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Abstract

Rodents exhibit conservative anatomy adapted for gnawing, which
can be divided into four morphotype categories. This project quantifies and
compares the mechanical advantage of a sample of rodents across the tree,
evaluating the variation between the morphotypes during incisor and molar
biting at a range of gape angles. Once the variation of rodents was
established, this was compared and contrasted with that of three Cretaceous
multituberculates, a fossil mammal group that has several similarities to
modern rodents. Through 2D lever-arm mechanics and PCAs and MANOVAs
of the data, the rodent morphotypes are compared with each other and with
the multituberculate fossils. According to the results of this project,
multituberculates are functionally distinct on homologous muscles but can
individually be more similar to extant rodents than to each other , to a degree,
and the morphotype categories within rodents are functionally distinct. The
variation within each morphotype is broad, however, suggesting that
assumptions should not be made about the mechanical efficiency and
function of organisms based on their morphotype category with out a more
detailed exploration of their anatomical and functional characteristics. This
project explores, supports and builds upon established interpretations of the
functional difference between morphotypes and provides a stepping stone
to future research on extant and fossil rodents and fossil multitube rculates.
Incorporation of multiple factors such as bite point and gape angle are critical
to differentiating the categories, with the sample being more mechanically
similar during gnawing and the extremes of high and low gape accounting

for most of the variance in efficiency.
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Chapt @&rntilr oducti on

Rodents are a group with highly specialised autapomorphies and
behaviours related to gnawing, associated with conservative anatomy (Wood,
1955, 1965; Druzinsky, 1995, 2015; Cogt al., 2012; Cox and Hautier, 2015;
Cox and Baverstock, 2016; Mcintosh and Cox, 2016) despite their massive
species diversity, dietary diversity, and habitat diversity (Vander Wall, 2001;
Wilson and Reeder, 2005; Samuels, 2009; Wilson, Lacher and Mittermeier,
2016, 2017; Burginet al., 2018). However, they are not the only organisirs to
have evolved some of these characteristics, such as their diprotodont incisors,
or diastema, or large subdivided masseter complex (Wood, 1965; Samuels,
2009; P. Cox et al, 2011; Cox and Hautier, 2015); for example,
multituberculates evolved in the Jurassic, before the origin of rodents, and
persisted into the Eocene (KielanJaworowska, Cifelli and Luo, 2004; Weaver
et al., 2022), eventually coexisting with and going extinct in habitats shared
with rodents, resulting in disputed propositions of competi tive exclusion
(Matthew, 1897; Jepsen, 1949; Wilson, 1951; Simpson, 1953; McKenna, 1961,
Wood, 1962, 2010; Landry, 1965; Valen and Sloan, 1966; Hopson, 1967,
Clemens, KielanJaworowska and Lillegraven, 1979; Ostrander, 1984; Krause,
1986; Benton, 1987; Jalonski, 2008; Adamset al., 2019). Multituberculates
share several distinctive characteristics with rodents despite also having their
own unique autapomorphies (Kielan-Jaworowska, 1974; Kielan
Jaworowoska, Presley and Poplin, 1986; Gambaryan and Kieladaworowska,
1995; KielanJaworowska, Cifelli and Luo, 2004; Wilsonet al., 2012;
Grossnickle and Polly, 2013; Adamset al., 2019; Grossnickle, Smith and
Wilson, 2019; Weaver and Wilson, 2021). Despite these apparent similarities
and pre-existing comparisons, several questions remain not yet fully explored
using modern methods and digitised samples: what is the functional
significance of anatomical disparity within and across these groups, and what
might this mean for our understanding of them individually and when

studied together?
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To compare the anatomy and functions of organisms, homologous
features must be identified. This requires a systematic method that is applied
consistently across the sample, which presents a number of restrictions when
fossil taxa lack preservation of soft-tissues. Within these limitations, a suitable
method of anatomical and functional comparison is to identify the
homologous muscle attachments on the bones, and compare the efficiency
of their lever arms. Rather than studying dentition or cranial featuresfi which
themselves could be a full PhD project eachi this project compares the
identified muscle attachments of a selection of 27 rodents and 3
multituberculate fossils, analysing the disparity between these groups and
the variation within Rodentia itself. Despite their conservative anatomy,
rodents are not uniform, and the shape of their anterior zygomatic root and
masseter subdivisions can be categorised into four morphological groups
(Brandt, 1855; Scott, Jepsen and Wood, 1937; Wood, 1955, 1965; Cox and
Jeffery, 2011, 2015; Fabreet al., 2012). Functional comparisons between these
anatomical groups have been made before (Becht, 1953; Wood, 1965;
Druzinsky, 1995, 2010; Cox and Jeffery, 2011; Coat al., 2011; Adamset al.,
2019; Rankin, Emry and Asher, 2020), but this project presents an opportunity
to do so with a sample across the tree of rodents and compare these groups
with the distantly related fossils too. This forms a framework that can be
expanded with fossil rodents or more fossil multituberculates in the coming

years.

This projectds analyses are divided into
here as Chapters 2, 3, and 4, which comprise the majority of the thesis.
Chapter 2 identifies and quantifies homologous muscle attachments across
27 rodent taxa, and compares them using asimple bite with the incisor teeth
at occlusion. Chapter 3 builds upon these data and models incisor and molar
biting at a range of gape angles, evaluating how the size of an object being
bitten and the type of bite used may illuminate variation and dispar ity within
and between the anatomical categories. Chapter 4 reconstructs and identifies
the musculature of three Cretaceous multituberculate taxa and compares

them with the rodents using the same methods and variables as before.
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Chapter 5 provides a summary Discussion synthesising the results and
conclusions of each of the main chapters. As a result, this Introduction,
Chapter 1, has been kept brief and light on detail. The main chapters
themselves are mostly written as standalone papers; Chapters 1 and 5 are
bookending sections to provide support and emphasise the throughline.
Repeated text (such as in the Introductions or Material and Methods sections
in certain Chapters) was removed for the print thesis, but otherwise those
chapters provide all relevant introductory details on a chapter -by-chapter
basis, detail that this brief summary omits. Instead, this Introduction section
is merely a short prelude, establishing the broad strokes and laying out why
the main chaptersoccurinthi s or der, and the | ogic of this

as a whole.
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Chapter 2: Comparing roder
mor photype categories throc
model ling of biting with t
at zero degrees gape

2.dl ntroducti on

2. 10CQuantitative compari sons of r

ghawing

Rodents are adapted for gnawing, with specialised anatomy and
distinctive autapomorphies suited to this function (Wood, 1965; Coxet al.,
2012; Druzinsky, 2015) Gnawing is a specialised biting behaviour using
diprotodont incisors, and it allows rodents to access foods or perform other
paramasticatory functions efficiently and effectively for their body size (such
as beavers felling trees, squirrels feeding on had acorns and walnuts, or
chiseltooth digging rodents burrowing using gnawing) (Druzinsky, 19%;
Vander Wall, 2001; Cox and Baverstock, 2016; Mcintosh and Cox, 2016a)
Traditionally, the anatomical diversity of rodents has been categorised in a
number of ways, such as by ©6émorphotyped, a c
hard- and soft-tissue characteristics(Wood, 1965; Cox and Jeffery, 2011; Cox
and Baverstock, 2016) Comparisons of the functional differences between
these morphotype categories have been made in the existing literature, but
have not been tested using a large sample across the tree viaquantitative
methods, a gap which this thesis project aims to address. Such biomechanical
analyses can tease out the relationships between form and function, in this
case with respect to feeding performance during gnawing, a factor in dietary
adaptation (Greaves, 1985; Sakamoto, 2010; Santana, Dumont and Davis,
2010; Santana, Grosse and Dumont, 2012; Moralessarciaet al., 2021). In this
chapter, | aim to quantitatively compare the morphotypes during a simplified
bite with the incisor teeth, to see if thei r anatomical categories are reflected
in differences of functional performance in gnawing at occlusion. This is the
first assessment across the tree of Rodentia in this regard, comparing taxa of
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all four morphotypes by calculating and comparing the mechanical
advantage of each muscle in each taxon. This study focusses on a simplified
incisor bite at zero degrees of gape, to remove the potential effects of other

major variablesii such as gape angle and bite point i from the analyses.

2. 10 brief overview of Rodent i a

Rodents are the largest order of extant mammals, consisting of 2552
species, over 40% of known mammal species(Wilson and Reeder, 2005;
Burgin et al., 2018). Some rodent families contain few taxa, some contain
hundreds (Wilson, Lacher and Mittermeier, 2016, 2017) and representative
specimens from twenty-seven families are sampled in this project. This
sample, and Rodentia as group, covers a huge range of habitats, some of
which require additional specialised functions such as chisettoothed digging
among some fossorial rodents (Wilson, Lacher and Mittermeier, 2016, 2017)
From treetops to burrows and deserts to mangroves, and from gliding, to
quadrupedal, to bipedal hopping, to scratch and chisel-toothed digging, and
even to semi-aquatic swimming modes of locomotion, Rodentia has living
representatives across terrestrialniches on every continent on Earth (Wilson,
Lacher and Mittermeier, 2016, 2017) As a group, they thrive. Although they
have great diversity in species, their morphology is quite conservative
(Goswami et al., 2022), and rodents possess several key autapomorphies
(Wood, 1955, 1965; Cox and Hautier, 2015)despite similarities to other taxa,
especially their sister clade Lagomorpha, the form of these autapomorphies
are often distinctive to Rodentia. Of particular importance to this study are
the autapomorphies of their masticatory system. The huge dietary diversity
combined with the rel ative anatomical conservativeness of the morphotype
categories is quite surprising; with limited dietary information available,

functional testing can evaluate the impact of these anatomical differences.

Among their craniomandibular hard -tissue autapomorphies, rodents
have large diprotodont upper and lower incisors (Cox and Hautier, 2015)that

grow continuously with a diverse range of distinctive and complex enamel
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Schmelzmusters (Wahlert, 1968; Koenigswald, 1985; Wahlert and Von
Koenigswald, 1985; Martin, 1993) Despite differences in the thickness and
arrangement of the bands of prisms, most rodents possess a band of hard
Hunter-Schreger banded enamel on the anterior face of their incisors
(Wahlert, 1968; Koenigswald and Clemens, 1992)and such an arrangement
of enamel prismsfi even uniserial patterns in rodents that were once
incorrectly assumed to be simple and uniform (Smith et al., 2019)i can
contribute to fractur e resistance through the dissipation of tensional stresses
(Koenigswald and Clemens, 1992; Vieytes, Morgan and Verzi, 2007)
Together, the two adaptations of rapid growth and hard, fracture -resistant
anterior enamel allow rodents to gnaw intensively and recover rapidly from
wear and minor damage to the incisors; through gnawing, they can process
foods that are typically diffic ult to feed on, while the softer enamel on the
posterior face causes the incisors to be selfsharpening as the rear surface is
worn away faster than the harder anterior surface (Koenigswald, 1985; Coxet
al., 2012). This difference in the rate of wear is a critical anatomical
characteristic of their ability to gnaw (Hunt et al., 2023). Unlike lagomorphs,
rodents can even engage in active selfsharpening behaviours for their lower
incisors, due to their highly mobile temporomandibular joint (Druzinsky,
2015). Their glenoid fossa lacks a postglenoid process, and is shaped like a
trough that extends roughly anteroposteriorly, allowing for extensive
protraction and retraction of the mandible (Cox and Hautier, 2015§i when
the molars are in occlusion, the incisors are often not, and vice versa(Becht,
1953; Hiiemae and Ardran, 1968; Cox and Hautier, 2015)Behind these large
incisors, rodents possess a diastema and lack other incisor teeth, as well as
lacking canines and some or all of the premolars; their molars, which begin
posterior to this diastema (Cox and Hautier, 2015) are diverse among taxa
despite the relative similarity of incisor for m and function. Disparity among
incisor and molar form is interconnected with their broad diversity in diet;
though rodent evolution has trended towards herbivory (Samuels, 2009)taxa
can also be omnivorous, insectivorous, granivorous (Wilson, Lacher and
Mittermeier, 2016, 2017), and even have more specialised diets such as

vermivory (Esselstyn, Achmadi and Rowe, 2012)The morphological disparity
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of molar tooth crowns and the function of cheek teeth during chewing are

beyond the scope of this chapterds focus on

Across the board, the above hard-tissue autapomorphies are
adaptations for or related to gnawing; their gnawing behaviour is a constraint
upon their anatomy, including their soft -tissue anatomy (Druzinsky, 2015)
The anatomy of their mandibular adductor musculature is of particular note,
and is the focus of this study as it is a factor in the anatomical differences
between morphotypes. Through homoplasy, similar muscular characteristics
and differentiations of in dividual muscles have developed across the oder,
and these are typically categorised into four groupings. These four

paraphyl etic groupings are referred to as 6m

2. 10Mor photypes

The categories referred to as Oomorphotype
soft-tissue anatomy alone, and their history is intertwined with older systems
of classification in Rodentia (Wood, 1955, 1965) They are based on
observations of both hard-tissue and soft-tissue, and groups are
distinguished by the following criteria: the presence and size of an infraorbital
foramen; the presence or absence of a zygomatic plate; and the presence or
absence of specific differentiations of the masseter muscle complex(Wood,
1965; Cox and Jeffery, 2011; Cox and Hautier, 2015; Druzinsky, 2015)
Combinations of traits define the four morphotype categories:

protrogomorphy, hystricomorphy, sciuromorphy, and myomorphy.

The shape and size of the infraorbital foramen varies between the
morphotypes. As can be seen in Figure 2.1, in hystricomorphous taxa it is
expanded greatly in size. In myomorphous taxa the foramen is relatively large
compared to sciuromorphs and protrogomorphs, but smaller than in
hystricomorphs (Brandt, 1855; Scott, Jepsen and Wood, 1937; Wood, 1955,
1965; Cox and Jeffery, 2011, 2015)Comparatively, in sciuromorphous taxa
the foramen is small compared to the proportional size of the foramen in
myomorphs and hystricomorphs, and in protrogomorphous taxa it is also
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typically small (Brandt, 1855; Scott, Jepsen and Wood, 1937; Wood, 1955,
1965).

a) b)

Figure 2.1: Diagrams of frontal views of a) protrogomorphy, b) hystricomorphy,
c) sciuromorphy, d) myomor phy, using
detail in the Results section: Aplodontia rufa, Cavia porcellus Sciurus carolinensis
and Rattus norvegicus The infraorbital foramena are filled in black, the teeth and
nares are light grey, and the zygomatic plates (where present) are labelled ZP
roughly in their centres. This figure is based on the concept and structure of an
existing figure (Hautier, Cox and Lebrun, 2015) but redrawn here using the
scanned specimens in this study.The panels are not to scale relative to each other.

Sciuromorphous and myomorphous taxa also possess a zygomatic
plate, a feature absent in both other morphotypes (Fabre et al., 2012; Cox
and Hautier, 2015). The zygomatic plate is a steeply sloping large surface on
the anteroventral zygomatic root, which forms the ventrolateral wall of the
infraorbital foramen in myomorphs and serves as a site for muscle
attachment of a portion of the masseter (Brandt, 1855; Scott, Jepsen and
Wood, 1937; Wood, 1955, 1965; Coxet al., 2011, 2011; Fabreet al., 2012; Cox
and Jeffery, 2015). In protrogomorphy, typically no portion of the masseter
attaches to the rostrum (Wood, 1965). Figure 2.1 displays these four
configurations; note the varying shapes of the anterior zygomatic root
associated with these differences, and the larger size of the zygomatic plate

in the sciuromorph than the myomorph.
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Adductor muscles in mammals are roughly arranged into three
groups: the temporalis, the masseter, and the pterygoids. In herbivores, the
masseter tends to be enlarged, and this is particularly extreme in Rodentia
with the masseter often accounting for around 70% of the masticatory
muscle mass(Cox and Jeffery, 2015) One particular paper (Cox and Jeffery,
2011) provides detailed analyses of these muscle subdivisions through
contrast-enhanced computed tomography, and will be referenced here as it
addresses shared taxa with Figures 2.1 and 2.2. The muscle information of

that paper will be presented in the following sentences.

The temporalis is typically differentiated into two portions, a medial
portion originating from the lateral surface of the cranium, and a lateral
portion that partially originates from the fascia overlying the medial
temporalis; they respectively insert medial to and on the coronoid process.
The masseter is divided into a superficial portion, a deep portion, and a
zygomaticomandibularis portion . The superficial portion originates below the
infraorbital foramen and inserts on the aponeuroses of the deep port ion, the
posterolateral surface of the angle of the mandible, and the medial surface
of the angle. The deep portion can be further differentiated into two parts in
many taxa, with the anterior portion originating from the zygomatic plate in
myomorphs and sciuromorphs, and the posterior portion originating from
the lateral and ventral surfaces of the zygomatic arch; when undivided, the
deep portion originates from the ventrolateral surfaces of the zygomatic
arch. Both subdivisionsfi or the undivided deep masseterii insert all along
the masseteric ridge. In all rodents, the zygomaticomandibularis portion is
formed from either two (sciuromorphs and A. rufa) or three (myomorphs,
bathyergids, and hystricomorphs) subdivisions: the two consistent
subdivisions originate from the medial surface of the zygomatic arch and
insert on the lateral surfaces of the mandible; the additional third subdivision
originates from the rostrum, passes posteroventrally through the expanded
infraorbital foramen, and inserts ventrolateral to the first lower molar. In
some t axa, the rodent masseteric complex can

masseterd® near the TMJ, originating from ¢th
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zygomatic root and inserting on the postcondyloid process (Druzinsky, 2010;

Cox and Jeffery,2011) The two pterygoid muscles consi s
6internal 0, and one 0OCoaand Jeffety,®2014,2019e xt er nal &
The internal pterygoid originates from the pterygoid fossa and inserts on the

medial surface of the mandibular angle, dorsal to the insertion of the

superficial masseter. The external pterygoid originates on the alisphenoid

and lateral pterygoid process, and inserts on the medial condyloid process.

In this study, the muscular nomenclature of Cox and Jeffery, 2011is used, as

it is consistent across taxa and these names of the muscle subdivisions are

easily understood when compared with some older nomenclatures.

Figure2.2di spl ays some of t-tisse differenpeh, ot ypesd so
which wi | | be expanded on i n thi sAlChapter ds
morphotypes are para/polyphyletic groups that exist due to widespread
homoplasy and convergent evolution, though protrogomorphy is thought to
be the ancestral condition (Wood, 1965; Fabreet al., 2012; Cox and Hautier,

2015; Cox, Faulkes and Bennett, 2020; Rankin, Emry and Asher, 202@jgure
2.3 shows the distribution of morphotypes across Rodentia. Note that

myomorphy and hystricomorphy both occur in Gliridae, within the squirrel -

related assemblage (Fabre et al, 2012; Cox and Hautier, 2015)
a)

Figure 2.2: Lateral diagrams of the masseter configurations of: a)
protrogomorphy, b) hystricomorphy, c¢) sciuromorphy, d) myomorphy. Panels c)
and d) show the anterior expansion of the deep masseter (pink) onto the
zygomatic plate in those morphotypes. Panels b) and d) display the anterior
expansion on the zygomaticomandibularis complex (blue) through the
infraorbital foramen in those morphotypes. These panels are not to scale.
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Hystricomorphy and protrogomorphy

Ctenohystrica
both occur in Ctenohystrica, the
guinea pig-related assemblage (Fabre Dipodidae
et al., 2012; Cox and Hautier, 2015)In |—
Ctenohystrica, protrogomorphy occurs |— Muroidea

within Bathyergidae (Cox, Faulkes and

Bennett, 2020), as the bathyergids —

|— Anomaluromorpha

have a proposed classification as |_ :
Castorimorpha

protrogomorphs due to their lack of an

expanded infraorbital foramen or s
Sciuridae

anterior expansion of the masseter

onto the rostrum, both of which Aplodontidae

partially define hystricomorphy, in

opposition to  their traditional Gliridac.

classification as hystricomorphs due to ~ Figure 2.3: A phylogenetic tree of
Rodentia which displays the

morphotypes of selected clades,
(Cox, Faulkes and Bennett, 2020) recoloured and updated from
Hautier, Cox & Lebrun 2015, itself
adapted from Fabre et al 2012.
Hystricomorphs are highlighted in
morphotypes have been primarily  pjue, myomorphs in  green,
protrogomorphs in pink, and
sciuromorphs in yellow.

assertions have been made, including

their undifferentiated deep masseters

Existing comparisons of

anatomical, although functional

through estimations of bite force, and stress analysis via Finite Element
Analysis (FEA]Druzinsky, 1995; Cox and Jeffery, 2011; Caat al., 2011; Adams
et al., 2019). For example, it has been proposed that the anterior expansion
of the deep masseter in sciuromorphs is an adaptation to favour bite force
production at the incisors (Wood, 1965) to improve efficiency by around 5%
(Druzinsky, 2010) while the enlarged infraorbital portion of the
zygomaticomandibularis complex in hystricomorphs is an adaptation to
favour bite force production at the molars (Becht, 1953)to improve efficiency
by around 10820% (Cox, Kirkham and Herrel, 2013) It has also been
suggested that the infraorbital portion of the zygomaticomandibularis plays

an especially notable role in making the masticatory system a secondclass
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lever in molar biting (Becht, 1953; Cox, 2017) adding force without
significantly contributing to strain or deformation within the skull (Cox, 2017)
In FEA comparisons, higher skull stresses have been calculated in
sciuromorphs and myomorphs, interpreted as a trade-off with the expansion

of the jaw-closing muscles to increase bite force (Adams et al., 2019).

Generally, there are relatively few studies comparing the masticatory
biomechanics of the different morphotype categories; most related studies
have focussed on specific taxa individually or in small groups of selected taxa,
as broad morphotype functional differences were not the focus of those
papers. For example feeding of specific taxain vivo has been studied via
electromyography but these papers did not aim to make functional
comparisons between the designated morphotypes; instead they evaluated
masticatory mechanics and jaw movements, muscle forces throughout the
chewing cycle, or the mechanical roles of specific individual muscles in
particular (Hiiemae and Ardran, 1968; Weijs and Dantuma, 1975; Byrd, 1981)
Individual taxa and small groups have also been studied through both
physical dissection and anatomical observation of muscle scars on skulls and
mandibles (Hiiemae, 1971; Satoh, 1998, 1999; Olivares, Verzi and Vassallo,
2004; Druzinsky, 2010; McIntosh and Cox, 2016a; Cox, Faulkes and Bennett,
2020) and through digital dissection and muscle identification (Cox and
Jeffery, 2011; Adamset al., 2019) though the majority of these analyses did
not compare the morphotypes through these methods. In addition,
quantitative assessment of rodent feeding has sometimes focussed on
measuring or estimating bite force specifically (Nies and Ro, 2004; Freeman
and Lemen, 2008) GMM has been used to compare cranial or mandibular
shape between taxa of the same morphotype, and taxa of different
morphotypes (Hautier et al., 2008; Samuels and Valkenburgh, 2009; Gomez
Cano, Hernandez Fernandez and AlvaresSierra, 2013; Hautier, Cox and
Lebrun, 2015; Samuelet al., 2015; Samuel, ParésCasanova and Olopade,
2016) or for the purpose of comparing one taxon with a selection of taxa to

assess its similarity to different morphotypes (Rankin, Emry and Asher, 2020)
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Though functional assertions have been made about the
morphotypes, comparisons have often been restricted due to sample
limitations and technological limitations in earlier years; this paper is an
expansion in sample scope using modern digital methods, while remaining
focussed on morphotype comparisons specifically. For functional
comparisons between taxa, | must select a characteristic to compare |

selected mechanical advantage.

2. 1dMechani cal advant age

Mechanical advantage is the ratio between the in-lever and the out-
lever of a mechanical system (Hildebrand et al., 1985). The in-lever is the
tangent distance between the pivot and the vector of the force applied, and
the out-lever is the distance between the pivot and the point where the
output force is being measured. As a result, mechanical advantage is a ratio,
providing an estimation of what proportion of input force is converted into
output force. It can be greater than 1 if the in -lever is longer than the out-
lever, but in the case of incisor biting in rodents that is not possible; the
incisors meet anterior to all muscle attachments. Within the context of
masticatory biomechanics, the pivot is the jaw joint, the input force vector is
t h e mu seof aetidns and the output force occurs at the bite point. Thus,

the mechanical advantage of an individual muscle provides a numerical

measurement of the muscllitésémportame o hodeni ¢ al

that despite the colloquial meaningofthewor d o6advantageéo6,

to make a value judgement; increasing mechanical advantage is a tradeoff
in anatomy as it is one characteristic of a broader anatomical and functional

system.

Mechanical advantage can be used to compare the functional
performance of specific muscles in organisms, as well as the whole
masticatory system if all relevant muscles are used to calculate a resultant
vector. Mechanical advantage has been applied to anabmy and functions far

beyond biting, including studies of limbs and gaits (Biewener et al., 2004;
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Olberding et al., 2019; Basu and Hutchinson, 2022gand breathing (Troyer et
al., 1998). Across vertebrate life it has also been used in studies of biting
mechanics specifically, to compare organisms by feeding ecology or assess
the interaction between form and function for known diets (Ledevin and
Koyabu, 2019; Navalénet al., 2019; Morales Garciaet al., 2021), to compare
biting efficiency at a particular stage of development or throughout the
growth of a specific taxon (Dechow and Carlson, 1990; GarcidMorales et al.,
2003; Young, 2006; Tanneret al., 2010), to assess evolutionary trends of
functional morphology within a group (Santana, Grosse and Dumont, 2012;
Nabavizadeh, 2016; Maet al., 2022), and to compare efficiency and function
on particular teeth (Greaves, 1983, 1985; Devlin and Wastell, 1986; Sakamoto,
2010; Nabavizadeh, 2016; Echeverriat al., 2017; Hubyet al., 2019; Kunz and
Sakamoto, 2024) In rodents themselves, it has been applied to entire
masticatory systems (Cox, 2017)and to individual muscles (Ball and Roth,
1995; Velhagen and Roth, 1997; Satoh, 1999; Druzinsky, 2010; Swiderski and
Zelditch, 2010; CasanovasVilar and Van Dam, 2013; Renauckt al., 2015; Cox
and Baverstock, 2016 ; Gomes Rodri gues, gum
Mclntosh and Cox, 2016a, 2016b; Cox, 2017; Echeverr&t al., 2017; Jones and
Law, 2018; West and King, 2018; Cogt al., 2020).

