH 76863), Callicebus
personatus (FMNH 52337), and the fossil Sasayamamylos kawaii (Kusuhashi et al., 2013).
Primate illustrations are by Stephen D. Nash and reproduced from Mittermeier et al. (2007)
and Byrne et al. (2016).



Early cladotherian mammals offer a unique opportunity to integrate ecomorphological
and biomechanical information into macroevolutionary analyses. From small insectivores in the
Jurassic and Early Cretaceous, cladotherians (led by therians) have diversified into an immense
array of ecological niches and now comprise all but three modern mammal genera (Fig. 1.2).
Cladotheria includes tribosphenidans (therians and closely related taxa with tribosphenic
molars), peramurids, amphitheriids, and dryolestoids, and a diagnostic apomorphy of Cladotheria
is the talonid (shelf or basin) of the posterior portion of molars. Although the early cladotherian
fossil record is limited (especially due to a scarcity of postcranial elements), it includes a
considerable number of teeth and jaws, and these can be compared to modern analogs for which
ecological and biomechanical information is known. Further, there is special interest in the early
evolution of the clade because there remains contentious debate over the timing of the early

therian radiation.
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Figure 1.2. Early mammal clades that are examined in this dissertation, with images of
example jaws and molars to emphasize morphological differences among groups. Red arrows
highlight the concurrent appearance of a talonid and posteriorly-positioned angular process at
the cladotherian node (left star), which is the focus of Chapter 2. Therians now comprise all
living mammals besides three monotreme genera, and it is often hypothesized that the
Cretaceous-Paleogene mass extinction event 66 million years ago (dashed line) catalyzed
their radiation (right star). The timing and dynamics of the early stages of this radiation are
the focus of Chapters 3 and 4. The smaller therian radiation represents metatherians (i.e.,
stem and crown marsupials) and the larger radiation represents eutherians (i.e., stem and
crown placentals). See Chapter 2 for source and taxon information for jaw and molar images.

In this dissertation, I specifically examine morphological traits of mandibles and molars
that are correlated with dietary preferences or biomechanical properties, providing novel insight

into the early history of Cladotheria and the origins of modern mammalian biodiversity. I use



results to develop new hypotheses on the origins of the therian masticatory apparatus and
challenge the long-held view that the therian radiation was a product of the extinction of non-
avian dinosaurs. I further posit that early changes to the jaws and molars of cladotherians were

critical to the long-term survival and diversification of the clade.

1.2 EARLY CLADOTHERIAN MAMMALS

I investigate the early history and macroevolutionary patterns of cladotherian mammals, which
include therians (i.e., eutherians and metatherians) and their close relatives (Fig. 1.2).
Paleontologists and evolutionary biologists have long been interested in the early history of the
clade, often using early cladotherians to examine key evolutionary concepts. This includes
studies of adaptive radiation (Osborn, 1902; Simpson, 1937; Simpson, 1944; Hunter, 1997;
Alroy, 1999; O’Leary et al., 2013; Halliday and Goswami, 2016), tempo and mode of evolution
(Simpson, 1944; Slater, 2013), gradualism versus punctuated equilibrium (Gould and Eldredge,
1977; Gingerich, 1980), key innovations (Hunter and Jernvall, 1995), phylogenetic hypotheses
(Murphy et al., 2001; Wible et al., 2007; Meredith et al., 2011; dos Reis et al., 2012; Rougier et
al. 2012; O’Leary et al., 2013; Halliday et al., 2015), and responses to mass extinctions and
environmental change (Collinson and Hooker, 1991; Janis, 2000; Gingerich, 2006; Meredith et
al., 2011; Grossnickle and Polly, 2013; O’Leary et al., 2013; Wilson, 2013; Wilson, 2014;
Halliday et al., 2016). Thus, studies of early therians have contributed greatly to modern
evolutionary theory.

Despite the strong interest in the evolution of cladotherians, the early history of the clade
remains surprisingly enigmatic. This is due in part to a limited fossil record that is comprised

primarily of teeth and jaw fragments. Cladotheria likely originated in the Early or Middle



Jurassic (Luo et al., 2011), a period during which mammaliaforms were rapidly diversifying
(Luo, 2007; Newham et al., 2015; Close et al., 2015). Non-therian cladotherians, such as
dryolestoids, were globally diverse in the Late Jurassic but were largely limited to South
America by the Cretaceous (Kielan-Jaworowska et al., 2004; Grossnickle and Polly, 2013) and
went extinct in the Cenozoic (Rougier et al., 2012). Ecomorphological and taxonomical diversity
levels of therians remained low through the Early Cretaceous, with the fossil record indicating
that they were primarily small insectivores during this time (Kielan-Jaworowsk et al., 2004,
Grossnickle and Polly, 2013).

However, by the mid-Cretaceous, approximately 100 million years ago (Ma), the clade
experienced a taxonomic diversification (Benson et al., 2013; Grossnickle and Polly, 2013),
which was subsequently followed by an ecomorphological diversification in the latest
Cretaceous (Chapters 3 and 4). The Cretaceous-Paleogene (K-Pg) mass extinction event may
have resulted in new ecological opportunity that further catalyzed the therian diversification,
which was led by placentals (Osborn, 1902; Simpson, 1937; Alroy, 1999; O’Leary et al., 2013).
In Chapters 3 and 4 of this dissertation, I focus on the Cretaceous and Paleogene taxa to better

analyze the timing and dynamics of these diversification events.

1.3 EVOLUTIONARY HYPOTHESES

I perform three research initiatives (i.e., Chapters 2-4), each with a specific hypothesis that is
tested using paleontological and modern morphological data. Here I summarize the specific
hypotheses that are tested in each chapter.

The evolutionary origin of jaw yaw. In Chapter 2, I hypothesize that morphological

changes in cladotherian molars and jaws evolved in conjunction with increased yaw rotation (i.e.,



rotation around a dorsoventral-oriented axis), which results in greater transverse molar
movements during occlusion. Three major morphological adaptations to the masticatory
apparatus evolve at the cladotherian node: 1) the appearance of the talonid shelf of molars, ii) the
emergence of a posteriorly-positioned angular process of the jaw (Fig. 1.2), and iii) the loss of an
ossified Meckel's cartilage that is attached to the jaw. I posit that these changes are all related to
increased yaw rotation during mastication, and this hypothesis is tested with three-dimensional
jaw models that measure torque for various musculoskeletal configurations.

The evolutionary changes at the cladotherian node may have been especially important
because yaw rotation during mastication is still present in most modern mammal groups. Further,
yaw may have been a prerequisite for the evolution of tribosphenic molars, which require
transverse movement for crushing material in the talonid basin. Thus, this study demonstrates the
importance of considering biomechanical properties in light of macroevolutionary changes to
morphologies.

Jaw correlates of diet. To further examine the functional and ecological relevance of
evolutionary changes to the jaw, I first investigate potential jaw correlates of diet in modern
mammals. In Chapter 3, I hypothesize that diet has influenced the evolution of specific jaw
metrics such as moment arm lengths for the superficial masseter and temporalis muscles. This
hypothesis is supported by results of certain jaw metrics, such as the distance between the
angular process and jaw joint (a proxy for the superficial masseter moment arm), which is
strongly correlated with diet. Thus, I apply the angular process metrics to the fossil record to
examine macroevolutionary patterns of dietary diversity through time. I focus on the timing of

the early therian radiation, especially in relation to the Cretaceous-Paleogene (K-Pg) mass



extinction event. Results from modern and fossil jaws both suggest the presence of distinct
adaptive peaks for mammalian carnivores and herbivores.

The Suppression Hypothesis. Immediately following the K-Pg boundary, average body
mass of mammals increased sharply (Alroy, 1999; Smith et al., 2010), frugivorous/omnivorous
archaic ungulates appeared in abundance (Hunter, 1997), and placental mammals radiated
(Wible et al., 2009; O’Leary et al., 2013; Halliday et al., 2016). This suggests that mammals
were confined ecologically in the Mesozoic, possibly due to the presence of diverse reptilian
groups such as dinosaurs, and they then experienced an adaptive radiation in the earliest
Paleocene in response to novel ecological opportunity (Osborn, 1902; Simpson, 1937; Collinson
and Hooker, 1991; Patzkowsky, 1995; Alroy, 1999; O’Leary et al., 2013; Halliday and
Goswami, 2016; Slater, 2013; Halliday et al., 2015). I refer to this as the Suppression Hypothesis
(SH), and I note that SH is supported if ecomorphological disparity and taxonomic diversity of
mammals were suppressed until the K-Pg boundary at 66 Ma.

However, several molecular and paleontological studies are in conflict with SH, arguing
that mammals were diversifying prior to the K-Pg boundary (e.g., Clauset and Redner, 2009;
Meredith et al., 2011; Wilson et al., 2012). Further, recent fossil discoveries demonstrate that
latest Cretaceous therians may have achieved greater size and dietary diversity than previously
recognized (e.g., Fox and Naylor, 2003; Wilson and Riedel, 2010; Wilson et al., 2016).
Therefore, our understanding of mammalian evolutionary patterns before and after the K-Pg
boundary remains unresolved.

In light of these conflicting lines of evidence, I test SH with a combination of

morphometric jaw data (Chapter 3) and molar shape data (Chapter 4). Because molar and jaw



morphologies are influenced by diet, their disparity patterns and morphospace occupation
through time should reflect ecological diversity of therians.

Results from both datasets demonstrate a dietary diversification beginning approximately
80 Ma, which is a pattern also seen in multituberculate mammals (Wilson et al., 2012). Thus,
results from Chapters 3 and 4 are in conflict with SH, and I argue that mammals began to radiate
prior to the K-Pg boundary. The latest Cretaceous includes the ecological diversification of
flowering plants, and it is therefore posited that the mammalian radiation is more closely linked
to angiosperms (and possibly insects) than it is to the presence or absence of non-avian
dinosaurs.

In summary, testing the hypotheses of this dissertation provides significant contributions
to our understanding of early cladotherian evolution. I present and test a novel hypothesis on the
origin of the modern mammalian masticatory apparatus (Chapter 2), and I challenge a long-held
hypothesis (i.e., the Suppression Hypothesis) that mammalian diversification was suppressed by
the presence of non-avian dinosaurs in the Mesozoic Era (Chapters 3 and 4). Whereas most
previous analyses of early mammal evolutionary patterns are based on morphological changes
and phylogenetic relationships, the analyses in this dissertation focus on ecological and
biomechanical aspects of fossils. This provides a more complete understanding of early
cladotherian history and presents potential adaptive explanations behind observed evolutionary

changes.



CHAPTER 2
Increased transverse jaw movement during mastication was a

critical evolutionary change in cladotherians

2.1 ABSTRACT

Theria comprises all but three living mammalian genera and is one of the most ecologically
pervasive clades on Earth. Yet, the origin and early history of therians and their close relatives
(i.e., cladotherians) remains surprisingly enigmatic. A critical biological function that can be
compared among early mammal groups is mastication. Morphometrics and modeling analyses of
the jaws of Mesozoic mammals indicate that cladotherians evolved musculoskeletal anatomies
that increase mechanical advantage during jaw rotation around a dorsoventrally-oriented axis
(i.e., yaw) while decreasing the mechanical advantage of jaw rotation around a mediolaterally-
oriented axis (i.e., pitch). These changes parallel molar transformations in early cladotherians
that indicate their chewing cycles included significant transverse movement, likely produced via
yaw rotation that results from asynchronous contractions of muscle groups. Thus, I hypothesize
that cladotherian molar morphologies and musculoskeletal jaw anatomies evolved concurrently
with increased yaw rotation of the jaw during chewing cycles. The increased transverse
movement resulting from yaw rotation may have been a crucial evolutionary prerequisite for the
functionally versatile tribosphenic molar morphology, which underlies the molars of all therians

and is retained by many extant clades. I further hypothesize that the increased yaw rotation likely

10



allowed increased grinding during occlusion, allowing a broader range of diets and assisting in

the survival and diversification of the therian clade.

2.2 INTRODUCTION

The evolution of mammals from pre-mammalian cynodonts was accompanied by significant
changes to dentitions and musculoskeletal anatomies of jaws (Osborn, 1907; Simpson, 1936;
Crompton, 1963; Crompton and Jenkins, 1968; Crompton and Parker, 1978; Crompton, 1995;
Sidor, 2003; Luo et al., 2004; Lautenschlager et al., 2016; Conith et al., 2016). These include the
appearance of diphyodonty (i.e., single dental replacement) and increased occlusal complexity
(Luo et al., 2004; Crompton and Jenkins, 1968; Crompton and Parker, 1978; Crompton, 1995;
Conith et al., 2016), suggestive of greater masticatory efficiency and precise control of jaw
musculature. In addition, evolution of the jaw articulation between the dentary and squamosal
resulted in the loss of load-bearing jaw joint functions for middle ear elements, possibly allowing
for a greater diversity of jaw morphologies by permitting increased resultant forces at the jaw
joint (Crompton and Hylander, 1986; Reed et al., 2016). These evolutionary changes likely
played a role in a taxonomic and morphological diversification of mammaliaforms in the Jurassic
(Crompton and Parker, 1978; Luo, 2007; Grossnickle and Polly, 2013; Newham et al., 2015;
Close et al., 2015) (Fig. 2.1), which included the origin of therians (i.e., eutherians and

metatherians) and australosphenidans (including monotremes).
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Figure 2.1. Phylogeny of early mammaliaforms (Martin et al., 2015). Marsupials and
placentals are crown therians, and monotremes are crown australosphenidans. The branch
colors are based on morphological similarities of the mandibles (see below). A Jurassic
diversification event (JDE) resulted in the origination of many Mesozoic mammalian
lineages (Luo, 2007; Newham et al., 2015; Close et al., 2015), and the Cretaceous Terrestrial
Revolution (KTR) included a taxonomic turnover of mammalian faunas (Grossnickle and
Polly, 2013; Lloyd et al., 2008; Benson et al., 2013). The eutriconodontan jaw is
Yanoconodon (Luo et al., 2007A), the spalacotherioid jaw is Maotherium (Ji et al., 2009), and
mammal images are courtesy of April Neander. Abbreviations: K-Pg, Cretaceous-Paleogene
boundary; Ma, million years ago.
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Therians and australosphenidans now comprise all modern mammals, and therians in
particular have achieved considerable taxonomic, morphological, and ecological diversity.
However, their origin and early history remains surprisingly enigmatic, due in large part to
limited fossil evidence. Paleontological research on early therians often focuses on
morphological transitions, phylogenetic relationships, and the timing of the clade’s origination
and early diversification (Luo et al., 2011; Patternson, 1956; Crompton, 1971; Kielan-
Jaworowska and Dashzeveg, 1989; Cifelli, 1993; Davis, 2011; Luo, 2011; Halliday et al., 2015;
Grossnickle and Newham, 2016). However, paleontological examinations of jaw biomechanics
are lacking, and a better understanding of this aspect of therian biology may offer considerable
insight into the early evolution of the clade.

Therians and australosphenidans evolved tribosphenic molar morphologies, likely
through convergent evolution (Luo, 2007; Martin et al., 2015; Rauhut et al., 2002; Davis, 2011;
Luo et al., 2002; Rougier et al., 2012; although see Rich et al." 2002, for an opposing view).
Evidence suggests that the evolution of the tribosphenic molar morphology was a critical
development in mammalian history. For instance, tribosphenic molar occlusion is extremely
precise and involves multiple shearing crests (Crompton, 1971; Davis, 2011; Crompton and
Kielan-Jaworowska, 1978; Stern et al., 1989; Evans and Sanson, 2003; Polly et al., 2005; Schultz
and Martin, 2014), resulting in a system that seems especially effective for rapidly cutting
chitinous exoskeletons of insects. The molars are also capable of crushing food matter in the
talonid basin (Fig. 2.1; Stern et al., 1989; Schultz and Martin, 2014), a function that is not
apparent in earlier molar morphologies and may allow for a broad diversity of diets. The

functional significance of the morphology is supported by the continued prevalence of
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tribosphenic (or tribosphenic-like) molars in many modern mammal groups (e.g.,
microchiropterans, didelphids, dasyurids, scandentians, and many eulipotyphlans), despite
evolving at least 160 million years ago (Ma) (Rauhut et al., 2002; Luo et al., 2011).
An essential step in the evolution of the tribosphenic molar morphology of therians was
the appearance of a talonid shelf in the lower molars of stem cladotherians (i.e.,
“eupantotherians”) (Fig. 2.1; Osborn, 1907; Simpson, 1936; Patternson, 1956; Crompton, 1971).
The shelf acts as an extended shearing surface for the paracone of the upper molar. In
tribosphenic molars the talonid shelf expands into the talonid basin and has a crushing function
(Osborn, 1907; Simpson, 1936; Crompton, 1971; Davis, 2011; Stern et al., 1989; Schultz and
Martin, 2014). Non-therian cladotherians (comprised primarily of Dryolestida, Amphitheriida,
and “peramurans”) were abundant in the Late Jurassic and regionally diverse in South America
in the Cretaceous. Together with therians they form Cladotheria. Thus, cladotherians have been
globally diverse for over 150 million years, and examining the early history of the clade is
critical to understanding the origins of modern mammalian diversity.
The earliest cladotherians evolved notable morphological changes to molars, jaws, and
ears. These include:
1. Molars with a talonid shelf, an evolutionary precursor to the talonid basin of
tribosphenic molar morphologies (Fig. 2.1).
2. A prominent, posteriorly positioned angular process (APr) of the mandible
(Grossnickle and Polly, 2013; Prothero, 1981; Martin, 1999).
3. The potential loss of a bony attachment between the middle ear elements and jaw.
Early crown mammals such as eutriconodontans and spalacotherioids often possess a

bony connection between the middle ear and jaw via an ossified Meckel’s cartilage
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(Luo et al., 2007A; Ji et al., 2009; Luo, 2011; Wang et al., 2001; Meng et al., 2003)
(Fig. 2.1), but this connection does not appear to be present in cladotherians.
(However, mandibles of early cladotherians often possess a Meckel’s groove (Kielan-
Jaworowska and Dashzeveg, 1989; Davis, 2012; Close et al., 2016; Urban et al.,
2017), indicating that an ear-jaw connection may be maintained by cartilage.)

In light of these morphological changes, this study has two goals. The first is to use
morphometrics to quantify the morphological changes to the jaw processes in early mammal
groups, with a focus on comparing early cladotherians to closely related clades. The second goal
is to model the changes to the jaw muscle vectors that are expected to accompany the
morphological changes, allowing the functional significance of musculoskeletal changes in
cladotherians to be assessed. The superficial masseter (SM) and medial pterygoid (MP) are two
of the major masticatory muscles and they insert on the APr (Fig. 2.2), which shows considerable
morphological variation among early mammal groups (Grossnickle and Polly, 2013). Thus,
changes to the force vectors of these muscles are the focus of the functional analyses, although
the temporalis muscle (TM) is also incorporated. Results of these analyses are considered in light
of concurrent morphological and functional changes to the molars, with special focus on the

evolution of the tribosphenic molar morphology.
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Figure 2.2. A-B) The x, y, and z coordinate planes used in this study, displayed on a
mandible in oblique lateral view (4) and dorsal view (B). The red arrows represent the
approximate force vectors of a Triplet muscle group, which contract concurrently in
many modern mammals (Williams et al., 2011). This group includes the medial pterygoid
(MP) and superficial masseter (SM) muscles of one hemimandible, and the temporalis
muscle (TM) of the opposing hemimandible. C) Pitch rotation around a mediolaterally
oriented (z) axis through the condylar processes. D) Yaw rotation around a dorsoventrally
oriented (y) axis. (The axes of rotation in C and D are arbitrarily positioned to
demonstrate potential jaw movements.) The mandible is of a hedgehog (Atelerix) from

the Field Museum of Natural History (FMNH65835).

Based on results of the morphometrics and functional analyses, I develop a novel
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hypothesis for the simultaneous origin of unique jaw, dental, and ear characters in cladotherians.
Central to this hypothesis is the observation that a majority of modern and extinct mammals,
including early cladotherians, possess chewing cycles with substantial transverse movement of
the molars (Schultz and Martin, 2014; Williams et al., 2011; Ryder, 1878; Maynard Smith and

Savage, 1959; Mills, 1966; Mills, 1967; Crompton and Hiiemae, 1970; Crompton and Sita-



Lumsden, 1970; Butler, 1972; Butler, 1973; Herring and Scapino, 1973; Kay and Hiiemae, 1974;
Weijs, 1994; Hylander, 2006; Crompton et al., 2010; Crompton, 2011; von Koenigswald et al.,
2013; Menegaz et al., 2015; Davis, 2014). This includes taxa with tribosphenic molar
morphologies (or slight derivatives), which appear to require mediolateral molar movement for
extended shearing and crushing functions (Simpson, 1936; Kallen and Gans, 1972; Fish and
Mendel, 1982; Schultz and Martin, 2014; Mills, 1966; Mills, 1967; Crompton and Hiiemae,
1970; Crompton and Sita-Lumsden, 1970; Butler, 1972). There are at least three means of
producing transverse molar movement: (i) mediolateral translation of the jaw (along the z axis of
Figure 2.2), (i1) yaw rotation of the jaw around a dorsoventrally oriented axis (Fig. 2.2d), and
(ii1) roll rotation of a hemimandible around an anteroposteriorly oriented axis. However,
considerable evidence indicates that yaw is the primary means of producing transverse molar
movement during occlusion in modern and fossil therians, with studies demonstrating yaw in
didelphids, diprotodontians, eulipotyphlans, scandentians, Solenodon, suids, cervids, and
primates (Williams et al., 2011; Ryder, 1878; Maynard Smith and Savage, 1959; Mills, 1966;
Mills, 1967; Crompton and Hiiemae, 1970; Crompton and Sita-Lumsden, 1970; Butler, 1972;
Butler, 1973; Herring and Scapino, 1973; Kay and Hiiemae, 1974; Weijs, 1994; Hylander, 2006;
Crompton et al., 2010; Crompton, 2011; Menegaz et al., 2015). For instance, primates and tree
shrews with tribosphenic (or tribosphenic-like) molar morphologies have been described as
having two phases of occlusion that both involve yaw rotation (Butler, 1972; Kay and Hiiemae,
1974). In contrast, transverse movement produced from mediolateral translation along the z axis
during occlusion may be considerably less common in mammals, with jaw movements in
carnivorans being a notable exception (Evans and Fortelius, 2008; Evans and Fortelius, 2008).

Roll rotatation during occlusion is present in many mammal groups, especially those with
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unfused mandibular symphyses that permit independent movement of hemimandibles (D6tsch,
1986; Dotsch, 1994; Scapino, 1981; Oron and Crompton, 1985; Lieberman and Crompton, 2000)
However, I do not expect that roll is as significant as yaw in producing transverse molar
movement in many modern taxa (Fish and Mendel, 1982; Kallen and Gans, 1972; Kay and
Hiiemae, 1974, Crompton, 2011; Menegaz et al., 2015), especially during the power stroke of the
chewing cycle (e.g., Crompton, 1995). However, taxa such as tenrecs and some shrews may be
an exception (Oron and Crompton, 1985; Dotsch, 1986; Dotsch, 1994), and special consideration
is given to these taxa in the results section.

Yaw rotation is produced by asynchronous contractions of jaw muscle groups (Williams
et al., 2011; Herring and Scapino, 1973; Weijs, 1994; Hylander, 2006; Crompton et al., 2010;
Crompton, 2011; Menegaz et al., 2015). For instance, in many modern taxa, concurrent peak
contractions of the balancing-side (i.e., non-chewing side) MP, balancing-side SM, and working-
side (i.e., chewing side) temporalis muscle (TM) (during the fast close phase of the chewing
cycle) causes the working-side hemimandible to move laterally via yaw. The three muscles
involved in this movement (Fig. 2.2) were termed the Triplet I muscle group by Weijs (1994).
The fast close is followed by the power stroke (or slow close) phase of the chewing cycle in
which molars are in occlusion and the complementary Triplet II muscles (i.e., working-side MP,
working-side SM, and balancing-side TM) reach peak contraction, rotating the working-side
mandible medially (and dorsally and slightly anteriorly).

Considerable variation in muscle activity exists, even within groups such as primates that
are often categorized as using Triplet muscle groups (e.g., Ram and Ross, 2018). In addition,
transverse movement of molars via roll rotation is common in many mammalian groups, and this

movement is not expected to result from Triplet muscle patterns. Therefore, the Triplet activity
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pattern is not the only means of producing yaw rotation and transverse movement. However, the
coordinated activity of Triplet muscle groups has been argued to be a primitive trait of therians
(Williams et al., 2011; Weijs, 1994; Crompton, 2011) and is therefore used in the jaw models of
this study.

The origin of significant yaw rotation in early crown mammals has not previously been
investigated using fossil jaw data. Further, previous studies on jaw biomechanics and
mammalian origins have largely focused on pre-mammalian lineages rather than early crown
mammals (Crompton and Hylander, 1986; Reed et al., 2016; DeMar and Barghusen, 1972).
Thus, musculoskeletal changes seen in early cladotherians may offer new insight into the

evolutionary origin of the chewing cycles that are observed in modern mammals.

