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Chapter Three.  Scaling and accommodation of the jaw adductor muscles in the 

Canidae. 
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3.1 Introduction 

The work presented in this chapter is modified from a paper published in the Anatomical 

Record in 2016 (Penrose et al., 2016).   I would like to thank Dr Nathan Jeffery for advice on 

experimental design, for offering suggestions for manuscript improvement and for the 

critical revision of this chapter.  I would also like to thank Professor Graham Kemp for his help 

in the concept development and critical revision of this chapter.    

 

Interspecific differences of carnivoran skull shape are dependent on numerous factors, most 

notably phylogeny, dietary function and allometry with the relative importance of each 

depending on the group of species under investigation. Here, I attempt to resolve the relative 

importance of allometry and diet in determining cranial morphology among one particularly 

widespread and varied carnivoran family, the canids. I aim to account for phylogeny and 

determine how labile the musculoskeletal morphology of the wild canid head is by combining 

advances in imaging with conventional dissection and more advanced computational 

methods such as geometric morphometrics. In contrast to many previous studies 

(Christiansen and Adolfssen, 2005; Wroe and Milne, 2007; Figueirido et al., 2011; Damasceno 

et al., 2013) I directly quantify the masticatory muscles as well as the bony morphology. 

Radinsky (Radinsky, 1981) was amongst the first to document that carnivoran skull shape is 

linked to negative allometric scaling of the brain among related species but did not consider, 

in detail, questions concerning the potential knock-on effects for the masticatory apparatus.  

In particular, are the areas for muscle origin on the skull compromised with the relative 

reduction of brain size and of the surrounding neurocranium, and does this influence the size 

of the muscle mass that can be accommodated?  In addition, is this further compounded by 

the positive allometric scaling of the masticatory muscles needed to maintain the same level 

of biomechanical function?  Emerson and Bramble (Emerson and Bramble, 1993) state that 

large species can exert relatively less muscle force than small species and are required to 
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move relatively and absolutely heavier jaws. This implies that with increases of body size, 

species either lose function or must have relatively larger muscles that in turn require a 

commensurate increase in the bony areas for their attachments.   Numerous studies of 

Carnivora have also linked skull form with dietary function (Sacco and Van Valkenburgh, 

2004; Meachen-Samuels and Van Valkenburgh, 2009; Tseng and Wang, 2010; Sicuro and 

Oliveira, 2011; Tseng et al., 2011).  Slater and Van Valkenburgh (Slater and Van Valkenburgh, 

2008; Slater and Van Valkenburgh, 2009) have shown that big cats have lengthened their jaw 

to facilitate a relatively wider gape than small cats.  This suggests that big cats are not simply 

‘scaled up’ small cats but make different functional demands of their jaws.  This 

morphological difference coincides with a difference in their diet and hunting strategies; 

whereas small cats take prey smaller than themselves, big cats require a relatively wider gape 

to subdue prey which may be larger than them (Slater and Van Valkenburgh, 2009).  

Here I look collectively at the scaling of brain size and of masticatory muscle size as well as at 

trophic niche as determinants of canid skull morphology.  Canids were selected for the 

present study because they are diverse in body mass, geographical location and dietary 

group specialization, and their phylogeny is relatively well documented (Gittleman, 1985; 

Wayne et al., 1989; MacDonald and Sillero-Zubiri, 2004; Sillero-Zubiri et al., 2004; Finarelli, 

2007; MacDonald, 2009; Wang and Tedford, 2010). All 36 species (Nowak, 2005) of extant 

canids, the Canidae, belong to the subfamily Caninae and are thought to have evolved from 

a common ancestor that originated in North America around 8-12million years ago (Wang 

and Tedford, 2010).  Modern species are arranged in four main phylogenetic clades, the fox-

like Vulpes clade, the wolf-like canis clade, the South American clade and the grey fox-like 

Urocyon clade (Lindblad-Toh et al., 2005). Both convergent and divergent patterns of 

morphological adaptation are found within and amongst these clades. For instance, the 

South American foxes, although phenotypically very similar to members of the Vulpes fox 

clade, are more closely genetically related to the wolf-like canids (Wayne et al., 1997; Perini 
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et al., 2010; Nyakatura et al., 2012).  Conversely, morphologies amongst closely related 

species such as the South American Speothos venaticus and Chrysocyon brachyurus are very 

distinct and highlight a great potential for phenotypic plasticity.  Three trophic groups exist 

which allow for correlations of head morphology with hunting behaviour and functional 

dietary requirements; these are the small prey specialists, the generalists and the large prey 

specialists. These dietary specialisms are not dictated by phylogenetic clade: the fox-like 

group consists both of generalists and small prey specialists, the South American group of 

generalists and small and large prey specialists and the wolf-like group of generalists and 

large prey specialists. Both of the urocyon clade members are generalists (Slater et al., 2009). 

For more details on canid diet see Chapter One, part 1.4.  

 

3.2 Aims of the study 

Scaling of masticatory muscle masses, as opposed to bony proxies, is not widely described in 

many species of mammal but previous studies have established that there is no common rule 

regarding the relative size of the jaw adductors within clades.  Primates demonstrate 

isometric scaling regardless of diet or phylogeny (Cachel, 1984; Perry and Wall, 2008). Herrel 

et al. (2008) describe the mass of the temporalis muscles of a wide range of bats, including 

frugivorous, insectivorous and sanguivorous species, scaling with negative allometry.  

Macropodoideal marsupials show a range of scaling patterns in all jaw adductors, according 

to dietary preference (Warburton, 2009).  Similarly, the relative masseter muscle mass in 

ruminants has been shown to differ amongst species with different feeding categories 

independent of body mass or phylogeny (Clauss et al., 2008). Within the carnivoran order 

Hartstone-Rose et al. (2010) established that the masticatory muscle masses scale with 

isometry that tends towards positive allometry.   Here I aim to describe the jaw adductor 

muscles of several species of canid and establish whether they scale isometrically against 

body mass, or more closely follow other patterns that reflect dietary function or phylogeny.  
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Specifically, I will consider how temporalis, masseter and the pterygoids contribute to the 

entire jaw adductor mass, their mass compared to body mass and to endocranial volume, 

and their specific and relative areas of attachment to the skull.  I also evaluate the hypothesis 

that species with a high bite force and large body mass, such as the hypercarnivores (Wroe 

et al., 2005; Christiansen and Wroe, 2007), have absolutely and relatively larger muscles, and 

I speculate that the morphology of the masticatory musculature of hypercarnivorous canid 

species differs from those of generalists and small prey specialists and deviates significantly 

from simple predictive patterns of size scaling.   Hypercarnivorous species apprehend, kill 

and dismember large prey such as bison, zebra and wildebeest, and may be expected to have 

more robust skulls and greater muscle masses to tackle such biomechanically demanding 

tasks as slicing through tough skin, and stripping soft tissue from large bones.   Conversely, 

small prey specialists and generalist species tackle prey with small body masses and 

commensurately smaller bones, thinner skin and slighter muscles, and may be expected to 

have less powerful muscles driving jaw adduction.  As the jaw adductor muscles arise solely 

from the cranium and cover much of its external surface, I also consider how they are 

accommodated on the skull and, through shape analysis, explore whether the diversity of 

head shape among canids is influenced by constraints and concomitant compensatory 

adjustments for housing the masticatory muscles.  Previous studies have been able to 

categorise canids according to diet based on overall skull shape (Radinsky, 1981; Van 

Valkenburgh, 2007) or upper jaw morphology  (Slater et al., 2009), with the hypercarnivorous 

species tending toward a broad stocky skull and shortened snout, and the small prey 

specialists being more gracile with a long rostrum and narrow jaws.  Here I regard the bony 

skeleton of the head to be made of three modules – the cranial part, the rostral part and the 

mandible, and consider if all of the modules aid in determining diet or if some are instead 

allied with muscle accommodation.  
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3.3 Materials and Methods 

3.3.1 Specimens, imaging and skull reconstruction. 

Specimens from 8 of the 13 genera that make up the Canidae family were obtained from 

either euthanased zoo stock or vermin control (Table 3.1). There were 19 individuals from 12 

species with representatives from the three major clades and the three trophic groups. Body 

mass values were based on the average published values for each species and are stated in 

Table 3.1. (MacDonald and Sillero-Zubiri, 2004; Nowak, 2005).   The data set is not inclusive of all 

canid species; however, it covers a broad range of head shapes, body sizes and phylogenetic 

groups, and it includes all four of the hypercarnivorous species (Van Valkenburgh, 2007).  For 

the purposes of this study species were identified as being from one of the three trophic 

groups as described by Slater et al. (Slater et al., 2009) (Table 3.1). Further details of the 

specimens used are given in Chapter Two, Table 2.2.  Specimens were either chilled fresh or 

frozen and then defrosted, but no fixative agent was used on any specimen.  All heads were 

dissected at near occlusal bite, that is, with minimal gape (Figure 3.1A), and the jaw adductor 

muscles, that is temporalis, masseter and the pterygoids were identified and removed.  

Photographs of the key structures are given in Figure 3.1.  Further details of dissection 

techniques and gross muscle anatomy and are found in Chapter Two, part 2.4.2.  

All specimens were digitally imaged using computer tomography (CT). CT methodology is 

discussed in Chapter Two, part 2.3.1, and details of CT settings, pixel resolution and slice 

spacing used during imaging are given in Chapter Two, part 2.3.3. 

Pre-processing of CT data was done with ImageJ v1.45s (Schneider et al., 2012).  

The CT scans were used to create virtual three-dimensional reconstructions of the skeletal 

components of each head using Avizo 8.1 software (FEI Systems, Oregon, USA). For this 

chapter of the thesis there was no requirement to identify multiple different materials within 

each skull, and so the CT scans were partitioned into either high density bony and dental 

materials (coloured orange in the figures), or low-density soft tissue structures and air 
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(coloured dark grey) (Figure 3.3B). Partitioning was done using a thresholding algorithm to 

distinguish and isolate greyscale tones representative of skeletal material in the CT data.  This 

created a 3D surface of each skull, which was used to identify morphological landmarks for 

use in further analyses (this chapter, part 3.3.2.1).  

All 19 specimens were used for the dissections to determine cranial volume and muscle 

masses, and in the initial landmarking and geometric morphometric analyses.  Following 

preliminary analysis based on spatial positioning with the principal component scatterplot 

for whole skull shape, mean shape individuals were selected to represent species with more 

than one sample.  Subsequent GMM and PC analyses focused only on these 12 

representative individuals.  
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Table 3.1.  Details of specimens, mean muscle masses, muscle attachment surface areas, endocranial volumes and endocranial surface areas.  
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Alopex lagopus  
1M 

 
Fox-like 

Small prey 
specialist 

 
5200 

43.8 14.9 4.47 63.1 2298 486 329 3113 45290  
9360 

Canis lupus   
1F,2M 

 
Wolf-like 

 
Hypercarnivore 

 
36500 

179.5 84.5 25.7 289.7 5593 2069 1397 9059 143367  
18575 

Canis 
mesomelas  

 
1M 

 
Wolf-like  

Small prey 
specialist  

 
9700 

46.6 20.2 6.7 73.5 2822 682 479 3983 67830  
11042 

Chrysocyon 
brachyurus   

 
1F 

South 
American 

Small prey 
specialist 

 
25000 

106.1 61.5 13.2 180.8 5428 1443 937 7808 111800  
14988 

Cuon alpinus   
1F 

 
Wolf-like 

 
Hypercarnivore 

 
13500 

81.6 40.6 10.4 132.6 4383 1197 776 6356 108200  
16365 

Lycaon pictus   
1F,2M 

 
Wolf-like 

 
Hypercarnivore 

 
26500 

141.7 84.4 19.4 245.5 5853 1611 1311 8775 149500  
19877 

Nyctereutes 
procyonoides  

 
1M 

 
Fox-like 

 
Generalist 

 
6500 

19.9 10.6 3.2 33.7 2237 632 276 3145 30120  
7905 

Otocyon 
megalotis 

 
1M 

 
Fox-like 

 
Generalist 

 
4200 

13.5 6.6 2.3 22.4 1140 406 248 1794 30490  
7159 

Speothos 
venaticus 

 
1F 

South 
American 

 
Hypercarnivore 

 
6500 

42.7 24.6 5.1 72.4 2864 694 438 3996 51720  
9341 

Vulpes corsac 3M, 
1unknown 

 
Fox-like 

Small prey 
specialist  

 
2850 

14.7 6.4 2.3 23.4 1520 381 275 2176 31910  
6677 

Vulpes vulpes   
1M 

 
Fox-like 

Small prey 
specialist 

 
8500 

48 19.3 5.7 73 2739 725 498 3962 52430  
10060 

Vulpes zerda  
1F 

 
Fox-like 

 
Generalist 

 
1150 

5.6 2.4 0.9          
8.9 

        
927 

203 117 1247 19560  
5100 

1. Nowak, 2005 (Nowak, 2005), 2. MacDonald and Sillero-Zubiri, 2004 (MacDonald and Sillero-Zubiri, 2004).
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Figure 3.1 A) Lycaon pictus, intact head, B) Vulpes vulpes, suprazygomatic temporalis (white arrow), 

C) Vulpes vulpes, superficial temporalis (white arrow), D)  Vulpes vulpes, deep temporalis (white 

arrow), E) Nyctereutes procyonoides, superficial masseter (white arrow), F) Lycaon pictus, tendon of 

origin of superficial masseter (white arrow),  G) Canis lupus, deep masseter (white arrow), H) Lycaon 

pictus, zygomaticomandibularis (white arrow),  I) Vulpes vulpes, Medial pterygoid (white arrow) and 

lateral pterygoid (black arrow), J) Canis lupus, superficial masseter (black arrow) and pterygoids 

(white arrow). 
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3.3.2 Form, Shape and Morphometric Analysis 

Form analysis considers the shape, size, location and orientation of an object, whilst shape 

analysis considers shape alone.  Morphometrics, the quantitative analysis of form or shape, 

is key in a wide range of biological studies. For example, morphometric analyses in 

ontogenetic studies describe normal growth within a species lifespan (Herring, 2005; Segura 

and Prevosti, 2012; Tarnawski et al., 2015), whilst pathological studies identify abnormal 

changes within an individual (Soibelzon et al., 2014; Milella et al., 2015).  Fossil evidence may 

be explored to quantify morphological changes over an evolutionary timescale (Wroe and 

Milne, 2007; Christiansen, 2008; Figueirido et al., 2010; Tanner et al., 2010; Klingenberg and 

Marugán-Lobón, 2013). In this chapter I use form analysis to quantify allometric differences 

between species, and geometric morphometric shape analysis to identify species level 

differences in cranial morphology.   

Traditional morphometric analyses use linear measurements (i.e. lines drawn between 

landmarks), or ratios or angles relating to linear measurements, to produce tables of data for 

statistical analysis.  Although aspects of the form are measured, the geometry of the object 

is not retained in the analyses.  This results in numerical descriptions of shape differences 

which are difficult to interpret and visualize (O’Higgins, 2000; Cooke and Terhune, 2015).  An 

alternative approach, geometric morphometrics (GMM), was pioneered by researchers 

including Bookstein, Rholf, Marcus and Corti, Dryden and Mardia, in the late 1980s and early 

1990s (Bookstein, 1986; Rohlf and Marcus, 1993; Marcus and Corti, 1996; Dryden and 

Mardia, 1998).  This approach defines shape using landmarks within a Cartesian coordinate 

space, rather than measured distances, and allows for retention of shape detail throughout 

analyses, and visualization of shape differences.  An additional advantage is that rather than 

treating each linear record as an independent measure, GMM allows for the categorisation 

of the entire shape.  This enables further analyses to identify entire shape covariation with 

other variables, for example, categories of diet or body mass (O’Higgins, 2000; Cooke and 
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Terhune, 2015; Klingenberg, 2016). Geometric morphometric analysis requires several steps, 

the first of which is to capture the geometry of the specimens under investigation.  In this 

chapter I used 3D landmarks to record the bony morphology of each head.  

 

3.3.2.1 Landmarking. 

The most intuitive, although until the advent of modern computational ability, the most 

technically difficult, way to quantify form and shape is by recording landmark co-ordinates.  

Landmarks are discrete points at a specified locus that are homologous between specimens, 

and can be identified using two or three-dimensional data (O’Higgins, 2000; Zelditch et al., 

2012; Adams et al. 2013; Cooke and Terhune, 2015).   Three-dimensional landmarks are 

recorded as a series of X, Y, Z coordinates within a Cartesian space.   Landmarks need to be 

selected to ensure that their final configuration suitably describes an object or specific area 

of interest within an object, and that individual landmarks are homologous between similar 

objects.  Selection of specific landmarks was based on three criteria after Webster and Sheets 

(Webster and Sheets, 2010):  that they must have same relative position i.e. are homologous 

between samples, that they must offer an adequate summary of morphology, and that they 

must be reliably digitisable.  Following Bookstein (Bookstein, 1997), landmarks are identified 

and categorised as one of three types:  Type I landmarks are defined locally and are 

evidenced by unambiguous features such as the intersection of three points. They are 

strongly homologous between specimens and provide the most confidence.   Type II 

landmarks offer some clear local boundary such at the tip of a tooth or an area of minimal 

curvature but are not as well bounded as type I landmarks. Type III landmarks are constructed 

geometrically and may be relational to other landmarks e.g. the midpoint between two 

landmarks, or the furthest caudal distance from one.  Type III landmarks typically lack at least 

one co-ordinate and offer the least degree of confidence.  Landmark classification is also 

therefore hierarchical, with Type I being optimal, and Type III least optimal.  The difficulty 
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with limiting sampling to only Type I landmarks is that they can be low in number for a given 

structure and not cover the form adequately or may fail to describe the region of interest.  

For this reason, landmarks of Type II and III are also widely used (Bookstein, 1997; O’Higgins, 

2000; Barbeito-Andrés et al., 2012; Zelditch et al., 2012).  Semi-landmarks are used to 

describe curved forms where no true landmarks are identifiable.  Their distribution along a 

concave or convex surface is often determined by an algorithm.  Some authors describe this 

type of landmark as a Type III (Cooke and Terhune, 2015; Echarri and Prevosti, 2015).  The 

use of Type II, Type III and semi-landmarks is prevalent in many skull studies throughout the 

literature (Monteiro and Nogueira, 2010; Barbeito-Andrés et al., 2012; Prevosti et al., 2012; 

Echarri and Prevosti, 2015; Terhune et al., 2015; Fabre et al., 2017).  

In this chapter a series of 71 anatomical landmarks per specimen, representing the entire 

skull and mandible, were selected (Figure 3.2 and Table 3.2).  Axial, coronal and sagittal CT 

slices (Figure 3.3A) plus computer generated isosurfaces of the skulls (Figure 3.3B), were 

viewed using Avizo software (FEI Systems, Oregon, USA) and used to locate and place each 

landmark. Landmarks were recorded using Cartesian (X,Y,Z) coordinates to place them within 

virtual three-dimensional Euclidean space.    They consisted of Type I, Type II and Type III 

landmarks (Table 3.2).   The nasion, despite being a Type I landmark, was difficult to identify 

with certainty in the more aged specimens due to the closure of the nasal and frontal bone 

sutures. In these instances, the position of the landmark was estimated with reference to 

other local features.  For the GMM analyses tooth point landmarks were avoided due to a 

some age-related wear being evident within the sample set. 

Bony landmarks that were common to both the CT and MR datasets were co-registered using 

Avizo software to combine both imaging modalities into one series (Chapter Two part 2.3.5). 

This enabled visualisation of muscles and other soft tissue structures relative to the 

reconstructed skull (Figure 2.4).  The aim was to determine if muscle placement on the skull, 

relative to bony landmarks such as the TMJ, was quantifiable, and if so could it distinguish 
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between trophic or phylogenetic groups.  To do this, a further series of 74 landmarks were 

placed on the surfaces of the jaw adductor muscles (Appendix 3).   

 

3.3.2.2 Modularity 

The head is the most complex region of mammalian anatomy, both morphologically and 

functionally.  It houses the major component of the central nervous system, the brain, plus 

the special sensory organs associated with vision, olfaction, taste, hearing and balance.  It 

also houses the start of both the gastrointestinal and respiratory tracts.  To separate out one 

form or function and consider it in isolation is impossible, and to attempt to do so would be 

misleading. The functional interrelatedness of the phenotypic traits of the head are 

demonstrated in many examples, where one structure may fulfil multiple functional roles.  

For instance, the bones making up the calvarium, must house and protect the brain and the 

vestibulocochlear organs on their internal surfaces, and accommodate the muscles of 

mastication and swallowing, and house and protect the eyes on their external surface. The 

bones of the caudal rostrum must accommodate premolar and molar teeth, withstand stress 

and strain forces during biting, act as a respiratory filtration system by way of their internal 

turbinate bones, house olfactory receptors and accommodate muscles of the face and soft 

palate.  Evolution clearly demonstrates that morphologies change over time and between 

species, and this raises many questions about the integration of biological traits. The ability 

to change one trait without changing another, depends in how linked, or integrated, the traits 

are.  If a trait were not linked to any other trait it could be independently adjusted either 

through developmental (ontological), generational or evolutionary time scales. However, if 

it is related (either genetically, developmentally or functionally) to any other trait, all linked 

structures must either be constrained, or all change together (co-vary) (Bolker, 2000; 

Frankino et al., 2007; Mitteroecker and Bookstein, 2008).  The integration of traits may 

determine the extent to which species are adaptable and ultimately influence their 
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evolutionary pathways (Emerson and Hastings, 1998; Bolker, 2000).   Sets of related traits 

are often referred to as modules, and whilst being integrated amongst themselves, are 

relatively independent from other modules (Cheverud, 1996; Goswami, 2006a, 2006b; 

Klingenberg, 2008; Klingenberg and Marugán-Lobón, 2013).  In her study on mammalian skull 

(Goswami, 2006a), Goswami identified six discrete modules that make up the eutherian skull 

(anterior oronasal, molar, zygomatico-pterygoid, orbital, cranial vault and basicranium), but 

also noted that levels of integration were not equal across all species. For example, the 

primate cranial vaults were significantly less integrated than those of the carnivorans.  This 

supported the hypothesis that primates expanded their cranial vaults to accommodate large 

brains, whereas carnivorans were more constrained (Goswami, 2006a).  

 Other work on canid head modularity has identified the skull component as having two 

modules (Drake and Klingenberg, 2010), and those that include the mandible (Curth et al., 

2017) have also considered this to be a discrete module.  Following this, the 71 landmarks 

identified in this thesis were accordingly subdivided into three subsets to represent the three 

modules of the bony skeleton. These are the cranial component, that is most closely 

associated with housing the brain and the origin of the masticatory muscles, the rostral 

component that is most closely associated with the nasal cavity and upper dental arcade, and 

the mandibular component associated with housing the lower dental arcade and the 

insertion of the masticatory muscles (Table 3.2).  The landmarks and their modular subsets 

were used in geometric morphometric analyses to explore shape variation (this chapter), and 

measurements and ratios from landmarks were also used in regression analyses in Chapter 

Four.  
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Figure 3.2. Domestic dog skull. Lateral(A), dorsal (B) and ventral (C) aspects of the skull illustrating 

position of the cranial and rostral component landmarks.  Landmarks 9, 10, 11, 14 and 17 are not 

visible. Lateral (D), caudodorsal (E) and cranioventral (F) aspects of the mandible illustrating the 

mandibular component landmarks.  
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Figure 3.3 A, Coronal slices of Chrysocyon barchyurus CT scans used to identify landmarks B, 

isosurface of Vulpes vulpes skull used to place landmarks (red circles). 
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Table 3.2 List of skull component landmarks and their landmark types 

 
Landmarks in bold type are midline and unpaired.  All other landmarks are bilaterally paired.  

CRANIAL COMPONENT ROSTRAL COMPONENT MANDIBULAR COMPONENT 

LANDMARK TYPE LANDMARK TYPE LANDMARK TYPE 

1 Caudal 
zygomatic 
temporal 
junction 

I 19 Rostral 
alveolus of 
upper canine 

II 29 Rostral alveolus 
of lower canine 

II 

2 Rostral 
zygomatic 
temporal 
junction 

I 20 Caudal 
alveolus of 
upper canine 

II 30 Caudal alveolus 
of lower canine 

II 

3 Lower rostral 
zygomatic ridge 

 
I 

21 Rostral 
alveolus of 
upper 
carnassial 

II 31 Rostral alveolus 
of lower 
carnassial 

II 

4 Lateral articular 
mandibular 
condyle 

II 22 Caudal 
alveolus of 
upper 
carnassial 

II 32 Caudal alveolus 
of lower 
carnassial 

II 

5 Medial articular 
mandibular 
condyle 

II 23 Caudal upper 
tooth row 

II 33 Caudal lower 
tooth row 

II 

6 Ventral 
retroglenoid 
process 

II 24 Lateral point of 
infraorbital 
foramen 

II 34 Lateral point of 
rostral mental 
foramen 

II 

7 Pterygoid 
process 

II 25 Zygomatic 
maxillary 
junction 

I 35 Rostroventral 
masseteric fossa 
on mandible 

III 

8 Tympano-
occipital 
fissure, medial 
point 

II 26 Interincisive 
(Prosthion) 

II 36 Angular process 
on mandible 

III 

9 Rostral 
pterygoid ridge 

II 27 Rostral 
internasal 

I 37 Caudal coronoid 
process 

III 

10 Caudal 
pterygoid ridge 

II 15 Nasion I 38 Medial point of 
inferior alveolar 
foramen 

II 

11 mid pterygoid 
ridge 

III 28 Caudal hard 
palate 

II 39 Rostral 
mandibular 
symphysis 

II 

12 Zygomatic 
process of 
frontal bone 

II    40 Caudal 
mandibular 
symphysis 

II 

13 Caudal ventral 
jugular process 

II       

14 Cochlear apex I       

15 Nasion I       

16 Basion II       
17 Dorsal foramen 

magnum 
II       

18 Inion III       
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3.3.2.3 Geometric morphometric analysis 

After landmark acquisition the next stage in GMM is to align all specimen landmark 

configurations to a common position and orientation.  Due to the mathematical complexity 

required to perform this and the further analyses of GMM, computational software is 

required.  For this I used MorphoJ (Klingenberg, 2011) as it is widely utilised in many similar 

studies (Drake and Klingenberg, 2010; Palmqvist et al., 2011; Curtis and Van Valkenburgh, 

2014; Echarri and Prevosti, 2015; Figueirido et al., 2015; Martín-Serra et al., 2016; Curth et 

al., 2017), and is freely available to download.  Superimposition was performed using the 

Generalised Procrustes Analysis (GPA) method.  GPA uses the first shape within the dataset 

to estimate an initial mean shape. Subsequent shapes are aligned as closely as possible to 

the mean shape. The estimate of the mean shape is then recalculated. Iterations of this 

process are repeated until the mean shape does not change significantly. Other methods 

include two-point registration, sliding baseline registration and resistant fit registration. 

These are based on alternative methods of establishing the configuration of landmarks to 

which all others are referenced to describe shape differences (Webster and Sheets, 2010).  

Although GPA has some disadvantages (the process of translation, rotation and scaling 

reduces the numbers of degrees of freedom, making outputs unsuitable for standard 

statistical analyses, and the orientation of axes may not be respected during realignments) 

(Webster and Sheets, 2010), it is considered statistically robust and has been used by many 

previous authors (Gröning et al., 2011; Walmsley et al., 2012; A-C Fabre et al., 2017; Meloro 

et al., 2017; Nanova et al., 2017).   Next, a common centroid size is determined. Centroid size 

is a measure of size.  To do this the centroid location for each individual specimen is identified 

as the mean of the co-ordinates for all X, Y, Z landmarks.   Centroid size is then determined 

for each individual by calculating the square root of the sum of the squared distances of all 

the landmarks from the centroid.   All specimens are then scaled to the common centroid 

size to remove size variability.  All that remains is shape data, with minimal distances 
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between the homologous landmarks of each specimen.  From this a Procrustes distance can 

be calculated.  The Procrustes distance is the square root of the sum of the squared distance 

between homologous landmarks and is a measure of shape difference (Zelditch et al. 2012; 

Cooke and Terhune, 2015; Klingenberg, 2016).  A consensus (mean) landmark configuration 

is computed and individual landmarks are visualisable relative to the consensus figuration 

(Figure 3.4).  Procrustes co-ordinates or residuals are produced for each individual which 

represent deviations from the consensus configuration (Mitteroecker and Gunz, 2009).  

 

 

Figure 3.4 MorphoJ mapping of CT derived bony landmarks. Each large blue dot represents the mean 

Procrustes landmark, and are numbered in red. The smaller blue dots are representative of the 

individual samples within the dataset.  

 

The Procrustes coordinates of each individual are represented by a single data point within 

a shape space.  Shape space is a multidimensional non-Euclidean (curved manifold) space 

that allows for the isotropic distribution of individual specimens. In GMM, Kendall’s shape 

space is used as it represents all possible shapes for a given number of dimensions (2D or 3D) 
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and a given number of landmarks (O’Higgins, 2000; Mitteroecker and Gunz, 2009; 

Klingenberg, 2016).  The number of dimensions of the shape space for 3D landmarks is 

determined by the equation 3k-7, where k represents the number of landmarks. Only the 

simplest shape space, that for 2D triangles is easy to visualise; it corresponds to the surface 

of a globe, more complex shapes fit into more complex shape spaces.  Every potential shape 

has a specific space within the shape space. If landmarks are distributed isotropically 

between objects, the objects are isotropically distributed within the shape space (O’Higgins, 

2000).   The next step is the ordination of the dataset.  In essence, this summarises the 

complex multidimensional dataset into a low dimensional space where similar shapes (in this 

instance similar head shapes) group together.  Ordination allows shape differences to be 

visualised and quantified.  The most frequently used ordination method, and the one used in 

this study, is principal component analysis (PCA) in the tangent plane to the shape space. The 

tangent plane to the curved Non-Euclidean shape space is used as this allows the data points 

to be represented in a Euclidean shape space for easier statistical analyses. Landmarks with 

the greatest variation between individuals had the greatest influence on the principal 

component (PC) scores and describe the most morphologically diverse regions of the skull.  

PC scores are illustrated using eigenvalue plots (Figure 3.5), and scatterplots place species in 

terms of morphological similarity to one another (Figures 3.12 and 3.13). Species with similar 

morphologies cluster together on the scatterplot.  Phylogenetic trees can be mapped onto 

this data to visualise how individuals, species or genera are dispersed throughout the space 

(Figures 3.12 and 3.13).  

In this thesis, GMM analysis was used to identify and quantify patterns of morphological 

variation across species and between dietary niche groups.   To ensure that all species had 

equal weighting in the analysis, one representative individual was chosen for each species. 