As yet unanswered questions can be addressed by assessing
mechanical advantage, such as whether the anatomical differences between
the morphotypes are reflected in the functional characteristics of individual
homologous muscles. Comparing mechanical advantage among this sample
is a mathematical comparison of the locations of muscle attachments relative
to the jaw joint and bite point. Whereas GMM, for example, would be
focussed on the shape spaceof the morphotypes, mechanical advantage is a
measure of the mechanical efficiency of the muscles s pati al ;;configurat
this fits t his studyads f ocus on functional
morphotypes during gnawing. Furthermore, rather than comparing data
which are affected by factors not quantifiable in the available scans of bones
(such as muscle mass, pennation,me cl e fi bre | enghotlys, the or g:

size, or the skull and mandi bl eds material p
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and strain), mechanical advantage provides a point of comparison that is
relatively decoupled from these absent variables. Morphotypes mostly vary
in the arrangement of their muscle attachments, and mechanical advantage

directly compares the input-to-output force ratio of these arrangements.

2. 10Kkey qguestions and hypot heses

As established, this chapter aims to evaluate potential functional
differences between the four morphotypes during gnawing. In order to
compare the functional performance of the morphotypes, | must establish
and quantify the anatomy of a large sample, including those taxa which lack
existing study or digitisation of their musculature. The sample in question
consists of 27 extant rodents, and the muscles and morphotypes of each
taxon will be identified systematically and categorised in this chapter. Once
these muscles are identified, | can compare them using leverarm mechanics,
determining the mechanical advantage of each individual muscle. These
calculated mechanical advantages can then be compared statistically, and |
can test for differences between the morphotype categories on homologous
muscles.

| will analyse two patrticular key questions using these data. Firstly, is
there an observable difference in mechanical advantage between the four
morphotypes during gnawing at zero degrees of gape? The morphotype
categories are distinct in anatomy, but the quantitative data can identify
whether or not the morphotypes are distinct from one another in function as
well. For example, if sciuromorphs group distinctly from hystricomorphs in
these data, this could fit with the existing interpretation that sciurom orphy is
an optimisation for incisor bite force (Wood, 1965; Druzinsky, 2010)
However, if the categories do not clearly differ, then the analysis would not
support such assertions of functional difference. Rather than combining the
in-levers of muscles (when certain muscle differentiations areabsent in three
of the four morphotypes ), | will keep them separate to compare homologous
muscles individually in this analysis | hypothesise H1.1) that the

morphotype categories will not be distinctly different in these results, and
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that the broad disparity within morphotype categories will result in their
mechanical advantage ranges overlapping with those of other morphotypes.
By comparing the mechanical advantages of each morphotype on each
muscle using a box plot, this can be visudly identified , and the group means
can be compared statistically. Between anatomical disparity and the uneven
sampling of morphotypes due to availability and their distribution across the
tree, | expect each morphotype to show broad ranges in mechanical
advantage. Since this is an examination of incisor biting, and rodents are
adapted for gnawing, it would not be unsurprising if the morphotype s were
similar in these analyses, being adapted for their shared function. More
detailed questions can be answered with more complex analyses, and this
simplified zero-gape test at a single bite point provides a foundation for
expansion in Chapter 3 to assess other factors.

Secondly, is there a statistically significant phylogenetic signal in the
mechanical advantage data? Morphotypes are para/polyphyletic categories
(Fabre et al., 2012; Cox and Hautier, 2015) but this does not necessarily
preclude phylogenetic constraints from affecting the anatomy and muscular
arrangement of these taxa, especially since most masticatory muscle divisions
in rodents have homologous counterparts regardless of morphotype. A
phylogenetic signal, if present, could affect the signal (or lack thereof) from
the morphotypes. | must test it as a potential factor in the variation in
mechanical advantage across the sample. | hypothesise1.2) this test will
not identify a significant correlation, due to the para/polyphyletic nature of
the groups and the variation and diversity within each morphotype category.
If my hypothesis is correct, this may imply that morphotype categories are
primarily categories of homologous anatomy and may lack functional
distinction, or perhaps imply that functional morpholog y is being

significantly affected by variables beyond morphotype category alone.
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2. 2Materials & Met hods

2. PoSampl e i nf or mati on

| selected 27 rodent taxa from 20 families (Table 2.1)for this study to
provide a broad sample across the tree that covers representatives of all four
morphotypes, without oversampling from the most speciose families of the
tree. Al mi cr o computed tomography
MorphoSource (www.morphosource.org), and each consists of a skull and

mandible (sometimes scanned together, sometimes separately) from a single

individual . These T1TCT scans were
. . . Gliridae
obtained primarily from museum 4|_ESciuridae
. Aplodontidae
collections, and a complete table of Pedetidae
specimen  numbers, institutions, Anomaluridae
Zenkerellidae
MorphoSource Media IDs and Castoridae
Heteromyidae
scanning locations is included here in Geomyidae
Dlpodl_dae
Table 2.1. Where skulls and _| Zapodidae
Sminthidae
mandibles were scanned separately, Platacanthomyidae
Spalacidae
their Media IDs are ordered Calomyscidae
Nesomyidae
respectively. Each taxon has a sample Cricetidae
Muridae
size of n=1 (i.e. a single scan per Ctenodactylidae
Diatomyidae
taxon). Hystricidae

Bathyergidae
Heterocephalidae
Petryomuridae
Thyronomyidae
Erethizontidae

These taxa are all

representatives of different families

. s : Caviidae
or subfamilies within Rodentia. A Dasyproctidae
; ; Cuniculidae
simple cladogram of rodent clades is Chinchillidae
shown in Figure 2.4. Clade names are Dinomyidae
Abrocomidae
removed from this cladogram for Echimyidae
Octodontidae
clarity. Due to the difference in how Ctenomyidae

Figure 2.4: A cladogram of rodent
families redrawn and simplified from
taxa of a selected morphotype, the a recent tree in the literature ( D& E
Fabre and Lessa, 2019) with
unrepresented families in this study
hystricomorphous taxa (with 14  marked as red text.

many families there are that contain

sampling skews towards
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hystricomorphs, 6 myomorphs, 4 sciuromorphs, and 3 protrogomorphs
according to the categorisations used in this project), but avoids a potential

skew from oversampling individual clades.

Species Common Family From Catalogue Media ID
name Number
. Nagtglas's
Graphiurus h . 000048253
nagtglasii ] African Gliridae umzc E.1909 000048254
ormouse
Petaurista Giant flying - 000048251
petaurista squirrel Sciuridae umzc E.1475 000048252
SC.IUTUS. Grey squirrel Sciuridae Liverpool SC11 000047051
carolinensis
. Mountain . 000049500
Aplodontia rufa beaver Aplodontidae MNHN 1354 000049502
Pedetes South African . 000048261
capensis springhare Pedetidae umze E.1446 000048262
Northeast
Castor - . 000048257
canadensis American Castoridae umzc E.1831 000048258
beaver
Thomomvs Southern
omy pocket Geomyidae NML 19.8.98.8 000047047
umbrinus
gopher
Northern
. . — 000048259
Dipus sagitta thr_ee -toed Dipodidae umzc E.3165 000048260
jerboa
Cannomys Lesser . 000048804
badius bamboo rat Spalacidae umzc E.2850 000048469
. Northern
Cricetomys . . 000050458
gambianus giant pr(;ltjched Nesomyidae umzc E.2262 000048467
Phyllotis Peruvian leaf - - 000050454
gerbillus eared mouse Cricetidae umze E.2597 000048468
Northeast
Acomys ) ) . 000048255
cahirinus African spiny Muridae umzcCc E.2278 000048256
mouse
Gerbillus , . . 000050400
watersi Water's gerbil Muridae umMzc E.1971 000048466
Rattus Brown rat Muridae Liverpool RN4 000047050
norvegicus
Laonastes Laotian rock | . iomyidae | ANtONY KY213 000047067
aenigmamus rat Herrel
L Crested - 000048271
Hystrix cristata porcupine Hystricidae umzc E.3406 000048272
Bathyergus Cape dune . 000046728
suillus mole -rat Bathyergidae NML | 198.75.14 | 500046758
Georychus Cape mole - . 000046565
capensis rat Bathyergidae NML D.300 000046641
. North
Erethizon . . . 000048267
dorsatum Amerlc_an Erethizontidae umzc E.3506 000048268
porcupine
Cavia porcellus meest[c Caviidae Liverpool CP3 000047035
guinea pig
Hydrochoerus . 000048269
hydrochaeris Capybara Caviidae umMzcC E.3768 000048270
Dasyprocta . . 000048265
punctata Agouti Dasyproctidae umzc E.3621 000048266
Lagostomus Plains P 000048273
maximus viscacha Chinchillidae umze E.3555 000048274
Capromys Desmarest's N 000048263
pilorides hutia Echimyidae umzc B3371 | goooas264
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Myocastor L 000048275
coypus Coypu Echimyida e umzc E.3370 000048276
Octodon degus COD“;;"S” Octodontidae umzc E.3288 000047319
Ctenomys Highland . 000050401
opimus tuco -tuco Ctenomyidae umze E.3261 000048470

Table 2.1: Sample information, including their catalogue numbers and
MorphoSource Media IDs. NML: World Museum at National Museums Liverpool.
UZMC: University Museum of Zoology, Cambridge. MNHN: Museum National
d6Hi stoire Naturelle, Paris

Some families are sampled here with representatives from different
subfamilies, such asEchimyidae being represented by Myocastor coypusrom
the subfamily Echimyinae, and Capromys pilorides from the subfamily
Capromyinae. The families and subfamilies that are not represented tend to
be small, typically represented by very few genera.The only families within
Muroidea that are unrepresented here are Calomyscidae and
Pl atacant homyi dae (DOEI ?2a, Fabre and Lessa,
two extant genera respectively. In suborder Castorimorpha, only
Heteromyidae is unrepresented and is the largest unrepresented family in
this sample ( D8 EI| 2 a, Fabr e Withim dnorhatusomapha, t@ 1 9 ) .
subfamilies are not represented: Anomaluridae, which contains two extant
gener a, and Zenkerellidae, which contains or
and Lessa, 2019).0Of the major families of Hystricognathi, six are not
represented in this sample: Cuniculidae and Thyronomyidae, which are
represented by one extant genus eadc, Abrocomidae, which contains two
extant genera, and the monotypic extant groups Dinomyidae, Petromuridae
and Heterocephali dae ( DdOneo?fa,C aFvaibirdea eabnsd tLhersese
subfamilies is not represented, Dolichotinae, which contains two extant
genera( DO EI 2 a, Fa b r eln @lindde, thesssbfamilies Qinaeq2) .
genera) and Leithinae (6 extant genera) are not represented here(Petrova et
al, 2024). There are no large branches of the tree that are left completely
unrepresented by this sample, and it provides multiple representatives of all
morphotypes. All the specimens are well-preserved and mostly or entirely
complete skulls paired with their original mandibles, with no uncertainty
introduced by having to use a mandible/hemimandible from a different

individual. All specimens areof adults.
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2. 20egmentation and alignment

Most of the scans were of isolated bony specimens, though some
were intact heads. None of the T CT scans of
enhanced; the resulting absenceof identifiable muscle tissue prevents certain
kinds of functional analyses that require full muscles, but lever-arm
mechanics can be conducted using the areas of the attachments on the

bones.

| segmented these I CT scans using Avi zo \
Scientific, Waltham, MA, USA), through a combination of thresholding and
manual segmentation to isolate the bone. Because this analysis focusses on
specific muscles, particularly thin bones irrelevant to these results such as
nasal turbinates or sections of the orbital wall were not rigorously included
in the segmentations. Once the specimens were segmented, | virtually
replaced or reconstructed damaged, broken, or missing parts relevant to the
study using mirroring and translation/rotation in accordance with established
practice (Lautenschlager, 2016) Most commonly this was required for a

shapped zygomatic arch or mandibular angle on one side of a specimen, and

Figure 2.5: Segmented skull and

mandibles of Castor canadensisdisplayed

with the global axes in Avizo: x-axis is red,
y-axis is green, zaxis is blue. Note that due

to the specimends a
not look perfect to the naked eye; since the

data for mechanical advantage is
calculated from the distance between

centroids, these slight imperfections will

have no impact on the results.
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in all cases the intact side was in good condition. | aligned the specimens
identically for consistency: in these segmented surface files, the most lateral
point on the right zygomatic arch is aligned with the yz -plane, the posterior
extent of the cranium is aligned with the xy-plane, and the mandible is
positioned with the condyle articulated and the molar cheek teeth at

occlusion, with the specimen being positioned in the y -dimension so that the
lowest point of the body of the mandible was aligned with th e xz-plane. This

is displayed in Figure 2.5.

In some specimens, mandibles were still in articulation when scanned,
in others they were separate, but even in cases with articulated mandibles |
still adjusted the articulation where necessary to ensure alignment of the

mandible and skull at molar occlusion.

2. 20Muscident i ficamappi agd

Across the sample, some taxa have far more existing papers on their
musculature and feeding than others. A selection of existing citations is
contained in Table 2.2 Some taxa lacked detailed papers on musculature

during the time of this study .

Species Citations
A. cahirinus
A. rufa Druzinsky, 1995, 2010; Samuels, 2009
] Samuels, 2009; McIntosh and Cox, 2016a, 2016b; Cox, Faulkes and
B. sulllus Bennett, 2020
C. badius
C. pilorides Woods and Howland, 1979
C. canadensis Samuels, 2009; Cox and Baverstock, 2016
C. porcellus Woods, 1972; Byrd, 1981; Cox and Jeffery, 2011
C. gambianus
Woods, 1972; Olivares, Verzi and Vassallo, 2004; Becerra, Casinos
C. opimus and Vassallo, 2013; Alvarez, Perez and Verzi, 2013; Echeverria et
al., 2017
Windle, 1897; Woods, 1972; Alvarez, Perez and Verzi, 2013; Alvarez
D punctata and Pérez, 2019
D. sagitta
E. dorsatum Woods, 1972; Samuels, 2009
G. capensis Mclntosh and Cox, 2016a, 2016b; Cox, Faulkes and Bennett, 2020
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G. watersi
G. nagtglasii Maier, Klingler and Ruf, 2002
H. hydrochaeris Woods, 1972; Samuels, 2009; Alvarez, Perez and Verzi, 2013
H. cristata Toldt, 1905; Turnbull, 1970; Morris, Cox and Cobb, 2022
L. maximus
L. aenigmamus Cox, Kirkham and Herrel, 2013
M. coypus Woods, 1972; Woods and Howland, 1979
O. degus Woods, 1972; Olivares, Verzi and Vassallo, 2004
P. capensis Woods, 1972; Cox, 2017
P. petaurista
P. gerbillus
Moore, 1967; Turnbull, 1970; Hiiemae, 1971; Weijs, 1973; Maier,
R. norvegicus
Klingler and Ruf, 2002; Samuels, 2009; Cox and Jeffery, 2011
S. carolinensis Ball and Roth, 1995; Cox and Jeffery, 2011
T. umbrinus Wahlert, 1985

Table 2.2: Citations regarding muscle attachment information in the sample,
where present. These papers either focussed on or tangentially involved the
identified muscle attachments of these taxa in their analyses.

Due to the inconsistency of available information during data
gathering, | initially mapped the muscles of thesespecimens without reading
existing identifications of muscles in these taxa. If existing material had been
referenced during the initial mapping, it would have biased the method. |
visually identified the muscle attachments based on the surface topography
of the bones. | selected four taxa (one of each morphotype category, A. rufa,
C. porcellus R. norvegicus S. carolinensi$ with relatively extensive existing
literature to be the first to be mapped, and then identified and mapped the
muscles; | compared these to the literature to note differences before moving
on to the rest of the sample, which included taxa that lacked such physical or
digital di ssections. I used these
comparison when mapping other taxa and identifying homologous muscles.
The visual identification of muscles was conducted with as few
preconceptions as possible; for example, | did expect Hystrix cristata to be
identified as a hystricomorph, but | conducted comparisons with existing
literature post-hoc, to identify areas where the muscles in this paper may
differ from established literature where soft -tissue was available. This may
result in some uncertainties or conflicts with existing research, such as

interpreting Graphiurus nagtglasii with a potential posterior masseter based
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on the topography of the bones when the limited existing literature does not

discuss such a muscle in this taxon.

| identified the muscle attachments on the skulls and mandibles for
the masseter subdivisions, the temporalis, and the pterygoids and mapped
them in Avizo. | marked the edges of each attachment using a B-spline, to
produce a clear visual outline of the shape on the surface. Then, | used the
Surface Editor to manually select the surface triangles of the muscle
attachment, and exported each attachment as a .stl file. An example of these
mapped surfaces is shown in Figure 2.6. | imported the stl files into Blender
(www.blender.org), and identified and recorded the coordinates of the centre

of each surface; these coordinates are the musat centroids used for the

lever-arm mechanics.

Figure 2.6: Mapped muscle attachments in the skull of R. norvegicus with the
view centring on the Temporalis origin (green). From this angle, the Posterior
Deep Masseter origin (pink) can be observed on thelateral face of the zygomatic
arch, and the External Pterygoid (red) originis visible on the alisphenoid.

2. 20Lev-ar m mechanics anal yses

Qualitative visual comparison alone cannot differentiate the
functional significance of minor anatomical differences between individuals
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or groups, especially given the number of taxa and muscles being compared.
Quantitative analyses can compare them more clearly and 2D leverarm
mechanics, specifically, can evaluate the functional performance of each
muscle. 2D leverarm mechanical methods can lead to inaccuracies when
estimating bite force (Davis et al., 2010; Greaves, 2012)which is a limitation
of this study. The calculation of mechanical advantage ishere being used to
compare the functional variation of these muscle attachments in two
dimensions, and the simplification of removing the mediolateral component
of the muscle vectors causes the study to focus on the anteroposterior and

dorsoventral components of the muscle configuration.

In addition to the extraction of centroid coordinates of the mapped
muscle attachments (as outlined earlier in subheading 2.2.3) | landmarked
the TMJ using two landmarks on each side (one on the mandible, one on the
skull). I also landmarked the tips of the upper and lower incisors, so their
coordinates could be averaged to represent the bite point. Wear or damage

to the tooth tips could be a potential source of error.

Since the leverarm mechanics conducted in this chapter are of an
incisor bite, but mandibles were aligned at molar occlusion, the muscle
insertions and condyle had to be translated accordingly to simulate an incisor
bite. | used the landmarks to do this with a simple translation and rotation of
their coordinates, rather than manual translation of the bones in Avizo;
potentially, this could lead to an inaccurate configuration with overlapping
tooth volumes of the molars. Due to the alignment of the specimen s, the two
axes of these analyses are the zaxis (anteroposterior) and the y-axis
(dorsoventral). To conduct the analysis in 2D, the mediolateral axis (xaxis)
was ignored; due to the consistent alignment of specimens during
segmentation, this could be achieved by simply not using x-coordinates in

the calculations.

| translated the landmark coordinates of the TMJ and all muscle
insertion centroid coordinate s anteriorly by the z-distance between the
upper and lower incisor landmarks, shown in Equation (1), wherez; is the z-

axis coordinate of the upper incisor tip once the left and right landmarks are
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averaged, and z, is the averaged lower incisor tip at molar occlusion.
However, protraction of the mandible in rodents is a process with a
vertical/rotation component individual to each taxon, due to the shape of

their incisors, jaw joint, rostrum and mandibles; this can be clearly observed
by examining any of the rodents studied in this sample and shown in lateral
view figures in the results. To account for this, | applied a rotation to the
muscle insertion centroid coordinate s, rotating them by an angle that caused
y-displacement equal to the distance between the y-coordinates of the upper
and lower incisor landmarksfi this effectively translates and rotates the
mandible into incisor occlusion at a gape of zero degrees at the incisors,
though it does not account for the small vertical displacement of the TMJ
during protraction. | calculated the rotation required for each taxon using
Pyt hagorasd t he ord23Mandtne ld&vpicasings im Bgaatign2 .
(2.4). In Equations (2.852.3) z; is the z-coordinate of the upper incisor
landmark, zyis the lower incisor landmark, z:is the TMJ, andy;, yo, and y.are
the y-coordinates of the upper incisor, lower incisor and TMJ landmarks
respectively. In Equation (2.4) E is the angle of rotation applied to simulate

incisor occlusion.

D ihE QBDED | DD EEAD U (1)
&) a a (2.1)

@ a a 0 W (2.2)

& a © (2.3)

S W (2.4)

— Al O ;
COW

a a a AlfO o o OFI1 « (3.1)
w & & OB w wAlf0w (3.2)

Once this angle and protraction distance had been calculated, |
applied them to the muscle insertion z- and y-coordinates to translate the
muscle insertions into a simulation of incisor occlusion. This was conducted
using Equations (3.1) and (3.2), where» and )» represent the calculated

coordinates of a muscle insertion centroid at incisor biting, z and y» are the
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coordinates of the centroid prior to its translation, z and ). are the
coordinates of the TMJ which functions as the centre of rotation, and [

remains the rotation applied to simulate the occlusion of the incisor tips.

With the specimens mapped, landmarked, aligned, and at simulated
incisor occlusion, a 2D leverarm mechanics calculation could be conducted.
| averaged the left- and right-side muscle centroid coordinates, as selecting
only one side of centroids could result in the data being affected slightly by
asymmetry. The inlever (the perpendicular distance between the muscle
vector and the TMJ) of each muscle was calculated using Equation (4), where
ziand y;are the z- and y-coordinates of a muscle insertion and z,and ), are
the coordinates of thatmu s c | e d s o r-lewgriisnthe vettbor etweant
the TMJ and the bite point, in this case the landmarks of the tip of the lower
incisor, and was calculated using Equation (5), wherez, and y; represent the
averaged z and y-coordinates of the landmarks for the upper and lower
incisor tips. Mechanical advantage was calculated for each muscle using
Equation (6), dividing the in-lever by the out-lever. All of these calculations
were performed systematically in Microsoft Excel (Microsoft Corporation)
and the spreadsheets are included in the supplementary material. For incisor
biting, the masticatory system will function as a third -class lever, as the force
is applied between the pivot (the TMJ) and the load (the bite at the incisor

tips). Figure 2.7 illustrates these equations inR. norvegicus
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2. 23St atisticial anal ys

The results of these leverarm mechanics analyses were then
statistically analysed using a phylANOVA(Garland et al., 1993) and test for
Bl o mb e rBiphizerg,kGarland and Ives, 2003)n RStudio (RStudio Team
(2022) ORStudi o: I ntegrated Devel opment f ol
Available at: http://www.rstudio.com/). The phylANOVA is a multivariate
analysis of variance that assesses the differences between groups within a
phylogenetic framework, by testing the significance of the difference
between the means of pre-defined groups (in this case, the rodent
mor photypes). The simultaneous test for Bl om
of the phylogenetic signal within the data. These tests do not assume a
normal distribution, and can be conducted on a dataset with one input
variablefi in this case, the input variable is the calculated mechanical
advantages of an individual homologous muscle. Conducting this analysis
requires the following packéPgradssandhen wusing
Schliep, 2019) 06 g ¢Pergell etdl., 2014) 0 n(Pimheird, Bates, and R
Core Team, 2022)a nd 6 p h(Rewved, @112 6

An individual phylANOVA had to be performed for each muscle, and
the code was written accordingly. | used an existing phylogenetic tree of
Euarchontoglires (Morris, Cobb and Cox, 2018)with the taxa absent in my
analyses removed. Taxa were dropped from th
function if they lacked the muscle subdivision being analysed. | assigned dl
taxa in each analysis to their morphotype. | ran the phylANOVA using the
muscle as the trait and the morphotypes as the groups to be compared, with
the number of simulations (nsim) set at 1000C
conducted simultaneously. The code used, input files, and tree file are

included in the thesisds supplementary mater

If the group means are significantly different according to the
phylANOVA, then these data would imply that morphotypes are functionally
distinct in terms of mechanical advantage during gnawing, and identify which
homologous muscle or muscles in question are or are not significantly

different. Altogether, from the muscle mapping and other landmarking to
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this statistical test, these methods can address the hypotheses and key

guestions of this chapter. Performing this analysis for an incisor bite and only

a gape of zero provides the simplest analysis; the effect of gape or different

bite pointsisnotconsider ed, and an incisor bite was sel
adaptation for gnawing with their incisors. The only variable analysed in these

tests are the lever-arms, which are affected by shape.
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2. 8Resul t s

2. 30Ar chetyvypal t ax a

2. 3.dPrlot r ogomopripohdiont i(aMoruunftaa i n

Beaver)

A. rufa (Aplodontidae) was the first protrogomorphous taxon to be
muscle mapped in this study, and the other protrogomorphous taxa in the
sample will be compared to it. A. rufa was selected because the other taxa
assigned as protrogomorphous in this sample (B. suillusand G. capensiyhave
disputed classifications and complications in their proposed derived
protrogomorphy (such as possessing an undifferentiated Deep Masseter
(DM)) (Cox, Faulkes and Bennett, 2020)As such, protrogomorphy is the least
strictly defined category in this sample, with the fewest extant

representatives.