2.3 METHODS

2.3.1 Mammal groups

Prior to morphometric analyses, stem mammaliaform and early crown mammal genera
from the latest Triassic through Early Cretaceous (i.e., ~210-100.5 Ma) were assigned to major
groups. These groups are based primarily on the strict consensus phylogeny of Martin et al.
(2015) (modified for Figure 2.1). The tree topology of the analysis in Martin et al. (2015) is
similar to the topologies in Luo et al. (2015A) and Luo et al. (2015B), which use derivatives of a
similar phylogenetic character matrix. The phylogenetic relationships of early mammal groups
are important for inferences made in this study, and the following section includes discussion of
issues related to these groupings.

It is worth noting that a benefit of considering the average jaw shapes of major groups is

that it helps minimize the error associated with individual jaws and potential incorrect
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phylogenetic assignments of genera. For instance, many jaw images are reconstructions or
photographs of incomplete jaws. Thus, the accuracy of specific jaw morphologies may be
questionable in some cases. However, by considering the average jaw morphology for each
major mammal group, the effect of this error on broad evolutionary trends is minimized.

Stem mammaliaforms. The stem mammaliaform group is paraphyletic and includes
Sinoconodon, morganucodontids, Hadrocodium, docodonts and haramiyids. The phylogenetic
position of haramiyids is contentious. For instance, I follow Martin et al. (2015) and Luo et al.
(2015A) and treat haramiyids as stem mammaliaforms, but haramiyids have also been
hypothesized to be crown mammals that are sister to multituberculates (e.g., Bi et al., 2014).
However, it is unlikely that moving haramiyids to this alternative phylogenetic position would
have a major effect on results. For instance, stem mammaliaforms (including haramiyids) and
multituberculates both occupy similar regions of the angular process (APr) geometric
morphometric morphospace (PC1 and PC2) (see 2.4 Results). Thus, moving haramiyids to the
multituberculate group (sensu Bi et al., 2014) would not affect the broad conclusions concerning
the evolution of the APr. Also, neither stem mammaliaforms nor multituberculates are included
in the jaw model analyses, so the placement of haramiyids does not affect these analyses.

Australosphenidans (and Pseudotribos). Australosphenidans are commonly recovered
in cladistic analyses as stem monotremes that branch from the crown mammalian node (Bi et al.,
2014; Krause et al., 2014; O’Meara and Thompson, 2014; Martin et al., 2015; Luo et al. 2015A;
Luo et al., 2015B). In these analyses, shuotheriids (which include Pseudotribos of this study) are
generally recovered as the sister group to australosphenidans, forming a monophyletic clade.

Thus, I include Pseudotribos with the australosphenidans.
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It has been hypothesized that australosphenidans are more closely related to (or members
of) Theria rather than stem monotremes (Rich et al., 1997; Rich et al., 2002). However, it is
unlikely that altering the phylogenetic position of australosphenidans would have a large impact
on the broad patterns observed in this study. For instance, some austalosphenidan jaws (e.g.,
Henosferus) are morphologically very similar to therian jaws, meaning that if australosphenidans
are placed with the therian group (sensu Rich et al., 1997) it is not expected to have a major
effect on the morphometric and modeling results for therians.

Multituberculates. Multituberculates included in analyses are limited to plagiaulacidan
multituberculates because preserved jaws of cimolodontan multituberculates do not appear in the
fossil record until the Late Cretaceous, which is after the time period of interest. Despite being
closely related to additional crown mammal groups of this study (Fig. 2.1), multituberculates are
excluded from the jaw modeling analyses because of their palinal (rather than orthal and
transverse) jaw movement. See Gambaryan and Kielan-Jaworowska (1995) and Wall and Krause
(1992) for considerations of multituberculate feeding mechanics.

Eutriconodontans. Phylogenetic analyses often recover Eutriconodonta as a
monophyletic clade of early crown mammals that are outside of Cladotheria (Bi et al., 2014;
Krause et al., 2014; Martin et al., 2015; Luo et al., 2015A), although some analyses recover the
group as stem mammals (Rougier et al., 2011; Rougier et al., 2012; O’Meara and Thompson,
2014). Due to the early-branching position of eutriconodontans and the primitive triconodont
dentition, it could be argued that eutriconodontans possess primitive jaw and molar
morphologies that are ancestral to spalacotherioids and cladotherians. However, it is worth
noting that the eutriconodontan taxa may possess derived morphologies that are not

representative of the ancestral condition. For instance, many eutriconodontans (e.g.,
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Repenomamus) are relatively large and carnivorous (Hu et al., 2005B), whereas most
spalacotherioids and early cladotherians are small and likely insectivorous (Grossnickle and
Polly, 2013; Kielan-Jaworowska et al., 2004). Thus, eutriconodontans may have jaw and molar
morphologies that are adapted for a derived dietary preference. Even if this is the case, however,
eutriconodontan jaws represent a functional morphology that is significantly different than those
of cladotherians. Thus, it still provides an opportunity for comparative analyses of different
functional morphologies among closely related early mammal groups.

Spalacotherioids (and tinodontids). Spalacotherioids are acute-angled
“symmetrodonts” that are members of Trechnotheria (Kielan-Jaworowska et al., 2004; Martin et
al., 2015), and they are often recovered as monophyletic. However, the phylogenetic position of
tinodontids varies among cladistic analyses (Bi et al., 2014; Krause et al., 2014; O’Meara and
Thompson, 2014; Martin et al., 2015; Luo et al., 2015A), and Tinodon is recovered in Martin et
al. (2015) in a polytomy with eutriconodontans, multituberculates, and trechnotherians (i.e.,
spalacotherioids and cladotherians). However, tinodontids possess symmetrodont molars and are
often grouped with (or recovered in phylogenetic analyses near) symmetrodont taxa such as
spalacotherioids (e.g., Kielan-Jaworowska et al., 2004; Luo et al., 2015A; Martin et al., 2015).
Thus, I tentatively place the two tinodontids of this study (i.e., Tinodon and Yermakia) with
spalacotherioids. Yermakia’s angular process (APr) region is not preserved (Lopatin et al., 2005),
and therefore only 7inodon is included in the geometric morphometrics (GM) analysis of APr
shape. Consistent with both eutriconodontans and spalacotherioids, a distinct APr is not present
in Tinodon. Thus, if Tinodon were moved to the eutriconodontan group, it is expected to have

little effect on the morphometric results for either clade.
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Dryolestoids. This group is a lineage of early stem cladotherians (i.e., “eupantotherians’)
that possess a eupantothere molar morphology. The diagnostic feature of this morphology is a
talonid shelf on the lower molars (Fig. 2.1). The dryolestoids examined in this study are believed
to be monophyletic (e.g., Rougier et al., 2011; Martin et al., 2015). Closely related to dryolestids
are meridiolestidans, which are nested within Dryolestoidea in the analysis of Rougier et al.
(2011). In the phylogenetic analyses of Rougier et al. (2012) and O’Meara and Thompson
(2014), dryolestids and meridiolestidans (and close kin) form a paraphyletic clade. However, no
meridiolestidans are included in this study since they do not appear in the fossil record until the
Late Cretaceous, which is after the time period of interest. Further, their closest kin (e.g.,
Paurodon) are not represented in the fossil record by jaws with preserved posterior processes.

Therians and close Kin (i.e., Zatheria + Amphitherium). This group includes late-
branching stem cladotherians (i.e., Amphitherium and peramurans) and early tribosphenidans
(i.e. boreosphenidans), which are comprised primarily of therians. The two peramurans in this
study are Peramus and Tendagurutherium. In cladistic analyses, Amphitherium and Peramus are
recovered as sister taxa that form a branch between dryolestoids and Theria (Rougier et al., 2012;
Bi et al.,, 2014; Krause et al., 2014; O’Meara and Thompson, 2014; Martin et al., 2015; Luo et
al., 2015A). Peramurans and tribosphenidans form Zatheria (McKenna, 1975; Kielan-
Jaworowska et al., 2004), and therefore the ‘therians and close kin’ group could also be titled
Zatheria + Amphitherium.

Amphitherium possesses a lower molar with a talonid that has one cusp, which is likely
the hypoconid or hypoconulid (Kielan-Jaworowska et al., 2004; Davis, 2011), and peramurans
possess a talonid with an incipient basin with diminutive cusps (Kielan-Jaworowska et al., 2004).

Since Amphitherium and peramurans have talonids that are considered more derived than the
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talonid shelves (or hypoflexids) of dryolestoids, it can be argued that their jaws and molars will
function more similarly to early therians (which possess talonid basins) than dryolestoids. Thus, I
include these taxa with therians rather than with the additional stem cladotherian taxa of this
study, dryolestoids. Further, these group assignments form two monophyletic clades (i.e.,
dryolestoids and Zatheria + Amphitherium), but placing Amphitherium and peramurans with
dryolestoids would result in a paraphyletic stem cladotherian group.

The tribosphenic molar morphology it considered an apomorphy of Tribosphenida (i.e.,
Boreosphenida) (Luo et al., 2002, Kielan-Jaworowska et al., 2004). However, no stem
tribosphenidans are included (due to a lack of preserved jaw fossils), and taxa are often given the
taxonomic assignment of stem tribosphenidan when their affinity to a therian group (i.e.,
Eutheria or Metatheria) is unknown (Kielan-Jaworowska et al., 2004). Thus, for simplicity, I use
‘therians’ instead of ‘tribosphenidans’ in this study when referring to cladotherian taxa with
tribosphenic molars.

Many metatherians possess a medially inflected angular process (APr), which is
problematic for 2D morphometric analyses. However, Sinodelphys is the only preserved
metatherian jaw in the time period of interest and its APr is not inflected, at least as it is
preserved (Luo et al., 2003).

Fruitafossor and Vincelestes. Fruitafossor and Vincelestes were included in the
morphometric analyses (see 2.4 Results) but are not included in a specific mammal group due to
uncertain phylogenetic affinities and derived features. Fruitafossor is recovered as an early
crown mammal, but it is a single-branch lineage that is not nested within any group of this study
(Martin et al., 2015; Luo et al., 2015A; Luo et al., 2015B). Vincelestes is a stem cladotherian that

is also recovered as a single-branch lineage that is not nested within any group of this study. In
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some phylogenetic analyses, it is recovered outside of Zatheria (Theria + peramurans) (Krause et
al., 2104; Martin et al., 2015; Luo et al., 2015A; Luo et al., 2015B), but in additional analyses it
is recovered within Zatheria (Rougier et al., 2012; O’Meara and Thompson, 2014).

An additional issue with Fruitafossor and Vincelestes is that they appear to have derived
dental and jaw features that may be due to adaptations for specialist diets. Fruitafossor has
tubular molars that are indicative of obligate insectivory (Luo and Wible, 2005). The jaw of
Fruitafossor is unique in possessing a distinct (yet diminutive) and inflected APr, and a small
coronoid process that is at the approximate elevation of the raised jaw joint. This combination of
dental and jaw features is not present in any mammal group of this study. In addition, Vincelestes
demonstrates characters indicative of carnivory, such as very large canines and a short tooth row
(Rougier, 1993). Like Fruitafossor, it possesses jaw traits that are unique to any other group in
this study. The coronoid process is extremely elevated relative to the molar row, which is
common for many modern and extinct carnivorous mammals (including eutriconodontans such
as Repenomamus). However, unlike most carnivores, it also has a relatively elevated jaw joint
and, unlike eutriconodontans, it has a distinct APr. The tooth row relative to the length of the jaw
is also shorter than crown mammals of this study besides several multituberculates. Thus, if
Fruitafossor and Vincelestes were included with any mammal group of this study they would be
outliers in morphometric analyses, and they are unlikely to be ideal representatives of

morphologies of any group.

2.3.2 Morphometrics

Specimens. Images of stem mammaliaform and early crown mammal jaws were

collected from the primary literature. Sources, geologic ages, and specimen information are
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provided in Appendix A. If more than one jaw specimen is known for a genus, the best-preserved
(or most complete) specimen was chosen to represent the genus. All specimens are from the
latest Triassic through Early Cretaceous (i.e., ~210-100.5 Ma). This time period was chosen
because it captures all phylogenetic nodes of interest for this study and includes a substantial
sample of taxa. In addition, only two major groups of mammals (i.e., cimolodontan
multituberculates and crown therians) remain diverse after the mid-Cretaceous (Grossnickle and
Polly, 2013), at least in Laurasian landmasses, and both groups experience an ecomorphological
radiation in the Late Cretaceous in which evolutionary changes in jaw shape are likely associated
with increased dietary diversity (Wilson et al., 2012; Grossnickle and Polly, 2013; Grossnickle
and Newham, 2016). Thus, I believe that truncating the study at the mid-Cretaceous is important
for examining the primitive morphologies of therians and multituberculates.

One potential concern with performing morphometrics analyses on jaw images is that
the methods only capture two dimensions of the jaw. This concern is highlighted by the fact that
marsupials (i.e., metatherians) tend to possess a prominent, medially inflected APr that cannot be
well represented by two-dimensional (2D) landmarks. However, 2D analyses of jaw function
allow for a much greater sample size and are commonplace in the literature. Therefore, it is
expected that broad evolutionary patterns and functional considerations can be obtained from the
2D jaw morphometric analyses performed in this study. Further, only one jaw of a metatherian,
Sinodelphys, is preserved from the time period of this study, and it does not possess an inflected
APr (Luo et al., 2003).

Linear jaw measurements. All linear measurements and geometric morphometrics
landmarks (see below) were collected from specimen images using /mageJ (Schneider et al.,

2012).
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To measure jaw joint elevation (or depression), an extended line was first drawn from the
alveolar margin (i.e., dorsal edge of the jaw body at the base of the molar row) posteriorly to the
condylar process. (I chose to use this line rather than a line from the molar cusps because molars
are not always preserved in fossil jaws. Further, molar cusps are often worn or include multiple
occlusal surfaces at different elevations, making it especially difficult to determine a horizontal
line based on the molars.) From the initial line, a perpendicular line was drawn to the jaw
articulation surface of the condylar process (i.e., jaw joint), or posterodorsal-most point of the
condylar process. I used the midpoint of the articulation surface for genera with an extensive
articulation surface (e.g., multituberculates). The length of this line was measured as the jaw
joint elevation (or depression), and dividing this value by jaw length standardized the
measurements.

Coronoid process elevation was measured as the maximum elevation of the coronoid
process from the base of the molar row (i.e. alveolar margin). I standardized all measurements by
dividing by jaw length. Sample sizes vary among the morphometric analyses due to the lack of
preservation of some jaw processes in certain fossil specimens.

I measured the length of the tooth row as a means of testing whether the typical out-lever
length (i.e., distance from the axis of rotation to the bite point) was likely to vary significantly
among mammal groups. My assumption is that similar tooth row lengths relative to jaw length
will result in similar bite point locations. Conversely, if one mammal group has significantly
longer tooth rows in which molars are more posteriorly positioned, I would expect that the
typical bite points during molar occlusion are also relatively posterior in position.

The tooth row length was measured from the base of the anterior-most incisor to the

posterior edge of the ultimate molar, and this was then standardized by dividing by the length of
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the jaw. For a few genera, the anterior tips of jaws are not preserved, and in these cases the jaw
and tooth row lengths were estimated.

Geometric morphometrics (GM). The morphology of the posteroventral region of
the dentary, which includes the APr when present, was quantified by collecting two-dimensional
(2D) outlines using jaw images of fossil taxa from the literature (Appendix A). The sample
includes 64 mammaliaform and crown mammalian genera from the latest Triassic through Early
Cretaceous (i.e., ~210-100.5 Ma).

For the GM analysis of the APr region of the jaw, one landmark was placed between the
ultimate and penultimate molars. This landmark served to maintain the correct polarity for the
outline during the Procrustes analysis (otherwise, the Procrustes analysis might flip outlines
vertically to better align morphologies), and capture variance associated with thickness of the
jaw body and elevation/depression of the APr.

Using Wolfram’s Mathematica and Geometric Morphometrics for Mathematica (Polly,
2016), 20 equally spaced semilandmarks were placed along the outer margin of the jaw. This
was accomplished by first outlining the APr region of the jaw using 25 points (with x and y
coordinates of the points collected using ImageJ), and then using the BreakOutline function
within Geometric Morphometrics for Mathematica to equally space semilandmarks along the
outline. The semilandmarks begin along the ventral edge of the jaw, at a spot that is
perpendicular to the base of the molar row (i.e., the horizontal line at the alveolar margin that
was also used in the linear morphometric measurements). The semilandmarks end at the ventral-
most point of the jaw joint articulation surface (or head of the condylar process if the articulation

surface is not apparent). See 2.4 Results (Fig. 2.3) for an image of the landmark and

28



semilandmark locations, and see the discussion below for reasons why semilandmarks were used
instead of sliding semilandmarks.

Ideally, landmarks and semilandmarks of GM analyses should represent homologous
points of a structure, but this is unlikely to be the case for many landmarks/semilandmarks in this
study. For example, the number of molars varies among mammal groups, so the single landmark
between the ultimate and penultimate molars is unlikely to be homologous among all taxa. In
addition, the presence/absence of the APr varies among mammal groups, meaning that the
semilandmarks cannot possibly capture homologous points if some taxa have structures that
other taxa lack. However, I consider these landmarks to still fall within the ‘“Type III’ landmark
category of Bookstein (1997) because they are outlining the same region of the jaw in all taxa
and likely capturing homologous muscle insertion locations for the SM and MP. Also, the goal
of the GM analysis of the APr region is simply to quantify the shape of the posteroventral region
of the jaw to examine the variation among early mammal groups. Differences among mammalian
groups can be demonstrated through qualitative descriptions of the jaws as well, but the GM
analysis provides strong support for observations via quantitative evidence.

The coordinates of the 20 semilandmarks and one landmark were subjected to GM
procedures (Polly, 2016; Bookstein, 1997; Rohlf, 1993; Rohlf, 1990), which include a Procrustes
superimposition (Rohlf, 1990) and ordination using a principal components analysis (PCA). The
Procrustes analysis realigns shapes (in this case, sets of x and y coordinates representing shapes)
to eliminate variation associated with size (i.e. scaling), translation, and rotation. This results in
shapes (represented by Procrustes values) that only vary in terms of shape differences. The

Procrustes values are then ordinated using a PCA. The mean shape for the APrs was calculated
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for each mammalian group using all Procrustes values, and thin plate splines of the average
shapes for groups were produced.

The Procrustes analysis, PCA, calculation of group means, and production of thin plate
splines were performed using Wolfram’s Mathematica and Geometric Morphometrics for
Mathematica (Polly, 2016). See the User’s Guide for Geometric Morphometrics for Mathematica
(available at http://mypage.iu.edu/~pdpolly/Software.html) and citations within for additional
information.

Semilandmarks versus sliding semilandmarks. It is common for GM studies that use
equally spaced semilandmarks to adjust the semilandmarks by ‘sliding’ them along tangents of
the shape outline to minimize ‘bending energy’ or Procrustes distances (e.g., Gunz et al., 2005,
Grossnickle and Newham, 2016), helping to increase the likelihood of capturing homologous
points along an outline. However, I did not use sliding semilandmarks in this study for two
reasons. First, the PCA results for analyses using sliding semilandmarks and non-sliding
semilandmarks are very similar (see Supplementary Information file of Grossnickle, 2017).
Second, sliding the semilandmarks disrupts the original shapes by moving the semilandmarks
along tangents of the outline. In the analysis of this study, semilandmarks on the posterior tip of
prominent angular processes are ‘slid” away from the tip to minimize Procrustes distance. (It
should be noted that minimizing Procrustes distance is the default method in the geomorph
package (Adams and Otérola-Castillo, 2013) for R (R Core Team, 2016), but additional settings
may offset this issue.) Gunz et al. (2005) note a similar problem with sliding semilandmarks
(Figure 8a in Gunz et al. 2005) and suggest that this error can be corrected by adding an
additional landmark at the tip of the extended region. However, this correction is not possible in

my analysis because of a lack of clear homologous points due to many taxa (multituberculates,
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spalacotherioids, and eutriconodontans) not having an angular process. Thus, the resulting thin
plate splines using sliding semilandmarks do not capture the shape of the angular process as well
as non-sliding semilandmarks (see Supplementary Information file of Grossnickle, 2017). This
issue is especially problematic because the average shapes produced with sliding semilandmark
analyses are less informative (and may not be accurate due to the sliding) for inferring the

locations of muscle origins for the jaw models.

2.3.3 Jaw biomechanics

I created 3D models of jaws using Wolfram’s Mathematica to calculate the moment (i.e.,
moment of force, or torque) for various musculoskeletal configurations. The modeling analyses
build upon concepts and methods in previous biomechanical analyses of synapsid jaw evolution
(Crompton and Hylander, 1986; Reed et al., 2016; DeMar and Barghusen, 1972). I focus on four
early crown mammal groups: eutricondontans, spalacotherioids, dryolestoids, and therians (and
close kin) (Fig. 2.1). Multituberculates are excluded because of their palinal (rather than orthal
and transverse) jaw movement during occlusion. Results of the morphometric analyses for each
group (Appendix B) and modern taxa (Appendix C) are used as the framework for determining
the model dimensions and expected muscle vector locations. The following sections describe
how these models were produced and used for calculating moment values.

It is worth noting that mammals typically employ unilateral mastication, meaning they
have chewing cycles in which molars of a single hemimandible at a time occlude with upper
molars. Thus, only the working-side hemimandible needs to be considered when examining the

power stroke of the chewing cycle in which molars are in occlusion. This is especially relevant
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for calculations of roll rotation, since only one hemimandible is used for this analysis (see
below).

Jaw models — dimensions. In the jaw models, the base of the tooth row (i.e., dorsal edge
of the jaw body, or alveolar margin) is set as a horizontal line at y = 0 (see Figure 2.2 for
coordinate planes). The y axis length from the mandibular symphysis to the jaw joint is set at 10
arbitrary distance units (d.u.), and this is kept constant for all jaw models (i.e., those of
eutriconodontans, spalacotherioids, dryolestoids, and early therians and close kin).

To determine the posterior width of the jaw (i.e., the z axis distance between
hemimandible jaw joints) for the models, direct measurements of specimens could not be used
for early mammal genera for two reasons. First, preserved fossils of intact lower jaws with both
hemimandibles are extremely rare. Further, it is unlikely that preserved jaws maintain a reliable
angle of attachment at the mandibular symphysis since many fossils are flattened or distorted.
Second, even if both hemimandibles are preserved intact, the angle at the symphysis remains
unreliable because early mammals are believed to have had unfused symphyses (Crompton,
1995; Lieberman and Crompton, 2000), which allows for ‘wishboning’ of the jaw and changes to
the angle at the symphysis.

Thus, the posterior jaw width for the models was determined using the average
dimensions of six fossil mammaliaforms and 25 extant mammal genera (Appendix C). The
extant mammals chosen for measurements are primarily small insectivores or omnivores that are
appropriate analogs of Mesozoic mammals. In addition, they are taxonomically diverse,
representing several orders of eutherians and metatherians. Measurements of extant mammals
were taken at the Field Museum of Natural History (FMNH), and measurements of extinct

mammals were obtained from images in the published literature (Appendix C). Since many
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mammalian species have unfused mandibular symphyses, the angle at the symphysis (and width
of the jaw) is not reliable for many specimens. Thus, jaw widths (i.e., distances between jaw
joints) were measured as the distance from the centers of the articular surfaces of the glenoid
fossae of the skull. These measurements were then divided by the jaw length. Results indicate
that the average jaw width at the jaw joint (or glenoid fossae) is approximately 60% of jaw
length (Appendix C). Hence, the posterior jaw width for the models was set at 6 d.u. (because the
length was arbitrarily set at 10 d.u.), and this was kept constant for all mammal groups.

For each mammal group, the average (median) jaw joint elevation above (or depression
below) the base of the molar row (Appendix B) is used to assign the vertical (i.e., y axis) jaw
joint locations. For instance, the average jaw joint elevation for dryolestoids is 12.6% of the jaw
length. Thus, the y axis value for the dryolestoid jaw joint in the model is 1.26 d.u. Similarly, the
average (median) coronoid process elevations (Appendix B) were used for each group and
represent the approximate muscle insertion locations for the TM. (It is recognized that the TM
includes an extended attachment along the dorsal edge of the coronoid process, and the y axis
location for the center of the force vector could vary among groups. However, examining these
variables is beyond the scope of this study.)

Jaw models — muscle insertion locations. To determine the x and y coordinates for the
SM and MP muscle insertion locations, thin plate splines from the GM analysis of APr shape
(see 2.4 Results, Figure 2.4) were overlaid atop one another with the single landmark (which is
between the ultimate and penultimate molars) aligned. The splines were horizontally stretched so
that the length between the single landmark and the posterior-most semilandmark is equal for all
splines. For the dryolestoid and therian groups, the SM and MP insertion location is assigned to

the posterior-most point along the edge of APr. For spalacotherioids and eutriconodontans,
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which don’t have a distinct APr, the posterior portion of the masseteric fossa was considered
when designating the central location of the insertion site.

It is worth noting that although the APr is relatively gracile in many early
cladotherians, this does not necessarily indicate that only a small amount of muscle attaches to
the APr. For instance, the MP and SM of modern mammals tend to produce a large, muscular
sling that wraps around the APr and the posteroventral region of the jaw (Turnbull 1970). Even
taxa such as shrews that have an elongate and very thin APr maintain a considerable amount of
muscle mass in the APr region.

