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Abstract

Rodents are the most speciose mammalian order and are represented in arboreal, semi-
aquatic, subterranean and terrestrial niches. To flourish in such environments, rodents
must exhibit morphological traits that can reflect functions that are needed to survive.
This thesis focuses on the functional morphology of digging subterranean rodents and in
particular, African mole-rats (Bathyergidae). Species dependent, subterranean rodents
dig using a number of different methods. This thesis concentrates on the morphological
differences in the craniomandibular complex in scratch digging and chisel-tooth digging
subterranean rodents. Scratch digging rodents use only their claws to remove softer soil
whilst their chisel-tooth digging counterparts use their incisors in concert with their

powerful masticatory muscles to remove harder soils.

Chapter two looks at morphological traits associated with bite force and gape in African
mole-rats (Bathyergidae). The study shows that chisel-tooth digging rodents have
morphological traits that are associated with a larger bite force at wider gapes, which is
probably achieved by having a temporalis with a greater mechanical advantage.

Chapter three examines a selection of chisel-tooth digging, scratch digging and
terrestrial rodents. It shows that the upper incisors of chisel-tooth digging rodents have a
larger radius of curvature. Also, it shows that chisel-tooth digging rodent cranial shape
converges in morphospace and covaries with the upper incisors, although these results

were not significant when phylogeny was accounted for.

Chapter four shows that, using finite element analysis, the cranium of a chisel-tooth
digging mole-rat can create larger bite forces at wider gapes, compared to a scratch
digging mole-rat. Using a novel method of combining geometric morphometrics with
finite element analysis, this study also shows that the cranium of the chisel-tooth
digging rodent deforms less, making it more efficient at performing chisel-tooth digging
tasks.

Overall, this thesis shows that the craniomandibular form of subterranean rodents can
be strongly influenced by function. The digging method used by a subterranean rodent

is therefore important to how they have evolved.
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Chapter 1: Introduction and literature review

1.1 The masticatory system

Extant species have survived to this day due to their ability and their ancestors’ ability
to adapt to an environment and reproduce. This requires many biological systems within
the species to be highly integrated and function successfully. One such system is the
masticatory apparatus. This has been extensively studied in evolutionary biology due to
its obvious importance in food consumption, a fundamental task for evolutionary
success (e.g. Maynard Smith and Savage, 1959; Turnbull, 1970; Crompton and Parker,
1978; Weijs, 1980; Wheelwright, 1985; Herring, 1993; Binder and Van Valkenburgh,
2000; Dumont and Herrel, 2003; Taylor and Vinyard, 2004; Eng et al., 2009; Santana,
2015). Food resources vary greatly between and within ecological niches and as such a
species needs to adapt its abilities to exploit these resources. These adaptations have

helped create the diversity seen in mammalian morphology (Schluter, 2000).

Although all mammals masticate, there is great diversity of the components within the
mammalian masticatory system (Herring, 2007). The mammalian masticatory system is
made up of a cranium and a mandible. The system is thought of as a 3" class lever (see
below), where the mandible pivots about the cranium at the TMJ (temporomandibular
joint; Figure 1.1). The output force is at the point of contact of food at the teeth and the
input force is the work of the muscles. In general, all mammals have three key
masticatory muscle complexes: temporalis; masseter; pterygoid. These muscles are
attached to the craniomandibular system and each muscle’s function is species
dependent. In terms of size, each individual muscle mass is normally examined relative
to the mass of the whole specimen’s masticatory musculature (Turnbull, 1970). This
method highlights the muscles which dominate the masticatory apparatus of individual
species. For example, animals with a carnivorous or omnivorous diet tend to have a
dominating temporalis muscle. This muscle’s dominance is common in animals that
have a hinge-like TMJ which involves the mandible rotating about the cranium.
Animals with an herbivorous diet tend to have a dominating masseter and pterygoid
complex, and involve anteroposterior movement of the TMJ. Figure 1.1 highlights the
differences in the muscular arrangement of an omnivorous animal (the fringe-lipped bat,
Trachops cirrhosis) and an herbivorous animal (the European rabbit, Oryctolagus
cuniculus). This figure shows that the omnivorous fringe-lipped bat has a much larger

temporalis compared to its masseter; whereas the herbivorous rabbit has a much larger
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masseter compared to its temporalis. Both these muscle complexes close the mandible.
However, the temporalis muscle pulls backwards, and is important in animals that
require a large, high velocity bite (an important characteristic for carnivores). The
masseter tends to pull forward and is more important in animals that require a highly
controlled movement of the mandible for chewing (an important characteristic for
herbivores). Turnbull (1970) categorised mammals into groups based on the masticatory
muscles. His three specialised groups included carnivore shearing, ungulate grinding
and rodent gnawing. Carnivore shearing involves opposing teeth shearing past one
another in a scissor like action at high force. Ungulate grinding involves mandibular
movements that allow the cheek teeth to grind in occlusion and rodent gnawing allows
an anteroposterior movement of the mandible to exclusively occlude either the incisors
or the cheek teeth. As such all three specialised groups have differing proportions of
temporalis, masseter and pterygoid depending on the specialised movement of the

mandible (e.g. Figure 1.1).

Temporalis

Masseter

Figure 1.1. European rabbit, Oryctolagus cuniculus (left) and Fringe-lipped bat, Trachops cirrhosis
(right). Representation of the differences in two main masticatory muscles (temporalis and masseter) of
an herbivore (left) and an omnivore (right). Models not to scale. Figure modified from Watson et al.
(2014) and Santana (2014).

In order to successfully consume and digest food items, animals must be able to fit the
food in their mouths and break it down for manageable digestion. As such, maximum
bite force and gape are two limiting factors in food consumption. Bite force has been
shown to correlate strongly with food hardness in different vertebrate diets (e.g. Kiltie,
1982; Herrel et al., 1996, 2001, 2002; Williams et al., 2009; Santana et al., 2010),
whereas gape can limit the size of food ingested by the animal (e.g. Gans, 1961; Herring
and Herring, 1974; Herring, 1975; Emerson and Radinsky, 1980; Smith, 1984).
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Bite force and gape capabilities are reflected by craniomandibular and muscular
morphology. For example, animals known to produce a relatively larger bite force have
increased head heights, wider skulls, and smaller fibre lengths, larger physiological
cross sectional areas and higher mechanical advantages of the jaw muscles (Maynard
Smith and Savage, 1959; Dumont and Herrel, 2003;Turnbull, 1970; Van Daele et al.,
2009; Taylor and Vinyard, 2004; Taylor et al., 2009; Taylor and Vinyard, 2009;
Santana et al., 2010; Mclntosh and Cox, 2016; Chapter 2). Animals known to produce a
wider gape have longer jaws, lower condyle heights, anteroposteriorly longer condyles,
longer muscle fibre length (Herring and Herring, 1974; Gans and de Vree, 1987,
Vinyard and Payseur, 2008; Taylor et al., 2009; Perry and Wall, 2008; Terhune et al.,
2015). Interestingly, musculoskeletal features that facilitate a large bite force can also
have a negative impact on the performance of gape, and vice versa. For example, longer
muscle fibres, running parallel to the force generating muscle axis, improve muscle
stretching and excursion, enabling the jaw to open wider (Herring and Herring, 1974;
Williams and Goldspink, 1978). However, shorter fibres with a greater pennation angle
(angle from force-generation axis) allow more fibres to be packed into a smaller space
[larger physiological cross sectional area (PCSA)] and produce a larger bite force
(Gans, 1982; Powell et al., 1984; van Eijden et al., 1997). In addition longer jaw
lengths, although beneficial to gape capabilities, decrease the mechanical advantage of
the masticatory muscles, especially during incisor biting (e.g. Maynard Smith and
Savage, 1959; Turnbull, 1970; Dechow and Carlson, 1990; Weijs, 1980; Herrel et al.,
2008).

Due to this mechanical trade-off between bite force and gape, most craniomandibular
morphologies are adapted to produce a large bite force at narrow gape, or a small bite
force at wide gape. However, food hardness has been shown to increase with food item
size (e.g. Aguirre et al., 2003) and therefore some animals will require a large bite force
at a wide gape. Turnbull (1970) found that animals requiring these types of masticatory
actions have a dominating temporalis muscle, whereas animals that produce a large bite
force at a narrow gape have a dominating masseter muscle. This is due to the superficial
masseter’s role in restricting gape (Herring and Herring, 1974). An animal that requires
a large gape will therefore require a masseter with longer fibres ( therefore reducing its
bite force capacity). In order to improve its bite force, the temporalis muscle has to
‘pick up the slack’ left by the reduction in bite force capability of the masseter. Indeed,

Taylor and Vinyard (2009) showed that tufted capuchins, which are renowned for their
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tough diet, compared with other types of capuchin, had significantly larger temporalis
PCSAs, without reducing the length of the muscle fibres. This muscle arrangement
therefore allowed the tufted capuchins to bite down harder on their food items without

compromising their gape capabilities as seen in other types of capuchin.

Carnivores are the quintessential example of using the large bite force and wide gape
method of mastication (Emerson and Radinsky, 1980), as carnivoran prey can often
exceed the size of the predator (Andersson et al., 2011). Carnivores represent many
phylogenetically distant taxa, with a diverse range of ecologies (Nowak, 1999). Despite
this diversity, morphological convergence of the masticatory system has occurred in
many carnivoran lineages (for review see Van Valkenburgh, 2007). Indeed,
convergence of carnivoran cranial shape on feeding ecology has been found in
marsupial and placental mammals (Wroe and Milne, 2007; Goswami et al., 2011).
These types of morphological convergences seen in certain clades were probably driven
by biomechanical adaptations due to the need to respond to similar environments. For
example, bone cracking has evolved separately three times within the Carnivora
(Werdelin and Solounias, 1991; Wang et al., 1999). Bone cracking requires alarge bite
force in order to break and digest bones. In order to achieve this bite force, bone
crackers have reduced their snout length, which improves the mechanical advantage of
the masticatory muscles. The skulls of bone crackers also feature a high sagittal crest,
which allows for an expansion of the attachment site of the temporalis (Werdelin,
1989). Indeed, an FEA study on bone cracking skulls showed how the temporalis
(compared with the masseter) drives the increase of bite force in these carnivores
(Tseng and Wang, 2010), potentially showing how important the temporalis muscle is

in constraining the shape of the cranium of mammals which require a large bite force.

1.2 Morphological integration

The craniomandibular complex, along with its associated musculature, makes up the
components that form aspects of the mammalian masticatory system. As | have
discussed above, the selection pressure on aspects of performance such as bite force and
gape are high, as morphologies often converge when optimising these performance

metrics. However, as well as contributing to the masticatory system, the cranium also
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contains the brain and major sensory organs. This means that any evolutionary shift in
morphology towards a more efficient masticatory system requires that any changes are
not detrimental to the function of other organs stored in the cranium. This leads to the

evolution of a functionally integrated mammalian cranium.

Morphological integration is the relationship among parts within an anatomical
structure and how these parts covary (Olson and Miller, 1958). These parts can be of a
genetic or phenotypic nature and must work and evolve together in order to create a
successfully functioning unit. Studies of morphological integration can take place at a
variety of different levels (e.g. developmental or evolutionary), depending on the origin
and variation of the sample in question (Klingenberg, 2013). For example, quantifying
how integration takes place ontogenetically requires a sample of the same species at
different developmental stages. Studying the ontogenetic integration of the masticatory
system in a species can quantify the direction of development of the system, and how
these directions differ inter-specifically, showing the constraints and variabilities placed
on the evolution of the mammalian masticatory system (e.g. Mitteroecker et al., 2004;
Wilson and Sanchez-Villagra, 2010; Sebastido and Marroig, 2013).

When asking questions about functional adaptations and optimisations in the
craniomandibular complex, it is important to understand how these changes affect other
structures within the complex. The ability to quantify how two structures covary can
potentially show how certain anatomical parts can constrain the shape of the overall
structure. For example, all rodents contain a pair of continually growing incisors within
the bony alveoli of the cranium. The angle of the upper incisor protruding from the
rostrum varies a great deal within rodents. Rodents that have incisors that project far
forward from the rostrum also have roots that extend behind the cheek teeth (Landry,
1957a; see Chapter 3). As the mammalian cranium is a very complex structure with
many specialised, coordinated components (Cheverud, 1996), changes such as the
incisors being rooted behind the cheek teeth and into parts of the orbit will almost
certainly have repercussions for the other components of the highly integrated cranium.
The effect of cranial and incisor morphological integration within the rodent
masticatory system has not been studied before and is a central theme in this thesis
(Chapter 3). Interestingly, rodent developmental pathways associated with teeth and
skeletal tissues are thought to be independent (van Genderen et al., 1994; Kratochwil et
al., 1996; Neubdser et al., 1997; James et al., 2002, for review see McCollum and

Sharpe, 2001). Therefore, if cranial and incisor morphology is shown to be integrated in
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rodents, it is an example of phenotypic accommodation, due to the two separate parts
being controlled by different genetic stimuli (West-Eberhard, 2003; Badyaev, 2009).

Figure 1.2 Left lateral view of 3D reconstructions of the skull, mandible and masticatory muscles of (A)
Hystricomorph, (B) Myomorph and (C) Scuiromorph. Abbreviations: adm, anterior deep masseter; iozm,
infraorbital part of zygomaticomandibularis; It, lateral temporalis; mt, medial temporalis; pdm, posterior
deep masseter; sm, superficial masseter; t, temporalis. All scale bars: 5 mm. Taken from Cox and Jeffery,
2011.
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1.3 Rodentia

The order Rodentia (from the latin rodere, “to gnaw”) is the most diverse order of
mammals and currently contains 2227 species and counting (Wilson and Reeder, 2005).
The first clade of rodents appears in the Eocene, evolving from Paleocene animals with
primitive masticatory musculature arrangements already adapted for gnawing (Nevo,
1979). All extant rodents gnaw with large, ever-growing incisors with no enamel on the
lingual side. The rodent must gnaw with their incisors regularly in order to maintain a
normal length, or malocclusion due to incisor overgrowth may occur (Herzberg and
Schour, 1941). Due to dentine being exposed on the lingual side of the incisor, the
softer dentine is worn away at a faster rate compared to the harder enamel, leaving the
rodent with a chisel-like tip, useful for biting food materials, defence, and in some cases
for burrow construction (see below). Rodents have two upper incisors and two lower
incisors and predominantly use their lower incisors to gnaw, a trait unique to rodents
(Druzinsky, 2015). The incisors curve backwards into the skull/mandible and are rooted
above/behind the molars. Rodents do not have canines and instead have a diastema that
divides the exposed incisors and molars. This unusual dental arrangement is not unique
to rodents and has independently evolved in a number of mammalian species, such as
the aye-aye and wombat. This dental arrangement evolving independently in such
phylogenetically distant species is an interesting example of evolutionary convergence
but more work needs to be done to show the biomechanical implications of such dental

arrangements in these diverse mammals.

Rodent classifications in the past often used the unique masticatory system to define the
order and as such grouped rodents based on the morphology of their masticatory
muscles, into suborders Sciuromorpha (squirrel-like rodents), Hystricomorpha
(porcupine-like rodents) and Myomorpha (mouse-like rodents) (Brandt, 1855; Simpson,
1945). Each of these arrangements of the musculature represents an expansion of the
masseter onto the rostrum (see Figure 1.2). In Sciuromorpha, part of the masseter has
expanded anterodorsally onto the root of the zygomatic arch and rostrum. This type of
muscular arrangement is seen in the Sciuridae (squirrels), Castoridae (beavers) and
Geomyoidea (pocket gophers, kangaroo rats and kangaroo mice). In Hystricomorpha, a
deeper part of the masseter has expanded into the orbit and through an enlarged

infraorbital foramen to attach on the snout. This arrangement is seen in the
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Anomaluridae (scaly-tailed squirrels), Ctenodactylidae (gundis), Caviomorpha (South
American rodents), Dipodidae (jerboas, jJumping mice and birch mice), Pedetidae
(springhare), Phiomorpha (African mole-rats, cane rats and the dassie rat). The
Myomorpha arrangement combines the features of sciuromorphs and hystricomorphs
with the whole origin of the masseter expanding onto the rostrum (see Figure 1.2 for
representation of each morphotype). This arrangement is seen in the Muroidea (mice
and rats) and Gliridae (dormice).

The three rodent morphotypes have arisen covergently many times in the evolution of
rodents and therefore are not monophyletic groups (Blanga-Kanfi et al., 2009;
Churakov et al., 2010; Fabre et al., 2012). Also, some of the rodent groups, such as the
Bathyergidae (see below) do not fully fit into any of the three morphotypes. However,
Brandt’s classification persists in the literature to describe the muscle arrangements of
the masticatory system due to the seminal paper by Wood (1965). In his paper he also
describes the primitive rodent condition “protrogomorph” seen in pre-Oligocene fossil
rodents and the extant mountain beaver Aplodontia rufa (see Figure 1.3). This condition
is unlike the three groups described by Brandt (1855) (Figure 1.2), as protrogomorphous
rodents lack the expansion of the masseter onto the rostrum.

Figure 1.3 Skull of the Eocene protrogomorph Ischyrotomus, with the jaw musculature restored.
Abbreviations: M. LAT.-Masseter lateralis, dashed portions lying beneath Masseter superficialis; M.
PROF.-dashed lines indicating the course of the Masseter profundus; M. SUP.-Masseter superficialis; PT.
E.-dashed line indicating course of Pterygoideus externus; TEMP.-Temporalis. Muscle nonmenclature
differs from Figure 1.2 due to the complex nature of the masseter layers and dissection techniques of
researchers. This thesis therefore follows the nonmenclature of Cox and Jeffery (2011). Taken from
Wood, 1965.
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An alternative classification for the order was proposed by Tullberg (1899). This
classification divided the rodents into two suborders, Hystricognathi and Scuirognathi,
based on the angular process of the mandible (Figure 1.4). The hystricognathous jaw
shows the angular process lateral to the plane of the alveolus of the incisors. In contrast,
the scuirognathous jaws are characterised by an angular process originating in the same
plane that includes the alveolus of the incisors. Tullberg’s classification has been
slightly more resilient in the literature compared to Brandt’s due to phylogenetic
techniques showing the Hystricognathi as a monophyletic group (Fabre et al., 2012), but
the Sciurognathi are almost certainly a paraphyletic group. However, Hautier et al.
(2011, 2015) showed using sophisticated shape analysis that some Hystricognathi
species have jaws more similar to those described as Sciurognathi. Therefore, due to
the complex nature of rodent diversity and morphological convergences, rodent
classification studies must be revisited in the context of phylogeny, morphology and

palaeontology (Hautier et al., 2015).

Figure 1.4 Mandibular types (A) scuirognathous jaw and (B) hystricognathous jaw in ventral view.
Dashed line represents the incisor plane. The angular process is coloured in red. Taken from Hautier et al,
2011.
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1.4 Subterranean rodents

Of the 2227 extant rodent species, approximately 250 spend their lives underground, in
all continents except for Australia and Antarctica (Begall et al., 2007). Subterranean
rodents are represented in six families of rodent: Bathyergidae; Cricetidae;
Ctenomyidae; Geomyidae; Octodontidae and Spalacidae, with rodents evolving a
subterranean lifestyle in multiple separate lineages within the rodent phylogeny.
Subterranean rodents spend the majority of their lives in self constructed burrows in the
ground. Burrowing adaptations in rodents occurred early in rodent evolution, around the
Eocene-Oligocene radiation (e.g. in Bathyergidae) and evolved independently in the
Miocene-Pliocene radiation (e.g. in Geomyidae and Spalacidae). However, mammals
adapting to underground conditions probably occurred much earlier. A basal member of
the mammalian lineage (Fruitafossor windscheffi) from the late Jurassic was described
with morphological characteristics associated with burrowing animals (Luo and Wible,
2005). This provides evidence that fossoriality accompanied mammalian evolution at
the very earliest radiations. Evolutionary parallelisms in multiple lineages of rodent
towards fossoriality probably occurred due to the many benefits that an underground
lifestyle can provide. Primarily, the subterranean ecotope is simple and relatively stable
compared to the above-ground environment. For example, less than a few centimetres
below ground, temperatures fluctuate a lot less than above ground (above ground
temperatures can fluctuate as much as 20°C, whereas below ground temperature
fluctuations are close to zero (Kenagy, 1973) and by about 30cm nearly all daily
temperature fluctuations disappear (Reichman et al., 1985). This insulation protects
subterranean mammals from extreme temperatures and weather conditions that animals
above ground are faced with. This type of protection also keeps out predators such as
birds and most terrestrial carnivores, although some small carnivores such as ferrets,
weasels and snakes do go into burrows after rodents (Hoogland, 1981; Reichman and
Smith, 1990). This ecological simplicity led to many morphological convergences in
subterranean rodents, with none more obvious than adaptations to burrow construction
(Nevo, 1979).
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Figure 1.5 Phylogenetic tree of the Rodentia order. For each node the ML bootstrap percentage (BP) and
the Bayesian posterior probabilities (PP) are given at the right and left of the slash, respectively Taken

from Blanga-Kanfi et al., 2009.
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1.4.1 Digging in subterranean rodents

As said above, the mammalian craniomandibular complex has been extensively studied
in the context of food acquisition (e.g. Dumont and Herrel, 2003; Vinyard et al., 2008;
Hiiemae and Kay, 1972; Attard et al., 2011). However, the mammalian
craniomandibular complex is a functionally dual structure which is used in feeding,
defence, mating rituals and in the case of some subterranean rodents, digging. These
aspects of the craniomandibular complex are poorly studied despite having an important
influence on evolutionary success. This thesis aims to look at the influence of digging
on the craniomandibular complex in subterranean rodents [with an emphasis on the
bathyergids (see below)] and to compare these morphological differences to other
rodents with similar digging methods. Morphological and functional convergence in
subterranean rodents is most clearly seen in the morphology associated with digging
(Nevo, 1979; Nevo and Reig, 1990). However, it has also been shown that changes in
soil types do not represent a selective pressure on the digging apparatus of cururos
(Spalacopus cyanus) (Bacigalupe et al., 2002). In subterranean rodents, there are two
main types of digging methods: scratch digging and chisel-tooth digging (Hildebrand,
1985; Figure 1.6). There is a third specialised digging method called head-lifting, which
uses the incisors and the spade shape head of the rodent in combination to create a “drill
and shovel” movement. This digging method is used by some members of the
Spalacidae. However, there are no specimens present in any of the samples in this thesis

that use this method to dig and will therefore not be discussed further.

Scratch digging rodents use their forelimbs in an alternating manner of flexion and
extension, where the soil is primarily broken down and loosened by the claws. This
mode of digging is used predominately by Geomyids, including Geomys. Ctenomys and
Bathyergus also operate using this mode of digging (Landry, 1957; Ognev, 1962; Lessa
and Thaeler, 1989; Gambaryan and Gasc, 1993; Camin et al., 1995).

Chisel-tooth digging rodents use their procumbent incisors, along with powerful head
and jaw muscles, to break down and remove soil. This mode of digging has been
observed in all the members of the Bathyergidae, with the exception of Bathyergus. It
has also been observed in certain members of the Spalacidae family, including some
species in the genera Cannomys, Rhizomys and Tachyoryctes (Holliger, 1916; Landry,
1957a; Jarvis and Sale, 1971; Lessa and Thaeler, 1989; van der Merwe and Botha,
1998; Becerra et al., 2012).
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It has been suggested that the type of digging adopted also causes restrictions to the
type of habitat that can be selected. For instance, scratch diggers (see below) are often
restricted to sandy soils, whereas chisel-tooth diggers can exploit a wider range of
harder soils (Lessa and Thaeler, 1989).

Figure 1.6 Comparative cranial morphology of a scratch digger (above) and a chisel-tooth digger (below).
Modified from Stein (2000).