These individuals were identified from a preliminary morphometric analysis as the specimen 

closest to the mean shape for that species.  The three-dimensional co-ordinates for all sets 
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of landmarks were imported into MorphoJ 1.45s and paired across the midline (Klingenberg 

and Gidaszewski, 2010).  Generalised least squares full Procrustes fit was performed on all 

sets of data, which were then aligned by their principal axes. The asymmetric component of 

the shape change was briefly reviewed as it can highlight errors as well as asymmetries and 

the symmetric component was then further explored with a covariance matrix and principal 

components analyses to ascertain interspecific shape changes (Klingenberg and Gidaszewski, 

2010).  Landmark sets representing the entire head and the individual component modules 

were analysed.  Scatterplots of the principal component (PC) scores were produced to 

visualize the distribution of datum points within the shape space, and wireframe models 

were created using key landmarks to visualize the range of shape deformation between the 

extremes. Scree plots of eigenvalues were produced and the broken stick method was used 

to assess which PCs to explore.  Broken stick analysis assumes that if the total variance, that 

is the sum of all eigenvalues, is divided randomly amongst the various components then the 

expected distribution follows that of the expected values of a stick randomly broken into the 

same number of decreasingly sized sections.   Eigenvalues that exceed the expected values 

are likely to be more significant that those that do not (Frontier, 1976; King & Jackson, 1999; 

Mhamdi & Devaux, 1994; Ordination & Goodall, 1984; Sakamoto, Lloyd, & Benton, 2010; 

Society, 2019). 
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Figure 3.5 Eigenvalue scale showing the proportion of variance within the dataset for each principal 

component.  

 

3.3.3 Calculating muscle origin surface areas, endocranial volumes and endocranial 

volume surface areas. 

The bony boundaries of each jaw adductor muscle origin were established using the 

combined CT/MR scans (Chapter Two, part 2.3.5), dissection photographs (Chapter Two, part 

2.4.2) and literature on domestic canids (Getty, 1975; Liebich et al., 2009; Evans and De 

Lahunta, 2013) as guides.   The surface of each virtual 3D skull model was visualised by using 

the surface generation module in Avizo 8.1 (FEI Systems, Oregon, USA), and then simplified 

into many small triangles using the surface view module.  Muscle origins where then 

demarcated on each skull and their surface area calculated using the area calculation tool 

(Figure 3.6).   

Brain size is an important variable to consider when studying head shape and size. 

Comparative measurements can identify allometric trends and identify constraints on overall 

head size or head shape.  In this chapter endocranial volume (EV), the space within the cranial 

cavity, was used as a proxy for brain volume.  EV was calculated from CT images using the 

semi-automatic segmentation 3D Active Contours function built into ITKsnap v2.4 software 

(Yushkevich et al., 2006).  This allowed a contiguous region of similar density voxels in an 
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individual slice to be identified and filled with an identifying coloured label.  All slices are then 

reconstructed to make a volume. Manual editing of selected regions was performed to 

correct any anomalies, for example in the region of the cribriform plate where the bone was 

very thin.  The cranial cavity appeared as a defined space and was labelled red (Figure 3.7A). 

The reconstructed volume represented the space within the cranial cavity, the endocranial 

volume (Figure 3.7B).  This is the first time this data has been reported for CT derived data 

for such a large number of closely related canid species. Previous canid studies have used 

external skull measurements (Finarelli, 2006; Damasceno et al., 2013), or by filling the cranial 

cavity with glass beads to measure EV (Gittleman, 1986) (Table 3.3).   To validate the CT 

derived values, Shapiro-Wilk statistical tests were used to determine if the data was normally 

distributed and further appropriate statistical tests used to compare CT derived values with 

the given values from previous authors.   

One advantage of using the virtual modelling method to determine endocranial volume was 

that a virtual model of the brain was constructed (Figure 3.7B). This in turn allowed the 

endocranial volume surface area (EVSA) to be determined. The model module in 3D Slicer 

v4.3 (Fedorov et al., 2012) was used to calculate EVSA values. These were then used as a 

proxy for the internal surface area of the cranium.  The internal surface area of the cranium 

and external attachment surface areas of the neurocranium could then be considered as two 

separate variables. 
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Figure 3.6 CT reconstructions illustrating the surface area attachment site for A temporalis, Speothos 

venaticus, B masseter, Canis lupus and C, the pterygoids, Canis lupus. 
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Figure 3.7 A. Individual axial CT slice of Vulpes corsac with endocranial cavity highlighted in red.  

B. Virtual 3D endocast of Chrysocyon brachyurus. 
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3.3.4 Phylogenetic Analyses. 

Comparative studies of morphological differences are used to imply functional adaptations 

of traits.   This considers that certain species have evolved particular traits in order to carry 

out specific functions.  However, the shared phylogenetic history of related species means 

that traits are not statistically independent (Felsenstein, 1985; Maddison and Maddison, 

1989; Harvey and Pagel, 1991; Garland et al., 1999; Garland, 2005; Ricklefs et al., 2016)   

Traits may occur in closely related species due to inheritance from common ancestors, rather 

than functional adaptation.  In their 1991 work Harvey and Pagel (Harvey and Pagel, 1991) 

describe three key processes to account for why phylogenetically related species are similar. 

Firstly, phylogenetic niche conservatism, where vacant ecological niches become occupied 

by species that occupy similar environments and are phenotypically similar.  Secondly, 

phylogenetic time lag describes traits persisting after speciation, even if they are to become 

obsolete, and thirdly the similarity of closely related species adaptive responses due to 

genetic or environmental constraints (Harvey and Pagel, 1991).  Therefore, when comparing 

closely related species an independent estimate of their phylogenetic relatedness may give 

insight into the evolution of traits.  Figure 3.8 illustrates how the more realistic phylogenetic 

trees that take into account hierarchy and non-independence can cause statistical problems. 

Phylogenetic independent contrast (PIC) analyses are a statistical method used to compare 

traits that takes into account the interrelatedness of species.  In brief, PIC transforms original 

species data using algorithms, into independent and equally distributed contrasts, that 

consider the length and divisions of the branches (Garland, 2005; Freeman and Herron, 

2014).   From this point, standard statistical tests for correlation and regression may then be 

performed. 
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Figure 3.8 Phylogenetic tree structures after Garland (Garland, 2005). A indicates the star structure 

that assumes an unrealistic statistical independence and equal distribution.  B is derived from a 

taxonomic tree that assume species are in unrelated ‘mini-star’ formation. C estimates real 

phylogenies that include hierarchical relationships and non-contemporaneous branch ends to 

indicate extinct species. This illustrates the non-independence of species.  

 

As with any test, the reliability of the results reflects the quality of the input data.  For such 

a closely related group as the extant canids establishing a clear phylogenetic tree is 

troublesome, and many different versions are available (Chapter One, part 1.2.5).  In this 

study we used the canid tree published by Nyakatura (Nyakatura et al., 2012) as this was an 

open source resource and could be trimmed to accommodate only the species within this 

study, and has been extensively used by previous studies (Conith et al., 2018; Harano and 

Kutsukake, 2018; Machado et al., 2018; Mazel et al., 2017; Rizzuto et al., 2018; Veron et al., 

2017; Wu et al., 2018).  For further details of the tree used in PICs see Chapter One, part 

1.2.5. The pruned tree is given in Appendix Four. A Brownian motion model of evolution was 

assumed, where rates of character change follow a normal distribution across the phylogeny.   

The canid phylogenetic tree was mapped onto the scatterplots of the shape variation 

performed in the GMM analyses (this chapter).  Diagnostic tests were performed using the 

PDAP:Pdtree module v 1.16 in Mesquite v. 3.01 (Midford et al., 2006; Maddison and 

Maddison, 2016).  Eleven variables representing species means were analysed (Table 3.4).   I 

determined the absolute values of the standardized phylogenetic independent contrasts 
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(PIC) for each character versus their standard deviations.  A P-value of ≤ 0.05 would be 

regarded as significant and would indicate phylogenetic influence (with values greater than 

0.05 indicating negligible phylogenetic signal).  The reduced major axes regressions were also 

repeated using the PICs and the slopes compared against those for the standard data. 

 

3.3.5 Statistics 

Differences between endocranial volume studies, the dietary groups regarding the 

percentage contribution of each muscle to the overall jaw adductor mass and the percentage 

contribution of each muscle division to the total muscle mass were identified using statistical 

tests.  Initially a Shapiro-Wilk test was performed for each variable to determine if the dataset 

was normally distributed. Kruskal-Wallis tests were used to compare variance between 

groups as not all datasets were evenly distributed and the sample size was small.   Dunn’s 

post hoc test were used to assess differences between groups. To evaluate body size scaling 

trends log transformed values of muscle mass, muscle attachment surface area, endocranial 

volume, endocranial volume surface area, geometric mean and zygomatic arch width were 

regressed against body mass using the non-parametric Reduced Major Axes (RMA). RMA 

regression was used as there is measurement error in both variables. However, it is worth 

noting that whilst the non-parametric RMA is the most appropriate method for these 

particular bivariate comparisons, the findings do not differ significantly from those calculated 

with ordinary least squares regression. Evaluations of isometry were made on the basis of 

the RMA slope 95% confidence intervals and t-tests against predicted slope values. As 

temporalis is the largest of the jaw adductors, with the largest surface area attachment, I 

chose it to be the main focus of the accommodation part of this study.  Shapiro Wilk tests 

were also used to test for normal distribution of the significant differences between skull 

shapes (principal component values) and dietary groups, and Kruskal-Wallis tests used for 

comparing data between groups.   The pruned phylogenetic tree (Nyakatura et al.,  2012) 
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was then mapped against the principal component datum points to indicate the overall 

influence of phylogeny on shape variation and permutation tests were performed on the null 

hypothesis of no phylogenetic signal (Klingenberg and Gidaszewski, 2010).  Multivariate 

regression of the Procrustes coordinates against the body mass, where the shape landmark 

datasets were the dependent variables, tested for allometric signal, that is, the percentage 

of shape change that could be predicted by the change in body mass.  Similarly, multivariate 

regression of the Procrustes co-ordinates of the shape landmark datasets on both temporalis 

mass and endocranial volume identified the percentage of shape change that was related to 

the change in temporalis mass and endocranial volume. The statistical significance of the 

regression analyses was tested with permutation tests against the null hypothesis of 

independence, and P-values reported. Reduced major axes regressions,  Kruskal -Wallis, post-

hoc analyses and t-tests were computed in PAST (Hammer et al., 2001).  Mapping the 

phylogeny onto shape, and the multivariate regression of shape on body mass, temporalis 

mass and endocranial volume were computed in MorphoJ (Klingenberg, 2011).   A 

significance level of 0.05 was used in all statistical tests. 

 

3.4 Results. 

3.4.1 Muscle morphology 

The masses (g) of the individual jaw adductor muscles and their subdivisions are presented 

in Table 3.1. Temporalis contributed between 57.4 and 69.3% to the total muscle mass (mean 

62.1%), masseter contributed between 23.6% and 35.1% (mean 29.8%), and the pterygoids 

contributed between 6.7 and 10.5% (mean 8.2%). Next, individual muscles were considered.  

Temporalis was made up of three distinct divisions; suprazygomatic, superficial and deep 

temporalis. All species exhibited a well-defined suprazygomatic portion of temporalis (Figure 

3.1B).  This was consistently the smallest subdivision of temporalis, contributing 3.5 – 9.2 % 

(mean 6.5%) of the overall temporal mass.  Origin was by way of a short wide tendon arising 
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from the temporal bone just dorsal to the external auditory meatus, and insertion was on 

the rostral aspect of the vertical ramus of the mandible.   The remaining bulk of temporalis 

arises from the calvarium and divides into discrete superficial and deep parts.  In the smallest 

species, Vulpes zerda, Vulpes corsac and Otocyon megalotis, the origin of temporalis was 

lateral to midline.  In all other species left and right temporalis met at midline, and in the 

larger species were associated with a pronounced sagittal crest (Figures 2.17 and  3.6).  Both 

the superficial and deep parts of temporalis insert onto the coronoid process and medial 

vertical ramus of the mandible (Figures 3.1C and 3.1D).  The superficial part of temporalis 

contributes between 39.7 and 59.5% (mean 46.5%) of the overall temporalis mass and the 

deep between 33.2 and 54.8% (mean 47.0%).  The masseter is highly complex with more than 

the previously noted superficial, deep, and zygomaticomandibularis layers.   The superficial 

division was well defined and contributes between 38.3 and 56.8% (mean 47.6%) to the 

overall masseteric mass.  The origin is chiefly from the most ventral part of the zygomatic 

arch, but there is also a strong tendinous component originating dorsal to the upper molars 

(Figures 3.1E and 3.1F).  The caudal part of the superficial masseter extends beyond the 

caudal angle of the mandible to insert partly on the medial aspect of the mandible, and partly 

on the superficial aspect of the medial pterygoid (Figure 3.1J). The deep masseter (Figure 

3.1G) originates from the medioventral aspect of the zygomatic arch.  It is less clearly defined 

than the superficial division with many fibres arising or inserting onto aponeuroses within 

the muscle rather than directly to the bone of the mandible or zygomatic arch.  It contributes 

between 12.2 and 36.4% (mean 24.1%) of the masseteric mass.  Zygomaticomandibularis 

(3.1H) originates from the caudal medial zygomatic arch and contributes between 16.7 and 

44.0% (mean 28.3%) of the overall masseteric mass. Both of the pterygoid muscles were 

considered together as one muscle, the pterygoids, as the medial pterygoid was considerably 

more extensive than the lateral pterygoid (Figure 3.1I). The (combined) pterygoids 

contributed between 7.0 and 10.5 % of the total jaw adductor mass (mean 8.2%).  The 
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fascicles originate from the pterygoid plate of the skull and insert on the medial mandible. 

Temporalis arises from an extensive area of the lateral calvarium, in particular from the 

parietal, temporal, frontal and occipital bones (Figure 3.6A).  The masseter arises from the 

ventral and medial borders of the zygomatic arch, which itself is made up from the zygomatic 

and temporal bones (Figure 3.6B), and the pterygoids arises from the sphenoid, pterygoid 

and palatine bones (Figure 3.6C).  Temporalis originates from a mean of 69.0% of the total 

jaw adductor attachment surface area, the masseter 18.6% and the pterygoids 12.0%. 

 

3.4.2 Surface area, endocranial volume and endocranial volume surface area. 

Muscle attachment surface areas, endocranial volume surface area and endocranial volumes 

from this study and studies by Damasceno (Damasceno et al., 2013) and Gittleman 

(Gittleman, 1986) are reported in Table 3.3.  Despite the comparative data from the earlier 

studies coming from different individual specimens, all three methods gave similar results.  

A Shapiro Wilk test determined that the data was not normally distributed and in the 

subsequent Kruskal-Wallis test, the H statistic was 0.4405 and the p-value was 0.80232.  The 

result was not significant, implying that endocranial volumes determined from CT 

reconstructions were statistically indistinguishable than those determined by skull 

measurements or glass beads. This finding supports the use of any of these three methods 

to reliably determine endocranial volume.  
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Table 3.3 Muscle attachment surface area (SA), endocranial volume, and endocranial volume 
surface area. 
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Alopex lagopus 2298 486 329 9360 45300 40000 35500 

Canis lupus 5593 2069 1397 18575 143400 159200 131600 

Canis mesomelas  2822 682 479 11042 67800 58000 56800 

Chrysocyon 
brachyurus   

5428 1443 937 14988 111800 120800 120300 

Cuon alpinus 4383 1197 776 16365 108200 110800 94600 

Lycaon pictus 5853 1611 1311 19877 149500 146900 129000 

Nyctereutes 
procyonoides  

2237 632 276 7905 30100 28200 28500 

Otocyon 
megalotis 

1140 406 248 7159 30500 32200 26800 

Speothos 
venaticus  

2864 694 438 9341 51700 65400 40500 

Vulpes corsac 1520 381 275 6677 31900 x x 

Vulpes vulpes  2739 725 498 10060 52400 52700 43400 

Vulpes zerda  927 203 117 5100 19600 20600 17300 

*Comparative values from Damasceno (Damasceno et al., 2013) and Gittleman (Gittleman, 1986). 

 

 

3.4.3 Metric analysis 

Results for the dietary group Shapiro-Wilk tests determined that they all had normal 

distribution and the subsequent Kruskal-Wallis tests revealed that there were no statistically 

significant differences between the dietary groups both for percentage contribution of each 

muscle to the overall jaw adductor mass, and percentage contribution of each muscle 

division to the total muscle mass (Table 3.6).  Probability P-values for the phylogenetic 

independent contrasts, comparing absolute values of the standardized phylogenetic 

independent contrasts versus their standard deviations ranged from 0.054 to 0.39.  This 

suggests that phylogeny has a negligible effect.  The RMA regressions on the pairs of variables 

that were generated with PICs showed no significant differences to those generated from 

the standard data, with similar slope and confidence intervals in all cases (Table 3.4).  

Phylogenetic influence on these variables and regressions is therefore considered minimal 

and subsequent allometric analyses focused on the raw metric data.  
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Reduced major axis regressions of variables scaling against body mass are reported in Table 

3.4. Scaling of total muscle mass was not significantly different to isometry and no trophic 

group appeared to deviate from this general scaling trend (Figure 3.9).  All three individual 

jaw adductor muscles scale close to isometry.  Therefore species with a greater body mass 

have, in general, the same proportion of masticatory muscles to body mass as smaller 

species. Some regressions for muscle attachment surface area measurements may appear to 

be indicative of deviations from isometry (e.g. pterygoids and total muscle mass) but the 

confidence intervals encompass isometry in all cases and were not significantly different 

from isometry.  Scaling of endocranial volume to body mass shows significant negative 

allometry (Figure 3.10) with results showing a slope of 0.68 from an expected isometric slope 

of 1 and a t-test P-value of 0.0007.  That is, as species size increases the brain size increases 

to a lesser degree, and the brain takes up a lower proportion of overall body mass in large 

species of canids than in small ones.   This was also reflected in the scaling of EVSA to body 

mass, which has a slope of 0.43 from an expected slope of 0.66 (t-test P-value 0.0001).  The 

zygomatic arch width scales isometrically to body mass.  
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Figure 3.9 Reduced Major Axis regression, log body mass vs log total jaw adductor muscle 

mass.  Dietary groups are highlighted. 
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Table 3.4. Reduced Major Axes regressions of variables scaled against body mass. 
  Standard RMA PIC RMA 

Variable vs Log Body Mass (g) Expected slope for isometry RMA slope 95% conf. int. slope R2 t-test  Slope 

 

 

95% conf. int. slope  

Log total adductor mass vs Log BM 1 1.05  0.89,1.17  0.94  ns 

 

1.03 0.92, 1.18 

Log endocranial volume vs Log BM 1 0.68  0.46, 0.77  0.90  *** 

 

0.60 0.47, 0.77 

Log total surface area vs Log BM 0.67 0.64  0.49,0.70  0.95  ns 

 

0.59 0.50,0.67 

Log temporalis SA vs Log BM 0.67 0.64  0.49,0.70  0.95  ns 

 

0.56 0.46, 0.67 

Log masseter SA vs Log BM 0.67 0.68  0.60, 0.72  0.98  ns 

 

0.64 0.56, 0.70 

Log pterygoids SA vs Log BM 0.67 0.74  0.61, 0.82  0.93  ns 

 

0.72 0.65, 0.83 

Log temporalis mass vs Log BM 1 1.05  0.87,1.16  0.93  ns 

 

1.05 0.93,1.20 

Log masseter mass vs Log BM 1 1.1  0.94,1.20  0.95  ns 

 

1.04 0.90,1.19 

Log pterygoid mass vs Log BM 1 0.97  0.84, 1.06  0.97  ns 

 

0.89 0.77,1.05 

Log zygomatic arch width vs Log BM 0.33 0.32  0.27, 0.35  0.97  ns 

 

0.31 0.26,0.36 

Log EVSA vs Log BM  0.67 0.43  0.31, 0.50  0.92  *** 

 

0.40 0.32, 0.51 

ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001. 
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Figure 3.10 Reduced Major Axis regression, log body mass vs log endocranial volume.  Dietary groups 

are highlighted and reconstructed skulls from CT scans illustrate variation in head shape. 

 

3.4.4 Form analyses of the bony morphology 

In the whole skull landmark data set, the first 4 PCs make up 78.5% of the variance. PCs 1 and 

2 were above the predicted broken stick value and are described here in detail and shown in 

Figure 3.12.  Scree plots and broken stick analyses are shown in Figure 3.11.  PC1 constituted 

32.3% of shape variance.  At the negative extreme of the axis (-0.11, represented by 

wireframe S3) the rostral landmarks move caudolaterally, resulting in an overall shape 

change of a shorter broader snout and mandible. The landmarks associated with the 

zygomatic arches and caudal mandible move laterally, representing a relative broadening of 

the skull, and the dorsal landmarks of the inion and dorsal skull move dorsally - a shape 

change associated with a larger sagittal crest.   Landmarks relating to the ventral aspect of 

the skull move ventrally resulting in an overall deepening of the cranium.  At the other extent 

of the axis (0.07, represented by wireframe S4), the snout and mandible become longer and 

more gracile and the cranium appears dorsoventrally flattened.  The PC1 axis clearly 

differentiated the data into dietary groups. The species occupying the lower end of the range 

(-0.12 to – 0.01) were exclusively hypercarnivorous, the generalists occupied the middle zone 
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and (0 to 0.03) and the small prey specialists the higher end of the range (0.015 to 0.07) with 

some overlap of the generalist species at their lower values.   The Kruskal-Wallis test for the 

whole skull PC1 scores shows significant difference between the dietary groups, H = 7.88; p= 

0.02.  Dunn’s post hoc tests showed that the hypercarnivores were significantly different to 

small prey (P-value 0.006).  Of particular note are Speothos venaticus, a small 

hypercarnivorous canid that lies with the other three hypercarnivores at the low value 

extreme of this axis despite weighing only 6.5 kg, and its close relative, Chrysocyon 

brachyurus, a 22.5kg specimen, that lies with the Vulpes group at the other extreme of the 

axis.   PC2 makes up 25.5% of variance. At one extreme (-0.06, represented by wireframe S2) 

the cranium appears relatively shorter and more domed and the dorsal border of the 

mandible is straighter.  At the other extreme, (0.11, represented by wireframe S1) the cranial 

component appears dorsally flattened and elongated and the dorsal border of the mandible 

is curved.   The Kruskal-Wallis test for the whole skull PC2 scores shows significant difference 

between the dietary groups, H = 6.26; p= 0.04).  Dunn’s post hoc tests showed that the 

hypercarnivores were significantly different to the generalists (P-value 0.02) and that the 

generalists were significantly different to the small prey specialists (P-value 0.03).   

In the cranial subset (32 landmarks) the first 4 PCs make up 76.8% of the variation: PCs 1, 2 

and 3 were above the predicted broken stick value and PCS 1 and 2 are described here in 

detail and shown in Figure 3.13.  Scree plots and broken stick analyses are shown in Figure 

3.11.  PC1 constituted 33.1% of the shape variance.  At the negative extreme of the axis (-0. 

11, represented by wireframe C3), caudal landmarks move rostrally and dorsal landmarks 

move dorsally resulting in a relatively shorter deeper skull. Lateral landmarks moving laterally 

achieve relative widening of the zygomatic arch.   At the positive extreme of the axis (0.09, 

represented by wireframe C4), the cranium lengthened whilst the zygomatic arches became 

relatively narrower.  All dorsal landmarks shifted ventrally, resulting in a flatter skull.  The 

relatively ventral position of the inion indicates a small or absent sagittal crest.  The PC1 axis 
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showed some differentiation of the data into dietary groups.   At the negative end of the axis 

were 3 of the hypercarnivores and at the other, the generalists. The small prey specialists 

occupied the middle space with some overlap with the hypercarnivores.  Speothos venaticus, 

the fourth hypercarnivore appeared between the small prey specialists and generalists. The 

Kruskal-Wallis test for the cranial PC1 scores shows significant difference between the 

dietary groups H = 7.096; p= 0.02).  Dunn’s pairwise post hoc tests showed that the 

hypercarnivores were significantly different to the generalists (P-value 0.008).  PC2 made up 

19.6% of the shape variance.  At the negative extreme of the axis (-0. 06, represented by 

wireframe C2), the zygomatic landmarks move dorsally and the dorsal landmarks move 

ventrally.  At the positive end of the axis (0.11 represented by wireframe C1) the zygomatic 

landmarks move ventrally and the dorsal landmarks move dorsally. However, only one 

specimen, Speothos venaticus, lay towards the extreme end of the positive axis, all other 

specimens were closely grouped between -0.06 and 0.03.  PC2 showed no appreciable 

grouping of species into dietary specialisms and Kruskal-Wallis tests showed no significant 

differences between the dietary groups.  

When the pruned phylogenetic tree was mapped onto the PC scores it showed that the whole 

skull, rostral and mandibular component analyses contained phylogenetic signal, with P-

values from 0.009 to 0.014, whereas the cranial subset demonstrated no statistically 

significant phylogenetic signal (Table 3.5).  This indicates that the rostral and mandibular 

components of the skull are strongly linked to phylogeny, whereas the form of the cranial 

component changes in response to other constraints.  The overall phylogenetic maps (Figures 

3.12 and 3.13) show some long terminal branches, compared to shorter internal branches, 

indicating that some closely related species have diverged considerably within the shape 

space demonstrating substantial differences in related morphologies.  In tests for allometric 

signal, regression of the cranial component shape on body mass showed the greatest 

percentage (16.5%) of shape variance of any of the landmark sets, and was the only landmark 
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dataset with a statistically significant permutation P-value (Table 3.5).  The cranial 

component thus demonstrates evidence against the null hypothesis of complete 

independence, suggesting that shape change is related to size change.   The multivariate 

regression analyses of shape on temporalis mass shows that the highest percentage change 

was found in the cranial shape dataset and was statistically significant.  Similarly, the highest 

percentage shape change linked to endocranial volume was also the cranial dataset, and was 

also statistically significant.  This demonstrates that change in temporalis mass and 

endocranial volume are linked with change to cranial shape (Table 3.5). Figure 3.16 compares 

the cranial wireframe shapes of two distantly related species with the cranial wireframe 

shape representative of the low PC1 score. The low PC1score wireframe indicates a short 

deep skull with increased space medial to the zygomatic arches for housing the temporalis 

muscles.   Although Canis lupus and Chrysocyon brachyurus are from different clades and 

exhibit distinct dietary preferences and hunting strategies both have large body masses and 

relatively small endocranial volumes.   The wireframes indicate that in both species cranial 

shape is very similar, both to each other and to the PC1 wireframe. The remaining three 

shape datasets shapes showed lower percentage changes and had no statistical significance, 

indicating that overall head shape, rostral shape and mandibular shape changes are 

independent of temporalis mass or endocranial volume change.  

Table 3.5  Summary statistics for form analyses.  
 Phylogenetic 

signal 
Allometric signal Effect of temporalis 

mass on cranial shape 
Effect of endocranial 
volume on cranial 
shape 

Form P-value 
(<0.05 
indicates 
phylogenetic 
signal) 

% 
Shape 
change 
 

Permutation 
test P- value  

% 
Shape 
change 
 

Permutation 
test P- value  

% 
Shape 
change 
 

Permutation 
test P- value  

Whole skull 0.009 11.0  0.26  14.7 0.11 16.3  0.053  

Cranial 
component 

0.053 16.5  0.04  19.1 0.01 22.4  0.002  

Rostral 
component 

0.012 11.9  0.24  14.6 0.15 16.2  0.11  

Mandibular 
component 

0.014  9.1  0.39  12.9 0.19 15.1  0.118  

Significant values are shown in bold. 
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Figure 3.11. Scree plots of the PC eigenvalues for A, the whole skull and B, the cranial 

components of the skull. The blue line represents the reported eigenvalues, and the red line the 

predicted broken stick values.  
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Figure 3.12 Whole skull principal component scores PC1 vs PC2.  Dietary groups and the mapped 

phylogenetic tree is shown within the plot and wireframes representing skull shape changes are 

aligned along the relevant axes. 

Figure 3.13 Cranial principal component scores PC1 vs PC2.  Dietary groups and the mapped 

phylogenetic tree is shown within the plot and wireframes representing skull shape changes are 

aligned along the relevant axes.  
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Table 3.6 Kruskal-Wallis test results for the differences between the dietary groups both for 
percentage contribution of each muscle to the overall jaw adductor mass, and percentage 
contribution of each muscle division to the total muscle mass. 

 H P-value 

Temporalis as a % of total jaw adductor mass 
 

4.18 0.12 

Masseter as a % of total jaw adductor mass 
 

3.54 
 

0.17 
 

Pterygoids as a % of total jaw adductor mass 
 

0.63 
 

0.73 
 

Suprazygomatic temporalis as % of total temporalis mass 0.24 0.88 

Superficial temporalis as % of total temporalis mass 
 

2.68 
 

0.26 
 

Deep temporalis as % of total temporalis mass 
 

2.95 
 

0.28 
 

Superficial masseter as a % of total masseter mass 
 

4.41 
 

0.11 
 

Deep masseter as a % of total masseter mass 
 

3.50 
 

0.17 
 

Zygomaticomandibularis as a % of total masseter mass 
 

5.11 
 

0.08 
 

 

3.4.5 Form analyses of the muscle morphology 

It was challenging to find consistently homologous points, and consequent geometric 

morphometric shape analysis did not distinguish between dietary groups (Figure 3.13). This 

workflow was not considered in any further analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Scatterplot of PCA analyses from geometric morphometric muscle shape analysis. 

Dietary groups are identified: hypercarnivores, filled red squares, small prey specialists, green circles, 

generalists, open blue squares.  
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Figure 3.15 Dorsoventral view wireframes taken PC1 of the cranial component analysis.  Both 

diagrams have been scaled to have equal zygomatic width as this scales isometrically.  Line ‘A’ 

represents the midline and line ‘C’ the lateral extent of the zygomatic arch.  Line ‘B’ represents the 

lateral extent of the cranium in the species with low PC1 scores. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 Dorsoventral view of cranial wireframes comparing the -0.11 principal component 

analysis with that of Canis lupus and Chrysocyon brachyurus.  Line 'D' represents the midline, and 

line 'F' the lateral extent of the zygomatic arch. Line 'E' represents the lateral extent of the cranium. 
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3.5 Discussion  

The results show that the morphology of the jaw adductor muscles is remarkably conserved 

across canid species. The form of each muscle and its subdivisions were surprisingly similar 

in all cases given the diverse dietary niches, different body sizes and phylogeny (Table 3.1).  I 

also found that the jaw adductor mass as a whole, and all three of the jaw adductor muscles 

individually, scale isometrically (Table 3.4).  Although I reported a couple of differences of 

muscle subdivision scaling between the different dietary groups, none were statistically 

significant and morphological variance was minimal and much less than I expected – that is, 

hypercarnivorous species, which might be expected to have a have relatively larger muscles 

to generate greater bite force, have the same ratio of muscle masses to body mass as those 

with assumed weaker bites, the generalists and small prey hunters (Table 3.1).  All individuals 

were consistent with the scaling pattern and there were no correlations relating to phylogeny 

or dietary groups (Figure 3.9).   Skull shape variation is therefore not attributable to housing 

differently scaled muscle masses for specialist dietary or different phylogenetic groupings.  

Whilst our sample sizes per species were relatively modest and were not sex matched, there 

were large scale interspecific differences and evidence from previous studies (see methods) 

suggests that there is minimal sexual dimorphism.   