According to existing research, A. rufa possesses a masseter divided
into four portions, two of which are further subdivided into two portions each
(Druzinsky, 2010) | used visual examination of the skull and mandible to
identify and map muscle attachment sites on this specimen, then this was
compared with the existing literature; there are no differences between the
muscle subdivisions identified in my analysis and the literature (Druzinsky,
1995, 2010) Figures 2.8, 2.9, and 2.10 showthe attachment sites and rough
illustrative muscle shapes of all four archetypal taxa in lateral view. The figure
captions are shown together after the full -page panel figures, to allow the
figures themselves to be displayed at the largest possible size. The names of
muscles in the main text will use bold coloured text to aid in interpreting the
diagrams and to avoid potential confusion of muscles with similar names or
acronyms in the text. Due to the lack of a Suprazygomatic Temporalis ZT) in
other studied taxa, and a lack of aPosterior Masseter PM) identified during
this study in all but G. nagtglasii these muscles were not included in the
lever-arm mechanics analysesand are not displayed on the Figures. Like all
rodents, A. rufa possesses a , a deep masseter

complex, a zygomaticomandibularis masseter (ZM) complex, a differentiated
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Figure 2.8: Mapped muscle attachment sites for the ADM, , and DM in a)
A. rufa,, b) C. porcellus c) R. norvegicus d) S. carolinensisThe panels are not to
scale relative to each other. All such figures in this study use the same colour key
for representing muscles, and match those of the text. Approximate illustrative
muscle shapes are shown as translucent layers, showing the rough path muscles
take from origin to insertion. In A. rufa, the is also in this figure, as it inserts
on the ventrolateral surface of the mandible with no pars reflexa All of these
images are traced over lateral screenshots of the 3D models in Avizo, simplified
for clarity of presentation.

Figure 2.9: Mapped muscle attachment sites for the ,AZM ,and PZM in a)
A. rufa, b) C. porcellus c) R. norvegicus d) S. carolinensisThe panels are not to
scale relative to each other. Dashed outlines are used to indicate that an
attachment is on the medial surface of a bone, in this case, primarily the
zygomatic arch.

Figure 2.10: Mapped muscle attachment sites for the , T,ERP, and I” in a) A.
rufa., b) C. porcellus ¢) R. norvegicusd) S. carolinensisThe panels are not to scale
relative to each other. Dashed outlines are used to indicate that an attachment is
on the medial surface of a bone, in this case, the mandible.The zygomatic arch is
removed from this figure, to fully expose the mandible. The is shown in panels
b), c), and d) as thepars reflexawas the most identifiable attachment surface of
the muscle, and was mapped.

Temporalis (T) , and two pterygoid muscles: an and

an External Pterygoid (EP) (Druzinsky, 2010; Cox and Jeffery, 2011)

In A. rufa, | interpret the deep masseter as being differentiated into

two portions: an Anterior Deep Masseter (ADM) , and a
, an interpretation in agreement with existing study despite

the difference in nomenclature (Druzinsky, 2010) | identified the ZM complex
as being differentiated into two portions as well: the Anterior
Zygomaticomandibularis (AZM) and Posterior Zygomaticomandibularis
(PZM). This also agrees with the literature (Druzinsky, 2010) The is here
interpreted as originating from the maxilla, on the ventral surface of the
anterior zygomatic root. This origin is anterior and dorsal to the upper cheek
teeth, and medial and ventral to the inferred attachment of the ADM. There
is no notable tubercle or other structure associated with this origin in A. rufa
that | can identify, as is sometimes present in other rodents. The has no

pars reflexain this taxon that | am able to identify (which most rodents are
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here identified to possess) and instead ismapped as inserting in a prominent
fossa on the lateral surface of the angle of the mandible; the angle of A. rufad s
mandible possesses a prominent lateral protrusion, and the is interpreted
here as inserting on the ventral surface of this protrusion. These
interpretations of the mostly align with established reconstructions
(Druzinsky, 2010) one notable difference will be discussed once the |~ origin

has been discussed.

The ADM and originate from the ventrolateral surface of the
zygomatic arch and insert on the lateral face of the body of the mandible.
The ADM originates anteriorly on the zygomatic arch, from a distinct fossa
on the most anterior region of tADM zygomatic
was interpreted as inserting in a fossa dorsal to the anterior end of the
masseteric line, a distinct ridge and topographic change on the body of the
mandible. The originates on the ventrolateral surface of the zygomatic
arch itself, posterolateral to the origin ofthe ADM.WhereastheADM& s or i gi n
is roughly rounded, the 0s origin is elongate and borde
margin by the prominent ridge that forms the ventral edge of the zygomatic
arch. The 6s origin extends anterADbMrandy t o t he at
posteriorly to a distinct change in the shape of the ventral zygomatic arch,
approximately level anteroposteriorly with the coronoid process. The
inserts posteriorly to the ADM , but the margins of its insertion are less clearly
defined, as is often the case in this sample. These interpretations are in

agreement with the literature, and are not novel (Druzinsky, 2010).

The ZM complex is divided into two portions in A. rufa, both in the
literature (Druzinsky, 2010)and i n this studyods identificati
sample, this muscle is differentiated into either two (anterior or posterior) or
three portions (anterior, posterior and infraorbital). In A. rufa, | identify the
AZM and PZM as originating from the medial surface of the zygomatic arch,
posterior to the anterior root, and anterior to the TMJ; this is in agreement
with the literature (Druzinsky, 2010) TheAZM6 s or i gin i s interpreted
on the medial surface of the zygomatic root (Druzinsky, 2010) and is here

identified as occurring lateral to the bulk of the root itself; this region of bone
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is curved and slopes slightly, and is visually distinct from the surrounding
bone when the zygomatic arch is viewed medially. The inflection in the
surface of the bone from the root to the arch is quite clear, and here
suggested to mark the posterolateral extent of this origin. | identified the
PZM as originating posteriorly to this, on an elongate fossa on the medial
surface of the zygomatic arch, in agreement with existing study (Druzinsky,
2010). The relative smoothness of the lateral face of the body of the mandible
and coronoid process makes clear identification of the insertions of both the
AZM and PZM difficult based on bones alone; however, there is a visual

change in topography identifying faint attachment sites at the base of the

coronoid process, anteromedi al to the | ater e
angl e. As in the <caseortian$, the Az deepsemnsbsehnher 6
was easier to identify than the PZMd s . I I nt RZMpas meerirdy t h e

dorsal to the ADM, on a rough patch anterior to th e attachment of the
coronoid process. ThePZM& s i n s e mapped postaviarly to this, on a
shallow fossa on the lateral face of the base of the coronoid process. Both of

these insertions fit with established study (Druzinsky, 2010)

The PM originates posterior to the and PZM (Druzinsky, 2010)
Here, this was identified as a narrow fossa on the ventrolateral surface of the
posterior zygomatic arch, lateral to the TMJ; on most taxa, such a clear
attachment was absent, hence it not being identified in most taxa in this
sample. | interpreted it as inserting on the lateral face of the mandible,
anteroventral to the condylar process, and dorsal to the lateral protrusion on
the angle. Both its origin and insertion as interpreted here match with the
existing study (Druzinsky, 2010) though | chose not to illustrate such an

infrequently occurring muscle on the figures.

The T in all taxa is differentiated into at least two portions, the medial
and lateral temporalis; the lateral temporalis originates largely from the fascia
of the medial temporalis, making accurate separation of their origins
impossible (Cox and Jeffery, 2011, 2015)As a result, both portions are here
represented using a singular T attachment, one origin and one insertion. |

identify this origin in A. rufa as on the dorsal cranium, primarily from the
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parietal bone, with its posterior margin delineated by a prominent nuchal
crest. On each side, there is a ridge lateral to the sagittal midline, the superior
tempor al l i ne, whi ch mar ks t he medi al exter
anterolateral margin is unclear due to the shape of the skull, but its anterior
extent is here interpreted as reaching no further than the end of each medial
edge of the origin. This muscle passes through the posterior region of the
orbit, curving to insert on the coronoid process itself, and was mapped on
the superior and anterior surfaces of the coronoid process, based on the
surface topography of this region. Although the existing study uses
dissection and can discuss the separated subdivisions of the temporalis, my
interpretations here align with the existing identification of the medial
temporalis (Druzinsky, 2010) A. rufa also possesses aZT (Druzinsky, 2010)
here identified as originating from the dorsal surface of squamosal at the
posterior zygomatic root, and curving arou nd the medial surface of the
zygomatic arch to an interpreted insertion on a fossa anterior to the insertion
of the PM; this fossa is on the lateral surface of the coronoid process, near
its base. Once again, theZT interpretations agree with the literature, but with
no ZT being observed in the other taxa, this subdivision is not part of the

figures, nor the analyses to come

All rodent taxa possess two pterygoid muscles: [P and EP. The
originates from the medial pterygoid plate (Druzinsky, 2010) as in all taxa in
this sample and inserts on the medial face of the angle of the mandible
(Druzinsky, 2010) | identified the EPasinserting on the medial surface of the
condylar process, ventral to the condyle, in agreement with the literature

(Druzinsky, 2010)

In A. rufa, | identified the EP as originating from the
alisphenoid/squamosal, on the anteroventral surface of the posterior
zygomatic root, medial to the TMJ; this is aligned with the existing study
(Druzinsky, 2010)but the attachment of this particular muscle is interpreted
in this study to vary among Rodentia based on the topography of the bones.
Rather than discussing multiple taxa as examples before introducing them

and their anatomy or comparing with the literat ure, this interpretation is later
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displayed in Figure 2.3 in the Discussion section, where this subject is

di scussed in detail owPtdeery gouldheadifng uéd2a.td .onh
some taxa, such asA. rufa, there is relatively little anteroposterior or

mediolateral distance between the two origins of the pterygoids, but a

relatively large dorsoventral distance between themf this pterygoid origin
configuration is hereafter ghmedstdorsaed to as 0
offset taxa have the origin of the EP occurring more medially than A. rufa

does due to the shape of the posterior zygomatic root and its attachment to

the crani um. 6Dor sal 0, 6anterior o, and o611 at e
in Figure 2.3) are three loose categories interpreted in this sample, with

some taxa showing particularly exaggerated or extreme examples of these

arrangements; a comparison of these different configurations and their

characteristics is made in the Discussion sectiongince this is an interpretation

across the whole sample rather than being specific to A. rufa alone and is

beyond the scope of a species specific subheading.

Existing physical dissection(Druzinsky, 2010)describes in A. rufa a
portion of the curving to insert on the ventromedial surface of the
mandible, anterior and medial to the attachment of the muscle referred to
herein as'~ (Druzinsky, 2010) This could not be identified from the isolated

skull and mandibles in this study, and is not mapped.

2.3 . dHWstricomawvphRh: pof ®©®elmlews $ i c Gui nea

Pi g)
C. porcellus (Caviidae) was the archetypal specimen formapping
hystricomorphs, and the first hystricomorphous taxon to be mapped. The
literature establishes it as possessing a masseter divided into three portions,
of which the ZM is further differentiated into three subdivisions (Cox and
Jeffery, 2011) an assessment my own reconstruction here agrees with. As in
A. rufa, visual examination of the skull s surf

muscle attachment sites in this study, and the identified muscles and their

origins and insertions are displayed in Figures 2.8, 2.9, and 2.10
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Unlike A. rufa, C. porcellus has an undifferentiated DM and an

infraorbital ~ portion of the ZM complex, the
( ), but both taxa possess several

homologous muscles: ,AZM and PZM, a differentiated T, and an | and
EP are all identifiable on this specimen. This interpretation of subdivisions
concurs with the literature, though Byrd was unable to differentiate the ZM
complex, nor the T, into separate subdivisions (Woods, 1972; Byrd, 1981; Cox
and Jeffery, 2011)

In C. porcellus | identify the as originating on a fossa on the
ventral surface of the anterior zygomatic root; this agrees with the existing
research (Byrd, 1981; Cox and Jeffery, 2011) In hystricomorphs, the
infraorbital foramen is large, and the ventral surface of the zygomatic root is
oriented more horizontally than that of the myomorphs and sciuromorphs
(which possess a zygomatic plate)(Brandt, 1855; Scott, Jepsen and Wood,
1937; Wood, 1955, 1965; Cox and Jeffery, 2011, 2015) identified the origi n
of the in C. porcellusas more laterally positioned compared to that of
other morphotypes, lateral to the anterior cheek teeth and occurring on the
zygomatic root itself; this interpretation is also in agreement with the
literature (Coxet al., 2011). This origin configuration (with the origin on
the zygomatic root) is typical of hystricomorphs. Since there is no identifiable
muscle attachment on the ventral surface of the mandibular angle that | can
see, nor an identifiable attachment ventral to that of th e DM on the lateral
face, | interpreted that the muscle then curves into a pars reflexato insert on
the medial surface of the angle in a prominent fossa. This interpretation of a
pars reflexais also consistent with the existing study of the masseter in this
taxon, and in other rodents, though some papers interpret the insertion as
being divided into multiple regions. For example, Byrd and Woods interpret
the attachment of the pars reflexaon the lateral face as reaching up almost
to the condylar process, and they also identify an additional insertion surface
on the ventral surface of the angle not identified in this study (Woods, 1972;
Byrd, 1981) Without those insertions being observed in this study or in the

other taxa studied, these previously proposed elements of the are not
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represented in the mechanical advantage analysis of this specimen. This
insertion | identify is ventral and anterior to a second fossa, here interpreted

as the insertion of | as in A. rufa.

| identified the undifferentiated DM as originating on the
ventrolateral surface of the zygomatic arch, which aligns with existing study
(though Woods subdivides the fibres into 6su
portions) (Woods, 1972; Byrd, 1981; Cox and Jeffery, 2011l)and is here
observed to be more similar in position to the origin of the in taxa with
a differentiated deep masseter complex, rather than their ADM. In this scan,
the origin is a clear elongate attachment surface on the ventral margin of the
zygomatic arch, extending anteriorly along the surface but not far enough
anteriorly to reach the anterior zygomatic root, and extending posteriorly
onto the squamosal portion of the posterior zygomatic root, lateral to the
TMJ. The DM is here identified as inserting on the lateral face of the
mandi bl eds angl e, dor sal to t he masseterioc
agreement with the literature (Woods, 1972; Byrd, 181; Cox and Jeffery,
2011).

The ZM complex is differentiated into three portions in this specimen:
the , the AZM, and the PZM. This is an interpretation that concurs with
existing study (Cox and Jeffery, 2011)but Byrd misidentifies the fibres of the

as being a portion of the DM (Byrd, 1981) and Woods does not
separate the and AZM, instead treating them as a single muscle
subdivision (Woods, 1972) The is possessed by taxa of all
morphotypes except sciuromorphs. In hystricomorphs, it originates on the
rostrum; this origin takes the form of a large, distinct fossa on the lateral face
of the maxilla, anterior to the large infraorbital foramen (Brandt, 1855; Scott,
Jepsen and Wood, 1937; Wood, 1955, 1965; Cox and Jeffery, 2011, 2015)he

passes through the foramen and curves down over the ventral root of
the zygomatic arch (the ventral margin of the foramen), to insert at the
anterior end of a prominent elongate fossa lateral to the cheek teeth; this
interpretation agrees with the existing study of this taxon despi t e Byr doés

referencetothisas partoftheDMand Woodsds description of it
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with the AZM (Woods, 1972; Byrd, 1981; Cox and Jeffery, 2011he fossa
observed in this study is lateral to the coronoid process, and the lateral
margin of the fossa is a prominent ridge that extends posteriorly to the

condylar process. As was identified in latermapping, few hystricomorphs in
the studied sample share this configuration; most lack this prominent

elongate fossa lateral to the coronoid process, and instead the

attaches on the | ater al face of t he

coronoid process and medioventral to the first lower mola r. In agreement
with the literature (Woods, 1972; Byrd, 1981; Cox and Jeffery, 2011)he AZM
and PZM are here identified as originating from the medial surface of the
zygomatic arch on a pair of shallow fossae, and inserting in the elongate fossa
posteriorly to the insertion. As can be observed in Figure2.9, the AZM
and have quite short muscle lengths in C. porcelluswhen compared
with those of A. rufa, again due to the zygomatic arch being level with the
upper molars; the length of a muscle is not necessarily relevant to the in-
lever of that muscle, but this is mentioned here as to draw attention to how
the muscle configurations can differ in ways that the mechanical advantage

data might not capture.

As in A. rufa, the T is differentiated into medial and lateral portions
(Cox and Jeffery, 2011) but only the medial portion is mapped, as previously
discussed. Some older papers divide the temporalis into three portions, using
modern nomenclature these would be the medial and lateral portions and an
addi tional 0 ¢Wobds,t1%2) dhep arigiriatesofrom the dorsal
surface of the parietal bones, reaching posteriorly almost to the small nuchal
crest, and medially extending at least to the suture between the parietals and
squamosal. This is in agreement with the literature (Cox and Jeffery, 2011)
including Byrdods paper whi @ Bhs ubifrecceand
describes only the attachments of the medial portion (Byrd, 1981)and the
identification of the Oposterioro
paper (Woods, 1972) When in dorsal view, the attachments are particularly
clear in this specimen, since the anteromedial margin of the insertion is more

distinct than in most taxa, giving a clearly visible impression of the extent of
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the shallow fossa of the attachment. The T passes through the posterior part
of the orbit and is here identified as inserting on the tip and anterior surface
of the coronoid process, an interpretation that again agrees with the

literature (Woods, 1972; Byrd, 1981; Cox and Jeffery, 2011)

Similarly to A. rufa, the | is identified here and in the literature as
originating from the medial pterygoid plate (Byrd, 1981; Cox and Jeffery,
2011), but the origin of the EPis quite different to that of A. rufa. Here, the
EPis interpreted as originating from a fossa on the alisphenoid medial to the
TMJ, and this is displaced mediolaterally relative to the | rather than the
displacement being primarily dorsal as in A. rufa; as such, this configuration
is referred to hereafter as 0l 2a3%®r al of f set ¢
further details). Existing papers describe this muscle differently, as originating
from the alisphenoid and lateral pterygoid process (Woods, 1972; Byrd,
1981, and from Othe adj acent(Weodsgl®72plf t he max.i
did not identify these other origin sites described in the older papers. Both
muscles insert on the medial surface of the mandible, with |~ inserting on the
angle, posterodorsal to the insertion of , and EP inserting on the medial
surface of the condylar process, ventral to the condyle; these interpretations
regarding the origins and insertions of the pterygoids are broadly consistent

with the existing literature (Woods, 1972; Byrd, 1981; Cox and Jeffery, 2011)

2. 3.dMy3omor Rlatt us nor(vBegiwenu s at )

R. norvegicus(Murinae) was the archetypal myomorph selected and
the first myomorph analysed; the other myomorphs were compared with it.
Its masseter is identified in the literature as being divided into three main
portions, and the Deep and ZM complexes are differentiated into two and
three portions respectively (Weijs, 1973; Cox and Jeffery, 2011)That being
said, one major paper does not divide the Deep and ZM complexes similarly
when describing their form, and instead refers to the as a portion of
the DM complex while combining the with the AZM and PZM into a
singl e 06 De e(Hienda 4978 tgieen this decision, comparisons

between that study and this thesis are limited but will be made where
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possible. In a similar vein, another paper does not differentiate the ADM and
(Turnbull, 1970). The subdivisions described in recent study(Cox and
Jeffery, 2011) were identified in my analysis here. Whereas the primary
characteristics of the hystricomorphous configuration are associated with a
large infraorbital foramen and relatively horizontal anterior zygomatic root,
myomorphs are distinctive for their steeply inclined zygomatic plate and
narrower infraorbital foramen (Fabre et al., 2012; Cox and Haitier, 2015).
Figures 2.8, 2.9, and2.10 display the identified muscle attachments in lateral

view.

Unlike in hystricomorphs, | do not identify R. norvegicu$ sV as
originating on the zygomatic root itself. As is identified in the literature
(Turnbull, 1970; Hiilemae, 1971; Weijs, 1973; Cox and Jeffery, 201and here
in my own analysis, it originates on the ventrolateral surface of the maxilla,
ventral to the infraorbital foramen and anterior to the maxillary zygomatic
root and upper tooth row, similarly to that of A. rufa. The muscle possesses
a pars reflexa inserting on the medial surface of the angle of the mandible,
ventral to the insertion of the |P; this interpretation is consistent with the
literature (Hiiemae, 1971; Weijs, 1973; Cox and Jeffery, 2011}hough one
paper subdivides the with a pars reflexaand a portion inserting on the

ventral surface of the mandible (Turnbull, 1970).

The Deep Masseter is differentiated into an ADM and in all
myomorphous taxa in this study, and this agrees with the majority of the
literature on myomorphs including this taxon (Hiiemae, 1971; Weijs, 1973;
Cox and Jeffery, 2011)though one paper does not separate the two
subdivisions (Turnbull, 1970). | identify the ADM as originating from the
ventral surface of the zygomatic plate, a skeletal characteristic specific to
myomorphs and sciuromorphs. The maxillary zygomatic root curves upwards
towards the infraorbital foramen, before curving steeply down to form the
lateral wall of the foramen and attaches to the rostrum low on the maxilla;
this forms a wide, inclined surface that curves steeply. TheADM&6 s at t ac hment
on this plate is a large, clearly defined fossa, and the muscle passes steeply

downwards to insert on the anterior end of the masseteric line, on the lateral
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face of the mandible. These origin and insertion attachment surfaces are very
clear, and are identified both here and in the literature (Hiiemae, 1971; Weijs,

1973; Cox and Jeffery, 2011)

The originates on the ventrolateral surface of the zygomatic
arch (Weijs, 1973; Cox and Jeffery, 2011)though Hiiemae expands this to
incorporate the AZM and PZM (Hiiemae, 1971) Here, | identify the origin as
extending ventrally to the ventral margin of the arch and it appears to extend
anteriorly to the beginning of the zygomatic plate, and posteriorly almost to
the squamosal root of the arch. The inserts on the posterolateral face
of the mandibular angle, towards the posterior end of the masseteric line
(Weijs, 1973; Cox and Jeffery, 2011Yhough Hiiemae seemingly identifies this
insertion as extending anteriorly to around the level of the second molar

(Hiiemae, 1971)

Homologous to C. porcellus the ZM complex in this analysis and a
recent reconstruction is differentiated into three portions: the , the
AZM, and the PZM (Cox and Jeffery, 2011) As in C. porcellus the
originates on the rostrum, on a fossa anterior to the infraorbital foramen
(Turnbull, 1970; Hiilemae, 1971; Weijs, 1973; Maier, Klingler and Ruf, 2002; Cox
and Jeffery, 2011)) and though Hiiemae refers to this as a portion of the DM
complex and Turnbull gives it its own name distinct from the ZM com plex
( 0 M. maxill omandi bul ari so) both papers <cl ea
surface that | do here (Turnbull, 1970; Hiiemae, 1971) The muscle then passes
through the foramen and curves downwards to insert on the mandible, on a
fossa lateral to the tooth row (Turnbull, 1970; Hiiemae, 1971; Weijs, 1973; Cox
and Jeffery, 2011) In agreement with the literature that differentiates the two
portions (Weijs, 1973; Cox and Jeffery, 2011)l identify that the AZM and
PZM originate on the medial surface of the zygomatic arch, the former from
a fossa on the jugal, the latter from a fossa that extends posteriorly onto the
squamosal root of the zygomatic arch. In R. norvegicusthe root of the incisor
can be observed to form a distinct protrusion on the lateral face of the
mandible, which makes precise identification of the insertions of the AZM

and PZM difficult here because it is hard to tell if topographical changes in
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the boneds surface in the region are associ e
with muscle attachments. The AZM s interpreted here as inserting laterally

on the root of the coronoid process, anterior to the protrusion formed by the

root, while the PZM is interpreted as inserting posterior to it, in what appears

to be a prominent elongate fossa that terminates anterior to the condylar

process; these interpretations agree with the literature even if the two
subdivisions are not pee @arnballt 1070; Weijs, Tur nbul | &
1973; Cox and Jeffery, 2011)

The T is once again mapped with a single origin and insertion
regardless of potential differentiation fi existing papers identify two
subdivisions, one medial and one lateral (Hiiemae, 1971; Weijs, 1973; Cox and
Jeffery, 2011ji and this origin is clear on the parietal bones in R. norvegicus
The superior temporal line connects to the nuchal crest to form the medial
and posterior margins of the origin as interpreted here, which extends
ventrolaterally to the squamosal root of the zygomatic arch. This region
appears proportionally larger than the origins of the other taxa, though the
anterior margin of the origin cannot be so clearly identified. This specific
origin was earlier shown in Figure 2.6.The T inserts on the coronoid process
and was mapped on the anterior surface. These interpretations of the origin
and insertion of this portion of the temporalis fit with the literature  (Hiiemae,

1971; Weijs, 1973; Cox and Jeffery, 2011)

R. norvegicuspossesses an'” and EP. Similarly to the other taxa, the
is identified here and in the literature as originating on the lateral surface
of the medial pterygoid plate (Turnbull, 1970; Hiiemae, 1971; Cox and Jeffery,
2011). TheEPoriginates differently to some rodents, however, here identified
as being displaced anteriorly relative to (associated with the different
shapes of the pterygoids, squamosal and alisphenoid) and positioned
anteroventral to the posterior zygomatic root, on the cra nium itself; it
originates on a fossa on the lateral face of the alisphenoid, posterior to the
cheek teeth, an interpretation in agreement with some of the literature
(Turnbull, 1970; Cox and Jeffery, 2011)In contrast, Hiiemae identifies the EP

origin as occurring further posterior and dorsal to this interpretation, still on
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the alisphenoid but more similar to the orig
apparently expandingthe IF6 s or i gi n mapped the HPHilemaee a |
1971). Since the anteroposterior distance between the two origins is notably
greater than the mediolateral and dorsoventral distance, this is here classified
as OGanterior offsetd, a category mostly ide
taxa in this sample (the only non-myomorphous anterior offset taxon being
G. nagtglasii). These categories are shown in Figug 2.35 and compared in the
Discussion section. The! inserts on the medial surface of the angle of the
mandible, dorsal to the insertion of the , and EP inserts on the medial
surface of the condylar process, ventral to the TMJ. This interpretation of the
origin differs from one paper which identifies the insertion as extending
to cover much of the angular process (Turnbull, 1970), but otherwise both
interpretations of the | and EPinsertions made here are in keeping with the

literature (Hiiemae, 1971 Weijs, 1973; Cox and Jeffery, 2011)

2. 3. dSAi urom&rplur us c ar(oElaisnteenrsni sGr ey

Sqguirrel)

S. carolinensis (Sciurinae) was the first sciuromorphous taxon
analysed. In agreement with the existing literature (Ball and Roth, 1995; Cox
and Jeffery, 2011) its masseter is here divided into three portions, and the
deep and ZM complexes are each differentiated into a further two portions
(anterior and posterior each). Similarly to myomorphs, the anterior zygomatic
root curves dorsally to form a zygomatic plate; however, in sciuromorphs
there is no enlarged infraorbital foramen, nor its associated subdivision of
the ZM complex seen in the myomorphs and hystricomorphs (Brandt, 1855;
Scott, Jepsen and Wood, 1937; Wood, 1955, 1965; Turnbull, 1970; Fabret
al., 2012; Cox and Hautier, 2015) Figures 2.8, 2.9, and 2.10display the

configuration of the attachments in lateral view, as for the other taxa.