Jaw models — muscle origin locations. As with the posterior jaw width, determining
x and z coordinates for the SM and MP muscle origins on the skull could not be obtained by
direct measurements of specimens, largely because 3D skull fossils of early mammals are
extremely rare. Thus, the same 31 specimens of modern and extinct mammals that were used for
posterior jaw width calculations were also used to determine approximate locations of the SM
and MP origins (Appendix C). The SM origin is the approximate location of the anterior
zygoma, and the MP origin is the center of the pterygoid process of the sphenoid bone (Abdala
and Damiani, 2004; Hiiemae and Jenkins, 1969; Turnbull, 1970). The distance between the
anterior right zygoma and left zygoma was measured and divided by the width of the jaw. On
average, the width between anterior zygomae is 96.24% of the jaw width (Appendix C), and
therefore the width at the SM origins was set at 5.8 d.u., or 96.7% of the jaw width (6 d.u.).
Similarly, the distance from pterygoid process to pterygoid process is 24.0% of the width of the
jaw, and therefore the width at the MP origins was set at 1.44 d.u., or 24.0% of the jaw width.

Because of the curvature of the TM around the braincase, the origin of the TM was not

estimated from linear measurements of skulls. In the models, the TM vector is directed
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posteriorly and slightly dorsally, which is how it is reconstructed in many extant mammals
(Turnbull, 1970) and stem mammaliaforms (Crompton, 1963; Crompton and Parker, 1978;
Lautenschlager et al., 2016). The TM is treated as a single muscle rather than being split into the
anterior temporalis and posterior temporalis. However, merging the anterior and posterior
regions of the temporalis as a single muscle vector is common in the literature (e.g. Turnbull,
1970, Davis et al., 2010, Law et al. 2016). Further, the anterior and posterior portions of the TM
contract concurrently in Didelphis (Crompton and Hylander, 1986), and Didelphis is viewed as
having the primitive condition of Triplet muscle groups that was likely present in the earliest
therians (Weijs, 1994; Crompton et al., 2011; Williams et al., 2011). Thus, separating the TM

into different portions for the modeling analyses is unlikely to have a significant effect on results.

2.3.4 Moment calculations

Muscle forces. To determine force contributions of each muscle to a particular type of
rotation, the line representing the muscle (i.e., the line drawn between the muscle origin and
insertion in 3D) is first separated into x, y, and z components (see Figure 2.2 for coordinate
planes). Each component (e.g., y in Equation 2.1) is then divided by the muscle length (d) and
multiplied by the assigned force (F) of that muscle, resulting in the force contribution of the
muscle in a single direction. For example, the force contribution (FY) of the y axis component (y)

of one muscle is:

F, = F(/d) 2.1)

Force assignments (F) in Equation 2.1 are relative muscle masses (i.e., each value is a

percentage of the total mass of the jaw musculature). The relative sizes and forces of jaw
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muscles are expected to vary considerably among mammals, and therefore multiple force
assignments are used. These values are based on relative muscle masses reported by Turnbull
(1970) for Didelphis virginiana (TM, 0.57; SM, 0.14; and MP, 0.07), Echinosorex gymnurus
(TM, 0.61; SM, 0.11; and MP, 0.09), and Canis familiaris (TM, 0.67; SM, 0.10; and MP, 0.03).
These values represent percentages of the overall mass of the jaw musculature (i.e., a TM value
of 0.61 indicates that the TM comprises 61% of the total weight of the jaw musculature). The
three species were chosen because they represent distinct mammalian orders and possess unique
diets: D. virginiana, generalist; E. gymnurus, insectivore; and C. familiaris, carnivore. Analyses
are run with relative muscle masses for the three mammalian species to help capture the range of
relative muscle forces that might be found in early mammals.

The deep masseter is excluded from analyses because it is not one of the Triplet muscles
(as defined by Weijs, 1994) and therefore is not expected to reach peak contraction concurrently
with Triplet muscle groups. Further, the deep masseter does not insert on the jaw processes (i.e.,
APr and coronoid process) that are a large focus of this study, making it difficult to track the
evolutionary changes to the vector of this muscle. However, the expected effects of inclusion of
the deep masseter in analyses are discussed in the 2.4 Results section.

Rather than relative muscle masses, physiological cross-sectional area (PCSA) is often
used in analyses of jaw mechanics to estimate muscle forces. PCSA is calculated using an
equation that includes several variables: muscle mass, muscle density, fiber length, and fiber
pennation angle (see Davis et al., 2010, and citations within). Unfortunately, this equation cannot
be implemented in this study because information such as fiber lengths (for extinct taxa and most
modern analogs) is unknown. However, a muscle density value near zero and a pennation angle

of zero degrees are often used in the PCSA equation for all jaw muscles (e.g. Davis et al. 2010,
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Law et al. 2016). Thus, these factors should have little effect on calculations of PCSA, and
muscle masses are expected to be an appropriate proxy for PCSA in this study. Alternatively,
PCSA can be estimated based on the area of the infratemporal fossa. However, Davis et al.
(2010) demonstrate that PCSAs based on infratemporal fossa area severely overestimate the
contribution of the medial pterygoid and superficial masseter. Thus, estimates from muscle
masses seem to be more appropriate estimates of relative muscle forces.

Moments. Moment calculations based on the jaw models of this study extend beyond
conventional 2D jaw mechanics analyses (e.g., Crompton and Hylander, 1986) by incorporating
the third dimension (i.e., z axis of Figure 2.2). Including the additional dimension is considerably
beneficial by allowing for analyses of yaw rotation and roll rotation (Fig. 2.2). These analyses
would not be possible if only 2D models based on lateral jaw images were used.

Moment arm lengths (L) are the lengths of the perpendicular lines from the x, y, and z
vectors to the axis of rotation. For simplicity, these lengths are treated as positive values in
calculations unless the force vector works against the direction of rotation. To calculate the
moment (M) about an axis of rotation, the moment arm lengths are multiplied by the relevant x,
v, and z force components (e.g., results of Equation 2.1 for the y component), and results are
summed. Finally, the moments for the working-side SM, working-side MP, and balancing-side
TM (i.e., Triplet I muscle group) are summed to produce the total moment for the mandible. As
an example, the total moment for pitch rotation around a mediolateral oriented axis (in which F,

would not contribute because it is parallel to the axis of rotation) is calculated with the equations:

MSM = FX*Ly + Fy*LX (22)

MMP = FX*Ly + Fy*LX (23)
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My = F*Ly + Fy*Ly (2.4)

Mrota = Msy + Myp + Mt (2.5

The resulting moments are nearly proportional to the mechanical advantages of the
muscle vectors since the distance from the bite point to the axis of rotation (i.e., out-lever) is not
treated as a variable and is expected to remain very similar among groups (see discussion on
mechanical advantage below). Calculations are repeated for average musculoskeletal
configurations of eutricondontans, spalacotherioids, dryolestoids, and therians.

Moments are calculated for a mediolaterally oriented axis (i.e., z axis) of rotation through
the jaw joints for pitch rotation, an oblique axis through the jaw joint and mandibular symphysis
for roll rotation, and two dorsoventrally oriented axes (i.e., y axes) of rotation for yaw rotation
(Fig. 6). For roll rotation, only a single hemimandible is used in the models because the
mandibular symphysis of early mammals was unfused and permits independent rotation of
hemimandibles (Crompton and Hiiemae, 1970; Crompton, 1995; Lieberman and Crompton,
2000). For yaw rotation, two dorsoventrally oriented axes are used because the location of this
axis is expected to be variable both among mammals and during chewing cycles in individuals
(Ryder, 1878; Mills, 1966; Mills, 1967; Butler, 1972; Butler, 1973; Herring and Scapino, 1973;
Kay and Hiiemae, 1974). One is placed just medial to the balancing (i.e., non-chewing) side jaw
joint. A second axis is placed on the midline (i.e., sagittal plane) of the jaw and at 75% of the jaw
length, similar to the position predicted for some primates (Kay and Hiiemae, 1974).

Calculations of moment values can be simplified (i.e., Equations 2.2-2.4 do not include
force components for all three directional planes) because not all force vector components

contribute to rotation around axes (see Reed et al., 2016, and discussion within). For instance, if
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the axis of rotation is mediolaterally-oriented through both jaw joints (for pitch), the axis is
parallel to the z axis. In this case, the x axis and y axis force components contribute to the
moment while the z axis component does not. Hence, for calculations involving pitch (Equations
2.2-2.4), z axis force components can be ignored. Similarly, y axis force components do not
contribute to yaw. Although the axis of rotation for roll is oblique for each group, the axis is
rotated prior to moment calculations so that it falls along the x axis (see below). Thus, the x axis
force component does not contribute to roll after rotation of the axis.

Moment calculations for roll rotation present a unique challenge in that the axes of
rotation are oblique. The axis for roll is defined here as the line from the mandibular symphysis
to the jaw joint, and this axis varies among mammal groups due to differences in jaw joint
elevation (Appendix B). For pitch and yaw, the axes of rotation are parallel to the z axis and y
axis, respectively, and calculations can be simplified by only considering the two relevant force
vector components, as described above. However, due to the oblique axis for roll, all three force
components (i.e., x, y, and z axis components) must be considered for roll analyses. To avoid the
additional computation necessary for this analysis, I simply rotated the hemimandible model
(and all associated points such as muscle origins) so that the axis of rotation was parallel to the x
axis. This included two rotations, which were performed using the RotationTransform function
in Wolfram’s Mathematica. First, the model was rotated horizontally so that all points on the
hemimandible were in a sagittal plane and had a z axis value of zero. Second, the model was
rotated vertically so that the axis of rotation was parallel to the x axis. This second rotation was
repeated individually for the models for each mammal group, because each group possessed a
different axis of rotation that depends on the elevation of the jaw joint. After the rotations, roll

rotation was calculated in the same manner as pitch and yaw.
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Sensitivity analysis — muscle origin locations. Muscle origin locations of the jaw
models, which are based largely on modern mammals, are kept constant for the primary
analyses. However, it is possible that evolutionary changes to these locations could have
accompanied musculoskeletal changes to the jaw, and these changes could significantly affect
moment values. Thus, I examined variation associated with potential changes to muscle origin
locations among mammal groups. This was accomplished using a sensitivity analysis in which
moment results were re-calculated using different muscle origin locations, and variance
associated with these locations is considered. Additional methodological details of this analysis
are provided in the 2.4 Results section.

Mechanical advantage. Mechanical advantage of a system is a commonly calculated
performance metric for jaw mechanics (e.g. Nabavizadeh, 2016), and it is calculated as the in-
lever (i.e., moment arm) length divided by the out-lever length. Values can then be multiplied by
the force vector components and summed for multiple muscles, as done for calculations of
moment. For the jaw models in this study, the out-lever length would be the distance from the
axis of rotation to the bite point. However, this measurement is disregarded here for several
reasons: the molars are missing or worn in many taxa; the elevation of the bite point could vary
for molars that have wear facets of different elevations (e.g., tribosphenic molars have elevated
trigonid cusps and a depressed talonid basin); and the relative length of the tooth row and
position of the ultimate molar from the axes of rotation appear to be fairly consistent among
mammal groups (Appendix B), indicating that the out-lever distance would not change
significantly among mammal groups (see additional discussion in 2.4 Results). Further, if the
bite point is kept constant among mammal groups, the out-lever distance would remain the same

for all calculations of yaw because the axes of rotation do not vary among groups. The out-lever
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length will change among mammal groups in the calculations for pitch and roll because the axes
of rotation are altered, but the effect of this change is expected to be minor. Future studies could
explore the effects of this variable to a greater extent, especially for well-preserved taxa in which

common bite points can be accurately identified.

2.4 RESULTS

2.4.1 Morphometrics

Angular process (APr) shape. Results of the GM analysis of APr shape are shown in
Figure 2.3, which includes three morphospace plots of the first two principal component analysis
(PCA) axes. PC1 (54.5% of variance) is the horizontal axis and PC2 (17.4% of variance) is the
vertical axis. The three plots are identical but are replicated to highlight results for different
mammal groups, which are designated by polygons. The group means (i.e., average APr shapes)

are represented by large, black points.
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Figure 2.3. Geometric morphometric analysis of angular process shapes for early mammals.
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Figure 2.3, continued. Geometric morphometric analysis of angular process (APr) shapes
for mammaliaform and mammalian genera from the latest Triassic through Early Cretaceous
(i.e., ~210-100.5 Ma). The three PCA morphospace plots (4-C) are replicates of the same
plot, but in each replicate different mammal groups of the phylogeny (Fig. 2.1) are
designated by polygons. Landmarks used for the GM analysis are shown in Figure 2.4.
Large, black points represent the mean APr shape for each mammal group. The horizontal
axis is PC1 (54.5% of variance), and the vertical axis is PC2 (17.4% of variance). Vincelestes
and Fruitafossor, which are not included in a mammal group (see 2.3.1 Mammal groups), are
labeled in C. See the text and Figure 2.4 for additional details. Abbreviation: multis,
multituberculates.

Figure 2.4 includes the same APr shape results as Figure 2.3 (without labels for genera),
but it includes a phylogeny, example jaws, and thin plate splines of group means. This allows for

an assessment of the macroevolutionary patterns for the APr.
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Figure 2.4. Results of the GM analysis of APr shapes (as in Figure 2.3 but without genera
labels), with the addition of example jaws and thin plate splines for the group means. ‘Green’
lineages possess an anteriorly positioned APr. The ‘blue’ lineages are clades that do not
possess a distinctive APr. A posterior, prominent APr appears in cladotherians (‘red’
lineages) and is highlighted by red arrows. Thin plate splines for each group show the mean
shape of the APrs. As with Figure 2.3, the three PCA morphospace plots (right) are replicates
of the same plot. Black points in the polygons represent the mean APr shape for each group.
The Amblotherium jaw is after Simpson (1928), and sources for additional jaw images are
provided in Appendix A.

A considerable shift in average jaw morphology occurs early in the crown mammalian

tree. Compared to stem mammaliaforms (which have an anteriorly positioned APr), the most

notable morphological change is the lack of an APr in three of the early crown mammal groups:
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multituberculates, eutriconodontans, and spalacotherioids (Figs. 2.3 and 2.4). These are the
‘blue’ lineages in Figures 2.1, 2.3, and 2.4. However, it is worth noting that this lack of an APr
does not necessarily indicate reduced medial pterygoid and superficial masseter muscles, since
these taxa often possess deep fossae allowing for considerable muscle attachment.

At the cladotherian node, a second major shift in average jaw morphology occurs:
cladotherians evolve a prominent, posterior APr. Cladotherians include dryolestoids and early
therians, which are the ‘red’ lineages in Figures 2.1, 2.3, and 2.4. In dryolestoids, the distal end
of the APr is located directly ventral to the jaw joint, whereas the APrs in stem mammaliaforms
are located in a position that is anterior to the jaw joint. Thus, dryolestoids do not overlap in PCA
morphospace with earlier lineages that also possess an APr (Figs. 2.3 and 2.4). Early therians
also possess prominent APrs, but they are not as posteriorly positioned as the APrs of
dryolestoids. The prominent APr of early cladotherians is especially noteworthy because a
distinct APr is not present in closely related spalacotherioids, eutriconodontans, and
multituberculates (Fig. 2.4).

Results of the GM analysis of APr shape suggest that a posterior, prominent APr is a
derived trait of Cladotheria (Fig. 2.4). In light of the phylogenetic positions of the mammal
groups, the results of the APr analysis support previous suggestions that the APrs of non-
mammalian cynodonts (which have been referred to as “pseudangular” processes) are not
homologous to the APrs of therians (Patternson, 1956; Jenkins and Crompton, 1983; Gow,
1986). This is in contrast to recent studies that have argued that the APrs of non-mammalian
cynodonts and mammals are homologous, based in part on the observation that the APrs serve as
insertion sites for the same jaw muscles in all groups (Abdala and Damiani, 2004, Rougier et al.,

2015B). This debate over the homology of the APr seems to focus in part on whether the non-
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mammalian cynodont APr is homologous to the APr of the earliest crown mammals,
australosphenidans. Here, the results support homology of the APr between these two groups,
especially since they partially overlap in the GM morphospace (Fig. 2.4). This is in congruence
with conclusions of Rougier et al. (2015B). However, results of this study also conflict with
conclusions of Rougier et al. (2015B) by suggesting that the APr of australosphenidans and
cladotherians are not homologous. Additional research and considerations may be needed to help
resolve this issue.

In addition to the posteriorly positioned APr of jaws, the talonid shelf of lower molars is
a character that appears at the cladotherian node (Martin et al., 2015; Rougier et al., 2012) (Fig.
2.1). Thus, the prominent APr of jaws and the talonid shelf of molars seem to have evolved
concurrently in the earliest cladotherians.

Jaw joint elevation. The articular surface of the condylar process (i.e., jaw joint surface)
is considerably elevated in dryolestoids (Fig. 2.5a; Appendix B). Spalacotherioids and therians
(and close kin) also have moderately elevated jaw joints, relative to the depressed jaw joints of

eutriconodontans and multituberculates.
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Figure 2.5. Condylar process (i.e., jaw joint) elevation (4) and coronoid process elevation
(B) for mammaliaform genera, measured as the elevation (or depression) from the alveolar
margin (dashed line) and standardized by dividing by jaw length. Large, black points
represent the median value for each group, and these values are used in the jaw models and
moment calculations. See Appendix B for individual results.
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Eutriconodontans possess depressed jaw joints (Fig. 2.5a, Appendix B). In addition, they
lack an APr and have very little curvature of the posterior-ventral region of the jaw (Fig. 2.4).
These traits are comparable to modern mammalian carnivores, which tend to possess a very
reduced APr and a depressed condylar process. One eutriconodontan, Repenomamus, is a
confirmed carnivore (Hu et al., 2005B). These results suggest that the jaw features of
eutriconodontans evolved as adaptations for a carnivorous diet. Spalacotherioids tend to be
smaller than eutriconodontans and therefore more likely to have been insectivores. Their jaw
joints are less depressed than those of eutriconodontans (Fig. 2.5a) and the posteroventral region
of the lower jaw often forms a “bulge,” although a distinct APr is not present (Fig. 2.4). Thus,
they appear to be morphological intermediates between eutriconodontans and cladotherians.

It is possible that the elevated jaw joint in dryolestoids is associated with the posterior
position of the APr in this group (Fig. 2.4). Elevating the jaw joint provides space for the APr in
the posteroventral region of the lower jaw, and it helps maintain the lengths of moment arms
(i.e., in-levers) between the jaw joint (i.e., fulcrum) and force vectors of the SM and MP during
pitch rotation.

Coronoid process. In comparison to APr shape (Fig. 2.4) and jaw joint elevation (Fig.
2.5a), the differences in coronoid process elevations among early mammal groups are not as
distinct (Fig. 2.5b). The average (median) elevation above the molar row for all groups is
between 21.5% and 25.5% of the length of the jaw, with the greatest range of values in stem
mammaliaforms. The most notable result is that dryolestoids have coronoid processes with
greater elevations than those of additional mammal groups. This could be related to the elevated
jaw joint in this group, since a concurrent elevation of the coronoid process (and TM force

vector) would help maintain the length of the moment arm for pitch rotation.
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In this study, morphological changes to the coronoid process are emphasized to a lesser
extent than changes to the APr. This is largely due to the observation that the major
morphological change in early cladotherian jaws is the appearance of a prominent, posterior APr
(Fig. 2.4) (along with a concurrent elevation in jaw joint, especially in dryolestoids; Fig. 2.5A).
Hence, changes to the force vectors of MP and SM, which insert on the APr, are a major focus of
this study. Further analyses of the coronoid process shape (such as a GM analysis that is similar
to the one performed on APr shape) were not performed for two reasons. First, the coronoid
process in early mammal fossils is not as commonly preserved as the condylar or angular
processes, meaning the sample size is smaller for this jaw process (e.g., the australosphenidan
group only includes coronoid elevation results for two genera) and jaws are reconstructed in
publications with less confidence. Second, there is considerable within-group variation in
coronoid process shape, meaning shape differences among early mammal groups are less distinct
and it is more difficult to discern broad evolutionary trends.

Tooth row length. In the jaw model analyses, the locations of the bite points are not
incorporated. The importance of this variable becomes apparent when considering morphological
and functional differences between pre-mammalian synapsids and mammaliaforms (e.g.,
Crompton and Hylander, 1986). Pre-mammalian synapsids such as cynodonts tend to have
shorter tooth rows (relative to total jaw length) than mammaliaforms. Thus, the typical bite
points along the tooth row for cynodonts are expected to be more anteriorly located than the bite
points of mammaliaforms. Variation in the bite point position is likely to alter the mechanical
advantages and bite forces of different groups. For instance, calculation of mechanical advantage

includes dividing the in-lever (i.e., moment arm) length by the out-lever length. The out-lever in
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the jaw models is the distance between the bite point and the axis of rotation, and therefore this
value will vary among taxa with different bite point locations.

To help address whether bite point locations are expected to vary considerably among
early mammal groups, I measured the relative tooth row lengths for the genera of this study
(Appendix B). My assumption is that taxa with similar tooth row lengths will have similar bite
point locations, on average, especially for the molars. Results are very similar among the
mammal groups for which I produced jaw models (Appendix B). Average (median) tooth row
lengths relative to jaw length: eutriconodontans, 63.4%; spalacotherioids, 63.9%; dryolestoids,
63.4%; and therians (and close kin), 60.7% (Supplementary Table S3). Based on these results,
the lengths between axes of rotation and the bite points (i.e., out-lever lengths) are not expected

to vary considerably among these mammal groups and are not examined in more detail.

2.4.2 Jaw biomechanics

Moment arms. Moment arm (i.e., in-lever) lengths are critical components of moment
calculations (2.3 Methods). Moment arms are the perpendicular distances from individual force
components to the axis of rotation. Figure 2.6 shows an example of moment arms (black lines,
labeled Lx and Ly) in 2D for the eutriconodontan SM for pitch rotation around an axis through
the jaw joints. The x and z axis components for the SM force vector are also shown (gray arrows,
labeled Fx and Fy), although they are scaled to the length of the muscle and not the size of the
force vector. Moment arm lengths were calculated for all directional components of all muscle
vectors. These are multiplied by the force components and then summed to calculate moment

(i.e., torque) values (see 2.3 Methods).
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Figure 2.6. Representative jaws and molars of early cladotherians and their close relatives.
Arrows signify the superficial masseter (SM) muscle, and black points represent the
predicted muscle origin location. The approximate angles of the SM force vector (relative to
the molar row) are given, and it is predicted that this angle decreased with the evolution of
the posterior APr of cladotherians. As an example to help illustrate moment calculations (see
2.3 Methods), the eutriconodontan jaw image includes the 2D x and y force components (Fx
and Fy; scaled to muscle length for simplicity) and corresponding moment arms (Ly and Lx,
respectively) for the SM. Representative upper and lower molars are shown in occlusal view.
On the far right are schematic illustrations of lower molar movement during occlusion in
eutriconodontans, dryolestoids, and therians (Butler, 1972). Eutriconodontan occlusion is
largely orthal in direction and cladotherian occlusion includes considerable medial movement
via yaw as the paracone (Pa) occludes with the talonid shelf or hypoflexid (Hyp). The
protocone (Pr) of therian tribosphenic molars occludes with the talonid basin. Sources for jaw
images are given in Appendix A. From top to bottom, the molar images are Priacodon
(Simpson, 1929), Spalacotherium (Crompton and Jenkins, 1968), Dryolestes (Martin, 1999),
and Prokennalestes (Kielan-Jaworowska and Dashzeveg, 1989).
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Jaw model dimensions. To examine functional changes in therians and their close
ancestors, three-dimensional (3D) jaw models were constructed for eutriconodontans,
spalacotherioids, dryolestoids, and early therians (and close kin) (Fig. 2.7). These are based
largely on the various measurements and considerations discussed previously (see 2.4.1
Morphometrics; Figs. 2.3-2.6; Appendix B). For instance, jaw joint and coronoid process
elevations in the models are based on the median values for mammal groups in Figure 2.5 (and
Appendix B). Further, the expected muscle insertion sites for the MP and SM are based on mean
shapes of the APr region from Figure 2.4 and locations of fossae in the jaws. 3D coordinates
were produced for muscle origins, muscle insertions, and jaw joints. Muscle insertion and jaw
joint coordinates (x, y, z) are provided in Figure 2.7. The coordinate system is based on that
shown in Figure 2.2. The mandibular symphysis and muscle origin coordinates are kept constant
in all models. The muscle origin coordinates used in the models are not given in Figure 2.7, but
are provided here: SM (4.35, 1.1, 2.9), MP (1.75, 0.75, 0.72), and TM (-1.5, 2.9, -2.7). The
working-side SM, working-side MP, and balancing-side TM are used in the model because these
represent a Triplet muscle group that contracts synchronously during the power stroke of a
chewing cycle in many modern taxa (Weijs, 1994; Williams et al., 2011). The TM muscle vector
is truncated due to the curvature of the braincase. Thus, the TM origin is not expected to reflect

the true location of the muscle origin.
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Figure 2.7. 3D jaw models for early mammal groups in oblique lateral view with point
coordinates (x, y, z) for the jaw joints and muscle insertions. The SM and MP force vectors
for all models end at the muscle origins, the coordinates for which are provided in the text.
Force vector lengths do not represent the relative force magnitudes of the vectors. The x, y,
and z coordinate system is based on that shown in Figure 2.2.
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As discussed in the 2.3 Methods, locations of muscle origins are uncertain and are based
primarily on average measurements of modern mammal analogs (Appendix C). Origin locations
are kept constant in the models shown in Figure 2.7, but see below (2.4.3 Sensitivity test) for
additional analyses that examine variation associated with potential evolutionary changes to
these positions.