Our endocranial volume scaling results are in accordance with previous studies (Jerison, 

1955; Gould, 1966; Bauchot, 1978) that describe interspecific scaling at a rate of two thirds 

relative to body mass (Table 3.4).  This presents the problem of accommodating isometrically 

scaling muscle masses onto negatively scaling neurocrania.  I considered the cranium to have 

two discrete surface areas: an internal one which reflects the accommodation needs of the 

brain and which was calculated as the surface area of the endocast (EVSA), and an external 

one, which was calculated as the area of origin for temporalis (I acknowledged that this only 

accounts for part of the external surface of the cranium).  The EVSA scales to body mass with 

marked negative allometry, whilst the scaling of temporalis surface area to body mass is not 
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significantly different to isometry.  The disparity between the demands of the internal and 

external surfaces of the neurocrania was further evidenced by the very small canids 

displaying a sagittal gap at dorsal midline where there is no muscle attachment, 

demonstrating that in these species the external surface of the cranium more closely reflects 

its internal surface area which is driven by brain accommodation.  The sagittal gap was only 

seen in species below 5kg, that is, Vulpes zerda, Vulpes corsac and Otocyon megalotis (Figure 

2.17).  From 5-10 kg the contralateral temporalis muscles met at midline as temporalis 

utilised all of the available external surface area, with little or no sagittal crest present.  Above 

10 kg a pronounced sagittal crest was seen which increased the surface area available for 

temporalis (Figure 3.6).   The exception to this was the 6.5kg Nyctereutes procyonoides that 

also had a well-developed sagittal crest. However, this was also the species with the smallest 

endocranial volume relative to body mass, as evidenced by the greatest negative distance 

from the regression line for endocranial volume against body mass (Figure 3.9). By contrast, 

the Nyctereutes temporalis surface area scales at a similar rate to other species and so the 

sagittal crest demonstrably increases the external surface area commensurate with 

temporalis requirements.   These findings suggest that the exterior surface area of the 

calvarium does not simply reflect the interior but is driven by the necessity to accommodate 

the temporalis and probably the other muscles too. The other major morphological 

adaptation to increase the space on the skull for housing the temporalis is the isometrically 

scaling zygomatic arches (Figure 3.15).  Other authors (Radinsky, 1981; Emerson and 

Bramble, 1993) have speculated that if the arch width remains relatively constant but the 

endocranial volume decreases, the space medial to the arches increases and could be used 

to accommodate a larger temporalis.  This chapter shows that this ‘increased 

accommodation’ principle is correct but that in canids, the space is utilised to house an 

isometrically, rather than positively, scaling temporalis (Table 3.4). Interestingly, primates 

have also been shown to have isometrically scaling masticatory muscles (Cachel, 1984) as 
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well as negatively scaling endocrania (Rilling, 2006) and large species of primate exhibit 

similar morphological features as large species of canid, such as sagittal crests (Ankel-Simons, 

2007) and relatively wide zygomatic arches (Frost et al., 2003). This might suggest that the 

problem of muscle accommodation is more universal than indicated here, although it is 

important not to extrapolate findings too far as the two groups have, for instance, distinct 

dietary behaviours.   

Principal component analysis of the whole skull form differentiated the species into the three 

broad dietary groups and in the multivariate regression analyses demonstrated phylogenetic 

signal but no allometric signal.   Total skull shape aligned broad stocky head shapes with 

hypercarnivourous hunters, and narrow slender head shapes with the small prey specialist.  

The generalists lay in the middle ground.  This is in agreement with previous studies (Wroe 

and Milne, 2007; Goswami et al., 2011).  However, when I removed all of the rostral and 

mandibular components and focused only on the cranial component, there was no significant 

phylogenetic signal, dietary specialism grouping was less marked and a significant allometric 

signal indicated that shape change was allied to size change.   More specifically, cranial shape 

changes correlate with body mass and temporalis mass and endocranial changes indicating 

that shape changes of shorter, dorsoventrally enlarged calvaria, increased sagittal crests and 

widened temporal spaces correspond with the decreasing endocranial volume to temporalis 

ratio that is seen as body mass increases.  This directly links shape change in the cranium 

with accommodation of temporalis and suggests that the rostral and mandibular 

components are chiefly concerned with dietary specialism, whilst the cranial component is 

more strongly associated with muscle accommodation.  In the whole skull analysis (Figure 

3.12), Chrysocyon brachyurus, for example, is closely aligned with the Vulpes group at the 

furthest distance from the hypercarnivore species.  All species at the positive end of the axis 

exhibit the long narrow jaws of the small prey hunter, and in the case of Chrysocyon 

brachyurus, the crossing tree branches also demonstrate convergent evolution (Gidaszewski 
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et al., 2009).  However, when I focused on the cranial component (Figure 3.13) Chrysocyon 

shape is more closely aligned with the hypercarnivores, due to the large sagittal crest and 

wide medial zygomatic space that accommodates the temporalis. It is presumed that some 

elements of cranial shape change will not directly associate themselves with muscle 

accommodation but may be linked with considerations other than scaling.  Such factors may 

include generating biomechanical advantage to facilitate certain bite behaviors such as fast 

jaw snapping or increasing bite force.   Similarly, other biomechanical functions of the skull 

such as withstanding stress or dissipating bite forces have not been considered in this study. 

These factors warrant further consideration in order to understand how canids have applied 

similar muscle proportions in the generation of different bite forces and speeds to occupy 

remarkably distinct dietary niches. 

 

3.6 Summary 

There are two main factors that align with shape change in the canid skull: features that are 

scaled relative to body mass (whether isometrically or allometrically), and features that 

change independently of body mass. These findings show that the jaw adductor muscles 

scale isometrically to body mass, even though they are functionally aligned to independently 

changing features such as jaw length or bite force, both of which are allied to dietary 

specialisms (Christiansen and Wroe, 2007; Van Valkenburgh, 2007; Figueirido et al., 2011; 

Damasceno et al., 2013).  These results suggest that much of the cranial shape change is 

correlated with accommodating temporalis.  These findings may help inform work on 

interpreting the feeding habits of extinct species (e.g. Wroe et al., 2005; Meloro et al., 2015).  

It should be noted, however, that our findings do not preclude the cranial shape changes also 

being biomechanically advantageous to the different trophic groups.  In future work, I hope 

to consider how the architectural details of the jaw adductor muscles such as fascicle 

orientation, fascicle length and angles of pennation, may affect muscle force capability, and 
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how the spatial relationships between muscle centroid size and key skull features such as the 

temporomandibular joint and carnassial or canine teeth, impact on bite force capabilities.  
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Chapter Four. Functional morphology of the jaw adductor muscles in the Canidae. 
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4.1 Introduction  

The work presented in this chapter is modified from a paper submitted to the Journal of 

Anatomy in 2018.  I would like to thank Dr Nathan Jeffery for advice on concept development, 

experimental design, offering suggestions for manuscript improvement and for the critical 

revision of this chapter.  Dr Philip Cox performed the phylogenetic comparative methods. I 

would also like to thank Professor Graham Kemp for his help in the concept development 

and critical revision of this chapter.    

 

That anatomical form can broadly distinguish between species is a central tenet of 

comparative biology, reflecting intercorrelated differences of body mass, behaviour and 

environmental conditions as well as of phylogenetic inheritance. However, the matching of 

specific phenotypes, or parts thereof, to particular biomechanical functions is more nuanced 

and requires more sophisticated analyses beyond that of form alone. Here I explore the role 

of differences in cranial anatomy in the biomechanics of feeding performance among a 

closely related, but otherwise remarkably varied, subfamily, the Caninae. 

The 36 extant canid species range in body mass from less than one kilogram (Vulpes zerda) 

to in excess of 80kg (Canis lupus). The largest reported species of Caninae is often described 

as Canis dirus, but recent work estimates it to be in the region of the size of Canis lupus 

(Anyonge, 2006). Caninae are found on all land masses except for Antarctica (Wozencraft, 

1993; Macdonald and Sillero-Zubiri, 2004; Sillero-Zubiri et al., 2004; Nowak, 2005; 

MacDonald, 2009).  As is to be expected in such a globally successful clade, they inhabit a 

wide variety of environments, from arid desert to tropical jungles, and fulfil many roles from 

apex predator to scavenger. Although all canids are easily recognisable as such, there are 

clearly many morphological differences that allow species to be distinguished, and 

anatomical specialisations exist, often in the context of dietary and hunting behaviours. 

Although all canids belong to the order Carnivora, many have adapted to include a wider 
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variety of foodstuffs into their diet, such as fruit, shellfish and invertebrates. Distinct hunting 

strategies are linked to particular diets, and consequently canids are often categorised by 

trophic groupings. For this study, I follow the categorization of Slater et al. (Slater et al., 

2009). Four species (Canis lupus, Cuon alpinus, Lycaon pictus and Speothos venaticus) are 

considered hypercarnivorous, that is, they mainly take mammalian prey larger than their own 

body mass, and preferentially hunt in co-operative packs (Ewer, 1973; Van Valkenburgh and 

Koepfli, 1993; Mech and Boitani, 2003). Killing is by way of ventral abdominal evisceration, 

with many individuals involved in the kill. Thus, their hunting strategy is to exhaust and then 

overpower their quarry after a long chase. The remaining canid species can be categorised 

as small prey specialists or generalists/omnivores. The small prey specialists take prey smaller 

than themselves, usually small mammals, and are lone stealth hunters. Killing tends to be by 

vigorous shaking to snap the vertebral column and sever the spinal cord. The 

generalist/omnivores also hunt by stealth but their diet includes a greater quantity of 

invertebrates which, although often fast moving, are more easily overwhelmed (Ewer, 1973; 

Sillero-Zubiri et al., 2004; MacDonald, 2009). I refer to this group as generalists for the 

remainder of this work. All canid species are opportunists and will consume carrion, and both 

the small prey hunters and generalist canids are also known to eat varying quantities of plant 

material. Many previous studies have demonstrated the link between these trophic groups 

and the bony morphologies of the skull: hypercarnivorous species have short broad snouts, 

domed skulls and robust mandibles whilst the head shapes of non-hypercarnivorous canids 

are more gracile with somewhat flattened skulls and long slender muzzles (Van Valkenburgh 

and Koepfli,1993; Wroe and Milne, 2007; Slater et al., 2009; Goswami et al., 2011; Meloro et 

al., 2015).  

The form of the rostral part of the skull is strongly influenced by the requirements of the 

dental apparatus. Unlike some other families of carnivorans, most notably felids and ursids, 

the cursorial specialisation of the canid distal limb means that the forelimbs are not directly 
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used in prey apprehension, and consequently the dentition is used for prey capture, 

submission, killing and subsequent food processing. The ‘model’ canid dental formula is I3/3 

C1/1 P4/4 M2/3, but two hypercarnivorous species, Cuon alpinus and Speothos venaticus, 

have a reduced number of post carnassial teeth, and one generalist species, Otocyon 

megalotis has an increased number of molars. The carnassial teeth of hypercarnivorous 

species exhibit enlarged cutting surfaces, whilst the generalists have a more bunodont form 

(Ewer, 1973; Sillero-Zubiri et al., 2004; Van Valkenburgh, 2007; MacDonald, 2009). It is not 

only the shape of the teeth that determines their function, but also their position within the 

jaw (Greaves, 2012). Those at the rostral end have less force driving them than those lying 

toward the temporomandibular joint (TMJ), which acts as the fulcrum in a third-class lever 

system. As the molars lie at the most caudal end of the dental arcade, reducing either their 

size or number has the effect of bringing both the canine and carnassial teeth closer to the 

TMJ, which in turn increases the force of the piercing and slicing apparatus respectively. 

However, there is a trade-off between bite force and gape: teeth nearer to the TMJ have 

more power driving them, but can only achieve a narrow gape between the upper and lower 

counterparts. Excessive reduction of the post carnassial dentition would therefore restrict 

the functionality of the jaw. Lengthening the tooth row has the effect of positioning the teeth 

that catch prey, the canines, further from the TMJ. As in the third-class lever model, this 

lessens the force that can be generated at the canine bite point, but increases both the 

maximum gape and the speed with which the canines can come together, an advantage in 

catching fast moving prey. Two of the generalist species, Otocyon megalotis and Nyctereutes 

procyonoides, also exhibit a pronounced ventral process on the caudal part of the mandible 

(Chapter Two, Figure 2.15), a feature that has been attributed to an enlarged attachment 

area for the jaw opening digastricus muscle (Ewer, 1973; Fujiwara and Suwa, 1991; Tedford 

et al., 1995; Reynolds, 2012; Asahara and Takai, 2017). 
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The correlation of jaw shape with feeding and hunting behavior has led previous authors to 

hypothesize that dietary adaptations have a significant influence on jaw morphology, and 

that, in carnivorans in particular, hypercarnivorous jaws are built for strength, whereas those 

of the small prey hunters and generalists are built for speed (Van Valkenburgh and Koepfli, 

1993; Andersson, 2005; Slater et al., 2009; Figueirido et al., 2011; Prevosti et al., 2012:  

Meloro et al., 2015).  The precise function of the different morphologies is less well explored. 

Do the robust jaws of the hypercarnivores produce relatively greater bite forces than the  

slender jaws of the small prey hunters? Alternatively, perhaps the robust skulls of the 

hypercarnivores are engineered to withstand potentially violent encounters with their large 

prey, or to dissipate great forces generated whilst chewing on tough materials.   

Understanding the distinction between absolute and relative bite forces is key to 

understanding behavioral and morphological adaptations.   Absolute forces indicate the 

predicted values of bite force in a species at a given bite point, and as species size increase, 

absolute bite forces tend to increase, that is, larger species have greater bite forces.  Relative 

bite forces, however, allow for a comparison against an identifiable metric such as body 

mass, to identify if all species scale the same, or if larger species have relatively as well as 

absolutely greater or weaker bites forces.  Identifying differences or similarities in scaling 

patterns between taxa or dietary groups may give insight into adaptations in form. 

Shape differences in the caudal part of the skull are not as easy to align with diet. Previous 

analyses revealed that the differences in form of the cranial part of the skull are associated 

with changes in body mass, and specifically, that shape change is related to housing the jaw 

adductor muscles on the cranium (Chapter Three). Body mass related shape change is 

associated with the disparity in scaling between the jaw adductor muscles, which scale 

isometrically, and brain volume, which scales with negative allometry (Radinsky, 1981; 

Chapter Three). This does not however, preclude the possibility that there may be additional 

functions to the cranial shape differences as well as simply increasing surface area. The siting 
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of the jaw adductor muscles on the skull, and the position of their origins and insertions may 

also influence bite performance. Differences in cranial and mandibular shapes may alter the 

relative arrangement of muscles on the skull with respect to key functional components such 

as the carnassial teeth, TMJ or coronoid process of the mandible, and thus may impact 

function. 

The jaw adductor muscles are fundamental in producing forces that close the mandible and 

many previous studies have estimated their physiological cross-sectional areas and force 

production capabilities using dry skull techniques (Wroe et al., 2005; Slater et al., 2009; Tseng 

and Wang, 2010; Damasceno et al., 2013; Forbes-Harper et al., 2017). However, Taylor and 

Vinyard’s work on primate jaw architecture (Taylor and Vinyard, 2013) established that 

studies using dry skull craniometric measurements to estimate muscle force production 

capabilities may greatly under or overestimate physiological cross-sectional areas, and that 

ideally, muscle architectural data should be incorporated into studies that estimate jaw 

muscle forces. In addition, the internal architecture of a muscle can greatly influence its 

functionality (Gans, 1982; Anapol and Barry, 1996; Huq et al., 2015; Terhune et al., 2015). 

For example, muscles with parallel fibres allow for maximum excursions and high contractile 

velocities, whilst muscles with internal tendons or a pennate arrangement of fibres, 

maximize force production capability (Taylor and Vinyard, 2013). Therefore, estimations of 

cross sectional areas or even directly recorded muscle masses, are broad approximations of 

force production and may not directly translate into a pro-rata amount of force, with 

inequalities between mass and force contributions accounted for by the internal architecture 

and composition of the muscles. 

 

The aim of the work in this chapter is to explore the form and function of the jaw adductor 

muscles, and to determine if differences in skull shape influence bite performance.  

Specifically, I test two hypotheses: 
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1. That there are significant relative, as well as absolute, differences of muscle force 

and bite force that reflect canid dietary niches. 

 

This predicts for example, that hypercarnivorous species can generate larger muscle and bite 

forces than small prey specialists and generalists, and that these differences persist after 

body size scaling. Previous studies (Christiansen and Wroe, 2007; Damasceno et al., 2013) 

have posited and evaluated variations of this hypothesis on the basis of dry skull calculations 

methods. Here I use ex vivo entire heads from twelve species of Caninae, covering a range of 

body masses, phylogenetic and trophic groups. Individual muscles were explored to test 

earlier theories pertaining to the calculation of muscle force, and their contributions to the 

total jaw adductor muscle force. To compare methodologies, I also calculated muscle forces 

based on the dry skull data. I used the specimen specific muscle force and computer 

tomography (CT) data to build finite element (FE) models to predict bite forces and 

determine if they scale with isometry. To reflect a range of functional conditions, models 

were made at two different bite points, and two different gapes.  

 

2. That the efficacy of muscle force production, and its conversion into bite force, is 

indicative of different dietary niches.  

 

This predicts, for example, that the hypercarnivorous species are more effective at 

generating force than any other dietary groups. Here I test the hypothesis using three key 

measures of performance. These are: mechanical efficiency, a measure of input muscle 

forces versus bite forces generated (Dumont et al., 2011; Cox et al., 2012); mechanical 

advantage, considered here in terms of the angle between lines of action of temporalis, the 

largest jaw adductor, and the occlusal plane as well as in terms of lever arm ratios (Fearnhead 
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et al., 1955; Reduker, 1983); and cranial deformation, reflecting the amount of energy 

expended in deforming the skull during bite force production and typically approximated on 

the basis of finite element simulations of strain energy density (Dumont et al., 2009).  

 

4.2 Materials and methods  

4.2.1 Specimens, imaging and landmarking. 

Specimens from 8 of the 13 genera that make up the Canidae family were obtained from 

either euthanased zoo stock or vermin control (Table 4.1). There were 19 individuals from 12 

species with representatives from the three major clades and the three trophic groups. The 

data set is not inclusive of all canid species, however, it covers a broad range of head shapes, 

body sizes and phylogenetic groups, and it includes all four of the hypercarnivorous species 

(Van Valkenburgh, 2007).  Diversity of scale covers two orders of magnitude in the Canidae 

and interspecific differences are greater than intraspecific ones. For the purposes of this 

study species were identified as being from one of the three trophic groups as described by 

Slater et al. (Slater et al., 2009) (Table 4.1). Further details of the specimens used are given 

in Chapter Two, part 2.2.3.  Specimens were either chilled fresh or frozen and then defrosted, 

but no fixative agent was used on any specimen.  All specimens, with the exception of Vulpes 

vulpes 7 (this chapter part 4.2.2), were dissected at near occlusal bite, that is, with minimal 

gape.  The jaw adductor muscles, that is temporalis, masseter and the pterygoids were 

dissected for each species. Further details of dissection techniques and gross muscle 

anatomy and are found in Chapter Two, part 2.4.2.  

All but one specimen (Vulpes vulpes 7) were digitally imaged using computer tomography 

(CT). CT methodology is discussed in Chapter Two, part 2.3.1, and details of settings and 

spacing used to image the specimens in this chapter are given in Chapter Two, part 2.3.3. 

Vulpes vulpes 7 was imaged using Magnetic Resonance (MR), to determine the configuration 

of the jaw adductor muscles at wide gape (this chapter, part 4.2.2).  MR methodology is 
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discussed in Chapter Two, part 2.3.2, and details of settings and spacing used for this 

specimen are given in Chapter Two, part 2.3.3. 

Some of the landmarks identified in Chapter Three, part 3.3.2.1, were used to identify and 

measure metrics of the skull.  The prosthion to the caudal hard palate is a measure of hard 

palate length, and the prosthion to the lateral points of both mandibular fossae as a measure 

of rostrum length. These measurements were used in regression analyses (this chapter part 

4.2.8).  Tooth point landmarks for the upper canines and upper carnassial teeth were also 

identified and used in the mechanical advantage analyses (this chapter, part 4.2.6).  Further 

details regarding selection and recording of landmarks is found in Chapter Three, part 3.3.2. 

1.  
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Table 4.1 Details of specimens used in this study including body mass, jaw adductor muscle masses and forces as calculated by the RPCSA and dry skull methods. 
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Alopex lagopus  
M 

 
Fox-like 

Small prey specialist  
5200 43.8 2.4 14.9 1.5 4.47 

1.9 
63.1 530 251 82 336 298 

Canis lupus   
2M,1F 

 
Wolf-like 

 
Hypercarnivore 

 
36500 179.5 4.3 84.5 2.7 25.7 2.5 289.7 1328 935 441 1432 823 

Canis mesomelas   
M 

 
Wolf-like  

Small prey specialist   
9700 46.6 2.6 20.2 2.0 6.7 1.8 73.5 603 361 130 403 358 

Chrysocyon brachyurus    
F 

South American Small prey specialist  
25000 106.1 4.5 61.5 2.7 13.2 2.1 180.8 852 770 220 900 775 

Cuon alpinus   
F 

 
Wolf-like 

 
Hypercarnivore 

 
13500 81.6 4.2 40.6 2.8 10.4 2.4 132.6 753 508 151 777 523 

Lycaon pictus   
2M, 1F 

 
Wolf-like 

 
Hypercarnivore 

 
26500 141.7 5.1 84.4 3.0 19.4 2.6 245.5 880 836 225 950 680 

Nyctereutes procyonoides   
M 

 
Fox-like 

 
Generalist 

 
6500 19.9 1.8 10.6 1.4 3.2 1.2 33.7 360 262 95 341 212 

Otocyon megalotis  
M 

 
Fox-like 

 
Generalist 

 
4200 13.5 1.9 6.6 1.0 2.2 0.8 22.4 252 227 99 231 212 

Speothos venaticus  
F 

South American  
Hypercarnivore 

 
6500 42.7 2.7 24.6 1.9 5.1 1.9 72.4 559 442 94 370 289 

Vulpes corsac 3M, 1F, 1 
unknown 

 
Fox-like 

Small prey specialist   
2850 14.7 2.0 6.4 1.4 2.3 1.3 23.4 309 171 61 205 194 

Vulpes vulpes   
M 

 
Fox-like 

Small prey specialist  
8500 48 3.0 19.3 2.4 5.7 2.0 73 487 262 101 438 318 

Vulpes zerda  
F 

 
Fox-like 

 
Generalist 

 
1150 5.6 1.4 2.4 0.8 0.9 1.2 

         
8.9 127 96 26 97 85 

1. Nowak, 2005(Nowak, 2005).  

2. Macdonald and Sillero-Zubiri 2004. (MacDonald and Sillero-Zubiri, 2004) 
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4.2.2. Gape angle at wide gape 

One specimen, Vulpes vulpes 7, was used to determine the angle to be applied to the wide 

gape models in all species. This specimen was secured at wide gape and imaged using MR to 

visualise the internal skeletal and soft tissue structures (Figure 4.1A). The specimen was 

consequently dissected at wide gape to confirm the angle of the mandible relative to the 

rostrum, and to confirm the identity and configuration of the jaw adductor muscles (Figure 

4.1B).  Gape angle was measured from the caudal margin of the upper canine alveolus at the 

gumline, to the caudal extent of the mandibular fossa of the temporal bone, and to the 

caudal margin of the lower canine alveolus at the level of the gumline.  This last reference 

point was chosen in preference to a more rostral point to minimize the amount of time spent 

partitioning the mandible during the Finite Element modelling (Figure 4.1C).  Wide gape 

angles measured in the specimen were very similar in both the MR images and dissection 

methods, at 84° and 81° respectively. These observations were used to inform the building 

of the FE models (this chapter part 4.2.4.2).  

 

Figure 4.1 Specimen Vulpes vulpes 7, MR image(A), dissection(B) and FE model(C) showing the 

position of the mandible at wide gape. 

 

4.2.3 Reconstruction of muscle function 

4.2.3.1 Review  

The majority of carnivoran head studies consider only the skeletal components of the head, 

often including the teeth, and sometimes endocasts (Damasceno et al., 2013). In studies that 
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focus on categorizing species by observing and quantifying diagnostic skeletal features, 

(Prevosti and Rincón, 2007; Meloro et al., 2008; Tseng, 2011; Slater, 2015; Lucenti and Rook, 

2016; Drake et al., 2017) bony morphologies suffice.  This type of study is often used to 

identify fossil evidence, where distinctive but often small, differences in shape, for example 

on tooth cusps or inner ear bones, allow palaeontologists to classify specimens and infer 

taxonomic and phylogenetic relationships.  In studies that consider biomechanical function 

as well as form, the musculature driving the bony components must also be considered.  In 

cases where the muscles are absent, their morphologies can be at least partly inferred by 

using bony correlates and landmarks.   In this chapter masticatory muscle performance is 

explored by determining the force generated by the jaw adductor muscles and the output 

forces at specific bite points along the dental arcade.  The size of muscles, the extent and 

position of their origins and insertions, their internal architecture and angles of insertion all 

contribute towards their functional ability.  Although work by previous authors has also 

quantified either or both muscle input forces and bite output force outputs, the methodology 

differs between studies.  The most frequently used methods to determine muscle force and 

their advantages and disadvantages are discussed here.  

 

 Live data gathering through use of bite plate force transducers 

Previous studies have measured bite force in live (anaesthetised or conscious) animals. This 

requires stimulating the animal to bite onto a force transducer which records force values.  

Although theoretically simple this method is difficult to perform due to practical, financial 

and ethical considerations, and is hard to replicate and validate.  In small animals such as 

lizards, the experimental procedures are easier due to the size of the animals involved and 

their ease of handling and housing, and these studies are more numerous in the literature 

(McBrayer and White, 2002; Verwaijen et al., 2002; Herrel and O’Reilly, 2006; Lappin et al., 

2006; Gröning et al., 2013).  Mammalian studies, with their concomitant technical difficulties, 
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are much less common, although they have been reported in bats (Dumont and Herrel, 

2003), primates (Dechow and Carlson, 1983) opossums (Thompson, 2003)  and pigs (Ström 

and Holm, 1992; Bousdras et al., 2006).  Only a few studies consider carnivorans (Dessem 

and Druzinsky, 1992; Lindner et al., 1995; Binder and Van Valkenburgh, 2000; Ellis et al., 

2008). One major disadvantage of recording transducer recorded bite values is that it is not 

possible to determine how close to maximal force the animal is biting.  Even in anaesthetised 

animals Ellis et al. (2008) found that electrically stimulated bite forces varied greatly, some 

of which was attributed to the difficulty in reliably and consistently placing the electrodes 

used to stimulate muscle contraction. Values from their study in anaesthetised domestic 

dogs with a body mass range of 5-40kg, ranged from 147 - 926N in canine biting, and 574 to 

3417N in carnassial biting. These figures are greater than those reported by Lindner et al. 

(1995) who, in domestic dogs ranging from 7 to 55kg, reported a range of bite forces from 

13 to 1394 N, with a mean of 256N, although the bite position on the tooth row was not 

reported.  I am unaware of any work published on transducer derived bite force values in 

wild canids.  

 

The dry skull method 

Arguably the easiest samples to access in any great variety or number, are dry skulls. Most 

natural history museums have carnivoran skull collections and these are widely used in 

comparative morphological research. In the early 1990s Thomason (1991) devised a method 

of calculating jaw adductor muscle forces by taking 2D photographs of a skull.  As well as 

being simple and cost effective, this method is clearly advantageous when working with 

incomplete or fossil material, and this method has been adopted by many researchers (Wroe 

et al., 2005; Christiansen and Adolfssen, 2005; Christiansen and Wroe, 2007; Wroe et al., 

2007; Damasceno et al., 2013; Forbes-Harper et al., 2017).  Muscle attachment areas or 

spaces between bony landmarks are used to calculate muscle cross sectional areas, which 
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are then multiplied by a value for mammalian isometric muscle force to determine 

consequent force production capabilities. For example, the region between the frontal and 

parietal bones of the skull, and the medial aspect of the zygomatic arch is photographed from 

a caudo-dorsal direction and the resultant image used to calculate the cross-sectional area 

of the temporalis muscle.  This area value is multiplied by a mammalian muscle force value, 

to determine the temporalis muscle force.  The same method, using different bony 

landmarks, is used to calculate the masseter muscle force.  The inclusion of the pterygoid 

muscles is varied: Slater et al. (2009) and Damasceno et al. (2013) report it as part of the 

pterygoids.   Other studies considered it to form a functional group alongside the masseter 

as the pterygoid-masseteric complex (Christiansen and Adolfssen, 2005; Christiansen and 

Wroe, 2007; Tseng and Wang, 2010).  In some studies the pterygoids are not included 

(Tanner et al., 2010), or in others not explicitly stated whether they were included or not 

(Wroe and Milne, 2007).   The nominal inclusion, or not, of the pterygoids when using this 

method is a moot point. The area highlighted in this method whether labelled ‘masseter’ or 

‘medial masseter-pterygoid complex’ or ‘pterygoids’ actually covers the area occupied by the 

masseter and both the medial and lateral pterygoid, and they are, by default, included in the 

calculation.  

The dry skull method has four main disadvantages. Firstly, as the cross-sectional area 

measurement is taken at one fixed point it does not take into account how the extent of the 

muscle origin or insertion may vary between species.  This may affect the total muscle mass, 

as more extensive muscles may be larger than less extensive muscles.  For example, the 

temporalis in Canis lupus originates from midline, whereas on Vulpes corsac it originates 

parasagittally (Figure 2.17).  Secondly, the muscle cross sectional area boundaries include 

other structures, such as the vertical ramus of the mandible and some of the contents of the 

periorbita of the eye.   There also appears to be a sizable area of overlap between the 

temporalis cross section and the pterygoid-masseter cross section, in effect counting the 
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area of overlap twice.   Thirdly, the angle at which the photograph is taken can vary and have 

an effect on the perceived cross-sectional area.  A photograph taken at a more oblique view 

to the bony landmarks may overestimate the cross-sectional area when compared to a 

photograph that is taken from a more perpendicular angle. The complexity of skull 

morphology means that it is difficult to be consistent between specimens when aligning 

photographic angles. Lastly, the dry skull method cannot take into account the internal 

architecture of the muscle. Internal architecture describes the features of the muscle such 

as fascicle length, presence of internal tendons and angles of fascicle pennation, and can 

have a marked input on muscle force production (Eng et al., 2009; Taylor et al., 2018).   