The in S. carolinensisis here identified as originating on the
ventrolateral surface of the maxilla; this is in agreement with the literature,
which sometimes describes the origin as ass

t u b e r (Ball bnel Both, 1995; Cox and Jeffery, 2011PDespite the lack of an
59



enlarged infraorbital foramen, | identify its placement as similar to that of R.
norvegicus anterior to the tooth row and zygomatic root, though the margins

of the origin are difficult to identify on the CT specimen due to its lower

resolution (when compared with the
topographical variations. | interpret the muscle as inserting in a prominent
fossa on the medial surface of the angle, implying the presence of a pars
reflexaf the presence of a pars reflexaand the attaching here is also
established in existing study (Cox and Jeffery, 2011) though some identify
fibres of the as partially inserting on the lateral surface of the ramus in

addition to this pars reflexa(Ball and Roth, 1995)

In S. carolinensis the deep masseter is differentiated into an ADM
and (Ball and Roth, 1995; Cox and Jeffery, 2011)n agreement with the
literature (Cox and Jeffery, 2011)I identify the former as originating from the
prominent fossa on the anteroventral surface of the zygomatic plate, though
its attachment surface does appear to extend anteriorly onto the rostrum

where it fuses with the zygomatic plate.

| interpret the ADM as passing down to insert on the lateral face of
the mandible, towards the anterior end of the masseteric linei an
interpretation in agreement with existing study (Ball and Roth, 1995; Cox and
Jeffery, 2011) Meanwhile, | identify the as originating from the
ventrolateral surface of the zygomatic arch, in a distinct elongate fossa. The
muscle inserts on the lateral face of the mandible, posterior on the masseteric
line and towards the angle. Neither of these interpretations regarding the
attachments of the conflict with one of the existing papers (Cox and
Jeffery, 2011) but the insertion | identify differs slightly from the other paper,
which positions the insertion posterior and dorsal to where | do (Ball and
Roth, 1995) seemingly close to insertion of the P when viewed in lateral
view. That paper instead seemingly treats what | identify as being the

insertion as an extension of the ADM insertion (Ball and Roth, 1995)

The ZM complex is differentiated into an AZM and PZM (Ball and
Roth, 1995; Cox and Jeffery, 2011)l and the literature (Ball and Roth, 1995;

Cox and Jeffery, 2011)ooth identify the AZM as originating from the medial
60

ot her

Oar



surface of the zygomatic arch, and inserting on the lateral face of the root of
the coronoid process. Likewise, | agree that thePZM originates posteriorly
on the medial surface of the zygomatic arch, close to the glenoid fossa, and
inserts on the lateral face of the mandible, ventral to the condylar process
(Ball and Roth, 1995; Cox and Jeffery, 2011)Both of these insertions arein

shallow fossae.

The T in S. carolinensishas a similar form to the three previous taxa
with its subdivision into medial and lateral portions in the literature (Ball and
Roth, 1995; Cox and Jeffery, 2011and is again mapped in this study as only
the medial temporalis origin. | identify the muscle as originating from the
dorsal cranium, with its dorsal margin marked by the superior temporal line,
and its posterior margin marked by the shallow nuchal crest. It extends
laterally to the posterior zygomatic root, and curves to insert on the coronoid
process. These interpretations align with those of the medial temporalis in
existing study though they can provide greater detail on the margins of its
insertion (Ball and Roth, 1995; Cox and Jeffery, 2011)As in the other
archetypal taxa, the T insertion is mapped primarily on the anterior face of

the coronoid process.

The I originates from the medial pterygoid plate, and inserts on the
medial surface of the angle of the mandible, dorsal to the insertion of the
; this interpretation is in agreement with the previously established
interpretation of this muscle (Ball and Roth, 1995; Cox and Jeffery, 2011)
though Ball and Roth partition the muscle into three distinct layers and go
into greater detail identifying where these layers insert. | identify the EP as
originating on the alisphenoid/squamosal, medial to the posterior zygomatic
root and similarly to A. rufa, an interpretation that aligns with the literature
(Ball and Roth, 1995; Cox and Jeffery, 2011)As a result, S. carolinensisis
classified as dorsal offset in this study. TheEP inserts on the medial surface
of the condylar process, again in agreement with existing interpretations (Ball

and Roth, 1995; Cox and Jeffery, 2011)
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2. 30Remaining taxa

2. 3.4Acomys calfiomMiomufheast African

Moused)

A. cahirinus (Deomyinae) lacks existing literature on its muscle
subdivisions and their configuration, leaving this section with no direct
comparisons to make to the literature. | identify it here as possessing all the
same differentiation of muscles as the selected achetypal myomorph, R.
norvegicus an SV, ADM and , , AZM, and PZM, a differentiated
T represented by a single attachment for the Medial portion, |-, and EP. The
attachments are shown in Figure 2.11, as the prior taxa were displayed in
Figures 2.8, 2.9, and 2.10All muscles also originate from and attach to the
same bones as inR. norvegicusthough the EPis notably distinct in its origin.
Here, | interpret the EP as originating more dorsally and posteriorly than its
originin R. norvegicuslti s t herefore classified
small difference, A. cahirinus was classifiedhere as a myomorph due to its
present but narrow infraorbital foramen, zygomatic plate, and the
differentiation  of its

muscles.

When compared
with R. norvegicus some
of the muscles in A.
cahirinus (such as the
AZM and PZM) appear
to have their insertions
further posterior than
their origins on the
medial surface of the
zygomatic arch, resulting
in shallower slopes for

their lines of action in

Figure 2.11. That being

_ _ _ Figure 2.11: Muscle attachments in Acomys
said, precisemapping of  .anirinus.
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the insertions of these two muscles is difficult in this taxon due to the subtlety
of topographic change in this region. Other muscles are generally similar to
those of R. norvegicus Future studies of their soft-tissue may confirm or

dispute these interpretations.

2. 3.@Bathyergus(&@agdd uBu prea tMo)l e

B. suillus (Bathyergidae)
possesses some differentiation
of muscles in common with A.
rufa, but with some key
differences that it shares with G.
capensis (the other member of
Bathyergidae): an , an
undifferentiated DM (in contrast
to Arufabs di fferer
masseter), (which A. rufa

lacks)AZM and PZM, T, I, and

EP. Existing papers identify
these same muscles (Mcintosh
and Cox, 2016b; Cox, Faulkes
and Bennett, 2020) The

attachments of these muscles

are shown in Figure 2.12. All the
muscles it shares with A. rufa Figure 2.12: Muscle attachments in

originate from and attach to the Bathyergus suillus

same bones as inA. rufa.  TIbh#&£/066 i dent i fied here does not
through the infraorbital foramen and instead attaches on a fossa

posterodorsal to the anterior zygomatic root; despite the lack of an enlarged

foramen, this is referred to as an in this thesis due the similarity of its

origin on the rostrum, unlike the other portions of the ZM complex. This

interpretation of the origin was also made independently in existing

research(Mclintosh and Cox, 2016b; Cox, Faulkes and Bennett, 2020Yhe EP
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i s categori sed a sA. rafa but epredrs todriginate madie,
medially and on the anterior face of the alisphenoid/squamosal rather than

the ventral face.

Existing study identified the T origin as extending much further
forward on the skull, almost to the anterior zygomatic root (Mclntosh and
Cox, 2016b; Cox, Faulkes and Bennett, 2020bhis is perhaps the most notable
di fference between the I|iterature
result in a more anterior centroid for the T origin. Despite the presence of an

and the undifferentiated DM A proposed in the literature to be due to
B. suillushaving derived protrogomorphy from a hystricomorphous a ncestor
(Cox, Faulkes and Bennett, 2020 B. suilluswas classified in this analysis as
a protrogomorph due to the configuration of the and DM on the anterior
zygomatic, and due to the lack of an enlarged infraorbital foramen (a distinct
feature of hystricomorphs). When compared with the other assigned
protrogomorphs, notable differences are visible. For example, in this analysis
| identify that the infraorbital foramen is larger (though still greatly reduced)
in G. capensisand the muscle identified as does not pass through the
infraorbital foramen and instead originates behind the zygomatic root
similarly to that of B. suillus this is aninterpretation the literature also aligns
with across Bathyergidae (Cox, Faulkes and Bennett, 2020)A. rufa was
identified here as possessing a differentiated deep masseter that both these
taxa lack, but itself lacks an or equivalent. Both B. suillusand G. capensis
are proposed to have evolved from hystricomorphs (Cox, Faulkes and
Bennett, 2020) and this may be responsible for their distinctive differences

when compared with A. rufa.

2. 3.8Cannomys liddiess er Bamboo Rat d)

C. badius (Spalacidae), displayed in Figure 2.3 is here identified as
possessing the characteristic muscle differentiation of a myomorph: :
differentiated ADM and , differentiated , AZM and PZM, T, |,
and EP. Existing papers on the musculature of Spalacidae either omit detail

regarding this species (Endo et al., 2001) or do not discuss muscle
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differentiation of their sample in
detail (Fournier, Hautier and Gomes
Rodrigues, 2021) this means there
are no direct points of comparison

for the interpretations made here.

All muscles seem to originate
from and attach to the same bones
as in R. norvegicus though some
variations in configuration are
notable. The appears to be
oriented more steeply than in most
other rodents with the muscle,
correlating with C. badiu® s r el
tall, short head and that the anterior
zygomatic root attaches so far

dorsally relative to the tooth row; in

incisor occlusion, the muscle is here

Figure 2.1 3: Muscle attachments
in Cannomys badius.

proposed to curve almost into a
crescentshape around the small
zygomatic plate in order to reach its insertion. Unlike R. norvegicus and
similarly to A. cahirinus and C. gambianus the EP origin is categorised as
dorsal offset, though it should be noted that with the shortness of C. badiud s
head and the lack of anteroposterior space between the rearmost molar and
the pterygoid plate, there would be no physical space for an anterior offset
EP origin. A cahirinus, C. badius and C. gambianusare the only three of the
six myomorphs in this sample that are interpreted to have a dorsal offset EP,
rather than the anterior offset of the other three. Due to its muscle
differentiations, zygomatic plate, and small infraorbital foramen, C. badius
was classified in this analysis as a myomorph. Unfortunately, none of these
detailed observations on this particular species can be compared with

existing studies at present.
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2. 3.dCapromys pi(ilbdDeisdhas est ds Huti ad)

C. pilorides (Capromyinae) displays in Figure 2.14 the muscle
differentiation of a hystricomorph: , DM, differentiated , AZM and
PZM, T, P, and EP. Existing research(Woods and Howland, 1979) also
identifies three portions to the ZM complex, but: identifies a PM;
differentiates the into two separate portions (the anterior of which inserts
on the ventrolateral surface of the alveolar sheath); differentiates the DM into
anterior and posterior portions; divides the T into medial and lateral portions;
and differentiates the | into multiple layers. None of these are traits | identify
or map here.

The muscles I
identified originate from
and insert on the same
bones as in C. porcellus
though the AZM and PZM
were here interpreted as
attaching lateral to the
coronoid process (as can be
observed in Figure 2.14)i )
rather than medial to it in an
elongate fossafi along the
lateral face of the mandible,
and there is no elongated
fossa lateral to the coronoid
process as inC. porcellus H.
hydrochaerisor L. maximus

The EFS s or iy

Figure 2.14: Muscle attachments in

dorsal offset, originating on Capromys pilorides
the ventral surface of the
alisphenoid/squamosal, and almost directly dorsal to th e I origin, similarly
to Arufa.C. piloridespossesses a | ateral o6shel fd

that flares outwards towards a posterior protrusion at the tip of the angle;
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this is a characteristic that C. porcellus lacks, but is shared with other
hystricomorphs to varying degrees of prominence (C. opimus, M. coypusand
O. degug. Due to its undifferentiated DM and large infraorbital foramen, C.
pilorides was categorised as a hystricomorph. The muscles identified in this
analysis are missing some subdivisions from an existing paper on
capromyids; for the muscles | and they both identified, the origins and

insertions | describe are broadly in agreement (Woods and Howland, 1979).

2. 3.&Ca&bst or c a n(abdNeonrstihse a s t Ameri can Beave

C. canadensig(Castoridae) is here identified to possess all the same
differentiation of muscles as S. carolinensis the selected sciuromorph: SV,
differentiated ADM and , differentiated AZM and PZM, T, |, and EP.
This interpretation disagrees with an existing dissection paper (Cox and
Baverstock, 2016)in four regards due
to the limitations of only using the
bone surfaces. | interpreted a pars
reflexa for the based on the
topography of the medial surface of
the mandible, and what appear to be a
fossa for the and a fossa for the
insertion dorsal to it, but the dissection
identifies that the only inserts on
the ventral margin of the angular
process and does not apars reflexaat
all (Cox and Baverstock2016). It seems
that what | here identify as the
insertion may be part of the
insertion, according to that dissection

(Cox and Baverstock, 2016) That

dissection does not differentiate the

AZM and PZM into two portions (Cox Figure 2.15: Muscle attachments

and Baverstock, 2016) but | do here I Castor canadensis
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based on an apparent inflections between two fossae on the medial
zygomatic arch and lateral face of the mandible. | did not identify a PM as
they described (Cox and Baverstock, 2016) but it appears that the fossa |
identify here as the PZM insertion is described as the PM insertion in that
dissection. The identification of the EP origin based on bone surfaces here
also does not match the dissection, which places it on the lateral surface of
alisphenoid (Cox and Baverstock, 2016) here, | mapped a fossa on the
alisphenoid dorsal to the pterygoid plates and classified it as dorsal offset,
but according to the dissection this taxon would be lateral offset according

to the classifications here. In this reconstruction, these muscles originate from
and attach to the same bones as in S. carolinensis including the
categorisation of the EP origin as dorsal offset, originating on the

alisphenoid/squamosal almost directly dorsal to the pterygoid plate as can

be seen in the figure for this taxon, Figure 2.15.

C. canadensishas a tall head relative to its length, with a stout
zygomatic arch that is elevated relative to the tooth row; as a result, the ADM
and both have long muscle lengths with slightly shallower slopes than
in S. carolinensisand many other taxa, with the apparently inserting on
and dorsal to a prominent ridge on the angle of the mandible; this
interpretation aligns with the dissection paper (Cox and Baverstock, 2016)
The AZM and PZM both exhibit a distinct orientation from their counterparts
in S. carolinensisdue to their positions and the curvature of the mandible,
and here interpreted to insert on two prominent fossae (these fossae are
likely clear due to the physical size of the taxon and these muscles, the
insertions of these muscles are not usually so sharply defined in this sample)
on the lateral face of the mandible, resulting in a shallowly sloping line of
action that is oriented differently to the dorsal/retr acting pull of these
muscles in S. carolinensis The AZM insertion here does seem to align with
that described in the dissection paper for the there -undifferentiated ZM. Due
to its muscle differentiation, zygomatic plate, and lack of an infraorbital
foramen, C. canadensiswas classified in both this analysis and others as a

sciuromorph (Cox and Baverstock, 2016)
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With the study using 2D lever-arm mechanics, the misidentification
of a pars reflexamay have little effect on calculation of the 6s mechanical
advantage, and the lack of a PM is not explored in the quantitative data as
so few taxa were here identified as having one to compare at all. The only
muscle likely to see a substantial difference in estimation of its mechanical
advantage between this study and if these quantitative methods were
applied to the existing dissection reconstructions, is the EP. As a result,
though the differences between this reconstruction and the dissection are

significant, they may have little actual impact on the quantitative data here.

3.&Cr6i cet omys dg@ambormmhuer n Gi ant Pouched

2 .
Rat d)

C. gambianus
(Nesomyidae) lacks
existing descriptions of
its musculature in detail
to compare against.
Here, it is determined to

possess the same

muscles as R.
norvegicus: , ADM
and , [OZM, AZM

and PZM, T, P, and EP.
The configuration is
shown in Figure 2.16. All
these muscles also
originate from and

insert on the same

bones as in R.

Figure 2.16: Muscle attachments in Cricetomys
norvegicus as briefly  gambianus.

alluded to in previous sections, C. gambianus possesses a dorsal offsetEP

origin similar to that of A. cahirinusand C. badius on the more anterior face
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of the alisphenoid/squamosal compared to the more ventral position in A.

rufa.

Visually, there are no especially notable differences in the
configuration of the other muscles when compared to R. norvegicusor to
other myomorphs within this sample. However, it shares some anatomical
similarities with some hystricomorphs that resulted in some initial indecision
in assigning it the category of a myomorph (such as its especially large
infraorbital foramen, and its less obvious zygomatic plate than other

myomorphs).

There is a notable fossa on the lateral surface of the condylar process,
anteroventral to the condyle and extending anteriorly to the coronoid
process; this is interpreted to be where PZM inserts, and visually appears
similar to the elongate fossae in C. porcellusand L. maximus both of which
are hystricomorphs and have homologous portions of the ZM complex
inserting there. Despite the visual similarity of C. gambianus to those
hystricomorphs, it is distinct from them due to its differentiated ADM and

, and its zygomatic plate. C. gambianuswas classified as a myomorph
here based on these characteristics. Its zygomatic plate is proportionally
quite small and the infraorbital foramen proportionally quite wide for a
myomorph, resulting in the distinctive slightly hystricomorph -like shape of

its anterior zygomatic root.

2. 3.8Ct7fenomys d@iAmde an/ Hi ghtt a@ad)Tuco

Ctenomys opimus(Ctenomyidae) is of a wellstudied genus (Woods,
1972; Olivares, Verzi and Vassallo, 2004; Becerra, Casinos and Vassallo, 2013;
Alvarez, Perez and Verzi, 2013; Becerrat al., 2014; Echeverrizet al., 2017),
though most of these studies focus on different species, one assessing 24
species across the genus does identify the same muscle subdivision across

Ctenomys including in C. opimus(Echeverriaet al., 2017). Here, C. opimusis
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identified as having the muscle
differentiation of hystricomorph s:

, undifferentiated DM,
differentiated , AZM and
PZM, T, P, and EP. The left angle
of the mandible was broken in
this specimen, but the right
hemimandible had an intact
angle, which was used to replace
the missing section. The muscles
present all attach to the same
bones as in C. porcellus (see

Figure 2.17).

The is here

interpreted to have a pars reflexa

that inserts on the ventromedial

surface of t he Figure 2.175 Muscle attachments in
Ctenomys opimus
like C. pilorides M. coypus and O.

degusCopimuspossesses a | ateral ©6shelfd on the art
flares outwards into a posterior protrusion at the tip of the angle, and it is on
the ventral and medial surfaces of this structure that the inserts. As is
common in this sample, existing study on this genus identifies this pars
reflexaas well as fibres inserting on the ventral suface of the mandible (which
would be further lateral to the identified insertion here) though such papers
are not of this species (Woods, 1972) Though the paper that does include C.
opimus does not describe or illustrate its musculaturefi and omits the EP
entirelyil the figures and descriptions provided there do fit with the
interpreted attachments identified here (Echeverriaet al., 2017). Some papers
do not differentiate the AZM and PZM in the analysis of the Ctenomys
species they studied, and omit the EP, but include the other subdivisions,
origins, and insertions discussed here(Becerra, Casinos and Vassallo, 2013;

Becerraet al., 2014). Typically, the origins and insertions described in other
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Ctenomysspecies are similar to those | identify here (Woods, 1972; Becerra,
Casinos and Vassallo, 2013; Becerr&t al., 2014; Echeverriaet al., 2017),
though Woods does not subdivide the ZM complex and some papers
describe aPM in the genus that | was unable to identify, originating dorsally
to the DM and inserting on the lateral face of the condylar process (Woods,
1972; Olivares, Verzi and Vassallo, 2004)Despite the lack of detail on this
individual species, | believe that the broader study of the genus implies that
none of my interpretations here are likely to be novel or surprising except,

perhaps, that of the EP origin.

Unlike C. porcellus the origin of the EPin C. opimusis classified here
as dorsal offset rather than lateral, seemingly originating on the anteroventral
surface of the alisphenoid/squamosal almost directly dorsal to the origin of
the IP. Existing study describes theEP of other Ctenomysspecies originating
on the lateral pterygoid plate and alisphenoid (Woods, 1972; Olivares, Verzi
and Vassallo, 2004) This taxon lacks the elongate fossa for ZM insertion
lateral to the coronoid process that is seen in C. porcellus This seems to agree
with some papers on various species (Woods, 1972; Becerraet al., 2014,
Echeverriaet al., 2017), but differs from that of C. tuconax(Becerra, Casinos
and Vassallo, 2013) Due to its large infraorbital foramen with an , and

its undifferentiated DM, C. gpimus was classified here as a hystricomorph.

2. 3.Da8Bsyprepta( 6Agouti 0)

This individual of the genus Dasyprocta (Dasyproctidae), displays the
muscle differentiation of a hystricomorph: , an undifferentiated DM,
differentiated ,AZM and PZM, T, |7, and EP. One paper discusses the
musculature of D. punctata specifically (Woods, 1972), while another
discusses a different species within the genus (Alvarez and Pérez, 2019); since
the species of this particular individual is not known, it shall be compared
with both of these papers. The configuration of the muscle attachments is

shown in Figure 2.18.
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These muscles are here identified to mostly originate from and attach
to the same bones as in C.
porcellus though it lacks the
elongate lateral fossa of ZM-
complex insertion in C. porcellus
and L. maximus The existing
paper on D. punctata describes
the , AZM, and PZM
insertions similarly, but groups
the ZM complex into a single
muscle rather than subdividing
it (Woods, 1972). In two other
species of Dasyprocta the ZM
complex is also stated to insert
lateral to the coronoid process

(Alvarez and Pérez, 2019).

Though that paper does not
describe the muscle  Figure 2.18: Muscle attachments in
attachments in detail, their Dasyprocta punctata
figures seem to imply they identify the insertion inserts on the ventral
surface of the mandibular angle, with no mention of a pars reflexa(Alvarez
and Pérez, 2019); here, | do interpret apars reflexaand mapped the insertion
on the medial face of the angle, which aligns with the description given in

the paper that specifically examined D. punctata (Woods, 1972). In addition,
the DM is here proposed to insert all along the masseteric line, which
disagreeswith the insertion described for D. punctata (Woods, 1972) where
the muscle inserts anteriorly on the masseteric line and does extend so far
posteriorly. That paper also describes aPM which | did not identify in this

study (Woods, 1972). Other papers do interpret the DM as inserting all the
way along the masseteric ridge to the posterior tip of the angle in other

species of Dasyprocta (Alvarez and Pérez, 2019) which agrees with my
interpretation here. TheT and | and origins and insertions | identify match

those describe in the literature (Woods, 1972),though the paper by Alvarez
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and Perez does not discuss either the temporalis or the pterygoids. The origin
of the EPis here classified as dorsal offset, originating on the ventral surface
of the alisphenoid/squamosal similarly to A. rufa. The paper on D. punctata
described the EPas originating on the alisphenoid and lateral pterygoid plate

(Woods, 1972).

Due to the similarity to the characteristics described for D. punctata
as discussed above (the insertion and DM insertion in particular) this
specimen is assigned to that species, despite the substantial difference
regarding the insertions of the AZM and PZM (Woods, 1972). Due to its large
infraorbital foramen and muscle differentiations, D. punctatawas classified in

this analysis as a hystricomorph.

2. 3.&Di%9pus sd@iNbtra her-no&dr der boad)

D. sagitta (Dipodidae) has
the muscle differentiation of a
hystricomorph: ,
undifferentiated DM,
differentiated ,AZM and
PZM, T, !, and EP. It has no
existing detailed papers regarding
its musculature, so comparisons
cannot be drawn between this
interpretation and the literature.
The left zygomatic arch was
broken in this specimen, but the
missing region was replaced using
a mirror of the intact right

zygomatic.

Its muscles apparently

originate from and insert on the

Figure 2.19: Muscle attachments in
same bones as in C. porcellus Dipus sagitta.
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though the ,AZM ,and PZM in D. sagittawere interpreted as inserting
lateral to the coronoid with no elongate fossa . As can be observed in Figure
2.19, D. sagitta has a relatively small mandible with a relatively large dorsal
and posterior cranium (G. watersji a myomorph, also exhibits a small
mandible and expanded dorsal/posterior skull and thin zygomatic, but its

muscle differentiation is not the same as in D. sagitta).

Due to the relatively short mandible and
sagittad sSA\ZM and PZM appear to be oriented in opposing directions
anteroposteriorly (with the insertion posterior to the origin for AZM, but vice
versa for PZM). TheT and both appear to possess very steep lines of
action in Figure 2.19 due to the relatively tall skull. The origin of EPin this
taxon is identified on the ventral surface of the alisphenoid/squamosal and
classed as dorsal offset, almost directly dorsal to the origin of . Due to its
proportionally large infraorbital
foramen and muscle
differentiations, D. sagitta was

classified as a hystricomorph.