Moment results. As the posterior processes of the lower jaw underwent evolutionary
changes among early mammal groups, performance metrics (e.g., torque and mechanical
advantage) for the musculoskeletal jaw configurations would have been altered for various
movements. The 3D jaw models of the four mammal groups (Figs. 2.7 and 2.8) help assess
differences in moment (i.e., torque or moment of force) for three types of jaw rotation (i.e., pitch,
roll, and yaw). Results for the moment analyses are shown in Figure 2.8 and Table 2.1, and the

following sections discuss the moment results for pitch, roll, and yaw.
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Figure 2.8. 3D jaw models in oblique lateral view (left) and dorsal view (center), and
moment (i.e., torque) values for musculoskeletal configurations of the mammal groups
(right). Locations of the jaw joint and muscle insertions for each group are inferred from
average results of the morphometric analyses (Figs. 2.3-2.5; Appendix B). See Figure 2.2 for
muscle labels and Figure 2.7 for point coordinates. Arrows represent the direction of the
muscle forces (the lengths do not reflect the magnitude of the force vectors), with SM and
MP vectors ending at the expected muscle origins but the TM vector is truncated. For
simplicity, the TM vector (purple arrow) and coronoid process elevation are kept constant
among groups in this figure, but slight changes in coronoid elevation among groups
(Appendix B) are incorporated in calculations of moment values. Color assignments: blue,
eutriconodontans (Eutri.); cyan, spalacotherioids (Spalac.); red, dryolestoids (Dry.); and,
orange, therians and close kin (Ther.). Dashed lines represent axes of rotation and black
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Figure 2.8, continued. arrows denote the direction of rotation. (4) Models and moment
calculations for pitch rotation around mediolaterally oriented (z) axes through both jaw
joints. (B) Models and moment calculations for roll rotation around axes through the jaw
joint and mandibular symphysis. (C) Models and moment calculations for yaw rotation
around two dorsoventrally oriented (y) axes, which are matched with moment results for each
axis by corresponding gray stars. All moment calculations were repeated for three different
force vector assignments for the jaw muscles (see key and 2.3 Methods), and results are
reported in Table 2.1.

Table 2.1. Moment values associated with the jaw model results in Figure 2.8. Results are
given for the two yaw axes of rotation shown in Figure 2.8c. Results were calculated using
multiple force assignments for the superficial masseter (SM), medial pterygoid (MP) and
temporalis (TM) muscles (see text). These are based on the relative muscle weights reported
by Turnbull (1970) for Didelphis virginiana (Didelphis v.) (TM, 0.57; SM, 0.14; and MP,
0.07), Echinosorex gymnurus (Echinosorex g.) (TM, 0.61; SM, 0.11; and MP, 0.09), and
Canis familiaris (Canis f.) (TM, 0.67; SM, 0.10; and MP, 0.03).

Rotation Relative Eutricono- Spalaco- Dryolestoids Therians (&
muscle masses dontans therioids kin)
Pitch Canis f. 1.963 1.425 1.186 1.334
Didelphis v. 1.827 1.368 1.173 1.256
Echinosorex g. 1.902 1.403 1.192 1.298
Roll Canis f. 0.250 0.239 0.226 0.198
Didelphis v. 0.217 0.199 0.186 0.163
Echinosorex g. 0.004 -0.014 -0.017 -0.014
Yaw (central axis) Canis f. 1.914 1.951 2.040 1.989
Didelphis v. 1.701 1.759 1.875 1.818
Echinosorex g. 1.744 1.793 1.900 1.842
Yaw (axis through Canis f. 0.399 0.500 0.600 0.576
jaw joint) Didelphis v. 0.592 0.758 0.924 0.883
Echinosorex g. 0.507 0.667 0.830 0.789

The jaw models in Figure 2.8 are the same jaw models as in Figure 2.7 except that
models for multiple groups are combined in Figure 2.8. Also, because the relative elevation of
the coronoid process does not vary considerably among the mammal groups (Fig. 2.5b;

Appendix B), the model images are simplified by keeping the TM insertion location (purple
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point in Figure 2.8) and vector (purple arrow in Figure 2.8) constant in the jaw model. However,
the slight differences in the height of the coronoid are included in calculations of moment values.

It is worth noting that results remain relatively similar when using the different force
assignments (see 2.3 Methods, Figure 2.8, and Table 2.1), suggesting that potential variation in
muscle forces among mammal groups is unlikely to alter the broad trends seen in this study.

Pitch. For pitch rotation of the jaw, results indicate that moment (i.e., moment of force,
or torque) values decrease with the evolution of the prominent, posterior APr of early
cladotherians (Fig. 2.8a; Table 2.1). This pattern remains when various force values are assigned
to the muscles and when analyses are repeated using different muscle origin locations (see 2.4.3
Sensitivity test). Moment values for therians are slightly greater than for dryolestoids but remain
less than the values of eutriconodontans and spalacotherioids. The decrease in moment values of
dryolestoids is due in large part to the increased elevation in jaw joint (without a concurrent rise
in coronoid process), which shortens the moment arm for the TM.

Roll. For roll rotation of a hemimandible, moment values are small for all mammal
groups and do not show a distinct trend (Fig. 2.8b; Table 2.1). The values are likely low because
the relatively large balancing-side TM is not involved in the calculations (since only the
working-side hemimandible is tested; Fig. 2.8), and because the MP force vector counteracts the
SM force vector and works against roll (in the direction tested here). This is consistent with the
observation by Crompton (1995) that there is minimal roll of the working-side hemimandible in
Didelphis during the power stroke of the chewing cycle (although roll is significant during
additional phases of the chewing cycle), with the MP helping to stabilize the working-side

hemimandible against roll during this phase.
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It is worth noting that this result is inconsistent with predictions that could be made from
modern analogs of dryolestoids that have zalambdadont dentitions, such as Tenrec ecaudatus.
Tenrecs (and possibly the convergently evolved Solenodon; Wible, 2008) produce considerable
roll during occlusion (Oron and Crompton, 1985), and much of the medial movement of the
molars may be due to this rotation. In addition to tenrecs, soricid shrews such as Suncus murinus
and Crocidura flavescens also produce considerable roll, although they probably utilize this
movement for a unique purpose—they independently rotate hemimandibles to pinch and squeeze
food items (e.g., worms) between their incisors (Dotsch, 1986; Dotsch, 1994). Tenrec ecaudatus,
Solenodon, and soricid shrews have all convergently evolved unique derived features that likely
assist in roll rotation. This includes a loss of a zygomatic arch (and possibly deep masseter), and
laterally flaring coronoid processes. These evolutionary changes are expected to increase the
space for a large TM and may produce a larger medial component of the TM vector (Oron and
Crompton, 1985). Contractions of the TM are expected to pull or invert the coronoid process
medially. Thus, I expect that the TM is largely responsible for the significant roll in these taxa.
This is supported by relatively elevated conoroid processes above the jaw joint in Solenodon and
soricids. Tenrecs generally have a coronoid process that is elevated above the tooth row,
although is is not expecially elevated in comparison to the jaw joint. The elevated coronoid
processes will increase the moment arm length for the medial component of the TM.

In contast to tenrecs, Solenodon, and soricid shrews, early cladotherians do not have a
coronoid process that is as elevated above the jaw joint or tooth row (Fig. 2.5; Oron and
Crompton, 1985; Détsch, 1986; Dotsch, 1994; Wible, 2008). Thus, it is not expected that
moment values for roll would increase if a medial component of the working-size TM is

incorporated into the models (i.e., the TM arm for roll would be shorter for cladotherians than for
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spalacotherioids or eutriconodonts). Further, there is no evidence of early cladotherians
possessing laterally flaring coronoid processes or losing their zygomatic arch (as in tenrecs,
Solenodon, and soricids), although there is currently minimal cranial or 3D jaw material in which
to make this conclusion. Other morphological clues that could offer support for additional roll,
such as evidence for the types of connections at the mandibular symphysis (i.e., Scapino, 1981)
and aspects of the jaw joint (e.g., 3D shape of glenoid fossae and condylar processes) are also
lacking in the fossil record. Thus, future studies can further test for a potential increase in roll at
early mammal phylogenetic nodes by incorporating additional fossil material.

Yaw. Unlike results for pitch and roll, the moment values for yaw were greater for early
cladotherians than for eutriconodontans or spalacotherioids (Fig. 2.8; Table 2.1). This is
especially apparent when the axis of rotation is near the balancing-side jaw joint, as moments are
approximately 50% greater for dryolestoids than eutriconodontans. The results for therians (and
close kin) are slightly less in value than those of dryolestoids, but they are greater than those of
eutriconodontans and spalacotherioids. These results suggest that the posterior APr evolved in
response to selection for increased mechanical advantage during yaw rotation. The greater
mechanical advantage may be beneficial during both the fast close and power stroke phases of
the chewing cycle, since yaw typically occurs during both phases (Ryder, 1878; Maynard Smith
and Savage, 1959; Mills, 1966; Mills, 1967; Crompton and Sita-Lumsden, 1970; Butler, 1972;
Butler, 1973; Weijs, 1994; Hylander, 2006; Crompton, 2011).

The results for jaw yaw in dryolestoids are consistent with molar morphologies and wear
patterns, which provide evidence for significant mediolateral movement during occlusion
(Schultz and Martin, 2014; Crompton and Sita-Lumsden, 1970; Butler, 1972; von Koenigswald

et al., 2013; Schultz and Martin, 2011). For instance, microwear scratches are often at a 35°
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angle relative to horizontal in dryolestoids (Schultz and Martin, 2011), and the talonid shelf
surface that occludes with the paracone of the upper molar is at a similar angle (Fig. 2.6). Thus,
lower molars of dryolestoids must include considerable medial movement during occlusion,
which is most likely produced by yaw, based on evidence from additional mammal groups
(Williams et al., 2011; Ryder, 1878; Maynard Smith and Savage, 1959; Mills, 1966; Mills, 1967;
Crompton and Hiiemae, 1970; Crompton and Sita-Lumsden, 1970; Butler, 1972; Butler, 1973;
Herring and Scapino, 1973; Kay and Hiiemae, 1974; Weijs, 1994; Hylander, 2006; Crompton et
al., 2010; Crompton, 2011; Menegaz et al., 2015). This provides support for the conclusion that
cladotherian jaw and molar morphologies evolved in concert with additional yaw rotation.
During occlusion, molar morphologies may influence the specific directional path of
molars and jaws (Evans and Fortelius, 2008; Schultz and Martin, 2011; Mellett, 1984; Evans and
Sanson, 2006), and this could suggest that coordinated muscle activity may not be necessary for
production of yaw rotation. However, even if molar morphologies direct the medial jaw
movement during occlusion, this movement necessitates opposing lateral movement via yaw
during the fast close phase of the subsequent chewing cycle to re-align the molars for occlusion.
Further, muscle activity is likely required to redirect the molars from a dorsolateral movement
during the fast close phase of the chewing cycle to a dorsomedial movement at the onset of the
power stroke phase (in which the molars have occluded), thus initiating the power stroke but not
necessarily controlling precise movement during occlusion. Finally, studies of modern pigs and
primates demonstrate yaw rotation during occlusion even though their bunodont molar
morphologies are not expected to be passively directing the movement (Hylander, 2006;
Menegaz et al., 2015). Thus, these taxa represent examples in which jaw muscles (and not molar

morphologies) must be initiating yaw rotation during mastication.
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Spalacotherioids may represent morphological and functional intermediates between
eutriconodontans and early cladotherians. They have moment values that are between those of
eutriconodonts and cladotherians for the three types of rotation (Fig. 2.8). Spalacotherioid molar
morphologies suggest that their occlusion includes more mediolateral movement than that of
eutriconodontans (Fig. 2.6; Crompton and Sita-Lumsden, 1970), and their jaws possess a
posteroventral ‘bulge’ that may alter muscle vectors in a similar manner as an angular process
(Figs. 2.4 and 2.6). However, the lack of a talonid suggests that the transverse movement of
lower molars in spalacotherioids is not as extensive as that seen in dryolestids and early therians.

Recent fossil discoveries suggest that eutriconodontans and spalacotherioids possess an
ossified Meckel’s cartilage that connects the lower jaw and middle ear (Luo et al., 2007A; Ji et
al., 2009; Luo, 2011; Wang et al., 2001; Meng et al., 2003). Although a Meckel’s groove is
present in some early cladotherians (Kielan-Jaworowska and Dashzeveg, 1989; Davis, 2012;
Close et al., 2016; Urban et al., 2017), no cladotherian fossils have been discovered with an
ossified Meckel’s cartilage. Thus, it is likely that an ear-jaw connection in early cladotherians
was either not present (at least in adults) or was maintained by cartilaginous tissue rather than
bone. If this is the case, it represents an additional morphological change that may have evolved
concurrently with greater yaw rotation of the jaw. In jaws with attached middle ears, yaw might
create additional stress on attached middle ear elements because, unlike pitch (if the axis of
rotation is at the jaw joint), it involves protraction and retraction of hemimandibles at the
condyles (Fig. 2.2), likely resulting in tension and compression for attached ear elements.
Therefore, the lack of a rigid ear-jaw connection in cladotherians may have allowed greater jaw

mobility and decreased the amount of strain on the ear during yaw rotation.
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However, this conclusion about middle ear elements is based on two assumptions that
should be noted. First, I assume some rigidness at the mandibular symphysis. However, if there
is considerable flexibility at the mandibular symphysis or physical restrictions at the glenoid
fossae, some retraction and protraction may be replaced by z axis translation of hemimandibles
(although this movement could also result in stress on middle ear elements). Second, I assume
that pitch rotation is around a horizontal axis through the jaw joints. However, if the axis of
rotation for pitch is not at the jaw joint (e.g., it is often ventral to the jaw joint in primates;
Iriarte-Diaz et al., 2017), then pitch rotation will result in protraction and retraction of the
mandible. Thus, future studies could expand on this conclusion about ear elements by testing a
broader range of rotational movements.

Therians and close Kin. In comparison to dryolestoids, the average jaw morphology of
early therians and close kin (i.e., Zatheria + Amphitherium) includes an APr that is not as
posteriorly positioned and a jaw joint that is not as elevated (Figs. 2.4 and 2.5). Due to these
differences, yaw moment values for therians are not as great as those for dryolestoids (Fig. 2.8).
Based on the hypothesized correlation between jaw morphology and yaw rotation, this suggests
that therian chewing cycles include less mediolateral movement via yaw than the chewing cycles
of dryolestoids. This prediction is corroborated by evidence from molar morphologies. In the
tribosphenic molars of therians, the talonid shelf expands into a talonid basin (Figs. 2.1 and 2.6).
The extended shearing groove of the talonid shelf (i.e., the hypoflexid groove) is reduced in size
and its slope is often vertically steeper in tribosphenic molars of early therians (Davis, 2011;
Crompton and Kielan-Jaworowska, 1978; Schultz and Martin, 2014; Butler, 1972), indicating
that molar movement is more dorsally oriented (and likely involves less transverse movement via

yaw) in early therians than in dryolestoids (Fig. 2.6). Further, occlusal contact between the
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protocone and hypoconid of the talonid basin in tribosphenic molars may truncate the transverse
movement during occlusion (Schultz and Martin, 2014). Thus, molar and jaw morphologies of
therians appear to be consistent with the hypothesis that APr position (and possibly jaw joint
elevation) is correlated with the amount of mediolateral movement during mastication.

Modern mammalian clades tend to possess derived musculoskeletal jaw anatomies and
functions, meaning that analogous comparisons to early mammal groups should be made with
caution. However, a couple similarities are worth noting. Tenrecs, Solenodon, and several extinct
therian lineages possess zalambdodont molars that are morphologically analogous to dryolestoid
molars in possessing a talonid shelf instead of a talonid basin (Asher et al., 2002; Lopatin, 2006;
Oron and Crompton, 1985; Wible, 2008), and these taxa are believed to produce transverse
molar movement via jaw yaw (Mills, 1966; Mills, 1967). Consistent with dryolestoids and the
predictions of this study, zalambdodont taxa possess APrs that are positioned strongly posteriorly
(Asher et al., 2002; Lopatin, 2006; Oron and Crompton, 1985; Wible, 2008). However, it is
worth noting that modern zalambdodont taxa also have chewing cycles with considerable roll
rotation (Oron and Crompton, 1985). Although the jaw models of this study do not speak to the
question of the degree of roll at the cladotherian node, it is possible that early cladotherians did
experience greater roll via passive means (e.g., due to molar morphology) or unique patterns of
muscle contractions that are not examined in this study.

In contrast to zalambdodont taxa, the occlusion in most carnivorans is primarily
dorsoventrally oriented (i.e., orthal) with little transverse movement (Weijs, 1994; von
Koenigswald et al., 2013; Mellett, 1984; Evans and Sanson, 2006), although mediolateral
translation along the z axis may occur (Menegaz et al., 2015; Evans and Fortelius, 2008). Yaw in

many carnivorans is also likely limited by the wrapping of the glenoid fossa around the condyle
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of the jaw, creating a hinge-like joint that does not permit the protraction and retraction of
condylar processes that occurs during yaw (Fig. 2.2). Consistent with the predictions of this
study, carnivorans typically possess a reduced APr and depressed jaw joint (Grossnickle and
Polly, 2013; Maynard Smith and Savage, 1959). These traits are analogous to those of
eutriconodontans, which include carnivorous taxa such as Repenomamus (Hu et al., 2005B), and
likely improve mechanical advantage for pitch rather than yaw. The musculoskeletal anatomies
of carnivorans and eutriconodontans may also permit greater bite force during wide gape (see
discussion on gape below).

Australosphenidans. Evidence suggests that australosphenidans and therians
convergently evolved similar morphological changes to the jaws, molars, and ears. This includes
the appearance of a tribosphenic molar morphology and loss of a rigid attachment between the
middle ear and jaw (Rauhut et al., 2002; Luo, 2011; Luo et al., 2002; Ramirez-Chaves et al.,
2016). Australosphenidans possess APr morphologies that are similar to those of therians (Fig.
2.4), and some taxa have elevated jaw joints like those of early cladotherians (Fig. 2.5a). These
convergences suggest selective pressures for similar functional morphologies, and they may
provide an additional line of evidence for the hypothesized functional link between these
changes and increased yaw rotation during mastication. However, the scarcity of
australosphenidan fossils and questions concerning their phylogenetic affinity (Luo et al., 2002;
Rougier et al., 2012; Rich et al., 2002) prohibit further conclusions regarding this group.

Docodonts. Docodonts are a diverse group of mammaliaforms that are included within
the ‘stem mammaliaforms’ group of this study. They are an additional group (besides therians

and australosphenidans) with tribosphenic-like molars that suggest mediolateral movement
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during occlusion (e.g., Pfretzschner et al., 2005). They often have a distinct APr (e.g., Rougier et
al., 2015B), although it is not as posteriorly positioned as that of early therians (Fig. 2.4).

In some respects, the results for docodonts conflict with the conclusions of this study. For
instance, the molar morphologies suggest mediolateral movement during occlusion (Pfretzschner
et al., 2005) like that seen in early cladotherians, but the jaw joints are not as elevated and the
APr is not as posteriorly positioned as those of early cladotherians. Thus, the musculoskeletal
configurations in docodonts are not expected to be as ideal for yaw, at least in comparison to
early cladotherians. However, there are a couple considerations that may help explain these
conflicting results. First, docodont jaws maintain attached middle ear elements, which may
inhibit the evolution of potential jaw morphologies. For instance, the middle ear elements may
prohibit posterior migration of the angular process, and if taxa need to maintain small resultant
forces at the jaw joint region because of attached ear elements then a depressed jaw joint may be
necessary (Crompton and Hylander, 1986). Thus, if docodonts are experiencing yaw rotation
during occlusion, ideal musculoskeletal jaw configurations (like those in early cladotherians)
may simply not be possible due to additional factors. Second, there is a possibility that the
transverse molar movements in docodonts are produced by mediolateral translation (along the z
axis) rather than by yaw. For instance, the molar morphologies of docodonts are complex in
shape and may direct molar movement during occlusion, meaning that jaw muscle control of
yaw may not be necessary. Prominent X and Y cusps (of the medial portion of the upper molars)
appear to truncate medial movement of lower molars during occlusion (Pfretzschner et al., 2005).
Also, the medial region of the upper molars (analogous to the trigon of tribosphenic molars) is
often directed posteromedially (e.g. Luo and Martin, 2007). This is in contrast to early

cladotherians and tribosphenic taxa in which the trigon is often directed medially or
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anteromedially. This suggests that a relatively unique type of occlusal movement may be
occurring in docodonts, such as posteromedial movement of lower molars (Gingerich, 1973). For
instance, yaw rotation may be occurring around a vertical axis of rotation that is at or near the
working side jaw joint (rather than the balancing side jaw joint as modeled in Figure 2.8), and
yaw around an axis in this position was not tested in this study. Thus, the docodont
musculoskeletal jaw configuration may be more ideal for yaw around an axis in this position,
although this possibility will need to be explored in future studies.

Deep masseter. The deep masseter muscle is not included in functional analyses
primarily because it is not considered a member of the Triplet muscle groups, as defined by
Weijs (1994). Also, it does not insert on the jaw processes that are a focus of the morphometric
analyses of this study, making it more difficult to examine evolutionary changes to the muscle
vector. Further, estimation of deep masseter position in 3D is especially difficult without a
distinct process for the muscle insertion (in contrast to the other muscles of this study) and
preservation of the zygomatic arches for muscle origins.

Because the deep masseter is not one of the Triplet muscles, it is not expected to reach
maximum contraction concurrently with the Triplet muscles. Instead of including the deep
masseter with Triplet muscle groups, Weijs (1994) described the working-side deep masseter and
balancing-side deep masseter as ‘Vertical Closers.” However, Crompton et al. (2011) included
the working-side deep masseter in their ‘Group 1’ muscles and balancing-side deep masseter in
their ‘Group 2’ muscles for Didelphis, although they also note that the deep masseter is involved
in the fast close and fast open phases of the chewing cycle. They depict Group 1 and Group 2

muscles contracting concurrently, similarly to the Triplet muscles of Weijs (1994). Thus, if the
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deep masseter were included in analyses, the balancing-side deep masseter would be included
with the Triplet II muscles that are modeled in Figure 2.8.

Unlike the SM and MP, which have a large x axis (horizontal) component (Figs. 2.2, 2.6-
2.8), the deep masseter is directed dorsolaterally (i.e., it has significant z axis and y axis
components). The dorsally-directed component of the force vector is parallel to the axes of
rotation during yaw, meaning that it does not affect yaw rotation. Similarly, the laterally-directed
component is parallel to the axis of rotation during pitch, meaning that it does not affect pitch
rotation. Thus, incorporation of the deep masseter into moment calculations for yaw and pitch
may have a minimal effect on results for these types of rotation. Unlike yaw and pitch, the deep
masseter may have a considerable effect on results for roll rotation (Fig. 2.8b). It connects the
masseteric fossa of the jaw to the zygomatic arch, and the force vector likely has a relatively
large moment arm for the axis of rotation for roll, especially if the zygomatic arch extends
laterally from the skull. However, the deep masseter does not insert on the APr and is not
expected to experience as great of change in vector as that of the MP and SM among mammal
groups. Therefore, including it in analyses is likely to alter results for all mammal groups in a
similar manner, which is not expected to change the broad trends seen here.

As noted in the main text, some mammals such as carnivorans may produce transverse
molar movements via mediolateral translation (along the z axis of this study) rather than via yaw
rotation. The deep masseter may be especially involved in this movement since it has a large
lateral (i.e., z axis) component. This is supported by results in Davis (2014), which show
evidence of a late-contracting deep masseter causing significant mediolateral translation in the

kinkajou.
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Gape. The moment results from modeling analyses (Fig. 2.8) suggest that morphological
jaw changes in early cladotherians (i.e., dryolestoids and early therians) may be adaptations
associated with greater yaw rotation during mastication. However, it is possible that additional
performance metrics played a role in the morphological changes in cladotherian jaws. For
instance, musculoskeletal configurations of the jaw can have a considerable impact on gape, both
in terms of the amount of gape allowed and the force produced by adductor muscles during
varying degrees of gape. In general, the greater a muscle is put in tension (i.e., stretched), the
greater the reduction in force output (Herring and Herring, 1974). Therefore, muscles that stretch
to a greater degree during jaw opening will produce less force during a wide gape. In the jaw
models of this study (Figs. 2.7 and 2.8), the SM and MP are longer in dryolestoids and therians
than in eutriconodontans and spalacotherioids due to the posteriorly extended APr. Thus, it is
expected that the jaw muscles in early cladotherian would experience relatively less stretch of the
muscle during jaw opening. This assumption suggests that increased gape and greater muscle
forces during wide gape may be possible in early cladotherians, and that this may have been an
additional factor in the evolution of an extended APr.