1.5 Intergeneric relationships of the Bathyergidae

All members of the Bathyergidae family are chisel-tooth diggers, with the exception of
Bathyergus which is a scratch digger. As can be seen from Figure 1.7, Heterocephalus
is the basal genus in the family, whereas Bathyergus is nested deep within the crown.
This means it is most parsimonious to assume that the common ancestor was a chisel
tooth digger. As Bathyergus uses the scratch digging method, this makes the
Bathyergidae a particularly good cohort for studying morphological changes associated

with digging in rodents.
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Figure 1.7. Phylogenetic tree of extant genera of the Bathyergidae. Units-million years ago. Modified

from Seney et al., 2009.

African mole-rats (family: Bathyergidae) are a unique group of subterranean rodents
due to their particular masticatory muscle arrangement. In the past, it was deemed
difficult to place the bathyergids into Brandt’s groupings due to the due to the lack of
expansion of the masseter onto the rostrum. Despite this ambiguity, they seemed closest
to the hystricomorphs due to characteristics in their reproductive system (Faulkes et al.,
1990) and molecular phylogeny (Nedbal et al., 1994). However, the configuration of the
masseter muscle complex in the Bathyergidae resembles that of the protrogomorph
condition (Figure 1.3), which leads to the idea that the Bathyergidae have, in an
evolutionary sense, reversed their muscular arrangement compared to the other rodents
(Landry, 1957b; Maier and Schrenk, 1987; Cox and Faulkes, 2014). As mentioned
above, because the Hystricognathi has persisted within the literaturebecause there is
strong support that the hystricognaths are a monophyletic group (Fabre et al., 2012) and
so all members of the group have a shared common ancestor. Phylogenetic analyses
(Faulkes et al., 2004; Ingram et al., 2004; Kock et al., 2006; Blanga-Kanfi et al., 2009)
and morphological analysis (Gomes Rodrigues et al., in press) have placed the family
within this suborder. The hystricognath group can then be split into the Old World
infraorder Phiomorpha, of which the Bathyergidae is a member, and the New World
caviomorphs. Bathyergids’ closest relatives are the rock rats (Petromuridae) and the

cane rats (Thryonomyidae) (Blanga-Kanfi et al., 2009) (see Figure 1.5).
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The Bathyergidae consists of 6 extant genera, the largest number within subterranean
rodents: Heterocephalus; Heliophobius; Georhycus; Bathyergus; Cryptomys and
Fukomys (Figure 1.7). The basal genus of this family is the eusocial naked mole-rat
Heterocephalus glaber (Allard and Honeycutt, 1992). At the next dichotomy,
Heliophobius is the 2" most basal member, forming a sister lineage to the rest of the
family. Georychus and Bathyergus group into a monophyletic clade (Faulkes et al.,
2004). The relationship between Cryptomys and Fukomys is still poorly resolved, and as
a result these were considered part of the same genus until very recently. Morphological
synapomorphies between the other genera allow them to be grouped without any
ambiguity. However, Cryptomys and Fukomys cannot be separated on morphological
and traditional morphometric data. It is however recognised that Cryptomys and
Fukomys are indeed two separate genera, based on nuclear and mitochondrial analyses
(Nevo et al., 1987; Janecek et al., 1992; Filippucci et al., 1997; Faulkes et al., 1997,
2004; Walton et al., 2000; Ingram et al., 2004; Kock et al., 2006; Deuve et al., 2008).

1.6 Geographical distribution of the Bathyergidae

The Bathyergidae have a diverse distribution throughout sub-Saharan Africa, living in a
wide range of habitats of different altitudes, soil types, vegetation and rainfall patterns.
The social genera of mole-rat i.e. Heterocephalus, Cryptomys and Fukomys are smaller
than their solitary counterparts and are found in more xeric conditions. It is believed
that the social genera are particularly successful and have a wider distribution than

solitary genera (Jarvis and Bennett, 1990).

The genus Bathyergus is composed of 2 species, the Cape dune mole-rat (Bathyergus
suillus) and the Namaqua dune mole-rat (Bathyergus janetta). Both are solitary and are
endemic to the south and south west of Africa. The Cape dune mole-rat is associated
with sand dunes and in areas of high rainfall; it is also the largest of all Bathyergidae,
weighing up to 2500g. They also exhibit sexual dimorphism, with males being
significantly larger than females (Davies and Jarvis, 1986). The Namaqua dune mole-rat
differs in its choice of habitat, as it resides in more xeric conditions (South Africa has
some of the lowest rainfall in Africa). This is of particular interest to the study of
evolution of sociality, as sociality is thought to be linked to conditions of decreasing

moisture (Bennett and Faulkes, 2000).
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The more social genera, Cryptomys and Heterocephalus, which are generally smaller
than the other Bathyergids, rarely exceed 600g (Wallace and Bennett, 1998).
Heterocephalus glaber or the naked mole rat is found in the arid regions of East Africa,
with very low rainfall (as little as 400mm per year). The species is generally found in
hard soil areas and its members are the smallest of the Bathyergidae, with a mean body
mass of 34g (Sherman et al., 1991). Until recently, Cryptomys were the most speciose
of the Bathyergidae family. However, the majority of the species were moved to the
genus Fukomys following phylogenetic analyses (Kock et al., 2006). The only species
well represented in this genus is unsurprisingly named, the common mole-rat
(Cryptomys hottentotus), which has a wide distribution. They are spread throughout
most of Southern Africa and so ironically are rather uncommon in the Bathyergidae

family, as they can be found in both mesic and xeric conditions.

The genus Fukomys is the most recently named African mole-rat (Kock et al., 2006).
Their relationship with Cryptomys has been a difficult one to differentiate. On a sub-
familial level, groupings of the Bathyergidae are not corroborated by molecular
evidence (Walton et al., 2000). Morphological analyses (supported by molecular
analysis) show discrete groups of Heterocephalus, Bathyergus, Georychus and
Heliophobius. However, Cryptomys and Fukomys cannot be distinguished easily
morphologically, which is why for a long time the two groups were placed in one genus
(Cryptomys). Having said this, recent geometric morphometric data has shown subtle
differences between the two (Van Daele et al., 2004). When the group was analysed on
a molecular level (Ingram et al., 2004), it was clear that the genus needed to be divided
into two, culminating in Kock et al. (2006) announcing a new genus, Fukomys. While
the Cryptomys genus is exclusively in southern Africa, the Fukomys genus is widely
spread throughout the continent, resulting in a genus with increased diversity of
chromosomal form compared to other African mole-rats (Van Daele et al., 2007a). This
initial spread of Fukomys has left extant, but separated, populations in central Africa,
especially in areas such as Democratic Republic of Congo, Angola and Zambia (F.
mechowii/ giant mole-rat). A new species of mole-rat has only recently been described
by Van Daele et al. (2013), Caroline’s mole-rat, F. vandewoestijneae. This new species
has been placed without doubt in the sister clade of the giant mole-rat, F. mechowii
using earlier chromosomal and DNA sequence studies (Van Daele et al., 2004, 2007b)
and has been shown to have a distinct cranial morphology from its closest relative using

morphometric analyses (Van Daele et al., 2013). It was located on the Zambezi-Congo
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River watershed and there is currently no indication that there is any overlap with the
giant mole-rat. Other species from the genus Fukomys have been described in loci as far
west as Ghana (F. zechi), Nigeria (F. foxi) and Nigeria/Sudan/Uganda (F.
ochraceocinereus) (Van Daele et al., 2007b). The varied biogeography of the genus
may explain the increased variation of karyotype number (2n=40-78) when compared
with the other members of the Bathyergidae family (Heterocephalus-2n=60,
Heliophobius-2n=60-62, Bathyergus-2n=56, Georychus-2n=54, Cryptomys-2n=54).
They are also rather unusual amongst Bathyergidae as they consist of solitary, social
and eusocial species and therefore are a suitable model for studying the evolution of
sociality among mammals, an interesting topic that has not yet been fully resolved.
(Burda et al., 2000).

The Cape mole-rat, Georychus capensis, resides in the south-western and southern parts
of the Cape of Good Hope Province in South Africa (Nowak, 1999). These areas have
average rainfalls of over 500mm per annum and therefore it can be said that the Cape
mole-rat is exclusively found in mesic conditions. It is a solitary rodent and has an

average body size of 180g for both sexes (Sherman et al., 1991)

Finally, the silvery mole-rat, Heliophobius argenteocinereus has a large geographical
distribution covering 18 latitudinal degrees, from Eastern Africa south of the Equator.
This geographical distribution may explain its karyotypic variation (2n=60-62). These
areas are characterised by a high annual rainfall, which on average exceeds 900mm
(Bennett and Faulkes, 2000). Body size of the silvery mole-rat is on average around
180g for both sexes (Jarvis and Bennett, 1991).

1.7 Ecology and Sociality

Mole-rats are herbivorous, and primarily eat geophytes, which are perennial plants with
a high nutritional value. They consist of an underground storage organ, such as a bulb,
tuber, corm or rhizome. The parts of the plant that live above ground deteriorate during
adverse weather conditions, but the buds of the plant are perpetually available
throughout the entire year. Mole-rat genera Georychus and Bathyergus also consume
above ground vegetation from grasses and forbs (Davies and Jarvis, 1986; Robb et al.,

2012) in particular, the Cape dune mole-rat (B. suillus) consumes 50% of its diet in
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above ground vegetation. Geophytes are unavailable to most animal species due to the
protection measures that the plants implement to defend themselves. Some geophytes
are known to be toxic and contain cardiac glycosides (Watt and Breyer-Brandwijk,
1962), whereas others maintain physical barriers such as thick tunics and spinous
coverings (Lovegrove and Jarvis, 1986). These defences do not constrain the mole-rats
from consumption of geophytes, as they seem to be immune to toxins and their chisel-
like incisors can penetrate the protective coverings of the geophytes (Bennett and
Faulkes, 2000). This therefore means there is little competition from non-mole-rat
species, and is probably one of the main reasons for the family’s large geographical

spread.

Although mole-rats are predominately herbivorous, there is evidence that they
occasionally ingest invertebrates which are commonly found in mole-rat burrows
(Jarvis, 1991; Burda and Kawalika, 1993). However, the gut (Jarvis and Bennett, 1991)
and the dentition (Roberts, 1951) of all mole-rats are adapted to a high-fibre

herbivorous diet and so omnivory within the family is probably a rare occurrence.

Ecology and sociality has been shown to be linked within the mole-rat family. The
amount of energy available in an area, i.e. the abundance of geophytes, affects the body
size, and regional differences have been found in the naked mole-rat (Jarvis, 1981), the
common mole-rat (Bennett and Faulkes, 2000) and the silvery mole-rat (Barciova et al.,
2009). It has been hypothesised that smaller, social mole-rats can exploit regions with
less energy, i.e. the small eusocial naked mole-rat, compared to the larger, solitary Cape
dune mole-rats. A number of authors have proposed that the distribution, size and
digestibility of the geophytes, as well as the variation of rainfall, relates to the sociality
amongst the Bathyergidae, i.e. the larger, more sociable colonies are associated with a
decreasing geophyte density and rainfall (Jarvis et al., 1994; Faulkes et al., 1997).
Seasonal variations within habitats have also been studied in the silvery mole-rat,
Heliophobius argenteocinereus (Zelova et al., 2011). This work concluded that daily
energy expenditure in this species increased 1.4 times after the first heavy rainfall of the
wet season, which is probably due to the increased burrowing activities. This adaptation
to their environment could explain the large geographical distribution of a solitary
species (the silvery mole-rat), along with its ability to remove harder soil more
efficiently using a chisel-tooth method of digging (Lessa, 1990). This is in contrast to
the solitary scratch diggers in the genus Bathyergus, which are geographically
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constrained in southern South Africa, and are associated with loose coastal sands and an

abundance of resources (Bennett and Faulkes, 2000).

1.8 Aims

The aim of this thesis is to elucidate digging function from the skulls of subterranean
rodents using a number of sophisticated techniques such as traditional/ geometric
morphometrics, finite element analysis and other 3D biomechanical models. The results

of this thesis are contained in chapters 2, 3 and 4 and each chapter’s aims are as follows:

1.8.1 Chapter 2

This chapter uses the subterranean rodent family, Bathyergidae as an example to show
how morphology reflects function. As discussed above, bathyergids consist of five
genera of chisel-tooth diggers and one genus of scratch digger. Their very similar
environment and diet make them a good example to investigate how differing digging
functions reflect morphology associated with digging. The chapter first describes
biomechanical requirements of morphology to produce a high bite force and wide gape,
two characteristics essential for a successful chisel-tooth digger. Linear measurements
and 3D biomechanical models are then used to compare the differences in morphology
of chisel-tooth and scratch digging rodents to show if there are functional implications
in morphology.

1.8.2 Chapter 3

As discussed above, chisel-tooth digging has arisen independently in multiple lineages
of subterranean rodent. Previous studies have already shown that the cranial shapes of
chisel-tooth digging rodents converge in morphospace (Samuels and Van Valkenburgh,
2009, Gomes Rodrigues et al., in press). On top of this, it has been observed that chisel-
tooth digging rodents have upper incisor roots that are displaced posteriorly in
comparison to scratch digging rodents (Landry, 1957a). Using a diverse sample of
subterranean and terrestrial rodents, this chapter aims to quantify rodent cranial shape
using geometric morphometrics and phylogenetic comparative methods (see below) to
confirm the morphological convergence of chisel-tooth digging cranial shape. The
incisor morphology is quantified using radius of curvature and second moment of area

(see chapter 3) to show if chisel-tooth digging rodents possess upper incisors that are
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significantly different from other rodent upper incisors. Finally, using partial least
squares (see below), this study assesses the covariation between cranial shape and
incisor morphology in my rodent sample to show how/if these structures constrain

craniodental form in rodents.

1.8.3 Chapter 4

This chapter aims to investigate the performance of the subterranean rodent cranium in
relation to digging to show if the previously found chisel-tooth digging cranial shape is
beneficial or detrimental to its ability to produce a high bite force and wide gape. This
will be achieved using a novel approach combining finite element analysis and
geometric morphometrics (see below). One chisel-tooth digger and one scratch digger
from the Bathyergidae family will be compared to show differences in digging

performance metrics.

1.9 Methods

In order to achieve these aims, the following methods have been used in this thesis:-

1.9.1 3-D biomechanical models

In chapter 2, the mechanical advantages of three key masticatory muscles (deep
masseter, superficial masseter and temporalis) is measured. Mechanical advantage is the
measurement of efficiency of each muscle if it was modelled as a static third class
lever/moment arm (e.g. Maynard Smith and Savage, 1959; Adams and Rohlf, 2000;
Metzger and Herrel, 2005; Mclintosh and Cox, 2016; Chapter 2).

In a third class static lever system, an input force is applied between a pivot/fulcrum and
a load (Figure 1.8). In masticatory biomechanics, the force is the input from the
masticatory muscle e.g. temporalis, the pivot is the temporomandibular joint (TMJ), and
the load is the bite point. In order for the system to be able to deal with a certain load it
either increases the size of the force, or decreases the distance of the load from the
pivot. Therefore in masticatory biomechanics, a system is said to have increased
mechanical advantage if the muscle input is larger, or the bite point is closer to the TMJ

i.e. has a short jaw.
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It is hypothesised that if a muscular system has a higher mechanical advantage, then it

can convert a higher amount of its input energy into a higher bite force.

3rd CLASS LEVER

P2

FULCRUM

Figure 1.8. A basic example of a 3rd class lever system.

1.9.2 Geometric morphometrics

Geometric morphometrics (GMM) is a statistical method to quantify shape (for review
see O'Higgins, 2000). It is a vast improvement on traditional morphometrics such as
linear distances, angles and ratios due to the well understood and well behaved
statistical shape space of Kendall (Kendall, 1984) and the ability of the methods to
allow visualisation of results at all stages of analysis . It is based on representing
biological form as homologous points in a Cartesian coordinate system. These
homologous points are known as landmarks and are normally placed in anatomical
positions of a specimen that are equivalent in all specimens in a given sample. Such
examples of anatomical positions normally include cranial foramina, sutures and bony
processes. Increasing the amount of landmarks on a specimen improves the accuracy of
the shape ‘captured’ in the analysis. As there are only a finite number of anatomical
landmarks on biological specimens, other landmarks must be used in order to capture a
more accurate shape. Examples of non-anatomical landmarks include maxima and

minima of curves, median between two points etc. Landmarks have been categorised
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into types and it is thought that using anatomical landmarks is most accurate when
trying to capture equivalency (Bookstein, 1991; Dryden and Mardia, 1998; but see
Oxnard and O’Higgins, 2009).

In my study, landmarks are taken from microCT scans that are represented as surfaces
in commercial visualisation software. The landmarks are therefore in 3D and
represented in the same global Cartesian coordinate system. In this description, a whole
set of landmarks on each specimen will be called a configuration. In order to quantify
the variation of shape within a sample, a generalized Procrustes superimposition is
carried out on the coordinates (Rohlf and Slice, 1990). This procedure translates all
landmark configurations to a common coordinate system, usually a centroid of the
average configuration. Each configuration is then scaled to unit centroid size, which is
the square root of the sum of squared distances of each landmark from the centroid of
the given configuration. Each configuration is then rotated in an iterative process in a
manner which eventually minimises each squared inter-landmark distance. This process
of translating, scaling and rotating removes all non-shape aspects of each configuration
and represents the sample in Kendall’s shape space (Kendall, 1984). Each configuration
therefore has new coordinates called Procrustes shape coordinates, which represent the
variation of shape within the sample (although see chapter 4 for an example of using

GMM to evaluate size and shape of an object).

Due to its multivariate nature, in order to visual the shape variations on a graph, a
principal components analysis must be carried out. This analysis rotates the multivariate
data (without compromising the variation of shape in the sample) in order to represent
the maximum proportion of total variance in the successive PCs in the sample as
possible. Further statistical tests can then be carried out using principal component
scores (representing single specimens) to assess the significance of the shape variation

within a sample e,g, multivariate analysis of variance (MANOVA).

The covariation between two or more a priori structures can also be assessed from
multivariate/shape data using partial least squares (PLS) (Rohlf and Corti, 2000;
Bookstein et al., 2003). This process decomposes a non- diagonal matrix of the
partitioned variance-covariance matrix of the two structures into a pair of axes that
quantifies the covariation between them. This process is known as singular value

decomposition (Eckart and Young, 1936). PLS is preferred over regression methods due
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to not having to assign direction to either variable (or structure) i.e. independent or

dependent.

1.9.3 Phylogenetic comparative methods

The central limit theorem states that the mean and variance of a large number of
independent random points will have a normal distribution i.e. a bell-shaped curve. All
parametric statistical tests e.g. ANOVA, require input data to conform to the central
limit theorem. However, biological data cannot be described as independent random
points, as contemporary species have evolved from common ancestors and therefore are
not strictly independent (Felsenstein, 1985). This fundamental violation of a tests
assumption may lead to a higher rate of type I or Il errors. It is therefore necessary to
account for or remove this phylogenetic correlation within biological data. In
evolutionary biology, independent contrasts (Felsenstein, 1985) and phylogenetic
regression (Grafen, 1989) are the two most popular methods for removing (independent

contrasts) or accounting for (phylogenetic regression) phylogenetic correlation.

Independent contrasts work under the idea that the evolutionary difference of a trait
between a pair of sister taxa (adjacent species on a tree) is independent from any
phylogenetic inertia that the raw biological data are subjected to and are thus not
violating any statistical assumptions. These independent contrast points can therefore
be used in any standard statistical tests. Independent contrasts work under the
assumption that traits are evolving under a Brownian motion model of evolution
(Felsenstein, 1985). Brownian motion assumes that the evolutionary change is
undirected, has a mean of zero and variance is proportional to time. In a phylogeny,
time is represented as the branch length. The difference between two sister taxa on a
phylogeny is therefore assumed to be a proportion of variance from the original raw

data point.

The other popular method, which accounts for phylogenetic correlation, is the
phylogenetic regression (Grafen, 1989). Normal linear regression goes by the equation
of a straight line (Y=BX + €) where Y is the dependent variable (trait) , X is the
independent variable, B is a vector containing parameters (including intercept) of the
univariate or multivariate linear regression model (Rencher and Schaalje, 2008) and ¢
is a vector containing the residual error in the model. Under an Ordinary Least Squares
(OLS) regression model, € is a covariance matrix given by the residual variance

(multiplied by an identity matrix). Residual variance is the variance in the dependent
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variable that is not explained by the regressors. However, in a phylogenetic case, the
regression model has to account for phylogenetic correlations. An evolutionary
covariance matrix is included in the 3 and € vectors (see Figure 1.9) which accounts for
the phylogenetic relationships. Including this evolutionary matrix in a linear model is a
special case of Generalised Least Squares (GLS) called Phylogenetic Generalised Least
Squares (PGLS) (Martins and Hansen, 1997). This is the method that is used in this

thesis to account for phylogeny, and will be modelled using Brownian motion.

Variance- Mean
covariance matrix vector

A B C D E

A B cbD E A varfA) | cowlA B covlAC) | oowlA D) covlAE) A [
B viBA) | varlB) coniBC) | coviBD | cowlB.E) B g
C cowiCA) coviCBl warll) | cowlCD) cowCE) C e
D coviDA) coviDB) cowDC) ! cowviDLE) D Mo
E covlEA) coviEB) coviEC)  coviED)| wvanE) E e

Figure 1.9 Taken from O'Meara (2012). The figure shows a tree, the tree's variance-covariance matrix,
and the vector of means (which, under Brownian motion, would equal the root state). Highlighted are the
branches that contribute to covariance between taxa A and B (red) and the branches leading to variance in
D (blue).

1.9.4 Finite element analysis

Chapter 4 uses a technique originally developed for engineers called finite element
analysis (FEA). In a commercial sense, it is used to study the stresses and strains in
products designed by engineers to assess the structural integrity of an object such as a
bridge or plane. These designs can then be altered to improve the object’s safety factors,

and so reducing the probability that the object will fail under a given load.

Engineers first incorporated FEA into their repertoire when computer power became
large enough to solve the analytically intensive FE equations, especially in the
aerospace industry (Levy, 1953). FEA was then adopted by the field of biomechanics,
principally for research into orthopaedic medicine (Huiskes & Chao 1983). It wasn’t
until 2001 before the first study using FEA in functional morphology appeared, looking
at the cranial design of a theropod dinosaur (Rayfield et al., 2001). Since this inaugural

study, a plethora of publications using FEA to study the form of many extant and
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extinct vertebrate skeletons has appeared in the literature. The majority of these studies
have focused on the stress, strain and deformations of the vertebrate skull in response to
forces applied by the masticatory muscles. Studies have included extant primates (e.g.
Fitton et al., 2012), rodents (e.g. Cox et al., 2012), bats (e.g. Dumont et al., 2005),
crocodiles (e.g. McHenry et al., 2006), pigs (e.g. Bright & Groning, 2011) and humans
(e.g. Toro-lbacache et al., 2016). Other studies have concentrated on the form of extinct
vertebrate crania such as dinosaurs (e.g. Button et al., 2014), hominins (e.g. Smith et al.,
2015) and rodents (Cox et al., 2015). Although most of these studies involve the crania,
some have also included FEA of the mandible in animals such as crocodiles (e.g. Porro
et al., 2013), humans (e.g. Groning et al. 2011) and ostriches (e.g. Rayfield 2011).

FEA has been popular due to the non-invasiveness of the technique. Before FEA studies
became popular in biology, stresses and strains in biological structures were measured
using strain gauges, which had to be bound to the surface with loads placed on the skull
(e.g. Hylander et al., 1987; Herring and Teng, 2000). Unlike design engineers,
morphologists test nature’s designs, with most studies not changing the shape of the
object for optimisation purposes, but testing the shape under different loading
conditions that potentially could occur in nature (Rayfield, 2007).

Stress is the measure of an applied load (e.g. muscle) at a given orientation on a surface
(e.g. coronoid process) and equals force per unit area. When an object is under a load, it
will deform. How much an object changes from its original form is known as strain.
The direction and magnitude of stress and strain depend not only on the applied load,
but also on the material properties of the surface the load is being applied to. For
example, a material can be isotropic, which means the material is directionally
independent when a load is applied. Most FE studies model bone as isotropic, but this
might not always be the case (e.g. Geraldes and Phillips, 2014). A material can also be
anisotropic, and is directionally dependent, and so may only deform in a certain
direction. Material properties of an object are represented by Young’s modulus
(elasticity), Poisson’s ratio (change in width after a give change in length), shear
properties (shear modulus) and density. In FEA, these properties are all assigned to a

structure in order to estimate how it performs under a given load (see Figure 1.10).
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Figure 1.10 Relationship between stress and strain in skeletal bone. Taken from Rayfield (2007).