2. 3. BEXx®thi zon

dor sat{t @mMor th Am

Porcupineb®o)

E. dorsatum(Erethizontidae)
is here identified as possessing the
muscle  differentiation of a
hystricomorph: , DM, ,
AZM and PZM, T, P, and EP. All
these same muscle subdivisions are
identified in the literature though

the existing paper groups the ZM

complex into a single muscle, along

with a PM that was not identified Figure 2.20: Muscle attachments in
Erethizon dorsatum

75



here (Woods, 1972) Themuscular configuration is shown in Figure 2.20.

These muscles have the same bone origins and insertions asC.
porcellus though the , AZM, and PZM were here interpreted as
attaching lateral to the coronoid process with no elongate fossa; this
interpretation aligns with the literature (Woods, 1972) E. dorsatun® &P is
classified here as dorsal offset, originating on the anteroventral surface of the
alisphenoid/squamosal; in the literature, it is described as mostly originating
from the lateral pterygoid plate (Woods, 1972) substantially ventral to my
interpretation. Compared to most hystricomorphs, E. dorsatumappears to
have an almost vertical line of action on its AZM and PZM, with little
anteroposterior distance between the origins and insertions during molar
biting (and therefore a slight retractive pull in incisor biting ). The
(including its pars reflexainsertion), DM, T and | origins and insertions, and
EP insertion, identified here align with those described in the literature,
although Woods subdivides the [ into three layers (Woods, 1972) Due to
its enlarged infraorbital foramen, and the differentiation of its muscles, E.

dorsatum was classified in this analysis as a hystricomorph.

2. 3. 2Gebrychus ¢dfampeirdbotlde)

G. capensigBathyergidae) is here identified as displaying the muscle
differentiation of a hystricomorph, but with an unusually reduced infraorbital
foramen and the superficial/deep masseter configuration of a
protrogomorph, as was noted in B. suillus Though there is controversy in the
literature, this is an interpretation that aligns with a recent analysis of
musculature in Bathyergidae (Cox, Faulkes and Bennett, 2020)G. capensis
possesses asM, undifferentiated DM, differentiated ,AZM and PZM,
T, I, and EP. All these muscles also originate from and attach to the same
bones as inA. rufaand C. porcellus and the attachments are shown in Figure

2.21.
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Though G. capensis
does possess an , like
that of B. suillusit does not
actually pass through the
infraorbital foramen, instead
originating within the foramen;
this interpretation aligns with
the literature (Cox, Faulkes and
Bennett, 2020) but is in slight
contrast to B. suillus which TN
does not possess an enlarged
infraorbital foramen at all,
instead being more similar to
the foramen of sciuromorph
rodents. A. rufa also lacks an

enlarged infraorbital foramen.

Despite this difference from A.

rufa, the presence of an - Figure 2.21: Muscle attachments in

equivalent muscle anterior to ~ Georychus capensis

the orbit, and the undifferentiated DM proposed in the literature to be due
to its derived protrogomorphy from an ancestor that was hystricomorphous,
like in B. suillus(Cox, Faulkes and Bennett, 2023) G. capensisvas classified
in this analysis as a protrogomorph based on the configuration of the

and DM .

As can be observed in Figure 2.2, the insertions of the ,AZM,
and PZM occur lateral to the coronoid process, on the lateral face of the
mandible. This agrees with the literature, as digital dissection identifies the
ZM complex as inserting on the lateral face of the mandible, ventral to the
coronoid process (Cox, Faulkes and Bennett, 202 Both B. suillusand G.
capensis have disputed classifications in the literature (Cox, Faulkes and
Bennett, 2020) and share characteristics withtwo morphotypes, but as the

expanded infraorbital foramen is such a distinctive characteristic of
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hystricomorphs, they are here excluded from the category. The EP origin is
classified as dorsal offset in G. capensis positioned ventrally on the

alisphenoid/squamosal, similarly to A. rufa.

2. 3. 20Ge2billus(wwWaetesds Gerbil 8)

G. watersi (Gerbillini) displays the muscle differentiation of a
myomorph: , differentiated ADM and , differentiated , AZM
and PZM, T, I, and EP. This is a taxon with little published study, and no
existing muscular reconstructions on this particular species. The right
zygomatic arch of this specimen was broken posterior to the zygomatic plate
and anterior to the squamosal; the missing segment was replaced virtually
with the intact left zygomatic arch. All muscles are here identified to originate
from and attach to the same bones as in R. norvegicus and the EP origin is
also classified as anterior offset,as it is positioned on a flattened patch o f the
alisphenoid close to its suture with the squamosal; as in P. gerbillus the
anterior distance is
less increasedrelative
to the dorsal
distance, when
compared with the
larger difference in R.
norvegicus and G.
nagtglasii. Its muscle
attachments are

shown in Figure 2.22.

Like D.
sagitta, it possesses a
relatively large
posterior cranium

with large auditory

bullae, and a

Figure 2.2 2: Muscle attachments in Gerbillus watersi

relatively small
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mandible, compared to the majority of rodents studied here. However, the
orientations of its muscles, are not as atypical as those oD. sagitta with the
exception of T, which is visibly longer compared to the mandible size, than
the T of other myomorphs. Though the thin zygomatic arch and its
proximity to the teeth make some of the attachments on Figure 2.2 more
difficult to read at this scale, the origins and insertions are placed on the
bones similarly to other myomorphs, as previously discussed. The cadylar
process extends quite far dorsally, when visually compared with the lower
edge of the zygomatic arch, relative to other taxa; based on the inferred
insertion of EP, this and the shape of the pterygoid plate makes G. watersi
quite unusual in that its EPis a longer musclein 3D than its /. Due to its
zygomatic plate, narrow infraorbital foramen, and muscle differentiations, G.

watersi was classified here as a myomorph.

2. 3. 2.Gxr3aphiurus n(abgNtaggltagsliais 0 s Afri can

Dor moused)

G. nagtglasii (Gliridae) has muscle differentiation consistent with
hystricomorphs: , undifferentiated DM, differentiated , AZM and
PZM, T, 1P, and EP. One of the few papers on the musculature of this species
focusses only on the ZM/ dmedial 8 masseter
subdivisions of that complex (Maier, Klingler and Ruf, 2002) while another
only discusses the and DM (Hennekam, 2022) This species is the
representative of Gliridae in this sample, a family in the squirrelrelated clade
that contains both hystricomorphs and myomorphs (Hautier, Cox and

Lebrun, 2015)

Based on the appearance of an attachment site and possible insertion,
G. nagtglasiiis here interpreted to contain a PM, similar to A. rufa. All muscles
except for the PM seem to originate from and attach to the same bones as
in C. porcellusand their attachments are shown in Figure 2.23, but the EP
origin is identified here in a fossa on the lateral face of the alisphenoid and

categorised as anterior offset; this makes it the only hystricomorph in the
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anterior offset
category, which may
perhaps be a result of
phylogenetic

constraints.

The  existing
paper that mentions
the does not
mention a pars reflexa
which | do identify
based on the presence
of a fossa here; that
paper marks the
muscle on the lateral
face of the angle only,

but makes no detailed

description  of its

Figure 2.23: Muscle attachments in Graphiurus
insertion (Hennekam, nagtglasii.

2022). Similarly to

most other hystricomorphs in this analysis, the ZM complex inserts lateral to
the coronoid process, with no elongate fossa like that of C. porcellus Due to
its large infraorbital foramen and muscle differentiations, G. nagtglasii was
classified in this analysis as a hystricomorph. Despite the proposed presence
of a PM and its (unique among the hystricomorphs) anterior offset EP origin
configuration, the shape of the zygomatic arch and arrangement of muscles

do not match those of the assigned protrogomorph s.

2. 3. 2Hy4drochoerus hydcCaphbar asd)

H. hydrochaeris (Hydrochoerinae), despite a few unique
characteristics in ther orientations, possesses the muscle differentiation
typical of a hystricomorph: , undifferentiated DM, differentiated 102M,

AZM and PZM, T, |7, and EP. Theattachments are shown in Figure 2.24. Most
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of these muscles are here
suggested to originate from and
attach to the same bones as inC.
porcellus with one notable
exception that has a distinct origin
position. The is here inferred
to originate within the infraorbital
foramen high up close to the
dorsal margin of the foramen, the
zygomatic arch here is broad and
exhibits a clear fossa that aligns
clearly with the insertion. The main
paper that discusses the muscles
of this taxon does not to mention
this origin as being like this
(Woods, 1972) perhaps | am only

identifying the posterior extent of

the origin, or of a different muscle?

Figure 2.24: Muscle attachments in
But if the origin mapped here is  Hydrochoerus hydrochaeris

correct, this arrangement (not

dissimilar to that of G. capensis although the foramen is much larger
proportionally) results in a relatively upright and straight line of action
when in molar occlusion as shown in the figure, pulling the lower jaw
upwards. If incorrect and the actually originates anteriorly to the
foramen, the resulting muscle shape would have to be an exaggerated
crescentshape quite unlike any other rodent taxon, even more extreme than

the shape of the muscle during incisor biting in C. badius

The ZM complex as a whole was interpreted as inserting lateral to the
coronoid process in an elongate fossa (as inC. porcellusand L. maximusii
which the literature concurs with (Woods, 19721 but the relatively long
rostrum and short zygomatic arch results in an unusual orientation of these

muscles as a group, pulling posteriorly in all three muscles in incisor biting;
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rodents typically exhibit an overall anterior line of action in most of these
muscles, likely as part of their adaptation for gnawing, but given the relatively
massive physical size of this species, the potential mechanical disadvantage
when gnawing could perhaps be mitigated due to the mass of the muscles

and the magnitude of the bite force produced.

The is here identified to have a pars reflexa though the Woods
does not explicitly discuss this muscle for this taxon, nor the DM, AZM, PZM,
or T, |7, and EP, all of which he omits discussing in the case ofHydrochoerus
(Woods, 1972) In the absence of specific discussion, | assume the
attachments he noted in Hydrochoerusmatched those of Proechimys if so,
H. hydrochoerismay have a portion of the that inserts on the ventral
surface of the angle (Woods, 1972) and an EP that originates from the
alisphenoid and lateral pterygoid plate (Woods, 1972) but the other muscle
origins and insertions he identified were likely similar to those identified here.
The other paper that includes analysis using the muscles ofH. hydrochoeris
does not subdivide the masseter or discuss its attachments (Alvarez, Perez
and Verzi, 2013) Though Woods does not discuss the muscle in this taxon,
H. hydrochaerisdisplays perhaps the clearest example of lateral offset of the
EP origin identified in this sample, as can be observed in Figure 2.3%; the
upper molar tooth row extends back posterior to the relatively small
pterygoid plates, and the EPis here suggested to originate in a well-defined
fossa medial to the trench-like TMJ. The posterior extent of the tooth row
would render a dorsal or anterior offset anatomically implausible by
obstructing the muscle. Due to its large infraorbital foramen and muscle
differentiations, H. hydrochaeris was classified here as a hystricomorph

despite the unusual placement of the origin proposed here.

2. 3. XHYVStrix drodiCgtestta@dad Porcupineo)

H. cristata (Hystricidae) displays the muscle differentiation
characteristic of hystricomorphs: , undifferentiated DM, differentiated
, AZM and PZM, T, |, and EP. This interpretation of its subdivisions

aligns with the literature though some do not subdivide the AZM and PZM
82



and treat them ¢
(Toldt, 1905; Turnbull, 1970; Morris,
Cox and Cobb, 2022) The angle of
the left hemimandible was broken
off in this specimen, but was
replaced using the intact right
hemimandible. All muscles are here
identified to originate from and
attach to the same bones as in C.

porcellus and the EP origin on the

alisphenoid is categorised as lateral
offset due to the shape of the
bones in the area displacing it
laterally. The attachments are show

in Figure 2.25.

In H. cristata the ZM

complex appears to insert on three

Figure 2.25: Muscle attachments in
distinct fossae lateral to the  Hystrix cristata.

coronoid process, along the lateral face of the mandible; there is no deep
elongate fossa lateral to the coronoid process for their attachment as in C.

porcellus Existing studies agree with this (Toldt, 1905; Turnbull, 1970)

Existing reconstructions can struggle to separate the fibres of the
and DM (Toldt, 1905; Turnbull, 1970) making it difficult to tell if the in
isolation has fibres which insert on the ventral mandible, though they also
describe a pars reflexa(Toldt, 1905; Turnbull, 1970) as | identify here. Most
of the muscle attachments | identify align with those described in the
literature, and Turnbull describes the EP origin as occurring on the
alisphenoid dorsal to |~ the origin, similarly to the configuration observable
in Figure 2.25. Due to its enlarged infraorbital foramen and undifferentiated

DM H. cristatawas classified in this analysis as a hytsicomorph.
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2. 3. BLB@Gostomus mdPIlmusns Viscachaod)

L. maximus
(Chinchillidae) is  here
identified to possess the
same differentiation  of
muscles as the selected
hystricomorph, C. porcellus

, undifferentiated DM,
differentiated , AZM
and PZM, T, I, and EPR.
There is little published
information that explicitly
mentions  the  muscle
subdivisions of this species,
with one only mentioning

the DM, , T, and aPM

that | do not identify here
(Morgan et al., 2007), but  Figure 2.2 6: Muscle attachments in Lagostomus
this does not discuss the maximus.

nature of the attachments of these muscles; there is nothing | can confidently
compare my interpretations to. The mapped attachments are shown in Figure
2.26. These originate from and insert on the same bones as inC. porcellus In
L. maximusthe PZM is here interpreted as inserting in an elongate fossa
lateral to the coronoid process, like that observed in C. porcellusthough this
fossa is less deep than its equivalent inC. porcellusthe and AZM both
insert in their own fossae anterior to this. TheEP originates from a prominent
fossa medial to the TMJ, similarly to C. porcellus and was therefore classified
as lateral offset. L. maximus vi si bly | ong mandi
(relative to other rodent taxa in the sample) results in visually similar slopes
for the and DM when compared with C. porcellus which has a

proportionally similar skull and mandible. L. maximuswas classified in this

analysis as a hystricomorph based on its large infraorbital foramen and its
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muscle differentiation, and of all the hystricomorphs in the sample this taxon

appears to be the most visually similarto C. porcellu® s conf i gur ati on.

2. 3. BLBhbnastes aeNdDmMaomomwsd or O6Laoti a

Rock Rat 0)

L. aenigmamus
(Diatomyidae) has the
muscle differentiation
of a hystricomorph, but
with  a number of
distinct characteristics
in the orientation of
these muscles. Existing
papers identify the
same muscle divisions
on the skull that |
reidentify here (Hautier
and Saksiri, 2009)

though one paper

identifies  additional  Figure 2.27: Muscle attachments in Laonastes

subdivisions of the acmgmamus

that | do not (Cox, Kirkham and Herrel, 2013) It is here identified to
possess ans M, undifferentiated DM, differentiated ,AZM and PZM, T,
, and EP. The attachments are shown in Figure 2.Z7. These originate from
and insert on the same bones asin C. porcellus This agrees with existing
dissections,for example where the AZM and PZM are described as inserting
on the lateral face of the mandible (Hautier and Saksiri, 2009)with no
elongate fossa like that of C. porcellus | identify a pars reflexain the :
which existing study does identify in addition to fibres inserting on the ventral

surface of the angle (Hautier and Saksiri, 2009)

L. aenigmamushas the longest skull in proportion to its dorsoventral

height among the sample. This correlates with relatively short muscle length
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for some muscles such as theDM . The EPwas mapped on a rough patch of
the alisphenoid almost directly dorsal to the origin of the , and was
classified as dorsal offset; existing study identifies the origin as on the
alisphenoid, maxillary, and lateral pterygoid plate (Hautier and Saksiri, 2009)
For the most part, the muscle origins and insertions | mapped here (with the
exception of the insertions of AZM and PZM) are in agreement with the
existing dissection (Hautier and Saksiri, 2009) With its enlarged infraorbital
foramen and muscle differentiation, L. aenigmamus was classified as a

hystricomorph.

2. 3. 2My®dcastor (dCwywps 6)

M. coypus(Echimyinae) displays the typical muscle differentiation of
a hystricomorph: , undifferentiated DM, differentiated , AZM and
PZM, T, P, and EP. These identified subdivisions are known in existing
literature, though the fibres of
the AZM and PZM are often
inseparable, and a PM is
described (Woods, 1972; Woods
and Howland, 1979). The
identified attachments  are

shown in Figure 2.28.

These muscles originate
from and attach to the same
bones as in C. porcellus and the
EP similarly originates from a
fossa medial to the TMJ as was
classified here as lateral offset,
though existing papers describe
it as originating from the lateral

pterygoid plate, alisphenoid, and

maxillary (Woods, 1972; Woods

Figure 2.28: Muscle attachments in
and Howland, 1979). The ZM  Myocastor coypus
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complex insertions identified here agree with the literature, which identifies
them as inserting lateral to the coronoid process (Woods, 1972; Woods and
Howland, 1979). Mapping the insertion of the T was difficult due to the
reduced coronoid process; in the literature it is said to insert on the process
(Woods and Howland, 1979)or o0a fl attened area of the dor
ma n d i (Wboels) 1972) which may differ from where it was mapped here.
Similarly to C. opimus C. pilorides and O. degus M. coypushas a prominent
6shel fd on the | ateral fRviesertsndinthe angl e, up
case it results in a very short muscle length relative to the head length. |
identify a pars reflexafor the insertion of the , though studies also identify
fibres inserting on the ventral surface of the mandible (Woods, 1972;Woods
and Howland, 1979). Aside from these stated differences, the attachments |
identify match those described in the literature (Woods, 1972; Woods and
Howland, 1979). With its enlarged infraorbital foramen and muscle
differentiation, M. coypus was
classified in this as a

hystricomorph.

2. 3. 2.0c93 odon (

(6Common Degud

0. degus(Octodontidae)
exhibits the same muscle
differentiation as C. porcellus

, undifferentiated DM,
differentiated , AZM and
PZM, T, |, and EP. Existing
papers identify a PM in addition
to these (Woods, 1972; Olivares,
Verzi and Vassallo, 2004) The

angle of the left hemimandible

was absent in this specimen,

Figure 2.29: Muscle attachments in
but was reconstructed usingthe ~ Octodon degus
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intact right hemimandible via mirroring and translation in Avizo. All muscles
are here identified to originate from and attach to the same bones as in C.
porcellus and the EP is classified as lateral offset, originating from a fossa
medial to the TMJ, though the literature describes its origin as from the

alisphenoid and lateral pterygoid plate (Woods, 1972)

Due to relatively low position of the pterygoid plate and the high
position of the posterior zygomatic root, relative to the tooth row, this results
in a visually large dorsal distance between the two, as can be observed in
Figure 229. Given the apparent attachment in this fossa, the pterygoid origin
configuration was classified as lateral rather than dorsal offset despite this
large dorsoventral distance between the two origins; existing papers describe
its origin on the alisphenoid and lateral pterygoid . The portions of the ZM
complex are here identified to insert lateral to the coronoid process with no
elongate fossa like that of C. porcellus in agreement with the existing study
(Woods, 1972) Compared to some taxa, the zygomatic arch is elevated
relative to the tooth row, to the point that the tip of the coronoid process is
visible from a lateral view at molar occlusion; this correlates with tall, steep
orientations for the DM and PZM. Aside from the EPorigin, the attachments
identified here align with those in the literature (Woods, 1972) Due to its
muscle differentiation and its large infraorbital foramen, O. degus was

classified in this analysis as a hystricomorph.

2. 3. 0P20Uetes caap®owsvti s African Springhare

P. capensigPedetidae) is identified here to possess the differentiation
of a hystricomorph: , undifferentiated DM, differentiated ,AZM and
PZM, T, 7, and EP. Existing papers identify aPM in addition (Offermans and
De Vree, 1989; Cox, 2017)but | do not. These muscles originate from and
insert on the same bones as inC. porcellus and their attachments are shown

in Figure 2.30.
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The EP was here classified
as dorsal offset, originating from a
fossa dorsal to the pterygoid plate;
existing reconstructions seem to
place this muscle slightly anterior
to this, on the maxillary, with the
origin extending anteriorly above
the cheek teeth (Offermans and De
Vree, 1989; Cox, 2017) The
insertions of the ZM complex here
agree with the existing study
(Offermans and De Vree, 1989)and
the insertion in particular is
unusually large among this sample,
associated with its especially large

origin. The tall rostrum and huge

infraorbital foramen, combined

with the shortness of the head,

Figure 2.30: Muscle attachments in
result in an orientation for the large  Pedetes capensis

that does not curve substantially around the anterior zygomatic root

to insert.

The appears to originate on a prominent fossa that is more lateral
and posterior on the zygomatic arch than in other hystricomorphous taxa,
and is here identified to insert low on the medial surface of the angle in a
pars reflexa existing papers align with this interpretation of the 6s
attachments (Woods, 1972; Offermans and De Vree, 1989)The DM inserts
on a prominent shelf on the lateral face of the angle (similar to M. coypus but
curved due to the shape of the angle); the existing dissection paper agrees
(Offermans and De Vree, 1989) but places the origins of the DM and
visibly further forward. The coronoid process is shallow and not very strongly

defined, but the insertion of the T was easilymapped ; t he ol der di ssect.i

T matches this (Offermans and De Vree, 1989) Aside from specific differences
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(e.g.the EPorigin) discussed here, my interpretations align with the existing
dissection (Offermans and De Vree, 1989) P. capensiswas classified in this
analysis as a hystricomorph, due to its large infraorbital foramen and its

muscle differentiation.

2. 3. P22 aursips.t a( 8Gi ant Flying Squirrel &)

This species of the genusPetaurista (Pteromyini), here assigned toP.
petaurista, displays the typical muscle differentiation of a sciuromorph: :
differentiated ADM and , differentiated AZM and PZM, T, |, and EP.
Existing papers do identify this species as a sciuromorph (Cox, 2008)
implying this differentiation, but unfortunately there is no detailed
description or dissection to compare with the specific attachment sites |
identify here. The first upper
molars are missing on this
specimen, but the mandible
could be aligned using the
remaining cheek teeth.
Similarly to other
sciuromorphs, it does not have
an enlarged infraorbital
foramen, and the zygomatic
plate is oriented steeply. Like

some other squirrels (such asS.

carolinensis and Miopetaurista
(CasanovasVilar et al., 2018)),
P. petaurista has a postorbital
processes on the frontal bone
that does not connect to the

zygomatic arch to form a

postorbital bar. All muscles

Figure 2.31: Muscle attachments in
originate from and insert on Petaurista petaurista

the same bones as in S.
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carolinensis with a pars reflexafor the . The attachments are shown in

Figure 2.31.

The EPwas classified here as dorsal offset (the same classification as
S. carolinensiy originating from the ventral surface of the
alisphenoid/squamosal. The AZM and PZM slope to have an anterior pull, in
contrast to the apparent posterior-pulling orientation in S. carolinensis P.
petaurista was classified in this analysis as a sciuromorph, due to its muscle

differentiation, zygomatic plate, and lack of an enlarged infraorbital foramen.

2. 3. 2PA2¥1 1 otis (géeReridvMivasmr eedatMoused)

P. gerbillus(Cricetidae) has the same differentiation of muscles asR.
norvegicus , differentiated ADM and , differentiated 10ZM, AZM
and PZM, T, |7, and EP. No detailed study could be found discussing the
musculature  of  this
species to compare
against. All muscles are
here proposed to
originate from and attach
to the same bones as inR.
norvegicus The
attachments are shown in

Figure 2.2.

The insertions of
the ADM and are
here interpreted to be
quite posterior relative to
their origins when in
molar  occlusion. The

6domedd shap

dorsal skull in lateral view

Figure 2.32: Muscle attachments in Phyllotis
gerbillus.
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origin results in a line of action for the muscle that appears to curve relatively
little in order to reach its insertion, when in molar occlusion. All three
differentiated portions of the ZM complex are interpreted as inserting lateral
to the coronoid process in a trio of associated fossae, with the PZM further

from the AZM as is common, separated by the incisor root.

As in R. norvegicus the EP origin is classified as anterior offset,
identified as a rough patch on the posterior alisphenoid; similarly to G.
watersi, this is closer to the suture with the squamosal than in R. norvegicus
or G. nagtglasii making the proportional difference in anteroposterior and
dorsoventral distances between the EP and origins smaller than that
observed in other anterior offset taxa. Despite these apparent irregularities,
P. gerbillus was classified in this analysis as a myomorph, based on the
differentiation of its muscles, zygomatic plate, and narrow enlarged

infraorbital foramen.

2. 3. 2THh3 momys

umbri A 6Sout her

Pocket Gopher d8)

T. umbrinus (Geomyidae)
possesses the muscle
differentiation of a sciuromorph:

, differentiated ADM and

, differentiated , AZM

and PZM, T, , and EP. An
existing study of several species
within Geomyidae provides a
point of comparison, although
the dissection conducted was on

T. bottag not T. umbrinus

(Wahlert, 1985) Despite the

distinctive shape of the lateral Figure 2.33: Muscle attachments in

. . Thomomys umbrinus
face of the mandible (with
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prominent crests and protrusions on the angle), all muscles are here thought
to originate from and insert on the same bones as in S. carolinensisand the
EP origin was classified as dorsal offset, originating on the ventral surface of

the alisphenoid/squamosal. The attachments are shown in Figure 2.3.

The is quite unusual, however, inserting on a prominent fossa on
the ventral surface of the mandibular angle, with no identifiable pars reflexg
this agrees with the existing study, which identifies the as attaching on
the ventromedial face of the angle (Wabhlert, 1985) Both portions of the ZM
complex insert lateral to the coronoid process, with the PZM inserting
medially to the bulge of the incisor root. The | insertion occurs alone on the
medial face of the angle, similarly to that of A.rufa though the shape of the
mandibular angle is very different when comparing these two taxa. The tall
head, high zygomatic arch relative to the teeth, and curved mandible
correlate with very long muscles for the ADM, , AZM, and PZM
(similarly to those observable in C. badius which has a similarly curved
mandible). The existing dissection describes the!” originating from the
sphenopterygoid canal (no figure is shown there), but the identification of
the T origin seems to be in agreement with mine, exempting additional
subdivisions | did not identify or map (Wahlert, 1985) Wahlert describes part
of the T as inserting medial to the coronoid process (Wahlert, 1985). Wahlert
describes the insertions of the DM and ZM complexes collectively, inserting
together in a large triangular fossa on the lateral face of the mandible
(Wahlert, 1985. Unfortunately, most of the discussion on muscle
attachments in that paper lacks detail that could be useful to compare with
specific subdivisionshere, and there are nofigures providing a point of visual

comparison.