However, additional considerations indicate that gape is unlikely to have played a role in
the evolution of an extended APr in early cladotherians. First, stem cladotherians were likely
insectivores, based on their relatively small body sizes (especially compared to
eutriconodontans), dentitions that are analogous to zalambdodont dentitions of modern
“insectivorans” such as tenrecs, and jaw morphologies (Grossnickle and Polly, 2013).
Consuming insects is unlikely to require increased gape or strong forces during wide gape.
Second, lengths and directions of muscle fibers affect force-tension curve of muscles and the

amount of gape possible, and these variables are unknown for fossil taxa. Thus, additional
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analyses are necessary to further examine the effect of potential muscle fiber lengths and
directions on gape in early mammals. Third, the APr of dryolestoids (and some insectivorans
such as shrews) tends to be long and thin (Fig. 2.4), with the long axis of the APr pointed
anteriorly in the direction of the inferred superficial masseter origin (near the anterior zygoma)
during jaw closure (e.g., Turnbull, 1970). Thus, the muscle force vectors are assumed to be
largely parallel to the long axis of the APr (and mostly horizontal) when the teeth are in
occlusion. However, during wide gape the posterior tip of the APr will rotate dorsally behind the
jaw joint, bringing the muscle vectors of the SM and MP closer to the jaw joint and significantly
reducing their moment arm lengths for pitch rotation (around an axis through the jaw joints).
This suggests much weaker bite forces for pitch during wide gape. Also, as the APr rotates
during wide gape its long axis is no longer pointed toward the muscle origins (instead it will
point ventromedially). If the SM and MP place a strong tensile force on this gracile APr while it
is not aligned with (or parallel to) the direction of force, it is likely to put considerable strain on
the APr.

Gape is more likely to have been a factor in the evolution of the eutriconodontan jaw
morphology rather than the cladotherian jaw. For instance, modern taxa like carnivorans that
require a wide gape for large food items tend to have a small APr that is positioned close to the
jaw joint, and the jaw joint tends to be depressed (Herring and Herring, 1974; Grossnickle and
Polly, 2013). Similarly, eutriconodontans have a depressed jaw joint, and the MP and SM insert
close to the jaw joint. Eutriconodontans are some of the largest Mesozoic mammals and at least
one genus, Repenomamus, has been shown to be carnivorous based on fossilized gut contents
(Hu et al., 2005B). This convergent musculoskeletal configuration of carnivorans and

eutriconodontans likely results in minimal muscle stretch during wide gape and/or maintains
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moment arm lengths for the muscles during pitch rotation (unlike taxa with a posteriorly

extended APr), allowing a strong bite force to be maintained even during wide gape.

2.4.3 Sensitivity test — muscle origin locations

The focus of the jaw model analyses is on evolutionary changes to muscle insertion
locations and jaw joint elevations (Figs. 2.2-2.8). However, an additional variable that is
expected have a considerable effect on muscle vectors and moments is the locations of muscle
origins. Muscle origin locations of the jaw models are based primarily on measurements of skulls
of modern analogs and well-preserved mammaliaform skulls (see 2.3 Methods and Appendix B),
and these locations are kept constant in the jaw models (Figs. 2.7 and 2.8).

It is possible that concurrent evolutionary changes to muscle insertion and muscle origin
locations would negate the changes in moment values that are reported here. For instance, the
SM muscle vector angles in Figure 2.8 are shown as being closer to horizontal in dryolestoids (in
comparison to eutriconodontans and spalacotherioids) due to the posterior extension of the APr.
However, if the SM origin evolved posteriorly with the concurrent evolution of a more posterior
muscle insertion, this would negate the inferred change in muscle vector angle (Figs. 2.6-2.8).
This could alter the moment value trends reported in Figure 2.8 and Table 2.1.

To examine the effect of potential variation in muscle origin locations on moment
calculations, a sensitivity test was performed. This involved altering muscle origin locations for
the three muscles of this study (i.e., the working-side SM, working-side MP, and balancing-side
TM) and repeating moment value calculations. The SM and MP muscle origins were altered
along the x axis and y axis, and the TM was altered along the y axis and z axis (Fig. 2.9). For the

SM and MP, muscle origins were shifted two standard deviations in both directions away from
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the original origin location (Figs. 2.7 and 2.8). The standard deviations are those reported in
Appendix B and are therefore based on variation seen in modern analogs and fossil skulls.
Because the locations were moved two standard deviations, this means that approximately 95%
of the variation seen in these taxa is captured in the analyses. For the TM, muscle origin location
was not based on measurements of skulls, so the muscle vector was moved approximately the
same amount in each direction as was done for the SM (Fig. 2.9). Muscle force assignments in
all calculations are based on Didelphis muscle masses (see 2.3 Methods). Moment calculations
were repeatedly calculated using the same methodology as described previously. However, roll
rotation was excluded because results for roll remained low in all previous calculations (Fig. 2.8
and Table 2.1) and is not expected to change significantly with different muscle origin locations,
especially since the TM is not included in roll calculations (see 2.3 Methods). Results for the
muscle origin sensitivity test are provided in Figure 2.9, with model images for spalacotherioids
shown with muscle vectors based on the varying muscle origins (i.e., multiple blue arrows from

the same muscle insertion location).
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Figure 2.9. Sensitivity test with altered muscle origin locations of the jaw models.
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Figure 2.9, continued. Sensitivity test in which muscle origin locations of the jaw models
(Fig. 2.7) have been altered to examine variation associated with potential evolutionary
changes to these locations. The model images (left) are spalacotherioids, although moment
analyses (right) were performed for the four mammal groups: eutriconodontans (blue, 1),
spalacotherioids (cyan, 2), dryolestoids (red, 3); and therians and close kin (orange, 4). For
the superficial masseter and medial pterygoid, origin locations were moved two standard
deviations in both directions from the original muscle origin, and these new vectors are
denoted with additional arrows in the model images. (The standard deviations are based on
results of measurements in Appendix C). Only pitch and yaw were examined (see text), and
the muscle force assignments in all analyses are based on muscle masses of Didelphis. As in
analyses shown in Figure 2.8, there are two sets of results for yaw that are based on two
potential locations for the axis of rotation. The greater values always correspond to the
vertical axis that is just medial to the balancing side jaw joint. See Figure 2.8 for locations of
these axes and additional information.

In the original moment calculations, early cladotherians (i.e., dryolestoids and therians)
show relatively small moments for pitch and relatively large moments for yaw (Fig. 2.8). This

pattern remains in all analyses of the sensitivity test in which muscle origin locations are altered
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(Fig. 2.9). In addition, for some calculations (e.g., mediolateral variation of the MP) the results
for pitch and yaw remain nearly unchanged when the origin location is altered.

Results for pitch rotation are especially consistent for all calculations of the sensitivity
test (Fig. 2.9). This suggests that the pattern shown for pitch in the original analysis (Fig. 2.8) is
unlikely to have been altered by evolutionary changes to the muscle origin locations among
mammal groups. This is likely due to pitch results being based largely on jaw joint elevation and
coronoid process elevation, since the distance between these points roughly represents the
moment arm length for the large TM during pitch. Thus, changes to the angle of the TM force
vector are unlikely to alter pitch results significantly unless the TM vector changes considerably
more than the amount that is tested here. This provides additional evidence for the conclusion
that musculoskeletal jaw configurations of early cladotherians were less ideal for pitch rotation
than those of eutriconodontans and spalacotherioids.

Compared to pitch, results for yaw show greater variation when muscle origin locations
are altered (Fig. 2.9). However, this variation is still minimal for many of the calculations. The
greatest variation is for anteroposterior changes to the MP origin and mediolateral changes to the
TM origin. Thus, moment results for yaw in Figure 2.8 should be considered with some caution,
although it is worth reiterating that the general trends for the four mammal groups are not altered
when the muscle origins are varied. Considerable evolutionary change in muscle origin would
have had to occur among early mammal groups to disrupt the original results pattern from Figure
2.8.

The sensitivity analysis tests the variation in muscle origin locations of modern taxa, but
it cannot be ruled out that early mammal groups had muscle origin locations that are outside of

the range of variation seen in modern analogs (and fossil mammals) that were measured for this
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study (Appendix C). However, there is little or no evidence to suggest that this is the case for
these taxa, especially since the skull material of early mammals in this study (e.g., Yanoconodon,
Maotherium, Juramaia, Vincelestes, Eomaia, Sinodelphys) do not indicate significant

morphological divergence beyond the variation seen in modern analogs.

2.5 DISCUSSION

2.5.1 Mammalian evolution

Middle ear evolution. The evolutionary transition that resulted in the origin of the
definitive mammalian middle ear (i.e., a single dentary squamosal jaw joint and middle ear
elements that are detached from the jaw) is somewhat paradoxical. That is, bones expected to
receive considerable compression and tension at the jaw joint during mastication (i.e., the
quadrate and articular bones) transitioned to delicate sound transmitting ossicles (i.e., the incus
and malleus, respectively) in the middle ear. It has been suggested that in taxa with bones serving
dual roles as jaw and ear components, musculoskeletal configurations must have minimized
forces at the jaw joint while preserving strong bite forces (e.g., Crompton and Hylander, 1986).
Although a diversity of jaw morphologies satisfies these requirements (Reed et al., 2016), it is
expected that some morphologies and functions would not be plausible. For example, an elevated
jaw articulation relative to the molar row can result in greater reaction forces at the jaw joint
(especially when muscle forces are anteriorly directed), meaning that a substantially elevated jaw
joint is unlikely in taxa with dual functioning ear and jaw components (Reed et al., 2016). Thus,
it has been hypothesized that constraints on musculoskeletal configurations of the jaw
diminished when ear components were relieved of jaw joint functions (i.e., the dentary-

squamosal joint became the sole jaw joint), resulting in a diversification of morphologies in early
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mammal groups (Crompton and Parker, 1978). This hypothesis is supported by the observed
morphological and taxonomic diversifications in Jurassic mammaliaforms (Fig. 2.1; Luo, 2007;
Grossnickle and Polly, 2013; Close et al., 2015), in addition to the variety of jaw morphologies
documented in this study (Figs. 2.4 and 2.5).

Although pre-mammaliaform cynodonts are not included in this study, it is worth
considering their jaw and ear morphologies when examining macroevolutionary patterns of stem
mammaliaforms and early crown mammals. The cynodont APr tends to be anteriorly positioned
relative to that of crown mammals (Crompton and Hylander, 1986). This is similar to stem
mammaliaforms, which also have an anteriorly positioned APr (Fig. 2.4). However, unlike stem
mammaliaforms, the APr is ventrally deeper (due to a ventrally extended APr and/or a deeper
mandibular body) on average. An issue with an anteriorly positioned APr is that the attached
adductor muscles may impede gape, since muscle stretch will be greater (if all other variables are
kept constant) when the muscles are further from the axis of rotation. By extending the angular
process ventrally, cynodonts lengthen the jaw adductor muscles and likely lessen the forces lost
to stretched muscles during gape. In addition, cynodonts appear to have a shortened tooth row
relative to the length of the jaw (e.g., Crompton and Hylander, 1986), which means the typical
bite point (of molars) is expected to be more anteriorly positioned relative to that of
mammaliaforms. The combination of the anterior APr and anterior bite point may have helped
lessen the reactionary forces at the jaw joint during pitch rotation (Crompton and Hylander,
1986; Reed et al., 2016).

In stem mammaliaforms in which the ear elements no longer perform a load-bearing
function at the jaw joint, evolutionary constraints on the musculoskeletal configurations of the

jaw may have been reduced. As noted above, this may have allowed for jaw joints that were
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significantly elevated. Further, it may have permitted jaw configurations with greater reactionary
forces on the jaw joint because the delicate ear elements were no longer attached. Thus, the bite
point and APr could move posteriorly, likely raising reactionary forces but benefitting the taxa in
additional ways (e.g., allowing for a longer tooth row). See Crompton and Hylander (1986) and
Reed et al. (2016) for additional considerations.

Early crown mammals such as eutriconodontans and spalacotherioids possess a bony
connection between the middle ear and jaw via an ossified Meckel’s cartilage (Fig. 2.1; Wang et
al., 2001; Meng et al., 2003; Luo et al., 2007A; Ji et al., 2009; Luo 2011), but this connection
does not appear to be present in early cladotherians. It is worth noting that mandibles of early
cladotherians often possess a Meckel’s groove (e.g., Davis, 2012; Close et al., 2016), indicating
that a cartilaginous ear-jaw connection may be maintained in adults. However, the lack of fossil
evidence for a strong ear-jaw attachment suggests that any connection that remained was not
rigid. Thus, the possible loss of a strong attachment between the jaw and middle ear in
cladotherians may have permitted further diversification of jaw morphologies and functions,
although this is speculative due to the limited fossil evidence.

Triplet muscle groups. In the jaw models, the Triplet II muscles (Fig. 2.2) were chosen
for moment calculations since they contract concurrently during the power stroke of the chewing
cycle (i.e., during occlusion) in many modern mammal groups (Williams et al., 2011; Weijs,
1994; Crompton, 2011). Using these muscles for calculations assumes that the early mammal
clades have asynchronously contracting Triplet muscle groups in which the balancing-side TM
(rather than the working-side TM) is contracting with the working-side SM and MP. However,
this assumption is unlikely to affect results for pitch and roll. For instance, using the working-

side TM instead of the balancing-side TM for calculations would result in the same values for
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pitch because the moment arm length would be identical. In addition, if the working-side TM
was included in the calculations for roll, it would likely have little effect because the vector is
largely parallel to the axis of rotation (resulting in small force contributions to this type of
rotation). In addition, if the working-side TM includes a significant medial component (e.g., as
seen in tenrecs, Oron and Crompton, 1995), the TM moment arm for cladotherians is expected to
be shorter than that of spalacotherioids and eutriconodonts, indicating that cladotherians would
have lower moment values for roll (see further discussion in 2.4 Results). Thus, if the
asynchronous contractions of Triplet muscles were not present in early mammal groups, it is
unlikely that revised calculations would alter the broad patterns seen here for pitch and roll,
including the decreased moment values for pitch at the cladotherian node.

In contrast to the results for pitch and roll, the results for yaw are largely dependent on
the asynchronous contractions of the Triplet muscle groups. For instance, if the working-side TM
(rather than balancing-side TM) contracted with the working-side SM and MP, then the
posteriorly directed force vector would counteract the SM and MP vectors, and yaw rotation in
the medial direction would be unlikely to even occur. Thus, I recognize that the choice to use a
Triplet muscle group in the models may be influencing the conclusion that yaw increases at the
cladotherian node. However, it is worth noting that even if the Triplet contraction pattern was not
present in the earliest cladotherians, it is still likely that they had asynchronous contractions of
jaw muscles, as these are present in most modern mammals even if there is not a specific Triplet
pattern (e.g., Williams et al., 2011; Ram and Ross, 2018; Vinyard et al., 2005). If it is assumed
that the muscle contraction patterns in early mammals are unknown, then I could have instead
modeled each muscle individually. In this case, I expect that at the cladotherian node the moment

values for yaw would increase for the SM and MP (due to the vectors having a greater x-axis
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component than spalacotherioids and eutriconodonts), and it is expected that pitch moment
values would significantly decrease for TM (with little effect on yaw) and stay relatively
consistent for SM and MP. Thus, if muscles were modeled individually, the conclusion that jaw
changes at the cladotherian node increase moment values for yaw would remain supported.

Tribosphenic molar evolution. Medial movement of the working-side hemimandible
was a likely prerequisite for the evolution of tribosphenic molars. It allows for extended contact
between the protocone and the talonid basin, as well as the hypoflexid and paracone, during the
power stroke phase of a chewing cycle (Fig. 2.6; Schultz and Martin, 2014). Considerable
evidence suggests that this medial movement of the working-side hemimandible is produced via
yaw rotation (rather than z axis translation) in early therians (Williams et al., 2011; Ryder, 1878;
Maynard Smith and Savage, 1959; Mills, 1966; Mills, 1967; Crompton and Hiiemae, 1970;
Butler, 1972; Butler, 1973; Herring and Scapino, 1973; Kay and Hiiemae, 1974; Weijs, 1994;
Hylander, 2006; Crompton et al., 2010; Crompton, 2011; Menegaz et al., 2015), especially since
yaw rotation occurs in modern and fossil taxa with tribosphenic (or tribosphenic-like) molars
(Mills, 1966; Mills, 1967; Crompton and Hiiemae, 1970; Crompton and Sita-Lumsden, 1970;
Butler, 1972; Butler, 1973; Kay and Hiiemae, 1974; Crompton, 2011). Thus, yaw appears to be a
particularly important component of tribosphenic molar occlusion, and increased yaw may have
been a critical early step in the evolution of tribosphenic molars.

The additional mediolateral movement via yaw in early cladotherians could have aided
taxa by increasing the amount of shearing per chewing cycle. Not only are the primitive trigonid
shearing crests (i.e., those of spalacotherioid molars) maintained in early cladotherians, but the
novel talonid also permits extended shearing (Fig. 2.6; Schultz and Martin, 2014). Crompton

(1971) and Davis (2011) document an increased number of wear facets on molars in
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cladotherians relative to mammaliaforms, suggesting increased occlusal complexity and
precision.

Mammaliaforms experienced an evolutionary radiation in the Jurassic that was marked
by the appearance and diversification of numerous clades (Fig. 2.1; Luo, 2007; Grossnickle and
Polly, 2013; Close et al., 2015). Most of these groups persisted for tens of millions of years and
achieved considerable ecomorphological diversity (e.g., Luo, 2007; Grossnickle and Polly, 2013;
Meng et al., 2015; Chen and Wilson, 2015). However, many mammaliaform and early crown
mammalian clades went extinct or were greatly diminished during the Cretaceous Terrestrial
Revolution (KTR) at ~125-80 million years ago (Ma) and K-Pg mass extinction event at 66 Ma,
periods of considerable environmental perturbation and ecological change (e.g., Alvarez et al.,
1980; Labandeira et al., 2002; Lloyd et al., 2008; Bond and Scott, 2010; Tobin et al., 2012;
Grossnickle and Polly, 2013). Cladotherians survived the KTR and K-Pg extinction event and,
led by therians, diversified after both events (Alroy, 1996; Benson et al., 2013; Grossnickle and
Polly, 2013; Wilson, 2014; Grossnickle and Newham, 2016). The differential survival and
subsequent diversification of therians hints at a potential functional advantage for lineages with
tribosphenic molars. For instance, by allowing crushing of food items such as plant matter and
soft insect parts, the tribosphenic molar morphology probably assisted in broadening the dietary
diversity of early therians. In turn, the dietary versatility and efficiency of therian molars may
have been critical for the survival of the clade during its early history. This conclusion is
supported by evidence suggesting that early mammals with generalist diets were less prone to
extinction than dietary specialists (Simpson, 1944; Smits, 2015; Grossnickle and Newham,
2016). However, since diet is not directly tested in this study, further examination is needed to

test this hypothesis.
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It is worth noting that the only additional extant mammalian group to survive the KTR
and K-Pg extinction events is Australosphenida (including monotremes), which convergently
evolved a tribosphenic molar morphology early in their history. This provides additional support
for the hypothesis that the tribosphenic molar may have assisted in mammalian survival during

these events.

2.5.2 Conclusions

An improved understanding of the early evolution and biology of Theria will help
elucidate the origins of modern mammalian diversity. Here, I examine concurrent evolutionary
changes to functional anatomies of jaws, molars, and ears in early cladotherian mammals, and I
posit that these changes are associated with increased transverse movement via yaw rotation
during chewing cycles. The appearance of the talonid shelf of molars in stem cladotherians (e.g.,
dryolestoids) likely assisted in medial movement during occlusion and acted as an extended
shearing surface (Figs. 2.1 and 2.6). Further, a posteriorly positioned APr may have evolved due
to selection for muscle force vectors that produce greater mechanical advantages during yaw
(Fig. 2.8). Finally, the potential loss of a rigid connection between the jaw and middle ear in
early cladotherians might have resulted in fewer restrictions on mediolateral movement of the
mandible, although further studies are needed to fully examine this hypothesis. The jaws, molars
and ears of australosphenidans (which include monotremes) are morphologically similar to those
of therians, suggesting convergent evolution of similar functional traits in this group.

I hypothesize that these morphological and functional changes were a critical step in the
evolutionary origin of the therian feeding system. For instance, increased mediolateral jaw

movement may have been a prerequisite for the evolution of the functionally diverse and
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efficient tribosphenic molar morphology in therians (and possibly australosphenidans), and this
movement was likely produced via yaw rotation. The continued presence of tribosphenic molars
in many modern mammalian lineages provides strong evidence of its evolutionary importance.
Thus, the concurrent evolutionary changes to jaws, molars, ears, and chewing cycles in early
cladotherians may have been an especially significant event in mammalian evolution.

The masticatory changes in early cladotherians may have resulted in greater occlusal
precision, more efficient food processing, and greater dietary diversity. For instance, the
appearance of a crushing function in the tribosphenic molars of therians may have allowed for
improved mastication of plant matter. Thus, this consideration offers a possible explanation for
the differential survival of cladotherians during periods of ecological perturbations and elevated

extinction rates, such as the KTR and K-Pg extinction event.
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CHAPTER 3

Jaw correlates of diet provide insight on the adaptive radiation of
early therian mammals

3.1 ABSTRACT

Mandibular shape can offer considerable insight into the dietary preferences and evolutionary
histories of mammals, including fossil lineages. However, studies that broadly examine the
relationship of jaw morphology and diet across Mammalia are rare. Jaw shape is expected to
correlate with diet due to common functional demands on the masticatory apparatus of taxa with
similar diets. I test this prediction by applying phylogenetic comparative methods to linear jaw
measurements and dietary information for a taxonomically diverse mammalian sample. Results
indicate that the distance between the jaw joint and angular process is an especially powerful
predictor of diet, increasing with greater herbivory. This metric (and a similar angular
measurement) reflects insertion area sizes and moment arm lengths for two masticatory muscles,
the superficial masseter and medial pterygoid, which are particularly important for jaw
movements used by herbivores. To further test the influence of diet on jaw evolution, I compare
the fit of evolutionary models to the morphological data. I find strong support for the hypothesis
that there are unique selective regimes associated with herbivory and faunivory, and results
suggest that mandibular morphologies of herbivores evolve more rapidly than those of
faunivores. Having established the strong evolutionary link between diet and the angular

process-to-jaw joint length, I next apply this jaw metric to the mammalian fossil record to

83



examine the functional diversity of therian mammals through time. Results support the
conclusion that there are unique adaptive peaks for herbivores and faunivores, as the two dietary
groups show strong divergence in morphologies and a bimodal distribution pattern by the
Eocene. In addition, I find evidence for multiple bursts of diversification during early therian
history, with the most notable increase in dietary diversity occurring in the latest Cretaceous.
This challenges the popular hypothesis that therian mammals were ecologically suppressed until
the extinction of non-avian dinosaurs. Thus, this study demonstrates the strong correlation
between jaw morphology and diet, and it offers new insight on the early radiation of therian

mammals.

3.2 INTRODUCTION

The correlation between form and function is a central theme in biology, and identifying
ecologically relevant correlates has been especially informative for examining evolutionary
adaptations to various ecological niches (Bock and von Wabhlert, 1965; Janis, 1995; Kirk et al.,
2008; Polly et al., 2011; Angielczyk and Schmitz, 2014; Winchester et al., 2014; Chen and
Wilson, 2015; Figueirido et al., 2015; Mitchell and Makovicky, 2014; Panciroli et al., 2017;
Meng et al., 2017). It is particularly common for researchers to investigate relationships between
morphology and dietary preference, as diet represents a direct and critical interaction with the
environment. Identifying dietary correlates can provide insight into the functional morphology of
modern species and allow for dietary inferences of taxa with unknown diets, such as extinct
species (Damuth and Janis, 2011; Wilson et al., 2012; Grossnickle and Polly, 2013; Grossnickle

and Newham, 2016; Slater, 2015; Olsen, 2017).
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Biomechanical hypotheses underlie many studies that test for a link between diet and
morphology. Different foods possess unique physical properties that require various means of
mechanical digestion (Evans and Sanson, 1998; Janis, 1995; Evans et al., 2007; Lucas et al.,
2008; Yamashita, 2008; Lucas et al., 2009; Ross et al., 2012; Ungar and Sponheimer, 2011; von
Koenigswald et al., 2013). Because jaw morphology has a direct role in mandibular function
(e.g., jaw shape helps determine in-lever lengths of attached muscles), it is expected that
evolutionary changes in jaw shape will accompany evolutionary shifts in diet. Natural selection
probably acts on functional trade-offs for various performance metrics (i.e., bite force, gape,
mechanical advantage, occlusal precision, etc.), presumably resulting in convergent evolution of
jaw morphologies in taxa with similar diets.

Considerable effort and progress has been made toward understanding associations
between dental morphology and diet in mammals. Studies have examined dental correlates
within mammalian subclades (e.g., taxonomic orders or families) (Kay, 1975; Hylander, 1975;
Janis, 1988; Janis, 1990; Boyer, 2008; Lucas et al., 2008; Winchester et al., 2014; Santana and
Cheung, 2016; Van Valkenburg, 1988; Purnell et al., 2013) and broadly across Mammalia
(Evans et al., 2007; Christensen, 2014; Pineda-Munoz et al., 2017). Besides dentition,
researchers have assessed additional morphological traits that may correlate with diet, such as
body size, cranial morphology and jaw shape (Greaves, 1974; Radinsky, 1981; Herring and
Herring, 1974; Anton, 1996; Mendoza et al., 2002; Figueirido et al., 2009; Nogueira et al., 2009;
Monteiro and Nogueira, 2011; Meloro, 2011; Samuels, 2009; Price and Hopkins, 2015; Maestri
et al., 2016; Pineda-Munoz et al., 2016; Lazagabaster et al., 2016; Arregoitia et al., 2017;

Zelditch et al., 2017). The cranial and mandibular studies primarily focus on mammalian
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subclades, increasing the likelihood of comparing homologous morphological features and
providing an improved understanding of the evolution and ecology of specific clades.