In order to model how a specific biological form responds to its function, boundary
conditions must be present. For instance, when modelling masticatory performance of
the skull, the skull is normally constrained at the TMJ (normally in all directions). The
bite point must also be constrained, but normally only in the axis of the orientation of
bite forces at the tooth. Other boundary conditions include the sizes of muscle
attachments and muscle force values, which can normally be estimated using
physiological cross-sectional areas. In order to test how gape affects the performance of
FE models, a rotation matrix can be used to rotate the direction of muscle vectors
around the TMJ, something that will be examined in this thesis. Specific methods of

creating FE models can be found in Chapter 4.

Fundamentally, FEA is attempting to model biological reality. It is therefore important
to know how accurate these models are in mirroring what is actually occurring. As FEA
moves from its infancy to a well-established technique in the field of vertebrate
morphology, it has gone through rigorous testing in the form of sensitivity and
validation studies. Importantly, a model in any form can only be as accurate as the
input it receives. Parameters such as material properties, constraints and loads are often
unknown or can only be roughly estimated in biological models. Therefore, model
outputs mst be cautiously interpreted. Indeed, some studies have shown that FEA model
outputs (e.g. strain values) do not match in vivo measurements in absolute terms (Strait
et al., 2005; Bright and Rayfield, 2011; Porro et al., 2013). These studies do show
however that the relative values between FE model outputs and in vivo measurements
match (e.g. areas of high and low strain in FE models are also areas of high and low

strain measured in vivo).
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As one of the main aims in this thesis is to test how gape affects the performance of two
different cranial morphologies using two unvalidated FE models, it is justified to
compare the performance of each model relative to differing input values (e.g. different

muscle vector orientations).
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Chapter 2: Functional implications of the
craniomandibular complex in African mole-rats (Rodentia:

Bathyergidae)

This chapter is a modified version of the publication: MCINTOSH, A. F. & COX, P.
G. 2016. Functional implications of craniomandibular morphology in African mole-rats
(Rodentia: Bathyergidae). Biological Journal of the Linnean Society, 117, 447-462.

DOI: 10.1111/bij.12691

2.1 Introduction

Anatomical adaptations for digging in subterranean rodents have been well documented
(Nevo, 1979); such modifications could be the result of numerous different evolutionary
strategies. Lessa and Thaeler (1989) proposed two alternative evolutionary strategies for
digging in two genera of pocket gopher: an increase in incisor procumbency to facilitate
chisel-tooth digging versus an enlargement of the forearms to enable scratch digging.
Scratch digging primarily involves soil removal via enlarged forelimbs, and is used by
numerous fossorial mammals, including many rodents (e.g. Hildebrand, 1985;
Reichman and Smith, 1990; Nevo, 1999). Chisel-tooth digging, which involves the use
of incisors powered by head and jaw muscles to remove compact soil, evolved to allow
subterranean species to exploit harder soils (Lessa and Thaeler, 1989) and is associated
with many skull modifications such as more procumbent incisors, wider crania,
enlarged zygomatic arches, longer rostra and larger temporal fossae (Landry, 1957a;
Agrawal, 1967; Lessa, 1990; Samuels and Van Valkenburgh, 2009; Gomes Rodrigues

etal., in press).

Incisor procumbency, the angle of the incisor protruding from the rostrum or mandible,
is a well-studied adaptation associated with chisel-tooth digging (Lessa, 1990). Stein
(2000) notes that, although chisel-tooth digging is accomplished primarily by the lower
incisors, with the upper incisors being used to anchor the skull to the soil (Jarvis and
Sale, 1971), it is the upper incisors that show greater variability in their procumbency.
An example of this exists in the rodent family Bathyergidae (the African mole-rats or
blesmols), in which the chisel-tooth diggers Cryptomys and Georychus have been

shown to have significantly greater upper incisor procumbency compared with the
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scratch digger Bathyergus. Lower incisor procumbency however was not significantly
different between the three genera (Van der Merwe and Botha, 1998). This association
between upper incisor procumbency and chisel-tooth digging is said to allow a more
favourable angle of attack for anchoring the head of the rodent to the burrow wall when
compared to more recurved upper incisors (Lessa, 1990; Vassallo, 1998; Korth and
Rybczynski, 2003). Upper incisor procumbency is influenced by the degree of curvature
of the incisor and the position of the incisor in the rostrum (Landry, 1957a; Akersten,
1981). Within the Bathyergidae, the root of the incisor of chisel-tooth diggers extends
behind the molar tooth row, a trait unique amongst rodents (Ellerman, 1940). This is in
contrast to the scratch digging Bathyergus, whose upper incisor is rooted above the first
molar. It has been suggested by Van der Merwe and Botha (1998) that the posterior
displacement of the upper incisor root in chisel-tooth digging rodents promotes

increased procumbency.

It has already been shown in previous studies that chisel-tooth digging rodents converge
in overall cranial shape (Samuels and VVan Valkenburgh, 2009). However, does this
cranial morphology actually represent an adaptation for chisel-tooth digging? Previous
research has shown that certain morphological characteristics are associated with high
bite force (e.g. Dumont and Herrel, 2003; Freeman and Lemen, 2008; Van Daele et al,
2009) and wide gape (e.g. Herring, 1972; Herring and Herring 1974; Vinyard et al,
2003; Terhune et al, 2015); two characteristics essential for optimal chisel-tooth

digging.

Bite force and gape are limiting factors for animals in the context of their feeding and
behavioural ecology. For instance, the force at which an animal can bite will limit the
range of hardness of food items that the animal can consume, with previous studies
showing a correlation between bite force, food mechanical properties and diet (e.g.
Kiltie, 1982; Binder and Van Valkenburgh, 2000). In contrast, gape limits the size of
food that an animal can ingest (e.g. Gans, 1961; Herring and Herring 1974; Pough and
Groves, 1983; Wheelwright, 1985). Although bite force and gape have been widely
studied in the context of dietary inferences (Herrel et al, 2001; Dumont and Herrel,
2003; Vinyard et al, 2003; Taylor and Vinyard 2004; Williams, 2009; Santana et al,
2010), very little research has focused on behaviour such as fossorial activity (Van
Daele et al, 2009). Furthermore, despite several studies on morphological predictors of
bite force and gape, few have combined morphological predictors with biomechanical

modelling to show how morphological traits affect the biomechanics of the system.
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The main aims of this study were to highlight key morphological traits in the
craniomandibular complex that would improve the performance of bite force and/or
gape in a particular family of subterranean rodents, the African mole-rats
(Bathyergidae). Bathyergids are especially interesting when investigating the
morphological correlates of digging because chisel-tooth digging is seen in five of the
six genera of bathyergids (Cryptomys, Fukomys, Georychus, Heliophobius and
Heterocephalus), whereas Bathyergus is the only genus to use the scratch digging
method (Nowak, 1999; Stein, 2000). Furthermore, recent phylogenies (Figure 2.1;
Faulkes et al, 2004; Seney et al, 2009; Patterson and Upham, 2014) agree that the
scratch digging genus Bathyergus is nested deep within the crown of Bathyergidae,
indicating that chisel-tooth digging is ancestral for the family and has been lost in
Bathyergus. Despite this, previous research has shown that the cranium of Bathyergus is
morphologically different from the chisel-tooth digging bathyergids, having more in
common with other, more distantly related scratch digging rodents (Samuels and Van
Valkenburgh, 2009). Thus, the skull of Bathyergus has changed, either by adaptation to
a different selection pressure, or by genetic drift owing to the release of the constraint of

chisel-tooth digging.

The objective of this study is to ascertain whether the cranial morphology of chisel-

tooth digging bathyergids better facilitates high bite force and wide gape than does the
cranial morphology of the scratch digging Bathyergus. | hypothesise that the change in
morphology of Bathyergus, whether mediated by selection or drift, will have decreased
its tooth digging abilities, which will be manifest in reduced bite force and gape. Based

on previous work there are a number of predictions that can be made:

2.1.1 Morphological predictions related to bite force

An increase in bite force has been found to be strongly correlated with an increase in
head height in Fukomys mole-rats (Van Daele et al, 2009) and bats (Dumont and
Herrel, 2003). | therefore hypothesise that chisel-tooth diggers will have relatively

increased head heights compared to scratch diggers.

Chisel-tooth diggers tend to have broader zygomatic arches and larger temporal fossae
to accommodate larger, more powerful masticatory muscles (e.g. Hildebrand, 1985;
Stein, 2000; Samuels and Van Valkenburgh, 2009) and so it is hypothesised that chisel-
tooth diggers will have relatively wider crania compared to scratch diggers.
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An increase in upper incisor procumbency has been shown to be associated with chisel-
tooth digging in a number of subterranean rodents (Landry, 1957a; Lessa, 1990;
Vassallo, 1998; Samuels and Van Valkenburgh, 2009). This increase in procumbency
has also been associated with an increase in rostral length (Lessa and Patton, 1989;
Mora et al, 2003). It was therefore hypothesised that chisel-tooth digging rodents will
have increased upper incisor procumbency and a longer rostrum compared to scratch

diggers.

2.1.2 Morphological predictions related to gape

Gape has been shown to be strongly predicted by jaw length in animals whose
masticatory biomechanics have been extensively studied, such as snakes (e.g. Hampton
and Moon, 2013). Vinyard and Payseur (2008) also found a significant correlation
between maximum gape and jaw length in classical inbred strains of house mice. In
addition, the cranium and mandible in rodents strongly covary (Hautier et al, 2012). As
it has been hypothesised that rostral length increases in chisel-tooth digging rodents, if
this covariation occurs in subterranean rodents, then it is also expected that there will be
an increase in jaw length combined with that of rostral length in chisel-tooth digging
rodents. Thus, it is hypothesised that chisel-tooth diggers will have a relatively longer

jaw compared to scratch diggers.

Elongated antero-posterior lengths of articulating joint surfaces are known to increase
joint mobility (Ruff, 1988; Hamrick, 1996). An increased antero-posterior length of the
condyle articular surface has also been linked to increased gape in primates (Vinyard et
al, 2003) and house mice (Vinyard and Payseur, 2008). Gape also increases
theoretically in mammals with reduced condyle heights (height of condyle above the
molar tooth row) as this reduces stretch in masticatory muscles during gape (Herring
and Herring, 1974). Hence, | hypothesise that chisel-tooth digging mole-rats will have
lower condyles with longer articulating surfaces than the scratch digging genus
Bathyergus.

2.1.3 Biomechanics of a chisel-tooth digger

The performance of the masticatory apparatus is traditionally assessed by modelling the
jaw as a static third class lever and calculating mechanical advantage (MA) of each
masticatory muscle (Maynard Smith and Savage, 1959). MA is the ratio of the muscle
moment arm to the jaw moment arm and is affected if either moment arm is changed

within the system. The jaw moment arm is the distance from the pivot (in mammalian

46



masticatory biomechanics this is equivalent to the temporomandibular joint [TMJ]) to
the bite force vector, and the muscle moment arm is the perpendicular distance from the
TMJ to the muscle force vector. Movement of the bite point towards the TMJ (assuming
constant muscle attachments) will result in a higher MA, as the jaw moment arm has
been reduced. This biomechanical definition explains why there is a trade-off between
gape and bite force. An increase in jaw length is associated with larger gape (e.g.
Hampton and Moon, 2013) but will also increase the jaw moment arm, reducing the
MA of the masticatory muscle, and therefore reducing bite force. It is clear that
craniomandibular adaptations that facilitate an increase in gape therefore decrease bite
force capabilities, and vice versa. Due to this trade-off, animals that need both large
gapes and large bite forces, e.g. carnivores, may show unique morphological
adaptations. Animals that must produce high bite forces at large gapes normally have
larger temporalis muscles compared to animals that produce larger bite forces with
smaller gapes, in which case the masseter dominates (Turnbull, 1970). As specimens
with soft tissues were not available for this study, it was assumed that the relative sizes
of the masticatory muscles were similar between specimens. However, using bony
proxies it is possible to estimate the mechanical advantage and performance of a select
number of masticatory muscles. It was therefore hypothesised that in chisel-tooth
digging subterranean rodents, the temporalis muscle would have a higher mechanical
advantage compared to that of scratch digging subterranean rodents to enable the
production of a high bite force at large gape. It was also hypothesised that MA of
temporalis would be maintained at larger gapes in chisel-tooth diggers compared to

scratch diggers.

As all bathyergid mole-rats have a similar diet of geophytes (Bennett and Faulkes,
2000), any morphological adaptations towards the ability to produce a large bite force
and gape found in chisel-tooth diggers are likely to be driven by extensive burrowing in
compact soil. Previous studies on mastication in pocket gophers (Geomyidae) suggested
that cranial shape in pocket gophers was primarily an adaptation towards fossoriality
and secondarily reflected masticatory function (Wilkins and Woods, 1983; Wilkins,
1988); it is hypothesised that the morphology of bathyergids has adapted in a similar

manner.
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Fukomys

Cryptomys

Georychus

Bathyergus

Heliophobius

Heterocephalus

Figure 2.1 Phylogeny of bathyergid mole-rat genera in this analysis. Chisel-tooth digging (blue), scratch
digging (red). Adapted from Seney et al (2009).

2.2 Materials and Methods

A sample of 47 crania and mandibles from the subterranean rodent family

Bathyergidae, representing adult mole-rats of both sexes, were used in this analysis. The
sample comprised five species of chisel-tooth digging rodents (Cryptomys hottentotus,
Fukomys mechowi, Georychus capensis, Heliophobius argenteocinereus and
Heterocephalus glaber) and one species of scratch digging rodent (Bathyergus suillus),

representing all six extant genera of bathyergid mole-rats (Table 2.1).
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Table 2.1 List of Bathyergidae specimens used in this study. Note not all specimens could be used in each
test due to damage (see appendix Table A.1).

Species Digging Method ~ Quantity
Bathyergus suillus Scratch 11
Cryptomys hottentotus Chisel-tooth 6
Fukomys micklemi Chisel-tooth 10
Georychus capensis Chisel-tooth 5
Heliophobius argenteocinereus Chisel-tooth 10
Heterocephalus glaber Chisel-tooth 5

The specimens were scanned on an X-Tek Metris microCT scanner at the University of
Hull (Medical and Biological Engineering Research Group), and the resulting scans had
isometric voxels ranging between 0.01-0.07 mm. MicroCT scans were automatically
reconstructed in Avizo 8.0 (FEI, Hillsboro, OR) using a predefined grey scale to render
a 3D volume of each specimen. From the reconstructions, 3D landmark co-ordinates
were recorded to enable the calculation of six linear measurements — three from the
cranium (cranial width, head height and rostral length) and three from the mandible
(Jaw length, condyle length and condyle height). In addition, the procumbency angle of
the upper incisor was measured based on the method outlined in Landry (1957a). All
measurements taken are detailed in Table 2.2, Table 2.3 and Figure 2.2. Linear
measurements were scaled relative to basilar length (the midline distance along the
cranial base from the anterior extremity of the premaxillae to the margin of the foramen
magnum). Each linear measurement was also regressed against basilar length to show
the effects of allometric scaling. Due to the error contained in the variables and the
ambiguity of dependence between variables, a reduced major axis model was fitted.
Both variables were logged in order to fit the standard allometric equation, y=ax". The
equations, R? and P values for each measured variable are given in Table 2.4. For
significant allometric correlations, residuals were calculated from the equations in Table
2.4. For visualisation purposes the isometric and allometrically corrected residual data
were displayed as box plots, with each genus shown separately. However, owing to
small sample sizes of Cryptomys, Georychus and Heterocephalus, for statistical testing

the specimens were grouped by digging method. Between ten and 11 specimens of the
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scratch digging Bathyergus, and between 25 and 36 specimens of chisel-tooth digging
mole-rats were included in each analysis. Following Ruxton (2006), the unequal
variance t-test (Welch’s t-test) was used to test for significant differences between the
scratch digging and chisel-tooth digging groups, except where there was evidence of
non-normality in the data, in which case the non-parametric Mann-Whitney U test was
employed. The normality of the data in each group was tested using the Shapiro-Wilk
test. All statistical tests were performed using PAST (Hammer et al, 2001). To check
that the over-represented chisel-tooth genera (Fukomys and Heliophobius) were not
unduly influencing the results, the tests were rerun using just five randomly-selected

specimens of each; however, the results were unchanged.

Figure 2.2 Morphological predictors of bite force (A-C) and gape (D) shown on skull and mandible of
Heliophobius argenteocinereus. A. Dorsal view of skull. B. Right lateral view of skull (zygomatic arch
removed). C. Ventral view of skull. D. Medial view of left hemimandible. Abbreviations: BL, basilar
length; CL, condyle length; CH, condyle height; CW, cranial width; HH, head height; JL, jaw length; OP,
occlusal plane; RL, rostral length; a, incisor procumbency angle. Dashed line represents occlusal plane on
mandible. Further details of measurements given in Table 2.2 and 2.3.
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Table 2.2 Morphological predictors on the cranium to be measured. All linear measurements were size
adjusted by dividing by basilar length. Measurements shown in Figures 2.2A-C.

Cranial measurement

Definition

Prediction

Head height (HH)

Cranial width (CW)

Rostral length (RL)

Upper incisor
procumbency (a)

Distance from bregma
to posterior margin of
the palatine in the
midsagittal plane

Distance between left
and right posterior
zygomatic arches

Distance from upper
incisor tip to posterior
point of tooth row

Angle of Thomas (see
Landry, 1957a)

Bite force increases with
increased HH

Bite force increases with
increased CW to
accommodate enlarged
masticatory muscles

Bite force increases with
decreasing rostral length due
to decreasing of out lever
length

Chisel-tooth diggers have
reportedly increased upper
incisor procumbency angles

Table 2.3 Morphological predictors on the mandible to be measured. All linear measurements were size
adjusted by dividing by basilar length. Measurements shown in Figure 2.2D.

Mandible
measurements

Definition

Prediction

Jaw length (JL)

Condyle length (CL)

Condyle height
(CH)

Distance from incisor
alveolus to the posterior
surface of the mandibular
condyle

Anteroposterior length of
condylar articular surface

Height of the condyle

Gape increases with
increased jaw length

Gape increases with
elongated condyles as
greater rotation is
facilitated

Gape increases with

above the molar tooth row lower condyle heights as

(perpendicular to occlusal
plane)

muscle stretch is reduced

In addition to the cranial and mandibular measurements outlined above, the

performance of three major masticatory muscles (superficial masseter, deep masseter
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and temporalis) was measured in each specimen for a comparison between chisel-tooth
digging and scratch digging systems. These muscles were selected as together they
make up over 80% of the masticatory muscles in mole-rats (Bekele, 1983; Cox and
Faulkes, 2014). Performance was measured by calculating the MA of each muscle using
moment arms (Figure 2.3; example using temporalis muscle). Muscle moment arms
(MMA) were calculated for the selected muscles, along with the jaw moment arm
(JMA) for each specimen. Mechanical advantage was calculated as the ratio between

these two variables.

The cranium and mandible of each specimen were re-orientated with respect to one
another in Avizo 8.0 to simulate incisal occlusion (see Figure 2.3). Incisal occlusion
was defined by the tips of the upper and lower incisor being in contact, and each
mandibular condyle being in contact with the articular surfaces of the corresponding
glenoid fossa. Following this, a bite force vector (BFV) was defined as a line going
directly through the incisor bite point (point of contact between incisors), orthogonal to
the occlusal plane of the hemi-mandible. JIMA was calculated as the perpendicular
distance from the fulcrum (condyle tip) to the BFV (see Figure 2.3). The incisor was the
only bite point chosen in this study as chisel-tooth digging is carried out exclusively by

the incisors.

The angle between the jaw moment arm and the line from the fulcrum to the bite point
(angle 6; Figure 2.3) was calculated using trigonometry in 3D. The occlusal plane is
defined as the plane on the mandible containing points at the posterior edge of the tooth
row and points at the medial and lateral sides of the third mandibular molar. The angle
between the occlusal plane and the line connecting the fulcrum and bite point (dashed

line in Figure 2.3) was then calculated using the dot product:

n.m
0 =sin™! ( )

|n||m|

Where n is the normal vector to the occlusal plane and m is the vector of the line
representing the distance from the fulcrum to the incisor bite point. As the occlusal
plane runs parallel to the JMA, 0 is equivalent to the angle between JMA and the line
representing the distance between fulcrum and incisor bite point. The JMA can then be

calculated using standard trigonometry.
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Temporalis
MFV

Figure 2.3 Calculation of muscle moment arm (MMA) of temporalis and jaw moment arm (JMA) to
evaluate mechanical advantage of temporalis. Abbreviations: BFV, bite force vector; JIMA, jaw moment
arm; MFV, muscle force vector; MMA, muscle moment arm; OP, occlusal plane.

MMA is calculated as the perpendicular distance from the fulcrum to the muscle force
vector (MFV). MFV was defined by a line going through the centre of the origin and
insertion of each muscle (see Figure 2.3). The origin and insertion of each muscle was
defined by placing a curve on the dorsal border of each muscle origin on the cranium
and the ventral border of each muscle insertion on the mandible. The curve was placed
via a B-spline in Avizo 8.0, and automatically divided into 100 equidistant points. Thus
the centre of each origin and insertion could be established to represent the
directionality of the muscle force. Note that no curve was placed on the insertion of
temporalis or the origin of superficial masseter as these muscle attachment areas were
small enough to be represented as a single point. MMA was then calculated using

standard trigonometry.

In order to evaluate the effect of gape on mechanical advantage, a rotation matrix was
used to rotate the co-ordinates lying on the mandible around an axis running through the
landmarks representing the dorsal points on the condylar surfaces on the left and right

side of the mandible (thus simulating mandibular rotation):
(a(v2 +w?) —u(bv + cw —ux — vy — wz))(l —coso )+ xcoso + (—cv + bw —wy + vz) sing

(b(u2 +w?) —v(au + cw — ux — vy — WZ))(l —cosag)+ycoso + (cu —aw + wx —uz)sing

(c(u2 +v?) —w(au + bv — ux — vy — wz))(l —cosg) +zcoso + (—bu + av —vx + uy) sing
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Where(x, y, z) is the point being rotated about the line through (a, b, ¢) with a direction
vector of (u, v,w) by angle o. The direction vector is defined by the tips of the left and

right condyles.

It is also worth noting that the theoretical maximum gape of this model was deemed to
be the angle where mechanical advantage was a minimum. This assumption originates
from the fact that beyond a certain angle of rotation, the mandibular insertion of the

muscle will move posterior to the fulcrum, and therefore from that point would operate

to open the jaw, not close it. Limitations of this model will also be discussed below.