 

Physiological cross-sectional area (PCSA) method 

 In contrast to the dry skull method, physiological cross-sectional area (PCSA) calculations 

take into account the internal architecture of the muscle to describe some of the complexity 

of its structure function relationships (Close, 1972; Spector et al., 1980; Gans, 1982; Sacks 

and Roy, 1982; Gans and Gaunt, 1991).  This method requires access to the muscle itself, to 

quantify mass and fascicle length. This data has traditionally been obtained via manual 

dissection, although this is by nature destructive.  Some authors are cautious of this 

technique as it may damage muscle fascicles and lead to erroneous measurements 

(Hartstone-Rose et al., 2018), although this can be somewhat mitigated by using careful 

dissection techniques, or with the use of chemical dissection methods (Hartstone-Rose et al., 

2012; Clair and Reback, 2018).  Chemical dissection methods have the advantage of 

measuring individual fascicles more accurately but disallow for the measuring of pennation 

angles as the integrity of the muscle is destroyed (Herrel et al., 2008).  More recent work 

uses high resolution microCT scans to reconstruct and measure muscle architecture and has 

the advantages of gathering large amounts of data and is non-destructive (Kupczik et al., 

2015; Cox, 2017; Dickinson et al., 2018; Santana, 2018).  However, these techniques are 
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difficult to replicate consistently in large specimens and are very time consuming. For this 

study manual dissection techniques were used to establish muscle architecture.   Muscles 

were carefully removed from the cadavers and internal tendon pennation angles and fascicle 

lengths recorded.  The formula to calculate PCSA is  

 

 𝑃𝐶𝑆𝐴 =  
𝑚𝑎𝑠𝑠 

𝑓𝑎𝑠𝑐𝑖𝑐𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 𝑚𝑢𝑠𝑐𝑙𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 

 

It can be seen that PCSA and fascicle length are inversely proportional.  In two muscles of a 

given mass, a configuration of many short fascicles would produce a greater force that if the 

same muscle were to be arranged with fewer but longer parallel fibres.  As discussed in 

Chapter One part 1.3.2.3, internal tendons within a muscle allow for the packing of many 

short fascicles and give an advantage for muscle force. A muscle with parallel fibres would 

advantage excursion and speed. The PCSA formula, whilst taking into account fascicle length, 

does not take into account the energy lost due to the direction of fascicle pull being 

orthogonal to the internal tendon, rather than in the same orientation as the long axis of the 

muscle. Thus, a refinement of the PCSA formula, the reduced physiological cross-sectional 

area (RPCSA) was proposed by Anapol and Barry (Anapol and Barry, 1996) adapted from 

earlier work by Weber (Weber, 1851) Haxton (Haxton, 1944) and Schumacher (Schumacher, 

1961).   

The formula to calculate RPCSA is: 

 

𝑅𝑃𝐶𝑆𝐴 =  
𝑚𝑎𝑠𝑠 ×  𝑐𝑜𝑠𝑖𝑛𝑒 𝑜𝑓 𝑝𝑒𝑛𝑛𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒

𝑓𝑎𝑠𝑐𝑖𝑐𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ ×  𝑚𝑢𝑠𝑐𝑙𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 

 

where the cosine of the pennation angle reduces the output value accordingly.  The greater 

the angle the more energy is lost.   However, this method is criticised by some authors as 
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they consider that the ex situ muscle vector, does not replicate the in-situ muscle vector as 

the muscle itself is pulling at an angle relative to the adduction vector of the jaw. They also 

point out that pennation angles can change dramatically throughout the mass of the muscle 

(Perry et al., 2011; Hartstone-Rose et al., 2018).  These authors propose using the unreduced 

PCSA method without pennation correction.  I use the RPCSA method as it goes some way to 

describing the three dimensionality of the muscle architecture and is widely used within the 

literature (Taylor et al., 2006, 2015, 2018; Anapol et al., 2008; Williams et al., 2008; Dickinson 

et al., 2018).  

 

4.2.3.2 Method for calculating RPCSA and force of muscle 

Muscle mass was determined using Redwag WPS600/C/2 digital scales, accurate to 0.001g. 

The specific muscle density value used was 1.056 gcm-3 based on cat soleus muscle (Murphy 

and Beardsley, 1974). To verify this parameter, individual volumes of the jaw adductor 

muscle subdivisions were predicted in two specimens, Vulpes vulpes 1 and Vulpes zerda, by 

dividing mass by 1.056 gcm-3. The volume for each muscle subdivision was then measured 

directly with a microvolumeter, using a method adapted by Vickerton after Douglass and 

Wcislo (Douglass and Wcislo, 2010; Vickerton et al., 2013). The two values were compared 

using t-tests. 

Digital photographs were analysed using the angle and measurement tools in ImageJ 

(Schneider et al., 2012). To account for the variety of pennation angles I sampled each muscle 

subdivision up to 20 times depending on its overall size and used the mean value of these 

measurements.  The pterygoids have no internal tendon and hence have parallel fascicles, 

and no pennation angles to take into account. Fascicle length was measured at 5-20 

locations, depending on the size of the muscle (Figures 4.2A and B). Mean values are reported 

in Table 4.1 and were used for calculations. It was noted that many of the muscle layers 

exhibited a great variety of pennation angles and, even more markedly, fascicle lengths. It is 
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therefore acknowledged that the complex architecture of the masticatory muscles is difficult 

to capture using simple equations; however, it was felt that the RPCSA method reflects the 

effect of the diversity of the muscle architecture. Muscle force was then calculated by 

multiplying RPCSA by an intrinsic muscle strength value of 37 Ncm-2 (Weijs and Hillen, 1985; 

Koolstra et al., 1988; Christiansen and Adolfssen, 2005; Christiansen and Wroe, 2007). 

 

Figure 4.2. Muscles of Canis lupus. (A) Deep temporalis showing angle of pennation. (B) Pterygoid 

muscle showing fascicle length measurement. 

 

As many previous bite force studies have used Thomason’s (Thomason, 1991) dry skull 

method to calculate cross sectional areas and muscle forces, I also used this method as a 

comparison to the RPCSA method (Christiansen and Adolfssen, 2005, Christiansen and Wroe, 

2007; Damasceno et al., 2013). Authors cited here have calculated predicted bite force at 

canine and/or carnassial bite points, but all at occlusal bite angle only, which I follow for this 

part of the study. This method uses 2D images to calculate cross-sectional areas of the jaw 

adductor muscles, identifying them as belonging to one of two functional groups: the 

temporalis or the masseter/pterygoid mass.  For this I used screenshots of the CT head 

reconstructions. Whilst some authors do not distinguish between the medial and lateral 

pterygoid muscles (Slater et al., 2009; Tseng and Wang, 2010), others nominally only include 

the medial pterygoid (Christiansen and Adolfssen, 2005; Christiansen and Wroe, 2007; 

Damasceno, et al., 2013; Forbes-Harper et al., 2017). However, as the dry skull method 

includes the cross-sectional area occupied by the very small lateral pterygoids, I feel it is 
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acceptable to include them in our calculations for this part of the study. The muscle cross-

sectional areas are then multiplied by the estimated isometric force for muscle. Although 

other authors have sometimes used different values, I use 37 Ncm-2 for consistency and 

comparability with the RPCSA method. 

Potential differences between calculation method results were explored using t-tests, and 

regression analyses. The regression analyses plotted muscle force against body mass for  

both of the data sets to determine if the muscles scaled with allometry and if the method of 

determining muscle force made significant differences to the result.  

 

4.2.4 Computer Modelling.   

4.2.4.1. Review  

Bite force is the force output at a particular tooth and reflects the power with which an 

animal can subdue, kill or dismember prey.  Being able to hypothesise either actual values or 

relative values between species allows for interspecific comparisons and inference with 

behavioural correlates.  The simplest method to calculate bite force at a specific tooth 

position is to consider the mandible as a third-class lever.  In this model, the input force (the 

attachments of the jaw adductor muscles) inserts between the fulcrum (the 

temporomandibular joint) and the output force (the tooth).  Using simply geometric 

principles, static 2D lever models can predict the values of bite force.  Due to its simplicity 

and cost effectiveness this method has long been popular with researchers (Greaves, 1982, 

1983, 2000; Thomason, 1991; Satoh and Iwaku, 2006, 2009; Ellis et al 2009; Davis et al., 2010; 

Druzinsky, 2010; Santana, 2016) although some argue that it often appears to underestimate 

bite forces especially when compared to in-vivo models (Christiansen and Wroe, 2007; Ellis 

et al., 2008; Davis et al., 2010).  In their 2009 work Ellis et al predicted bite forces from the 

dry skulls of different sized/shaped domestic dog breeds. They used three different models: 

two lever models and one regression based model that considered measurements of cranial 
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variables to predict bite force. Findings revealed that regression models were not good 

indicators of bite force in breeds with extreme skull shape modifications, such as 

brachycephalic animals, where some negative values were predicted. Both of the lever 

models used, based on models from Kiltie (Kiltie, 1984) and Thomason (Thomason, 1991), 

appeared to be more sensitive to differences in skull shape and hence predicting more 

realistic bite forces.  Even the more realistic lever models however, fail to capture the 

complexities of the biological structures that they represent (Röhrle and Pullan, 2007).  For 

more biologically accurate simulations, computer generated models are superior. Computer 

modelling has several advantages.  Experiments are repeatable without the ethical 

considerations of in vivo specimens, they are not timebound by the viability of ex vivo 

specimens, and models can be extensively modified to reflect real or hypothetical conditions.  

However, it is inevitable that virtual models do not replicate the true condition of in vivo, or 

even ex vivo specimens.  Due to the huge complexity of biological samples all models are 

simplifications, and all methods have some shortfalls and compromises.  Techniques such as 

multibody dynamics (MDA) and finite element analysis (FEA) have been extensively 

developed and become accessible to biological research in recent years, and address specific 

questions.   MDA uses rigid but dynamic models to predict muscle force, bite force and joint 

force in moving models.  It is often used as a precursor to FEA analyses, when muscle data is 

lacking (Curtis et al., 2008; Moazen et al., 2008, 2009; Dutel et al., 2017).   FEA on the other 

hand, models the object under consideration, in this instance the skull, to be made up of 

many smaller geometries, which are subject to external forces. The resultant output not only 

determines bite force but is also able to describe the behaviour of the skull under loading 

conditions.   This chapter focused on FEA as the earlier PCSA work goes some way to 

informing the muscle geometry, and the key area of interest was the performance of the 

skull during biting.   
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Finite element analysis 

Although the principle of finite element analysis, that many small mathematically solvable 

problems contribute to an overall output, has existed since the early 1900s (Richardson, 

1911; Courant, 1943; Turner, 1956), it is only with powerful modern computers that this has 

been an accessible tool for biologists.  FEA is based on the theory that simple geometries of 

known material properties behave in certain predictable ways when exposed to external 

loading stimuli.  Large structures can be broken down into a number of small discrete 

geometric elements, which are interconnected at certain points, called nodes. During 

loading, nodal displacements are calculated for each element and the aggregate outcomes 

used to calculate structural deformation, strain and stress for the entire form (Richmond et 

al., 2005; Rayfield, 2007; Cox et al., 2011).   This technique, whilst formulated initially to solve 

engineering problems for man-made structures, can also be applied to biological specimens.  

The building of FE models requires several steps:  as FEA is a computer modelling technique, 

the first step in solving a problem is to gain a digital representation of the structure under 

investigation, in this case the skull and mandible of each of the canid species in this study.  

As with all models, accurate information is needed to create a realistically meaningful output, 

and judgements must be made on what structures to include, how much detail to add and 

which sources of information are used during construction.  For this work the skull 

morphology was captured using computer tomography (CT) scans (Figures 4.4 A, B).  CT 

image data allows for all aspects of the specimen to be visualised, not just the external 

surfaces as seen in photographic or surface scanning techniques.  The voxels within the CT 

data are partitioned into the different biological materials such as cortical bone, trabecular 

bone, teeth and sutures (Figure 4.4 B).  The next step is to assemble the CT data into a virtual 

3D volumetric model of the skull (Rayfield, 2007).  The third stage, discretisation, is to break 

the models down into many smaller elements (Figure 4.4 C).  Each element represents a 

discrete volume within the model and is a predefined geometric shape, in this case a 
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tetrahedron. Tetrahedra are commonly used in biological FEA as their form can more 

accurately describe the complexities and curves of biological specimens, than the block or 

brick elements commonly used in structural engineering work (Ulrich et al., 1998; Ramos and 

Simões, 2006; Burkhart et al. 2013).  A tetrahedra is shaped like a triangular pyramid and has 

four sides and four nodes (Figure 4.3). The node is the point where three sides of the element 

meet, i.e. at the vertices.  Together the elements and nodes form an interconnected mesh 

describing the form of the skull.  The number of elements from which a mesh is composed is 

that which provides the most accurate solution with the smallest number of elements 

(Burkhart et al., 2013).   Meshes with a great number of elements may better reflect biology 

but may take too long to compute and generate a working model.  Those with too few may 

be too coarse to accurately reflect the true geometry of the form.  Ideally the correct number 

of elements should be determined by validation and sensitivity studies that compare 

outcomes of experimentally derived data to that from FE data (Kupczik et al., 2007; Gröning 

et al., 2009; Bright and Gröning, 2011; Burkhart et al., 2013).   Both the accuracy and 

solvability of the model depend upon the quality of the mesh (Knupp, 2007).  An ideal mesh 

exhibits several characteristics: firstly, that the aspect ratio of each element is considered. 

The aspect ratio divides the longest element edge by the minimum altitude of the tetrahedra 

(Figure 4.3), the ideal element having an aspect ratio of one.  Previous authors report that 

any elements with aspect ratios above 10 are to be treated with circumspection (Burkhart et 

al.2013). Secondly, the dihedral angles within each element are considered and should be 

above 10 to produce an accurate mesh (Maas et al., 2012). Lastly, the Jacobean matrix value 

from each element should also be considered when assessing mesh quality.  This is a measure 

of volume distortion from an ideally shaped element.  Inverted elements report as negative 

Jacobeans and further analysis is aborted (Knupp, 2001; Burkhart et al., 2013).  
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Figure 4.3. After Burkhart (2013). Diagram showing the components of a tetrahedral element used in 

finite analysis studies.  

 

The completed mesh is uploaded to FEA software. The individually partitioned regions 

representing the different tissues are attributed with different material properties (Figure 

4.4 D, E). The properties describe the elasticity of each material using Young’s modulus and 

Poisson ratio values.  Elastic deformation is the non-permanent deformation of a structure 

under load.  The structure will return to the original form when the load is removed (Martin 

et al., 2004). Young’s modulus, also called elastic modulus, determines the extent to which a 

material deforms under load.  A high value Young’s modulus equates to a stiff material.  The 

Poisson ratio is the ratio of the change in width to the change in length as a result of 

directional strain. It describes how a material stretched in one direction tends to become 

thinner in the transverse direction.  Similarly, if a material is compressed in one direction it 

tends to expand in the transverse direction.  In unconstrained objects it functions within the 

numerical boundaries of -1 to 0.5, and as it is a ratio, is unitless.  Incompressible materials 

have a Poisson ratio of 0.5, as their bulk is forced laterally under compression. Completely 
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compressible materials have a Poisson ratio of 0.   Negative values occur in material that 

expand in transverse section when loaded longitudinally (Maas et al., 2014).    

Each model must next be loaded with its boundary conditions. These attempt to describe the 

forces and constraints that would occur during function in the living organism. Forces are the 

magnitude and direction of individual muscle forces, whilst boundary constraints limit 

directional movement of the model and allow only certain actions to occur.  

The final consideration when building the FE model is the siting of constraints. Without any 

constraints, the model would not solve as it would be unable to resist the applied forces, and 

so move continuously within the virtual space.  Deciding how to constrain a model in a 

meaningful way relies on an accurate understanding of the real life biological condition. For 

instance, allowing only rotational movements around the TMJ, rather than translational 

movements reflects the condition found within canids, and this was the condition adopted 

here. Future work could also consider looking at constraints from the neck muscles, as these 

are shown to play a role in food acquisition and processing in many large carnivores 

(Radinsky, 1981; Van Valkenburgh, 1996; Wroe et al., 2005; Wroe, 2010). 

When all boundary conditions are set the analysis is then solved using a quasi-static non-

linear implicit method with ten time steps.  Quasi static means the inertial terms are ignored, 

and that there are negligible effects of inertia (Maas et al., 2014).  Non-linear refers to the 

non-linearity of the stress strain curves of the materials constituting the model. Most 

biological materials exhibit non-linear behaviour under stress, that is they have some degree 

of elastoplasticity.  Non-linear analysis is applied to a model where the matrix exhibits non-

constant stiffness under loading.   Implicit FE calculations ensure that energy equilibrium is 

met after each time step, and subsequent calculations are based on the most recent iteration 

(Maas et al., 2012, 2014).  The implicit method is computationally costly but more accurate.  

This method is used where the end result is important and has no element of time 

dependency. FEA uses partial differential equations to calculate individual nodal 
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displacements, which describe structural stress and strain for each node (Richmond et al., 

2005; Rayfield, 2007).  The composite calculation of all nodal displacement is used to 

calculate stress and strain distribution throughout the model.  Outputs of the analyses are 

displayed graphically as a time stepped volumetric skull models with scaled colours 

representing different stress or strain values (Figure 4.4 F).   

 

 

Figure 4.4 Finite element analysis workflow, A, Canis lupus specimen, B, segmented sagittal CT slice, 

C, discretised, D, constrained and loaded model, E, as D but with cortical bone removed to show 

internal materials and F, the finite element output model with colour map indicating regions of 

differing stress. 

 

4.2.4.2 Finite element analysis method.  

For the FE work in this chapter, more complex models were required than those used to place 

landmarks in Chapter Three.  A CT scan from each species was imported into Avizo Lite 9.0.1 

(FEI Systems, Oregon, USA) for material segmentation. In species with more than one 
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specimen, a representative individual was chosen based on earlier shape analysis (Chapter 

Three part 3.3.2.3). Each model consisted of two main structures, the skull, and a separate 

region representing the caudal part of the left mandible. The inclusion of the caudal 

mandibular region allowed me to ascertain the correct insertion points of the jaw adductor 

muscles, which enabled me to model the muscle vectors with greater accuracy. There was 

no necessity to model the right mandible as findings from the left mandible were reflected 

mathematically to model muscle vectors on the right. To reduce the computational burden 

the mandibular structure does not form part of the final model subjected to FEA simulations. 

The next stage was to partition the visible structures of the CT scan into distinct materials. 

Partitioning was achieved via manual and semi-automated segmentation of the CT scans.  

Segmentation assigns voxels to a specified material which are then stored as separate object 

called label fields. Automatic segmentation selects voxels to be assigned to a material based 

on their greyscale value. This method, whilst simple for the user, results in many errors as 

similar grayscale values may be common to more than one material and boundaries between 

materials or structures may not be clearly defined. Semi-automated segmentation relies on 

initial thresholding but also uses subsequent algorithms for filling or expanding or smoothing 

selections (Mazonakis and Damilakis, 2016). Again, this system is not infallible and creating 

biologically accurate models usually requires a high degree of manual segmentation and 

iterative refinement. Manual segmentation requires the user to select and assign materials 

using paintbrush and lasso tools on a slice-by-slice basis (Figure 4.5).  Although giving a 

greater degree of accuracy than automated techniques, manual segmentation is very time 

consuming. It also relies to some degree on prior knowledge of biological form and the 

resolution of the CT scans to make meaningful decisions as to which voxels to assign to which 

materials. For this work, manual and automatic segmentation methods were used to identify 

six different materials (cortical bone, trabecular bone, teeth, nasal septum, orbital ligaments 

and zygomatic sutures).  It is important to note that models are intended to simulate rather 
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than replicate the biomechanics of the skull.  The true biological condition is far too complex 

to capture and recreate, and compromises in the fidelity of the reproduction must be made.  

For example, in this study only the more significant regions of trabecular bone were assigned, 

the teeth were treated as a single material and the periodontal ligament (PDL) was not 

segmented but included as part of each tooth. Previous workers have discussed the 

importance of including the PDL in FEA mandible models. Although some authors argue that 

it plays an important role in the dispersal of strain throughout the entire mandible (Gröning 

et al., 2011), others conclude that it only has an effect in the alveolar region adjacent to each 

tooth root.  All authors concur that visualising and modelling such a thin structure as the PDL, 

even when using microCT scan data is very challenging.  The original image resolution and 

modality, whether CT or MR, determines if the PDL is visualisable in the scan data, and when 

constructing the FE model the PDL may need to be falsely enlarged to be incorporated into a 

viable model.   In addition, data on key values for the canid PDL (i.e. material properties and 

thickness) is very scarce or unsubstantiated in the literature (Qian et al., 2001).  Published 

values for the material property parameters for the PDL in other mammalian species e.g. 

rats, humans, pigs and macaques, appear to differ widely, even within the same species 

(Kawarizadeh et al., 2003).  I am unaware of any published work using PDL in carnivoran FEA 

models.  Other simplifications include the omission of any cranial sutures except for the 

zygomaticotemporal suture.  Previous authors have found that models of mammalian skulls 

without cranial sutures appear to give valid results in three-dimensional skull models, and 

many earlier studies have not included cranial sutures in FE models (McHenry et al., 2007; 

Bright and Rayfield, 2011a; Cox et al., 2011; Curtis et al., 2011; Dumont et al., 2011). Wang 

et al. found that although macaque skulls with sutures exhibited higher total strain energy 

values than in the models with no sutures, the overall strain patterns and bite force values 

were relatively unaffected by the inclusion or omission of sutures (Wang et al., 2010).  In a 

later study Wang et al speculated that the sutures are weak points on the skull that are 
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protected from undue stress or strain due to skull morphology, and that their inclusion plays 

only a limited role in modulating global skull stress and strain (Wang et al., 2012).  The 

zygomaticotemporal suture was included in the models in this chapter as it remains unfused 

throughout life in canids (Evans and De Lahunta, 2013; Thrall and Robertson, 2015), and is in 

a region pertinent to this study, i.e. the attachment of the masseter muscle on the zygomatic 

arch, and has been found to increase model fidelity in other studies (Kupczik et al., 2007).   

Other elective reduction in form complexity also occurs at the segmentation stage. For 

example, the architecturally intricate turbinate bones of the nasal cavity and the cochlear of 

the inner ear structures were deliberately omitted. This is due to their high level of 

complexity which would likely be computationally burdensome, and their assumed lack of 

impact on masticatory models. Smoothing algorithms were also utilised to reduce skull 

complexity and thus the computational workload. 

The segmented models were converted to three dimensional meshes using Avizo software. 

Models consisted of between 994,992 and 2,483,659 tetrahedral elements. The difference 

in tetrahedral numbers is accounted for by the differences between the original specimen 

sizes and scan resolutions. Convergence testing is important in FEA studies to determine if 

models contain a sufficient number of elements to solve in a timely yet realistic manner 

(Bright and Rayfield, 2011b). In convergence tests using the Vulpes vulpes model, simplified 

iterations, with no zygomatic sutures or orbital ligaments, would solve using models of 

around 300,000 elements. However, when fine structures were introduced, element 

numbers were increased to account for the greater morphological complexity and improve 

acuity.  Several automated tests within the software inspect the mesh for viability.  These 

include checking the aspect ratio, dihedral angle and Jacobean matrix value of each element. 

All models in this work fell within the acceptable measures in all such tests.  

In contrast with some earlier bite force studies (McHenry et al., 2006; Slater et al., 2009; 

Attard et al., 2011), I did not scale the FE models to identical volumes or load with identical 
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loads as I had empirically derived values for muscle forces. This approach allowed me to take 

into account both size and shape differences, with a view to producing more representational 

functional models. Meshes were scaled with reference to the original CT resolutions and re-

orientated such that the hard palate, a relatively flat structure in canids, was broadly parallel 

to the axial plane Y, rostral and caudal landmarks aligned along the sagittal plane Z, and 

medial and lateral structures along coronal plane X. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 A, axial CT slice of Lycaon pictus, and B the same CT slice illustrating manual segmentation 

into separate materials.  
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Material properties 

The computational meshes were imported into FEBio PreView V1.18.2 (Maas et al. 2012), 

FEBio was used as it is a free downloadable software package that has been widely used in 

similar studies (Lida et al., 2015; Begonia et al., 2017; Kim et al., 2017; Coogan et al., 2018; 

Peterson and Müller, 2018).  The individual label field volumes were then assigned different 

material properties. For this chapter, the bony components of the skull were modelled as 

isotropic elastic materials although, in reality this is unlikely to be the case. Nevertheless, in 

finite element validation and sensitivity studies where mammalian bone has been modelled 

as an isotropic material and compared to experimentally derived output values, results are 

similar from both experimental conditions (Kupczik et al., 2007; Bright and Rayfield, 2011a).  

In addition, as no further evidence of complexity of the true condition is currently available 

it was considered unachievable to model the true anisotropic state. I did not account for the 

diploë, or trabecular bone layer, in the calvarial bones as the resolution of the CT scan was 

too coarse. I did however model trabecular bone in areas where it was grossly evident on the 

CT scans, namely in the zygomatic arch, caudal cranium, rostral maxilla and incisive bones. 

Reported material properties of bone are highly varied with influencing factors including 

species, site of bone, fresh, dried or embalmed preparation of specimens, experimental 

methods and age of cadaver. Recorded values of the Young’s modulus of human calvarial 

bones range from 1.2 to 22 GPa (Peterson and Dechow 2003; Motherway et al. 2009; 

Auperrin et al. 2014; Boruah et al. 2016; Falland-Cheung et al. 2017). Studies using fresh or 

fresh-frozen specimens, that is, not dried or embalmed, reported lower values (Motherway 

et al. 2009; Auperrin et al. 2014; Falland-Cheung et al. 2017). As our laboratory experiments 

used fresh-frozen material I used a relatively low Young’s modulus of 7 GPa for cortical cranial 

bone. This is consistent with values reported by Motherway et al. and Auperrin et al. for 

human cranial bone (Motherway et al., 2009; Auperrin et al., 2014). Reported values for the 

Young’s modulus of trabecular bone are similarly varied, ranging from 35 MPa to 25 GPa 
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(Ashman and Jae Young Rho, 1988; Ryan and Williams, 1989; Choi et al., 1990; Van 

Rietbergen et al., 1995; Rho et al., 1997; Zysset et al., 1999). As all authors report that 

trabecular bone is less stiff than that of the surrounding cortical bone I used a value of 6 GPa 

for trabecular bone. The only cranial suture that was modelled was the temporozygomatic 

suture, the oblique ventrocaudally running suture between the temporal process of the 

zygomatic bone and the zygomatic process of the temporal bone. In all the CT scans and 

dissected specimens, the temporozygomatic suture could be easily perceived as a simple, 

rather than interdigitated, dark line, and completely separated the zygomatic and temporal 

bones. Reported values for Young’s modulus for cranial sutures are very variable and range 

from 1.16 MPa to 7.7 GPa (Margulies and Thibault, 2000; Radhakrishnan and Mao, 2004; 

Kupczik et al., 2007). For the temporozygomatic sutures I used a value of 354 MPa and they 

were modelled as a neo-Hookian to reflect the hyperelastic nature of the material (Mohamed 

et al., 2010, Weed et al., 2010). Teeth were modelled as an isotropic elastic material with a 

Young’s modulus of 30 GPa. This figure was based on a compromise between the Young’s 

modulus of enamel as reported up to 60 GPa and the Young’s modulus of dentine from 13.2 

GPa to 25 GPa (Rayfield et al., 2001; Ausiello et al., 2002; Kinney et al., 2003; Attard et al., 

2011). Nasal septum was modelled as isotropic elastic with a value of 9 MPa as reported 

material properties for nasal septum range from 0.8-168 MPa (Grellmann et al., 2006; Al 

Dayeh and Herring, 2014; Leary et al., 2015; Correro-Shahgaldian et al., 2016).  The 

postorbital ligaments were modelled as isotropic elastic material with a Young’s modulus of 

100 MPa. These ligaments were included because work by Herring et al. (Herring et al., 2011) 

has suggested some involvement with muscle force distribution, in particular, resisting 

deformation of the zygomatic arches by contraction of the masseter during biting.  This is 

further explored in Chapter Five. I am unaware of any published data regarding the material 

properties of canine postorbital ligament and therefore I based my values on those derived 

from human spinal and lower limb ligaments that ranged from 1.5 to 284 MPa (Butler et al., 
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1992; Kumaresan et al., 1997; Maurel et al., 1997; Cheung et al., 2005). A summary table of 

material properties in given (Table 4.2).  A Poisson’s ratio of 0.3 was used for all materials. 

 

Table 4.2. Material properties of material used in finite element models. 

Material Young’s Modulus Poisson ratio References 

Cortical bone 7 GPa  0.3 Motherway et al. Auperrin et 
al 

Trabecular bone 6Gpa 0.3 Ashman and Jae Young Rho, 
1988; Ryan and Williams, 
1989; Choi et al., 1990; Van 
Rietbergen et al., 1995; Rho et 
al., 1997; Zysset et al., 1999 

Teeth 30GPa 0.3 Rayfield et al., 2001; Ausiello 
et al., 2002; Kinney et al., 
2003; Attard et al., 2011 

Nasal septum 9Mpa 0.3 Grellmann et al., 2006; Al 
Dayeh and Herring, 2014; 
Leary et al., 2015; Correro-
Shahgaldian et al., 2016 

Zygomatic suture 354 MPa 0.3 Mohamed et al., 2010, Weed 
et al., 2010 

Post orbital ligament 100Mpa 0.3 Butler et al., 1992; Kumaresan 
et al., 1997; Maurel et al., 
1997; Cheung et al., 2005 

GPa - Gigapascal, MPa - Megapascal. 

 

Finite element constraints 

All models were constrained at the temporomandibular joint (TMJ) in all but rotational 

movements around the X axis. This reflects the limited movement of carnivoran mandibles 

during biting where there is minimal translational or rostro-caudal movement, due to the 

congruent nature of the of the condyles and the pronounced retroarticular processes (Evans 

and Delahunta, 2013; Singh et al., 2018). Bilateral canine and carnassial biting were simulated 

by fully constraining either the tips of both upper canine teeth or the paracones of both 

upper carnassial teeth.  The tips of the teeth were chosen as they act as a constraint during 

biting, i.e. the mass of the food stuff initially prevents closure of the jaw, and forces incurred 

are transmitted to the skull.  In addition, they were easily identifiable and replicable across 



 209 

all specimens.  The canine teeth are chiefly utilised during initial capture, restraint and killing 

of prey, whilst the carnassial teeth are used during butchering of carcasses and intraoral food 

processing.  Both bilateral and unilateral biting are commonly seen at the canine bite point 

in carnivorans (Van Valkenburgh and Slater, 2009; Slater et al., 2010; Oldfield et al., 2012). 