However, broad comparisons of jaw morphologies and dietary preferences across
Mammalia are rare, and studies that have considered general trends related to diet are often
qualitative (e.g., Maynard Smith and Savage, 1959) or lack statistical correction for phylogenetic
non-independence (e.g., Herring and Herring, 1974; Grossnickle and Polly, 2013). Examining
morphological patterns at a broad taxonomic scale (i.e., across Theria or Mammalia) offers
several benefits. For instance, it may be more likely to identify common, convergent
evolutionary changes that are consistently selected for due to functional demands related to
consumption of similar food items. Further, at this scale the anatomical variation associated with
diet is expected to outweigh variation resulting from numerous additional factors that may affect
jaw morphology, such as functional demands due to additional uses of the jaw beyond feeding
(Ross et al., 2012; Davis and Pineda-Munoz, 2016). Finally, broad scale analyses will include
taxa that occupy a considerable area of morphospace, which is therefore more likely to
encapsulate the morphologies of diverse fossil taxa, making results more applicable to
paleontological studies.

In this study, I investigate potential correlations between jaw morphology and diet in
extant mammals using linear morphometrics and phylogenetic comparative methods. I examine a
taxonomically and morphologically diverse sample of 203 therian (i.e., marsupial and placental)
species representing 20 mammalian orders. I perform correlation analyses using both continuous
dietary data and discrete dietary categories. The results identify several jaw (and dental)
dimensions that are strongly correlated with diet. The most notable correlate is the distance

between the jaw joint and angular process, which may be especially important because it
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approximates muscle insertion areas and moment arm (i.e., in-lever) lengths of two masticatory
muscles, the superficial masseter and medial pterygoid.

To further examine the influence of diet on the evolution of jaw morphologies, I use a
suite of evolutionary models to test the hypothesis that there are unique selective regimes
associated with herbivory and faunivory. Price and Hopkins (2015) demonstrate that mammalian
body mass evolution is impacted by dietary preference, and I further test this pattern using jaw
morphologies of modern mammals. Results demonstrate that correlations between diets and
mandibular morphologies likely arose due to convergent evolution and distinct selective regimes.
This is further supported by evidence from fossil mammals, which show a strong divergence

between morphologies of herbivores and faunivores by the Eocene Epoch.

3.3 METHODS

3.3.1 Data Collection

Diets. Dietary information for 203 mammalian species was collected from the primary
literature and recorded as the proportion of plant (and fungal) material in the diet (Appendix D).
This builds upon the dataset compiled by Pineda-Munoz and Alroy (2014). A majority of dietary
data are based on quantitative analyses of stomach contents (sensu Pineda-Munoz and Alroy,
2014), although diets of some taxa are based on other types of data (e.g., fecal content studies).
Additional species were added to the dataset based on dietary information from the University of
Michigan Museum of Zoology Animal Diversity Web (ADW) (Myers et al., 2017), but these
only include entirely herbivorous (i.e., 100% plant material in diet) or faunivorous (i.e., 0% plant

material in diet).
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Prior to regression analyses, these data were arcsine-transformed, which is recommended
for proportional data (Sokal and Rohlf, 1995). Warton and Hui (2011) argue that logit
transformation is preferred to arcsine transformation. However, this requires arbitrary adjustment
of 1’s (i.e., 100% plant diet) and 0’s (i.e., 0% plant diet) in the dataset to avoid transformed
values of infinity or negative infinity, respectively. This is especially problematic for my dataset
because approximately half of the species have diets of 100% plants or 0% plants, meaning that
the choice of arbitrary adjustment values has a large influence on regression results. In addition, I
ran analyses using logit transformation of plant data (after reassigning 1’s to 0.99 and 0’s to
0.01), and results were very similar to those in which data were arcsine transformed. Therefore, I
chose to report results that use arcsine transformed diet data.

I recognize that the percentage of plant/animal material consumed is an
oversimplification of diet, especially because material and nutritional properties of plant and
animal products can vary substantially. However, using continuous dietary data offers benefits,
such as allowing for application of phylogenetic generalized least squares (PGLS) analyses. In
addition, compiling continuous data permits strict definitions of dietary categories, which is
beneficial because a majority of taxa are some degree of omnivore (Pineda-Munoz and Alroy,
2014) and dietary classification can be particularly subjective. For one-way analyses of variance
(ANOVAs) in which dietary classification in necessary, I define faunivores (i.e., insectivores and
carnivores) as taxa with diets consisting of 0-5% plant material, omnivores as 5-95% plant
material, and herbivores as 95-100% plant material. Although this is a broad definition of
omnivore, it results in less than half of the sample (i.e., 87 of 203 species) being assigned to the

omnivore group (Appendix D).
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All mammals in the sample are terrestrial except for the crabeater seal (Lobodon
carcinophaga) and two semiaquatic species, the capybara (Hydrochoerus hydrochaeris) and
otter shrew (Potamogale velox). Incorporation of additional aquatic mammals into jaw shape
analyses is challenging because of derived morphologies that often include the loss or severe
reduction of jaw processes.

Morphometric data. Lateral jaw images were collected by photographing specimens at
the Field Museum of Natural History (Appendix D). Jaws were oriented so that the jaw body was
horizontal and perpendicular to the camera. Additional images were obtained from alternative
sources, such as primary literature articles and the ADW (Appendix D). Morphometric jaw and
molar data were collected in ImageJ (Schneider et al., 2012) for 12 linear measurements (scaled
using a scale bar) and one angle (Fig. 3.1, Table 3.1, Appendix E). Jaw length (measurement 1)
was always collected first, and the line for this measurement was drawn on the jaw image. This
provided a guide for subsequent measurements that are parallel or perpendicular to the jaw

length line (Fig. 3.1, Table 3.1).
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Coronoid
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Figure 3.1. Mandibular measurements tested for correlation with diet. The top image
displays measurements that are perpendicular or parallel to the jaw length line (i.e.,
measurement 1), which is drawn through point a (between the ultimate premolar and first
molar at the alveolar margin) and point b (between the penultimate and ultimate molars at the
alveolar margin). The bottom image displays measurements involving the articulation surface
of the condylar process (i.e., jaw joint, point ¢). This includes measurements associated with
functional aspects of rotation around an axis through the jaw joints, including measurements
that approximate the out-lever when bites are at the first lower molar (measurement 9), in-
lever lengths for the temporalis muscle (measurement 10), and in-levers for the superficial
masseter and medial pterygoid muscles (measurement 12). Measurement 8 is the maximum
erupted height of any molar above the jaw length line. Measurement 13 is an angle that is
similar to measurement 12 in that it captures the distance between the jaw joint and the

ventral edge of the angular process (point d). Descriptions of all measurements are provided
in Table 3.1.
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Table 3.1. Descriptions of jaws measurements that were collected in this study (Appendix E)
and are shown in Figure 3.1. Numbers in parentheses after measurements correspond to the
numbers in Figure 3.1. Lateral jaw images were used for all measurements, although if the
coronoid process was blocking the view of posterior molars (which is often the case in
rodents; Fig. 3.2) then medial and dorsal views were used to assist with the molar row
measurement (3) and placement of point b.

Measurement

Description

Jaw length (1)

Distance from the anterior-most point of the mandible (excluding incisors) to the
posterior-most margin of the condylar process (CPr). The measurement is made as
a line that passes along the alveolar margin (i.e., base) of the molar row (Fig. 3.1).
Curvature of jaw bodies and molar rows in some species (Figs. 3.1 and 3.2) can
make the placement of this measurement line difficult or subjective, and therefore I
define the base of the molar row as a line between points a and b. Point a is
between the base of the ultimate lower premolar and first lower molar (m1), and
point b is between the base of the penultimate and ultimate molars. All additional
measurements shown in the upper jaw image of Figure 3.1 (i.e. measurements 2-8)
are either parallel or perpendicular to this line.

m1 to posterior
jaw (2)

Distance from point a to the posterior-most margin of the condylar process,
parallel to the jaw length line (i.e., parallel to the base of the molar row as defined
above).

Molar row (3)

Maximum length of the molar row, with the measurement taken parallel to the jaw
length line. The number of molars can vary between taxa (e.g., marsupials tend to
have four and placentals tend to have three), but all molars of a species were
included in this measurement.

Joint elevation

“4)

Elevation of the jaw joint (point c¢) above the jaw length line, measured orthogonal
to the jaw length line. The jaw joint is defined as the medial point of the condylar
process articulation surface, and if an articulation surface is not visible or apparent
then the posteroventral-most point of condylar process is used.

CPr elevation (5)

Maximum elevation of the coronoid process (CPr) above the jaw length line,
measured orthogonal to the jaw length line and ending at the dorsal-most point of
the CPr margin.

APr depth (6)

Maximum depression of the angular process (APr) below the jaw length line,
measured orthogonal to the jaw length line and ending at the ventral-most point of
the angular process margin (point d). If the angular process is not well defined
(e.g., it is often a rounded region in primates and ungulates, or inflected in
marsupials), then the dorsal-most point of the mandibular ramus region is used.
See Figure 3.2 and the accompanying text for additional discussion on the
placement of point d.

Corpus depth (7)

Depth of the mandibular corpus, measured from point a (i.e., point between the
base of the ultimate premolar and first molar) to the ventral margin of the jaw
(point e). The measurement is orthogonal to the jaw length line.

Molar depth (8)

Maximum elevation of any molar above the jaw length line (i.e., alveolar margin),
measured orthogonal to the jaw length line. The most elevated point of any molar
is used for each specimen, meaning that any molars (and any cusps) along the
molar row can be used. However, the ultimate molar is excluded from this
measurement if it is significantly upturned with the coronoid process.

Joint to m1 (9)

The distance between point @ and point ¢ (jaw joint). See above for definitions of
these points.
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Table 3.1, continued.

JCPr (10) The jaw joint-to-coronoid process (JCPr) distance, measured between point ¢ (jaw

joint) and the dorsal-most point along the margin of the CPr (see measurement 5).
JAPr posterior The jaw joint-to-angular process (JAPr) distance, measured between point ¢ (jaw
an joint) and the posterior-most point along the margin of the APr.

JAPr ventral (12) The jaw joint-to-angular process (JAPr) distance, measured between point ¢ (jaw
joint) and the ventral-most point along the margin of the angular process (point d).
See the description of measurement 6 for a definition of point d, and see Figure 3.2
and accompanying text for additional discussion of this point.

JAPr angle (13) The jaw joint-angular process (JAPr) angle, created by point ¢ (jaw joint), point e,
and point d. See descriptions above for definitions of these points, and see Figure
3.2 and accompanying text for additional discussion of this measurement.

These jaw measurements are expected to capture functionally relevant aspects of the jaw
morphology. For instance, the distance from the jaw joint to the dorsal margin of the coronoid
process (measurement 10 in Figure 3.1) roughly represents the in-lever (or moment arm) for the
temporalis muscle (Turnbull, 1970) when the axis of rotation is mediolaterally-directed and
through the jaw joint. The single angle metric (measurement 13, JAPr angle) was inspired by a
similar measurement in Arregoitia et al. (2017), which they found to be correlated with diet in
rodents. See the Table 3.1 for descriptions and discussion of these measurements. Jaw
measurement data are available in Appendix E.

Although a majority of jaw measurements are collected from jaw images without issue,
some taxa include derived jaw (or molar) morphologies that make particular measurements
challenging or subjective. Thus, I provide additional notes on my methods and measurement
decisions here. Because I use the jaw joint-to-angular process (JAPr) angle for evolutionary
modeling analyses, I primarily focus on issues related to the angular process (APr) and the points

(from Figure 3.1) that are necessary for the JAPr measurement (Figure 3.2).
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Otomys irroratus (southern African vlei rat, FMNH 25801) | Pteronotus parnellii (Parnell's mustached bat, FMNH 180713)

C D ™

Marmosa demerarae (wholly mouse opossum, FMNH 69864) Macropus giganteus (eastern grey kangaroo, FMNH 64612)

Figure 3.2. Examples of jaws that present unique challenges for measurement collection.
The horizontal dashed line represents the jaw length (measurement 1 in figure 1), the vertical
dashed line is the corpus depth (measurement 7) that is also used to determine point e, and
the solid blue lines denote the jaw joint-angular process angle (JAPr angle, measurement 13).
The Otomys jaw (A) includes labels of points from figure 1, and it highlights the anterior
extension of the coronoid process (arrow) which can obstruct the view of point 5. Bat
mandibles (B) can have especially curved jaw bodies (arrow) and small rami, with point d at
the approximate level of the jaw length line. Otocyon (C) and Urocyon have a subangular
lobe (arrow), which is ignored for APr measurements. Some taxa have angular processes that
are difficult to define due to broad expansion (e.g., ungulates, D) or somewhat hidden due to
medially inflection (e.g., marsupials, £ and F). For these taxa, point d was placed at the
merger between the mandibular body and the anterior margin of the APr. See text for
additional explanations.
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Many primates, ungulates, and herbivorous marsupials do not possess distinct APrs and
instead have broad, rounded processes (Fig. 3.2). In addition, taxa such as rodents may have
expanded APrs that extend anteriorly (Fig. 3.2). These expanded processes can make APr-related
measurements challenging because the ventral-most and posterior-most APr points, which are
used as guides in measurements (Fig. 3.1), are not as apparent as in additional taxa. For
ungulates and marsupials, the anterior-most point of the APr (i.e., where it merges with the
mandibular body) is often also the most ventral point, and therefore I commonly placed point d
at this location. See point d for jaws in Figure 3.2 for examples.

It is worth noting that APr-related measurement issues are less likely to affect the JAPr
angles than the JAPr distances. For instance, altering the location of point d for Otomys (Fig.
3.2A) by shifting it anteriorly or posteriorly along the APr margin will result in a considerable
change to the JAPr distance (measurement 12), which is measured from the jaw joint to point d.
However, the same change in position of point d is not expected to significantly alter the JAPr
angle because the vector through point e and point d should remain almost identical. Similarly, if
inflected APrs (which are present in some marsupials and rodents) were less inflected (i.e., they
were rotated ventrally and laterally), it may result in point d being shifted posteriorly, shortening
the JAPr distance. But the posterior shift of point d is less likely to significantly alter the JAPr
angle, because a posterior shift in point d does not necessarily mean that the vector through
points e and d will change. This consideration is one of the reasons why the JAPr angle was
chosen for evolutionary modeling analyses instead of the JAPr distance, and it provides evidence

that the subjective nature of some APr measurements do not affect the broad results of this study.
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A unique issue for APr measurements of Ofocyon and Urocyon is that the taxa possess a
subangular lobe that is anteroventral to the angular process (Fig. 3.2C). This lobe is not
homologous to the APr, and it is unlikely to be functionally analogous because it is an insertion
site for the digastric muscle, not the superficial masseter or medial pterygoid (Ewer 1973). Thus,
APr measurements were taken of the true APr, not the subangular lobe (Fig. 3.2C).

Molar-related measurements can present unique concerns, such as determining locations
of points a and b (figs. 1 and A1). For instance, the number of molars can vary between taxa.
Most placentals possess three molars, but some carnivores have fewer than three and Otocyon
has four (Fig. 3.2C). In addition, marsupials tend to have four molars (Fig. 3.2E and F). Despite
the differences in number of molars, the molar row (measurement 3) was always measured as the
anteroposterior length of all molars of that species. Also, I define point @ based on m1 (which is
present in all mammals of this study), and point b is defined as being between the penultimate
and ultimate molars. Crocuta crocuta and Lynx rufus possess only one molar (a large carnassial),
and therefore point b was placed at the posterior margin of m1 in these taxa.

Rodents often possess posterior molars that are partially hidden by the anterior extension
of the coronoid process (Fig. 3.2A). This makes it challenging to collect measurements that
include molars (i.e. measurements 3 and 8) or determine point b for drawing the jaw length line
(Fig. 3.1, Table 3.1). To help measure the molar row length for these species, I took dorsal
photographs of the dentitions. These photographs also assisted in locating the anterior-posterior
position of point b because they provide a view of the junction of the penultimate and ultimate
molar (see black arrow in Figure 3.2A).

Some modern mammals were excluded from analyses because their jaw morphologies

are too derived. These primarily include taxa with long, slender jaws that are often missing
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distinct jaw processes or dentitions (e.g., pangolins, cetaceans, honey possums, monotremes).
However, many of these taxa are insectivorous or carnivorous, and if JAPr measurements were
collected it is expected that these would be relatively small values (due to the long, slender shape
of the jaws), matching the expectations of this study. Thus, exclusion of these taxa is not
expected to influence the overall conclusions of this study.

Body mass. Body mass estimates were primarily obtained via the PAnTHERIA database
(Jones et al. 2009), and body masses for additional species that are not in the PanTHERIA
database were supplied by the ADW or primary literature. These data are provided in Appendix
D. Linear measurements and body mass data were log;o-transformed prior to correlation

analyses.

3.3.2 Phylogeny

I produced an informal supertree by grafting together pruned versions of previously
published phylogenies. Merging multiple trees instead of pruning the species-level supertree of
Bininda-Emonds et al. (2007) (or a derivative) was preferred because branch lengths and
topology of the Bininda-Emonds et al. (2007) tree are often inconsistent with phylogenies of
mammalian subgroups (Slater et al., 2012). All source trees are molecular phylogenies, and time
scaled branch lengths of the tree are molecular clock estimates reported in the source
publications. No polytomies are present in the tree topology. Separate analyses are performed for
glirans and non-gliran datasets, and therefore the supertree was altered for these datasets.

The following is a complete list of sources for the phylogenetic data, with the primary
source after the major clade and supplementary sources noted separately:

Basal nodes: dos Reis et al. (2012)
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Metatherians: Mitchell et al. (2014)
- Dasyuromorphia, including the approximate divergence age for the extinct
thylacine (7hylacinus cynocephalus): Westerman et al. (2015)
- Topology of Marmosa species: Voss et al. (2014)
Afrotheria: Meredith et al. (2011)
- Afrosoricia: Tabuce et al. (2008)
Bovidae: Bibi (2013)
Carnivora: Eizirik et al. (2010)
- Canidae: Slater et al. (2012)
- Mustelidae: Koepfli et al. (2008)
Chiroptera: Agnarsson et al. (2011)
- Phyllostomidae: Baker et al. (2010)
- Mpyotis: Ruedi et al. (2013)
- Nycticeius: Lack et al. (2010)
- Pteropodidae: Almeida et al. (2014)
Eulipotyphla: Sato et al. (2016)
- Mpyosorex: Dubey et al. (2007)
- Talpidae: He et al. (2016)
Primates: Springer et al. (2012)
Macroscelididae: Smit et al. (2011)
Rodentia: Fabre et al. (2012)
- Murinae: Kimura et al. (2015)

- Gerbillinae: Alhajeri et al. (2015)
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- Cricetidae: Maestri et al. (2017) and Steppan et al. (2004)
- Caviomorpha: Patterson & Upham (2014)
- Peromyscus: Platt et al. (2015)
- Tamias and Neotamias: Sullivan et al. (2014)
Xenarthra: Gibb et al. (2015)
Additional taxa/nodes: Meredith et al. (2011) and Bininda-Emonds et al. (2007)
The informal supertree allows for the phylogenetic relatedness of taxa to be incorporated
into analyses. However, there are several concerns with using an informal supertree. First, there
are inconsistencies in topology and branch lengths between overlapping portions of the source
phylogenies, and I arbitrarily resolved some of these issues. Second, the topologies of source
trees may be altered if the original phylogenetic analyses were performed with a different sample
of taxa, such as the species in my dataset. Third, the supertree cannot account for uncertainty
associated with tree topology and branch lengths.
Due to these concerns with the supertree, future work should replace this phylogeny with
a molecular phylogeny either produced by downloading gene sequences from GenBank and
running an independent analysis, or by using a species-level tree to be published in the near

future (Nathan Upham, personal communication 2017).

3.3.3 Correlation and modeling analyses

Size correction. There is considerable variation in body size among mammals, but the
primary goal of this study is to examine the correlation between jaw shape and diet. Thus,
differences in jaw sizes were accounted for by regressing log;o-transformed linear measurements

against logjo-transformed jaw length using PGLS. This and all subsequent analyses were
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implemented using R software (R Core Team, 2016). PGLS was performed using the gis
function in the n/me package (Pinheiro et al., 2016), and the regression model was fit while
simultaneously estimating Pagel’s lambda via maximum likelihood (Revell, 2010). Residuals
from this regression were used for subsequent correlation analyses with dietary data. This
method of size correction is beneficial in that it also removes variation associated with allometry.
Values for the single angle measurement were left untransformed.

Glires versus non-Glires. A primary goal of this study is to identify mandibular
correlates of diet. Thus, several types of statistical analyses were used to explore the ability of
morphological traits to predict diet, and these are described below. In addition to running these
analyses for all mammals of this study, analyses were performed independently for non-glirans
and glirans (i.e., rodents and lagomorphs). The Glires group includes two lagomorphs and 71
rodents (Appendix D). The decision to separate glirans from the overall sample is due to their
derived features, such as ever-growing incisors, evolution of unique jaw musculature (e.g., Cox
and Baverstock, 2016), and the propensity to use proal (i.e., forward) jaw movement and
occlusion during mastication (rather than orthal or transverse occlusion as in most other
mammals).

Regressions and pANOV As. I analyzed the relationship between the dietary data (i.e.,
arcsine-transformed proportion of dietary plant material) and the residuals from the size-
correcting regressions for jaw metrics. First, I used bivariate PGLS regressions to predict the
proportion of plant material in the diet using the residuals for 11 jaw measurements (fig. 3.1).
Log-transformed body mass and jaw joint-to-angular process angle (i.e., JAPr angle;
measurement 13) were also independently modeled against diet. Further, I tested for statistical

differences among dietary groups (faunivores, omnivores, and herbivores) using phylogenetic

99



one-way analysis of variance (pANOVA), performed with the phyl/ANOVA function in the
phytools package (Revell 2012).

In addition to bivariate regressions, multiple regressions were performed to
simultaneously model 11 linear metrics against diet data via PGLS. Body mass and JAPr angle
were excluded from these analyses. To help determine which combinations of variables are the
best predictors of diet, the dredge function of the MuMIn package (Barton 2016) was used to
evaluate model performance based on sample-size-corrected Akaike information criterion
(AICc) values (Akaike, 1974; Hurvich and Tsai, 1989). AICc calculations are based on
maximum likelihood values and penalize models with greater numbers of parameters. All models
with AAICc values below 2.0 are reported here and used to calculate Akaike weights (Burnham
and Anderson, 2003), which allows for easier interpretation of the relative performances of
models.

Mode of evolution. To further test the hypothesis that dietary preference has influenced
the evolution of mammalian jaw morphologies, I first categorized extant species and ancestral
nodes of the phylogeny into two regimes: 1) plant-dominated diet (i.e., greater than 50% of diet
is plant material; ‘herbivore’) and 2) animal-dominated diet (i.e., less than 50% of diet is plant
material; ‘faunivore’). Diets at ancestral nodes were inferred with the ace function of the ape
package (Paradis et al. 2004), using the default settings of residual maximum likelihood and a
Brownian motion (BM) model of evolution. Ancestral states were reconstructed using
continuous data (i.e., percentage of plant material in diet), and from these results the nodes were
assigned to the herbivore regime (>50% plant material) or faunivore regime (<50% plant
material). I do not test for an omnivore selective regime because omnivores include a

considerable diversity of diets (Pineda-Munoz and Alroy, 2014; taxa with between 5% and 95%
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plant material in their diet as defined in this study) and a majority of ancestral nodes would
classify as omnivores.

Four evolutionary models were fit to the data for the JAPr angle (measurement 13 in
Figure 3.1) to test the influence of diet on the evolution of jaw morphology. The JAPr angle was
chosen for modeling because it (and the similar JAPr distance) shows the strongest association
with diet. (Rationale for using the JAPr angle instead of the JAPr distance is provided in 3.4
Results.) The early burst (EB) model was fit using the fitContinuous function in the package
geiger version 2.0 (Pennell et al., 2014), and all other models were fitted using functions in the
OUwie package (Beaulieu and O’Meara, 2016). Model performance was evaluated using AICc
weights.

A BM model (i.e., “BM1”) with a single phylogenetic mean (0) serves as the null
hypothesis, and it models evolutionary rate (6°) under the assumption of stochastic evolutionary
change from a central tendency. For my dataset, support for this model would indicate that
dietary category is not having a strong influence on the evolution of the jaw morphology. The
second model is a single optimum Ornstein-Uhlenbeck (OU) model (Hansen, 1997; Butler and
King, 2004). OU models include an additional parameter, o, which represents the strength of
attraction toward a trait optimum (0) and is commonly described as the “rubber band parameter.”
If results support this model, it would indicate that jaw morphologies are attracted to an optimum
morphology, but, like the BM model, it would not provide support for the hypothesis that diet is
influencing the evolution of jaw morphologies. Third, I tested an EB model (Harmon et al.,
2010), which assumes that evolutionary rates of morphological change decrease exponentially
over time, and this change is modeled using a rate change parameter (a). Support for this model

(and a positive a value) would sugest that mammals radiated rapidly early in their history and

101



then evolutionary rates slowed down over time, possibly as niches or adaptive zones were filled.
Finally, a BMS model was fit to the data. This is a variation of a BM model in which taxa of the
two selective regimes (i.e., faunivores and herbivores) are permitted unique phylogenetic means
(0) and evolutionary rates (7). In contrast to multiple optima OU models (see below), BMS does
not model a mechanism for the shift from one selective regime to another. Rather, changes in
diet are modeled as instantaneous shifts. It is worth noting, however, that fluctuating
phylogenetic means could help explain how this change occurs and why both diets show
considerable variation in morphologies. Unlike the previous models, support for BMS will
provide evidence for the hypothesis that diet is having a large influence on the evolution of jaw
morphologies.