2.3 Results

2.3.1 Morphological predictors of bite force (including upper incisor procumbency)
The results of the comparisons of head height, cranial width, procumbency angle and
rostral length between bathyergid genera are displayed in Figure 2.4, Figure 2.5, Figure
2.6 and Figure 2.7. Unequal variance t-tests indicated that there are significant
differences in relative head height (t=-10.37, P<0.01) and relative cranial width (t=-
8.51, P<0.01) between chisel-tooth and scratch digging genera. Chisel-tooth digging
bathyergids have relatively taller and wider crania than the scratch digging genus,
Bathyergus. Upper incisor procumbency angle also appeared to be larger in chisel-tooth
digging genera compared to Bathyergus (t=-4.03, P<0.01). However, Figure 2.6, which
represents upper incisor procumbency angles according to each genus, shows that some
of the lowest procumbency angles were recorded in specimens of the chisel-tooth
digging genus Heterocephalus, the naked mole-rat. In comparison, rostral length failed
to separate chisel-tooth and scratch diggers. Although Bathyergus was predicted, as a
scratch digger, to have a relatively shorter rostrum than the chisel-tooth digging genera,
no statistically significant difference between the groups was found. Interestingly,
Heterocephalus also appears to display the shortest rostrum according to Figure 2.7, but
owing to small sample sizes in some genera, the differences between genera could not

be tested statistically.
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Figure 2.4 Box plot showing head height (relative to cranial length) in chisel-tooth digging (blue) and
scratch digging (red) bathyergid genera. Black lines within boxes represent median values. Boundaries of
boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the interquartile range and white
dots represent outliers that fall outside this range.
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Figure 2.5 Box plot showing cranial width (relative to cranial length) in chisel-tooth digging (blue) and

scratch digging (red) bathyergid genera. Black lines within boxes represent median values. Boundaries
boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the interquartile range and white
dots represent outliers that fall outside this range.
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Figure 2.6 Box plot showing upper incisor procumbency in chisel-tooth digging (blue) and scratch
digging (red) bathyergid genera. Black lines within boxes represent median values. Boundaries of boxes
represent 25th and 75th quartiles. Whiskers extend to 1.5 times the interquartile range and white dots
represent outliers that fall outside this range.
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Figure 2.7 Box plot showing rostral length (relative to cranial length) in chisel-tooth digging (blue) and
scratch digging (red) bathyergid genera. Black lines within boxes represent median values. Boundaries of
boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the interquartile range and white
dots represent outliers that fall outside this range.

2.3.2 Morphological predictors of gape

The visual comparisons of jaw length, condyle length and condyle height between
bathyergid genera are displayed in Figure 2.8, Figure 2.9 and Figure 2.10. Chisel-tooth
diggers exhibit significant differences in all morphological predictors of gape compared
to scratch diggers. A Mann-Whitney U test showed that chisel-tooth digging
bathyergids have relatively longer lower jaws (U=0, P<0.01). Unequal variance t-tests
showed that chisel-tooth diggers have relatively longer condyle articulating surfaces
(t=-13.58, P<0.01) and relatively increased condyle heights (t=-2.71, P<0.05).
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Relative jaw length

Figure 2.8 Box plot showing jaw length (relative to cranial length) in chisel-tooth digging (blue) and
scratch digging (red) bathyergid genera. Black lines within boxes represent median values.
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Figure 2.9 Box plot showing condyle length (relative to cranial length) in chisel-tooth digging (blue) and
scratch digging (red) bathyergid genera. Black lines within boxes represent median values. Boundaries of
boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the interquartile range and white
dots represent outliers that fall outside this range.
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Figure 2.10 Box plot showing condyle height (relative to cranial length) in chisel-tooth digging (blue) and
scratch digging (red) bathyergid genera. Black lines within boxes represent median values. Boundaries of
boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the interquartile range and white
dots represent outliers that fall outside this range.

2.3.3 Allometric relationship of morphological traits

The allometric equations of the morphological predictors of bite force and gape are
displayed in Table 2.4. All variables were found to be strongly correlated with basilar
length except for upper incisor procumbency. The mandibular measurements (condyle
height, condyle length and jaw length) all scaled with negative allometry (slope<1).
Within the cranium, head height and cranial width also scaled with negative allometry.
However, rostral length scaled with slightly positive allometry (slope>1). Upper incisor

procumbency was not significantly correlated with basilar length (P>0.05).

Figures 2.11-16 represent the residuals from the allometric equations in Table 2.4.
Upper incisor procumbency residuals were not calculated due to non-significance of
allometry. The results show a similar pattern to the isometrically scaled morphological
predicators of bite force and gape. A Mann-Whitney U test showed that chisel-tooth
digging bathyergids have relatively larger head heights (U=14, P<0.01; Figure 2.11)
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and cranial widths (U=44, P<0.01; Figure 2.12). Similarly to the isometrically scaled
rostral length measurements, there was no significant difference between the two
bathyergid groups in rostral length corrected for allometry (P>0.05; Figure 2.13).

A Mann-Whitney U test showed that chisel-tooth digging bathyergids have relatively
longer jaw lengths (U=8, P<0.01; Figure 2.14) and condyle lengths (U=0, P<0.01;
Figure 2.15). However, condyle height corrected for allometry showed no difference

between the two groups (P>0.05; Figure 2.16).

Table 2.4 Allometric equations (y=axb; reduced major axis regression) to assess influence of size
(x=basilar length) on morphological variables.

Variable (y) Equation R P

Head height y=-0.01x"" 0.83 <0.01
Cranial width y=0.22x%" 0.93 <0.01
Rostral length y=-0.63x""2 0.98 <0.01
Upper incisor procumbency  y=1.63x%% 0.02 >0.05
Jaw length y=0.05x"% 0.95 <0.01
Condyle length y=-0.63x"% 0.71 <0.01

Condyle height y=-0.63%% 0.67 <0.01
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Figure 2.11. Box plot showing allometric residuals of head height from equation in Table 2.4 in chisel-

tooth digging (blue) and scratch digging (red) bathyergid genera. Black lines within boxes represent

median values. Boundaries of boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the

interquartile range and white dots represent outliers that fall outside this range.
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Figure 2.12 Box plot showing allometric residuals of cranial width from equation in Table 2.4 in chisel-

tooth digging (blue) and scratch digging (red) bathyergid genera. Black lines within boxes represent

median values. Boundaries of boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the

interquartile range and white dots represent outliers that fall outside this range.
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Figure 2.13 Box plot showing allometric residuals of rostral length from equation in Table 2.4 in chisel-
tooth digging (blue) and scratch digging (red) bathyergid genera. Black lines within boxes represent
median values. Boundaries of boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the
interquartile range and white dots represent outliers that fall outside this range.
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Allometric residuals of jaw length

Figure 2.14 Box plot showing allometric residuals of jaw length from equation in Table 2.4 in chisel-
tooth digging (blue) and scratch digging (red) bathyergid genera. Black lines within boxes represent
median values. Boundaries of boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the
interquartile range and white dots represent outliers that fall outside this range.
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Figure 2.15 Box plot showing allometric residuals of condyle length from equation in Table 2.4 in chisel-
tooth digging (blue) and scratch digging (red) bathyergid genera. Black lines within boxes represent
median values. Boundaries of boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the
interquartile range and white dots represent outliers that fall outside this range.

Allometric residuals of condyle height

Figure 2.16 Box plot showing allometric residuals of condyle height from equation in Table 2.4 in chisel-
tooth digging (blue) and scratch digging (red) bathyergid genera. Black lines within boxes represent
median values. Boundaries of boxes represent 25th and 75th quartiles. Whiskers extend to 1.5 times the
interquartile range and white dots represent outliers that fall outside this range.
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2.3.4 Biomechanical implications of morphological traits

Biomechanically modelling the moment arms of the three selected muscles showed the
potential impact on the digging/masticatory system from the morphological differences
found between chisel-tooth and scratch diggers. At 0° gape, the MA of the temporalis
muscle was shown to be significantly different between Bathyergus and the chisel-tooth
digging bathyergids (U=6, P<0.01). No such statistical difference was found for the MA
of the superficial or deep masseters.

The effect of gape on the mechanical advantage of the three selected masticatory
muscles was tested by applying rotation matrices to the landmarks representing muscle
insertion points on the mandible. The results show that for each muscle, increasing gape
decreases the mechanical advantage to a minimum point, which varies depending on the
genus, beyond which the MA starts to rise again. For example at 0° gape, the
mechanical advantage of the temporalis muscle shows a significant difference between
chisel-tooth digging and scratch digging genera. However, at around 40° this changes
and the mechanical advantage of the scratch digging genus Bathyergus begins to
increase from its lowest point (Figure 2.17). The mechanical advantages of the chisel-
tooth digging genera reach their lowest points at higher gape angles, with Heliophobius

only reaching its lowest MA close to 90°, before increasing.

The effect of gape on the superficial and deep masseters is slightly different compared
to the temporalis. Increasing gape decreases mechanical advantage of both masseter
muscles at a faster rate compared to the temporalis in all genera. The mechanical
advantages of the masseter muscles also reach their lowest values at a larger gape than
the temporalis. The lowest MA of the superficial masseter for all genera is in the range
of 80-90° before it begins to increase (Figure 2.18), and the MA of deep masseter does
not seem to reach a minimum for any genus at gapes up to 100° (Figure 2.19). It is
worth noting at this point that all gape angles are theoretical and may not be achievable
in reality. The problems of interpretation of these graphs will be discussed below.
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Figure 2.17 Mechanical advantage of the temporalis at gapes between 0° and 100° in chisel-tooth digging
(blue) and scratch digging (red) bathyergid genera. Species means are represented.
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Figure 2.18 Mechanical advantage of the superficial masseter at gapes between 0° and 100° in chisel-
tooth digging (blue) and scratch digging (red) bathyergid genera. Species means are represented.
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Figure 2.19 Mechanical advantage of the deep masseter at gapes between 0° and 100° in chisel-tooth
digging (blue) and scratch digging (red) bathyergid genera. Species means are represented.
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2.4 Discussion

2.4.1 Bite force

My results indicate that the cranium and mandible of chisel-tooth digging bathyergids
are able to produce a larger bite force at the incisors than the scratch digging
Bathyergus. | found that chisel-tooth diggers had significantly wider crania and taller
heads (relative to basilar length) compared with the scratch digger Bathyergus.
Subterranean rodents tend to have larger skulls than their terrestrial counterparts in
order to accommaodate larger, more powerful masticatory muscles (Stein, 2000). This
trend has accelerated in chisel-tooth diggers, with Samuels and Van Valkenburgh
(2009) finding that the skulls of chisel-tooth diggers showed broader rostra, wider
zygomatic arches and larger temporal fossae compared to scratch digging rodents,
including Bathyergus. This supports the results presented in this study, adding to the
evidence that chisel-tooth digging is associated with relative enlargement of both the

masseter and temporalis muscles (Stein, 2000).

Head height has previously been shown to be a strong indicator of bite force in
Fukomys by Van Daele et al (2009). However, the authors did not explain exactly how
they measured this variable. In my study, head height only included the cranium, from
the posterior margin of the palate to the bregma, which may have been different to the
measurement reported by Van Daele et al (2009). Nevertheless, head height measured
here differentiated the chisel-tooth diggers from the scratch diggers. An increase in the
relative head height of chisel-tooth diggers is probably the result of enlarged temporal
fossae, as the variable incorporates this region of the skull. The temporalis muscle has
been shown to be the dominant masticatory muscle in the chisel-tooth digger
Heterocephalus, with temporalis accounting for 32% of all masticatory muscles (Cox
and Faulkes, 2014). Similar dominance of the temporalis muscle is also seen in
Fukomys, accounting for a range of around 25% (Van Daele et al, 2009). This
proportion of the masticatory muscle is very large in comparison to other
hystricognathous rodents e.g. Cavia (11%: Cox and Jeffery, 2011), Hydrochoerus (5%:
Miiller, 1933) and Hystrix (17%: Turnbull, 1970). Interestingly, temporalis dominance
similar to mole-rats is also reported in sciuromorph rodents (25-30%: Druzinsky, 2010)
which, like Fukomys, have a large bite force for their size (Freeman and Lemen, 2008).
Furthermore, a comparative study of the chisel-tooth digger Georychus and scratch

digger Bathyergus found that Georychus had a relatively larger temporalis than
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Bathyergus (Kouame et al, 2006). It is clear that the temporalis muscle, along with the
other masticatory muscles, is dominant in chisel-tooth digging mole-rats, and may be
one of the driving factors behind a relatively increased head height.

The biomechanical impact of this presumed difference in temporalis size was measured
by calculating the MA of the muscle (along with that of the superficial and deep
masseters). The results show that there is a significant increase in temporalis MA in
chisel-tooth diggers compared with the scratch digger. This may be a result of the
change in the temporal fossa morphology, which potentially explains why the
temporalis takes up a larger proportion of the masticatory muscles in chisel-tooth
diggers compared to other rodents. Enlarged temporal fossae are a characteristic that
distinguishes the cranial shape of chisel-tooth and scratch digging rodents (Samuels and
Van Valkenburgh, 2009). However, Stein (2000) notes that the crania of subterranean
rodents are usually dorsally flattened compared to non-subterranean rodents. This study
suggests that this flattening is reversed in chisel-tooth diggers in order to increase the
size of the temporal fossa and hence produce greater bite forces at the incisors. So why
doesn’t Bathyergus, the only scratch digger genus within the Bathyergidae, retain this
chisel-tooth digging cranial shape, given that its phylogenetic position within the family
(Figure 2.1) suggests evolution from a chisel-tooth digging ancestor? Bathyergus lives
in soft soils in Southern Africa, so it is possible that a dorsally flattened skull is an
optimum shape to move efficiently through an underground burrow in such a substrate.
In order to exploit areas with harder soils, chisel-tooth digging mole-rats have had to
adapt their skulls to incorporate a larger temporalis for improved bite force at the
incisors. The relaxation of this selection pressure for high bite force may have driven
the cranium of Bathyergus to revert to the more usual morphology for subterranean
rodents.

In addition to changes in muscle attachment areas, there are a number of other potential
forces that could have resulted in this increased head height in chisel-tooth diggers. It is
possible that variation in head height amongst bathyergids may also be a result of
variation in relative brain size. Previous work has indicated that subterranean rodents
have relatively small brains (Mace et al, 1981; Vassallo and Echeverria, 2009).
However, Bathyergus is the largest genus of the Bathyergidae and so its brain is likely
to be relatively even smaller owing to the negative allometry between brain and body
size. Thus, a relatively smaller brain in Bathyergus would require a relatively smaller

braincase, which would lead to a reduction in head height. Another alternative is
71



evident in how the upper incisor is positioned within the skull of the bathyergids.
Chisel-tooth digging rodents require a longer upper incisor within the skull in order to
increase the angle of procumbency. In non-bathyergid chisel-tooth digging rodents (e.g.
Ctenomys and Spalacopus), these large incisors are located in alveolar sheaths that are
lateral to the cheek teeth and avoid the internal cranial space (Lessa, 1990). Chisel-tooth
digging bathyergids incorporate this enlarged incisor high on the rostrum and orbit,
before inserting behind the cheek teeth, as is shown in Figure 2.3. This configuration
may have influenced the overall architecture of the skull by increasing height head in
chisel-tooth digging bathyergids. Within Bathyergus, the incorporation of an upper
incisor is exclusive to the rostrum and inserts anterior to the cheek teeth and so does not
require a modification to the rest of the cranium. These explanations and the scenario
based on temporalis size are not necessarily mutually exclusive and may all be in

operation.

Rostral length did not differentiate between chisel-tooth and scratch digging (Figure
2.7; 2.13), which was rather surprising considering the significant increases found in
chisel-tooth digger jaw length (Figure 2.8; 2.14) and the covariation found between the
cranium and mandible of hystricognath rodents (Hautier et al, 2012). Samuels and Van
Valkenburgh (2009) also found that chisel-tooth diggers have longer rostra compared to
scratch diggers, but this pattern has not been found within the context of the bathyergids
here. In fact the only notably different rostral length was that of the chisel-tooth digger
Heterocephalus, which appears to have a relatively shorter rostrum compared to the
other bathyergids (Figure 2.7). An increase in relative rostral length has been associated
with an increase in incisor procumbency in some subterranean rodents (Lessa and
Patton, 1989; Mora et al, 2003). However, such an increase would not be necessary in
chisel-tooth digging bathyergids with procumbent incisors owing to the displacement of
the incisor roots posteriorly within the skull (Landry, 1957a). Overall, rostral length was
shown to be positively allometric in Bathyergidae, which has previously been noted in

other mammalian orders (Radinsky, 1985).

2.4.2 The curious case of the naked mole-rat

The apparent reduction of rostral length in Heterocephalus has previously been
proposed to have occurred to shorten the out-lever of the masticatory system and hence
increase the mechanical advantage of the masticatory muscles (Cox and Faulkes, 2014).
This is probably not the case for two reasons: firstly, the relative reduction in the

rostrum would be likely to be seen in the other chisel-tooth digging bathyergids, which
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it is not; secondly, as chisel-tooth digging is accomplished primarily by the lower
incisors (Stein, 2000), a decrease in the out-lever of the masticatory system would
require a decrease in lower jaw length, not rostral length. However, lower jaw length

has actually increased in all chisel-tooth diggers (see Figure 2.8; 2.14).

The reduced rostrum found in Heterocephalus may be partly explained by allometric
scaling: rostral length scales with positive allometry (Table 2.4; Figure 2.13) and
Heterocephalus is the smallest species of mole-rat. However, the short rostrum could
also be a further adaptation towards chisel-tooth digging, required by this particular
species due to its particularly small size. In fact, Heterocephalus is one of the smallest
subterranean mammals, with a body mass range of 30-50 g (Jarvis and Sherman, 2002).
Bite force has been shown to correlate strongly with body mass in rodents (Freeman and
Lemen, 2008; Van Daele et al, 2009; Becerra et al, 2014). However, there must be a
minimum amount of power produced at the incisors in order to break through the hard
soils in which chisel-tooth diggers are known to burrow. Therefore, small rodents such
as Heterocephalus must modify their chisel-tooth digging apparatus further than larger
sized chisel-tooth diggers in order to produce an adequate amount of force at the
incisors to break through the soil. Cox and Faulkes (2014) report that the total
masticatory muscle mass of Heterocephalus is 75% of that reported for the rat (Cox and
Jeffery, 2011), despite Heterocephalus being only 14-23% of the body mass of the rat
specimen used in Cox and Jeffery (2011). These examples show that Heterocephalus
has evolved a form that can accommodate large masticatory muscles despite its small

size.

Heterocephalus may have evolved to accommodate these larger masticatory muscles in
a number of ways: A reduction of the eyes is a common synapomorphy seen amongst
subterranean mammals (Darwin, 1859), with subterranean rodents being no exception
(Nevo, 1979; Burda et al, 1990; Stein, 2000). This reduction of the eye has potentially
made available space for an anterior expansion of the temporalis into the unoccupied
orbit (Lavocat, 1973; Cox and Faulkes, 2014), although this is probably not an

adaptation exclusive to Heterocephalus.

Secondly, Heterocephalus may have evolved these larger masticatory muscles by taking
advantage of its unusual cranial musculature. Almost all living rodents can be classified
into three (non-phylogenetic) groups, based on their masticatory morphology:

sciuromorph (squirrel-like), myomorph (mouse-like) or hystricomorph (porcupine-like)
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(Brandt, 1855; Wood, 1965). However, the Bathyergidae are unusual as their
masticatory morphology does not conform to any of these morphotypes. Unlike most
other rodents, no part of the masticatory musculature attaches to the rostrum. This
unusual morphology is termed protrogomorph, and is thought to be the ancestral
condition of rodents (Wood, 1965), but has probably been secondarily acquired in the
Bathyergidae (Landry, 1957b; Maier and Schrenk, 1987; Cox and Faulkes, 2014). The
larger mole-rats have retained a long rostrum as there is enough space available in the
temporal fossa to accommodate large muscles to provide adequate bite forces; and a
reduction of the rostrum would require a reduction in jaw length, which is necessary to
produce a large gape (see below). Smaller subterranean rodents such as Heterocephalus
do not have this luxury; they are constrained by the limited space they have to
accommodate muscles that provide a minimum bite force necessary to break through
tough soils. They have managed to do so by expanding the zygomatic arches anteriorly,
reducing the relative length of the rostrum, and providing more space for the
masticatory muscles. Similar issues with constraints of space are found during
ontogenetic development of subterranean rodents. Naturally, when animals are born,
they are much smaller than fully grown adults. Not long after birth however, juveniles
must be able to masticate efficiently to break down food and, in the case of subterranean
rodents, assist in burrow construction. This means that they also must be able to
produce enough force at the incisors, despite having the disadvantage of a greatly
reduced masticatory musculature arrangement. Previous research has shown that
digging behaviour occurs soon after birth in Ctenomys (Vassallo, 2015), with some pups
weighing less than 40g (a similar weight to Heterocephalus adults) participating in
burrow construction. In-levers of the masseteric muscles of Ctenomys showed negative
allometric growth, so that juveniles are more efficient than adults at producing bite
forces (Verzi et al, 2010). Vassallo et al (2016) also showed that relative incisor
bending strength did not change throughout ontogeny of Ctenomys, and so coupled
together with muscles, the masticatory apparatus can create enough power at the incisor
to break through soil at a young age. These examples show the adaptability of small
subterranean rodents that have either evolved into small adults (Heterocephalus) or
rodents that can contribute to borrow construction at a very early stage of ontogeny
(Ctenomys).
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2.4.3 Incisor procumbency in chisel-tooth digging rodents

Previous research has suggested that increased upper incisor procumbency is a trait
associated with chisel-tooth digging (Lessa, 1990; Van der Merwe and Botha, 1998;
Vassallo, 1998; Stein, 2000). This study agrees with the extensive literature as | showed
that most chisel-tooth digging bathyergids have a larger upper incisor procumbency
angle than the scratch digging Bathyergus. However, an examination of Figure 2.6
shows that some specimens of Heterocephalus (a chisel-tooth digger) have a smaller
upper incisor procumbency angle than the other chisel-tooth diggers. There was no
difference found between the upper incisor procumbency of Heterocephalus and the
scratch digger Bathyergus, despite a significant difference being found between the two
digging groups overall. Lessa and Patton (1989) postulated that incisor procumbency is
coupled by two main evolutionary mechanisms. First, incisor procumbency has been
linked to rostral allometric growth (e.g. Mora et al, 2003), i.e. the longer the rostrum,
the higher the incisor procumbency. Second, Landry (1957a) proposed that procumbent
incisors require large incisor canals with extended roots at a posterior position within
the skull (and procumbency is therefore more of a structural issue rather than a size
issue). So, in non-procumbent rodents the incisor root only extends back to a position
above the cheek teeth (Landry, 1957a), whereas increased procumbency is found in
rodents that have shifted their incisor roots more posteriorly. The incisor root of
Heterocephalus (like all chisel-tooth digging bathyergids) is positioned as far back in
the skull as possible. I therefore hypothesise that, as it appears to have a greatly
shortened rostrum, Heterocephalus has the most procumbent incisors it can possibly
have, given the size of its skull, whereas Bathyergus has a relatively reduced
procumbency, given its large size (up to 2 kg; Stein, 2000). The varying position of the
incisor within the skull has probably led to the lack of clear allometric scaling of incisor

procumbency across the Bathyergidae (Table 2.4).

244 Gape

My results indicate that the cranium and mandible of chisel-tooth digging bathyergids
are able to produce a larger gape than the scratch digging Bathyergus. | found that
chisel-tooth diggers had significantly greater relative jaw lengths, condyle lengths and
condyle heights than Bathyergus. However, when the data was corrected for allometric
scaling, there was no difference found in condyle height between the two groups
(Figure 2.16). Jaw length is a strong predictor of gape in many animals including snakes

(Hampton and Moon, 2013), primates (Hylander, 2013) and mice (Vinyard and
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Payseur, 2008). Functional gapes are typically measured from the tips of the maxillary
incisor to tips of the mandibular incisor, and therefore an increased mandible relative to
skull length will lead to an increased gape for the same angle of rotation of the
mandible. However, it is worth noting that this rule is the case when only considering
the geometry of the mandible. Other factors such as muscle stretch of the masseter
(Herring and Herring, 1974) have a considerable effect on gape and have not been
considered in this study. Masseter fibre lengths taken from the literature however
suggest that the chisel-tooth digger Fukomys possesses longer masseter muscle fibres
(Van Daele et al, 2009) than Callithrix jacchus, a common marmoset comparable in

size to the mole-rat and with known abilities to produce wide gapes (Eng et al, 2009).

Condyle length has also been found to be associated with increased gape in mice
(Vinyard and Payseur, 2008). It is unclear if an increased condyle length relates to an
increase in condyle surface area or in condyle curvature, as both these factors can have
an effect on joint mobility (Swartz, 1989). Either way, an antero-posteriorly elongated
condyle appears to increase potential rotation at the jaw joint, thus facilitating a wider
gape. In a number of other chisel-tooth digging rodents in the Ctenomyidae and
Spalacidae, this characteristic is correlated with the presence of some kind of
postglenoid articulation of the mandible, which provides stability during incisor biting
with high forces (Verzi and Olivares, 2006). However, no postglenoid fossa for such an

articulation could be identified in the bathyergid species under study here.