Carnassial biting is less well documented. Observation of wild canids show that they use their 

carnassial teeth unilaterally to remove flesh from carcasses, but appear to use bilateral 

carnassial biting for intraoral food processing (Van Valkenburgh, 1996).  Weijs (1994) 

conducted an analysis of existing electromyogram (EMG) chewing data in mammals.  He 

concluded that the jaw adductor muscles on each side of the head potentially function in 

three separable groups: 1. symmetrical vertical closers (deep masseter), 2. Triplet I - 

balancing side superficial masseter and medial pterygoid plus the working side posterior 

temporalis, 3. Triplet II - working side superficial masseter and medial pterygoid and 

balancing side posterior temporalis.  He observed that in carnivorans, although the vertically 

orientated group was the first to contract at the beginning of jaw closing, this was rapidly 

followed by both sets of triplets contracting simultaneously.  That is, the masticatory pattern 

for carnivorans appears to be that all muscle contract nearly simultaneously to produce a 

purely jaw closing action.  This finding was supported by Davis (2014) in her work on ferrets, 

and Dessem’s (1989) work on domestic dogs.  This condition is thought to reflect a reduction 

in complexity that has evolved from the primitive mammalian condition of unilateral 

occlusion (Weijs, 1994; Langenbach and van Eijden, 2001; Vinyard et al., 2011).  During 

unilateral biting, although all jaw adductors muscles contract nearly simultaneously, the left 

and right-side muscles do not do so to the same magnitude.  Muscles on the working side 

contract to a greater extent and consequently produce more force than those on the 

contralateral balancing side (Dessem, 1989; Davis, 2014).  Two reasons for this have been 

proposed: firstly that balancing side jaw activity is reduced to limit forces acting upon the 

temporomandibular joint (Dessem, 1989; Clausen et al., 2008), or that the unfused 
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mandibular symphysis prohibits force transmission from the balancing side to the working 

side and thus energy is not wasted in contracting unused muscle forces.  As this study was 

concerned with looking at the functional constraints of the skull, it was considered 

acceptable to look at the limits of normal bite behaviour. Therefore, all bites were modelled 

as bilateral, and all of the muscles are modelled to be contracting maximally during jaw 

adduction.  This condition is also described by other authors (Wroe et al., 2007; Clausen et 

al., 2008; Slater et al., 2009; Tseng and Wang, 2010). 

 

Finite element loading 

Muscle forces acting upon the skull were simulated by selecting nodes on the skull to 

represent the origin attachment sites of individual muscles from each individual species. The 

number of nodes representing temporalis ranged from 3351 to 7630, the number of nodes 

for the masseter ranged from 290 to 752, and the number of nodes representing the 

pterygoids ranged from 510 to 1140. In the case of the temporalis and masseter each muscle 

origin region was subdivided into smaller regions to more accurately describe the 

complexities of the direction of the muscle vectors of such large muscles and to minimize the 

number of vectors whose line of action would run through the interior of the cranium. The 

origin of the temporalis muscle was subdivided into six regions, the masseter into three 

regions and the pterygoid muscle was modelled as one region (Figure 4.6). As discussed 

earlier (Chapter Two, part 2.4.5) the pterygoids were considered as one muscle. This follows 

from previous authors works (Slater et al., 2009; Tseng and Wang, 2010). The magnitude of 

the muscle forces were calculated from the RPCSA findings (this chapter, Table 4.1).  The 

total force is divided by the number of nodes within the muscle attachment area, and each 

individual node was loaded accordingly.  To calculate the direction of the muscle vectors, 

origin and insertion points for each muscle subsection were identified.  One node from each 

muscle origin region on the left side of the skull was selected as the representative start 
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node, and one node from each muscle insertion site on the left caudal mandible was selected 

as the representative end node. To enable this all models initially included a section of the 

left caudal mandible to enable identification of the end nodes that represented the muscle 

insertion points.  Mandible sections were subsequently removed when running the FE 

calculations to reduce the computational burden. The locations of the start and end nodes 

were informed by the dissection work. In the case of the temporalis muscle, as the insertion 

site was so extensive, two insertion sites were chosen, one at the dorsal part of the coronoid 

process, and one on the medial aspect of the vertical ramus of the mandible. The two 

dorsalmost subdivisions of temporalis inserted onto the dorsal attachment site and the 

remaining four more ventral subdivisions inserted onto the ventral attachment site. Again, 

this aided in more accurately describing the vectors for each muscle or part muscle and 

minimized vectors running within the cranium. The vectors calculated on the left side were 

reflected to create right side sets of muscle vectors. Two gape positions were modelled based 

on occlusion and maximum gape. The position of the mandible at maximum gape for all 

species was determined with reference to the dissection of the cadaveric head and MR 

studies of Vulpes vulpes 7 (this chapter part 4.2.2 and Figure 4.1). To simulate the wide gape 

position in the FE models for each species, the caudal mandibles were rotated to a similar 

position with a gape angle of approximately 80°.  The representative end nodes for each of 

the muscles were re-identified on the rotated mandible and their new co-ordinates used to 

recalculate the force vectors acting upon the skull.  

All models were solved using FEBio Preview v1.18.2 (Maas et al., 2012) using a quasi-static, 

non-linear implicit method. Solved models were explored and analysed with FEBio Postview 

v1.9.1.  Derived outputs were rigid force at the specific bite points, which were a measure of 

bite force, and strain energy density (SED), a measure of skull shape efficiency.   To measure 

absolute values and the distribution of SED across the skull, seven midline sampling sites 

were identified by common landmarks on each of the FE models after Tseng and Wang (Tseng 
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and Wang, 2010) (Figure 4.6C).  Midline landmarks were chosen as they were easily replicable 

across species and were less subject to noise created by the constraints of the models at the 

TMJ and bite points. At each sampling site ten nodes were randomly chosen and their mean 

value recorded. The same nodes were sampled in all four loading conditions (closed canine 

bite, wide canine bite, closed carnassial bite, wide carnassial bite).  

To compare shape only, outputs were scaled to the volume of one specimen, Canis lupus, 

after Dumont (Dumont et al., 2009) using the equation:  

 

𝑈𝐵′ = (
𝑉𝐵

𝑉𝐴
)

1/3

(
𝐹𝐴

𝐹𝐵
)

2

𝑈𝐵  

 

Where A is the model to which B is scaled, and B’ is the newly created model. U is SE, V is 

volume and F is force. C.lupus was chosen because it is the largest canid species and so 

allowed me to consider any size-related performance limitations in the other species. 
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Figure 4.6 Vulpes vulpes skull diagram, lateral aspect. (A) zygomatic arch removed to illustrate areas 

of temporalis and pterygoid muscle attachment. a and b - superficial temporalis, c, d and e - deep 

temporalis, f- suprazygomatic temporalis, g - pterygoid. (B) with zygomatic arch to show the three 

regions of masseteric origin, h- rostral, I - middle and j - caudal. (C) Dorsal aspect, numbers 1-7 

indicate the seven midline sampling points used in the SED analyses. 

 

 

4.2.5. Mechanical efficiency 

The mechanical efficiency of biting can be calculated to give an indication of the influence of 

skull shape on performance (Dumont et al., 2011). Mechanical efficiency is derived by 

dividing the value of the calculated predicted bite force by the total muscle force, that is, 

force output divided by force input. I calculated the mechanical efficiency of all species for 
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canine and carnassial bite, at dental occlusion and wide gape.  Differences between dietary 

groups were identified using statistical tests. Initially a Shapiro-Wilk test was performed for 

each variable to determine if the dataset was normally distributed. Kruskal-Wallis tests were 

used to compare variance between groups as not all datasets were evenly distributed and 

the sample size was small.   Dunn’s post hoc test were used to assess differences between 

groups. 

 

4.2.6. Mechanical advantage 

A further measure of the effect of form on biomechanical function is the mechanical 

advantage (MA) of a muscle. I determined the MA of the temporalis and masseter muscles 

at both the canine and carnassial bite points. The pterygoid muscles were not included in this 

part of the study due to their small size. Following other authors (Radinsky, 1981; Reduker, 

1983; Sacco and Van Valkenburgh, 2004; Anyonge and Baker, 2006; Tanner et al., 2010; 

Segura and Prevosti, 2012) I calculated MA as a ratio of the length of the muscle in-lever 

divided by the length of the bite point out-lever. The in-lever is a line connecting the point of 

muscle insertion on the mandible to fulcrum, in this case the mandibular condyle. In this 

simplified model, the muscle insertion point for the temporalis was the coronoid process of 

the mandible, and for the masseter it was the angular process of the mandible. The out-

levers connect the fulcrum to the bite points, that is, the tip of the lower canine and the tip 

of lower first molar. Longer in-levers and/or shorter out-levers increase MA and hence, 

increase bite force. Higher MA values are negatively correlated with transmission of velocity, 

and species with short jaws experience a trade-off favouring jaw closing strength over jaw 

closing speed (Wainwright and Richard, 1995; Preuschoft and Witzel, 2005). Measurements 

were made using landmarks identified on the reconstructed CT scans, and using the 

measurement tool in Avizo. Differences between dietary groups were identified using 

statistical tests. Initially a Shapiro-Wilk test was performed for each variable to determine if 



 215 

the dataset was normally distributed. Kruskal-Wallis tests were used to compare variance 

between groups as not all datasets were evenly distributed and the sample size was small.   

Dunn’s post hoc test were used to assess differences between groups. 

 

4.2.7 Temporalis muscle angles relative to the occlusal plane 

To determine whether the muscle architecture was topographically related to the bony 

morphology to increase jaw closing strength or speed, I considered how the muscle line of 

action related to the occlusal plane. Previous work on bats (Reduker, 1983) and shrews 

(Fearnhead et al., 1955) has described how the angle of the line of action of the temporalis 

influences bite force and speed of jaw closure. They conclude that species with more 

vertically orientated temporalis lines of action are able to close their jaws with greater force  

by pulling the coronoid process of the mandible dorsally, whilst species with a more 

horizontal line of temporalis action are able to close their jaws more quickly by pulling the 

coronoid process caudally. The line of action of a muscle can be calculated by drawing a line 

from the muscle insertion point to its origin (Jensen and Davy, 1975). The resultant line can 

then be measured against another, constant line, and the angle between them determined. 

This allows comparison between specific muscles or muscle layers, as well as between 

individual specimens or species. To determine the muscle lines of action using the FE models, 

I disregarded the parasagittal coordinates (Z), and used the X and Y coordinates to draw lines 

in the dorsoventral and rostrocaudal planes. To illustrate the line of action of the individual 

muscle layers that make up temporalis I amalgamated the dorsal and ventral crest areas to 

represent superficial temporalis, the rostral, lateral and caudal areas to represent the deep 

temporalis, with the remaining ventral area representing the suprazygomatic temporalis 

(Figure 4.6). Muscle origin points were identified as the average node co-ordinates for each 

muscle layer attachment area, and the single insertion nodes remained the same as for the 

FEA bite models. The line representing the occlusal plane was drawn from the lateral aspect 
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of the alveolus of the upper canine, to the ventral aspect of the retroarticular process of the 

temporal bone, as these were identifiable in all models.  Kruskal-Wallis- tests were used to 

determine any differences in muscle line of action angles between the dietary groups. Dunn’s 

post hoc test were used to assess differences between groups. 

 

4.2.8 Statistical analysis  

Differences between the dietary groups regarding muscle fascicle length, percentage 

contribution towards total muscle force, mechanical efficiency, mechanical advantage, 

temporalis lines of action, and SED values were tested using Kruskal-Wallis tests and Dunn’s 

post hoc tests. Potential differences between muscle volumes determined by 

microvolumeter and those from calculations from muscle mass were compared using t-tests. 

The two methods of muscle force calculation results were also compared using t-tests to see 

if the values were significantly different between the two groups. Rank correlation and 

reduced major axes (RMA) regression analyses was used to determine if log transformed 

RPCSA and dry skull calculated muscle force values scaled against log transformed body mass 

to indicate isometry or allometry, and if the different calculation methods resulted in 

different scaling conclusions. I also used rank correlation and RMA regression analyses to test 

the scaling relationships of the following variables: body mass, muscle mass, muscle force, 

bite force, rostrum length and palate length. Rank correlation and RMA regression were used 

as the relationships are likely to be monotonic and symmetric. Evaluations of isometry were 

made based on the RMA slope, 95% confidence intervals and P-values from t-tests against 

predicted slope values. Rank correlation, reduced major axes regressions, Kruskall-Wallis, t-

tests and post hoc analyses were computed in PAST (Hammer et al., 2001). 

To determine if there were phylogenetic influences amongst the datasets, that is, were 

related species more likely to resemble each other, we calculated the K statistic (Blomberg 

et al. 2003) for all variables using the phytools package in R (Revell, 2012). All Kruskal-Wallis 
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were re-run as phylogenetically adjusted ANOVAs and the RMA regression slopes were rerun 

as phylogenetic generalised least squares (PGLS) regressions.  Significant results are  

reported alongside the raw data analyses. A significance level of ≤ 0.05 was used in all 

statistical tests.  

 

4.3 Results.  

4.3.1 Muscle density 

Predicted and measured muscle volumes are reported in Table 4.3. No significant differences 

were found between the volume predicted from mass and that recorded by the 

microvolumeter. This indicates that the published density value of 1.056 gcm-3 (Murphy and 

Beardsley 1974) was a reliable estimate for use in the RPCSA calculations.  

 
Table 4.3 Jaw adductor muscle masses predicted volumes and volumes from two species. 

Species Muscle Mass (g) Predicted 
volume (cm3)* 

Volume from 
microvolumeter 

V
u

lp
es

 v
u

lp
es

 

Suprazygomatic 
temporalis 

2.84 2.69 2.60 

Superficial temporalis 21.80 20.64 20.10 

Deep temporalis 23.06 21.84 22.00 

Superficial masseter 9.40 8.90 9.00 

Deep masseter 5.32 5.04 4.70 

zygomaticomandibularis 4.56 4.32 4.30 

pterygoids 5.75 5.45 5.30 

V
u

lp
es

 z
er

da
 

Suprazygomatic 
temporalis 

0.22 0.21 0.20 

Superficial temporalis 2.81 2.66 2.50 

Deep temporalis 2.57 2.43 2.40 

Superficial masseter 1.28 1.21 1.20 

Deep masseter 0.73 0.69 0.70 

zygomaticomandibularis 0.39 0.37 0.40 

pterygoids 0.90 0.85 0.84 

* With reference to Murphy and Beardsley 1973. 

 

4.3.2 Dissection, muscle mass, fascicle length and muscle force. 

Details of the muscle dissections can be found in Chapter Two.  Of particular note is the 

insertion of both the deep and superficial masseter to the caudal ventral mandible. In most 
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canid species both muscles insert on and near the angular process, but in two of the 

generalist species, Otocyon megalotis and Nyctereutes procyonoides, they also insert on the 

preangular process. This pronounced process is only found in a small number of canids. The 

dissection illustrates that the preangular process acts to change the orientation and length 

of the masseter fascicles (Figure 4.7). The masses and fascicle lengths of the individual 

muscles are presented in Table 4.1. Although there was some variation between species of 

the percentage contribution of each muscle to the overall mass, no statistically significant 

differences were found between the trophic groups. Regression analyses revealed that 

temporalis fascicle lengths were statistically significant longer in the larger species, but do 

not scale significantly different from isometry for the masseter or pterygoid fascicles.  Results 

are reported in table 4.4.  Kruskal-Wallis tests revealed that the fascicle lengths between 

dietary groups were statistically different for all three jaw adductor muscles; temporalis 

(H=7.477, p = 0.02 ) masseter(H= 7.342, p = 0.02 ) and pterygoids (H= 8.178, p = 0.01).  Post 

Hoc Dunn’s tests revealed that in all cases the generalists were significantly different to the 

hypercarnivores; temporalis p = 0.006, masseter p = 0.006, pterygoid p = 0.004.  

The individual muscle percentage contributions towards total muscle force showed no 

statistical difference between trophic groups. The temporalis contributed between 44 and 

61% to the total force, the masseter between 29 and 43%, and the pterygoids between 8.6 

and 17%. The percentage contribution of the individual muscle masses to the total mass is 

not mirrored by their contribution towards the total muscle force (Figure 4.8). The temporalis 

muscle contributed a mean value of 62% of the muscle mass, however it only contributed a 

mean value of 52% of the force. The masseter on the other hand, contributes a mean value 

30% of the muscle mass, but a mean value of 36% of the force, and the pterygoids contribute 

a mean value of 9% of the mass, but a mean value of 12 % of the total force. The inconsistency 

between mass contribution and force contribution is accounted for by the architecture of the 

muscles. When considering the physiological cross-sectional area, a long fascicle length 
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reduces the force production capability of the muscle. As the angles of pennation are small 

in the temporalis and masseter, typically less than 30 they had only a small effect on the 

final value, as the cosine value remains close to one. In all the species in this study the area 

of origin of the temporalis is very extensive, covering the lateral aspect of the cranium, and 

many of its fascicles were much longer than those of the masseter or pterygoids.  

 

 Figure 4.7 (A) Alopex lagopus and (B) Nyctereutes procyonoides. In both species, the dissection 

shows the deep masseter muscle ‘DM’. Insertion point ‘X’ is the angular process, insertion point ‘Y’ is 

the preangular process seen only in a small number of canid species. 

 

Muscle forces predicted from both the RPCSA and dry skull methods are presented in Table 

4.1. Although t-tests did not reveal any statistically significant differences between the two 

methods for our dataset, it was noticeable that in all species over 25kg the predicted  

temporalis force was higher in the dry skull method, and that in all species below 14kg 

predicted values were lower using dry skull method. Regression results from the empirically 

derived muscle data revealed no significant evidence for either positive or negative allometry  

of muscle force production capability, with slopes that are close to isometry for both the 

individual jaw adductor muscles and the muscle mass as a whole, when scaled against body 

mass (Table 4.4). Regression results for the dry skull derived data showed that the masseter 

force did not scale significantly differently to isometry, but that the temporalis force scaled 

with positive allometry against body mass, with a slope of 0.76 and was statistically 

significantly different from an expected isometric slope of 0.67 (P = 0.03, CI 0.69-0.81). A 

comparison of the two slopes is shown in Figure 4.9 and in Table 4.4. The effect of using the 
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dry skull method was clearly demonstrated and illustrates the influence of muscle geometry 

when calculating muscle force.  

One muscle force, the masseter, had significant phylogenetic signal (K = 1.04, P = 0.03), and 

the percentage contributions to overall muscle mass of both temporalis and masseter also 

revealed phylogenetic signal (temporalis K = 0.98, P = 0.05. masseter = 1.22, P = 0.01.). 

 

Table 4.4 Reduced major axes regression analyses of jaw adductor muscle variables. 
 Spearman’s 

rank 
correlation R 

Expected 
slope for 
isometry 

RMA 
reported 
slope 

95% confidence 
intervals 

R2 P-value 
from t 
test 

Log Temporalis fascicle length 
vs BM 

0.89 0.33 0.42 0.25,0.49 0.86 0.048 

Log Masseter fascicle length vs 
BM 

0.92 0.33 0.43 0.26, 0.53 0.83 0.053 

Log Pterygoid fascicle length vs 
BM 

0.86 0.33 0.36 0.13, 0.50 0.56 0.22 

Log total muscle force vs log BM 0.94 0.67 0.66 0.61, 0.73 0.96 0.73 

Log temporalis muscle force vs 
log BM 

0.95 0.67 0.64 0.53,0.79 0.95 0.63 

Log masseter muscle force vs 
log BM 

0.97 0.67 0.69 0.61, 0.73 0.94 0.72 

Log pterygoid muscle force vs 
log BM 

0.96 0.67 0.72 0.63, 0.88 0.95 0.36 

Log canine occlusal bite force vs 
log BM 

0.97 0.67 0.78 0.63,1.01 0.89 0.21 

Log carnassial occlusal bite force 
vs log BM 

0.94 0.67 0.74 0.60,0.94 0.89 0.37 

Log canine wide gape bite force 
vs log BM 

0.91 0.67 0.75 0.55, 0.93 0.83 0.43 

Log carnassial wide gape bite 
force vs log BM 

0.83 0.67 0.72 0.53,0.86 0.84 0.60 

Log palate length vs BM 0.97 0.33 0.30 0.24,0.33 0.93 0.24 

Log rostrum length vs BM 0.98 0.33 0.29 0.24, 0.32 0.96 0.06 

Log total muscle mass vs log 
total muscle force 

0.96 0.67 0.62 0.57,0.71 0.97 0.17 

Log temporalis mass vs log 
temporalis force 

0.95 0.67 0.61 0.55,0.72 0.97 0.11 

Log masseter mass vs log 
masseter force 

0.99 0.67 0.62 0.55,0.68 0.96 0.22 

Log pterygoid mass vs log 
pterygoid force 

0.90 0.67 0.73 0.63,0.94 0.9 0.43 

Log total muscle mass vs log 
canine occlusal bite force 

0.98 0.67 0.74 0.57,0.94 0.95 0.37 

Log temporalis mass vs log 
canine occlusal bite force 

0.95 0.67 0.75 0.61,1.05 0.94 0.33 

Log masseter mass vs log canine 
occlusal bite force 

0.99 0.67 0.71 0.57,0.93 0.9 0.59 

Log pterygoid mass vs log canine 
occlusal bite force 

0.98 0.67 0.79 0.63,1.04 0.9 0.18 

Log total muscle mass vs log 
carnassial occlusal bite force 

0.96 0.67 0.70 0.59,0.89 0.93 0.61 

Log temporalis mass vs log 
carnassial occlusal bite force 

0.93 0.67 0.71 0.60,0.89 0.93 0.51 

Log masseter mass vs log 
carnassial occlusal bite force 

0.98 0.67 0.67 0.55,0.86 0.92 1 

Log pterygoid mass vs log 
carnassial occlusal bite force 

0.96 0.67 0.76 0.61,0.96 0.93 0.20 

Log total muscle mass vs log 
canine wide gape bite force 

0.93 0.67 0.7 0.56,0.89 0.9 0.68 
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Log temporalis mass vs log 
canine wide gape bite force 

0.91 0.67 0.71 0.59,0.89 0.9 0.59 

Log masseter mass vs log canine 
wide gape bite force 

0.98 0.67 0.67 0.52, 0.84 0.9 1 

Log pterygoid mass vs log canine 
wide gape bite force 

0.94 0.67 0.76 0.58,0.96 0.87 0.32 

Log total muscle mass vs log 
carnassial wide gape bite force 

0.85 0.67 0.68 0.57,0.79 0.88 0.68 

Log temporalis mass vs log 
carnassial wide gape bite force 

0.82 0.67 0.69 0.59,0.80 0.87 0.74 

Log masseter mass vs log 
carnassial wide gape bite force 

0.91 0.67 0.65 0.56,0.76 0.88 0.73 

Log pterygoid mass vs log 
carnassial wide gape bite force 

0.85 0.67 0.73 0.57,0.88 0.82 0.44 

Log total muscle force vs log 
canine occlusal bite force 

0.98 1 1.19 1.0, 1.49 0.94 0.07 

Log temporalis force vs log 
canine occlusal bite force 

0.98 1 1.22 1.05,1.56 0.92 0.07 

Log masseter force vs log canine 
occlusal bite force 

0.97 1 1.14 0.86,1.50 0.89 0.26 

Log pterygoid force vs log 
canine occlusal bite force 

0.91 1 1.09 0.80,1.41 0.88 0.46 

Log total muscle force vs log 
carnassial occlusal bite force 

0.99 1 1.13 0.98,1.36 0.96 0.09 

Log temporalis force vs log 
carnassial occlusal bite force 

0.98 1 1.16 1.04,1.40 0.96 0.05 

Log masseter force vs log 
carnassial occlusal bite force 

0.97 1 1.08 0.86, 1.38 0.9 0.48 

Log pterygoid force vs log 
carnassial occlusal bite force 

0.87 1 1.04 0.75,1.31 0.88 0.73 

Log total muscle force vs log 
canine wide gape bite force 

0.99 1 1.14 0.89,1.36 0.92 0.19 

Log temporalis force vs log 
canine wide gape bite force 

0.97 1 1.17 0.87,1.41 0.9 0.14 

Log masseter force vs log canine 
wide gape bite force 

0.95 1 1.08 0.79,1.36 0.89 0.50 

Log pterygoid force vs log 
canine wide gape bite force 

0.86 1 1.04 0.61,1.34 0.8 0.79 

Log total muscle force vs log 
carnassial wide gape bite force 

0.92 1 1.10 0.86,1.23 0.94 0.27 

Log temporalis force vs log 
carnassial wide gape bite force 

0.89 1 1.13  0.84,1.24 0.95 0.15 

Log masseter force vs log 
carnassial wide gape bite force 

0.88 1 1.05 0.80,1.28 0.90 0.65 

Log pterygoid force vs log 
carnassial wide gape bite force 

0.76 1 1 0.55,1.23 0.79 1 

Log total dry skull muscle force 
vs log body mass 

0.98 0.67 0.72 0.66, 0.77 0.98 0.15 

Log dry skull temporalis force vs 
log body mass 

0.99 0.67 0.76 0.69. 0.81 0.98 0.03 

Log dry skull masseter force vs 
log body mass 

0.96 0.67 0.67 0.59, 0.75 0.96 1 
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Figure 4.8 Percentage contributions of individual muscles toward total muscle mass and total muscle force in all species. 
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Figure 4.9 Comparison of temporalis force as predicted by reduced physiological cross-sectional area 

and dry skull methods. 

 

4.3.3 Bite forces 

Predicted bite forces from the FEA models in all four loading conditions (canine and carnassial 

bite, occlusion and wide gape) are reported in Table 4.5. Canine bites are weaker than 

carnassial bites and wide gape bites are weaker than those at occlusion. All bite force 

conditions revealed significant phylogenetic signal: canine occlusal bite (K = 1.04, P = 0.03), 

carnassial occlusal bite (K = 1.04, P = 0.03), canine wide gape (K = 1.58, P = 0.00), and 

carnassial wide bite (K = 1.40, P = 0.01). 
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Table 4.5 Predicted bite force and mechanical efficiency in all loading conditions. 

Species 

Canine bite Carnassial bite 

Occlusion Wide gape Occlusion Wide gape 

BF (N) ME  BF (N) ME  BF (N) ME BF (N) ME  

Alopex lagopus 158 0.18 124 0.14 261 0.30 201 0.23 

Canis lupus 508 0.19 295 0.11 715 0.26 495 0.18 

Canis mesomelas  234 0.21 165 0.15 319 0.29 234 0.21 

Chrysocyon 
brachyurus 

246 0.13 225 0.12 384 0.21 355 0.19 

Cuon alpinus 297 0.22 220 0.16 434 0.31 342 0.25 

Lycaon pictus  384 0.20 223 0.11 534 0.27 345 0.18 

Nyctereutes 
procyonoides 

131 0.19 63 0.09 186 0.26 99 0.14 

Otocyon 
megalotis 

124 0.21 82 0.14 159 0.28 108 0.19 

Speothos 
venaticus  

222 0.20 192 0.18 319 0.29 301 0.28 

Vulpes corsac 76 0.14 54 0.10 123 0.23 93 0.17 

Vulpes vulpes 160 0.19 107 0.13 248 0.29 172 0.20 

Vulpes zerda  27 0.11 24 0.10 45 0.18 44 0.18 

BF, bite force, ME, mechanical efficiency. 

 

4.3.4 Scaling  

Spearman’s rank correlation showed a statistically significant association between all pairs 

of variables tested (Table 4.4). No distinct allometric trends were revealed in comparisons of 

muscle force production capability against body mass, both the individual jaw adductor 

muscles and the muscle mass as a whole. In all cases the confidence intervals were 

distributed around the expected slope for isometry (0.67) and t-tests generated P-values 

considerably greater than 0.05. A similar pattern was revealed for bite force, though the 

intervals and slope for all bite forces were skewed above 0.67, which may be indicative of 

weak positive allometry (slope values ranged from 0.72 to 0.78). Comparisons of muscle 

force against muscle mass were also indistinguishable from isometry. However, the upper 
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limits of the confidence intervals were weighted towards negative allometry in the case of 

temporalis and masseter, and towards positive allometry in the case of the pterygoids. When 

canine and carnassial occlusal bite forces were regressed against muscle forces I found that 

although only temporalis force vs carnassial occlusal bite had a significant P-value, all of the 

confidence intervals and slope values for total muscle force and temporalis force were 

skewed above the expected slope value for isometry (1) with values ranging from 1.13 to 

1.22. This may be indicative of weak positive allometry. Slopes from other comparisons also 

imply allometry, but were not sufficiently resolved to prove conclusive (Table 4.4). t-tests of 

residual values between the dietary groups revealed no distinctions between any dietary 

group. The phylogenetically adjusted slopes (PGLS), showed little difference from the raw 

data slopes (see Supplementary Material Table 1), with no PGLS regression values falling 

outside of the raw data confidence intervals.   

 

 

 

4.3.5 Mechanical efficiency 

Mechanical efficiency in all four conditions is reported in Table 4.5. Calculations found that 

in all species biting is most efficient toward the caudal end of the dental arcade, that is, 

nearer to the TMJ, and is less efficient at wide gapes. Therefore, the most efficient bite is the 

carnassial bite at occlusion with an average efficiency of 0.27 and the least efficient bite is 

the wide gape canine bite, with an average efficiency of 0.13. Kruskal-Wallis tests revealed 

no statistically significant differences between trophic groups in mechanical efficiency at 

either of the bite points or gape angles.  

 

 

4.3.6. Finite element strain energy density models. 
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Scatter plots of the values from the seven sample points at all four loading conditions are 

shown in Figure 4.10.  It was notable that in all species the SED values were much higher in 

both of the canine bite models than either of the carnassial bite models. For example, in the 

largest specimen, Canis lupus, the greatest SED values were 3108 mJ at canine wide bite and 

282 mJ at carnassial closed bite, and in the smallest specimen, Vulpes zerda, the highest SED 

was 637 mJ in the canine wide bite and 86 mJ in carnassial wide bite. During canine biting, 

the area of highest midline stress was at sample point 2, the level of the caudal rostrum. 

There was more variation in which sample site exhibited the highest SED value at carnassial 

bite. In most cases it was sample site 5, the bregma, but in some species, it was more rostral, 

at sampling sites 2, 3 or 4 (Figures 4.10C and 4.10D). No midline sample site value in any of 

the four bite conditions exhibited absolute SED values above 4500 mJ. To detect any 

differences between the SED values between the different dietary niches I conducted 

Kruskal-Wallis tests at sample site 2, the area often exhibiting the highest levels of SED. 

Kruskal-Wallis tests revealed no statistically significant differences between trophic groups 

in any loading condition. When scaled to be the equivalent volume of Canis lupus several of 

the smaller species had canine bite midline SE values above 10,000 mJ, with Otocyon 

megalotis exceeding 20,000 mJ and Vulpes zerda exceeding 30,000mJ. To detect any 

differences between the scaled SED values between the different dietary niches I conducted 

Kruskal-Wallis tests at sample site 2. The scaled SED value Kruskal-Wallis test results showed 

that there were differences between the dietary groups in all of the loading conditions:  

Canine occlusal biting (H = 6.785, p = 0.03), post hoc Dunn’s analysis revealed that the 

generalists were significantly different from the hypercarnivores (p = 0.01).  

Canine wide biting (H = 8.215, p = 0.02), post hoc Dunn’s analysis revealed that the generalists 

were significantly different from the hypercarnivores (p = 0.006) and that the small prey 

hunters were also significantly different from the hypercarnivores (p = 0.03).  
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Carnassial occlusal biting (H = 6.368, p = 0.04), post hoc Dunn’s analysis revealed that the 

generalists were significantly different from both the small prey specialists (p= 0.004) and 

hypercarnivores (p= 0,002).  

Carnassial wide biting (H = 6.676, p = 0.004), post hoc Dunn’s analysis revealed that the 

generalists were significantly different from both the small prey specialists (p = 0.02) and the 

hypercarnivores (p = 0.01). 