In addition to the single optimum OU model, multiple optima OU models were initially
fit to the data. However, I chose to exclude these models from the results because multiple lines
of evidence contradict an OU process for the evolution of JAPr angles (and body mass). First, the
reported phylogenetic signal for JAPr angles is very high (Pagel’s A = 0.973), indicating a BM
mode of evolution that discounts an OU process. Second, o parameter estimates for multi-peak
OU models were very low (e.g., a = 0.006 for the best-fitting OU model). The phylogenetic half-
life for a = 0.006 is approximately 115 million years, which is considerably longer than the age
of all but one node of my phylogeny. This suggests that if an OU process is occurring, it is
extremely weak (Cooper et al., 2016). Third, I am interested in comparing evolutionary rates of
herbivores and faunivores, and values of these rates can only be interpreted in a model-
dependent context (Hunt, 2012). The additional o parameter of an OU model makes

interpretation of evolutionary rate estimates more complex in an OU framework. Finally, the
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AIC values for the multiple optima OU models were very similar to the AIC value of the BMS
model, indicating that these models were not significantly better than BMS at modeling the data.

I predict that diet has a considerable influence on the evolution of jaw morphologies, with
herbivores and faunivores evolving toward unique adaptive peaks. This hypothesis is supported
if the BMS model outperforms additional models, because this model allows for unique

phylogenetic means for the two dietary groups.

3.3.4 Fossil analysis

A goal of this study is to identify one or more jaw correlates of diet that can be readily
applied to fossil taxa to examine the evolutionary patterns of mammals The JAPr angle
(measurement 13) is strongly correlated with diet and does not require size correction, and it is
the focus of the evolutionary modelling analyses. Thus, I chose to apply this metric to early
therian fossils, with the objective of examing the early evolutionary patterns of this clade.

Fossil jaw images were collected for 142 genera from the Cretaceous through Eocene
(i.e., 145-33.9 million years ago (Ma)), and the JAPr angle was measured for these jaws
(Appendix F). Cretaceous fossil jaw images include those used in Grossnickle and Polly (2013)
(see citations within), as well as recently published images of Didelphodon vorax (Wilson et al.,
2016) and Procerberus (Clemens, 2017). Paleocene and Eocene fossil jaw images are primarily
from Rose (2006) (and citations within), Osborn (1929), Matthew (1937), Lopatin (2006), Scott
and Jepsen (1936), and Scott (1940). Data was collected at the genus level, and therefore one jaw
was chosen (generally based on preservation quality) to represent a genus if multiple images or
species were available. However, one exception was made. JAPr angle results for Didelphodon

vorax and D. coyi were considerably different, and therefore both were included in the analysis.
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Temporal age ranges of genera are based on first and last appearances in the fossil record,
which were obtained from vetted Paleobiology Database (www.paleobiodb.org) occurrrene data
(Appendix F). For calculating the standard deviation and ranges of JAPr angles, taxa were
assigned to time bins. For the Cretaceous and early Paleocene, these bins are consistent with
Grossnickle and Newham (2016) and Chapter 4. A full list of time bins (with dates from
Gradstein et al., 2012) is given here: /, Barremian-Aptian (130.8-113 Ma); 2, Albian (113-100.5
Ma); 3, Cenomanian-Turonian (100.5-89.6 Ma); 4, Coniacian-Santonian (K4; 89.6-83.6 Ma); 5,
Early Campanian (83.6-78 Ma); 6, Middle-Late Campanian (78-72.1 Ma); 7, Maastrichtian
(72.1-66 Ma); 8, Early Danian (66-64.6 Ma); 9, Late Danian (D2; 64.6-61.3 Ma); /0, Selandian
(61.6-59.2 Ma); 11, (59.2-56 Ma); 12, early Ypresian (56-51 Ma); 13, late Ypresian (51-47.8
Ma); 14, Lutetian (47.8-41 Ma); 15, Bartonian (41-38 Ma); and /6, Priabonian (38-33.9 Ma). |
treat the early Danian (8) bin as equivalent to the Puercan North American Land Mammal Age
(NALMA) and the late Danian (9) bin as equivalent to the Torrejonian NALMA.

As a metric for JAPr disparity through time, standard deviation of JAPr angles were
calculated independently for each time bin. In addition, the overall range of angles per time bin
were recorded. The range is expected to be heavily influenced by sample sizes in the time bins,
and therefore I subjected samples from each bin to subsampling via rarefaction. This allows for a
more accurate comparison between bins of various sample sizes (Foote, 1992). Five taxa were
subsampled (without replacement) and the range was calculated, and this procedure was reported

1000 times and median values were recorded.

104



3.4 RESULTS

3.4.1 Mandibular correlates of diet

Results of PGLS regressions and pANOV As identify several jaw and molar metrics that
are significantly associated with diet even after accounting for the phylogenetic non-
independence of data (Tables 3.2-3.4, Fig. 3.3). The best performing jaw and molar correlates are
displayed in Figure 3.3A for non-glirans and Figure 3.3C for glirans (rodents and lagomorphs).
These metrics show significant correlations with diet in bivariate regressions, multiple
regressions, and/or pANOVAs (Tables 3.2-3.4). Note, however, that glirans and non-glirans do
not display the same trends for all variables. For instance, the maximum erupted molar depth
(measurement 8) is significantly correlated with diet in glirans and in non-glirans, but the
correlations are in the opposing directions: gliran herbivores have taller erupted molars than
faunivores, and non-gliran herbivores have shorter erupted molars than faunivores (Tables 3.2
and 3.3, Fig. 3.3). As a result, the total sample of mammals does not show a significant

correlation between erupted molar depth and diet.
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Table 3.2. Summary statistics for phylogenetic one-way analyses of variance (pANOVAs).
Numbers in parentheses after variable names correspond to the measurement number in
Figure 3.1, and measurements are described in Table 3.1. Results in bold are the jaw-diet
correlations that are depicted in Figures 3.3A and 3.3C, and results in italics are those that are
displayed in Figures 3.3B and 3.3D. Prior to analyses, jaw measurements (except JAPr angle)
were logo transformed and regressed (via PGLS) against jaw length to minimize the
influence of body mass as a variable (see Methods), and the proportion of plant material in
the diet was arcsine transformed. Abbreviations: APr, angular process; CPr, coronoid
process; F-stat., F-statistic; JAPr, joint-to-angular process; JCPr, joint-to-coronoid process;
ml, first lower molar; post., posterior.

Variable F-stat. p-value
Mammalia Body mass 10.590 0.050
(n=203) JAPr angle (13) 38252 <0.001*
ml to post. jaw (2) 1.702 0.628
Molar row (3) 1.638 0.609
Joint elevation (4) 7.478 0.109
CPr elevation (5) 2.244 0.498
APr depth (6) 27.638 <0.001
Corpus depth (7) 29.632 <0.001
Molar depth (8) 15.186 0.010
Joint to m1 (9) 0.180 0.948
JCPr (10) 2.734 0.433
JAPr post. (11) 31.542 <0.001
JAPr ventral (12) 43.622 <0.001*
Non-Glires Body mass 11.706 0.015
(n=130) JAPr angle (13) 23.816 0.001
ml to post. jaw (2) 1.685 0.455
Molar row (3) 0.657 0.738
Joint elevation (4) 2.405 0.327
CPr elevation (5) 3.379 0.231
APr depth (6) 11.706 0.007
Corpus depth (7) 6.177 0.062
Molar depth (8) 5.967 0.072
Joint to m1 (9) 0.982 0.591
JCPr (10) 6.078 0.071
JAPr post. (11) 14.163 0.003
JAPr ventral (12) 19.501 0.002
Glires Body mass 6.698 0.016
(n=73) JAPr angle (13) 4.089 0.051
m1 to post. jaw (2) 1.723 0.306
Molar row (3) 11.163 0.003
Joint elevation (4) 3.207 0.106
CPr elevation (5) 5.182 0.035
APr depth (6) 2.211 0.208
Corpus depth (7) 19.01 0.001
Molar depth (8) 7.371 0.004
Joint to m1 (9) 0.581 0.716
JCPr (10) 0.265 0.864
JAPr post. (11) 7.384 0.004
JAPr ventral (12) 17.50 0.001*

*Pairwise comparisons of dietary groups are all significantly different (p < 0.01) via the Holm-Bonferroni
post hoc test.
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Table 3.3. Summary statistics for bivariate regression PGLS. Numbers in parentheses after
variable names correspond to the measurement number in Figure 3.1, and measurements are
described in Table 3.1. Results in bold are the jaw-diet correlations that are depicted in
Figures 3.3A and 3.3C. Prior to analyses, jaw measurements (except JAPr angle) were log
transformed and regressed (via PGLS) against jaw length to minimize the influence of body
mass as a variable (see Methods), and the proportion of plant material in the diet was arcsine
transformed. Abbreviations: A, Pagel’s lambda; APr, angular process; CPr, coronoid process;
Est., estimate; JAPr, joint-to-angular process; JCPr, joint-to-coronoid process; m1, first lower
molar; post., posterior; SE, standard error, #-stat; ¢-statistic.

Variable Est. SE t-stat. p-value A
Mammalia  Body mass 0.162 0.047 3.415 0.001 0.989
(n=203) JAPr angle (13) 0.019 0.004 4.999 <0.001 0.973
ml to post. jaw (2) 2.445 0.971 2.519 0.013 0.996
Molar row (3) 0.749 0.310 2.416 0.017 0.993
Joint elevation (4) 0.478 0.140 3411 0.001 0.989
CPr elevation (5) 1.098 0.273 4.028 <0.001 0.985
APr depth (6) 0.250 0.094 2.675 0.008 0.988
Corpus depth (7) 1.574 0.288 5.457 <0.001 0.983
Molar depth (8) 0.063 0.248 0.253 0.801 0.993
Joint to m1 (9) 2.488 0.870 2.856 0.005 0.994
JCPr (10) 0.409 0.283 1.445 0.150 0.992
JAPr post. (11) 1.473 0.331 4.438 <0.001 0.980
JAPr ventral (12) 2.215 0.295 7.486 <0.001 0.983
Non-Glires  Body mass 0.206 0.057 3.624 <0.001 0.994
(n=130) JAPr angle (13) 0.018 0.004 4.012 <0.001 0.973
ml to post. jaw (2) 0.975 1.118 0.872 0.385 0.995
Molar row (3) -0.711 0.465 -1.530 0.129 0.997
Joint elevation (4) 0.451 0.161 2.810 0.006 0.994
CPr elevation (5) 1.499 0.456 3.29 0.001 0.995
APr depth (6) 0.211 0.100 2.109 0.037 0.990
Corpus depth (7) 0.955 0.449 2.126 0.035 0.988
Molar depth (8) -0.965 0.325 -2.966 0.004 0.990
Joint to m1 (9) 1.094 1.082 1.011 0.314 0.994
JCPr (10) 0.415 0.467 0.887 0.377 0.994
JAPr post. (11) 1.263 0.420 3.246 0.002 0.980
JAPr ventral (12) 1.891 0.379 4.983 <0.001 0.975
Glires Body mass 0.103 0.084 1.234 0.222 0.954
(n=73) JAPr angle (13) 0.022 0.008 2.648 0.010 0.921
ml to post. jaw (2) 6.971 1.887 3.694 <0.001 0.980
Molar row (3) 2.031 0.342 5.936 <0.001 0.951
Joint elevation (4) 0.593 0.287 2.069 0.042 0.929
CPr elevation (5) 1.068 0.315 3.391 0.001 0.871
APr depth (6) 0.323 0.289 1.119 0.267 0.953
Corpus depth (7) 2.033 0.362 5.612 <0.001 0.877
Molar depth (8) 1.542 0.242 6.365 <0.001 1.023
Joint to m1 (9) 5.145 1.422 3.619 0.001 0.961
JCPr (10) 0.322 0.357 0.903 0.370 0.970
JAPr post. (11) 1.626 0.583 2.792 0.007 0.946
JAPr ventral (12) 2.956 0.497 5.946 <0.001 0.781
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Table 3.4. Summary statistics for multiple regression PGLS. Numbers in parentheses after
variable names correspond to the measurement number in Figure 3.1, and measurements are
described in Table 3.1. Results in bold are the jaw-diet correlations that are depicted in
Figures 3.3A and 3.3C. Prior to analyses, jaw measurements (except JAPr angle) were log
transformed and regressed (via PGLS) against jaw length to minimize the influence of body
mass as a variable (see Methods), and the proportion of plant material in the diet was arcsine
transformed. See Table 3.3 caption for abbreviations.

Variable Est. t-stat. p-value
Mammalia ml to post. jaw (2) 0.165 0.154 0.878
(n=203) Molar row (3) 0.637 1.558 0.121
Joint elevation (4) 0.268 1.550 0.123
CPr elevation (5) 0.150 0.473 0.637
APr depth (6) 0.195 1.868 0.063
Corpus depth (7) 0.572 1.541 0.125
Molar depth (8) -0.549 -1.917 0.057
Joint to m1 (9) -0.005 -1.523 0.129
JCPr (10) 0.007 0.797 0.426
JAPr post. (11) -0.712 -1.511 0.132
JAPr ventral (12) 1.758 3.191 0.002
Non-Glires ml to post. jaw (2) 1.442 1.145 0.255
(n=130) Molar row (3) -0.513 -0.858 0.393
Joint elevation (4) 0.357 1.889 0.061
CPr elevation (5) 0.601 1.114 0.268
APr depth (6) 0.191 1.670 0.098
Corpus depth (7) -0.067 -0.129 0.898
Molar depth (8) -0.943 -2.527 0.013
Joint to m1 (9) -0.005 -1.192 0.236
JCPr (10) 0.005 0.476 0.635
JAPr post. (11) -0.246 -0.409 0.683
JAPr ventral (12) 1.358 2.061 0.042
Glires m1 to post. jaw (2) -0.765 -0.352 0.726
(n=173) Molar row (3) 1.141 1.809 0.075
Joint elevation (4) -0.516 -1.163 0.249
CPr elevation (5) 0.252 0.530 0.598
APr depth (6) -0.298 -0.842 0.403
Corpus depth (7) 1.239 2.290 0.026
Molar depth (8) 0.321 0.751 0.455
Joint to m1 (9) 0.026 1.026 0.309
JCPr (10) -0.052 -1.388 0.170
JAPr post. (11) -0.366 -0.528 0.599
JAPr ventral (12) 1.605 1.533 0.130
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Table 3.5: Best performing models (i.e., those with AAICc values less than 2) of phylogenetic
generalized least squares (PGLS) multiple regression using various combinations of jaw
measurements. Numbers in parentheses correspond to measurements in Figure 3.1. The PGLS
analyses were run using residuals of the PGLS regressions against jaw length (measurement 1),
and therefore measurement 1 was not included in these analyses. Because JAPr angle
(measurement 13) was not regressed against jaw length (see Methods), it was also excluded from
these analyses. Note the prevalence of the JAPr distance (measurement 12) in the models,
including it being the sole measurement for the second best performing model for the
Mammmalia sample. Abbreviations: AICc, corrected Akaike information criterion; df, degrees of
freedom; log-lik., logarithmic-likelihood; weight, Akaike weight.

Group Model Jaw measurements df log-lik. AAICc Weight
Mammalia 1 @) (12) 5 -71435 0 0.121
2 (12) 4 -72.490 0.01 0.120
3 2) (12) 5 -71.620 0.37 0.100
4 2) @) (12) 6 -70.612 048 0.095
5 (7 11 (12 6 -70.846 0.95 0.075
6 an @12 5 -72.005 1.14 0.068
7 2) (7 11 (12 7  -69.997 1.39 0.060
8 2) an @12 6 -71.095 1.44 0.059
9 (5) (12) 5 -72.164 1.46 0.058
10 3) ®) (12) 6 -71.218 1.69 0.052
11 6 O (12) 6 -71.246 1.75 0.050
12 3) @ ©® (12) 7 -70.212  1.82 0.049
13 2) (5) (12) 6 -71.328 191 0.047
14 2 A3 ) 12) 7 -70.293  1.98 0.045
Non-Glires 1 (5) ®) (12) 6 -57.79 0 0.181
2 2) (5) ®) (12) 7 -56.75 0.16 0.167
3 2) ®) (12) 6 -58.19 0.79 0.122
4 ®) (12) 5 -59.29 0.80 0.121
5 2 G 6 ®) (12) 8 -56.20 1.33 0.093
6 (5) @ an a2 7 -57.40 1.45 0.087
7 3 ®) (12) 7 -57.49 1.63 0.080
8 2) (5) @ a1 12 8 -56.36 1.65 0.079
9 & O 6 12) 7 -57.61 1.88 0.071
Glires 1 2 O3 @) (12) 7 5.68 0 0.120
2 2 O3 (7 6 443 0.05 0.117
3 2 O3 (7 11 (12 8 6.87 0.14 0.112
4 2 O3 T (® 7 538 0.59 0.090
5 2 O3 T (® (12) 8 652 0.83 0.079
6 3) (7 5 278 0.97 0.074
7 3) (7 11 (12 7 518 1.00 0.073
8 3) (7 (12) 6 3.86 1.19 0.066
9 3) T (® 6 3.77 1.37 0.060
10 2 O3 7  @® A (12) 9 752 1.45 0.058
11 2 O3 @) 1D 7 495 1.46 0.058
12 3) T (® (12) 7 477 1.82 0.048
13 2 3 6 O 7 470 1.96 0.045
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Figure 3.3. Morphological traits of jaws that have strong predictive power for diet (Tables
3.2 and 3.3) are displayed using schematic jaw images (4 and C). B and D display pANOVA
results for the angular process depth (B; measurement 12), which is strongly associated with
diet, and coronoid elevation (D; measurement 10), which is not significantly correlated with
diet. Prior to performing pANOV As, jaw metrics were regressed against jaw length (via
PGLYS) to help account for differences in body mass, and residuals from these regressions
were then used for the pANOVAs. Due to the unique patterns for non-glirans (4 and B) and
glirans (C and D), results are shown separately for these two groups. The arrow lengths and
relative sizes of jaw changes in 4 and C roughly reflect the strength of correlations between
jaw metrics and diet. Box and whisker plots display medians (white lines), 25% to 75%
quantiles (boxes), and ranges (whiskers). Abbreviations: faun., faunivores; herb., herbivores;
omni., omnivores; PGLS, phylogenetic generalized least squares.
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The distance between the jaw joint and the angular process (i.e., JAPr distance) is found
to be an especially powerful predictor of diet (Tables 3.2 and 3.3, Fig. 3.3). Measuring the
angular process (APr) to the ventral-most point along its margin (measurement 12) outperformed
a similar measurement to the posterior-most point of the APr (measurement 11), and it
outperformed APr depth from the tooth row (measurement 6). In addition, when multiple
regression models were tested using various combinations of measurements, the JAPr distance
(ventral) is included in a greater number of reported models (i.e., those with AAICc values less
than two) than any other jaw measurement (Table 3.5). The angle created by the jaw joint and
APr (i.e., JAPr angle; measurement 13) is similar to the JAPr distance in terms of capturing the
distance between the jaw joint and APr, and, as expected, it shows similarly strong correlations
with diet (Tables 3.2 and 3.3). The gls function does not return an »° (or pseudo-r°) value for
PGLS (due to alteration of the variance-covariance matrix by the error term), but an ordinary
least squares regression of diet data versus JAPr angle reports an adjusted ° value of 0.351 (p <
0.001). This suggests that a considerable amount of variance in jaw morphology across
Mammalia can be explained by this single metric.

Some notable metrics did not show a strong correlation with diet. This includes the
distance between the jaw joint and the dorsal-most point of the coronoid process (i.e., JCPr
distance; measurement 10) and the elevation of the jaw joint about the tooth row (measurement
4). Results for the JCPr distance are shown in Figure 3.3 for comparison to the stronger
performing JAPr distance. CPr elevation above the tooth row (measurement 5) generally
outperforms JCPr distance, but it only results in a statistically significant correlation to diet in

some analyses (Tables 3.2 and 3.3).
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3.4.2 Evolutionary models

Jaw joint-angular process (JAPr) angle. To test the mode of evolution in mammalian
jaw morphology, I chose to use the JAPr angle (measurement 13, Table 3.1). This metric is
significantly correlated with diet in the mammalian, non-gliran, and gliran datasets (Tables 3.2
and 3.3). Although the JAPr angle did not perform as well as the distance from the jaw joint to
the ventral-most point of the APr (measurement 12) in most analyses, I chose to use the JAPr
angle because it offers several benefits: size correction is unnecessary, it can be measured for a
greater sample of fossil jaws because the entire length of the jaw does not need to be preserved
(in contrast to metrics that include size correction using jaw length), it may be less affected by
subjective measurements of indistinct or inflected APrs (see 3.3 Methods), and Arregoitia et al.
(2017) independently observed a strong correlation between this angle and diet in a large sample
of rodents.

Although size correction is not necessary for JAPr angles (in contrast to linear
measurements), it is possible that evolution of the JAPr angle is not independent of body size.
Thus, I performed a phylogenetic ANCOVA with body mass (In grams) incorporated as a
covariate, and results indicate that JAPr angles of herbivores and carnivores remain significantly
different (£ = 2.176, p = 0.025).

Mode of evolution. The influence of diet on the evolution of the JAPr angle in mammals
was examined using a suite of evolutionary models. The phylogeny in Figure 3.4B displays the
selective regimes (i.e., faunivory and herbivory) associated with extant species, and Figures 3.4A
and C provide frequency data for the mammalian sample. The JAPr angle data create a bimodal
distribution, with faunivores and herbivores producing distinct distribution peaks (Fig. 3.4C).

The large herbivore peak includes a considerable number of rodents, which comprise about one
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third of the sample and mostly possess plant-dominated diets. However, rodents alone cannot
account for the distinct JAPr angle patterns for faunivores and herbivores, as there remains a

strong correlation between the JAPr angle and diet in non-glirans (Tables 3.2 and 3.3).
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Figure 3.4. Selective regimes for animal-dominated diets (‘faunivore’; maroon) and plant-
dominated diets (‘herbivore’; green) in mammals, based on proportion of plant material
consumed (4; Appendix D). B, Mammalian phylogeny with ancestral state reconstructions at
nodes. Exemplar jaws are shown for five mammalian orders, each represented by one
faunivore jaw and one herbivore jaw. Triangles on jaws depict JAPr angles, highlighting the
tendency for the JAPr angle to be greater in herbivores. C, Frequency of faunivores and
herbivores based on JAPr angles, with arrows marking their approximate phylogenetic means
from the best performing evolutionary model (Table 3.6). D, Frequency of faunivores and
herbivores based on natural log-transformed body masses. Brown bars in histograms
represent overlap of the two dietary groups. Jaw specimens in B represent the following
species (top to bottom): Vampyrum spectrum, Pteropus alecto, Potos flavus, Mustela nivalis,
Geoxus valdivianus, Otomys irroratus, Tarsius bancanus, Callicebus personatus, Macropus
giganteus, and Marmosa demerarae (Appendix D). Abbreviations: Afro., Afrotheria; APr,
angular process of jaw; Artio., Artiodactyla; Eulipot., Eulipotyphla; JAPr, joint to angular
process; Ma, millions of years ago; X., Xenarthra.
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The small peak of herbivores that possess relatively small JAPr angles (i.e., those
overlapping with faunivores in Figure 3.4C) include many fruit bats, suggesting that Chiroptera
may not adhere to the trend of greater JAPr values with increased herbivory. Thus, independent
PGLS regression analyses were performed for bat APr measurements. Results are consistent with
the overall mammalian sample: diet is significantly correlated with JAPr distance (1 =2.37,p =
0.025) and JAPr angle (¢ = 2.26, p = 0.026). Thus, despite the relatively small JAPr angles for
bats, there remains a tendency toward greater JAPr angles and distances with increased herbivory
(see the example chiropteran jaws in Figure 3.4B).

Results from the evolutionary modeling analyses provide strong evidence that the jaws of
faunivores and herbivores evolve toward different adaptive peaks and at different rates (Table
3.6). The model that best explains the JAPr angle data (determined by Akaike weights) is BMS,
which allows the phylogenetic means of the JAPr angles to vary between the two dietary
regimes. This model performs substantially better than all other models (Table 3.6), and it shows
a considerable difference in phylogenetic means for faunivores (22.6 degrees) and herbivores
(45.5 degrees). These values are marked in figure 3C. Further, BMS shows evolutionary change

rates for herbivores that are considerably greater than those of faunivores.
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Table 3.6. Fits of trait evolution models to JAPr angle and body mass data in mammals.
Strongly performing models with AAICc values below two are in bold. The AAICc
values are the differences between the AICc value of the best performing model (BMS)
and those of additional models. If two values are given for a parameter in the table, the
first value always corresponds to faunivores and the second value always corresponds to
herbivores. Parameters include the evolutionary rate of trait evolution (¢%), trait attractors
(0), strength of attraction (o), and, for EB models only, rate change (a). See Methods for
descriptions of the specific evolutionary models and parameters. Abbreviations: AlCc,
corrected Akaike information criterion; BM, Brownian motion; log-lik., logarithmic-
likelihood; EB, early burst; NA, not applicable; OU, Ornstein-Uhlenbeck; SE, standard
error; weight, Akaike weight.