Condyle height also differed between chisel-tooth and scratch digging bathyergids when
isometrically scaled, with chisel-tooth digging rodents having larger condyle heights
than the scratch digger. This was a rather surprising result as it is contrary to my initial
hypothesis, that a low condyle height will facilitate a wider gape by reducing stretch in
the masseter muscle (Herring and Herring, 1974). However, when corrected for
allometric scaling, there was found to be no difference in condyle height between the
two digging groups (Figure 2.16). Interestingly, although it was found in primates as a
strong morphological predictor of gape, this was not found to be the case in mice
(Vinyard et al, 2003; Vinyard and Payseur, 2008).

It has been well established that increasing gape decreases bite force in mammals with a
generalized morphology (Maynard Smith and Savage, 1959; Turnbull, 1970; Herring,
1975; Dumont and Herrel, 2003; Bourke et al, 2008; Williams et al, 2009). In the

context of my results, this trade-off is clear when considering that, although it will
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increase gape, an increased jaw length will also decrease the muscle out-lever, therefore
reducing the muscle’s MA. In order to examine how gape theoretically affects the
mechanical advantage of each masticatory muscle, the mandible was rotated around the
skull of each specimen. The results show that continually increasing gape drastically
reduces MA of both the superficial and deep masseter, but that a rather different pattern
is found with regard to the temporalis muscle (Figure 2.17, Figure 2.18 and Figure
2.19). First, the rate of change (declination) of the temporalis MA is smaller compared
to the masseter muscles. This implies that temporalis is better at maintaining MA at
increased gapes compared to the masseters. However, it should be noted that the MA of
both masseters at low gapes is around a third higher than the temporalis. Second, the
temporalis MA decreases as gape increases down to a minimum point, after which it
begins to increase again. Interestingly, the point where MA is lowest is different
depending on the species; Bathyergus reaches its minimum MA at a narrower gape than
its chisel-tooth digging relatives. Before anything can be inferred from this result, it is
important to discuss what is actually happening at this point of minimum MA.
Mathematically, the reason why MA decreases with increasing gape is related to the
positioning of the muscle force vector (MFV) relative to the condyle (or the muscle
moment arm). Rotating the mandible to mimic jaw opening causes the MFV to change
in such a way that the perpendicular distance between the MFV and the condyle is
reduced (this distance is the muscle moment arm). As the muscle moment arm is
reduced and the jaw moment arm stays the same, the MA of the muscle is reduced (as
MA is defined as the ratio between muscle moment arm and jaw moment arm). The
minimum MA represents the MFV being as close as possible to the condyle in 3D
space. If the mandible is theoretically rotated further after this point, the MA of the
muscle will increase again, as the perpendicular distance of the MFV to the condyle
increases in the opposite direction. Although this is what happens in theory, this cannot
occur in a biologically functional sense because parts of the skull begin to obstruct the
path of the muscle. For this reason, the gape at which MA is lowest represents the
theoretical maximum gape relevant to each muscle. Looking at the impact of gape on
MA of temporalis muscle of the scratch digger Bathyergus (Figure 2.17), it can be seen
that MA of temporalis reaches its lowest point around 40°. This is in contrast to the
chisel-tooth diggers, who reach their lowest points around 70-80". This figure for
maximum gape is in the in vivo range of gape reported for chisel-tooth digger Fukomys,
which had an average maximum gape of 71° (Heindryckx, 2014). My model prediction

of maximum gape is similar to the in vivo result for Fukomys, despite only considering
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the temporalis muscle, and not taking into account other variables such as muscle

stretch, which highlights the importance of craniomandibular form in constraining gape.

So why does the temporalis seem to restrict gape in the scratch digger Bathyergus more
than in chisel-tooth diggers? It appears that a restriction of gape is related to the
morphology of the coronoid process, where the temporalis inserts. In the scratch digger
Bathyergus, the coronoid process has greatly shortened to a level equal to the condyle,
creating a shallow mandibular notch. The chisel-tooth digger on the other hand has a
much longer fin shaped coronoid process, and displays a much deeper mandibular notch
(see Figure 2.20). In terms of gape constrained by the temporalis, the shape of the
coronoid process of the chisel-tooth digger is more advantageous. The long fin shape of
the coronoid process means that even at high gape the insertion of the temporalis does
not become wrapped around the zygomatic process. The greater length of the coronoid
process, along with the larger and deeper temporal fossa, also causes the muscle vector

to be more vertical, increasing the muscle moment arm of the temporalis muscle.

Figure 2.20 Lateral view of the mandibles of Heliophobius argenteocinereus (above) and Bathyergus
suillus (below). Arrows indicate the coronoid process.
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2.4.5 Conclusions

The results here support previous research indicating that the cranial and mandibular
morphology of the scratch digging genus Bathyergus is very different to that of chisel-
tooth digging members of the Bathyergidae (Samuels and Van Valkenburgh, 2009;
Gomes Rodrigues et al. in press). It is not possible, with the methods employed in this
study, to say if the change in morphology of Bathyergus represents selection or genetic
drift, but it is possible to test the functional implications of the morphological change.
The results show that the morphology seen in the chisel-tooth digging genera better
facilitates the production of high bite force and wide gape, thus enabling more efficient
digging with the incisors than could be achieved by Bathyergus. Clearly as a change in
digging behaviour has occurred on the lineage leading to Bathyergus, an associated

change in morphology has also taken place.
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Chapter 3: The effect of digging on craniodental

morphology in rodents

3.1 Introduction

Rodentia is by far the largest mammalian order with more than 2200 species (Wilson
and Reeder, 2005) and accounts for 41% of extant mammalian diversity (Hautier and
Cox, 2015). This broad diversification has led the order to radiate into arboreal, semi-
aquatic, subterranean and terrestrial niches and it is represented on every continent
except Antarctica. The evolutionary success of the rodents, especially mice and rats, is
thought to be down to their efficient masticatory apparatus (Cox et al., 2012; Tiphaine
et al., 2013). Despite their extensive ecological and phylogenetic radiation, all rodents
are united by a common morphology, diprotodonty. This morphology is characterised
by a pair of enlarged upper incisors embedded in the cranium and a pair of lower
incisors in the mandible. Rodent incisors are open-rooted and continue to grow
throughout life (Nowak, 1999). The incisors are separated from the cheek teeth by a
diastema, due to the loss of incisors I, I* and 1* and all canines and mesial premolars.
Rodent incisors have also lost enamel on the lingual side of the incisor, leaving the
dentine exposed. Due to this loss of lingual enamel, rodents are able to sharpen the tips
of their incisors by wearing away the softer dentine using the adjacent incisor (Osborn,
1969), a process unique to rodents (Druzinsky, 2015). This sharp tip is beneficial for
feeding, defensive strategies and in the case of some subterranean rodents, for digging
burrows (Becht, 1953; Nevo, 1969; Hildebrand, 1985).

Subterranean rodents, a specialized group of rodents that live almost exclusively
underground, experience a very different type of selection pressure to terrestrial rodents.
For instance, burrowing underground requires 360-3400 times the energy of moving a
similar distance above ground (Vleck, 1979; Jarvis and Bennett, 1991). This extent of
energy expenditure has required subterranean rodents to evolve efficient methods of soil
excavation. The majority of subterranean rodents show one of two types of digging
method: chisel-tooth digging and scratch digging (Hildebrand, 1985). Chisel-tooth
digging involves the rodent using their incisors to excavate the soil whereas scratch

digging rodents only use their forelimbs. The ability to use incisors for digging has
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allowed chisel-tooth digging rodents the freedom to exploit environments of varying
soil quality (Lessa and Thaeler, 1989; Lessa, 1990).

Noticeable craniodental modifications have been associated with subterranean rodents
that have adopted chisel-tooth digging methods. Such modifications include larger
temporal fossae; wider and taller crania; enlarged zygomatic arches; longer rostra; more
procumbent incisors and incisors that are more resistant to bending stresses (Landry,
1957a; Agrawal, 1967; Samuels and Van Valkenburgh, 2009; Becerra et al., 2012,
2013, 2014; Mcintosh and Cox, 2016; Gomes Rodrigues et al., in press; Chapter 2). It is
thought that some of these modifications improve bite force and gape in subterranean
rodents that use their incisors to dig in hard soils (McIntosh and Cox, 2016; Chapter 2).

An extensively studied modification in chisel-tooth digging rodents is variation of upper
incisor procumbency, that is, the angle of anterior projection of the upper incisors
(Landry, 1957a; Agrawal, 1967; Lessa and Thaeler, 1989; Lessa and Patton, 1989;
Vassallo, 1998; van der Merwe and Botha, 1998; Fernandez et al., 2000; Mora et al.,
2003). These studies have shown that subterranean rodents that primarily use their
incisors to dig tend to have larger angles of procumbency in the upper incisors
compared to subterranean rodents that primarily use their forelimbs to dig. Vassallo
(1998) hypothesised that this increased angle of procumbency allows for a more
favourable angle to break harder soils. Incisor procumbency in rodents is governed by
overall curvature of the incisor and its placement within the rostrum (Landry, 1957a;
Akersten, 1981). Landry (1957a) points out that to keep the incisor in its functional
plane, the only way the procumbency could change without changing incisor
morphology (incisor curvature) is by raising or lowering the posterior end of the incisor.
However, rostral space in rodents is nearly completely occupied by the incisor, and so

this type of incisal movement would not be possible (Landry, 1957a)(Figure 3.1).
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Figure 3.1 Mid-sagittal slice of CT scan in two subterranean rodents: chisel-tooth digging Georychus
capensis (above) and scratch digging Bathyergus suillus (below). Notice the posterior displacement of the
incisor root in Georychus capensis compared with Bathyergus suillus. Figure scaled to cranial length of
Georychus capensis.

Chisel-tooth digging members of the subterranean rodent family Bathyergidae (African
mole-rats) exhibit some of the most procumbent upper incisors that are seen in any
rodent (Ellerman, 1940; Landry, 1957a). The upper incisors also extend far back into
the cranium, and are rooted behind the cheek teeth. Interestingly, this family also
contains a scratch digging genus of rodent, Bathyergus. The upper incisors of this genus
are less procumbent than those of the chisel-tooth digging genera (van der Merwe and
Botha, 1998; Nowak, 1999; Stein, 2000; MclIntosh and Cox, 2016; Chapter 2). This
reduction in procumbency is also associated with a change of incisor morphology where
the incisor root is placed further forward (Figure 3.1). The cranium of the scratch
digging Bathyergus has also been shown to be morphologically different from the
chisel-tooth digging family members (Samuels and Van Valkenburgh, 2009; Gomes
Rodrigues et al., in press). This is despite the fact that Bathyergus is not the basal genus
of the family and is likely to have evolved from a chisel-tooth digging ancestor (Faulkes
et al., 2004; Deuve et al., 2008; Figure 3.2). Chisel-tooth digging has evolved
independently a number of times, including at least once in all six families of modern
subterranean rodents (Nowak, 1999). Furthermore, Samuels and VVan Valkenburgh
(2009) showed chisel-tooth diggers from several families of subterranean rodent
converge in cranial shape, although they did not take phylogeny into account,

imperative for statistical tests using inter-specific data (Felsenstein, 1985).

The rodent cranium is a complexly integrated structure (Hallgrimsson et al., 2009) and

understanding how different structures covary within the cranium could potentially
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explain morphological diversity in some clades and constraints in others. Covariation of
incisor morphology and cranial shape has never been studied in rodents, and as the
incisor takes up such a large space within the craniofacial structure of the rodent, it is

potentially an underlying factor in chisel-tooth digging cranial convergence.

In order to address this issue, | will quantify incisor morphology in a diverse number of
rodents from both a terrestrial and subterranean background to show how chisel-tooth
digging influences incisor morphology. Secondly, I will quantify cranial shape and
attempt to verify the findings of Samuels and Van Valkenburgh (2009) using
phylogenetic comparative methods (Felsenstein, 1985; Rohlf, 2001). I will then assess
how incisor morphology and cranial shape covary and show the extent of morphological

integration between the upper incisor and cranium in rodents.

Dipus

r— Tachyoryctes
Cannomys
——— Rhizomys

| Rattus
:Paramm V'S
—— Thomomys

L——— Geomys
Ctenomys

Octodon
E Spalacopus

Erethizon
Heterocephalus
Fukomys
Georychus
Bathyergus
Cryptomys
Heliophobius
Sciurus

Figure 3.2 Phylogeny of sample used in this study. Modified from Fabre et al. (2012).
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3.2 Materials and Methods

3.2.1 Rodent sample

This study analysed 65 adult crania from a diverse group of rodents representing 20
genera and 11 families: Bathyergidae, Caviidae, Cricetidae, Ctenomyidae, Dipodidae,
Erethizontidae, Geomyidae, Muridae, Octodontidae, Scuiridae and Spalacidae (Table
3.1; Figure 3.2). The study focuses on the influence of chisel-tooth digging on incisor
morphology. However, other factors such as diet, habitat and phylogeny have been
shown to influence cranial and incisor morphology in rodents (Samuels, 2009; Croft et
al., 2011; Hautier et al., 2012). In order to account for these potential unwanted
influences, the sample contains phylogenetically distant subterranean and terrestrial
rodents with different ecologies (Table 3.1). The specimens were scanned on an X-Tek
Metris microCT scanner at the University of Hull (Medical and Biological Engineering
Research Group). The resulting scans had isometric voxels with dimensions ranging

between 0.01mm and 0.07mm.
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Table 3.1 List of genera analysed including specimen number, diet and mode of digging. Abbreviations
for dietary categories: O, omnivore; GH, generalist herbivore; SH, specialist herbivore. Dietary categories

follow method of Samuels (2009). Subterranean rodent genera are in bold.

Family Genus#  Genus N Diet Mode of
digging
Bathyergidae 1 Bathyergus 10 SH Scratch
2 Cryptomys 1 SH Chisel-tooth
3 Fukomys 9 SH Chisel-tooth
4 Georychus 3 SH Chisel-tooth
5 Heliophobius 10 SH Chisel-tooth
6 Heterocephalus 5 SH Chisel-tooth
Caviidae 7 Cavia 2 SH
Cricetidae 8 Paralomys 1 GH
Ctenomyidae 9 Ctenomys 1 SH Scratch
Dipodidae 10 Dipus 1 GH
Erethizontidae 11 Erethizon 1 SH
Geomyidae 12 Geomys 1 SH Scratch
13 Thomomys 1 SH Scratch
Muridae 14 Rattus 2 @)
Octodontidae 15 Octodon 1 GH
16 Spalacopus 1 SH Chisel-tooth
Spalacidae 17 Cannomys 1 SH Chisel-tooth
18 Rhizomys 3 SH Chisel-tooth
19 Tachyoryctes 4 SH Chisel-tooth
Scuiridae 20 Sciurus 7 @)
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3.2.2  Assessing incisor morphology

Rodent cranial surfaces were automatically created from the microCT scans using a
predefined grey scale in Avizo 8.0 (FEI, Hillsboro, Oregon). One upper incisor from
each specimen was manually segmented into a separate material using the segmentation
module in Avizo and a separate surface for the incisor was created. Incisor morphology
was quantified using a number of measurements. Firstly, incisor curvature was
measured by fitting a circle to the surface outline of the incisor. As any three non-linear
points describe a circle, three points were equidistantly placed on the surface midline of
the incisor via a B-spline (at the apex, tip and most dorsal point of curve) using Avizo.
This method assumes that incisor growth leads to circular incisor form. This is not
strictly the case as a rat upper incisor grows helically (Herzberg and Schour, 1941).
However, Lin et al. (2010) analysed the lateral profile of the incisor using a geographic
information system (GIS) programme and their results were identical to results
modelling the incisor as a circular arc. As incisor curvature depends on both radius of
curvature and length (Landry, 1957a), the relationship between these two variables was
assessed using ordinary least squares (OLS) regression to show which had a greater
influence on incisor curvature within the sample. Radius of curvature (RoC) of incisors
was calculated from the fitted circle using an equation derived from Heron’s formula
(Figure 3.3). Length of incisor [straight line distance from apex to tip (a in Figure 3.3)]
was calculated using standard Pythagoras’ formula.

abc

RoC =
V(2a2b? + 2b2c? 4 2c2a% — at* — b* — ¢%)

Figure 3.3 Measuring radius of curvature. The length of the incisor (L) is measured using the base of the
triangle (a). Red points represent the 3 the points placed on to surface of the incisor.
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Rodent incisors are long relative to their diameter (i.e. take up a large proportion of a
circle) and so can be affected by bending stresses (Bacigalupe et al., 2002). Second
moment of area (SMA) is a geometric measurement that defines the resistance to
bending of a cross-section of an object and is a good indicator of structural strength, a
potentially important property for incisors used to dig through hard soils. Each incisor
surface was aligned to a global axis in Avizo using the three points to fit a circle. This
ensures that the root, tip and lingual side of each incisor were aligned on the same axis.
The surfaces were then converted to volumes to create a stack of slices. The median
slice of each incisor was then exported into ImageJ (Schneider et al., 2012). As the
points used to align the incisors were placed equidistantly using a B-spline, each
individual slice representing the cross section of each incisor was homologous. SMA of

each cross-section was calculated using the ImageJ macro, BoneJ (Doube et al., 2010).

The sample included a large range of body masses (e.g. Paralomys can be as small as
12¢g, whereas Bathyergus can grow up to 2kg) and past studies have shown that
variables such as SMA of rodent incisors correlate strongly with size (e.g. Verzi et al.,
2010). It was therefore decided to include size as a covariate to account for scaling. The
size surrogate chosen was cranial length which was defined as basilar length (BL) (from
the posterior margins of the alveoli of the upper incisors to the anteriormost point on the
border of the foramen magnum). BL was calculated using Pythagorean methods from
Cartesian points placed in Avizo. Incisor morphology variables were also logged in all
analyses due to size differences and the necessity to linearize variables to carry out

statistical procedures.

As closely related species tend to be more similar to each other than to more distantly
related species they cannot be considered as completely independent units (Felsenstein,
1985; Garland et al., 2005), a prerequisite for standard statistical tests. On top of this,
any study considering the influence of function on form in an inter-specific context,
must take into account any other factors, such as phylogeny, that could inflate type 1
errors. Phylogenetic Generalized Least Squares (PGLS) (Grafen, 1989; Martins and
Hansen, 1997) analysis was performed to show if any relationship between size and
incisor morphology existed after phylogeny was accounted for. PGLS is a phylogenetic
regression method (Grafen, 1989) which accounts for phylogeny via the error constant
in the regression equation and is mathematically equivalent to the more commonly used
comparative method, Felsenstein’s (1985) independent contrasts (Garland and Ives,

2000; Rohlf, 2001). PGLS is preferred over independent contrasts in this case as it is a
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more accurate technique when polytomies are found in the phylogeny (Ruiber and
Adams, 2001). It is also advantageous when wanting to graphically display an
individual species contribution to a statistical test, such as generalized phylogenetic
ANCOVA, as independent contrasts only represent the evolutionary differences

between species and not the species itself.

It is possible to test how much phylogenetic signal is present in my data, a statistical
procedure that quantifies the expected covariation of species traits under a selected
evolutionary model (e.g. Brownian motion) on a phylogeny (for review see Blomberg
and Garland, 2002). For the univariate analyses in this study, Pagel’s A (Pagel, 1999)
was used to estimate the phylogenetic signalling in the data. Pagel’s A is a scaling
parameter that measures the correlation of traits relative to expected correlation under a
Brownian motion model of evolution. Normally, A ranges from zero (no phylogenetic
signal and data is equivalent to a “star” phylogeny) to one (data consistent with selected
phylogenetic tree). Pagel’s A and PGLS regressions in this study are quantified
simultaneously using the method proposed by Revell (2010). Phylogenetic ANCOVA
models using PGLS (to test for differences between chisel-tooth digging incisors and
incisors that are not used for this purpose) are fitted using genus means of the sample
and the nlme (Pinheiro et al. 2016) and ape (Paradis et al., 2004) packages in R (R core
team, 2016). The phylogeny used in all phylogenetically informed analyses in this study
was modified from Fabre et al. (2012; Figure 3.2)

3.2.3 Assessing cranial morphology

The cranium of each specimen was quantified using 3D landmark coordinates. The
Geomys specimen was not used in this study due to extensive damage of the cranium.
Each landmark represented homologous anatomical points between specimens. Cranial
surfaces were constructed from microCT scans and landmarked in Avizo (Figure 3.4
and Table 3.2). From this landmark data, variation in the shape of the crania was
analysed with geometric morphometrics (for review see O'Higgins, 2000; Adams et al.,
2004; Slice, 2007). The landmark co-ordinates were subjected to the Procrustes method
of generalized least squares (GLS) superimposition (Rohlf and Slice, 1990). This
process involves translating, scaling and rotating the landmark configurations and
minimising inter-landmark distances, quantifying the differences in shape of each
specimen. This Procrustes transformation represents the landmark configurations on
Kendall’s shape space (Kendall, 1984; Rohlf, 2000) which are now represented by

Procrustes coordinates (a non-Euclidean shape space). A principal component analysis
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(PCA) of genus averaged Procrustes coordinates allowed 2-D visualisation of the data
and essentially shows the largest shape variation between genera. Surface warps of the
extreme ends of the principal components axes were also included to visualise the shape
variation within the data. The phylogenetic signal in the data was quantified by
calculating the « statistic (Blomberg et al., 2003), generalized to accept multivariate
shape data (Adams, 2014a). Although the « statistic and A statistic are derived
differently (x is a scaled ratio of variance and A is a scaling metric) their outcomes are
normally similar i.e. <1 implies data is less phylogenetically correlated than expected
under Brownian motion and >1 is more phylogenetically correlated than under
Brownian motion. This multivariate « statistic is the only developed method that
predicts phylogenetic signal in multivariate data (Adams, 2014a). Measuring
phylogenetic signalling simultaneously with the phylogenetic regression has been show
to outperform non-phylogenetic procedures in univariate data, even if the data has low
phylogenetic signal (Revell, 2010). This has yet to be shown in multivariate data and as
such both phylogenetic and non-phylogenetic procedures will be applied to my
multivariate data sets to show the effect of phylogenetic correction.

A phylogenetic principal components analysis was also performed on the Procrustes
coordinates. This analysis centres the data on the ancestral root of a phylogeny
(“phylogenetic mean™) and extracts principal components from the variance covriance
matrix corrected for phylogenetic propinquity, so that the major axes represent the non-
phylogenetic residual shape variation, after the removal of phylogenetic covariation
from the data (Revell, 2009; Polly et al., 2013; but see Uyeda et al., 2015). To calculate
surface warps associated with extremes of phylogenetic principal components (PPC)
axes, an average surface calculated from Procrustes coordinates is warped to an
ancestral state reconstruction at the root of the phylogeny (Yang et al., 1995).
Appropriately scaled eigenvectors from the corresponding PPC are then used to show

the shape differences along the PPC axes.

Procrustes ANOVAs (analysis of variance) and phylogenetically informed Procrustes
ANOVAs (Adams, 2014b) were performed on Procrustes coordinates to test for
differences between skull shapes of chisel-tooth diggers and non-tooth diggers.
Procrustes ANOVA is identical to a MANOVA on PC scores but performs better on
multivariate data when the number of variables exceeds number of specimens (Adams,
2014b). GLS superimposition, phylogenetic signal testing, principal components

analysis, ANOVAs and surface warps were processed using the geomorph package in R
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(Adams and Otarola-Castillo, 2013). Phylogenetic principal components analysis was

performed using the phytools package in R (Revell, 2012).

Figure 3.4 Landmark configuration represented on Fukomys mechowii. A, dorsal view. B, ventral view.
C, lateral view. List of landmarks and anatomical descriptions in Table 3.2.
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Table 3.2. 29 cranial landmarks and a description of their anatomical positions.