In all cases the scaled SED values of the generalists were greater than those of the other 

groups. For illustration, raw and scaled values from sample site 2, are reported in Table 4.6 

and illustrated in Figure 4.11. 

 

Colour maps were generated to allow for wider visual analysis of SED distribution in the 

skulls. The four loading conditions are shown in Canis lupus, for illustration (Figure 4.12), but 

similar patterns were noted in all species. In all models the zygomatic arch experiences high 

SED, particularly along the ventral aspect. In canine biting, the caudal rostrum both dorsally  

(made up of the caudal parts of nasal and maxilla bones) and ventrally (made up of the caudal 

parts of the palatine and maxilla bones) also exhibits high SED. This is more marked at wide 

gape when the areas of high SED on the dorsal rostrum are contiguous with the areas of high 

SED on the ventral rostrum and zygomatic arches. The ventral orbital region, made up of the 

zygomatic, lacrimal, maxilla and palatine bones, exhibits high SED at both canine and 

carnassial wide gape bites. SED in the cranial region of the skull alters from having a dorsal 

and rostral focus across the frontal bones at occlusal bite, to having a ventral and lateral 

focus on the parietal and temporal region at wide gape. 
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Table 4.6 Raw and scaled SED values from sample site 2. 
species Sample site 2  

 Canine occlusion mJ Canine wide mJ Carnassial occlusion mJ Carnassial wide mJ 

 

 

original Scaled 

to C. 

lupus 

C.lupus % of C. 

lupus 

SED 

original Scaled 

to C. 

lupus 

C.lupus % of C. 

lupus 

SED 

original Scaled to 

C.lupus 

C.lupus % of C. 

lupus 

SED 

original Scaled to 

C.lupus 

C.lupus % of C. 

lupus 

SED 

Alopex lagopus 704 4448 2763 161 656 4145 3108 133 23 145 92 158 18 114 282 40 

Canis mesomelas 4391 18414 2763 666 2976 12480 3108 402 158 663 92 720 137 575 282 204 

Chrysocyon 

brachyurus 

1323 2693 2763 97 2141 4357 3108 140 104 212 92 230 338 790 282 280 

Cuon alpinus 1129 3467 2763 125 1340 4115 3108 132 114 350 92 380 47 144 282 51 

Lycaon pictus 1130 1887 2763 68 1396 2331 3108 75 73 122 92 132 279 466 282 165 

Nyctereutes 

procyonoides 

907 7407 2763 268 727 5937 3108 191 81 661 92 719 86 702 282 249 

Otocyon megalotis 1647 18645 2763 675 1894 21442 3108 690 128 1449 92 1575 313 3543 282 1257 

Speothos venaticus 545 2326 2763 84 808 3449 3108 111 12 51 92 56 20 85 282 30 

Vulpes corsac 778 10192 2763 369 780 10218 3108 329 20 262 92 285 99 1297 282 460 

Vulpes vulpes 1299 8602 2763 311 1226 8118 3108 261 17 113 92 122 75 497 282 176 

Vulpes zerda 464 23559 2763 853 637 32343 3108 1041 36 1828 92 1987 86 4367 282 1548 
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Figure 4.10 A and B Canine bite, mean SED nodal values from seven midline sampling sites, all 

species. 
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Figure 4.10 C and D Carnassial bite, mean SED nodal values from seven midline sampling sites, all 

species. 
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Figure 4.12 SED colour maps of dorsal (A), ventral (B) and lateral (C) aspects of the FE models of 

Canis lupus, in all four loading conditions. Scaled to the maximum value of sample site two. 
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4.3.7. Mechanical advantage 

Values for MA are shown in Table 4.7. Both temporalis and masseter muscles showed dietary 

group differences in their MA at different bite points. MA of the temporalis at canine bite 

was between 0.20 and 0.30. All of the hypercarnivore species were grouped at the top end 

of the range, the small prey specialists in the middle, and the generalists at the low end. 

Kruskal-Wallis test results (H = 9.395, p = 0.008) showed that there were differences between 

the dietary groups, and the post hoc Dunn’s analysis revealed that the generalists were 

significantly different from the hypercarnivores. MA of the masseter at canine bite was 

between 0.143 and 0.406. The hypercarnivores grouped together near the top end of the 

range and the small prey specialists grouped together near the bottom end of the range. 

However, the generalists were split, with two species, Otocyon megalotis and Nyctereutes 

procyonoides, having the highest MA of the masseter at canine bite, and one species, Vulpes 

zerda, having the lowest. Kruskal-Wallis test results (H = 4.145, p = 0.13) showed that there 

were no statistically significant differences between the groups. MA of the temporalis at 

carnassial bite was between 0.344 and 0.596 with all of the hypercarnivore species at the 

top end of the range, the small prey specialists in the middle, and the generalists at the low 

end. Kruskal-Wallis results (H = 8.862, p = 0.01) showed that there were statistically 

significant differences between the dietary groups, and the post hoc Dunn’s analysis 

revealed that both the small prey specialists and generalists were significantly different from 

the hypercarnivores. MA of the masseter at carnassial bite was between 0.253 and 0.680 

with all of the hypercarnivore species grouped toward the top end of the range, the small 

prey specialists grouped together near the bottom of the range. Again, the generalist group 

showed a wide range of MA, with Otocyon megalotis and Nyctereutes procyonoides having 

the highest values of all species, and Vulpes corsac one of the lowest. Kruskal-Wallis test 

results (H = 4.81, p = 0.08) showed that there were no statistically significant differences 

between the groups. The high MA values for the masseter exhibited by Otocyon megalotis 
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and Nyctereutes procyonoides were due to the large in-lever values, which in turn were due 

to the large pre-angular processes. The phylogenetically adjusted ANOVAs showed one 

difference from those using the raw data, that the MA of temporalis at carnassial bite was 

not significantly different between the small prey specialists and hypercarnivores. 

 

Table 4.7 Mechanical advantage in all loading conditions 
DIETARY GROUP SPECIES MA temporalis 

canine bite 

MA masseter 

canine bite 

MA temporalis 

carnassial bite 

MA masseter 

carnassial bite 

HYPERCARNIVORE Canis lupus signtaus 0.26 0.22 0.52 0.45 

Cuon alpinus 0.28 0.21 0.55 0.40 

Lycaon pictus 0.26 0.23 0.50 0.44 

Speothos venaticus 0.30 0.24 0.60 0.47 

SMALL PREY 

SPECIALIST 

Alopex lagopus 0.24 0.15 0.39 0.25 

Canis mesomelas 0.24 0.19 0.46 0.37 

Chrysocyon brachyurus 0.21 0.18 0.41 0.35 

Vulpes corsac 0.23 0.15 0.49 0.31 

Vulpes vulpes 0.25 0.16 0.49 0.31 

GENERALIST Nyctereutes procyonoides 0.21 0.41 0.36 0.68 

Otocyon megalotis 0.20 0.37 0.34 0.62 

Vulpes zerda 0.20 0.14 0.41 0.29 

      
 

 

4.3.8. Temporalis muscle angles relative to the occlusal plane 

Results are reported in Table 4.8 and illustrated in Figure 4.13. The superficial temporalis had 

a mean line of action of 142.6° relative to the occlusal plane, and there were no significant 

differences between the dietary groups, Kruskal-Wallis H = 1.93, p = 0.38. The deep 

temporalis had a mean line of action of 119.9° relative to the occlusal plane. All 

hypercarnivore species values were below the mean and all generalist values were greater 

than the mean, indicating that the hypercarnivore species have more vertically aligned deep 

temporalis muscle fascicles, and the generalists have more horizontally aligned deep 

temporalis muscle fascicles. The Kruskal-Wallis results showed significant differences 

between the groups H = 9.118, p = 0.001) and the Dunn’s post hoc test revealed that that 

the hypercarnivore angles were significantly different to the generalists. The suprazygomatic 
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temporalis had a mean line of action of 142.3°. All the generalist species values were above 

the mean and Kruskal-Wallis results showed significant differences between the groups (H = 

6.779 p = .003). The Dunn’s post hoc test reported that the generalists were significantly 

different to the hypercarnivores.  Both the deep and suprazygomatic angles had significant 

phylogenetic signal (deep: K = 1.29, P = 0.0, suprazygomatic: K = 1.07, P = 0.02).  The 

phylogenetically adjusted ANOVAs revealed no differences from those using the raw data. 

 

 

              Table 4.8 Temporalis lines of action  
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Alopex lagopus 145.69 120.90 138.90 

Canis lupus signtaus                    141.50 109.50 
 

138.49 
 

Canis mesomelas  149.53 
 

118.19 
 

135.74 

Chrysocyon brachyurus                      136.44 123.63 148.50 

Cuon alpinus  146.68                              115.65 135.49 
 

Lycaon pictus  138.51 
 

117.91 
 

142.47 
 

Nyctereutes procyonoides                     158.17 133.63 
 

154.28 
 

Otocyon megalotis                    146.87 130.61 
 

                             149.66 

Speothos venaticus 119.11 107.42 132.87 

Vulpes corsac 149.43 117.97 
 

140.47 

Vulpes vulpes  142.07 
 

120.98 142.52 

Vulpes zerda 137.66 
 

122.45 
 

148.10 
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Figure 4.13 Lines of action for the temporalis muscle.  The black horizontal line indicates the occlusal 

plane. For illustrative purposes, all species lines of action are shown on one skull, Vulpes vulpes.  (A) 

superficial temporalis, (B) deep temporalis, (C) suprazygomatic temporalis. Hypercarnivore species 

lines of action are red, small prey species are green and generalist species are blue. 
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4.4. Discussion 

Canid jaw adductor muscles and their relationships to the bony morphology of the head were 

explored to reveal differences in masticatory function. Two hypotheses were considered: 

 

Hypothesis 1. There are significant relative, as well as absolute, differences of muscle force 

and bite force that reflect canid dietary niches. 

This hypothesis was not strongly supported. Species tend to follow the same generalised size 

scaling trends, which appear to be predominantly isometric, though weak patterns of 

allometry may be hidden within the sample noise. A possible exception to isometry was 

temporalis muscle force vs occlusal bite forces. Regression confidence intervals indicate  

that as absolute temporalis muscle force increased, occlusal carnassial and canine bite forces 

increased at a greater rate. This suggests that although temporalis force production is 

relatively lower in larger species due to the muscle architecture, as evidenced by the 

absolutely and relatively longer muscle fascicles, the geometry of the skull and mandible 

compensate for this.  This results in isometric or positively scaling bite forces.  This finding 

was similar to that of Wroe et al (Wroe 2004), who used a bite force quotient calculation to 

evaluate scaling differences between species. In their work they used predicted bite forces 

from dry skull models which were then regressed against body mass, and the residuals used 

to normalise for differences in body mass. Although their work concluded that the 

hypercarnivorous canid species had a higher bite force quotient than the small prey hunting 

species, their dataset did not include Speothos venaticus, the small hypercarnivore, or 

Chrysocyon brachyurus, the small prey hunter with a large body mass.  and so they may 

simply be reporting on body mass correlation with bite force.  In my work in this chapter the  

t-tests of the residuals from the regression slopes showed no statistically significant dietary 

specialism trends. 



 239 

As expected, muscle architecture has a clear influence on muscle force production and I 

found that individual muscle force contributions to overall muscle force do not reflect muscle 

mass contribution. The temporalis ‘underperforms’, that is, it contributes a mean  

62% of mass but only a mean 52% of force production, whereas the masseter and pterygoid 

both ‘over perform’, i.e. they both contribute a greater percentage of force production than 

their percentage contribution toward the overall muscle mass. This disparity is attributable 

to the longer fascicle lengths of the larger temporalis affecting force production. In the 

RPCSA calculation, muscle mass is divided by fascicle length, meaning that the RPCSA value 

is inversely proportional to the fascicle length, and muscles with absolutely longer fascicles 

are proportionally weaker than those with short fascicles. Some previous FE studies (Slater 

et al. 2009; Tseng and Wang, 2010) have applied muscle forces to skulls in proportion to their 

mass which may lead to the incorrect weighting of muscle force application. The temporalis 

does, however, still contribute the greatest share of both muscle mass and force. Despite 

the force production relative inefficiency of the temporalis, the more caudal and dorsal siting 

of both its origin and insertion, when compared to those of the masseter, mean that it has 

less of a limiting effect on the gape of the jaw, and consequently the longer fascicles are 

advantageous in species requiring a wide gape. The influence of taking the muscle 

architecture into account can also be seen when comparing the interspecific muscle forces 

that were derived from the RPCSA method, to those I calculated using the dry skull method. 

As the dry skull method calculates cross-sectional area values only, it simply scales up force 

in direct proportion to area. As it does not consider architectural differences it cannot 

discriminate the functional differences between large and small muscles and also, between 

large and small species. I found that within our dataset the dry skull method calculated 

higher muscle forces in large species, and lower muscle forces in small species, when 

compared to those calculated by the RPCSA method (Figure 4.9). This led to the dry skull 

method indicating that temporalis force scales with positive allometry in regression tests, 
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whilst the RPCSA method indicates it scales with no marked allometric trend. Loading the 

FEA models with higher muscle input forces would result in higher output forces, i.e. 

increased bite forces. Absolutely higher temporalis forces for large species were predicted 

by Christiansen and Adolfssen (Christiansen and Adolfssen, 2005) using the dry skull method, 

than those predicted using the RPCSA method. They, and Damasceno et al., using the dry 

skull method, predicted higher bite forces in most of the larger species (Christiansen and 

Adolfssen, 2005; Damasceno et al., 2013). Whilst the above comparison remains speculative, 

due to small data sets and lack of comparative information, it illustrates that the detail of the 

architecture of the muscles can have a notable impact on predicting muscle forces. However, 

as the t-tests between the two differently derived muscle force values showed no statistically 

significant differences between the two groups, the differences in absolute values are small, 

and dry skull derived values are a good approximation of RPCSA values where dissection 

derived data is unobtainable. It should be noted that as the differences become more 

marked at either end of the body mass spectrum within this data set (dry skull muscle force 

calculations slightly underestimated forces in all species below 14kg and slightly 

overestimated forces in all species above 25 kg), this may not hold true for samples outside 

of this body mass range.  Phylogenetic signal, that is, the statistical non-independence of 

trait values due to species relatedness (Felsenstein, 1985; Harvey & Pagel, 1991; Revell et al. 

2008), was present amongst several of the datasets including bite force. This indicates that 

the mechanisms of bite force may be phylogenetically conserved.  Canids may therefore be 

constrained in adaptability and have remained as functional generalists, never exploring the 

highly specialized niches that, for instance, the felids have exploited.  Divergence of canids 

into hypercarnivory may rely more on behavioral rather than functional adaptations, as the  

ability to tackle large prey relies on working in packs, rather than radically changing 

morphology to increase relative bite force.   
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Hypothesis 2. The efficacy of muscle force production and its conversion into bite force, is 

indicative of different dietary niches. 

There were demonstrable differences in efficiency between all four bite conditions. 

Carnassial bite at occlusion produced the highest bite force and is the most mechanically 

efficient. The greatest midline SED values were found at both closed and wide canine gape, 

revealing that canine biting is the most biomechanically testing and the least energetically 

efficient loading condition. Areas under greatest burden during canine biting were identified 

as the zygomatic arches and caudal rostrum, both dorsally and ventrally. It is difficult to know 

how functionally important this is, as all species can clearly accommodate the energy 

expenditure required, and Kruskal-Wallis tests revealed no statistically significant differences 

between the SED values between the dietary groups. However, when small species were 

scaled to the size of the largest canid species, their skull shapes exhibited much higher values 

of SED than were seen in any unscaled models, demonstrating up to a fifty-fold increase in 

their original SED values (Table 4.6), which may indicate that they would be structurally 

untenable if ‘scaled up’. As SED is proportional to stress this may lead to ductile failure as 

well as being an energetic constraint. Kruskal-Wallis tests of the scaled SED values revealed 

significantly higher values for the generalists than the hypercarnivores at both canine bite 

conditions, and that the generalists had significantly higher values than both the small 

specialists and hypercarnivores at both carnassial bite conditions. These findings imply a 

limitation on the size of particular features, which suggests some evidence of specialist 

function of shape.  The work in Chapter Three also highlighted the scaling component to 

shape adaptation. These findings suggest that the ability to withstand generated forces, and 

the ability to house isometrically scaling muscles on negatively scaling crania, are both 

factors in adaptive shape changes seen in different species of canid. 

Mechanical advantage calculations, unlike the mechanical efficiency calculations, were able 

to distinguish between the dietary specialisms. This may be attributable to the MA methods 
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more accurately describing the morphology of the different skulls rather than a simple force 

input/force output calculation. MA calculations revealed that the temporalis had greater MA 

in the hypercarnivores than the other two trophic groups, indicating that the mandibular 

morphology of the jaw in these species is advantageous to force transmission. The increased 

MA may go some way to offsetting the disadvantage of longer temporalis fascicles in the 

large species. Speothos venaticus, the only small hypercarnivore, exhibits a mechanically 

advantageous skull shape combined with a small body mass and in turn has the greatest 

positive residuals in all body mass vs bite force regressions. The masseter MA did not have 

any trophic group differentiation, although the specific morphology of the two species with 

a pronounced preangular process (Otocyon and Nyctereutes), had a very marked influence 

on MA for this muscle in these species. Again, this did not result in any clear advantage of 

bite force, but it may be used to offset the disadvantage of having an extra-long tooth row, 

in Otocyon megalotis at least. It was also noticeable that although these two species had the 

highest MA values for the masseter, they had amongst the lowest for the temporalis, so 

perhaps the masseter compensates and provides a higher proportion of muscle force toward 

bite force in these species. This muscle arrangement may also align with the more 

pronounced grinding function associated with the caudal teeth in these species. Possible 

future studies could consider running models with muscles sequentially removed, following 

Cox et al., (Cox et al., 2013; Cox, 2017) to establish how individual muscles contribute to bite 

force outputs. 

The line of action of temporalis revealed trophic group differentiation in two of the three 

muscle subdivisions. As well as potentially increasing bite force this may also have other 

functional outcomes. Sophisticated dynamic modelling, using multibody dynamic analyses 

for example, has not yet been explored in canids, but theoretically the species with 

horizontally aligned temporalis fascicles, the small prey hunters and generalists, should be 

able to pull the coronoid process of the jaw caudally, which aids quick snapping shut of the 
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mandible. In contrast, species with more vertically aligned fascicles, the hypercarnivores, 

may have a slower but more sustained bite. These contrasting dynamic strategies are 

reflected in their observed hunting behaviours: the pack hunting hypercarnivores kill by 

many sustained bites, whereas species taking small prey utilise their fast closing jaws for 

relatively short periods of time. Future work could consider histological analysis of muscle 

fascicles from the three trophic groups to determine if their fibres contain a similar 

distribution of muscle fibre types. 

This work demonstrates that inclusion of muscle architectural details, however simplified, 

has an effect of muscle force calculation, and that the siting of muscles on the skull may also  

influence bite speed. The mechanical responses of the skull were assessed using analysis of 

the FE models. In contrast to previous interspecific canid studies (Christiansen and Adolfssen, 

2005; Wroe et al., 2005; Christiansen and Wroe, 2007; Slater et al., 2009) I created the 

models using empirically derived specimen-specific muscle forces.  The skulls were modelled 

with six different biological materials each with distinct material properties. Although 

inevitably, some differentiation of materials within the models differed from the true 

condition, for example, the teeth were modelled as one material, and the trabecular bone 

within the diploe was not included, the models represent the most complex canid FE models 

reported to date.  To date no work has been done in carnivoran species exploring how the 

inclusion of the different dental materials may influence performance, but work in rodents 

(Cox et al, 2011) suggests that changing the material properties of the teeth appears to have 

little effect on skull deformation.  Inclusion of trabecular bone of the diploe may decrease 

the overall stiffness in the dorsal aspect of the models, and work on human crania suggest 

this may reduce the peak forces experienced at sites containing diploe (Andersson, 2016).  

Such refinements could improve the accuracy of future models but a sensitivity test with and 

without their inclusion should first establish the impact in overall model performance, as 

their inclusion requires manual segmentation which is very time consuming.  The improved 
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accuracy of the loading conditions, in addition to validating our models against ex vivo 

laboratory data, allowed me to use a modelling method that considers both size and shape 

differences between species. The FE models indicated the highest SED at canine biting, 

particularly in the caudal rostrum. Given that canine biting appears to be the least efficient 

and most biomechanically demanding condition, it may represent the limiting factor on skull 

performance. As canine biting chiefly occurs during the capture, restraint and killing of prey, 

it is fundamental to predatory success, and limitations on canine bite performance must be 

an important factor in determining trophic niche. 

I established that bite forces do not scale with a marked allometric trend, but that individual 

species have morphological compensatory techniques to achieve similar relative outputs. 

The link between mechanical performance and whole organism performance is poorly 

understood (Dumont et al. 2011) and by considering only two functional elements of bite 

performance, the skull and masticatory muscles, other potentially important factors were 

ignored. These include the role of the neck muscles, the effect of supporting the mass of the 

skull and mandible, anchorage of the tooth roots in the alveoli, and the uniting role of other 

soft tissue structures. Soft-tissue structures, such as tendon, connective tissue and muscle 

fascia may facilitate integration of separate elements during biting. During the dissection 

work I noted that the muscle fascia covering temporalis was particularly thick and was 

contiguous with the fascia and periosteum covering the zygomatic arch, and then ran down 

onto the masseter muscle, in effect unifying all of these functioning parts. I also noted that 

some temporalis and masseter muscle fascicles appeared to arise from their covering fascia, 

although this would need to be confirmed using histological techniques. Curtis et al. (Curtis 

et al., 2011) have explored the role of the fascia in macaques during biting, and concluded, 

using FE analysis, that the temporal facia has an impact on biomechanical function by 

opposing that pull of the masseter on the zygomatic arches, greatly reducing localised 

strains. If future FE work on canids could include data on these poorly reported structures, 
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this may resolve some of the disparity between the FE and ex vivo models and improve the 

accuracy of modelling techniques.  

 

4.5 Conclusion 

The inclusion of muscle architectural detail is shown to influence masticatory muscle force 

production capability calculations, indicating that muscles with longer fascicles were 

disadvantaged compared to muscles with shorter fascicles. However, compensatory  

morphological features allow bite forces to scale isometrically or with weak positive 

allometry. Dietary groups were differentiated by temporalis fascicle angles, which, when 

allied with the differentiation of rostral length reported in previous studies (Van Valkenburgh 

and Koepfli, 1993; Slater et al., 2009; Penrose et al., 2016) may further contribute to 

specialisations of fast jaw closing or forceful jaw closing species. The most biomechanically 

demanding masticatory function is canine biting, and the highest strain energy values were 

reported in these conditions, particularly in the zygomatic arches and caudal rostrum. 

Specific head shapes may be constrained by size, with scaled strain energy models predicting 

that some bony morphologies may only be viable in species with small body masses. 

 

This chapter is the most comprehensive investigation of the biomechanics of canid biting to 

date. It provides important insights into morphological versus behavioral adaptive strategies 

to different dietary niches and will inform future comparative studies, in particular the 

building of computational models and estimations of bite force production. 
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Chapter Five. The biomechanical role of the orbital ligament in load transmission 

during canine biting in the Canidae. 
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5.1 Introduction  

I would like to thank Dr Nathan Jeffery for advice on experimental design, for offering 

suggestions for manuscript improvement and for the critical revision of this chapter.  I would 

also like to thank Professor Graham Kemp for his help in the concept development and 

critical revision of this chapter.    

 

Biomechanical factors influence the evolution of head shape in carnivoran mammals 

(Radinsky, 1981; Van Valkenburgh, 1991, 2007; Christiansen and Wroe, 2007).  Skulls must 

not only house sensory organs but also generate and withstand forces, particularly when 

tackling prey and processing food.  Of particular interest in this chapter is the structure and 

function of post orbital ligament that makes up the lateral border of the orbit in the Canidae. 

The mammalian orbit is highly plastic resulting in a diverse range of morphological conditions 

(Cox, 2008; Jasarevic et al., 2010). The primitive mammalian condition of this region 

demonstrates a postorbital ligament (POL). This is a collagenous structure running from the 

zygomatic process of the frontal bone to the frontal process of the zygomatic bone, covering 

the lateral aspect of the eye.  The histological structure of the orbital ligament has been 

variously reported in different texts. This may be due to true differences between species, 

or the use of differing terminologies to describe the same structure or a combination of both.  

Whilst all sources report it as consisting of connective tissue, some sources report it as 

ligamentous (dense regular connective tissue) (Getty, 1975; Liebich et al., 2009; Evans and 

De Lahunta, 2013; Singh et al., 2018), others describe it as a thickening of the temporal fascia, 

i.e. dense irregular connective tissue (Cartmill, 1970; Heesy, 2005; Herring et al., 2011). In 

their work on rabbits Jasarevic et al. (Jasarevic et al., 2010) report that the POL consists of 

elastic fibrocartilage. In domestic dogs it is most often decribed as ligamentous (Getty, 1975; 

Liebich et al., 2009; Evans and De Lahunta, 2013; Singh et al., 2018).  I am unaware of any 

histological analyses of the POL reported in the wild canid.  
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In some mammalian taxa, the POL has become ossified to form the postorbital bar (POB).  

This appears to have evolved independently in at least nine mammalian orders (Heesy, 

2005).  In most instances, the ventral process of the frontal bone and a dorsal process from 

the zygomatic bone unite to make up the bar. There is some variation to this pattern: in 

equid perissodactyls the ventral part of the bar originates from the squamous part of the 

temporal bone (Getty, 1975; Heesy, 2002), and in haplorrhine primates an even more 

derived condition, the post orbital septum, exists.  This consists of an extension of the 

alisphenoid bone which unites with the POB to isolate the orbital contents from the temporal 

fossa (Cartmill, 1980; Ross and Hylander, 1996; Savakova, 2012; Smith et al., 2013). A wide 

range of post orbital conditions is exhibited within some mammalian families. In 

pteropodidae bats for example, several species have a well-defined POB, others have an 

orbital ligament and others have no lateral reinforcement to the orbit and the lateral eyeball 

is covered with only periorbital fascia, subcutaneous and cutaneous tissues (Noble et al., 

2000; Ravosa et al., 2000; Cox, 2008; Harvey et al., 2016).  Within the carnivoran order most 

species exhibit a POL, but some herpestids and felids demonstrate a post orbital bar (Noble 

et al., 2000; Heesy et al., 2007).    All known extinct and extant canids demonstrate the 

ancestral condition and exhibit a POL.  In domestic dogs the POL makes up around 20% of 

the circumference of the orbit (Evans and De Lahunta, 2013).  

The wide variation in lateral orbit morphology demonstrates the great plasticity in this region 

and infers that the POB is an adaptive trait.  However, the function of both the post orbital 

ligament or bar is unclear.  It is difficult to find a common pattern to predict which mammals 

are likely to have a post orbital bar, and by inference, which are likely to have post orbital 

ligament or no lateral support to the orbit. This in turn makes it difficult to speculate on the 

functional significance of the POL or POB.  

Several hypotheses regarding the role of the POL or POB have been put forward, and to some 

extent evaluated, by previous authors.  Firstly, that the POB evolved to protect the eye from 
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injury (Prince, 1953; Simons, 1962). This is a largely discredited theory as the lateral aspect 

of the eyeball is only minimally covered by the bony strut of the POB (Cartmill, 1970; Greaves, 

1985), and is clearly absent in many closely related species.  

Secondly, that the POB counters masticatory stress, particularly in unilateral chewing.  The 

bony strut resists torsional loading during at the balancing side during unilateral mastication 

(Greaves, 1985, 1995).  In addition, a bony strut can transmit compressive as well as tensile 

forces generated through mastication. However, this theory has been largely rejected, in 

primates at least.  POBs in anthropoid primates are incorrectly orientated to resist torsional 

strain (Hylander et al., 1991; Ravosa, 1991a, 1991b; Ross and Hylander, 1996). In 

Strepsirrhine species where the POBs were aligned with strain orientations, the strain 

magnitudes generated during mastication were too low to warrant ossified reinforcement 

of the ligament (Ravosa et al., 2000; Ross, 2001).  However, Buckland -Wright proposed that 

the POL in cats acts to transmit tensile stress during biting (Buckland‐Wright, 1978).  This 

hypothesis is in alignment with Herring’s work on pigs (Herring et al., 2011).  She found that 

the postorbital ligament elongates during masseter contraction and acts to resist distortion 

of the zygomatic arch, and therefore may have a role in tensile force transmission during 

chewing. 

Cartmill proposed an alternative theory (Cartmill, 1970). He suggested that the POB evolved 

from the POL to provide rigidity to the lateral margin of the orbit to enhance visual acuity. 

Reinforcement is required in animals with large forward-facing eyes and a small temporal 

fossa.  He argued that the reorienting of the visual plane of the eye to face forward 

(convergence) effectively also repositioned the temporalis muscle laterally rather than 

caudally relative to the eyeball.  Contraction of temporalis causes tension on the ligament 

and via extraocular ligaments and smooth muscle attachments, distorts the eye and disrupts 

visual acuity (Cartmill, 1970, 1980).  However, this does not explain the evolution of POBs in 

the large ungulates, i.e. the artiodactyls and perissodactyls, with laterally facing eyes.  
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Heesy (2005) expanded on Cartmill’s work to include these taxa.  He collected data from 

1329 mammalian skulls from 324 taxa and 16 orders of mammalian skulls and found a 

correlation with the orientation of the orbit relative to the temporal fossa. Species with a 

smaller angle between the orbital and temporal planes were more likely to exhibit a POB. 

Possible reasons for having a smaller angle are multitudinous. They include having relatively 

greater orbital convergence, greater vertical orbit orientation, greater absolute eye size, 

greater eye size relative to body mass, and difference in brain size relative to temporalis size.  

Heesy (2005) argued that it is the spatial constraint in the postorbital region that impinges 

on eye function and drives the evolution of the ossification of the post orbital ligament.  

However, there appear to be many exceptions. In their 2016 paper Harvey et al. (Harvey et 

al., 2016) described that the lack of either post orbital bar or ligament in three species of 

Pteropodidae bats did not preclude them from having large forward-facing eyes, despite 

closely related species exhibiting POBs.  Similarly, most extant felids and all canids have large 

forward-facing eyes and have no POB.  It is clear from these studies the function of the POL 

or POB is not fully resolved. Work on this region is dominated by primate, and to a lesser 

extent chiropteran and artiodactylan studies, and very little specific work has been done with 

other orders.  No work has been published on the functional role of the POL in carnivorans. 

This may partly reflect the difficulty in obtaining specimens with intact soft tissue structures, 

when compared with purely osseous samples.  Even in his major work on bone structure and 

stress in felid skulls, Buckland-Wright did not include intact POLs on the skulls he used , and 

did not place strain gauges in the region likely to undergo strain during masseteric 

contraction (Buckland‐Wright, 1978).  

As generalities cannot be ascribed to the functional role of the postorbital region, this 

experimental study applies a specific focus and uses finite element (FE) modelling to assess 

the biomechanical role of the postorbital ligament in load transmission during masseteric 

contraction in canids. When used in comparative morphological studies finite element 
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analysis (FEA) provides the researcher with a powerful tool to investigate form and function.  