With its zygomatic plate, lack of an enlarged infraorbital foramen, and
differentiated deep masseter, T. umbrinuswas classified in this analysis as a

sciuromorph.
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2. 30Mec hani

c al

advant age

Table 2.3 contains the raw data results of the mechanical advantage
calculations for an incisor bite at zero degrees of gape. The taxa are arranged

by their assigned morphotypes: fourteen hystricomorphs, six myomorphs,

three protrogomorphs and four sciuromorphs.

resul

Mechanical Advantage (Zero Gape Incisor Bite)

Taxon M
ADM / DM AZM PZM T EP
C. pilorides H | 0.663 0.349 |0.756 |0.529 |0.230 |0.263 |0.004 |0.074
C. porcellus H | 0.535 0.454 |0.679 |0.268 |0.045 |0.252 |0.121 |0.305
C. opimus H | 0.637 0.476 |0.701 |0.531 |0.310 |0.197 |0.107 |0.353
D. punctata H | 0.547 0.211 |0.709 |0.402 |0.205 |0.327 |0.089 |0.152
D. sagitta H | 0.626 0.414 |0.645 |0.448 |0.001 |0.202 |0.134 |0.208
E. dorsatum H | 0.589 0.417 |0.812 |0.464 |0.050 |0.365 |0.148 |0.210
G. nagtglasii H | 0.568 0.442 |0.668 |0.387 |0.104 |0.118 |[0.034 |0.231
H. hydrochaeris H | 0.725 0.459 |0.549 |0.272 |0.054 |0.263 |0.037 |0.373
H. cristata H | 0.635 0.360 |0.628 |0.287 |0.069 |0.325 |0.066 |0.073
L. maximus H | 0.596 0.241 |0.558 |0.349 |0.121 |0.237 |0.088 |0.219
L. aenigmamus H | 0.624 0.456 |0.636 |0.445 |0.155 |0.177 |0.073 |0.118
M. coypus H | 0.527 0.406 |0.631 |0.307 |0.128 |0.342 |[0.082 |0.267
O. degus H | 0.661 0.393 |0.718 | 0.445 |0.210 |0.338 |0.136 |0.303
P. capensis H | 0.735 0.401 |0.958 |0.798 |0.442 |0.363 |0.270 |0.402
A. cahirinus M | 0.533 |0.636 |0.441 |0.461 |0.308 |0.173 |0.056 |0.144 |0.208
C. badius M | 0.568 |0.613 |0.500 |0.705 |0.412 |0.092 |0.084 |0.169 |0.201
C. gambianus M |0.640 |0.665 |0.459 |0.782 |0.320 |0.106 |0.102 |0.136 |0.129
G. watersi M | 0.665 |0.756 |0.475 |0.844 |0.552 |0.239 |0.268 |0.124 |0.222
P. gerbillus M| 0.648 |0.754 |0.518 |0.814 |0.610 |0.228 |0.127 |0.076 |0.143
R. norvegicus M | 0.727 |0.723 |0.461 |0.688 |0.178 |0.014 |0.097 |0.092 |0.226
A. rufa P |1 0.595 |0.684 |0.494 0.607 |0.307 |0.039 |0.157 |0.253
B. suillus P | 0.509 0.550 |0.588 |0.430 |0.180 |0.257 |0.157 |0.318
G. capensis P | 0.679 0.451 |0.589 |0.449 |0.180 |0.314 |0.108 |0.359
C. canadensis S | 0.555 | 0.814 | 0.466 0.554 |0.286 |0.164 |0.118 |0.369
P. petaurista S |0.787 [0.788 |0.474 0.608 |0.333 | 0.173 |0.164 |0.004
S. carolinensis S | 0.667 |0.748 |0.489 0.393 |0.132 |0.152 |0.206 |0.152
T. umbrinus S | 0.669 |0.730 |0.354 0.477 |0.124 |0.136 |0.109 |0.335

Table 2.3: Mechanical advantage results for the rodent sample during an incisor
bite at zero gape. The empty, grey cells indicate that the taxon lacks the
corresponding muscle. Values for the DM are highlighted in matching purple. The
mor photypedMd()colaumnr@&presented
0 Mo

60HO for
sciuromorphy.

hystricomorphy,
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Some simple observations can be made within this table. The
mechanical advantage of the ADM , where present, is notably higher than the
mechanical advantage of the or undifferentiated DM ; this is a result of
the ADMOds origins and insertionsbbleandng anterio
DM, which results in a longer in-lever. Taxa with anADM therefore possess
an additional muscle subdivision which has a higher mechanical advantage.
Similarly, other muscles with origins anterior on the skull, such as the and

, Clearly tend towards higher mechanical advantages than muscles with
shorter in-levers (e.g. IP or EP), as would be expected. However, there are
outliers to this pattern due to the configuration of muscles in individual
species. For exampleP. capensi§ exhibits higher mechanical advantagethan
most other taxa on many muscles in the sample this may be associated with

the proportional shortness of i ts skull and mandible.

P. capensi® $ZM, for example, possesses the highest mechanical
advantage of the AZM at 0.798, greater than the mechanical advantage of
any ; even though the has one of the most anterior origins of any
homologous muscle in the sample, the insertion being so far posterior on the
angle can cause it to have a lower mechanical advantage than other muscles
with a relatively posterior origin and anterior insertion . The individual
variation of each taxon is not the focus of this study and will not be explored
further in this thesis unless it relates clearly to broader comparisons.
Comparing the morphotypes to one another is more easily accomplished

visually and statistically than using Table 2.3

These data are represented visually in Figure2.34, a combined box
plot showing the mechanical advantage of each muscle for each
morphotype. Each morphotype is colour coded as in Figure 2.3. Due to the
difference in sample size between hystricomorphs and other taxa, the ranges
of these data should not be compared between morphotypes based on this
box plot, but comparison of the means and boxes shows that the

morphotypes display visually similar mechanical advantage on each muscle.
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On Figure 2.3, a couple of details can be observed.For the ADM,
the sciuromorphs exhibit slightly higher mechanical advantage, exceedingA.
rufa and the majority of the myomorphs. For the , protrogomorphs,
myomorphs, and most sciuromorphs exhibit higher mechanical advantage
than most hystricomorphs. Despite having the largest sample size,
hystricomorphs only sometimes show the largest range of mechanical
advantages on a given muscle, namely for the DM and PZM. Myomorphs
show the largest range for the and AZM, sciuromorphs have the
largest range for the |7, and protrogomorphs show the largest range on the
T despite only having three taxa. For the and EP, the range of mechanical

advantage in each morphotype is at its most consistent.

ADM | P/ DM AZM |PzM | T | EP
| Blomberg'sk |0.360 [0.601| 0.527 | 0.566 |0.633 |0.636|1.007 [0.706 |0.603
Phylogenetic
i |
signa p 0.951(0.436 | 0.355 | 0.256 |0.091 [0.072|0.02 [0.032 |0.102
Difference F 0.258 |2.197 | 2.166 | 0.520 |0.284 [0.149 |5.635 |1.039 |0.903
betw een
Morphotypes b 0.957 |0.477 | 0.439 | 0.827 |0.945 |0.981 |0.144 |0.755 |0.774

Table 2.4: Table compiling the results of the phylANOVA, a statistical test that
identifies the strength of the phylogenetic signal within the data and compares
the difference between pre-defined groups (in this case, the morphotypes).

A phylogenetic ANOVA was performed for each individual muscle,
comparing the mechanical advantage and using the morphotypes as the pre-
defined groupings to compare, as outlined in the Materials & Methods
section. The results of all these analyses are compiled in Table 2.4The F
statistic determines whether the means of
advantages are significantly different. For all muscles, the pvalue is greater
than 0.05, and the null hypothesis cannot be rejected; the ANOVAs find no
significant di fference between the morphotypesd
tested muscl es. Bl ombergds K measures the
signal within the data. Only two muscles display a significant p-value for the
K-test, the T (p = 0.002) and EP (0.032). In the case of theT, the K of ~1
implies that the variation is within the range of what would be expected
under Brownian motion. In the case of the EP, its mechanical advantages are

less similar than would be expected under Brownian motion. This implies
97
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there is a phylogenetic signal affecting the mechanical advantage of the EP,
this may be associated with the variation described in the three

configurations of its origin in the earlier anatomical Results subheadings.
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2.3d8Di scussi on

2. 40Kley questions and hypot heses

Throughout the Results subheading for each species, | established
situations where muscles were not identified by me, but were identified in
pre-existing analyses. For brevity, this will not be reiterated here after the
extensive taxon-by-taxon information presented above, but the EP origins,
presence of a PM, and insertion of the were often points where these
reconstructions differed from published work, even if the 2D lever-arm

mechanics data is less affected by this than 3D analysis would have been.

Recapping from the Introduction, these methods aimed to identify if
there is an observable difference in mechanical advantage between the four
morphotypes during gnawing at zero degrees of gape. | hypothesised (H1.1)
that the morphotypes would not be significantly different in these results,
and that the broad disparity within morphotype categories would result in
their mechanical advantage ranges overlapping with each other. Secondly, |
hypothesised (H1.2) that there would be no significant phylogenetic signal
in the mechanical advantage data, likely due to the para/polyphyletic nature
of the groups and the variation and diversity within each morphotype

category.

The phylANOVA results clearly supportH1.1. No muscle possesses a
statistically significant difference between morphotypes in these results. This
implies that the variance in mechanical advantage among these rodents is
determined by different factors beyond morphotype alone, factors not tested
in this simple analysis. All the morphotypes clearly show broad ranges in
mechanical advantage for each muscle; this might be correlated with the
wide variation in diet or function/behaviour within each group, factors which
can be partially assessed using the variables explored in Chapter 3. Agor
H1.2, it is partially refuted as there are statistically p-values in the K tests of
the T and EP. In the case of the T, the variation is within the range of Brownian

motion . In the case of the EP, the variation is less than would be expected
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under Brownian motion. No subdivision of the masseter exhibits a statistically

significant phylogenetic signal.

There are observable differences and patterns that, despite not being
statistically significant, are worth discussing here. For example, in the raw
mechanical advantage results, it can be clearly observed that anterior
muscles tend to have a higher mechanical advantage than posterior muscles,
because their anterior position gives a longer in-lever, as expected. Anterior
expansion of muscledi whether a muscle is differentiating or simply
extending its attachments anteriorlyfi could contribute to this across a
masticatory system, making the system as a whole more efficient. Previous
studies have inferred that hystricomorphs are more specialised for chewing
than for gnawing, compared to sciuromorphs (Becht, 1953; Wood, 1965;
Druzinsky, 2010; Cox, Kirkham and Herrg 2013). If comparing the ADM and
DM, the differentiation of the deep masseter in myomorphs, sciuromorphs,
and A. rufa could provide an increased bite force due to the addition of the
higher mechanical advantage anterior portion. It can be observed here that
in sciuromorphs, the ADM shows consistently high mechanical advantage, in
keeping with the established theory that they are specialised for incisor
gnawing. In contrast, hystricomorphs lack an ADM, but their is not
significantly different from that of other morphotypes, which could imp ly that
they are not adapted for higher bite forces with the incisors. The fact that
sciuromorphs (which possess anADM and lack an ) cannot be clearly
distinguished in mechanical advantage either may suggest that the ADM in
sciuromorphs may serve a similar role to the , as an anteriorly-extended
muscle for increased mechanical advantage of their masticatory system at
large as an adaptation towards gnawing as has been previously suggested
(Wood, 1965; Druzinsky, 2010). Perhaps, similarly, the presere of the atypical

noted in B. suillusand G. capensismight fulfil a role like the ADM in A.
rufa as a large anterior muscle with high mechanical advantage? If this is
correct, then during their evolution from hystricomorphous ancestors (Cox,
Faulkes and Bennett, 2020), rather than differentiating their deep masseter

as in A. rufa, the bathyergids may have retained the for a similar
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mechanical function despite the reduction of the infraorbital foramen relative
to hystricomorphs. Evaluating this hypothesis in depth would require further
exploration of the mechanical similarities and differences between the ADM
and . Thetwo muscle subdivisions will be compared in the analyses of

Chapter 3.

For the most part, the granular detail of the muscle attachments in
these taxa were discussed on a taxorby-taxon basis in the Results section.
Some anatomical observations in the existing literature could not be
identified in this study, due to the differ ence in method and sample, and

these were also discussed under their taxon subheadings where relevant.

In summary the Key Questions that were laid out have been answered,
H1.1 is supported, and H1.2 is partially refuted as two muscles do have a

phylogenetic signal.

2. 40Pt erygoi d configurations

After muscle mapping | assigned the pterygoid muscles to three
categories based on the arrangement of their origins: dorsal, lateral, and
anterior offset. From what | can find, this does not seem to have been
discussed in existing research (likely due to he relative lack of comparison in
these specific muscle origins between taxa, let alone across the tree) and the
interpretation here is novel. These assigned categories have no observable
impact on the comparison of morphotype groups as a whole, and appearto

be a minor variation associated with the morphology of the bones in the area.

Since the LeverArm mechanics analysis is in 2D, the differences
between the dorsal and lateral categories are not quite accounted for by the
mechanical advantage data. As such the muscle vectors and lengths for the
EP were effectively analysed as two groups in the quantitative analyses: the
four anterior-offset myomorphs, and all other taxa with dorsal or lateral
offsets. This might be why the EP exhibits a significant phylogenetic signal.

Perhaps a future analysis wi t hasdighed
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configuration category, for 3D mechanical advantage, could explore the

effects of the potential var i ati on in this muscleds origin.

The differences between and identification of these categories will be
discussed in more detail here. Due to the lack of soft-tissue in these scans,
these are inferred characteristics based on the bone surfaces and should be
treated with due scepticism. The se category | abels appear to
member sd of a continuous spect rEBim, as the
restricted by the posterior extent of the tooth row, the shape of the
zygomatic arch, squamosal and alisphenoid, and other developmental
restrictions that may be imposed by soft-tissues in the area that do not show
on these scans. These three categories should not be treated as hard and
defined classifications, instead they are an observation of three suggested
patterns in the placement of the origin. The most extreme and easily visible

example of each category is displayed diagrammatically in Figure 235.

Unfortunately, existing research to compare this categorisation with
is very limited. At the time of this study, there was no comprehensive
published analysis of the EP origins across Rodentia. It is possible that the
attachment surfaces are being misinterpreted in this analysis, and that the EP
does not in fact originate in these ways. Existing study that inclined the EP
typically kept observations of variation in the position of the muscle brief, or
the EPwas only mentioned in passing, or without diagram s or visual aids that
have visual detail to compare with these models (Turnbull, 1970; Satoh, 1999)
Existing research characterises theEP as originating from the squamosal,
alisphenoid or pterygoid wing in mammals (Turnbull, 1970). According to
some of the descriptions and figures in Turr
the external pterygoidds origin can be divid
the pterygoid wing (which might be similar to the anterior offset discussed
here), and a region that originates fr om the alisphenoid or the alisphenoid
and squamosal (perhaps the dorsal and lateral offsets discussed here)
(Turnbull, 1970). If this comparison is correcti and the limitations of verbal
description make that unclearfi it may be that the EP origin is quite large in

rodents and | am only identifying the most pronounced part of its origin in
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each speci men; I may only be mapping one o0
describes, but without soft-tissue data | cannot know for certain. An analysis

of the soft-tissue via physical or digital dissection could identify whether

some of these taxa have one Oheadd being mo
(which could explain the differences in identified attachments here), and

connect this to the potential variation in the direction of pull and the function

of the muscle in different taxa.

For comparison, Turnbull identified the EP of Sciurus niger as
originating from above the , With its origin extending to posterior to
rearmost upper molar (Turnbull, 1970). In my analysis | categorised the
muscle inS. carolinensiss 6 dor s al of fset 0, and identifiec
the alisphenoid/squamosal. They are different species of the genusSciurus
and based on Turnbull ds description and fi g
muscl e as 0 an3 rgerhad beerpirf thisssample. Tumbull does
study R. norvegicus and identifies the EP as originating from the lateral face

of the pterygoid, behind the teeth (Turnbull, 1970) my own identification of

it in this study agrees with this interpreta
of fsetd category, though ot her papers disag
occurring posterodorsal to thisffwlkitdh that

(Hiiemae, 1971) Turnbull also identifies the EP of Hystrix (no species given)

as originating dorsal and lateral to the '~ (Turnbull, 1970). In my analysis, |
classified it as Ol ateral of fset o, an interp
similar conclusion as this previous description. Unfortunately, Turnbull only

studied a small number of rodents in that particular book, and describes none

that fit with the observations | here assig
nonetheless, | feel that this existing description of the variation in the origin

of this muscle suggests that my identification of these patterns here is not

without precedent within Mammalia.

Taxa with an anterior offset configuration tend to have a relatively
large anteroposterior distance between the pterygoid plate where the
attaches and the rearmost upper molar, and have a notable fossa

anterodorsal to the medial pterygoid plate itself. R. norvegicusis the

103



representative  shown in
Figure 2.35. Based on the
position of the mandible at
identified

occlusion, the

insertion, the interpreted
positions of the other jaw
closing muscles and the lack
defined

of a clearly

attachment elsewhere, this
fossa was interpreted as being
the EP origin. At the extreme,
the anteroposterior —distance
between the muscle centroids
than the

is much longer

dorsoventral distance
between the two origins, but

in taxa with pterygoid plates
that extend further ventrally
these two distances can be
more similar. Due to the
position of hard-tissue or
inferred soft-tissue, dorsal or
lateral attachment appears to
be less plausible in this taxon,
requiring deflection around

the condylar process and jaw
joint that would obstruct or

impair the functioning of th e

muscle. The zygomatic arch

Zygoma

Rattus norvegicus

¢

Zygoma

——

Erethizon dorsatum

Cygoma

T™J

Frontal

\
///@D/L

Hydrochoerus hydrochaeris

Figure 2.35: Panel figure displaying the
category of three selected taxa. The muscle
attachments are shown in colour (EP, and |).
R. norvegicus in left lateral view is the
representative of the anterior offset category;
E. dorsatumin left lateral view represents the
dorsal offset; and H. hydrochaerisin ventral
view represents the lateral offset.

seemingly tends not to attach high up relative to the tooth row in anterior

offset taxa (as it does in same taxa in the sample) though this may be part of

the sampling rather than associated with this category itself.

104



Taxa with a 6dorsal of fsetd origin form
sample, spread across morphotypes.E. dorsatumis shown in Figure 2.35.
These taxa lack the apparent fossae of those classified as anterior offset and
lateral offset, and typically have a flattened, rough, or faintly defined region
on the anterior or ventral alisphenoid or squamosal. From this apparent
attachment to the insertion on the mandible, there do not appear to be any
hard-tissue obstructions the muscle would have to curve around, and the
proposed path of the muscle would not interfere with the inferred paths of
the other jaw muscles, or with the movement of the mandible, or with the
closure of the cheek teeth. Typically, this results in an origin for the EPthat is
almost directly above the origin of the when viewed from the side; the
mediolateral distance between the two attachments is smaller than that of
those described as Ol ateral of fset 0, whi ch

Zzygomatic root.

6Lateral offsetd is defined by the presen
to the TMJ. Functionally, the dorsal distance between the two origins can be
similar to dorsal offset (making them appear similar in lateral view diagrams
like those in the Results sedion) but the origin is displaced laterally away
from the alisphenoid suture and towards the TMJ and zygomatic root.
Unfortunately, this cannot be accounted for in 2D Lever-arm mechanics data
such as thigi this is why these categories were not analysed quaritatively in
this study despite being a point of interest identified after data collection,
they would require entirely different 3D analyses supported by anatomical
data and dissection information that was not available for this study.
Expanding into such an analysis was deemed beyond the scope and focus of
this project on the morphotype categories. In lateral offset taxa, the shape of
the posterior tooth row clearly obstructs any possible anterior or dorsal
origin; the muscle would have to curve around the tooth row or else obstruct
the occlusion of the posterior molar s. With little or no observable origin
medi ally, the prominent fossa was interprete

at its most clear and extreme in H. hydrochaeris shown in Figure 2.3. In H.
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hydrochaeris the displacement of the EP origin even results in its origin

occurring notably posterior to the

2. 4013i mi tations of this study, an

e X and

Ultimately, the variation among muscle configuration is greater in
scope than the results of this study alone. Twenty-seven taxa out of over two
thousand species forms a limited sample despite its broad distribution across
families, and the lack of soft-tissue information for many taxa compounds
this limitation in terms of restricting the kind of hypotheses that can be
tested. Future anatomical or dissection data, projects studying of the external
pterygoid across Rodentia, or other analyses could evaluatethe accuracy of
the interpretations herein, and their potential significance. As should be clear
from the Results section and differing muscle identifications to existing
papers, soft-tissue information could substantially increase the accuracy of
muscle mapping: the EP origins, the differentiations of the T, and the
presence and configuration of the PM are all notable points that could be
improved. Furthermore, this analysis can only compare muscles that taxa
possess;l chose not to produce a resultant vector and compare the entire
muscul ar system of these taxa against al | C
datapoints® where subdivi si dimesemayfbe certai n mu
differences in their mechanical systems beyond the scope of this specific
focus on the mechanical advantage of homologous muscles. It must also be
noted that the muscles compared in this study are homologous in anatomy
and arrangement, but this does not necessarily indicate homology of
function. These results alone are not conclusive in implying homology of
function among the groups due to the observable variation within each

muscle.

Earlier in this Discussion, | made a comparison between the and
ADM, suggesting that the 0s enl ar g e digh snechaeicala n d
advantage in hystricomorphs may be performing a similar function as the
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ADM in myomorphs and sciuromorphs. The two muscles will be compared
in Chapter 3, but the potential intricacies of comparing them are not possible
to explore fully through these methods, as it islimited by the lack of contrast-
enhanced CT or dissectionbased evaluation of the muscle tissues beyond
their attachment surfaces in this study. The infraorbital foramen is notably
enlarged in hystricomorphs compared to myomorphs, and therefore
provides much more space for the , and enlargement of this muscle
(which originates anterior to the ADM ) could offset a potential difference in
performance from DM differentiation alone; variations in muscle mass,
pennation, or other anatomical characteristics that are not preserved on the
bones could add significant complexity to these data, or illuminate

differences between the morphotypes that are absent in this study.

Suchsoft-tissue analyses are beyond the scope of this project and the
material available, but should be kept in mind when considering the
limitations of these conclusions. Mechanical advantage does not differentiate
between morphotypes in these results, and one of the shortcomings of these
simple at-occlusion analyses is the basis of ChapteBii the effect of gape and
bite point on mechanical advantage, and whether these additional factors

can illuminate differences between morphotypes.
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2. ®Concl usi on

According to the analyses conducted, morphotypes do not have
significantly different functional performance in terms of mechanical
advantage at a simulated 0° gape incisor bite. As such, they do not appear to
be categories of distinct functions, and therefore their patterns of muscle
efficiency may be primarily impacted by other factors, such as potential
evolutionary and developmental constraints (like the undifferentiated DM
and differentiated of B. suillusand G. capensi}or by other factors such

as diet or gape that have applied selective pressure for small specialisations.

However, they do possess anatomical differences and homologies in
terms of muscle differentiation within and between their categories, and
variation between taxa in the placement of mu s ¢ brigiesdand insertions.
Whatever potential functional implications these differences may have could

not be determined by these specific analyses.

Evaluation of a range of gapes, comparisons of incisor biting and
molar biting, and incorporation of gape as a proxy of diet could all compare
morphotypes with greater complexity and address several of these other
factors. Chapter 3 will evaluate these in detail, to further compare these

established groupings.
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Chapt®@®GaBe angl e, b i
head si ze, and their
mechani cal advant age

mor photypes

3.dl ntroducti on

3. 10Pr ef ace

Rodents exhibit a huge range of dietary diversity, including in the
material properties of their food and the size of food objects. Despite this
they are functionally and anatomically conservative, exhibiting convergence
of their masticatory systems and ananatomy specialised for gnawing (Wood,
1965; Coxet al., 2012; Druzinsky, 2015) Biomechanical analyses can evaluate
the functional performance of organisms during feeding, and compare
anatomical and functional characteristics; these can tease out the
evolutionary trends, anatomical specialisations, functional specialisations, or
dietary specialisations of those organisms (Greaves, 1985; Sakamoto, 2010;
Santana, Dumont and Davis, 2010; MoralesGarciaet al., 2021). By quantifying
the anatomical configurations known in rodents, their functional efficiency
during gnawing and chewing can be assessed in the form of mechanical
advantage at a range of gape angles as a proxy for the size of the food object
being bitten. Quantitative analysis and comparison of the patterns in
mechanical efficiency amongst the different muscular configurations seen in
rodents, at a range of gapes and bite points, has not yet been conducted
with a sample across the tree. This study seeks to address this knowledge
gap in order to provi de a new evaluation of the mechanical variation among

rodents, and the functional differences between categories.
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3. 10T2h e r osd e nt

The sample of rodents used here and their distinctive characteristics
as an Order, and of the morphotype categories, were discussed extensively
in Chapter 2, subheadings 2.1.2 and 2.1.3. This information will not be

repeated here, and only their key charaderistics are reiterated below.