Number Landmark definition

1 Anteriormost point on internasal suture

2 Midpoint of ventral margin of nasal opening

3 Dorsalmost point on left incisal alveolar margin
4 Dorsalmost point on right incisal alveolar margin
5 Ventral margin of left incisal alveolus

6 Ventral margin of right incisal alveolus

7 Midpoint of anterior extremity of incisive foramina
8 Lateralmost aspect of left infraorbital foramen

9 Lateralmost aspect of right infraorbital foramen
10 Anteriormost point on left orbital margin

11 Anteriormost point on right orbital margin

12 Posteriormost point of left naso-frontal suture

13 Posteriormost point of right naso-frontal suture
14 Anteriormost point of left maxillo-jugal suture

15 Anteriormost point of right maxillo-jugal suture
16 Posterior tip of left zygomatic arch

17 Posterior tip of right zygomatic arch

18 Anterolateral extremity of left cheek tooth row

19 Anterolateral extremity of right cheek tooth row
20 Posterior extremity of left cheek tooth row

21 Posterior extremity of right cheek tooth row

22 Posteriormost point of left foramen ovale

23 Posteriormost point of right foramen ovale

24 Bregma

25 Point of maximum curvature on the posterior edge of the palatine
26 Inferiormost point on margin of foramen magnum
27 Posteriormost point on dorsal midline

28 Lateralmost point of left hypoglossal foramen

29 Lateralmost point of right hypoglossal foramen
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3.2.4 Assessing covariation between incisor and cranial morphology

Morphological integration and covariation of biological forms has been extensively
studied using geometric morphometrics and partial least squares (PLS) (e.g. Rohlf and
Corti, 2000; Bookstein et al., 2003; Bastir et al., 2005; Marugan-Lobon and Buscalioni,
2006; Hautier et al., 2012; Mitteroecker et al., 2012; Klingenberg, 2014). PLS quantifies
the maximum amount of covariation between two sets of variables, using a correlation
or covariance (for geometric morphometric studies) matrix of traits (Rohlf and Corti,
2000). An advantage PLS has over regression methods for studies of integration and
covariation is that the dependency of the variables does not need to be established,
beneficial in studies in which the direction of influence is not known. In this study, one
set of variables contains the Procrustes coordinates of cranial shape. The second set of
variables is the standardized incisor measurements, incisor radius of curvature and
second moment of area. Generalized Procrustes analysis removes size from the cranial
shape variables. It was therefore decided to account for size differences among taxa by
isometrically scaling the incisor variables when measuring covariation between cranium
and incisors. Size was defined by cranial length which was used as the independent
variable to regress against incisor variables following the method by Revell (2009). The
residuals calculated from these regressions were then used in PLS analyses with cranial

shape variables to measure covariation.

As in the methods above, any inter-generic analysis must also account for the non-
independence of the data. Incorporating phylogeny whilst quantifying morphological
integration at the inter-generic level shows how morphological covariation has evolved
along a tree (Klingenberg and Marugan-Lobdn, 2013). Furthermore, the level of
morphological integration can influence phenotypic variation and evolvability
(Goswami, 2006; Goswami et al., 2014). Phylogenetic PLS is calculated by
incorporating the evolutionary covariance matrix from PGLS to calculate PLS scores
(Adams and Felice, 2014). Phylogenetic and non-phylogenetic PLS results will be
compared to show if the cranium and incisors always covary in a similar way or if
adaptive radiations have occurred. The strength of association between cranial and
incisor variables is quantified using the RV coefficient (Klingenberg, 2009). RV
coefficient ranges from O (variables are independent) to 1 (variables are dependent).
Phylogenetic and non-phylogenetic PLS analyses, accompanying surface warps and RV
coefficient calculations are implemented in the geomorph package in R (Adams and
Otarola-Castillo, 2013).
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3.3 Results

3.3.1 Incisor morphology

The relationship between upper incisor length and upper incisor radius of curvature in
each genus is displayed in Figure 3.5. Incisor curvature can be changed by radius of
curvature, or by the proportion of the circle taken up by the incisor (represented by
incisor length). OLS model fitted to origin (Figure 3.5) shows a positive relationship
between the two variables (R?=0.998, P<0.01). The gradient between the two variables
was nearly half (0.52, P<0.01). This means that every upper incisor measured in this
sample was taking up about a semi-circle of differently sized circles i.e. the incisors

were the same shape but different sizes.

20 25 30
|

Upper incisor radius of curvature (mm)
10 15
| |
o

© I I ] I

0 10 20 30 40 50

Upper incisor length (mm)

Figure 3.5. OLS model fitted through origin showing the relationship between upper incisor length and
upper incisor radius of curvature. Chisel-tooth digging genera are in blue. Non-tooth digging genera are
in red.
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Figure 3.6. Phylogenetic ANCOVA representing the relationship between cranial length, upper incisor
radius of curvature and digging method. Chisel-tooth digging genera are in blue. Non-tooth digging
genera are in red. Genus numbers are given in Table 3.1. Solid line represents PGLS of chisel-tooth
digging and dashed line represents PGLS of non-tooth digging.

Figure 3.6 shows the relationship between cranial length and upper incisor radius of
curvature. Incisor length was not measured due to its strong relationship with radius of
curvature (Figure 3.5). Interaction between log cranial length (covariate) and digging
method (categorical-variable) was not significant (P>0.05) i.e. similar slopes between
groups. Generalized phylogenetic ANCOVA revealed that chisel-tooth digging rodents
have a significantly larger upper incisor radius of curvature (P<0.01) than other rodents.
Phylogenetic signal in this data, measured simultaneously with PGLS model using A,
was 0.60.
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Figure 3.7. PGLS representing the relationship between cranial length and upper incisor second moment
of area. Chisel-tooth digging genera are in blue. Non-tooth digging genera are in red. Genus numbers are
given in Table 3.1. Line represents PGLS through all data.

Figure 3.7 shows the relationship between cranial length and second moment of area of
upper incisors. Interaction between log cranial length (covariate) and digging method
(categorical-variable) was significant (P<0.01). This meant an ANCOVA could not be
applied to the data as the slopes were not similar between groups (a prerequisite for
ANCOVA models). PGLS was applied to the data instead and the residuals were
examined to show the relationship between the data (Figure 3.8). The residuals of the
PGLS of cranial length and upper incisor SMA show that not only do the chisel-tooth
digging rodents have a relatively larger upper incisor SMA, but so do the other
subterranean rodents in the data (see Table 3.1 for groupings). Phylogenetic signal in
this PGLS analysis was 0.51.
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Figure 3.8 Phylogeny of data with accompanying SMA residual values from PGLS of cranial length and
upper incisor SMA. Chisel-tooth digging genera residuals are in blue. Non-tooth digging genera residuals
are in red.
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3.3.2 Cranial morphology
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Figure 3.9 Principal components analysis with surface warps representing shape variation across PC1 and
PC2 axes. Chisel-tooth digging genera are in blue. Non-tooth digging genera are in red. Genus numbers
are given in Table 3.1.

Figure 3.9 and Figure 3.10 represent some of the variation in cranial shape (Figure 3.9)
and non-phylogenetic cranial shape (Figure 3.10). Both types of principal component
methods represent a very similar pattern of shape variation (although PPC1 represents a
larger variance relative to PC1). However, phylogenetic signal in the data is significant
(kmuit=0.49, P<0.01). As the pattern of shape variation is similar in both phylogenetic
PCA and PCA, the ordinary PCA results will be referred to (Figure 3.9). From Figure
3.9 it can be seen that most of the chisel-tooth digging rodents group in the same part of
the subspace (towards negative end of PC1). The only chisel-tooth digging rodent that
departs from the group is Spalacopus (which lies positively on PC1 with respect to the
rest of the chisel-tooth digging group). The non-tooth digging rodents do not group
tightly and are spread over different parts of the subspace. A Procrustes ANOVA
indicates that chisel-tooth and non-tooth digging groups can be distinguished in
morphospace (F=3.57, P<0.01). However, a Procrustes ANOVA incorporating the
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phylogeny leads to insignificance between groups (F= 2.25, P>0.05), unsurprising due
to the significant amount of phylogenetic signal in the data. Shape variation across the
two PC axes is represented by the warps on the extremes of the PC axes. Positive PC1
scores are associated with a rounder, narrower, more gracile skull shape and a wider
rostrum. More negative PC1 scores are associated with a flatter, wider skull shape and a

thinner rostrum.
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Figure 3.10 Phylogenetic principal components analysis with surface warps representing non-
phylogenetic shape variation across PC1 and PC2 axes. Chisel-tooth digging genera are in blue. Non-
tooth digging genera are in red. Genus numbers are given in Table 3.1.
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3.3.3 Covariation of incisor and cranial morphology
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Figure 3.11 Partial least squares analysis with cranial surface warps representing cranial shape and incisor
covariation across PLS 1(accounts for 93.7% squared covariance). Chisel-tooth digging genera are in
blue. Non-tooth digging genera are in red. Genus numbers are given in Table 3.1.
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Figure 3.12 Phylogenetic partial least squares analysis representing cranial shape and incisor covariation
across PLS 1). Chisel-tooth digging genera are in blue. Non-tooth digging genera are in red. Genus
numbers are given in Table 3.1.

The results of the non-phylogenetic PLS show that there is strong covariation between
cranial shape variables and incisor variables (PLS correlation: 0.8, P<0.05). The

strength of association between the cranial shape and incisor variables was moderately
high, at 0.45 (measured using the RV coefficient, P<0.01). Negative PLS 1 scores are

associated with non-tooth digging genera, whereas positive PLS 1 scores are associated
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with chisel-tooth digging genera. The surface warps associated with the PLS plot
(Figure 3.11) show the cranial shape covariation with the incisor variables at the
extreme ends of PLS 1 axis. Negative PLS 1 scores are associated with elongated,
narrow crania and wide rostra. Positive PLS 1 scores are associated with shorter, wider
crania and narrow rostra. Phylogenetic PLS analysis (Figure 3.12) was non-significant

and is shown only to compare with the results of the non-phylogenetic PLS.

3.4 Discussion

3.4.1 Incisor morphology

This study has shown that there is a clear correlation between size, radius of curvature
of the upper incisor and digging method in rodents (Figure 3.6).However, as A was less
than one (0.60), it can be said that although the evolution of incisor radius of curvature
was closer to Brownian motion model than a star phylogeny, other ecological variables
are also influencing incisor radius of curvature. Despite the seemingly complicated
relationship between phylogeny and ecology on the evolution of incisor radius of
curvature, it is clear that chisel-tooth digging rodents have acquired a larger radius of
curvature of incisor for their size compared to rodents that do not require their incisors
to dig. Landry (1957a) assessed upper incisor radius of curvature in a phylogenetically
diverse group of rodents and concluded that a large upper incisor radius of curvature
(and arc length) is required to improve upper incisor procumbency. McIntosh and Cox
(2016) and Chapter 2 of this thesis, showed that a family of chisel-tooth digging rodents
have a craniomandibular morphology that facilitates a wide gape. A wide gape coupled
with more procumbent incisors would allow the incisor tip to be perpendicular to the
soil at the rodent’s widest gape. This would allow the incisor tip to be in contact with
the soil throughout a complete gape motion and hence remove a larger amount of soil

relative to a rodent with reduced procumbent incisors.

Increasing the radius of curvature of the upper incisor requires the root of the incisor to
be further displaced into the pterygoid region of the skull. The cranium is a complex
structure which plays host to the brain and other sensitive sensory structures. As the
cranium is highly integrated (Cheverud, 1982; Hallgrimsson et al., 2007; Klingenberg

and Marugan-Lobon, 2013), any cranial morphological change could have an effect on
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these systems (see below). However, as mentioned earlier, incisor procumbency is
governed by changes in incisor length and radius of curvature. Increasing incisor
procumbency could also be achieved by moving the incisor root forward; keeping the
radius of curvature constant, and decreasing the arc length of the incisor [see Landry
(1957a) for further discussion]. This would mean the root of the incisor would not be
required to expand further back into the skull. Another strategy would be to increase the
length of the rostrum to incorporate the larger incisor, but this would result in a loss of
mechanical efficiency of the major masticatory muscles (see Mclntosh and Cox, 2016
and Chapter 2 for discussion of this situation). Chisel-tooth diggers having longer
incisors originating further back into the skull is probably an adaptation to using their
incisors to dig in hard soils. An increased incisor length within the alveolus gives a
larger surface area in contact with the skull that can then dissipate the larger forces
generated at the tip during chisel-tooth digging (Landry, 1957a; Becerra et al., 2012).
Indeed, due to the positive relationship between incisor length and radius of curvature

of all the rodents in this sample (Figure 3.5), this could be true for the whole order.

Interestingly, the second moment of area, an indicator of bending strength, did not
correlate in the same way as incisor radius of curvature. Firstly, studying the residuals
of the analysis (Figure 3.8), it is clear that this variable does not show differences
between chisel-tooth digging rodents and non-tooth digging rodents. Instead, it seems
that the difference lies between the subterranean and terrestrial rodents. The
subterranean rodents have a larger incisor second moment of area for their size
compared with the terrestrial rodents in my sample. For example, one of the largest (for
its size) incisor second moment of areas was measured in Geomys, a subterranean,
scratch digging rodent. Subterranean rodent diets are mostly made up of geophytes and
other subterranean plants, which tend to be hard and fibrous materials (see Busch et al.,
2000). Therefore, it appears that subterranean rodents have adapted to resist the
increased pressure at the incisor tip due to their hard food diet by making the incisor
more resistant to bending. Incisor morphology has been shown to strongly correlate
with diet in caviomorph rodents (Croft et al., 2011). Becerra et al. (2012) found that
second moment of area correlated with incisor root length (equivalent to incisor radius
of curvature) in caviomorphs. This observation was not directly studied in this chapter.
However, incisor radius of curvature significantly differed between chisel-tooth digging
and non-tooth digging rodents, whereas incisor second moment of area did not, so

correlation between these two variables would have probably been weak. Caviomorpha
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includes a wide variety of subterranean rodents including the claw and chisel-tooth
digging genus Ctenomys (Lessa et al., 2008; Becerra et al., 2013). However, Becerra et
al. (2012) did not include any genera that exclusively use their incisors to dig, which are
labelled as chisel-tooth diggers in my own sample (Ctenomys is labelled as a scratch
digger in my sample). | therefore propose that subterranean rodent incisors are resistant
to bending due to their hard food diets, but chisel-tooth digging rodents also have an
adaptation to deal with the additional forces exhibited during incisor digging in hard

soils by increasing their incisor length to dissipate these forces.

3.4.2 Cranial morphology

It is clear from examining both PCA and PPCA plots (Figure 3.9 and Figure 3.10,
respectively) that cranial shape has significantly converged in chisel-tooth diggers (with
the exception of Spalacopus). Although Spalacopus is a chisel-tooth digging rodent
with large incisors equivalent to other chisel-tooth diggers (Figure 3.6), it does not have
a similar cranial shape. This could be due to the arrangement of the incisor in the
cranium of Spalacopus. The incisors of Spalacopus are located in alveolar sheaths that
are lateral to the cheek teeth and thus avoid the internal cranial space (Lessa, 1990).
Other chisel-tooth diggers do not have this lateralization of the alveolar sheath and
incorporate the incisor alveolus into internal cranial spaces, potentially constraining
cranial shape in other chisel-tooth digging rodents. However, only one specimen of
Spalacopus was used in this study, so more need to be included in order to address this

issue thoroughly.

This convergence of cranial shape with digging methods has already been shown in
rodents (Samuels and Van Valkenburgh, 2009) and was also found in this study
(Procrustes ANOVA, P<0.01). However, Samuels and Van Valkenburgh (2009) did not
take into account phylogenetic similarity between species. In my own data, the
phylogenetic signal of cranial shape was significant (x=0.49, P<0.01). This was a
surprising result given the amount of cranial convergence of chisel-tooth digging crania
shown in the morphospace (Figure 3.9 and Figure 3.10) and the fact chisel-tooth
digging has arisen independently in the sample used (in spalacids and bathyergids ,see
Figure 3.8). However, when phylogeny of the data is accounted for, chisel-tooth digging

crania are not dissimilar to non-tooth digging crania (phylogenetically informed
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Procrustes ANOVA, P>0.05), a result showing how important it is to include phylogeny

into inter-generic analyses.

Inferring from the phylogenetically and non-phylogenetically informed results, the
significant differences of cranial shape found using the non-phylogenetic methods are
mostly down to chisel-tooth digging relationships amongst phylogenetically similar
genera. From the phylogeny, it can be seen that even though chisel-tooth digging has
occurred independently, the chisel-tooth digging genera cluster in two separate groups
(Figure 3.8). Spalacopus, the only chisel-tooth digging genus that isn’t part of these two
phylogenetic groups, does not have a similar cranial morphology to the other chisel-
tooth diggers (Figure 3.9 and Figure 3.10), which is may be why the phylogenetic
correction on the data does not detect a significant difference between chisel-tooth and
non-tooth digging crania. However, cranial morphology probably adapted to chisel-
tooth digging independently in earlier lineages of rodent evolutionary history. If chisel-
tooth digging genera were spread out evenly throughout the phylogeny then perhaps a
significant difference may have been found, a potential lesson in data sampling. A
second lesson that needs to be highlighted from this study is the size of the sample.
Phylogenetic comparative methods reduce the weighting of genera/species that are more
closely related relative to genera/species that are phylogenetically more distant. My
sample only consisted of nine chisel-tooth digging genera and combined with potential
downsampling due to phylogenetic similarity, may not have been large enough to
highlight any biological signal that potentially was occurring.

3.4.3 Covariation of incisor and cranial morphology

Cranial and incisor morphology covary with moderate strength in rodents when
phylogenetic affinities are not included in the analysis (Figure 3.11). Comparing the
PCA and PPCA of cranial shape (Figure 3.9 and Figure 3.10, respectively) with the
non-phylogenetic PLS (Figure 3.11), it can be seen that chisel-tooth digging rodents
group tightly (except Spalacopus). The cranial PCA and PPCA show the variation in
cranial shape within the sample whereas PLS shows the covariation between incisor and
cranial shape within the sample. The fact that chisel-tooth digging rodents group tightly
in both analyses implies that the covariation and integration of incisor and cranial
morphology is a key factor in chisel-tooth digging cranial shape variation and thus
incisor morphology could potentially be constraining cranial shape in chisel-tooth

digging rodents.
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Interestingly, when phylogeny was taken into account, any covariation between incisor
and cranial morphology becomes non-significant (Figure 3.12); a similar outcome when
phylogenetic comparative methods were incorporated into analysing variation of the
crania (see above). Again, this could be down to similar sampling errors as described
above. Indeed other studies that compare analyses with and without phylogenetic
comparative methods have seen similar outcomes to this study i.e. significance without
including phylogeny and nonsignificance including phylogeny (e.g. Cardini and Elton,
2008; Perez et al., 2011; Baab et al., 2014). Having said this, comparing the two
methods has delivered some interesting insights into why taking account of phylogeny
makes these results non-significant. Applying phylogenetic comparative models to
analyses that measure covariation in a sample effectively tries to model how the
variables covary throughout the selected phylogeny, if Brownian motion is assumed
(Klingenberg and Marugan-Lobén, 2013; Adams and Felice, 2014). However, chisel-
tooth digging is probably an adaptation to hard soils, and therefore using a random walk
method (Brownian motion) is probably oversimplifying what is occurring in the
evolutionary covariation of incisor and cranial morphology in this sample (for further

discussion see chapter 5).

3.4.4 Conclusion

This study has shown that incisor radius of curvature is significantly larger in chisel-
tooth digging rodents and is probably an adaptation to dissipate extra forces across the
cranium, incurred by the tip of the incisor digging in hard soils. Second moment of area
of incisors was also found to be larger in subterranean rodents, and is probably an
adaptation to the hard food diets of fossorial rodents. Also, when phylogeny is not
accounted for, incisor and cranial morphology are part of an integrated system that
potentially affects diversity of form in rodents. However, it was also highlighted how
important it is to test for phylogenetic influences in data that consists of different
species and that much more work needs to be done to model evolutionary processes in

multivariate data accurately.
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Chapter 4: Digging biomechanics of the cranial form in

African mole-rats (Family: Bathyergidae)

4.1 Introduction

The cranial morphology of subterranean rodents is strongly constrained compared to
their non-fossorial counterparts and is clearly linked to a subterranean lifestyle (Gomes
Rodrigues et al., in press). Furthermore, studies have shown that there are distinctions
of cranial morphology between subterranean rodents of differing digging methods
(Samuels and Van Valkenburgh, 2009, Mcintosh and Cox, 2016; Chapter 2).There are
two main modes of digging in subterranean rodents: chisel-tooth digging, which
involves the use of incisors to remove soils; and scratch digging, which involves the use
of the forelimbs and claws. Chisel-tooth digging is thought to have evolved in order to
exploit harder soils as incisors are covered in hard enamel and fixed within the cranium
and mandible. This is in contrast to the claws, which are made up of softer keratin and
have more flexibility (Lessa and Thaeler, 1989) and so would deal less well in the
removal of harder soils during burrow construction. Morphological differences in the
cranium of chisel-tooth digging rodents include: more procumbent incisors, wider
crania, enlarged zygomatic arches and larger temporal fossae (Landry, 1957a, Agrawal,
1967, Lessa and Stein, 1992, Samuels and Van Valkenburgh, 2009). Chisel-tooth
digging mandibles are associated with higher coronoid processes, reduced condyle
heights and deep incisor roots (Verzi and Olivares, 2006; Mclintosh and Cox, 2016;
Gomes Rodrigues et al., in press; Chapter 2).

As chisel-tooth digging has arisen independently in all six subterranean rodent families
(Stein, 2000), this morphological constraint is probably related to function. For
example, bite force, a measure strongly associated with an animal’s ecology (e.g. Smith,
1970; Christiansen and Wroe, 2007) has been shown to be larger (relative to body size)
in chisel-tooth digging rodents than other mammals (Van Daele et al., 2009; Becerra et
al., 2014). An increase in bite force in chisel-tooth diggers is expected due to the extra

force required to break through hard soils at the incisor.

Interestingly, cranial shape constraints are found in types of carnivores that also require
a high bite force (Wroe et al., 2005; Wroe and Milne, 2007; Figueirido et al., 2013). For
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example, Figueirido et al (2013) showed that bamboo-feeding and bone-cracking
carnivores, two phylogenetically distant groups, converge in cranial morphospace.
Morphological traits associated with this convergence includes enlarged areas for
masticatory muscle attachments (e.g. wide zygomatic arches, deep crania, enlargered
sagittal crests), characteristics associated with production of high bite forces and
dissipation of stress in carnivores (Ewer, 1973; Biknevicius and Van Valkenburgh,
1996; Figueirido et al., 2013). Similar characteristics have been found in chisel-tooth
digging rodents (relative to other rodents) (Samuels and VVan Valkenburgh, 2009;
Mclntosh and Cox, 2016; Gomes Rodrigues et al., in press; Chapter 2). Also, the
temporalis has also been shown to be a key muscle in carnivoran mastication, as
animals that require both a large bite force and a wide gape, require a dominant
temporalis (Turnbull, 1970; Emerson and Radinsky, 1980). MclIntosh and Cox (2016)
and Chapter 2 also found that the mechanical advantage of temporalis is significantly
larger in chisel-tooth digging rodents, offering strong evidence that the temporalis is a

driving force in constraining skull shape in these phylogenetically distant groups.