A virtual model of the specimen is created consisting of many small elements connected by 

nodes (Chapter Four, part 4.2.4).  The model is given material properties, limited by 

constraints and loaded with forces.  Nodal displacements are determined and are used to 

calculate strain and stress.  The composite calculation of all elements gives the mechanical 

behaviour of the entire structure (Richmond et al., 2005; Rayfield, 2011).  It is relatively 

straightforward, by altering any of the variables e.g. geometric shape or force values, to 

explore how they influence form and function, and to run alternative models. Running 

multiple iterations of models can aid in identifying functional adaptations and constraints.  

In this way FE modelling has been used in many biological studies. For example: to identify 

bony changes in short term adaptations (Vickerton et al., 2013; Brunt et al., 2015), identify 

ecological adaptations in related species (Slater and Van Valkenburgh, 2009; Slater et al., 

2009; Attard et al., 2011; Cox et al., 2011) discover how individual specimens behave under 

different conditions (Bourke et al., 2008; Pierce et al., 2009) (Chapter Four), or to give insight 

into evolutionary pathways (Dumont et al., 2005; McHenry et al., 2006; Slater and Van 

Valkenburgh, 2009; Tseng and Wang, 2010; Dumont et al., 2011; Cox et al., 2012).  

However, all models are simplifications.  The true detail of the biological condition is too 

complex to fully replicate. Questions of the minimal level of geometric information and the 

values attributed to material properties and applied forces must be addressed to ensure that 

the model behaves in a biologically realistic manner (Richmond et al., 2005; Rayfield, 2007; 

Kupczik, 2008; Burkhart et al., 2013; Godinho et al., 2017).  Validation studies endeavour to 

test the reliability of virtual models against empirically derived experimental data.  Sensitivity 

analyses test the robustness of the experimental setup by exploring the relationship 

between the input variables and output values.  Validation and sensitivity studies are 

increasing in the FEA literature (Kupczik et al., 2007; Gröning et al., 2009; Bright and Rayfield, 

2011a, 2011b; Rayfield, 2011; Godinho et al., 2017; Zander et al., 2017), but to date, little 
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has been done regarding canid species.  This study compares the FE derived outputs with ex 

vivo experimentally derived data in order to validate the current FE models and inform future 

work, addressing in particular if it is necessary to include the POL in carnivoran FE models 

concerned with masticatory analyses.  

 

The aims of this study are: 

• to explore the biomechanical role of the postorbital ligament (POL) in transmitting 

load during canine biting using FE analysis,  

• to validate the FE findings using empirically derived data from ex vivo laboratory 

experiments,  

• to conduct a sensitivity analysis to explore the influence of differing the material 

properties of bone to determine which is most suitable to reflect ex vivo findings.  

 

Specifically, I test two hypotheses: 

1. That the post orbital ligament plays a significant functional role in transmitting stress 

from the zygomatic arch to the frontal bone generated during masseteric contraction at 

canine biting.    

2. That finite element models constructed to replicate laboratory conditions can suitably 

reflect the biomechanical behaviours of ex-vivo specimens. 

 

5.2 Materials and Method. 

5.2.1 Specimens 

One species, Vulpes vulpes was chosen as the representative model canid.  This was selected 

as it was the most accessible wild canid species to acquire for the ex vivo experiments, due 

to it being indigenous to the UK.  It is considered by many to be vermin and is often culled 

for pest control reasons.  One specimen was scanned and used to create the FE model, a 
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further 16 specimens were used for the laboratory work. Two of these were used only in 

preliminary exploratory dissections and a further five were discounted from the final 

laboratory analysis due to structural failure upon loading.  Details of the samples are given 

in Chapter Two.  

 

5.2.2 Experimental condition 

In this study, canine biting during contraction of the masseter muscle was modelled.  Canine 

biting is the most biomechanically demanding condition of the canid skull and is frequently 

experienced when tackling prey (Chapter Four). The masseter was chosen as it arises from 

the ventral aspect of the zygomatic arch, and during contraction would exert forces to pull 

the arch, and thus the POL, ventrally.  Although the masseter is only the second largest jaw 

adductor muscle in canids, both in terms of its mass (mean 29% of total jaw adductor mass) 

(Chapter Three) and force production capabilities (mean 36% of total jaw adductor 

force)(Chapter Four), it originates from a relatively small area (19% of the total jaw adductor 

area of origin)(Chapter Three).  This results in a greater force per area on the masseter area 

of origin than that of either of the other two jaw adductor muscles.  In other words, as 

previous authors have pointed out, the masseter has a greater influence on cranial strain 

than the temporalis or the pterygoids (Buckland‐Wright, 1978; Herring et al., 2001).  Strain 

is a dimensionless measure of the change in length of an object relative to its original length.  

It is measured in microstrain (µ).  Tensile strain is an elongation and is recorded as a positive 

value. Compressive strain is shortening and is recorded as a negative value.   In this chapter 

strain values in the frontal bone were measured in loaded FE models with and without POLs, 

and validated with laboratory experiments using ex-vivo specimens before and after cutting 

the POL.   
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5.2.3 Finite Element models 

FE models were created following the workflow described in Chapter Four, part 4.2.4.1, and 

illustrated in Figure 4.4. In brief, a Vulpes vulpes head was scanned using CT, and the skeletal 

components of the head, were reconstructed using Avizo Lite 9.0.1 software (FEI Systems, 

OR). This was then discretised into a mesh which was imported into FEBio Preview software  

(Maas et al., 2012) in order to build FE models.  To enable sensitivity analyses three pairs of 

models were created. Each of the three pairs had differing material properties for both 

cortical and trabecular bone: 3.5GPa/3Gpa, 7GPa/6Gpa and 14GPa/12GPa respectively.  

Although no currently available studies appear to model the Young’s modulus of fresh 

mammalian bone at such a low value as 3.5GPa, it was included to explore the properties of 

a more flexible skull, as previous studies have established that stiffer models underestimate 

strain (Bright and Rayfield, 2011a; Rayfield, 2011).  Each pair consisted of two skulls with the 

same material properties as each other but one had the left postorbital ligament intact, and 

the other had no left postorbital ligament. All other material properties i.e. for orbital 

ligaments, zygomatic sutures teeth and nasal septum are as described in Chapter Four, part 

4.2.4.2.  No sutures, other than the zygomaticotemporal suture, were included in the model. 

The zygomaticotemporal suture was included as it remains patent throughout the canid 

lifespan and is in an area closely associated with the masseter muscle and postorbital 

ligaments, which are the focus of this study.  The distinction of the zygomatic arch into two 

separate bones has been shown to result in differing strain distributions in the two regions.  

In felidae and suidae the squamous temporal bone is subject to higher strain than the 

zygomatic bone, whilst the reverse is true in macaques (Buckland‐Wright, 1978; Hylander 

and Johnson, 1997; Rafferty et al., 2000; Herring et al., 2001; Kupczik et al., 2007). In 

addition, Kupczik et al. found that FE models that include a zygomaticotemporal suture 

produce strains more similar to those derived from empirical experiments than those with a 

fused arch (Kupczik et al., 2007).  To reflect the laboratory experiments, only the left 
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masseter muscle was loaded. Nodal points on the ventral aspect of the zygomatic arch were 

loaded directly, rather than via modelled muscle as direct nodal loading was shown to give 

a more realistic outcome than simulated muscle loading (Kupczik et al., 2007).   To reflect 

the ex vivo set up, the skull was fully constrained at both canine tips, both tympanic bullae 

and the right ventral zygomatic arch.  

In addition to the FE models loaded to reflect the laboratory conditions, two further FE 

models were constructed.  These were loaded in a more biologically meaningful way, that is 

they were constrained at both temporomandibular joints, and bilaterally loaded via both of 

the masseter muscles.  Values used for cortical bone and trabecular bone were 7GPa and 

6GPa respectively.  All other material values were as in the other FE models in this chapter 

and Chapter 4. The aim of this part of the study was to ascertain if the laboratory set up and 

FE studies constructed to reflect them, deviated substantively from the more realistic loaded 

condition.  

To be able to make direct comparisons with the output data of the similarly positioned strain 

gauges in the ex vivo specimens, analyses of these FE models focused on the tensile and 

compressive strains and vectors of ten topographically associated nodes on the dorsal aspect 

of the frontal bone (Figure 5.1). In FEBio tensile strain is reported as 1st principal strain, and 

compressive strain is reported as 3rd Principal strain. Strain magnitudes and vectors were 

calculated in FEBio Postview (Maas et al., 2012).  

As well as the magnitude and orientation of the principal strains, the strain data was also 

used to calculate strain ratio using the equation (max/IminI).  Strain ratios indicate the overall 

strain condition at the sample point, that is, whether the bone is undergoing tensile or 

compressive force. Values less than 1 indicate tension is greater than compression and 

values less than 1 indicate compression is greater than tension force (Rayfield, 2011).  
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Figure 5.1. FE model of Vulpes vulpes, with orbital ligaments intact. The red dots indicate the 

position of the nodes that were sampled for strain data.  

 

5.2.4 Laboratory experiments  

Two Vulpes vulpes heads were used in a preliminary exploratory investigation to determine 

the optimum preparation protocol and to identify the best site to attach the strain gauges.  

The remaining fourteen Vulpes vulpes heads were then prepared following the identified 

protocol: firstly, the heads were skinned to the level of the muzzle, and the mandibles 

removed.  The frontal, parietal and occipital bones were then further cleaned to remove the 

temporalis muscle and any overlying soft tissue structures. Only the left and right masseter 

muscles and orbital ligaments were left intact (Figure 5.2). An area of frontal bone dorsal and 

medial to the orbit was elected to attach the strain gauge. This was selected as it was 

relatively flat, close to the insertion of the orbital ligament and readily identifiable in all 

specimens (Figure 5.2).  The flatness of the area is key to ensuring that there is a good contact 

between the bone and strain gauge.  The attachment area was degreased with alcohol and 

abraded with fine gauge wet and dry sandpaper.  When not being worked upon the heads 

were covered with damp cloths to prevent them from drying out.    
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Figure 5.2. Prepared Vulpes vulpes head demonstrating the postorbital ligament (A), and the region 

of the frontal bone that the strain gauge was attached to (B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Strain gauge and Wheatstone bridge electronic circuit. If the value of the resistance in R1, 

R2 and R3 is known, the fourth resistor, ‘RX’ can be calculated using the equation R1/R2 = R3/RX. 

Figure adapted from allaboutcircuits.com. 

 

Strain gauges are electronic sensors that consist of a grid of fine wires, protected by a film 

covering and attached to a Wheatstone bridge. A Wheatstone bridge is an electrical circuit 
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that balances two legs of a circuit to determine an unknown resistance (Figure 5.3).  When 

the gauge is attached to a surface, distortion in surface shape results in changes in grid length 

which is converted into changes in electric resistance. If the grid lengthens this increases 

resistance and if it shortens this decreases resistance.  In this way, tensile (positive) and 

compressive (negative) strains are recorded. To obtain information about strain on an 

irregular shaped surface such as the skull, more than one orientation of grid is required.  For 

this study, a planar rosette grid was used as it consists of three grids orientated at 45 degrees 

to one other. In in vivo experiments the planar configuration is usually avoided in preference 

to a less invasive stacked grid arrangement.  However, in ex vivo experiments where a greater 

exposure is possible, planar gauges are favoured as they sample a greater surface area and 

avoid local irregularities. The planar arrangement also avoids overlaying, and potential 

overheating, of the grids (Bright and Rayfield, 2011a).  A 121.2    ± 0.35 % s plane rosette 

strain gauge (Omega KFH-1.5-120-D17-11L3M3S) was attached to the cleaned area using 

cyanoacrylate gel (Loctite 2064940).  In all specimens, strain gauges were aligned in the same 

orientation relative to the sagittal midline suture (Figure 5.4).   
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Figure 5.4. Close up view of frontal region of Vulpes vulpes skull with strain gauge attached. 

Line a- midline, line b - angle of grid ‘a’, line c angle of principal strain vector, angle d - the angle 

from midline to line b, angle e - the angle from midline to principal strain vector.   

 

After positioning, gauges were covered with clear waterproof silicon to improve thermal 

stability. Each head was positioned close to the free edge of a wooden board, and held in 

position using metal bars and screws secured through the right masseter muscle. The only 

teeth in contact with the board were the tips of the canine teeth, which simulated canine 

biting. The left masseter was positioned over the free edge of the board and a bar affixed to 

enable a weight to be suspended from the muscle.  The strain gauges were connected to an 

integrated amplifier and signal conditioner (Omega, OMB-NET6000). Each grid was recorded 

via one channel and measurements taken with Encore v1.1 (Omega).  Gauges were left 

activated in situ for ten minutes prior to each experiment to account for drift.  After this 

time, the left masseter was loaded with an 11kg hanging weight to replicate masseter muscle 

adduction force (Figure 5.5).   The 11kg weight represented 110N force which is close to the 
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value calculated for masseter force in similar sized canids.  The principal strain magnitudes 

and vectors were measured for the preload condition and post-load conditions.  The role of 

the orbital ligament in dissipation of masticatory forces was examined by cutting the left 

orbital ligament after the 11kg weight had been suspended for a period of 10 seconds.  Five 

specimens were discarded from the dataset as the caudal end of the masseter began to tear 

away from the zygomatic arch after loading.  This may have been due to several factors; post 

mortem tissue degradation, lack of support from adjacent tissues such as the connective 

tissue and the muscles that would normally border the masseter, or the artificial directional 

loading (i.e. ventral) that did not precisely mimic the condition found in life (i.e. 

medioventral).  A total of nine specimens were therefore included in the analysis. Strain 

magnitudes for the pre-cut and post-cut conditions for each channel were determined by 

calculating the mean strain shortly before and after cutting.  However, the time point values 

immediately before and after the cut point were not used as they may have been affected 

by the manual cutting action (Figure 5.6).  Maximum principal strain orientations were 

calculated by measuring the strain gauge angles of grid ‘a’ relative to midline on photographs 

using ImageJ (Schneider et al., 2012) and converting these into orientations using the 

calculation tool on the Vishay website (vishaypg.com) (Figure 5.4).  The orientation of the 

minimum principal strain (compression) was perpendicular to this (Figure 5.8).  The strain 

gauge data was also used to calculate strain ratio. 
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Figure 5.5. Loading of Vulpes vulpes head to simulate masseteric biting. 
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Figure 5.6. Output from strain gauge grid ‘a’, Specimen FP0105.  A - pre-loaded specimen, B - load 

applied, C - pre-cut loaded condition, D - left postorbital ligament cut, E - post cut loaded condition. 

The red squares indicate the time point values used to calculate the pre-cut and post-cut mean 

values. Positive microstrain values indicate tensile loading.  

 

5. 3 Results 

The FE strain and ex vivo strain gauge magnitude and ratio values are reported in Table 5.1.  

The magnitude of the strain was generally lower in the FE models compared to that observed 

in the cadaveric models.  As might be predicted, in the FE models that more closely reflected 

the laboratory conditions the assigned stiffness of the bone in the FE models had a clear 

effect on the derived strain values, with the most rigid bone material models reporting the 

lowest strain values, and those with the most flexible material properties reporting the 

highest strain values.   Reported strain values in the the FE models that more closely reflected 

realistic loading conditions were lower in magnitude than their nearest FE laboratory 

condition counterpart.   In the FE models that more closely reflected the laboratory 
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conditions strain ratios were also generally lower than the laboratory models and were also 

influenced by the stiffness of the bone in the FE models.   Reported strain ratios in the the 

FE models that more closely reflected the realistic loading conditions were higher in 

magnitude the the FE models reflecting the laboratory conditions, and more closely aligned 

to those found in the cadavers.  The mean of the pre-cut strain ratios in the cadavers was 

0.88µ (0.53-1.77 µ) and in the FE models 0.63 µ  (0.59 to 0.69 µ). The mean of the post 

cut strain ratios in the cadavers was 0.87 µ  (0.54- 1.64 µ) and in the FE models 0.53 µ  

(0.53-0.53 µ).   Outliers were identified by establishing the interquartile range to determine 

the upper and lower fence values.  FP0111 was identified to be an outlier. With this specimen 

removed the mean strain ratio in the pre-cut cadavers was 0.77 µ  and in the post-cut 0.78 

µ.  In both the FE loading model types (to reflect the laboratory conditions and with a more 

realistic loading regime) and cadaver models this indicates that the compressive strains were 

greater than the tensile ones at this sampling site.  In both the FE and cadaver experiments 

tensile strain orientation ran mediocaudal to rostrolateral, and the compressive vectors ran 

perpendicular to these, i.e. caudolateral to rostromedial (Figure 5.8).  The strain orientations 

were very consistent in all scenarios and changing the stiffness of the bone or the loading 

conditions in the FE models appeared to make minimal difference to the strain orientations 

(Figure 5.8 and Table 5.1).  

In the ex-vivo specimens both first and third principal mean strain values showed only very 

small differences in pre-and post cut ligament values, less than 10 microstrain in both cases. 

The mean strain ratios also remained very similar in the pre-and post cut conditions, 

indicating that the post orbital ligament has a very limited role in transmitting load during 

masseter bite loading.  All of the FE models, whilst underestimating the magnitude of the 

strain values, all showed similar trends, that the post cut values were slightly less or the same 

as the pre-cut values, with the most compliant bone model revealing the largest change in 

value, and the most rigid model showing the least.  This is illustrated in Figure 5.7 where both 
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Vulpes vulpes 4p and 4q models are calibrated to the same scale and show little variation 

between the pre-cut and post-cut condition. 
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     Table 5.1. FE model and ex vivo experimental pre-cut and post-cut values.  

 

 Pre-cut Post-cut 

 
specimen Cortical 

bone 
GPa 

Trabecular 
bone GPa 

1st principal  Angle from 
midline 

3rd principal  Angle from 
midline 

Strain ratio  1st principal  Angle from 
midline 

3rd principal  Angle form 
midline 

Strain ratio  

FE models 
after 

laboratory 
conditions 

FE 
redfox4r/4s 

3.5 3 107 80 -154 173 0.69 74 74 -140 167 0.53 

FE 
redfox4p/4
q 

7 6 48 82 -77 171 0.61 39 81 -74 167 0.53 

FE 
redfox4t/4
u 

14 12 23 79 -40 166 0.58 21 79 -40 165 0.53 

FE models 
after 
realistic 
conditions 

FE 
redfox4v/4
w 

7 6 19 81 -24 170 0.79 14 80 -22 168 0.63 

Cadavers FP0101 
  

223 71 -270 159 0.83 225 70 -272 150 0.83 

FP0105 
  

192 81 -239 172 0.80 198 79 -250 166 0.80 

FP0106 
  

122 68 -131 164 0.93 135 59 -145 154 0.93 

FP0107 
  

126 77 -188 177 0.67 125 64 -183 168 0.68 

FP0108 
  

118 89 -155 177 0.76 119 80 -155 162 0.77 

FP0109 
  

213 85 -399 169 0.53 235 73 -433 159 0.54 

FP0111 
  

230 67 -130 178 1.77 216 60 -132 170 1.64 

FP0112 
  

309 85 -397 180 0.78 309 74 -396 164 0.78 

FP0113 
  

213 88 -243 185 0.88 219 72 -248 176 0.88 

FP MEAN 
  

194 79 -239 173 0.88 197 70 -246 163 0.87 

 FP MEAN 
after 
outlier 
removed 

  190 81 -252 173 0.77 196 71 -260 162 0.78 
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Figure 5.7. FE models of Vulpes vulpes skull loaded with left masseter force. Scaled to 600 

microstrain. A - model ‘ 4p’ with post orbital ligament, B - model ‘4q’without post orbital ligament.  
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Figure 5.8. Drawings of dorsal aspect of dissected Vulpes vulpes with precut (A) and postcut (B) strain 

gauge magnitudes and vectors. The green double headed arrows indicate the orientation and 

relative magnitude of the compressive strain vectors, and the red double headed arrows the tensile 

strain vectors. The orbital ligaments are shaded grey. 
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5.4 Discussion 

The role of the post orbital ligament during masseteric biting, was explored in one species 

of canid, Vulpes vulpes.  Findings from ex vivo laboratory experiments were compared with 

a range of different finite element models to determine  which, if any, loading conditions 

best reflect the laboratory findings.  

Hypothesis 1. The primary aim of this chapter was to determine if the post orbital ligament 

played a significant functional role in transmitting stress from the zygomatic arch to the 

frontal bone generated during masseteric contraction at canine biting.    

This hypothesis was not supported.  Measuring strain values in the frontal bone of loaded 

skulls both with and without POLs determined that the POL in canids appears to play only a 

very small role in transmission of load during masseteric contraction.   When compared to 

the ex vivo experiments, the FE models appeared to underestimate the magnitude of the 

strain, although they were broadly similar to those seen in other studies using mammalian 

species (Ravosa et al., 2000; Thomason et al., 2001; Kupczik et al., 2007; Bright and Rayfield, 

2011a).     In their work on galagos, Ravosa et al. concluded that the low shear strain values 

(1st principal strain – 3rd principal strain) recorded at an interorbital strain gauge (mean 420 

µ) meant that the POB in these species did not play a meaningful role in transmitting force 

during biting. Although the strain gauges were slightly differently placed in this study, their 

position on the frontal bone would also be pertinent to detecting masseter force 

transmission. Not only do the shear strains in this study have similar or lower values than 

those in the galago, they also show very little difference between the FE models with and 

without a POL and the pre and post cut conditions in the ex vivo experiments (Table 5.1).  

This is further evidence to support the theory that the POL does not act to disperse load 

during biting.  

The most compliant models, those with a cortical bone modulus of 3.5GPa, better reflected 

the values obtained in the ex vivo experiments.  However, they also underwent the greatest 
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change in value in the with ligament/without ligament conditions, which was not reflected 

in the mean values of the pre-cut/post-cut ex vivo conditions. That is, the more flexible FE 

models may overestimate the role of the orbital ligament in load transmission.   The strain 

magnitudes in the realistically loaded FE models were the lowest values of all scenarios, 

despite having the intermediate values for the bone material properties.  In all of the FE 

models and all of the ex vivo models the orientation of strain was very similar.  The 

orientation of the first principal strain ran rostro-laterally from midline and indicates tensile 

strain from midline toward the orbit during masseteric contraction. However, the orientation 

was not directed toward the lateral orbit, i.e. toward the POL, but somewhat more rostrally, 

and may be influenced instead by forces being transmitted by the bones constituting the 

rostral and medial orbit. In addition, in the loaded FE models, areas of high strain can be seen 

on the ventral orbits and are contiguous with strain running onto the rostrum and frontal 

bone.  This finding is further borne out by the tensile strain orientation changing little in the 

FE models where the orbital ligament was removed, or in the experiments where the POL 

was cut.  The orientation of the third principal strain (compression) is perpendicular to the 

tensile stress and indicates dorsoventral flexion of the skull. This occurs as the skull is 

constrained rostrally at the canines and caudally at either the tympanic bullae in the FE 

models constructed to reflect the laboratory conditions, or the temporomandibular joint in 

the FE models constructed to reflect a more life like loading scenario.  Strain ratio describes 

the overall loading condition at the sample site.  This was consistent in all models and ex-vivo 

specimens; that is, that compressive forces are greater than tensile force in this region of 

frontal bone.  Strain ratios varied most between models with POL and without POL in the 

most compliant variant and also in the realistically loaded models, and least in the most rigid 

model.  
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Hypothesis 2. That finite element models constructed to replicate laboratory conditions 

can suitably reflect the biomechanical behaviours of ex-vivo specimens. 

This study compared eight laboratory specimens to six iterations of one FE model designed 

to closely reflect the laboratory loading scenario, and two FE models with more realistic 

constraints.  Previous studies have used lower numbers of real specimens, typically one or 

two, to validate in silico findings (Marinescu et al., 2005; Kupczik et al., 2007; Bright and 

Rayfield, 2011a; Rayfield, 2011; Cuff et al., 2015; Toro-Ibacache et al., 2016; Godinho et al., 

2017). One study on primates used four in vivo subjects to validate their work, but these 

subjects did not have normal lateral orbit anatomy due to previous experimental work (Ross, 

2001).  Many of these studies used the same subject to build the FE model and conduct the 

experimental work (Marinescu et al., 2005; Kupczik et al., 2007; Bright and Rayfield, 2011a; 

Cuff et al., 2015; Toro-Ibacache et al., 2016; Godinho et al., 2017).  Although this subject 

specific approach has much merit by ensuring accuracy particular to one sample, it does not 

address intraspecific variation, or allow for the detection of outliers.  This work focuses on 

one species, Vulpes vulpes, and uses multiple individuals as ex vivo validation subjects.  The 

use of fresh, rather than dried or preserved material also increases the likely fidelity of the 

experimentally derived data.  In this instance, fourteen individuals were selected for the 

laboratory experiments, but five individuals were discarded due to poor laboratory 

performance and one outlier was detected.  Analysis of the experimental results from the 

remaining eight specimens allowed for a greater confidence in the findings.  The main 

disparity between the FE models and the real specimens was the magnitude of the strain 

found. This finding was also evidenced in previous studies (Marinescu et al., 2005; Kupczik et 

al., 2007; Bright and Rayfield, 2011; Cuff et al. , 2015; Toro-Ibacache et al., 2016; Godinho et 

al., 2017)   The finding that the least similar strain magnitudes to the laboratory cadavers was 

the most realistically loaded FE model implies that the laboratory conditions may not truly 

reflect the true-life condition and perhaps more realistic ways of loading cadavers could be 
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explored in future studies. It can be concluded that there is still some aspect lacking in the 

FE modelling of skulls that means in silico models perform in a different way to ex vivo 

models.  However, as both the strain ratio and orientation in all FE models appeared to match 

that found in the ex vivo models it may be assumed that the geometry of the model is 

sufficiently accurate to replicate real life, and that other factors such as material properties 

or constraints or loading regimes may have more bearing on strain magnitude outputs.  

5.5 Conclusions  

The role of the POL in canids is yet to be determined. It appears that it does not play a 

significant part in load dispersal during biting, at least not in the adult.   Future FE studies on 

canid mastication need not include this aspect of anatomy to accurately model skull 

biomechanics. All FE models underestimated the magnitude of the strain at the location on 

the frontal bone, the stiffer model to a greater degree than the compliant models.  However, 

strain orientation and to a lesser extent, strain ratio were well predicted in all models.  The 

difference between the pre-cut and post-cut ex vivo conditions was not as marked as that 

suggested by the most compliant model. It was concluded that models with 7GPa Young’s 

modulus for cortical bone and 6GPa for trabecular bone most closely followed the behaviours 

of the laboratory models and were best suited to replicate the true condition.  
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Chapter Six.  Discussion.  
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6.1 Introduction 

The overarching aim of this thesis was to examine the how the morphology of the jaw 

adductor muscles and postorbital ligament are related to the form and masticatory 

biomechanical function of the canid skull.   Differences in canid head shape are reasonably 

straightforward to identify and have long been utilised by biologists to distinguish between 

species and infer phylogenetic relationships. In the early days of comparative anatomy, the 

recording of dentition and simple linear measurements of skulls were used to identify 

species, and over the course of evolutionary biological research, workers have used 

increasingly sophisticated means of quantifying head shape to understand canid 

relationships and lineages.   

What is less well understood is the relatedness of form and function, and the selective 

biomechanical pressures and constraints that are associated with variation in canid head 

shape.  It may be assumed that differences between species represent adaptive traits, and 

yet their functional role can be difficult to determine. Hunting behaviors and dietary 

preferences can be established by observing the behaviors and ecological interactions of 

extant species. Head shapes may be correlated with behavior, for example, canids with long 

snouts hunt prey smaller than themselves.  However, this does not address the 

biomechanical basis for morphological variance.   

 

6.2 Aims of the study  

The purpose of the thesis was to add to the sum of knowledge regarding mammalian 

masticatory anatomy, specifically with a view to enabling more accurate predictions of 

biomechanical function.   Firstly, I recorded and described the morphology of the skull and 

jaw adductor muscles of twelve species of wild canid.  A key concept in this study was to 

describe both the bony and soft tissue structures for each individual specimen to enable 

subject specific analyses. To my knowledge this is the largest comparative jaw adductor 
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muscle dissection for any mammalian species. Having such a wide data set also allows for 

identification of factors that are common within the canid clade.  Common or unchanging 

factors across multiple species can identify phylogenetic or functional constraints. The 

second aim was to use the empirically derived data to analyse head shape with respect to 

the accommodation of jaw adductor muscles, to determine if jaw muscles scale isometrically 

or allometrically.  The implications of these findings then allowed for identification of cranial 

shape changes to allow for muscle accommodation.  The third aim was to build in silico 

models to determine bite force and biomechanical loading in the canid skull under different 

conditions. This in turn allowed for the quantification of the impact of skull shape on bite 

performance.  Finally, the biomechanical role of a previously under reported soft tissue 

structure, the postorbital ligament, was considered.   

 

6.3 Generating and managing force 

Early researchers interested in masticatory biomechanics used simplified models and beam 

theory to determine bite forces and identify regions of the skull undergoing high stress or 

strain (Greaves, 1985; Greaves, 2000; Therrien, 2005; Damasceno et al., 2013).  

Computational programmes based on engineering software have revolutionized this field of 

work and increasingly complex models are being used to predict how the skull generates and 

withstands forces during mastication.  The fidelity of models and the validity of their outputs 

depends upon the accuracy with which they are built.  Osteological material, even of rare 

species, is reasonably easy to obtain via museum collections, and CT scanners are available 

to many researchers.  Therefore, the bony components of models are usually empirically 

sourced, and depending on the level of detail included, faithful to the specimen. However, 

the soft tissues associated with mastication, in this case the jaw adductor muscles and orbital 

ligament, are more difficult to access, and empirically sourced numerical values for 

representing muscle force are correspondingly scarce.    
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Previous computer reconstructions of canid species have tackled this lack of directly 

observed data in a number of ways.  Wroe et al. used the dry skull method after Thomason 

(Thomason, 1991) to determine jaw adductor force values from the single canid specimen 

(Canis lupus dingo) used in their reconstructive study of a dingo (Wroe et al., 2007).  Slater 

et al. (Slater et al., 2009) similarly calculated the jaw adductor cross sectional area using the 

dry skull method for one of the specimens used in their study (Canis simensis), and scaled 

the derived value to that of the larger (Lycaon pictus) and smaller specimens (Canis 

mesomelas) within the study. Tseng and Wang based the values used to load the fossil 

specimens in their study on maximum bite forces recorded in anaesthetized domestic dogs 

after Ellis (Ellis et al., 2008; Tseng and Wang, 2010).   Both of these methods have limitations.  

The dry skull method fails to take the muscle architecture into account and may over or 

underestimate muscle force production values (Chapter Four) (Taylor and Vinyard, 2013).  

Bite force values derived from in vivo laboratory recordings are difficult to validate with real 

function, and domestic dogs exhibit neither the same body mass nor cranial morphology as 

extinct or extant wild species (Ellis et al., 2008). 