All rodents have a large masseter complex that can be divided into
superficial, deep, and zygomaticomandibularis subdivisions (in the
nomenclature used in this study), some of which possess further distinct
subdivisions (Druzinsky, 2010; Cox and Jeffery, 2011)n hystricomorphs, the
deep masseter is not subdivided further. In myomorphs, sciuromorphs, and
a protrogomorph ( Aplodontia rufa), the deep masseter is divided into anterior
and posterior portions, with the anterior portion originating from the
zygomatic plate in myomorphs and sciuromorphs; the zygomatic plate, a
broad sloping surface on the anteroventral zygomatic root, is itself a
characteristic feature of myomorphs and sciuromorphs, absent in the other
morphotypes (Fabre et al., 2012; Cox, Faulkes and Bennett, 2020)in both
myomorphs and hystricomorphs the infraorbital foramen is expanded
relative to its size in sciuromorphs, though the presence of the zygomatic
plate in myomorphs limits this relative difference in size when compared with
the much larger infraorbital foramen in hystricomorphs (Brandt, 1855; Scott,
Jepsen and Wood, 1937; Wood, 1955, 1965) Through their expanded
infraorbital foramina, myomorphs and hystricomorphs possess an additional
portion of their zygomaticomandibularis masseter, an infraorbital section
that passes through the foramen to originate on the rostrum (here, t he
O o) . These groups ar e al | paral/ polyphyle
observed in Anomaluromorpha, Ctenohystrica, Dipodidae and Gliridae;
myomorphy present in both Muridae and Gliridae; protrogomorphy in
Aplodontidae and Bathyergidae; and sciuromorphy occurring in
Castorimorpha and Sciuridae (Fabreet al., 2012; Cox and Hautier, 2015; Cox,
Faulkes and Bennett, 2020) These categories exist due to widespread

homoplasy and convergent evolution across the order, with protrogomorphy
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thought to be the ancestral condition based on observations of extant and

fossil rodents (Wood, 1965).

Though anatomical comparisons are relatively straightforward, we
can also conduct guantitative comparisons of function. Rodents may be
differentiated into these four anatomical categories, but to what extent do
these anatomical morphotype categories reflect variation in function? To
answer such a question, one must decide how to define and compare their
function, and what factors should be assessed as part of these analyses. In

Chapter 2, this consisted of mechanical advantage at zero degrees gape.

3.10Mechanical advantcagesi agd J

muscl es

Mechanical advantage was discussed in detail in Chapter 2,
subheading 2.1.4, and will be briefly reestablished here, with some further
detail. It is a measure of the efficiency of a mechanical system; it is the ratio
of t he s-eetteimdus-levernwhich determines the proportion of
input force mechanically converted into output force (Hildebrand et al.,
1985). It is important to note that a higher mechanical advantage is not
necessarily an adaptational 0 aabroagert aged, as
anatomical and functional systemfi the term is not a value judgement.
Mechanical advantage is here calculated using leverarm mechanics. Broadly,
lever systems can be divided into three types: first, second-, and third-class.
In a first-class lever, the joint is between the load and the muscle force; in a
second-class lever the load is between the joint and the muscle force; and in

a third-class lever, the muscle force is between the joint and the load.

Typically, jaws function as third-class levers in biting with anterior
teeth (as the muscle attachments occur posterior to the incisors and anterior
to the jaw joint), but in some rodents have been proposed to behave as
second-class levers during biting with the molars, where the muscle vector
and attachments of anteriorly -positioned muscles can more often be anterior

to the active bite point (Turnbull, 1970; Cox, 2017). Since the hardtissues of
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the jaws are rigid, the mechanical advantage of each muscle can be
calculated using lever-arm mechanics, and then compared between muscles
or taxa. However, biological organisms are not entirely hard and even bones
themselves respond to stress and strain;being a mixture of compliant and
rigid body mechanisms, such methods will not account for lost work due to
the natural deformation of the system . Factors such as the curvature of soft
tissue and elastic components of the system can be incorporated into some
models, and doing so illuminates these shortcomings of rigid models in
isolation (Harkness Armstrong et al., 2020). Though mechanical advantage is
not affected by such properties, rigid -models are not perfect replicas of life
due to simplifications made in their methods. The method used in this study
focusses on the mechanical efficiency of the configuration of the jaw muscles

in 2D space.In vivo observations and comparisons may be more complex.

Despite its limitations, mechanical advantage has been applied in the
field of biomechanics far beyond feeding alone. As alluded to briefly in
Chapter 2, it has been applied broadly to identify the function of muscles by
comparing them, such as identifying the roles of muscles during breathing
(Troyer et al., 1998), or by comparing limbs and their functions such as gait
and jumping (Biewener et al., 2004; Olberding et al.,, 2019; Basu and
Hutchinson, 2022) or comparing morphology and other functions of limbs
besides movement (Elner and Campbell, 1981) Comparisons of mechanical
advantage can also be applied to study ontogeny and growth patterns

(GarciaMorales et al., 2003; Young, 2006; Tanneet al., 2010).

Within the context of masticatory mechanics and diet, mechanical
advantage has been applied across a huge range of organisms. It has been
applied to rodents specifically in the past, to individual muscles (Ball and
Roth, 1995; Velhagen and Roth, 1997; Satoh, 1999; Druzinsky, 2010; Swiderski
and Zelditch, 2010; CasanovasVilar and Van Dam, 2013; Renauckt al., 2015;
Cox and Baverstock, 2016; Gomes Rodrigues,
Mclntosh and Cox, 2016a, 2016b; Cox, 2017; Echeverré&t al., 2017; Jonesand
Law, 2018; West and King, 2018; Cogt al., 2020, 2020) to entire masticatory

systems (Cox, 2017) or to compare the effects of incisor procumbency
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(Echeverriaet al., 2017). It has also been applied to assess the function of
individual muscles, efficiency, and jaw mechanics in vertebrates besides
rodents (e.g.van Eijdenet al., 1988; Westneat, 2003) Mechanical advantage
can be used across groups of organisms to identify evolutionary trends or
patterns in the functional performance of jaw shapes and their generalisation
or specialisation of anatomy or function (Greaves, 1985; Sakamoto, 2010;
Nabavizadeh, 2016; Hubyet al., 2019; Kunz and Sakamoto, 2@4). Mechanical
advantage can also be applied to assess changes in function and
specialisation with growth (Weijs, Brugman and Klok, 1987; Dechow and
Carlson, 1990; Tanneret al., 2010), or when combined with diet (Morales-
Garciaet al., 2021). It can be applied to estimating bite forces specifically
(Osborn, 1996; Wroeet al., 2008; Godinho et al., 2018), but its effectiveness
for these estimationsii in comparison to using size and mandible shape to
estimate bite-forcefi is currently disputed regarding rodents (Ginot et al.,

2019).

In specific taxa where supporting data (such as highspeed video)
permits, assessments can be used to evaluate more complex feeding
mechanics in greater detail (Grubich, Rice and Westneat, 2008) Similarly,
muscle size can be a factor in differences in performance between groups
(Throckmorton and Dean, 1994) but the lack of physical dissections or digital
contrast-enhanced dissections or other measures of muscle size in many taxa
at the time of this study means it cannot be assessed as a factor at present;
with the available specimens and sample, mechanical advantage is a valuable
parameter to measure and assess Other factors can also be incorporated to
identify potential trends in the variation of mechanical advantage in this
sample: the bite point, and the gape angle of the jaws. These are thetwo key

factors this chapter expands to assess.

3. 1dl4nci sor biting and mol ar b i

Bite pointii the point along the dental arcade at which the food item

contacts the teethfi is known to impact mechanical advantage (Devlin and
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Wastell, 1986) If the bite point is changed, then in broad and generalised
terms the in-levers of muscles typically stay the same but the outlever
shortens or lengthens, thus affecting the ratio between the two
measurements. In the context of rodents, this allows us © compare their
functional performance for both incisor biting (i.e. gnawing) and molar biting
(i.e. chewing), to identify the variance within the sample and between
morphotypes at both bite points, and evaluate existing comparisons of
morphotypes for thes e different biting behaviours (Becht, 1953; Wood, 1965;
Druzinsky, 2010; Coxet al., 2012; Cox, Kirkham and Herrel, 2013; Cox, 2017)
For the analyses conducted in this project, characteristics of tooth
morphology such as incisor procumbency or molar cusp morphology are not
tested as variables. The projectds focus is
comparisons between morphotype categories, not the individual variations

in the morphology and specialisation of teeth.

For simplicity, the difference between these two bite points in this
study is isolated to the propalinal movement of the mandible in two
dimensions. The shift to incisor biting increases the out-lever, because the
distance between the TMJ and incisor tips is greater than the distance
between the TMJ and the first molar. Although a longer out-leverii the
denominator in the calculation of mechanical advantagefi will result in lower
mechanical advantage for an incisor bite than from a molar bite, the effect
on the in-lever may not necessarily be so uniform. The transition from molar
to incisor biting is not simply an increase in the out -lever in a rodent. Rodents
cannot occlude at their incisors and molars simultaneously (Hiiemae and
Ardran, 1968), and to transition from molar to incisor occlusion the lower jaw
must move forwards and partially open; as a result, incisor biting even at zero
degrees gape has the mandible protracted and rotated downwards when
compared with zero degrees of gape at molar biting. This movement of the
mandi bl e affects the musclesd insertions rel
therefore affects the mechanics of the individual jaw-closing muscles by
changing their in-levers. Since each muscle has its own iflever, the

proportional differ ence in mechanical advantage between incisor and molar
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biting varies slightly from muscle to muscle. That is to say, the pattern of
which muscles are contributing to the variance in mechanical advantage
might differ between bite points. The mobility of the temporomandibular
joint (TMJ) also means that the jaw is positioned differently within its joint
when comparing the two bite points, affecting the coordinates of the TMJ
used for the calculationfi this must be incorporated to accurately identify the

change in the out-lever and in-levers.

Studies comparing individual rodents or a sample of multiple rodents,
sometimes across morphotypes, that test or model incisor gnawing and
molar biting tend to interpret taxa or groups as optimising for one bite point
or another through comparisons of bite force, skull stress, or efficiency. For
example, sciuromorphs are thought to be more efficient at incisor biting than
protrogomorphs (Druzinsky, 2010) and hystricomorphs are stated to be
specialised towards molar chewing while sciuromorphs specialise towards
gnawing and myomorphs are generalists (Cox et al., 2012). This study can
further explore these established interpretations by comparing the variance
between the groups. Furthermore, rodents are proposed to converge in form
for the function of gnawing (Druzinsky, 2015) By comparing them with both
incisor and molar biting, | can see if these data show reduced variation in
mechanical advantage when gnawing. However, these analyses by
themselves would be missing a crucial piece of the puzzle; a proxy fordiet,

such as different food object sizes.

3. 10Gape angl e

Gape angle is a measurable component of the mechanics of biting in
living organisms. It is the angle to which the jaw has opened at a specific
point in a masticatory cycle. On a life-size scale, it directly interacts with the
size of the food objectsinthe or gani smés diet, and
of that bite (Wheelwright, 1985). Larger food objects require a larger gape
angle to fit the object between the teeth. This is inextricable from both the

mechanical efficiency of the spatial arrangement of muscles (Herring and
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Herring, 1974; Santana, Dumont and Davis, 2010) and the physical
characteristics of the muscle softtissues themselves, such as muscle mass,
pennation, fibre length, or other properties (Taylor and Vinyard, 2009;
Hartstone-Rose, Perry and Morrow, 2012). Wthout data regarding muscle
stretch or material properties, and the lack of soft-tissue data for most of this
sample, evaluating the relationship between gape and soft-tissue
adaptations/anatomy is beyond the scope of this study. Instead, this study
focusses on the configuration of these muscles and lever-arm mechanics
calculations based on their moment arms, as the muscle configuration is a
characteristic that defines each morphotype. Gape angle provides a proxy for
food object size, assessing how the effciency of organisms and groups can

vary when comparing low gapes to high gapes.

Gape has been applied across many groups of taxa to assess several
factors. Diet itself has been studied extensively, both with performance at
specific gapes and assessments of maximum gape (Hampton and Moon,
2013; Terhune et al., 2015; Fricano and Perry, 2019). Some studies have
centred on mechanical factors such as muscle stretch and the orientation of
muscles to assess how gape effects efficiency (Herring and Herring, 1974; Eng
et al., 2009). When paired with electromyography or kinematic data,
functional interpretations regarding gape and gape cycles can be tested in
vivo (Herring, Grimm and Grimm, 1979; Wanget al., 2007; Proéschel, Jamal
and Morneburg, 2008; Ross et al.,, 2010). Functional and anatomical
interpretations in observed extant taxa, including around gape, can be
applied to similar taxa (Herring, 1980; Ross and lIriarteDiaz, 2014); this
established principle will be applied in Chapter 4 when studying fossil
multituberculates in comparison with extant rodents. Similarly, gape can be
assessed acoss groups to identify evolutionary and functional trends (Weijs,
1994; Grossnickle, 2020). Gape can also be a part of analysing other
anatomical or mechanical characteristics, such as TMJs and their adaptations
(Sun, Liu and Herring, 2002), how skulls digibute stress and strain
(Christiansen and Adolfssen, 2005; Bourkeet al., 2008; Santana, Grosse and

Dumont, 2012), or trends in bite force production in taxa (Dumont and Herrel,
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2003; Christiansen and Adolfssen, 2005; Christiansen, 2008; Dumonrgt al.,
2009; Santana, Dumont and Davis, 2010; Santana, Grosse and Dumont, 2012),
any of which can be combined or connected back to feeding ecology
specifically (Anapol and Lee, 1994,
Taylor and Vinyard, 2005; Ross and larte-Diaz, 2014; Ledogaret al., 2018;
Laird et al., 2023). Masticatory behaviours to circumvent the need for higher
gape during biting can also be studied and assessed (Helfman and Clark,

1986; Vinyardet al., 2003; Van Wassenbergh, Heindryckx and Adriaens, 2017).

Of patrticular interest due to their noted specialisation for extreme
gape, and disputed morphotype classification, are taxa in the family
Bathyergidae (Mclntosh and Cox, 2016b, 2016a; Van Wassenbergh,
Heindryckx and Adriaens, 2017). In this sample the repesentatives of this
family are Bathyergus suillusand Georychus capensistwo taxa assigned as
protrogomorphs in the analyses of the previous chapter. Of these burrowing
taxa, G. capensigligs using its incisors to dig whereas B. suillusdigs using its
forelimbs (McIntosh and Cox, 2016b; Van Wassenbergh, Heindryckx and
Adriaens, 2017). Incisor digging is performed at high initial gape, with smaller
initial gapes used when digging in harder soil (Van Wassenbergh, Heindryckx
and Adriaens, 2017). Together theg taxa illuminate how gape can interact
with the function of the jaws outside of feeding alone, and this is reflected in
their mechanical efficiency at different gapes; for example, the mechanical
advantage of the temporalis muscle is notably higher in chiseltoothed
diggers than in scratch diggers (McIntosh and Cox, 2016b, 2016a). That study
also compared mechanical advantage at a range of gapes, similarly to the
method employed to assess gape in this chapter, and thus can provide some
context for my approach. They noted a particular pattern of decreasing
mechanical advantage as gape increased, up to a turning point after which
mechanical advantage begin to risefi in particular, this threshold occurred at
40° gape in B. suillus the scratch digger, and around 90° gape in the chisel
toothed diggers, clear evidence that the chisel-toothed diggers are
optimised to reduce the inefficiency of increasing gape angle, making them

more efficient at biting for extreme gape angles (Mclntosh and Cox, 2016a).
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When conducting my own mechanical advantage analyses, | would expect to
seevariation in mechanical advantage at a range of gape angles, where some

muscles will change their trend of mechanical advantage with gape.

Although these mechanical functions are connected to the
craniomandibular and muscular anatomy of organisms, such extreme gapes
as 80390° are not relevant to the subject of feeding itself where most
organisms are concerned. This is particularly the case imce gnawing allows
rodents to access hard or proportionally large food items using shallow
6scrapingd bites at narrower gape
are highly specialised seed predators, and utilise gnawing in this manner
(Hulme and Benkman, 2002). For example, among small rodents, only
squirrels have sufficiently strong jaw musculature and bite forces to bite
through the hard outer surface of nuts like Juglans nigra (the Eastern
American Black Walnut), using gnawing (Emry and Thorington, 1984; Vander
Wall, 2001). Grey squirrels $ciurus carolinensisincluded in this sample) also
feed on acorns throughout the winter by using shallow bites to breach the
hull as well as other specialised behaviours, such as caching to soften the hull
and excising the embryo from White Oak acorns prior to burial to prevent
germination (after which the acorns become less nutritious) while the nuts
are cached (Vander Wall, 2001). Rather than a simple incisor bite at high gape
to crack a freshly foraged hard food object, squirrels instead use specialised
behaviours to optimise their efficiency and performance. Similarly, beavers
gnaw down trees using shallow gnawing bites where their mechanical
advantage decreases at a lower rate than other sciuromorphs as gape
increases (similarly to the pattern previously alluded to in chiseltoothed
diggers), with the existing biomechanical analysis testing a gape of 30° (Cox
and Baverstock, 2016), significantly below the preservation of efficiency at
extreme gape previously discussed in chiseltoothed digging Bathyergids.
This behavioural adaptation in beavers is also paired with physical
adaptations, such as the shape and angle of the incisors, to specialise beavers
for biting through thick hard materials (i.e. bark and wood) at a high gape

(Stefen, Habersetzer and Witzel, 2016). High gape is sometimes required for
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a mechanical behaviour but is not necessarily the only solution to accessing

a large food object, especially not when gnawing is possible for the organism.

As a result, although the gape angles exhibited by rodents may have
the capacity for extreme gape for a particular function as in certain
Bathyergidae, the majority of feeding behaviours exhibited by the group will
be unlikely to include such extreme gapes. An existing study on two murid
rodents identified the optimal gape during gnawing (based on the peak in
bite force) as 20A, at around 40% of an i nd
(Williams, Peiffer and Ford, 2009). For this study, | selected a gape range
based on these established patterns of gape and efficiency in rodents.
Ultimately gape is not neatly separable from the other mechanical
characteristics of biting and the adaptations associated with these
characteristics, and will be explored as a variable of ptential significance in

this study.

Currently, the primary gap in existing knowledge is a comparison of
efficiency at different gapes across the tree and multiple specimens of each
morphotype. Many analyses mentioned earlier in this subsection focus on
estimations of bite force rather than efficiency, or gape cycles rather than
simple bites, or study a smaller sample of taxa or individual species or
contrast two distinctly different groups. It is less common to assess
mechanical advantageo0s variation wi t h gape
functional specialisations among paraphyletic groupings. The perception
that rodents have converged functionally while maintaining a degree of
anatomical diversity within the group, developing different anatomical
6solutions® for gnawhemgthodsofahis stbdg. Theses essed wi t |
methods and the conclusions drawn could provide a point of comparison or
contrast for future studies on rodents or other groups that may be

constrained by a specific masticatory function.
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3. 1o0bead si ze: a potenti al

In some animals, trends in head size can be correlated with trends in
bite force (Verwaijen, Van Damme and Herrel, 2002; Herrelet al., 2005;
Nogueira, Peracchi and Monteiro, 2009) A larger head size within a species
will correlate strongly with having larger muscle masses, which will contribute
to the measured or estimated bite forces. Trends in head size have not been
compared as frequently with mechanical advantage itself; such conparisons
have been primarily made in the context of either ontogeny, or size variation
between taxa. In hyenas, mechanical advantage reaches maturity at 22
months even though maturity of skull size is not achieved until 29 months
and skull shape at 35 months of age (Tanneret al., 2010). In some taxa, size
is suggested to be more important to diet and feeding than morphology
itself; for example, in birds, body size and mechanical advantage covary with
feeding ecology more significantly than beak shape does (Navalon et al.,
2019). Even when gape angle is maintained, a taxon witha larger physical
sizeii orlonger jaws alonef has a larger distance between teeth and can thus
bite larger objects. However, rodents can use gnawing to mitigate the
limitations of their small size and process foods that are typically accessible
by larger mammals: for example, some rodents use gnawing and coprophagy
(rather than rumination) to break down tough vegetation such as grasses
(Hirakawa, 2001) and squirrels can eat hard seeds such as white oak acorns
that no other mammal of their size has a strong enough bite to access, using
small bites despite the large size of the acorns(Vander Wall, 2001) With the
broader context in mind and the size range of different species of rodents in

this sample, size needs to be ruled out as a significant factor in the variance.

Mechanical advantage is a ratio and therefore the measurement itself
is size independent, but this does not mean that it cannot correlate with or
interact with size; a mechanical advantage of 0.4 is a mechanical advantage
of 0.4 whether the organism in question is the size of an elephant or the size
of an elephant shrew, but the diets and behaviours of those organisms are
different. In purely mechanical terms, larger muscles can miigate a low
mechanical advantage by simply applying more input force during the bite
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to generate a comparable bite force, or allow for faster movement of the jaws

where speed is important. Mechanical advantage does not necessarily

illuminate what an organism can eat when viewed in isolation, and the limited

availability of dietary informat ion for so many of the studied taxa means that

this studyds interpretations based on mecha
limited, especially if size could hypothetically be responsible for a significant

portion of the variance. Although dietary information and cranial dissection

data are absent for most taxa and other masticatory factors such as tooth

crown morphology are beyond the scope of this study, head size can be

tested for a correlation with mechanical advantage.

If head size is significantly correlated with mechanical advantage, that
could overlap with or affect interpretation of the differences between
morphotype categories; Hydrochoerus hydrochaerisand other especially
large taxa could potentially skew the data when comparing groups. Size must
either be ruled out as a contributing factor if it does not correlate, or
accounted for when drawing conclusions if it does correlate. Rather than
being a full Key Question of this study, it is a factor that needs to be checked

and ruled out if its effect on the variance is not significant.

3. 10Kley Questions and Hypot heses

This chapter aims to expand on the topics discussed throughout this
introduction, and build on the methods and conclusions of Chapter 2, which
analysed a simple bite at zero gape using the incisors.The following key

questions and hypotheses will be tested.

Firstly, do these data allow the morphotypes to be differentiated? And
if so, which muscles are contributing to this potential variance associated with
gape? The morphotypes exhibit anatomical differences, and functional
assertions have been made based on these, as previously discussed in this
introduction; the answers to these questions can explore existing predictions,
as well as testing whether the functional differences between the

mor photypes @l advantabes narec significantly different. |
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hypothesise (H2.1) that the morphotypes will be significantly different now
that gape has been introduced as a variable, and that gape will have an
observable association with the variance in mechanical advantage. The
previous chapter examined biting at zero gape, i.e. at occlusion; in life, this is
not how biting is performed. By incorporating gape, we can attain a more
complete view of the bite cycle. The existing research on gape and
mechanical advantage both within Rodentia and beyond, outlined previously,
would suggest that gape will be a significant factor in functional varia tion i
since gape in this study is a proxy for the size of the object being bitten, and
mechanical advantage can be a proxy for the material properties of the food
(with higher advantage providing access to tougher foods for the same
muscle input force), analysihg these two variables does connect with the
functional context of diet . In the results of Chapter 2, the morphotypes were
not significantly different. The dimensionality of the data will need to be
reduced to easily identify variation and trends of mechanical advantage with
gape, and leverarm mechanics analysis and subsequent Principal
Components Analyses and MANOVAs will together test this hypothesis. The
effects of different gape angles and muscles on the variaion in mechanical
advantage can be observed visually using the loading plots produced by the

PCAs.

Secondly, can the comparisons of these different bite points allow the
morphotypes to be differentiated? For example, in the past it has been
inferred that sciuromorphs are anatomically adapted towards gnawing, and
hystricomorphs are adapted to perform better during molar chewing
(Druzinsky, 2010; Coxet al., 2012), will a similar division be visible in this
study? With gnawing allowing food items to be broken down in small bites
for further processing, and rodents moving their jaw between both positions,
these data may be able to differentiate the groups even if gnawing alone
cannot, despite the removal of related factors such as tooth cusp
morphology in these methods . | hypothesise H2.2) that the variance of the
incisor PCA will be smaller than that of the molar counterpart, with rodent

taxa being closer towards the mean for gnawing when compared to chewing.
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Though it is too loose to make a formal hypothesis, | also expect that
there will be visible overlap between morphotype categories on multiple PCs,
and that some taxa will be more similar to those of a different morphotype
than to those of their own morphotype. | anticipate this due to the
para/polyphletic nature of the categories and the degree of homoplasy and
anatomical convergence across the tree (Samuels, 2009; Hautier, Cox and
Lebrun, 2015) Comparing the PC plots and the means of each morphotype

category at each bite point will allow both of these hypotheses to be tested.

More granular muscle-specific and taxon-specific variation in
mechanical advantage is beyond the scope of these hypotheses and this
project. Major outliers to a group and observable patterns regarding the
morphotype categories will be discussed, but not a detailed muscle-by-
muscle or taxon-by-taxon breakdown of all the raw data of mechanical

advantage calculated.
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3. 2Materi als and Met hods

3. 20S amppreepar ati on

The sample used in this analysis is the same as the sample used in
Chapter 2, established detail will not be reiterated here. It consists of 27
rodent species from 20 families across the tree of Rodentia, each with a single
individual specimenfi this provides a representative sample across the
phylogenetic tree, and multiple representatives of each morphotype
category. | isolated and segmented the bones in Avizo version 9.2 (Thermo
Fisher  Scientific, Waltham, MA, USA) and positioned the
mandible/h emimandibles at molar occlusion. | aligned the specimens
consistently relative to the global axes. | landmarked the surface file(s) of each
specimen at the anterior tip of the upper and lower first cheek teeth, the
upper and lower incisor tips, and the centres of the upper and lower
articulation surfaces of the TMJ. The muscle attachments on the skulls and
mandibles for the masseter, the temporalis, and the pterygoids were all
identified and mapped in Avizo, and the coordinates of the centre of each
surface were identfied in Blender to provide the muscle centroids, as
outlined in Chapter 2 subheadings 2.2.1, 2.2.2, and 2.2.3No new muscle
attachment segmentation or bony landmarking was required for the analyses

in this chapter.