As in the above examples, comparative studies traditionally have taken place in a
univariate context, looking at single traits in relation to an organism’s performance (e.g.
Vinyard et al., 2003; Morgan and Verzi, 2011; Hampton and Moon, 2013). Although
these types of analyses are helpful in showing how a trait has potentially evolved to
perform a task that increases the chances of survival of a species in a particular
environment, they lack any information on how this one trait perturbs an overall highly
integrated system. Integration and modularity amongst morphological traits is a concept
that has been given much attention recently due to the advancement of geometric
morphometrics (for review of integration and modularity in morphological traits, see
Klingenberg, 2008). As an organism’s overall shape is inherently integrated and
multivariate, it is important to also assess the performance of an organism’s shape in an
all-encompassing method. Studies of vertebrate morphology have turned to finite
element analysis (FEA) to address this issue of complexity. FEA breaks down a
biological structure’s infinite complexity by dividing it into a large number of discrete,
simple elements, which are connected via nodes. These elements are then assigned
material properties that will accurately respond via stress, strain and deformations under
an applied loading and constraining condition (for review of FEA use in biology see
Richmond et al., 2005; Rayfield, 2007). This method has been used to investigate

masticatory biomechanics in a diverse range of organisms, including bats (Dumont et
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al., 2005), dinosaurs (e.g. Button et al., 2014), ostriches (e.g. Rayfield, 2011), primates
(e.g. Fitton et al., 2012), lizards (Curtis et al., 2013) and rodents (Cox et al., 2011, 2012,
2013).

In Chapter 2 of this thesis (McIntosh and Cox, 2016), chisel-tooth digging rodents were
shown to have multiple morphological traits in the cranium and mandible that are linked
to increased bite force and gape capabilities. In this study, FEA is used to elucidate the
overall performance of a chisel-tooth digging rodent (Fukomys mechowi) relative to a
scratch digging rodent (Bathyergus suillus). These two subterranean rodents are from
the same family (Bathyergidae) and are known to have very similar diets of roots and
tubers (Bennett and Faulkes, 2000), making them a good choice for a comparative study

of digging performance of the cranium.

It is hypothesised that the constrained shape of the cranium seen in chisel-tooth digging
rodents has an improved performance for digging at the incisors compared to scratch
digging rodents. Using FEA, digging will be statically simulated by modelling the
cranium at different angles of gape and assessing the biomechanical response to each
loading condition. Using a novel technique of integrating geometric morphometrics
(GMM) with FEA (O’Higgins et al., 2011; O’Higgins et al., 2012), it will also be
possible to quantify the differences in overall deformations (of size and shape) in each
species to specific loading scenarios. | predict that, compared to the scratch digging
species, the chisel-tooth digging cranium will: (1) exhibit lower stress; (2) be more
efficient at converting muscle forces to bite forces; (3) experience less deformation; and
(4) have an improved performance (measured using metrics from hypotheses 1-3) at

higher gapes, relative to the scratch digging cranium.
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4.2 Materials and Methods

4.2.1 Sample and model construction

Finite element (FE) models were created from microCT scans of two adult African
mole-rat skulls: the chisel-tooth digging Fukomys mechowi (MNHN [Muséum National
d'Histoire Naturelle] ZM-M0O-1911-664) and the scratch digging Batherygus suillus
(University of Pretoria 631). The specimens were scanned on an X-Tek Metris microCT
scanner at the University of Hull (Medical and Biological Engineering Research
Group). The scans had isometric voxels of 0.0417 mm (Fukomys) and 0.0532mm
(Bathyergus). Using Avizo 8.0 (FEI, Hillsboro, OR) the scans were resampled to double
their original voxel sizes to ensure a reasonable processing time during FE model
creation and solving stages. 3D volume reconstructions of the skulls were created by a
combination of automated and manual thresholding of materials that depicted the most
accurate representation of skull geometry and the removal of unwanted material such as
scanning artifacts and nasal turbinates, as they were not considered to be load-bearing.
Bone, teeth, and incisor pulp cavity were segmented into separate materials so they
could be assigned different elastic properties. All bone was modelled as cortical bone,
as recent work on macaques indicates that there is little difference in performance
between solid models and models incorporating trabecular bone (Fitton et al., 2015).
Enamel, dentine and periodontal ligament were not modelled separately as the scans
were not of high enough quality to accurately segment these materials. Also, studies
have shown that varying these material properties have little effect on the overall
deformation of the skull (Cox et al., 2011; Wood et al., 2011). The reconstructions were
then converted to an 8-noded cubic mesh directly from voxels using VOX-FE, in-house
custom-built FEA software (Liu et al., 2012). The Fukomys and Bathyergus models
comprised 9481075 and 6796670 elements, respectively.

4.2.2 Material properties

Based on previous nano-indentation work on rodents (Cox et al., 2011, 2012) and other
mammals (Kupczik et al., 2007), bone and teeth were assigned Young’s moduli of 17
and 30 GPa, respectively. Pulp was assigned a Young’s modulus of 2 MPa (Williams
and Edmundson, 1984). All materials were modelled as homogeneous and isotropic
with a Poisson’s ratio of 0.3 being assigned to bone and teeth and a ratio of 0.45 to pulp
(Williams and Edmundson, 1984). No data is available for material properties of

bathyergids. However, it was considered appropriate to use these properties as this

108



study is primarily concerned with the relative digging performance between two
species, and therefore is less concerned with absolute output values. Also, variation of
material properties seem to have less of an impact on global patterns of stress and strain
than does variation in geometry (Ross et al., 2005, Strait et al., 2005, Wroe et al., 2007,
Walmsley et al., 2013).

4.2.3 Constraints

As the models were representing static simulations, they had to be prevented from
motion when muscle loads were applied. In order to model chisel-tooth digging, the
models were constrained at the point of contact of the incisor tip with the soil in the
direction of the bite. Due to the close apposition of the incisors in rodents, the nodes
assigned as bite point constraints were spread equally between both incisors’ medial
edges. An equal number of nodes were constrained at each temporo-mandibular joint
(TMJ) in all three axis. The TMJ in rodents is situated on the ventral side of the
zygomatic process of the squamosal and represents the point on the skull where reaction
forces occur between the mandibular condyles and the skull when the model is loaded.

In both models, 40 nodes were assigned to each area of constraint.

4.2.4 Modelling muscle loads and changes in gape

Loads were applied bilaterally for the following muscles, as rodents generally
demonstrate a bilateral masticatory pattern at the incisors (Offermans and de Vree,
1990; Satoh, 1998): temporalis; superficial masseter; deep masseter;
zygomaticomandibularis (ZM: anterior, infraorbital and posterior parts); lateral
pterygoid; and medial pterygoid. The masseter muscle was divided into 3 parts
(superficial; deep and ZM) following (Turnbull, 1970; Cox and Jeffery, 2011). Muscle
attachment sites were assigned based on dissections by Van Daele et al. (2009) and
virtual muscle reconstructions by Cox and Faulkes (2014). The Bathyergidae family
members have a somewhat rare masticatory musculature arrangement in comparison to
the rest of Rodentia. The majority of rodents are usually classified into three (non-
phylogenetic) groups, based on their masticatory musculature: sciuromorph (squirrel-
like); myomorph (mouse-like) and hystricomorph (porcupine-like) (Brandt, 1855;
Wood, 1965). However, the Bathyergidae have a musculature arrangement which does
not fit into any of these classifications. Unlike in the three traditional rodent groups, the
masseter in bathyergids does not have a rostral origin. Instead, the bathyergids are
thought to resemble the ancestral condition of rodents, known as protrogomorphy

(Wood, 1965), where the masseter originates posterior to the infraorbital foramen. This
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condition has probably been secondarily acquired in the bathyergids who likely evolved
from a hystricomorph ancestor (Landry, 1957b; Maier and Schrenk, 1987; Cox and
Faulkes, 2014). This is of particular interest in this study due to the slight differences of
the origin of the infraorbital part of the zygomaticomandibularis (10ZM) within the two
specimens used in this study. The chisel-tooth digging Fukomys has a larger, more
hystricomorphous infraorbital foramen when compared to the scratch digging
Bathyergus, where the foramen is significantly reduced. As such, in Fukomys, a small
proportion of the I0OZM passes through the infraorbital foramen. This is not the case in
Bathyergus, where the IOZM attaches posterior to the infraorbital foramen. The anterior
and posterior ZM originate on the jugo-squamosal suture on the medial surface of the
zygomatic arch and the glenoid fossa, respectively. The temporalis, the largest
masticatory muscle in bathyergids (Morlok, 1983; Van Daele et al., 2009; Cox and
Faulkes 2014), originates across the entirety of the parietal bone and some of the frontal
and squamosal. The superficial masseter begins on the anteroventral surface of the
zygomatic arch, where the arch meets the skull and the deep masseter originates along
the length of the ventral border of the zygomatic arch. Finally, the medial and lateral
pterygoids originate within the pterygoid fossa and on the lateral side of the pterygoid

plate, respectively.

The direction of pull of each muscle (i.e. muscle directional vector) was determined by
placing a reconstruction of the specimen’s mandible in a position of incisor occlusion
(0°) using Avizo. The Bathyergus and Fukomys mandibles were automatically
segmented in Avizo from microCT scans (0.0481 and 0.0350 mm isometric voxel sizes,
respectively). Landmarks representing the insertion of each muscle were placed onto the
mandible and loaded into VOX-FE in order to accurately represent the direction of pull.
The temporalis insertion was modelled as inserting at the tip of the coronoid process. As
the superficial masseter insertion fans out over the entirety of the ventral border of the
mandible, a B-spline was placed on the ventral border and a landmark was placed on the
mid-point of the B-spline to represent the directional vector of the superficial masseter.
The deep masseter also fans out over the mandible and its insertion is directly dorsal to
the superficial masseter, so was modelled using the same method as the superficial
masseter. IOZM inserts at the base of the coronoid process lateral to the distal molar.
The anterior ZM inserts on the ventral part of the coronoid process and the posterior
ZM on the mandibular ramus. The medial pterygoid inserts on the medial part of the

mandibular angle. Lastly, the lateral pterygoid inserts on the medial part of the
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mandibular condyle. In VOX-FE, the origin of the muscle directional vector is assigned
by calculating the centroid of the selected area of nodes defining the muscle origin.
Each selected muscle node then runs parallel to the centroid vector. To calculate muscle
magnitudes, PCSA values for Fukomys mechowi were taken from Van Daele et al, 2009
and then multiplied by an intrinsic muscle stress value of 0.3N mm (van Spronsen et
al., 1989; Weijs and Hillen, 1985). No PCSA data was available for Bathyergus, so the
Fukomys muscle forces, scaled to model area, were used instead (the limitations of this
are discussed below). To replicate different angles of gape, the landmarks representing
each muscle insertion were rotated about an axis running between the left and right TMJ
(see McIntosh and Cox, 2016 and Chapter 2 for further details of method) and the
muscle directional vectors changed accordingly to simulate the effects of gape on the
performance of the models. Condyle translation has been shown to occur in the
terrestrial rodent, Pedetes capensis during different stages of mastication (Offermans
and de Vree, 1990). However, condyle movement during digging at the incisors has
been shown to be stable in Ctenomys, a South American subterranean rodent (Verzi and
Olivares, 2006). For this reason, condyle translation has not been included in the model,

and the mandible has been simply rotated around an axis (TMJ).

4.2.5 Comparison of performance indicators between finite element models

In order to establish which model performed better under a chisel-tooth digging
simulation, performance indictors must be comparable. In this study, von Mises (VM)
stress was used as a key indicator of performance. VM stress is an accurate predictor of
failure in ductile materials such as bone, with VM stresses that exceed the strength of
the material, leading to permanent plastic deformation. Structures which exhibit overall
lower VM stresses in a comparative context are therefore less likely to fail under a
given loading. If two models of the same shape but of different sizes have equal loads,
the larger model will exhibit less stress (as stress equals force applied over the area of
the model). To consider the effect of difference in shape on stress between two models,
the effect of size must be controlled for, which can be achieved by keeping the ratio of
force to surface area constant between the two models (Dumont et al., 2009). As PCSA
values were not available for Bathyergus, surface area for both models were calculated
in Avizo, and the ratio of the two surface areas was used to scale forces applied to the
Bathyergus, thus making the resultant VM stress values for each model comparable. In
order to quantify VM stress across the skull, the VM stress of each element from each

model was extracted and the median VM stress for both models was calculated. Using
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the median, rather than the mean, to compare VM stress prevents outlying values that
can arise from modelling artifacts from artificially increasing the average and gives a
good indicator of overall spread of VM stress across the cranium.

Although scaling the FE models to force:area ratio allows an assessment of the
significance of model shape, it is also of interest to show how the models perform when
scaled to an ecologically relevant bite force. This is possible as deformations increase
linearly and proportionately with applied loading conditions (O'Higgins and Milne,
2013; Fitton et al., 2015). Fukomys has been shown to have an in vivo bite force of 40N
(Van Daele et al., 2009) and as such both models’ were scaled using absolute bite force
outputs (Table 4.1) in order to produce a bite force of 40N at all gape angles. As one
loaded model condition created a negative absolute bite force output (Bathyergus model
at 90°; Table 4.1), it could not be scaled and was discarded from this part of the study
(see discussion for further explanation).

The mechanical efficiency of incisor biting in each model was also calculated to assess
the performance of both models. Mechanical efficiency is the ratio of predicted bite
force to total muscle input force and provides a single value with which to assess the
efficiency of the masticatory system in transforming muscle to bite force (Dumont et
al., 2011; Cox et al., 2012). Mechanical efficiency is dimensionless and is therefore

independent of size, which is why it is a useful variable with which to compare models.

4.2.6 Geometric morphometric analysis of cranial deformations

When ductile materials have forces applied to them, they will elastically deform,
meaning they will return to their original form when forces are removed. However, as
explained above, if an object experiences stress that exceeds the object’s strength, it will
plastically deform, meaning that the object will not return to its original form. The
further a loaded object is from its original form, the more likely it is to plastically
deform, and so an object’s global deformation is of particular interest to biologists

trying to assess the performance of morphology during different loading conditions.

Visually, it can be rather difficult to assess variation between FE models as
deformations between unloaded and loaded models are small. Recently, geometric
morphometrics (GMM), a landmark based form analysis method (for review, see

O'Higgins, 2000) has been applied to finite element analyses in order to quantify global
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deformations between loaded and unloaded models (O’Higgins et al., 2011, 2012; Cox
etal., 2011; Groning et al., 2011; O'Higgins and Milne, 2013; Fitton et al., 2015). It
should also be noted that GMM analyses cannot predict material failures (which is done
by strain analysis), as they can only quantify the differences of size and shape between
the deformations, and not the processes that achieve these deformations (O'Higgins and
Milne, 2013). Therefore, the term deformation used throughout refers to differences in
size and shape of models and not rigid body motion (as rigid body displacement is
removed during GMM analysis). A set of landmarks (3-D coordinate data) were placed
onto selected nodes of each unloaded model (the same landmark set used in Chapter 3;
see Figure 3.4 and Table 3.2 ). The landmarks were then extracted from displaced nodes
from the loaded models and analysed to quantify the size and shape difference between

the unloaded and loaded models.

The majority of GMM analyses concentrate on the shape of an object and as such
‘remove’ the size aspect of an object. This is achieved by scaling all configurations to
unit centroid size: the square root of the sum of squared landmark differences to the
centroid. Each landmark configuration is also translated to an arbitrary axis coordinate
system, normally centralized at (0, 0, 0). Each configuration is then rotated with respect
to an average configuration in order to minimize the distance between corresponding
landmarks. This process is called a generalized Procrustes analysis (Dryden and Mardia,
1998) and the resulting landmark coordinates (Procrustes coordinates) are now
represented on Kendall’s shape space (Kendall, 1984). However, deformations that
occur in FEA have arisen due to differences in size as well as shape. In a mechanical
context, it makes little sense to attribute deformations to shape alone (O’Higgins and
Milne, 2013). Past studies that have applied GMM to FEA circumvent this problem by
not scaling each landmark configuration to its centroid size during the Procrustes
procedure, minimizing the landmark differences between unscaled configurations
(Milne and O'Higgins, 2012; O'Higgins and Milne, 2013, Fitton et al., 2015). This
method represents the Procrustes coordinates in “size and shape” space (Dryden and
Mardia, 1998; Dryden et al., 2007) instead of Kendall’s shape space. This is a potential
problem, as methods that are not based on Kendall’s shape space have been shown to
strongly constrain the possible results obtained by ordination methods (Rohlf, 2000). To
overcome this issue, landmark coordinates (of both unloaded models and all loaded
models) were subjected to a full Procrustes analysis and were not projected onto a

tangent space in order to keep the coordinates (Procrustes) on the surface of Kendall’s
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shape space (see Rohlf, 1999 for more information on this). To include the effect of
size, the Procrustes coordinates of each model were then scaled to their respective

centroid sizes.

In order to quantify the differences in deformation between two specimens in a
comparative analysis, the difference in size and shape between the two unloaded models
must be discarded, as these differences will far outweigh the differences found between
the unloaded and loaded models (Fitton et al., 2015). To compare how two different
models deform, both models’ landmark coordinates (unloaded and loaded) are subjected
to the same Procrustes analysis and scaled according to their centroid sizes (as above).
The difference in Procrustes coordinates (after centroid size scaling) between each
loaded and unloaded model were calculated to obtain their residuals (these residuals
represent the displacement of selected nodes on each model after the FE analysis). In
order to visualise the differences in deformations between the two models, the residuals
were added to a mean unloaded landmark configuration, which is calculated from the
two unloaded model configurations after Procrustes fitting and scaling (from the above
analysis). This mean configuration (which represents the mean unloaded model) and the
loaded models’ configurations (mean unloaded model plus each loaded models’
residuals) are subjected to a second Procrustes analysis, without scaling or tangent
projection (O’Higgins and Milne, 2013), essentially carrying out a principal
components analysis on the above coordinates to represent the multivariate data on a
graph. Size and shape differences between the mean model and the loaded models were
visualized firstly by warping the Bathyergus surface (using Avizo) to the mean
configuration of the unloaded models, therefore creating a Bathyergus-Fukomys hybrid
surface. This hybrid surface was then used together with transformation grids,
calculated via the thin plate spline (TPS) method (Bookstein, 1989) to visualize the size
and shape deformations. As these deformations are very small, to aid visual
interpretation, the deformations are magnified 500 times. This therefore means the
resulting bending energy represented on the transformation grid is not absolute, but is
rather used as a visual device (Weber et al., 2011; O'Higgins and Milne, 2013).

To compare the deformations of the models that were scaled to bite force, the residuals
of the above analysis should be scaled to the bite force ratio. However, as one model
was missing from this part of the analysis (see below), new residuals were calculated
(as different numbers of variables affects how the models are superimposed during the

Procrustes fit). These new residuals were added to a mean model (as above) and the
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models were Procrustes fitted to calculate new centroid sizes (as they will be slightly
different from the original GPA). Visualisations of these scaled deformations,
represented using TPS, were magnified 50 times. All geometric morphometric analyses

were carried out using the EVAN toolbox (http://www.evan-society.org).

It should be noted that the models did not contain PCSA values of the individual
specimens used in model creation. For this reason, it was not possible to validate either
model accurately and so the model outputs should not be considered to be reproducing
biological reality. Instead, the scaling of the muscle forces allows conclusions to be
drawn on the relative impact of changing muscle orientations in species with different

cranial morphologies, similar to Dumont et al (2011).

Figure 4.1 Muscle arrangements and muscle vectors of the masticatory muscles represented in both FE
models. A, Bathyergus model in lateral view. B, Bathyergus model in ventral view. C, Fukomys model in
lateral view. D, Fukomys model in ventral view. Colours of muscle vectors: temporalis, red; superficial
masseter, cyan; deep masseter, royal blue; I0ZM, green; anterior ZM, purple; posterior ZM, yellow;
lateral pterygoid, brown; medial pterygoid, orange.
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4.3 Results

4.3.1 Models scaled to force:area ratio

Fukomys Bathyergus

00

30°
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90°

OMpa >10Mpa

Figure 4.2 VVon Mises stress contour maps across models scaled to force:area in lateral view. Left column
is Fukomys model, right column is Bathyergus model at differing gape angles.
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Figure 4.3 Von Mises stress contour maps across models scaled to force:area in dorsal view. Left column
is Fukomys model, right column is Bathyergus model at differing gape angles.
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Table 4.1. Median von Mises stress, bite force output and mechanical efficiency across both models at
increasing gape.

Median VM(MPa) Bite force (N) Mechanical efficiency
gzgfeaegg'e Fukomys Bathyergus | Fukomys Bathyergus | Fukomys Bathyergus
0 1.06 0.88 18.83 15.09 0.18 0.13
30 1.04 0.76 15.26 9.73 0.15 0.08
60 0.85 0.52 9.13 3.04 0.09 0.03
90 0.63 0.59 1.95 -3.84 0.02 -0.03

Figure 4.2 and Figure 4.3 represent the results of VM stress across the crania of the two
models (lateral and dorsal, respectively) when scaled to the same force: surface area
ratio. The distribution of VM-stress differs slightly between the two crania. Both
models appear to be most stressed at the zygomatic arch, especially around the area of
the glenoid fossa, where joint reaction forces take place between the cranium and
mandibular condyles. However, the stress at the glenoid fossa reduces when gape angles
are increased. Fukomys is more stressed across the rostrum compared to Bathyergus.
Fukomys also seems to be experiencing more stress around the infraorbital foramen,
probably due to infraorbital part of the zygomandibularis extending slightly through the
foramen, something which does not occur in Bathyergus. Both models appear also to
experience quite high stresses at the attachment of the pterygoid muscles, with slightly
higher stresses occurring in the Fukomys model. At increasing angles of gape, stress
appears to transfer posteriorly through the cranium in both models, with stress at the
rostrum being reduced. From occlusion to 60° gape angle, the incisor in Fukomys
appears to be more stressed than in Bathyergus. Studying median VM stresses (Table
4.1) shows that increasing angles of gape reduces the stress in the cranium. However,
Fukomys experiences higher VM stress in the cranium at each pairwise gape compared

to Bathyergus.

Table 4.1 includes mechanical efficiency differences between the two species. As gape
increases, mechanical efficiency decreases in both specimens. However, Fukomys is 1.2
times more efficient at 0° but 3 times more efficient at 60° compared to Bathyergus.
Fukomys is also more efficient than Bathyergus at converting input forces to output

forces at all gape angles.
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Figure 4.4 PCA plot representing the deformations between the two models scaled to force:area ratio.
Mean unloaded model represented as a black cross. Blue points represent Fukomys models and red points
represent Bathyergus models. Models at occlusion (circles), at 30° gape (triangles), 60° gape (squares)
and 90° gape (diamonds).
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Figure 4.5 Transformation grids and surface warps associated with PCA plot (Figure 4.4) representing the
deformation between the two models scaled to force:area ratio. Arrows represent the change in size and
shape between unloaded mean model and target. A, unloaded mean model; B, size and shape change from
unloaded model to Fukomys model in occlusion; C, size and shape change from unloaded model to
Bathyergus model in occlusion; D, size and shape change from unloaded model to Fukomys model at 90°
gape; E, size and shape change from unloaded model to Bathyergus model at 90° gape

Figure 4.4 shows the size and shape deformations between the two model types at
varying degrees of gape. PC1 represents 76.27% variance and PC2 13.33%. PC1 is
dominated by the differences between the loaded models at differing angles of gape
whilst PC2 shows the difference between the unloaded mean and the loaded models.
Figure 4.5A, B and C show the deformation between the mean unloaded model and the
two models at occlusion using thin plate splines. The differences between the mean
unloaded model and the loaded models at occlusion seem to be ventral deflexion of the
zygomatic arch. Bathyergus in occlusion and Fukomys at 90° gape appear to be the least
deformed from the mean unloaded model; whereas Bathyergus at 90° gape and
Fukomys in occlusion are the most deformed from the mean unloaded model. Figure
4.5D and E show cranial deformations from unloaded mean to 90° gape in both models.
The deformations between the two models are shown to be rather similar, with

increasing gapes being associated with dorsoventral bending.
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4.3.2 Models scaled to bite force

Fukomys Bathyergus
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Figure 4.6 VVon Mises stress contour maps across models of increasing gape scaled to a bite force of 40N
in lateral view.
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Fukomys Bathyergus
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Figure 4.7 VVon Mises stress contour maps across models of increasing gape scaled to a bite force of 40N
in dorsal view.
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Table 4.2. Median von Mises stress of both models scaled to bite force of 40N.