Model Log-lik. AAICc  Weight o a 0 SE
JAPr  BMI 67890 56314  <0.001  1.890 NA 27.26 9.57
angle  BMS -648.67 0 1.000 0.434,2.634 NA 22.66,45.53  4.65,8.34

EB -678.90  58.375  <0.001  1.890 >-0.001* 27.26

ouU -676.37 53303  <0.001 226 0.007 27.42 4.83
Body  BMI1 33748 0.260 0.296 0.065 NA 6.051 1.78
Mass  BMS 33538 0.0 0.337 0.081,0.055 NA 5.92,7.42 1.99,2.31

EB -336.57  0.500 0.262 0.235 -0.008*  6.012

OoU -337.48 2321 0.106 0.065 <0.001  6.051 1.78

*This value represents the a parameter of EB models.

In addition to JAPr angle, body mass data are also best explained by the BMS model
(Table 3.6). Evolutionary rates for body mass are greater in faunivores than herbivores,
consistent with results in Price and Hopkins (2015). However, unlike JAPr angle, the BMS
model of body mass performs only slightly better than BM1 and EB. In addition, the
phylogenetic means for faunivores and herbivores are very similar (5.92 and 7.42 In grams,
respectively). This suggests that diet is not influencing the evolution of body mass to nearly the

extent that it is influencing jaw shape.

3.4.3 Fossil patterns
To examine the dietary diversity and macroevolutionary patterns of early therians, JAPr
angles of fossil genera were measured and plotted through time in Figure 3.5. Dietary

assignments of genera are based on classification by the Paleobiology Database.
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Figure 3.5. 4, JAPr angles for fossil therians from the Cretaceous through Eocene. The
arrows mark the approximate phylogenetic means for faunivores (maroon) and herbivores
(green) in the best performing evolutionary model (BMS) for modern species (Table 3.6, Fig.
3.4), and they match the arrows in Figure 3.4B. Dietary assignments are those given in the
Paleobiology Database. B and C, Disparity metrics for the JAPr angles. Results in time bins 1
and 2 are based on less than four taxa. Time bin ages and rarefaction information are
provided in 3.3 Methods. Abbreviations: JAPr, jaw joint-to-angular process; K-Pg,
Cretaceous-Paleogene boundary; KTR, Cretaceous Terrestrial Revolution; Ma, million years
ago; PETM, Paleocene-Eocene Thermal Maximum.
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Results of the fossil analysis demonstrate a rapid increase in therian dietary diversity
beginning in the late Campanian (~78 million years ago; time bin 6 in Fig. 3.5) and continuing
through the Eocene. This conclusion is supported by disparity metrics, as standard deviation
(Fig. 3.5B), range, and rarefied range (Fig. 3.5C) all show strong increases starting in the
Campanian. One of the most rapid increases between time bins is that from the Maastrichtian
(bin 7) to the early Danian (bin 8), suggesting a dietary diversification immediately following the
Cretaceous-Paleogene (K-Pg) mass extinction event. Based on standard deviation and rarefied
range, there is little increase in dietary diversity during the remainder of the Paleocene, and it is
not until immediately after the Paleocene-Eocene Thermal Maximum (PETM) that dietary
diversity begins to increase again.

JAPr results for dietary groups of the Eocene appear to have a very similar distribution to
those of modern mammals, with herbivores and faunivores centered around the approximate
attractor values for those dietary regimes in the best performing evolutionary models (Fig. 3.4,
Table 3.6). This is highlighted in Figure 3.5 by the green and maroon arrows, which match those

of Figure 3.4B.

3.5 DISCUSSION

3.5.1 Jaw joint to angular process (JAPr) distance

Of the jaw measurements tested in this study, the strongest correlate of diet in mammals
is the distance between the jaw joint and ventral-most point of the angular process (i.e., JAPr
distance). The metric performs well for datasets consisting of chiropterans (see Results text),
glirans (rodents and lagomorphs), non-glirans, and all mammals (Tables 3.2 and 3.3). This result

is consistent with qualitative observations (e.g., Maynard Smith and Savage 1959) and a
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geometric morphometric analysis of jaw shape in Grossnickle and Polly (2013), which found the
JAPr distance to account for much of the variation between small mammalian faunivores and
herbivores. In addition, previous studies found the JAPr distance (or a comparable metric) to be
correlated with diet in carnivorans (Radinsky 1981, Figueirido et al. 2010), ungulates (Mendoza
et al. 2002), and rodents (Arregoitia et al. 2017). However, this correlation was not especially
strong in carnivorans (Radinsky 1981) or ungulates (Mendoza et al. 2002), at least relative to
additional metrics tested within the studies. This suggests that the strongly significant results of
this study rely on sampling a taxonomically diverse group of mammals, which allows for
convergent trends across mammalian orders to be recognized.

The JAPr distance can increase in two ways. First, it can increase due to elevation of the
jaw joint, which appears to be the case for ungulates that possess very elevated jaw joints.
Second, the JAPr distance increases when the APr is enlarged and/or depressed, as in some
rodents with APs that extend strongly posteroventrally and jaw joints that are not especially
elevated. In either case, the increased distance between the APr and jaw joint provides greater
attachment areas for the superficial masseter and medial pterygoid muscles, which insert on the
APr (Fig. 3.1). These muscles tend to be proportionally larger (relative to the overall mass of
masticatory muscles) in herbivorous mammals (Turnbull 1970), suggesting that the increase in
the JAPr distance evolves with herbivory to increase the attachment areas for these muscles in
the APr region of the jaw. This supports the conclusion that these muscles are especially
important for herbivory (Maynard Smith and Savage 1959, Turnbull 1970, Herring and Herring
1974, Crompton et al. 2010).

Besides simply increasing the insertion areas for muscles, there are several potential

biomechanical hypotheses for why the JAPr distance increases with herbivory. First, the greater
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distance is expected to increase the moment arm lengths for the medial pterygoid and superficial
masseter during some rotational jaw movements (Maynard Smith and Savage 1959). For jaw
rotation around a horizontal axis through the jaw joints (i.e., pitch), which results in orthal molar
occlusion, the JAPr distance reflects the moment arms (or in-levers) for the superficial masseter
and medial pterygoid muscles. Increased JAPr distances should therefore result in greater
mechanical advantages for these muscles during pitch. In taxa with proal movement during
occlusion (e.g., some rodents), the lengthening of the APr may benefit taxa by lengthening these
muscles (especially in congruence with increasingly anterior muscle origin locations on the skull,
as seen in rodents), which may increase overall muscle mass and help the jaws maintain forceful
occlusal contact during extended proal movement. Further, the chewing cycles of most mammals
include significant transverse movement produced via rotation around a vertical axis (i.e., yaw)
(see Grossnickle 2017 and citations within), and this transverse movement is especially prevalent
in herbivores (e.g., Crompton et al. 2010). A prominent APr can result in superficial masseter
and medial pterygoid muscle vectors that are closer to horizontal during occlusion, and this can
increase the mechanical advantage of these muscles for yaw rotation (Maynard Smith and
Savage 1959, Grossnickle 2017).

A second biomechanical hypothesis for the increased JAPr length in herbivores relates to
gape. Increasing the JAPr distance results in superficial masseter and medial pterygoid muscles
that are further from (i.e., more ventral to) the jaw joint, which increases the stretch of these
muscles during jaw opening (Herring and Herring 1974). This limits maximum gape and
decreases bite force during wide gape. However, unlike carnivores, herbivores are unlikely to
require a large gape for ingestion and mastication of plant materials. Therefore, natural selection

may favor the greater muscle sizes of the superficial masseter and medial pterygoid (and greater
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JAPr distance) in herbivores because the resulting gape limitations are not detrimental. In
contrast, carnivores often require a large gape (and strong force potential at maximum gape)
because of relatively large prey. Shorter moment arms of the jaw elevator muscles may also
allow for faster jaw closure, which could be especially beneficial to insectivores. Further,
because carnivores are more likely to rely on orthal occlusion (for shearing) created by pitch
rotation of the jaw (e.g., Evans and Sanson 2006), there may be less selective pressure for
maximizing mechanical advantage for the superficial masseter and medial pterygoid muscles,
which tend to be more associated with proal and transverse jaw movements (Maynard Smith and
Savage 1959, Crompton et al. 2010, Grossnickle 2017).

Interestingly, the JAPr distance considerably outperforms additional metrics that could be
expected to correlate with diet, such as the distance between the jaw joint and dorsal-most point
of the coronoid process (i.e., JCPr distance). The vastly different results for the JAPr and JCPr
distances are highlighted in Figures 3.3B and 3.3D. The JCPr distance represents the
approximate moment arm length of the temporalis muscle, which is the largest jaw elevator
muscle in most mammals (Turnbull 1970). Thus, it could be expected that this distance would
increase with faunivory because the temporalis tends to be relatively larger in carnivores
(Maynard Smith and Savage 1959, Turnbull 1970), possibly helping to maximize bite force and
shearing ability during pitch rotation of the jaw (Grossnickle 2017). However, results did not
show a strong correlation between this metric and diet (Tables 3.2 and 3.3). The CPr elevation
above the tooth row (measurement 11) actually decreases with faunivory in non-glirans, although

this is offset by a greater decrease in jaw joint elevation (Fig. 3.3A).
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3.5.2 Non-Glires versus Glires

Non-glirans and glirans show distinct morphological trends related to diet (Tables 3.2 and
3.3, and Fig. 3.3). For instance, the pattern for the maximum erupted molar depth is opposite in
the two groups, with this metric increasing with herbivory in glirans and decreasing with
herbivory in non-glirans. This could be due in part to many carnivorans possessing prominent
carnassial molars. In contrast, carnivorous rodents are primarily insectivorous and may have
reduced molars (e.g., Helgen and Helgen 2009). An additional distinction between glirans and
non-glirans is that the jaw corpus depth (measurement 7) is much more strongly correlated with
diet in glirans than in non-glirans (Tables 3.2 and 3.3, and Fig. 3.3). This correlation is congruent
with the rodent results in Arregoitia et al. (2017). A deeper jaw could reflect stronger mechanical
loads resulting from larger jaw elevator muscles, and it could also reflect increased incisor size
for gnawing (Radinsky 1968), because the incisor alveoli extend posteriorly through much of the
length of the jaw corpus.

Despite the distinct trends for many jaw metrics, glirans and non-glirans both show a
significant correlation between JAPr distance and diet (Tables 3.2-3.4). This distance is very
similar to the JAPr angle. Arregoitia et al. (2017) measure a similar angle in a large sample of
rodents and also find a strong correlation with diet, supporting the conclusion that the JAPr

distance (or angle) is an especially strong predictor of diet.

3.5.3 Mode of evolution
Results of model fitting strongly support the initial hypothesis of this study that
faunivores and herbivores have experienced unique selective regimes (Table 3.6 and Fig. 3.4C),

as the multi-peak BMS model outperforms all additional models. This provides evidence for the
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existence of distinct adaptive peaks for the two dietary groups. The JAPr angles show a distinct
bimodal distribution for herbivores and faunivores (Fig. 3.4C), and this apparent trend is
supported by correlation analyses that account for the phylogenetic non-independence of data
(Tables 3.2 and 3.3). Further, the evolutionary pattern is supported by fossil evidence, which also
demonstrates herbivorous clades evolving greater JAPr angles in the early Cenozoic Era (Fig.
3.5).

The best performing model, BMS, predicts the phylogenetic means for the JAPr angles to
be considerably different for the two selective regimes: approximately 23 degrees for faunivores
and 46 degrees for herbivores. As discussed above, this is probably due to biomechanical
differences between the two dietary groups, as the superficial masseter and medial pterygoid
muscles insert on the APr and appear to have a more prominent role in herbivorous taxa
(Maynard Smith and Savage 1959, Turnbull 1970, Crompton et al. 2010). Interestingly, fossil
evidence from early therians also shows evidence of mean JAPr angles near 23 degrees for
faunivores and 46 degrees for herbivores, as Eocene fossils show distributions that are centered
near these values for the two dietary categories. This suggests that diet has influenced jaw
evolution in a similar manner for much of therian history, and that many mammalian groups
evolved rapidly toward these mean JAPr angles early in their evolutionary history.

In addition, it appears that selection has acted on the two dietary groups in unique ways.
For instance, the BMS model includes o” values are considerably different for faunivores and
herbivores (i.e., 0.434 and 2.634, respectively), indicating that rates of evolutionary change are
much more rapid in herbivores. The data are also congruent with the fossil JAPr data, which
show a rapid diversification into herbivorous morphospace in the Paleocene and early Eocene

(Fig. 3.5). Because these early herbivores are represented by multiple clades (including
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ungulates, rodents, and proboscideans), it suggests that multiple lineages evolved toward an
herbivorous morphology during the early Cenozoic. However, it is worth noting that the
evolutionary rates may be biased toward greater rates in herbivores because herbivores possess
larger JAPr angles (Adams, 2012). Prior to publication of these results, efforts will be made to
address this potential bias. For example, the model analyses can be re-run after log
transformation of the JAPr angles to examine whether this manipulation has an effect on the
evolutionary rate results.

The lack of AICc support for the early burst (EB) model (and the a parameter value near
zero) indicates that there is no evidence for an overall change in evolutionary rate over time
(Table 3.6). This contradicts the hypothesis that therian or placental mammals adaptively
radiated early in their history, possibly following the Cretaceous-Paleogene mass extinction
event. However, the power to detect adaptive radiations in deep time is greatly enhanced by the
incorporation of fossil evidence (Tarver and Donoghue, 2011; Slater et al., 2012; Mitchell, 2015;
Grossnickle and Newham, 2016; Halliday and Goswami, 2016), and this may be especially
applicable to therian mammals from the Cretaceous and Paleogene because a majority of groups
are now extinct.

Because of the distinct evolutionary patterns for faunivores and herbivores, it is expected
that extinct mammals experienced similar selective regimes. Thus, the JAPr angle is a metric that
can be readily applied to fossil mammals (Fig. 3.5), especially because mammalian jaws are
common in the fossil record. The JAPr angle may be preferred to additional metrics of this study
(e.g., JAPr distance) when examining fossils because it does not require size correction, and

angle results can be easily interpreted and compared to those of modern taxa.
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3.5.4 Body mass and ecological diversity

In addition to jaw morphology, I assess the correlation between body mass and diet in
mammals, which has also been the focus of recent studies (Price and Hopkins, 2015; Pineda-
Munoz et al., 2016). Analyses show significant correlation between diet and body mass for the
mammalian and non-gliran datasets (but not the gliran dataset), with body mass increasing with
greater plant consumption (Tables 3.2 and 3.3). Like JAPr angle, the best performing model of
body mass evolution is a Brownian motion model (BMS), and its rate parameter values suggest
that faunivore body masses evolve more rapidly than those of herbivores (Table 3.6; Price and
Hopkins, 2015). However, Price and Hopkins (2015) differ from this study in finding that
herbivores evolve toward a much larger trait optimum (or phylogenetic mean) than predicted by
this study. This discrepancy is possibly due to Price and Hopkin’s incorporation of a separate
omnivore category, in addition to inclusion of some especially large herbivorous groups in their
dataset (e.g., elephants, perissodactyls) that are not represented in this study. Further, Pineda-
Munoz et al. (2016) document complex relationships between body mass and diet when more
specific dietary categories are examined. Thus, there is strong evidence that diet influences the
evolution of body mass in mammals, but this influence may be less significant (or more
complex) than that of diet on jaw morphology.

Body mass is often used as a proxy for mammalian ecomorphological diversity in broad
macroevolutionary studies (Alroy, 1999; Baker et al., 2015; Cooper and Purvis, 2010; Smith et
al., 2010; Venditti et al., 2011; Saarinen et al., 2014; Smits, 2015). This is not surprising because
the data are easily accessible for modern taxa (e.g., Jones et al., 2009), and masses of extinct taxa
can be readily estimated using regression equations for various fossil elements (e.g., Slater,

2013; Tomiya, 2013; Smits, 2015). In addition, body mass has been shown to be correlated with
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a variety of ecological and physiological factors (Smith and Lyons, 2011; Tomiya, 2013; Price
and Hopkins, 2015; Pineda-Munoz et al., 2016). However, because many factors are associated
with body mass, it may be difficult to decipher which ecological factors are specifically
influencing body mass evolution and diversity. In addition, inferring evolutionary patterns in
deep time using body mass data of extant taxa may be especially problematic because
incorporation of fossils can significantly alter results (Slater et al., 2012; Slater, 2015).

Thus, it is important to identify predictive variables of specific ecological traits that can
be applied widely to a diverse sample. Measuring additional functional traits beyond body mass
may be especially informative when examining ecomorphological patterns on a
macroevolutionary scale (Smits, 2015; Grossnickle and Newham, 2016; Slater, 2015). The jaw
correlates of diet presented in this study, especially JAPr distance and JAPr angle, may offer new

functional traits that can be easily applied to broad studies of modern and fossil mammals.

3.5.5 Radiation of early therians

Radiation hypotheses. A commonly promoted hypothesis is that mammalian diversity
and disparity were suppressed during the Mesozoic Era due to the presence of non-avian
dinosaurs (and additional diverse reptilian groups), and this was followed by an adaptive
radiation immediately after the K-Pg mass extinction event (Osborn, 1902; Alroy, 1999; O’Leary
et al., 2013, Halliday and Goswami, 2016). I refer to this as the Suppression Hypothesis (SH)
and note that it is supported if ecological disparity of therians remains depressed in the
Cretaceous (see Chapters 1 and 4 for additional discussion). The perceived diversification in the
earliest Paleocene (as predicted by SH) is considered adaptive because mammals evolved a

considerable number of ecomorphologies in a relatively short time span.
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However, recent research has challenged SH. Several studies suggest that mammals
began to radiate prior to the K-Pg boundary (Clauset and Redner, 2009; dos Reis et al., 2012;
Wilson et al., 2012; Clemens, 2002; Meredith et al., 2011; Wilson et al., 2016), led by Late
Cretaceous metatherians and multituberculates. Additional research, however, indicates that
modern placental orders initiated a more significant diversification after the PETM (Hunter and
Jernvall, 1995; Gingerich, 2006; Bininda-Emonds et al., 2007; Tapaltsyan et al., 2015; Wu et al.,
2017).

Thus, three different points in time are argued to have been the start of the mammalian
adaptive radiation. Further, the three diversification hypotheses have each been linked to a period
of considerable environmental perturbation: i) a pre-K-Pg diversification coincides with the end
of the Cretaceous Terrestrial Revolution (KTR; Lloyd et al., 2008), ii) an early Paleocene
diversification follows the K-Pg mass extinction event, and iii) an Eocene diversification occurs
immediately following the PETM. These three environmental events are noted in Figure 3.5.

JAPr angles of fossils. The fossil analysis (Fig. 3.5) makes a significant contribution to
the debate over the timing of the early mammal radiation, which in turn helps identify which
environmental factors may have been most influential on mammalian evolution. The results of
this analysis are especially valuable for two reasons. First, they are based on fossil data, and not
molecular or morphological data from modern taxa. This is important because ecomorphological
patterns in deep time cannot adequately be assessed by modern-only datasets (Tarver and
Donoghue, 2011; Slater et al., 2012; Mitchell, 2015). Second, the fossil metric (i.e., JAPr angles)
is shown to be highly correlated with one ecological trait, diet (Tables 3.2 and 3.3). This allows
for a more specific interpretation of the data (and evolutionary patterns) than analyses of body

masses (Alroy, 1999; Clauset and Redner, 2009), discrete morphological characters (Halliday

127



and Goswami, 2016), or taxonomic diversification (Patzkowsky, 1995; Halliday et al., 2016;
Grossnickle & Newham 2016), which can all be influenced by many factors (e.g., see discussion
in 3.5.4 Body mass and ecological diversity).

The fossil JAPr angle results indicate that the dietary diversity of early therians began to
increase rapidly prior to the K-Pg boundary (Fig. 3.5), which is in conflict with SH. This
diversification initiates in the mid-Campanian (~78 Ma), which coincides with the end of the
KTR, and it appears to have been led by metatherians (Chapter 4; Wilson et al., 2016). The
pattern is also supported by body mass data (Chapter 4; Clauset and Redner, 2009). Further,
diverse archaic ungulates from the earliest Paleocene of North America have been interpreted as
immigrants (Wilson, 2013; Clemens, 2002), suggesting that these taxa diversified elsewhere,
prior to the K-Pg boundary. The latest Cretaceous is also a period of diversification for
multituberculate mammals (Wilson et al., 2012), and it corresponds to the ecological
diversification of flowering plants. These results suggest that all mammals may have benefitted
from the novel food sources provides by the rise of angiosperms in the Late Cretaceous. The
dietary diversity does not increase considerably in the Maastrichtian (72.1-66 Ma), but it is worth
noting that the Eurasian fossil record is especially poor for this geologic stage. Thus, the lack of
a strong global sample in the Maastrichtian may dampen the signal of any ecomorphological
diversification that occurred during this time.

Despite the dietary diversification prior to the K-Pg boundary, jaw morphologies do not
indicate the presence of herbivores. Instead, it appears that the earliest therians, which were
mostly small insectivores, evolved into omnivorous and carnivorous niches after the KTR in the
Campanian (Fig. 3.5). Although non-therian herbivorous mammals may have been present in the

latest Cretaceous (Wilson et al., 2012; Krause et al., 2014), these were rodent-like allotherians
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that never achieved the relatively large body masses that are seen in Cenozoic herbivorous
groups (e.g., ungulates and proboscideans). It could be argued that if body mass and JAPr angles
are correlated, then the relatively small body sizes of Cretaceous mammals is leading to a
misclassification of any herbivores that are present. However, results from the phylogenetic
ANCOVA show that there is a significant difference between JAPr angles of modern herbivores
and faunivores even when body mass is included as a covariate (see section 3.4.2 Evolutionary
models). This is supported by the presence of small, modern mammals with herbivorous diets,
such as fruit bats and many rodents. Thus, it is unlikely that the small body sizes of early therians
are responsible for the JAPr angle results that suggest they are faunivores.

The first herbivorous therians appear in the earliest Paleocene (Fig. 3.5), and they are
primarily archaic ungulates and taeniodonts (Chapter 4). These two clades were present in the
latest Cretaceous (Clemens, 2002; Fox and Naylor, 2003; Archibald et al., 2011; Kelly, 2014),
but the earliest lineages of archaic ungulates are often inferred to have been omnivorous (Hunter,
1997; Wilson, 2013). Thus, evidence suggests that mammals experienced a dietary
diversification in response to the K-Pg mass extinction. However, the question remains as to
whether this diversification was a continuation of that which started in the Late Cretaceous or
was novel diversification event.

The results for standard deviation and rarefied range show that therian dietary diversity
did not increase significantly in the Paleoecene after the initial burst in the early Danian (Fig.
3.5). Instead, dietary diversity appears to remain relatively level until the PETM, at which point
it begins to increase again. The early Eocene is the period in which modern placental orders
become abundant and taxonomically diverse in the fossil record (Hunter and Jernvall, 1995;

Janis, 2000; Gingerich, 2006; Tapaltsyan et al., 2015), suggesting that the Eocene diversification
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represents a replacement of the Paleocene fauna by members of crown placental orders
(Figueirido et al., 2012). Dietary diversity continues to increase throughout the Eocene (Fig. 3.5).
In summary, JAPr angles of fossil mammals indicate that a dietary diversification begins
in the Late Cretaceous, and the K-Pg mass extinction and PETM may have triggered an even
greater radiation by creating new ecological opportunities for surviving clades. For instance, the
evolution of large mammalian herbivores may have been accelerated by the loss of herbivorous
dinosaurs at the K-Pg. This suggests the possibility that all three hypotheses concerning the
initiation of the therian adaptive radiation (see above) may be partially supported. That is, it is
possible that the adaptive radiation was a multi-step process that initiated in the Cretaceous and

was later catalyzed by both the K-Pg extinction event and PETM.

3.5.6 Conclusions

By examining mandibular morphologies of mammals at a broad taxonomic scale, I
identify several traits that are significantly associated with diet (Tables 3.2 and 3.3). The
strongest correlate of diet is the distance between the jaw joint and the angular process (JAPr
distance), probably reflecting an increasing role for the superficial masseter and medial pterygoid
muscles with evolutionary shifts to herbivory. In contrast, the distance between the jaw joint and
dorsal-most point of the coronoid process (a proxy for the moment arm of the temporalis muscle)
is not significantly correlated with diet (Tables 3.2 and 3.3, Figs. 3.3B and 3.3D). Glirans and
non-glirans display unique trends (Fig. 3.3), but both groups appear to evolve greater JAPr
distances with increased herbivory. To further examine the evolutionary influence of diet on jaw

morphology,
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a variation of the JAPr distance (i.e., the JAPr angle) was applied to evolutionary models using
all mammals of this study. Results indicate that diet has strongly influenced the evolution of
mammalian jaw morphologies, with herbivores and faunivores evolving toward distinct adaptive
peaks (Table 3.6, Fig. 3.4), and this conclusion is reinforced by evidence from fossil mammals
(Fig. 3.5). In addition, evolutionary rates of change appear to be much more rapid in herbivores.
A major goal in examining correlations be