3. 202 mul ating bite pOoint

The equations used to calculate mechanical advantage in Chapter2
could be reused for a simulated incisor bite without alteration. However, the
mandibles had been landmarked at molar occlusion; as discussed in the
introduction, since rodents cannot occlude both their molar teeth and their
incisors simultaneously, simulding an incisor bite requires a translation and
rotation of the mandible to bring the incisor tips together. Figure 3.1displays
a diagram of R. norvegicusn lateral view, illustrating how the skull and jaws

are positioned at low and high gape, and during incisor and molar biting.
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b)

c) : d)
'S,

Figure 3.1: Rattus norvegicusin lateral view, displaying a) biting at 10° gape, b)
biting at 30° gape, c¢) mandible protraction for incisor biting, d) mandible

retraction for molar biting. The coloured arrows show the movement of the
mandible required for each bite point.

Rather than manually translating and rotating the mandible into
incisor occlusion in Avizo and then applying this transformation to all the
muscle surface files, | usedtrigopnometry in 2D (with the left- and right-side
landmark coordinates averaged) to simulate incisor occlusion. | used the
distances between the upper and lower incisor tip landmarks at molar
occlusion to calculate the required protraction of the mandible and vertical
opening of the mouth needed to bring the incisor tips together for an inc isor

bite.

These are shown as Equations (1) and (2) for the translation and
rotation, respectively. The anteroposterior component of this translation was
applied to the TMJ landmarks to simulate the protraction of the mandible at
the jaw joint. This anterior translation and mandible rotation was then applied
tothe muscle centroidson t he mandi bl e so that at gape 0z
tips at occlusion, the muscle centroids on the mandible were positioned as
they would be if the mandible had been translated into thi s occlusion. As
stated regarding the sample preparation, the specimens were aligned

consistently to the global axes. As a result, the zaxis is the anteroposterior
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axis of the specimen and the y-axis is the dorsoventral axis of the specimen

The xaxis is omitted as these are 2D analyses.
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Equation (1) calculates the anterior translation applied to the
mandible landmarks to simulate protraction for incisor biting, where Zzzis the
z-axis coordinate of the upper incisor tip once the left and right landmarks
are averaged, and 2 is the averaged lower incisor tip. | used the four
equations grouped under Equation (2) to calculate the required rotation of
the mandible landmarks to bring the incisor tips into occlusion once
protracted. The distance betweenthe incisor tips (&), distance from the upper
incisor tips to the TMJ ((1), and distance from the lower incisor tips to the TMJ
(a)wer e calculated using Pythagorasd theorem
(2.2), and (2.3). In these equationsz: is the z-coordinate of the upper incisor
landmark, Zois the lower incisor landmark, zcis the TMJ, andyz, o, and Jcare
the y-coordinates of the upper incisor, lower incisor and TMJ landmarks
respectively.| used the law of cosines to calculate the required rotation to be
applied to simulate incisor occlusion (angle [ ) using Equation (2.4).1 used
Equations (3.1) and (3.2) to calculate the new z and y-coordinates for a
selected muscle insertion centroid and to subsequently simulate intervals of
gape angles at 5° increments from 5° to 40° for both bite points. In the two
equations included under Equation (3), 2> and y» represent the calculated
coordinates of a muscle centroid at incisor biting, z¢ and )¢ are the

coordinates of the centroid prior to its translation, z and )t are the
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coordinates of the TMJ which functions as the centre of rotation, and the

rotation applied for the specified gape angle is represented as | ».

Mechanical advantage was then calculated using Equations (4), (5),

and (6). In Equation (4),z and Jjarethez-andy-coor di nat es
insertion centroid and zoand yJoar e t he coordinates
centroid. In Equation (5), the labels of z» and )» represent the z- and y-
coordinates of the tooth landmarks for the selected bite point, i.e. the
averaged z and y-coordinates of the incisor tip landmarks, or first molar
landmarks. Figure 2.7, in subheading 2.2.4 of the thesis, illustrated these
equations visually in R. norvegicus
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For many of the taxa in this study (Acomys cahirinus, Cannomys

of

of

badius, Capromys pilorides, Dasyprocta punctata, Dipus sagitta, Erethizon

dorsatum, Gerbillus watersi, HWdrochoerus hydrochaeris, Hystrix cristata,

Lagostomus maximus, Laonastes aenigmamus, Phyllotis gerbillus, Pedetes

capensisand Petaurista petauristg), detailed quantitative information on their

known or tested gapes during feeding is simply not available yet. G. watersij
for example, has almost no available anatomical or functional information at
all beyond its limited taxonomical and ecological study (Rothschild, Hartert
and Jordan, 1901; Lay, 1983) Other taxa do have existing study or
quantitative data of gape for members of their genera if not the studied

species, including (in order of the cited papers) Aplodontia, Thomomys

Cricetomys Graphiurus, Cavia, Rattus Sciurus Ctenomys Octodon, Myocastor,

and Castor (Druzinsky, 1995, 2010; Hanson, Newmark and Stanley, 2007; Cox

and Jeffery, 2011; Coxet al., 2012; Becerraet al., 2014; Schultzet al., 2014;

Stefen, Habersetzer and Witzel, 2016), as well as measurements and studies
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of gape of rodent taxa that are not in this sample (Williams, Peiffer and Ford,

2009; Van Wassenbergh, Heindryckx and Adriaens, 2017).

| selected 40° as the upper limit, which would be high for most taxa
but not pushing into extreme gape angles that m ost taxa might not be able
to physically achieve. Itested increments of 5° to reduce the total number of
datapoints in the overall analysis by a factor of eight without losing too much
sensitivity, as opposed to calculating in increments of 1° and having a much
larger, more unwieldy dataset. A zero-gape calculation was not conducted in
these analyses, as teeth are not at true tipto-tip occlusion during biting, and
zero degrees of gape would imply the rodent was not biting a physical food
item. As is, 27 taxa with either 8 or 9 muscles each, studied at eight
increments of gape for two bite points is still a total dataset of over 3000
calculated estimates of mechanical advantage. The following statistical
analyses were used to compare the morphotype categories concisely and

identify potential patterns within or between categories.

3. 203t at i satniad als e s

A MANOVA is a statistical analysis that compares three or more
dependent variables against one independent variable (Wilks, 1932) It tests
for the significance of the difference between the means of the group
categories that are the independent variable, and how strongly the
independent variable accounts for that difference between the groups. In this
study, it provides a convenient quantitative test of the difference between
the means of mechanical advantage for the morphotype categories, by
treating morp hotype as the independent variable. The dependent variables
are selected differently for the three sets of MANOVA analyses that will be
conducted in this study. Pitai 1965haadsite
associated F statistic and pvalue are included in the Results section. Only the
results of statistical significance will be considered impactful, but the
limitations of inputs for a MANOVA dictate how it must be run; this study

includes three sets of MANOVA analyses to cover different needs.
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A MANOVA cannot be conducted if the number of dependent
variables exceeds the number of cases. In this study, the number of cases is
the number of taxa, at 27, and the number of dependent variables is the
number of data points of mechanical advantage for a given taxon. For the
full sample analysis, there are far more dependent variables than 27, vith
each taxon having eight calculations of mechanical advantage for each
muscle present. As a result, a MANOVA of the full set cannot be conducted
using the raw data. Instead, a MANOVA was conducted for each muscle
separately, analysing the mechanical advantage data at the studied gape
angles for all taxa that possess that muscle this comprises the first set of
MANOVAs. The is absent in
five taxa (the sciuromorphs, and A. rufa), all of which possess an Anterior
Deep Masseter (ADM) , so the ADM data of those taxa was compared with
the to maintain the inclusion of the full sample . However, the Deep
Masseter (DM) of hystricomorphs was compared with both the Anterior
Deep Masseter (ADM) and the in the
6individual mu s ltid eoMpardd At ODWMA wiith  bdth its
subdivisions in the taxa where those subdivisions are present allowing these
data to test existing interpretations about the ADM being an adaptation for
increased mechanical advantage compared to the undifferentiated DM alone
(Druzinsky, 2010) Since the ADM and are so closely connected and
difficult to separate, | believe this is a sound comparison, though it will need
to be kept in mind when examining the results. The MANOVA test for most
muscles will be primarily focussed on evaluating the significance of the
difference between morphotypes with respect to the mechanical advantage
of individual homologous muscles, but the MANOVAs described specifically
above will illuminate the potential significance of the differentiations that
define morphotypes. This is something that a broader analysis cannot do as
clearly, or without using subsamples of taxa Thisforms a set of 20 MANOVA
analyses that are compiled into a table in the Results subheading However,
this muscle-by-muscle approach fails to evaluate the broader picture of the
masticatory system as a whole; this is the gap addressed by the other two

sets of MANOVAs.
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The raw data has far too many datapoints to identify trends visually
or evaluate the broader patterns; to produce visual comparisons and identify
the relative contribution of different variables, a statistical analysis is required
to reduce the dimensionality of the data and tease out the significant results
from the noise. To answer these broader questions, a set of Principal
Components Analyses (PCAs)were conducted. In this thesis, the names of
muscles will follow the colour coordination system established in Chapter 2;
in the Results section, the Loading Plots of the PCAs will share this colouring
system to help cross-reference discussion in the text with the correct data in

the results.

The mechanical advantage results were compiled into a table.Each
row was an individual taxon, with the data arranged in columns of increasing
gape, muscle by muscle. Since only sciuromorphs andA. rufa lack an ,

two separate PCAs were conductedIn both analyses, all taxa are included.n

the first analysis, the is compared with the ADM, and the DM is
compared with the ; since myomorphs possess both the and the
ADM the muscles have to be compared in two tests, as follows. The of

all taxa that possess it are compared to the ADM of sciuromorphs and A.
rufa, and the ADM of all taxa that possess it are compared to the of
hystricomorphs and bathyergid protrogomorphs . In the second PCA the data
for the is removed from the dataset, and the ADM and are both
compared with the DM; this allows comparison of the effect of the
differentiation of the DM without having to remove taxa due to the absence

of the in some taxa.

I conducted the PCAs using PAST version 4(Hammer, Harper and
Ryan, 2001) and | exported and compiled the results into spreadsheets in
Microsoft Excel.l produced PC plots of PC 1 vs PC 2 and PC 3 vs PCahd
exported them as .stl files, and | exported the loading plots directly from PAST
as .stl files These PC plots and the loading plots for molar and incisor biting
for the full sample of taxaf and the subsample of taxa possessing an i
are compiled into panel figures in the Results section | colour-coded the

datapoints on the PC plots by their morphotype category for clear visual
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comparison. | drew translucent convex hulls and filled them with the
corresponding morphotype colour for easier visibility of the distribution of
each morphotype and comparisons of the PC space occupied by each group.
These convex hulls should not be misinterpreted as implying that the PC
scores of that morphotype can or cannot extend beyond the existing isolated
datapoints and further out into the PC space if new taxa were added to the

analysis; they are a visual aid for the distribution.

Each PCAwas then used for a MANOVA. The Principal Component
Scores of each test were used as dependent variables for two pairs of

MANOVAs: one for incisor biting and molar biting each for the dataset where

the ADM is compared to the , and for the dataset where the ADM is
compared to the DM and the data is removed from the PCA
completely. | chose to compare the ADM and because they are both

anterior differentiations of the masseter which are characteristic of specific

morphotypes; by comparing them, all taxa and all muscles can be included

in a single PCA, rather than having to remove sections of the data. The

possibility of comparing these two muscles was mentioned in the Discussion

of Chapter 2, and can be explored here. The two subdivisions will be

compared alongside comparisons between homologous muscles,

contextualising the extent of potential differences between their mechanics.

These create a quantitative value as a reference point for the patterns

identified using the PC plots, highlighting which analyses show a statistically
significant difference between the means of
scores. These MANOVAs® results tabl es ar e

subheadings on the results of the PCAs.

As the dndividual muscle6MANOVAs perform multiple analyses on
the same sets of dependent variables (mechanical advantage at the selected
bite point), a Bonferroni correction was applied to the initial p -value of 0.05.
This set of MANOVAs performs 10 analyses for each bite point, resulting in
an adjusted p-value of 0.005. The incisor and molar analyses on the PC scores
only conduct one MANOVA on each bite point, and so require no correction

and retain a p-value of 0.05.
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3.20Head Size Correlation

To test for a correlation between head size and mechanical
advantage, one measure of head size is required from the several possible
options. Different measurements of size can be better suited to specific aims
(Jungers, Falsetti and Wall, 1995)and several factors were considered when

selecting the measure of head size for this analysis.

For comparison with head size, the data of mechanical advantage
needs to be reduced in dimensionality to a more convenient scale than the
thousands of mechanical advantage datapoints can present as raw data.l
resolved this issue by testing for a correlation between head size and the PC
scores of mechanical advantage produced in the PCA outlined above, as
these scores already reduce the dimensionality without losing the variation
from their contributing factors. As for head size itself, an individual dimen sion
does not account for variation in proportions; for example, using head length
as a measure of head size would not reflect the fact that some specimens are
proportionally long for their height (such as L. aenigmamug while others are
comparatively tall for their head length (such as Thomomys umbrinug, and
could give a distorted or incomplet
only some specimen scans contained softtissue, head volume or mass

measurements including soft-tissue were unsuitable for this study.

One option is to calculate a mean size measurement using simple
measurements.| selected Geometric Mean as the size measurement for this
study, and calculated it using the x-, y- and z-dimensions of the specimens
as shown in Equation (7). This is not without precedent, as Geometric Mean
has been applied previously in the field of biology, both for body size and for
skulls, including in comparisons with other measures of size (Robinson and
Redford, 1986; Jungers, Falsetti and Wall, 1995; Coleman, 2008yince all
specimens had been aligned in molar occlusion in the same way relative to
the global axes, measurements could be taken in Avizo with only a small

potential human error. | viewed the specimens in the XY, YZ, and XZ planes,

andtook measurements using the 3D measur ement

was measured from the lowest point of the mandibular body (typically
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somewhere directly below the molar tooth row) to the highest point of the

dor sal cranium when in | ateral view. OLengtl
posterior point of the skull to the most anterior tip in lateral view (due to the

shape of the nasal bones in some taxa, theanterior point was at the tip of

the nasal bones, in others, it was at the bottom of the nasal opening, on the
premaxilla). O0Breadthd was measured between

of the right and left zygomatic arches, in anterior view.

"0Q¢ 6 Qb DWE 0 Qe'Man QD 0Q@C  (7)

| used thesethree measurements to calculate Geometric Mean using
Equation (7). Functionally, this makes this measure of head size a
representation of the volume of the head; even if one specimen is longer
than is typical for the height of its head, as in the case of L. aenigmamus this
will be factored into the measurement of its volume rather than obscured by

or obscuring its relative size in other dimensions.

| used these calculations of geometric mean as the dependent
variable in a Multiple Linear Regression (MLR) to test for a correlation
between head size and mechanical advantage. Every muscle attachment
centroid is a variable that affects the mechanical advantage o each muscle
in the raw results. When conducting a PCAto reduce the dimensionality of
the data, the mechanical advantage of each muscle within each taxon is a
variable that affects the PC score of that taxon. Gape angle is also a variable
in these results, itself affecting the in-lever of each muscle individually. The
active tooth of the simulated bite (molar or incisor) is also a variable in the
overall results of mechanical advantage for each muscle, within each taxon.
By running a multiple regression of the PC scores of mechanical advantage
for a given bite point , | can test if the geometric mean of head size correlates
with the variation in mechanical advantage as affected by these variables. If
it does correlate, then head size may be a signifcant component in the

variance of the results.

This regression was conducted separately for each bite point, using

their corresponding tables of PC scores, and conducted on both the PCA
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datasets discussed prior. The equations were assumed to include a constant,
as size cannot equal zero in a real physical specimen, and the regression was
performed using PAST 41 compiled the outputted statistics in results tables,

of which the most relevant are the F-statistic and its corresponding p-value.

This analysis could not include all Principal Components in the PC
score table. An MLR cannot be conducted if the number of rows and columns
are equal in the input table. As such, a single PC was removed from tlis
analysis (PC 26), and the MLR was conducted for PCs 1 to 25. Since PC 26
itself accounts for 0.00016% of the total variance in incisor biting and
0.00003% of the total variance in molar biting for the v ADM PCA and
for 0.00003% and 0.00001% respectively in theADM v DM PCA | believe its

absence will not have a notable effect on the results of this analysis.
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3. 8Resul t s

3. 30domparing Morphotypes

As outlined in the Introduction, these data and analyses can be used
to answer two primary key gquestions: does incorporating gape allow the
mechanical advantage data to differentiate between morphotype categories,
and does comparing the mechanical advantage data for incisor and molar
biting reveal differences between the morphotype categories? Both of these

will be addressed in this section.

3.3.8A1brief overview of obser vabl

dat a

The raw mechanical advantage data is included in the supplementary
materials of the thesis. These results will not be discussed in detail as patterns
of morphotypes i the focus of this chapterii are not identifiable on so many
graphs. The 54 raw data graphs tremselves are too numerous, noisy and
complex to clearly identify patterns between the morphotypes using the
graphs alone, or to reasonably show at a readable scale in this chapter, hence
the use of PCAs and MANOVAs in subsequent sections to assessny
hypotheses by reducing the dimensionality of the data and evaluating
patterns. A few key trends are notable and identifiable and will be discussed
here. Of all of the data collected, | will only discuss the broad visually obvious
patterns: that muscles can incease, decrease, or inflect their trends in
mechanical advantage with gape, and that some muscles are consistently
high or low compared to others. Some muscles will be discussed less than

others, as they lack easily identifiable visual patterns.

As would be expected, mechanical advantage is higher in molar biting
than incisor biting. This is due to the molar out -lever (the denominator in the
formula for mechanical advantage) being shorter than the incisor out -lever.
This does not apply evenly to all muscles due to their different positions i

anterior muscles like the ADM and typically
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display a mechanical advantage greater than 1.0 during biting with the first
molar at lower gape, as the muscle origin on the skull is anterior to the cheek
teeth and so the in-lever is longer than the out-lever. However, since muscles
are affected differently, the relationship between their mechanical
advantages cansometimes change when comparing molar and incisor biting
within a specimen, particularly among muscles that have similar mechanical
advantages. The patterns observed will be discussed in separe paragraphs:

incisor data first, molar data second.

Functionally, a graph of a muscleds mechanical
gape will always be like a cosine graph except all negative values are flipped
to positive; mechanical advantage cannot be negative, the type of lever
simply changes when the in-lever reaches zero and face is therefore passing
6behindd the pivot. I f one were to mat hemat:i
until the mandible completes a full circle through the head, back to its
starting position at occlusion, there would be two gape angles where a given
muscle has a mechanical advantage of zer o,
action will point directly to or directly away from the TMJ, resulting in an in -
l evel of zero at this gape angle. The <cl oser
TMJ when the teeth are at occlusion, the sooner in the opening of the jaws
that the in -lever will reach zero; this can be observed occurring in the studied
gape range in certain posterior muscles (e.g. thePZM in C. porcellusbetween
5° and 10° during incisor biting, and in H. hydrochaerisin both incisor and
molar biting in this gape range; the | in L. aenigmamusbetween 10° and 15°
in incisor and molar biting, and between 5° and 10° degrees in incisor biting
in H. cristata; and in the EP in E. dorsatumbetween 30° and 35° in incisor
biting, and between 35 and 40 in incisor biting in both H. hydrochaerisand
M.coypust hi s occurs because these musclesd oriog
posterior on the specimen relative to the position of the TMJ). Across the
graphs,oroda niuesrcil es tend to have higher mecha
oOposterior 6 one8ZN bemg highex tham thé AZMt, ahich
is itself higher than the PZM). However, the shallower the inclination of the

line of action of a muscle at occlusion (and thus the shorter its initial in-lever

146



compared to a different muscle with an origin in a similar position) the sooner
it will reach a mechanical advantage of zero as gape increases; this is why the

6s mechanical advantage drops off relative
whereas muscles like the tend to see an increase with gape. Due to the
variations in the initial in -lever at occlusion, and the associated inclination of
the muscleds |ine of action in 2D, each musc
a cosine graph with a different amplitude (i.e. peak mechanical advantage)
and a different phase-shift (i.e. a different offset from zero degrees gape).
The differences in these variables, especially thephase shift, can cause
muscles to O6crossd over each other on these
can cause muscles one might think of as oO0ant
to drop below the mechanical advantage of re
higher gape angles, such as the starting with a higher mechanical
advantage than AZM, then dropping below it as gape increasesin many

studied taxa.

There is simply too much data to list the pattern of every single line,
but a couple of particular points of contrast stand out to me, observing all 54
graphs together. A. rufa possesses an especially high mechanical advantage
in the AZM, noticeably much more similar to that of its ADM than in other
taxa with an ADM ; typically, the AZM has a higher mechanical advantage
than the DM in hystricomorphs, but substantially lower than the ADM in
myomorphs and sciuromorphs. The consistently decreases with
increasing gape, often showing the steepest change with gape on many
graphs; this is because its relatively anterior origin and posterior insertion
give it an especially shallow line of action. The is typically the highest
mechanical advantage muscle when present, especially irE. dorsatum but is
closely matched by the ADM in R. norvegicus exceeded by the ADM at all
gape angles in A. cahirinus and sometimes exceeded by the at low gape
in G. capensisH. hydrochaeris and L. maximus |, EP, and T typically have
low mechanical advantage relative to most masseter subdivisions, and often
show their peak mechanical advantage in the tested gape range, with other

muscles more rarely showing a peak in this range (e.g. the ADM in T.
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umbrinus). EP is typically the lowest mechanical advantage muscle,
sometimes similar to the T or PZM, but B. suillusis an odd outlier for having
an |~ that starts with a high mechanical advantage than the EP and then
decreases below that of the EPas gape increases to almost reach zero at 40°,
forming a similar slope to the in this taxon; usually when the |~ exhibits
a greater change with gape than other low mechanical advantage muscles,
that is usually a positive trend as gape increases in this sample and often

peaks at higher gape.

For clarity, only one visual example will be shown here, in Figure 2.
This is to illustrate some of these patterns, andincisor biting in R. norvegicus

was selectedin continuity with its use as an illustrative example previously in

this chapter. It can be observed that the and decrease in mechanical
advantage with increasing gape, with the decreasing most steeply.
Meanwhile, the ADM, ,AZM, PZM, and T increase with gape, and the

Rattus norvegicus MA (Incisor biting)
0.9
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Figure 3.2: Raw mechanical advantage data forR. norvegicusduring biting with
the incisors. Each muscle is shown at the full range of studied gape angles.
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and ADMcan be observed to 6cross?d
and 15°; the | and EP both have an inflected pattern, peaking around 20°

then decreasing as gape increases.

The exact patterns and trends vary depending on taxon, and
identifying trends by morphotype is not especially feasible with the number
and complexity of the graphs. The variation in trends and patterns is reflective
of the intricate arrangement of each subdivision of the muscular system

within individual taxa, let alone between them.

3.3.dl.iedi vi dual muscl e MANOVA r1resul

The results of the individual muscle MANOVAs are compiled in Table
3.1, below. | conducted 20 MANOVAsiIn total, divided into two groups by the
bite point in question: incisor biting or molar biting. The significant results
(p-value below 0.005 due to the Bonferroni correction) are highlighted for

clarity using bold green text.

According to these MANOVAs, only one muscle has mechanical
advantage that significantly correlates with morphotype category in either
bite point : the test that compares the ADM and DM . The implications of this
are complex. Since these analyses compare both theADM and the with
the undifferentiated DM of the hystricomorphs the results of the ADM and

should be considered in relation to one another and the DM. The
variance in mechanical advantage for the and the DM are not
significantly correlated with the morphotype categories. However, the
variation among the ADM and DM when combined is significantly correlated
with the morphotypes in incisor biting: i.e. the ADM and the DM have
significantly different mechanical advantage while the and the DM do
not. In effect, this mathematically represents the difference in mechanical
advantage of the masticatory system due to the differentiation of the DM
complex and its anterior expansion onto a zygomatic plate to form the ADM.
This is in line with prior interpretations on the mechanical function of the

ADM (Druzinsky, 2010).
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Bite Muscle dfl | df2 Pillai's Trace F p
24 54 1.028 1.173 0.307
ADM & 24 54 1.164 1.426 0.140
ADM & DM 24 54 1.554 2.419 0.00 4
& DM 24 | 54 0.873 0.932 0.573
5 & ADM 24 54 1.141 1.381 0.162
§ AZM 24 54 0.732 0.726 0.803
B PZM 24 | 54 1.061 1.231 0.259
T 24 54 1.036 1.186 0.295
EP 24 | 54 0.824 0.852 0.659
24 | 54 1.103 1.309 0.204
24 54 1.056 1.222 0.266
ADM & 24 54 1.121 1.342 0.184
ADM & DM 24 54 1.555 2.420 0.004
& DM 24 54 1.321 1.769 0.042
5 & ADM 24 54 1.366 1.881 0.028
§ AZM 24 54 0.747 0.746 0.781
PZM 24 | 54 1.288 1.692 0.055
T 24 | 54 1.026 1.170 0.309
EP 24 54 1.124 1.349 0.180
24 | 54 0.762 0.767 0.759

Table 3.1: This table displays the results of the MANOVAs conducted on the raw
data. Significant values are bolded and coloured in green; the corrected p-value
is 0.005.The rADBMV& & 6 ¢ o mp aADBI gesudtd with the of
taxathatlackanADM (t he hystri comor phs andlOblat
& ADMd r esul t s ©avnesultsevith the IADM of taxa that lack an

(the sciuromorphs and A rufa). This has to be split because the myomorphs
possess both muscle subdivisions.

3.3.dPr3incipal Components Anal yses

3. 3. 1aAMAnall ysi s wi t h al | muscl es

The comparisons made in this PCA were discussed at length in the
Materials and Methods section, but as a reminder, the and ADM are
compared, and the DM is compared with the , allowing all taxa and all
muscles to be included in a single PCA. Of the 26 PCs generated by this
analysis, only the first four will be displayed as PC plots; from PC 5 onwards
the components are responsible for ever decreasing proportions of the

variance, which is insufficient to draw significant interpretations from them.
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