Median VM (MPa)
Gape angle (degrees) Fukomys Bathyergus
0 2.25 2.33
30 2.72 3.14
60 3.74 6.84
90 12.85

Figure 4.6 and Figure 4.7 represent VM stress across the crania of the two models
(lateral and dorsal, respectively) when scaled to a bite force of 40N from the original
bite force output from each model represented in Table 4.1. Bathyergus at 90° gape was
omitted from this analysis as the bite force from this model was negative, and was
therefore considered an unrealistic model loading condition (see below for further
explanation). VM stresses in both species have increased compared to VM stresses
when the models are scaled to force:area ratio (Table 4.2). Increasing gape also
increases VM stress across both species; the reverse of what occurred in the above
scaling scenario. From Figure 4.6 and Figure 4.7 it can be seen that Bathyergus at 60°
gape experiences maximum stresses across the middle and posterior parts of the
cranium. A similar pattern is seen in Fukomys at 90° gape. The differences between the
two species are best represented on the PCA (Figure 4.8). PC1 represents 84.38%
variance and PC2 13.06%. PC1 is dominated by the differences between the models at
differing angles of gape whilst PC2 shows the difference between the two species. The
PCA shows that the crania of Bathyergus and Fukomys at occlusion have not deformed
much from the unloaded model. However, Bathyergus deforms more at wider gapes
relative to Fukomys at the same gapes. Indeed, Bathyergus at 60° gape seems to almost
deform as much as Fukomys at 90° gape. Figure 4.9 shows that large dorsoventral

deformations occur when the models are at wide gape.

123



D ¢

80_

c O

& o

S O A

- © 1%

\ .

SN

© A

=)

(v)LO

- O _

"—/O

N ]

Oo

o < O
o l
1

I I |
-0.05 0.05 0.15
PC 1 (84.38% variance)

Figure 4.8 PCA plot representing the deformations between the two models scaled to bite force of 40N.
Mean unloaded model represented as a black cross. Blue points represent Fukomys models and red points
represent Bathyergus models. Models at occlusion (circles), at 30° gape (triangles), 60° gape (squares)
and 90° gape (diamond).

Figure 4.9 Transformation grids and surface warps associated with the PCA plot (Figure 4.8) representing
deformation between the two models scaled to bite force. Arrows represent the change in size and shape
between mean unloaded model and target. A, mean unloaded model; B, size and shape change from
unloaded model to Fukomys model at 90° gape; C, size and shape change from unloaded model to
Bathyergus model at 60° gape.
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4.4 Discussion

4.4.1 Models scaled to force:area ratio

Finite element models created and solved in this study have shown that the chisel-tooth
digging rodent, Fukomys, has a shape that can produce a larger incisor bite force at
wider gapes than the scratch digging rodent, Bathyergus (Table 4.1). This study agrees
with prior research on mammalian masticatory systems that increasing gape decreases
bite force (e.g Herring and Herring, 1974; Dumont and Herrel, 2003; Bourke et al.,
2008; Williams et al., 2009). The Fukomys model also produces the greater bite force,
despite having lower muscle input values (Table 4.1). Figure 4.2 and Figure 4.3
represent the VM stress of both models at varying gapes when scaled to force:area ratio,
following the method of Dumont et al. (2009). As mentioned previously, comparing the
two models in this way allows for the assessment of the effects of shape on performance
without the influence of size. From these results, it appears that the shape of the skull of
a chisel-tooth digging rodent is optimised to produce a larger bite force at wider gapes.
The word optimised is used due to the fact that even though the chisel-tooth digging
skull achieved these greater bite forces, it did so at the expense of increased cranial
stress- the median stress across the skull was larger at every gape angle tested, relative
to the skull of the scratch digging rodent used in this study (see Table 4.1). Under
conventional mechanical principles, it can be said that the skull shape of Bathyergus is
more resistant to ductile fracturing as it experiences lower VM stresses compared to the
skull shape of Fukomys. This seems to contradict the study’s hypothesis that if size is
accounted for, Fukomys can produce and therefore bear larger forces at the incisors for
chisel tooth digging. However, as discussed by Dumont et al. (2011) it is unclear if the
difference in stress found between the two skull shapes really matters in an evolutionary
context, as there is no evidence of an animal skull naturally loading to failure. Indeed,
compressive and tensile yield stresses of bone (180 and 130MPa, respectively;
Cezayirlioglu et al., 1985) are much higher than the stresses reported in this study
(Table 4.1and Table 4.2). Furthermore, an excellent study by Dumont et al. (2014)
showed that bats were adapting their crania in favour of mechanical efficiency (muscle
input force to bite force ratio), whereas adaptation to cranial strength (i.e low VM
stress) was not as strongly selected for. Although much more work needs to be done in
a broader phylogenetic context, their study provides evidence that perhaps the evolution

of cranial shape in vertebrates is not about adapting to an optimal shape to resist ductile
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fracturing, but evolving a cranium that can function properly without failing under its

natural loading.

Results from the geometric morphometric analysis of the force:area ratio scaled models
show a rather different pattern seen from the VM stress contour maps. The analysis
shows the two models deforming in a symmetrical pattern (Figure 4.4). The main
difference between the two models is that as gape increases, Fukomys deforms less
(plots closer to the unloaded model) and Bathyergus deforms more (plots further from
the unloaded model). The model that deforms the least from the unloaded model is
Bathyergus at occlusion (Figure 4.4). When comparing this to Fukomys at occlusion, it
can be seen that the main difference in deformation occurs at the zygomatic arch, which
is more inferiorly deflected in Fukomys at occlusion (Figure 4.5B and C). During
occlusion, the line of action of the masseter muscles is pulling the zygomatic arch
vertically downwards. As the models have been scaled to the same muscle force:surface
area ratio, it is unlikely that the greater zygomatic deformation is a product of greater
muscle force in Fukomys; rather, it is differences in the direction of muscle pull that
appear to be leading to this result. It can be seen in Figure 4.1 that the deep masseter of
Bathyergus has a greater posterior component to its line of action than does that of
Fukomys. Thus the forces acting on the zygomatic arch of Fukomys are likely to

produce a greater ventral deflection than is seen in Bathyergus.

Figure 4.5D and E represent how both models deform at large gape angles. Both models
seem to be deforming by dorsoventral bending of the cranium. As gape increases, the
arrangement of the most dominant muscles (Figure 4.1), the temporalis (which attaches
to the posterior area of the cranium) and masseters (which attach to the zygoma) will
cause dorsoventral bending of the cranium around the TMJ constraints. Less bending
will occur at the incisor bite constraint as the muscle vectors rotate with the mandible as
gape increases. This results in the muscle vectors directing more force towards the
posterior part of the skull, and less force towards the anterior portion (this is also
demonstrated by VM stress patterns [Figure 4.2 and Figure 4.3] where cranial stress is
concentrated at the posterior areas of the cranium as gape increases). Interestingly, the
Fukomys model does not experience as much deformation or dorsoventral bending at
90° gape compared to Bathyergus (Figure 4.4 and Figure 4.5D&E). This implies that the
Fukomys cranium is stiffer than the Bathyergus cranium, which is to be expected from a

cranium that has higher mechanical efficiency (Table 4.1). The stiffer the cranium is
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during mastication, the less energy it will waste in deforming, making it more efficient

at converting muscle forces into bite forces.

4.4.2 Models scaled to bite force

Scaling both FE models to an ecologically relevant bite force has also given some
interesting insight to the performance of the two crania. The model of Bathyergus at 90°
gape had to be omitted from this analysis as its bite force output was negative and
therefore could not be scaled. As gape increases, the muscle vectors rotate closer to the
TMJ, therefore reducing their moment magnitude. At wide gape many vectors rotate
past the TMJ and at this point work against the other muscles closing the jaw. At these
wide gape angles, the shape of the Bathyergus cranium is causing more muscles to be
working against jaw closing, which is producing a negative bite force. This is clearly an
unrealistic scenario that could not happen in nature. Despite there being a complete lack
of data on gape angles in Bathyergus (along with many other rodents), this result alone
shows that the cranial form of Bathyergus cannot perform at gapes any higher than 90°.
From the VM stress contour maps (Figure 4.6 and Figure 4.7) and the median VM
stress of the cranium (Table 4.2) it is clear that the Fukomys model performs much
better at all gape angles. VM stress across both skulls have increased relative to those
scaled by force:area. This is to be expected as none of the force:area scaled models
reached an ecologically accurate bite force and thus were scaled “up” to a relevant bite
force. This study was not trying to predict absolute bite forces in these species; instead,
it was looking at how the cranial morphology copes with having to deal with these
ecologically realistic scenarios. From this standpoint, it can be said that Fukomys
experiences less stress and deforms less compared with Bathyergus (Table 4.2 and
Figure 4.8) and agrees with the study’s hypotheses that Fukomys will perform better at
chisel-tooth digging loading scenarios. The results of the VM stress contour plots

(Figure 4.6 and Figure 4.7) show that Fukomys at 90° gape and Bathyergus at 60° gape

experience a large increase of stress across the majority of their crania. Combining this
result with the GMM analysis of deformation (Figure 4.8), it is seen that these two
loading conditions have deformed much further from the unloaded model compared to
the other models at smaller gapes. It could be inferred that the cranial morphologies of
Fukomys and Bathyergus cannot achieve sufficient bite forces at these gapes as the
skulls waste energy to larger deformations. Indeed, in vivo experiments on Fukomys
have shown that the maximum gape in this genus is 71° (Heindryckx, 2014). The results

of this study show that the cranium is a limiting factor in producing a maximal gape
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angle of anything over that shown in vivo. Despite there not being any gape data for
Bathyergus, from these results it would seem that Bathyergus cannot achieve
ecologically relevant bite forces at a gape of more than 60°.

Comparing mechanical efficiency of the models at increasing gape angles adds support
to the results above in that the cranial morphology of Fukomys is more suited to chisel-
tooth digging compared to the cranial morphology of Bathyergus. It was found that at
occlusion Fukomys is 1.2 times more efficient than Bathyergus at converting muscle
input to bite force output. This increased to 3 times as efficient at 60° (Table 4.1). A
higher mechanical efficiency is partly achieved by having masticatory muscles that
have increased moment arms around the TMJ. Mclntosh and Cox (2016) and Chapter 2
showed that the temporalis muscle of chisel-tooth digging rodents has an increased
moment arm compared to Bathyergus and therefore could be the muscle driving this
improved mechanical efficiency at increased gapes in Fukomys. As discussed above,
Fukomys does not deform as much as Bathyergus at higher gapes, and therefore it is
unsurprising that Fukomys is more efficient at converting input forces into bite force, as

it does not lose as much energy in cranial deformation.

4.4.3 Conclusion

This study has shown that the cranial morphology of Fukomys is more suited towards a
chisel-tooth digging lifestyle because Fukomys can operate more efficiently at gapes
needed for chisel-tooth digging compared to the cranial morphology of the scratch
digging rodent, Bathyergus. This result was accomplished by scaling the FE models to
evaluate their shape and ecological fitness in the context of performance. The cranial
morphology of the chisel-tooth digger in this analysis is clearly able to function well at
wide gapes, and, although absolute bite force cannot be predicted with any degree of
confidence by our unvalidated models, increasing the efficiency of the masticatory
system would necessarily increase bite force. It should be emphasised that the
conclusions drawn here relate only to the morphology of the cranium. To understand the
biomechanics of digging more thoroughly would require a much more complex model
incorporating data on muscle physiology, bone material properties, behaviour, and
many other factors, which would be a very fruitful avenue of research. Finite element
studies have commonly concentrated on feeding ecology in extant and extinct
vertebrates (e.g. Rayfield et al., 2001; Dumont et al., 2005; Cox et al., 2012; Gill et al.,
2014; Sharp, 2015, Smith et al., 2015). However, FE studies examining other functions

that can affect cranial form such as gape are not as common (Bourke et al., 2008;
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Dumont et al., 2011). This is the first study that has examined the effect of digging on
the mammalian cranium. It has shown that the use of FEA and GMM is a powerful tool
for elucidating cranial digging performance in the absence of in vivo data.
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Chapter 5: Discussion of thesis

This thesis aimed to show how a specialised group of subterranean rodents have
evolved a masticatory system that is suited to their functional requirements. The first
study showed that the craniomandibular complex of chisel-tooth digging bathyergids
have morphological traits that enhance the functional performance of chisel-tooth
digging, when compared to the scratch digging species, Bathyergus. Although no
evolutionary models were implemented in this study, either through genetic drift or
natural selection, it was concluded that chisel-tooth diggers in some way have modified
their morphology in order to produce a high bite force whilst maintaining a wide gape.
Ordinarily, general mammalian mastication morphologies tend to enhance bite force at
the expense of producing a wide gape or vice versa due to muscle stretching of the
masseter (Herring and Herring, 1974; Paphangkorakit and Osborn, 1997) and
morphological changes improving mechanical advantages of masticatory muscles (see
Chapters 1 and 2 for discussion). As such, morphological traits that improve bite force,
such as shorter jaws and rostra, decrease the capabilities to produce wide gape.
However, mammals that require a large bite force at wide gape have ‘solved’ this
functional morphological trade-off by improving the performance of the temporalis
muscle, such as carnivores (Turnbull, 1970). Experimental data on muscle architecture
in carnivores showed that temporalis muscle PCSAs were larger in animals that
required a higher bite force at wider gape (Hartstone-Rose et al., 2012). Muscle
architecture comparison studies in primates also show that animals that require a high
bite force at wide gapes have evolved temporalis muscle PCSAs, fibre lengths and fibre
orientations that facilitate this function (Taylor and Vinyard, 2004; Taylor and Vinyard,
2009; Eng et al., 2009).

In most rodents, it is the masseter that dominates the jaw closing masticatory
musculature (Turnbull, 1970; Cox and Jeffery, 2011), as their herbivorous diet means
large food items are not normally ingested, unlike the carnivores. However, chapter 2
has shown that rodents that are required to have an enhanced bite force at a wide gape
have an improved mechanical advantage of the temporalis muscle, which is maintained
at higher gapes, compared to a rodent that doesn’t require these functions. This chapter
shows that the temporalis muscle is potentially very important in all mammals that

require this mechanical trade-off to be solved, and not just important in carnivores.
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However, a major problem in this conclusion is that there is no in vivo data to validate
the results. Bite force data in rodents has only been studied a handful of times (Van
Daele et al., 2009; Becerra et al., 2011, 2013, 2014) and only one has studied the effect
of gape on bite force (Williams et al., 2009). In order to progress and validate this study,
bite force and gape data need to be measured on the rodents studied in Chapter 2. On
top of this, the muscle architecture of the temporalis and masseter needs to be studied in
these species in order to determine if the bite force and gape performances of these
individual muscles correspond to the functional implications of the craniomandibular
complex found in Chapter 2 (MclIntosh and Cox, 2016). Interestingly, the temporalis
muscle of some chisel-tooth digging rodents has been shown to be much larger
compared to other rodents (Van Daele et al., 2009; Cox and Faulkes, 2014). This could

mean that the temporalis muscle is larger in rodents that require a large bite force and

gape.

Chapter 3 expanded the sample size of the first results chapter to include subterranean
and terrestrial rodents. The sample included phylogenetically different chisel-tooth
diggers and was designed to show if there were morphological convergences in the
craniodental form of chisel-tooth digging rodents, when comparing them to the
craniodental form of other types of phylogenetically distant rodents, including
subterranean and terrestrial genera. Firstly, the chapter found that the incisor radius of
curvature in chisel-tooth digging rodents significantly differed from incisor radius of
curvature of other rodents. Size was a strong indicator of incisor radius of curvature
(see Figure 3.6) in all genera of rodents in the sample. Interestingly, all non-chisel-tooth
digging rodents (including both subterranean and terrestrial genera) followed the same
size trajectory. | therefore postulated that an increase of incisor radius of curvature seen
in chisel-tooth digging rodents was an exclusive character trait of rodents that are
required to use their incisors to dig through hard soils, and that possessing a longer
incisor is beneficial for force dissipation throughout the skull (see page 79 for
discussion). However, an increase of incisor radius of curvature reduces the
compression of the dentine covered lingual side and increases the compression on the
harder enamel covered side. Additionally, greater amounts of enamel have been found
in mole-rats that use their incisors to dig compared to rodents that do not (van der
Merwe and Botha, 1998). This could also be an adaptation to reduce stress throughout
the incisor, an important property in an incisor which experiences large forces at the tip.

Bone is better at resisting compression but is weaker under tension (Currey, 2002) and
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similar tests need to be done on rodent incisors to understand all aspects of increasing

incisor radius of curvature.

Chapter 3 also found that there is cranial convergence in chisel-tooth digging rodents
when phylogenetic methods are not applied, a result that is backed up by Samuels and
Van Valkenburgh (2009). However, the sample did have significant phylogenetic
signal, and when phylogeny was accounted for, chisel-tooth digging crania were not
significantly different from the other rodents in the sample. This highlights the
importance of taking into account phylogenetic relationships when studying inter-
specific samples. Covariation of incisor and cranial morphology was also strong when
phylogenetic correlation was not considered (although the P value was close to non-
significant). This result shows how incisors with large second moment of areas and
radius of curvatures can predict the shape of chisel-tooth digging crania, and could be a
factor in cranial shape constraint seen in chisel-tooth digging rodents. This was
particularly evident when comparing the non-phylogenetic PCA and PLS results (Figure
3.9 and Figure 3.11), which showed that chisel-tooth digging rodents grouped together
in both analyses. However, when phylogeny was accounted for, this relationship was
lost. Correcting for phylogeny in a covariation analysis shows how two traits covary
through evolutionary time, if a Brownian motion model is assumed (Klingenberg and
Marugan-Lobodn, 2013). However, covariation between incisors and crania may not
have occurred throughout evolution within the rodents, and may have only become
necessary at times when rodents were adapting to a subterranean environment. An
improvement of this study would be to carry out a separate phylogenetically informed
covariation analysis only using chisel-tooth digging rodents, to show if chisel-tooth
digging rodents covary in a similar way throughout evolution despite being potentially
phylogenetically different. Having said this, selecting taxa based solely on specific
characteristics can reduce the effectiveness of phylogenetic analyses (Heath et al.,
2008). Comparing how the incisors and crania covary in scratch digging rodents with
how the incisors and crania covary in chisel-tooth digging could still be interesting
despite potential pitfalls.

Being able to take phylogeny into account in analyses is a powerful tool for biologists
interested in the evolution of shape (Monteiro, 2013). However, including phylogeny in
a multivariate study such as shape has been difficult to achieve due to cladistic
parsimony methods relying on independent, discrete points (such as traditional

morphometrics), whereas geometric morphometrics relies on dependent, multivariate
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and continuous data (see Adams et al., 2013 for discussion). However, recently a
method has been developed to account for phylogeny in multivariate data using a
Brownian motion model of evolution (Adams, 2014a,b; Adams and Felice, 2014).
Clearly, attempts at combining these two fields are moving in the right direction.
However, species evolve through a variety of evolutionary processes and rates (for
review see Revell et al., 2008 and Kaliontzopoulou and Adams, 2016). For instance,
Brownian motion models can accurately emulate genetic drift in a multivariate sample,
as variation of characteristics only increase with phylogenetically distant species.
However, in the sample used in this thesis, chisel-tooth digging has evolved in order to
dig through hard soils, and therefore has evolved under directionality via an
environmental cue. This therefore means that a Brownian motion model of evolution is
probably an inappropriate way to model in this particular example, as Brownian motion
is a random process. Perhaps a more accurate model would be an Ornstein-Uhlenbeck
model (Hansen, 1997; O'Meara et al., 2006), which consistently selects a trait towards
an optimum trait value (e.g. chisel-tooth digging). However, as of yet, this model has
yet been implemented for multivariate, high dimensional data, but is an area of

development that is highly anticipated.

A potential source of error in the first two result chapters may have occurred due to a
lack of testing measurement error. This could have potentially led to false
positives/negatives. To improve the accuracy of the results in these two chapters an
experiment could be set up showing the sensitivity of collecting linear measurments
(chapter 2) and geometric morphometric landmarks (chapter 3). For example,
measurements could be collected multiple times on one specimen, perhaps on different
days. The error variance from this one specimen could then be compared with the
variance between two different specimens via an ANOVA to check that the range of

error was acceptable.

Finally, Chapter 4 showed that the chisel-tooth digging form of a Fukomys cranium had
a superior ability to chisel-tooth dig compared with the scratch digging Bathyergus
cranium. This study combined a novel method of finite element analysis and geometric
morphometrics to achieve this conclusion. The main results showed that the Fukomys
cranium was able to produce a higher bite force at wider gapes, without deforming
nearly as much as the Bathyergus cranium. This result therefore goes some way to

explaining the cranial shape constraint seen in chisel-tooth digging rodents, which may
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be functional. However, more FE models of phylogenetically distant chisel-tooth

diggers need to be solved to confirm this finding.

The results from Chapter 2 showed that the mechanical advantage of the temporalis was
increased in chisel-tooth diggers relative to the scratch digger. To expand on the
findings from chapter 4, both FE models could have increased and decreased temporalis
muscle strengths and see how this change affects the bite force at different gapes in both
models. If performance in both skulls improves in terms of bite force and gape, the
importance of temporalis is highlighted. The masseter muscles could also varied to

show which muscle is more important in terms of bite force and gape.

A major drawback of this study was that muscle data was not available for the
individual specimens, and indeed was not available for the Bathyergus species. This
therefore meant that the absolute values of the models were inaccurate. | therefore feel
that the natural next step in this study would be to gather material properties and muscle
PCSA of the mole-rat species before creating finite element models in order to carry out
a validation study. With a successful validation, | can be sure that the FE models are
reflecting the differences in digging biomechanics in these two species. Despite this
lack of validation, these results show that this method is a good indicator in comparing
the performance of form between two specimens. In order to be able to validate such
models, | feel some aspects of the modelling were oversimplified. For example, muscle
wrapping was unaccounted for in my models. The temporalis muscle originates across
the entirety of the parietal bone and some of the frontal and squamosal. This therefore
means that the muscle wraps around a portion of the skull, which creates tangential and
normal loads. Without accounting for muscle wrapping, the loaded forces could be
overstressing the skull (Grosse et al., 2007). Also, although the origin of temporalis fans
around the skull, the muscle fibres converge on the coronoid process. This convergence
was also not accounted for in my models and could affect the stress and deformation

patterns across the skull.

Despite these minor issues, the future of finite element analysis and geometric
morphometrics in evolutionary biology is bright, especially for rodents. Rodents have
some of the most abundant fossil records within all the mammals. Using geometic
morphometrics and phylogenetic comparative methods, finite element models can
potentially be warped along a phylogeny and fill in the gaps between fossils. The

accuracy of these evolutionary warps could also be checked using fossils (Polly, 2001).
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Examples of such ancestral reconstructions using geometric morphometrics and finite
element analysis showed how carnivores evolved to be efficient bone crackers (Tseng,
2013).

In conclusion, this thesis has shown that chisel-tooth digging constrains the form of the
cranium, upper incisors and parts of the mandible that are associated with bite force and
gape. Although this thesis focused mainly on African mole-rats, it would be interesting

if similar functional constraints were to be found in other subterranean rodents that use

their incisors to dig e.g. caviomorphs. This could potentially show just how much

digging affects the form of all subterranean rodents.
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Appendix A (for chapter 2)

Table A.1 Number of individual specimens included in each T-test analysis

Analysis Bathyergus Cryptomys Fukomys Georychus Heliophobius Heterocephalus
Condyle 10 3 10 3 10 5
height

Condyle 10 3 10 3 10 5
length

Cranial width 10 4 10 2 9 5
Head height 10 4 10 3 10 5
Jaw length 10 3 10 3 10 5
MA of deep 11 3 7 3 8 4
masseter

MA of 11 3 7 3 8 4
superficial

masseter

MA of 11 3 7 3 8 4
temporalis

Rostral length 10 4 10 3 10 5
Upperincisor 11 6 10 5 10 5
procumbency

Appendix B (MclIntosh and Cox, 2016)
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