This thesis set out to provide detail of muscle architecture to inform the accuracy of models 

in future work. Very descriptive anatomical texts have fallen out of favour, and yet computer 

generated modelling techniques, such as finite element analysis and multibody dynamics 

depend upon quality input data to yield meaningful outcomes. In particular it is easy to 

overlook the effect of muscle architecture on muscle force capability. Both Taylor and 

Vinyard (Taylor and Vinyard, 2013) and Bates and Falkingham (Bates and Falkingham, 2018) 

note that the numerical value attributed to muscle fibre (fascicle) length in particular has a 

great impact on potential muscle force.  However, muscle fascicle length is reported in only 

a limited number of studies, even in extant species (for example Herrel et al., 2008; Eng et 

al., 2009; Taylor and Vinyard, 2009; Hartstone-Rose et al., 2012; Dickinson et al., 2018; 

Hartstone-rose et al., 2018).  In this work, the fresh jaw adductor muscles were removed 
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from the cadavers and further analysed to describe their internal architecture and determine 

their muscle force production capabilities.  Previous computer models attempting to 

recreate canid bite forces have attributed muscle force relative to muscle mass (Wroe et al., 

2007; Slater et al., 2009), or distributed it evenly across total surface area (Tseng and Wang, 

2010).  However, as seen in Chapter Four, when muscle architecture is taken into account, 

this distribution is found to be erroneous.  Temporalis contributes lower overall percentage 

to the muscle force than it does to muscle mass, whilst the opposite trend is seen in both the 

masseter and pterygoid muscles.  Findings from this study recommend that when building 

FE models muscle force values are assigned to the regions of the skull relative to their force 

production capabilities on the skull, not their mass.  

The role of the orbital ligament during biting was also explored. Little evidence was found to 

suggest that the postorbital ligament plays a role in dissipating masticatory forces. This 

finding suggests that there is no requirement to model the postorbital ligament in canine 

masticatory models.  These outcomes may be of particular interest to those exploring 

function in extinct taxa, or other situations where analysis of soft tissue data is not possible. 

Witmer’s inverted pyramid of inference demonstrates that assumptions made the early 

stages of reconstructive studies, e. g. in loading and constraining in silico models, may result 

in erroneous assumptions being made at higher levels of evolutionary and ecological 

understanding (Witmer, 1995; Bates and Falkingham, 2018). 

 

 

6.4 Adapting to allometry 

The common canid ancestor, Hesperocyon, was a small fox sized generalist, and following 

Cope’s rule, evolutionary adaptations tended toward increasing body mass, firstly for the 

Hesperocyonids, then the Borophaginae, and finally the Caninae. Increase in body mass 

evidently results in changes in skull morphology. Some of these adaptations are directly 
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attributable to issues of scaling.  Firstly, that the shape of the cranial module of the skull must 

adapt to accommodate the isometrically scaling temporalis on the negatively scaling 

cranium.   This results in a disparity between the accommodation requirements of the brain 

and the temporalis.  Shape analysis found that skull shape changes, such as widening of the 

zygomatic arches and enlargement of the sagittal crests are seen in species with higher body 

masses and allow the skull to accommodate the jaw adductor muscles on the negatively 

scaling cranial cavity. This finding may be of particular interest when considering specimens 

from the fossil record.  That is, larger crests and other bony protuberances may not indicate 

relatively larger muscles but may be a product of scaling, particularly if the species concerned 

have evolved from a smaller ancestor.  The second finding is that canids must offset the 

disadvantage of scaling a conserved muscle plan. Larger muscles are capable of generating 

relatively less muscle force than smaller muscles, due to having absolutely longer fascicles, 

which affects the efficiency of muscle force production abilities.   This level of insight can only 

be considered using techniques that allow for details of the muscle architecture to be 

captured.   The more frequently used, and more accessible method of calculating muscle 

force from dry skulls, Thomason’s dry skull method (Thomason 1991), may only be reliable 

in canid specimens with a body mass of around 7-10kg.  In the data set used in this thesis it 

was shown that below this mass the dry skull method underestimates force production 

capability and above this body mass, it overestimates it. The dry skull method effectively 

treats each muscle as a homogenous mass and does not consider the influence of the internal 

architecture on force production capability.  The canid strategy to offset this disadvantage to 

muscle force production as species body mass increases, is to shorten the muzzle.  Finally, 

the ability of head shape to withstand and attenuate forces generated during mastication 

was explored and finite element analyses found that the skull shapes found in small canids 

would risk ductile failure if scaled to greater volumes.  The most demanding bite condition 

was canine bite at wide gape.  In all species the zygomatic arches and caudal rostrum, both 
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dorsally and ventrally, experienced the highest levels of stress, strain and strain energy 

density during canine wide biting. This is the condition found when individuals are attacking 

and killing prey, a key behaviour in carnivorans. Morphological constraints during canine 

wide gape biting represent a limit in functional ability, namely, the size of prey that can be 

successfully tackled.    There were no statistical differences between species of the strain 

energy density forces generated in any condition.  However, when small species head shapes 

were scaled to the size of large species, the strain energy density exhibited up to a fifty-fold 

increase, indicating that the head shapes seen in small species are constrained by size, and 

that larger species demonstrate adaptations of shape to maintain function.    Future work 

could investigate the structural limitations of the key areas of the skull in greater detail.  

 

6.5 Is head shape a consequence of diet or is diet a consequence of head shape?  

The common ancestor for all Caninae species, Leptocyon, was small and fox like. Small species 

have more efficient muscle force production capabilities and are self-sufficient and able to 

hunt and tackle prey alone.  Their fast closing jaws allow for the hunting of small quick moving 

prey. All other canid morphotypes evolved from this ancestral condition and exhibit 

adaptations in diet and behaviour. Following Cope’s rule, many species evolved to have a 

greater body mass.  It has previously been reported that increase in body mass is 

concomitant with hypercarnivory as energetic demands of greater body mass make low risk 

foraging and predation of small prey untenable. Instead, large prey must be tackled to sustain 

the nutritional requirements of the derived condition (Carbone et al., 1999; Van Valkenburgh 

et al., 2004).   An important finding of this study is that large species cannot maintain the 

head shape of the smaller species.  The changes in head morphology that are allied to 

increased body mass necessarily result in changes of diet and hunting strategy. In other 

words, there may be a morphological as well as a physiological driver pushing large canids 

toward hypercarnivory.    
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A key trait seen in larger canids is a comparatively short rostral component of the skull and a 

shortened mandible.  The resultant short muzzle of the large species compensates for the 

loss in muscle efficiency seen in larger species, as, in energetic terms, short out levers are 

more efficient than long out levers.    The negative consequence of reducing muzzle length is 

the reduction in speed with which the canine teeth can be brought together during biting, 

e.g. during prey capture.  In addition, analyses of the positioning and orientation of the 

temporalis relative to the occlusal plane indicate a clear distinction between dietary groups.  

Small prey and generalist species revealed more horizontally orientated temporalis muscles, 

and the large prey hunters displayed more vertically aligned temporalis muscles.  The basic 

geometries of this finding infer that this arrangement should advantage fast jaw closure in 

the small prey and generalist species, whilst the large prey specialists would be able to 

sustain a strong bite.   This is evidenced by the hunting strategy where species with short 

rostra inflict sustained bites on their prey. However, only moderate shortening of the facial 

component can occur in canids as their dentition appears to be conserved, and rostral length 

must be maintained to accommodate the teeth (Tseng and Wang, 2011).  Canids may also 

be phylogenetically, morphologically and functionally constrained by their olfactory 

apparatus.  Canids have around 1.5 - 2 times the volume of nasal turbinates than similarly 

sized felids (Van Valkenburgh et al., 2004; 2014).  This reflects one of the different hunting 

strategies of the two families.  Canids rely on olfaction to a greater degree than felids, who 

have a greater reliance on vision.  (Werdelin, 1989; Van Valkenburgh et al., 2004; Van 

Valkenburgh et al., 2014). Again, a reasonably long rostral length must be maintained to 

house the olfactory apparatus.  These potential constraints limit the range of possible 

phenotypic variants available to canids (Figueirido et al., 2011), which in turn limits 

masticatory performance.   The overall limitation on bite force production capabilities of the 

individual necessitates the collaborative pursuit pack hunting behaviour that is seen in the 

hypercarnivorous canids.  Large prey, typically ungulates, are pursued, often over great 
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distances, until exhausted. They are then restrained by multiple individuals and killed by 

abdominal evisceration and blood loss.  The results of this study suggest that morphological 

as well as physiological pressures had a role in the evolution of pack hunting as canid body 

mass increased.  The work reported here linking head shape to functional limitations and 

hence to specific dietary specialisms sets the foundations for a greater understanding of 

selective pressures relating to body mass, hunting strategy and diet in the Caninae.  Future 

investigations into other large carnivoran families may consider how skull size and shape 

changes impact jaw adductor muscle force production and bite force capabilities.  

 

6.6 Head shape in the domestic canid breeds.  

Future work could also consider the findings from this thesis when investigating implications 

of head shape in the domestic dog (Canis lupus familiaris). The skull differs more in size and 

shape in domestic dogs than in any other domestic species (Wayne, 1986, 2001; Evans and 

De Lahunta, 2013; Packer et al., 2015). Although the exact dating of canid domestication 

remains controversial most recent sources concur it was around 30,000 years ago (Sablin and 

Khlopachev, 2002; Germonpré et al., 2009; Pitulko and Kasparov, 2017).  Early breed 

specialisations existed to select for hunting, fighting or running type dogs, and have been 

evidenced in the archaeological record as dating from at least 9000 years ago (Clutton-Brock, 

1995; Lee et al., 2015; Pitulko and Kasparov, 2017).  However, extreme specialisation for both 

behavioural and physical traits occurred much more recently, particularly within the last two 

hundred years (Clutton-Brock, 1995; Schoenebeck and Ostrander, 2013).  Although human 

intervention replaces evolutionary selection pressures, a remarkably wide range of domestic 

breed morphologies exist. Notably, body mass range reflects that seen in wild species, from 

the 1.5kg Chihuahua to the 90kg Neapolitan mastiff or Saint Bernard.  The form and function 

of domestic dog breed head shapes also exhibits some superficial similarities with those seen 

in the wild species.  Breeds with dolichocephalic head shapes such as greyhounds and salukis 
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have been bred to catch small prey at high speed with their slender fast snapping jaws. 

Brachycephalic breeds such as bulldogs and mastiffs on the other hand, were originally bred 

to attack and maintain a grip on large prey. These morphotypes mirror those seen in wild 

canids and, up to a point, they are functionally successful.  However, all domestic dog breeds 

are a subspecies of just one species, Canis lupus.  Of particular clinical interest is the 

functionality of brachycephalic and extreme toy breed head shapes. The chief modification 

of selective breeding is the radical shortening of the bones of the facial component of the 

skull. Lesser changes are also seen in other bones of the skull, for example the tympanic 

bullae are also reduced, and the zygomatic arches widened.  Such changes are brought about 

by a number of genetic mechanisms including the early fusion of cranial sutures and 

synchondroses, and dysplasias promoting abnormal bone growth (Schoenebeck and 

Ostrander, 2013; Geiger and Haussman, 2016).  The extreme form seen in brachycephalic 

dog heads is testament to the potential range of phenotypic variation that this Canis lupus 

subspecies is capable of.   The fact that such extreme forms can be attained through selective 

breeding in domesticated animals implies that head shape in canids is not limited by the bony 

constituents of the skull, i.e. they are potentially highly labile, but that species occupying 

these morphospaces are not functionally viable in natural settings.   This may be due to 

several factors including potential structural failure under normal hunting conditions, 

inability to generate or maintain the functional bite force required to tackle prey, or the lack 

of concomitant reduction in the soft tissues.  Although the bony tissues of the head are 

clearly very plastic, the soft tissues appear to be less so.  This can be seen in the surplus 

amounts of skin, overly large tongue, elongated soft palate, enlarged tonsils, exophthalmia 

and occluded nasal cavities that are typical of brachycephalic breeds.  The excessive amount 

of soft tissue can cause debilitating conditions.  Brachycephalic dogs are particularly prone 

to diseases of the upper airways, eyes, hard palate, skin and dentition. In addition, they are 

reported to have high incidences of diseases associated with the central nervous system such 
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as gliomas, astrocytomas and syringomyelia (Hayes et al., 1975; Nafe, 1990; LeCouteur, 1999; 

Snyder et al., 2006; LeCouteur and Withrow, 2007).  

Some studies have attempted to geometrically categorise brachycephalic skulls with a view 

to identifying animals at risk from such conditions (Stockard and James, 1941; Regodón et 

al., 1993; Hussein et al., 2012; Evans and De Lahunta, 2013), although the particular metrics 

used are somewhat disputed.   I am unaware of any published work quantifying soft tissue 

ratios to skull shapes in domestic dogs.   Findings in this study describe the wide range of 

conditions found in naturally evolved wild species.  This work may help inform acceptable 

parameters for normal morphology and function in domestic breeds.  A deeper 

understanding of the soft tissue relationship to the skull could aid in the understanding of 

the anatomical basis of disease and begin to identify and quantify risk factors.  With an 

increased emphasis on companion animal welfare there is abundant potential for further 

studies regarding the biomechanical function of head shape in domestic dog breeds.  For 

example, the breeds selected for extreme brachycephalic modification tend to be small 

breeds such as pugs and Pekingese. In the wild species, it is those with greater body mass 

that exhibit moderate shortening of the face.  Therefore, is the problem of accommodation 

of jaw adductor muscles compounded by the small body mass of brachycephalic breeds?   

Are breeds with extreme morphologies at risk of structural failure due to having abnormal 

head shapes?  Is the bite force of brachycephalic breeds compromised?  With increased 

concern in brachycephalic dog welfare it would be of interest to both clinicians and dog 

breeders to identify the limits of normal function in head morphology.   

 

6.7 Summary 

The empirical and experimental findings from this study document the anatomy of canid jaw 

adductor muscles and allowed insight into their functional ability and relationships to head 

morphology.  The form of the skull is associated with the form of the jaw adductor muscles, 
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which appear to be less labile than the skeletal components of the head.  Canids may 

therefore be constrained in adaptability and have remained as functional generalists, never 

exploring the highly specialized niches that, for instance, the felids have exploited. 

Constraints on morphology lead to changes in diet and behavior.  For example, the 

divergence of canids into hypercarnivory may rely more on behavioral rather than functional 

adaptations, as the ability to tackle large prey relies on working in packs, rather than radically 

changing morphology to increase relative bite force.  

This work provides both original data and methodological recommendations for future 

projects.  It is hoped that these findings can help to inform future studies on masticatory 

function in extant and extinct wild canids and domesticated canids.     
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Appendix 1. Species details. 

Alopex lagopus, Arctic fox. 

  

 Appendix Figure 1.1 Alopex lagopus, A, outline of head, B, reconstruction of skull from CT.  

 

Taxonomy 

A fox like canid. In some taxonomic categorisations, this is also called Vulpes lagopus as it is 

grouped with the vulpes. Closely related to Vulpes velox and Vulpes macrotis (Angerbjorn, 

2004). 

Physical characteristics 

1.4 – 9kg, putting on up to 50% body mass in the autumn to survive the winter. Very insulative 

fur, short muzzle, short ears, short legs and a rounded appearance to the body (Macdonald 

and Sillero-Zubiri, 2004; Nowak, 2005). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/3=42 (Angerbjorn, 2004). 

Geographical distribution 

Circumpolar arctic and alpine areas. The northern limit of the red fox, Vulpes vulpes, is 

determined by resource availability, then artic fox takes over the territory.  Can cover great 

distances to find food (Elmhagen et al., 2002).  

Social behaviour 

Live in social groups, monogamous, possibly pair for life. 2 to 25 pups born usually 6-12.  

Largest known litter size in Carnivora (Angerbjörn et al., 2004). 

Diet – small prey specialist 

Mainly small rodents and seabirds (Elmhagen et al., 2002; Angerbjorn and Hersteinsson, 

2004).  Will also scavenge from larger carcasses such as reindeer (Prestrud, 1992) and seals 

(Frafjord, 1993) and their pups (Smith, 1976). 

Hunting strategy – pounce/pursuit predator 

Lone hunters, often pounce on small rodents (MacDonald, 2009).  
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Canis lupus, Grey wolf. 

 

Appendix Figure 1.2 Canis lupus, A, outline of head, B, reconstruction of skull from CT.  

 

Taxonomy 

Wolf like canid. Up to 37 reported subspecies, including the red wolf (Canis rufus), domestic 

dog (Canis lupus familiaris) and dingo (Canis dingo) (Wilson and Reeder, 2005). 

Physical characteristics 

Body  mass up to 80kg, with northern subspecies tending to be larger(Nowak, 2005). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/3=42 

Geographical distribution 

Occurs throughout the northern hemisphere (Macdonald and Sillero-Zubiri, 2004; Mech and 

Boitani, 2003).  Can cover great distances in search of food. Packs have large territories 

(Nowak, 2005).   

Social behaviour 

Live in groups of up to 36 individuals but less is more common with a mean size of 5-12 

individuals. Usually a large family group with one alpha male and female pair (Nowak, 2005). 

Mean litter size is 6, sexually mature at 22 months.   

Diet – hypercarnivore 

Large ungulates such as moose reindeer, musk ox, bison and white-tailed deer.  Daily 

consume up 10 kg animal protein.  More diverse diet in summer.  Smaller prey such as beaver 

and voles plus some berries eaten seasonally. (Peterson and Ciucci, 2003; MacDonald and 

Sillero-Zubiri, 2004; Mech and Botani, 2003; Mech, 1970; Sillero-Zubiri et al., 2004). 

Hunting strategy – pursuit predator 

Pack hunters especially in winter, may hunt in pairs or singly for small prey in the summer.  

Can cover 20-40km looking for prey per day but the hunts themselves rarely last more than 

2km (Mech, 1970; Peterson and Ciucci, 2003). 

 

 



 

 

360 

Canis mesomelas,  Black backed jackal. 

Appendix Figure 1.3 Canis mesomelas A, outline of head, B, reconstruction of skull from CT.  

 

Taxonomy 

Wolf like canid. 

Physical characteristics  

5.9 – 12kg (Loveridge and Nel, 2004) males average 1kg heavier than females (Nowak, 2005). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/3=42. They have a well-developed carnassial shear with 

a longer premolar cutting blade than other jackal species, an indication of a greater tendency 

towards carnivory (Van Valkenburgh and Koepfli, 1993; Van Valkenburgh, 1991). 

Geographical distribution 

Two separate populations in east and south Africa (Loveridge and Nel, 2004; Nowak, 2005) 

Social behaviour 

Live as monogamous pairs with their offspring. 1-6 pups (Loveridge and Nel, 2004).  

Diet – small prey specialist 

Unspecialised diet, will readily take small to medium mammals, reptiles, birds, eggs, carrion, 

fruit and refuse. Can cope with low water levels. Good hunters will take up to large 

lagomorph size or newborn antelope when hunting alone, or larger antelope and seals, when 

hunting in packs (Loveridge and Nel, 2004). 

Hunting strategy – pounce/pursuit predator 

Mainly crepuscular and diurnal, but nocturnal in areas populated by humans. Listen for prey 

in long grass leap in air. Pounce with forefeet before killing bite. Hunt larger prey in pairs or 

even small groups (Loveridge and Nel, 2004; MacDonald, 2009). 



 

 

361 

Chrysocyon brachyurus, Maned wolf.  

 

Appendix Figure 1.4 Chrysocyon brachyurus, A, outline of head, B, reconstruction of skull from CT.  

 

Taxonomy  

South American canid. Alone in its own genus, Chrysocyon.  

Physical characteristics 

Very long legs, large ears, reddish coat, 20.5kg – 30 kg (Macdonald and Sillero-Zubiri, 2004; 

Nowak, 2005; Rodden et al., 2004). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/3=42 (Rodden et al., 2004). 

Geographical distribution 

Currently found throughout large parts of south America Lives in grasslands, savannahs, 

swampy areas and scrubby forest (Nowak, 2005). 

Social behaviour 

Solitary or in pairs (Rodden et al., 2004) Shares territories in pairs, but mainly lives alone 

outside of breeding season (Nowak, 2005). 

Diet – small prey specialist 

Up to 64% of the diet may be plant based. Will hunt small mammals fish, insects and reptiles 

(MacDonald, 2009; MottaJunior et al., 1996; Rodden et al., 2004). 

Hunting strategy – pounce/pursuit predator 

Nocturnal and crepuscular habits.  Hunts alone. Long legs allow it to see above long grasses. 

Stalking with pounce, digging after burrowing prey, leaping in to the air to catch birds and 

sprinting after deer have all been observed (Rodden et al., 2004). Does not pursue prey for 

any great distance (Nowak, 2005).  
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Cuon alpinus, Dhole. 

 

Appendix Figure 1.5 Cuon alpinus, A, outline of head, B, reconstruction of skull from CT.  

Taxonomy 

Physical characteristics 10 – 20 kg reddish brown (Durbin et al., 2004; Macdonald and Sillero-

Zubiri, 2004). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/2=42, with one less lower molar. Also, the form of LM1 is has 

only one cusp, all other canids have two.  Hypercarnivorous adaptation to enhance shearing 

ability (Durbin et al., 2004).  

Geographical distribution  

Historically its range covered much of east south Asia including Mongolia, China. Tibet and Russia, 

now confined to central and eastern Asia, India, Tibet, Bangladesh and much of Indochina (Durbin 

et al., 2004). 

Social behaviour 

Live in packs of up to 25, but 5-10 individuals more common. Usually only the dominant female 

breeds, 5- 10 pups (Durbin et al., 2004; MacDonald and  Sillero-Zubiri, 2004). 

Diet – hypercarnivore 

Hunts large ungulates such as spotted deer and wild pigs. Will take prey up to 175kg.  

(Durbin et al., 2004; Karanth and Sunquist, 1995; Selvan et al., 2013). 

Hunting strategy – pursuit predator 

Dhole hunt in a variety of habitats, during day or by moonlight.  Communal hunters. Detect prey 

by scent, and may jump up to see it.  When hunting in thick cover they form a line to flush prey, 

whilst others in the pack wait to catch it.  They employ a nosehold to subdue large prey then 

others attach rump and flank to eviscerate it.   Small prey seized and shaken. (Aryal et al., 2015; 

Selvan et al., 2013; Wang and Macdonald, 2009). 
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Lycaon pictus, African hunting dog.  

Appendix Figure 1.6 Lycaon pictus, A, outline of head, B, reconstruction of skull from CT.  

Taxonomy 

Physical characteristics 

Large but lightly built, 17 – 36 kg, males and females similar size ranges. Long legs, only four toes per 

foot, no dew claws (first digit) (MacDonald and Sillero-Zubiri, 2004; Nowak, 2005; Woodroffe et al., 

2004). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/3=42. Usual number of canid teeth but the caudal part of LM1 has 

blade like form, rather than basin like, indicative of hypercarnivory (MacDonald, 2009; Woodroffe et 

al., 2004).   

Geographical distribution  

Historically occurred in most of Africa, but now occurs in two populations west and central Africa. 

Lives in grassland, savannah, open woodlands (MacDonald and Sillero-Zubiri, 2004; Nowak, 2005; 

Woodroffe et al., 2004). 

Social behaviour  

Live in social groups of up to 30 individuals. Dominant pair only will reproduce, all pack members 

contribute to raising the large litters of up to 21 pups (Macdonald and Sillero-Zubiri, 2004; Woodroffe 

et al., 2004). 

Diet – hypercarnivore 

Impala, gazelle and wildebeest make up most of the prey, but will also take zebra, warthogs or 

ostriches. Up to 9kg stomach capacity (Creel and Creel, 1995; Fanshawe and Fitzgibbon, 1993; 

MacDonald and Sillero-Zubiri, 2004). 

Hunting strategy – pursuit predator 

Can maintain a gentle trot for hours when searching for quarry.  Hunts mainly by sight, in the early 

morning or evening (Nowak, 2005).   After initial visual contact with prey the pack will stalk and chase 

quarry for up to one hour (Nowak, 2005).  Packs consist of up to 30 individuals. Increasing pack 

numbers means better overall success rate.  Average prey is around 50 kg but packs may take 

individuals up to 200kg. Pursue prey until exhausted.  One or two dogs grab the prey by the nose whilst 

others grab the hind quarters and flank and pull it to the ground, and disembowel it. Prey must then 

be defended from scavengers, chiefly hyenas and lions. Individuals may take small prey (Creel and 

Creel, 1995; Mccreery, 2000; Woodroffe et al., 2004).  
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Nyctereutes procyonoides, Raccoon dog. 

Appendix Figure 1.7 Nyctereutes procyonoides, A, outline of head, B, reconstruction of skull from CT.  

 

Taxonomy 

Diverged from other canids 7-10 Ma (Macdonald and Sillero-Zubiri, 2004; Wayne, 1993).  

Most closely related to Cerdocyon species, with whom they had a common ancestor (Berta, 

1987). 

Physical characteristics 

4-6kg in summer, 6-10 kg early winter.  Increase bodyweight by nearly 50% (MacDonald and 

Sillero-Zubiri, 2004; Nowak, 2005). Caudal mandible has an additional bony projection, the 

preangular process, for masticatory muscle insertion (Asahara and Takai, 2017; Ewer, 1973; 

Fujiwara and Suwa, 1991; Reynolds, 2012; Tedford et al., 1995). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/3=42 

Geographical distribution 

Occurs in dense forests and thick vegetation (Nowak, 2005).  Native range is the far eastern 

Asia, but introduced to the US, Russia and Europe as fur species in early 20th C. Now 

widespread in northern Europe (Kauhala et al., 1993; Macdonald and Sillero-Zubiri, 2004). 

Social behaviour 

In cold areas individuals may hibernate from November to March, with occasional days 

awake and foraging. In warmer areas, the species does not hibernate. Ranges shared by 

monogamous pairs, but hunting and foraging occurs alone. (Nowak, 2005; Macdonald and 

Sillero-Zubiri, 2004). 

Diet - generalist 

Omnivourous. Small rodents, reptiles, amphibians, fish and vegetable material.  A high 

proportion of the autumnal diet is made up of nuts and berries to sustain the raccoon dog 

through periods of hibernation in cold winters (Kauhala, 1993; Kauhala et al., 1998; 

Sidorovich et al., 2008; Sutor et al., 2010). 

Hunting strategy – pounce/pursuit predator 

Lone nocturnal foragers (Drygala and Zoller, 2014; Kauhala et al., 1993; MacDonald, 2009; 

Nowak, 2005). 
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Otocyon megalotis, Bat eared fox.  

Appendix Figure 1.8 Otocyon megalotis, A, outline of head, B, reconstruction of skull from CT.  

 

Taxonomy 

Unresolved position in many phylogenetic analyses (Zrzavy and Ricankova, 2004). 

Physical characteristics 

Small and slight, 3.9 – 5.3kg (Gittleman, 1989; Maas, 1993; Macdonald and Sillero-Zubiri, 

2004). Very large ears.  Caudal mandible has an additional bony projection, the preangular 

process, for masticatory muscle insertion (Ewer, 1973; Tedford et al., 1995). 

Dentition 

The dental formula is 3/3-1/1-4/4-3-4/4-5= total dentition is variable but is up to 50 teeth. 

The highest number of any eutherian mammal outside of odontocetes, the toothed whale 

species.  The deciduous dentition demonstrates unreduced carnassial teeth, however the 

adult dentition has lost the carnassial sheer and has almost uniform bunodont dentition in 

the premolars and molars (Kieser, 1995). 

Geographical distribution 

Two distinct ranges in eastern and Southern Africa, in short grass and scrubland 

environments (Macdonald and Sillero-Zubiri, 2004; Nowak, 2005). 

Social behaviour 

Live communally in dens, but forage in groups of 2-3 individuals (Malcolm, 1986; Macdonald 

and Sillero-Zubiri, 2004). 

Diet - generalist 

Predominantly insectivorous. Preferentially eats the adults and larvae of dung beetles and 

termites, but will also take small mammals, scorpions, birds and fruit. Although they do not 

eat large ungulates they rely on dung beetles that utilise ungulate dung, and on the termites 

that thrive on grasslands where ungulates roam, so are closely associated with large ungulate 

populations (Malcom, 1986; Kuntzsch and Nel, 1992; Maas, 1993; Klare et al., 2011). 

Hunting strategy – pounce/pursuit predator 

Often but not always nocturnal.  Listens for insect activity and may dig out subterranean prey 

(notably termites) (Malcom, 1986; Kuntzsch and Nel, 1992; Maas, 1993; Klare et al., 2011). 
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Speothos venaticus, Bush dog.  

Appendix Figure 1.9 Speothos venaticus, A, outline of head, B, reconstruction of skull from CT.  

 

Taxonomy  

Sole extant member of genus.  Possibly a monophyletic group with Chrysocyon brachyurus 

(Wayne et al., 1997; Lindblad-Toh et al., 2005), although this is unresolved, and other authors 

group Speothos with the canis group (Nyakatura et al., 2012). 

Physical characteristics 

A small compact dog with, short legs and tail, 5-8kg. Has webbed feet and is semi-aquatic 

(Macdonald and Sillero-Zubiri, 2004; Nowak, 2005). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/2=40. Lacking LM3 and having a distinctive cutting blade to 

LM1 (Zuercher et al., 2004).  

Geographical distribution Much of South America as far south as the southern extent of Brazil. 

Live in forests and wet savannahs, usually near water (Nowak, 2005; Zuercher et al., 2004). 

Social behaviour Very social. Lives and hunts in packs of up to 12 (Nowak, 2005; Zuercher et al., 

2004).  

Diet – hypercarnivore 

Primarily carnivorous hunts large rodents such as paca and capybara. Will also take armadillo, 

and mammals as large as tapir (de Mello Beisiegel and Zuercher, 2005; De Souza Lima et al., 2009; 

Zuercher et al., 2004; Zuercher et al., 2005). 

Hunting strategy – pursuit predator 

Usually diurnal. Primarily carnivorous hunts large rodents  such as paca, capybara and armadillo, 

even taking mammals as large as tapir.  May chase and capture prey in water (de Mello Beisiegel 

and Zuercher, 2005; De Souza Lima et al., 2009; Nowak, 2005; Zuercher et al., 2004; Zuercher et 

al., 2005). 
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Vulpes corsac, Corsac fox.  

Appendix Figure 1.10 Vulpes corsac, A, outline of head, B, reconstruction of skull from CT.  

 

Taxonomy 

Physical characteristics.  

Small vulpine, 2.1 – 3.2kg (Macdonald and Sillero-Zubiri, 2004; Nowak, 2005; Poyarkov and 

Ovsyanikov, 2004). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/3=42 (Macdonald and Sillero-Zubiri, 2004; Poyarkov and 

Ovsyanikov, 2004). 

Geographical distribution 

Extensive range throughout middle Asia and southern Russia. As far east as Mongolia and China, 

and as far west as the Ukraine.  Lives on the Steppes or semi desert. (Nowak, 2005; Poyarkov and 

Ovsyanikov, 2004). 

Social behaviour.  

The social unit is the breeding pair, with offspring which disperse at the end of the summer 

(Poyarkov and Ovsyanikov, 2004).  

Diet – small prey specialist 

Corsac – small and medium rodents and lagomorphs typically ground squirrels, marmots and 

hares.  Will scavenge large ungulate carcasses after larger predator kills (Clark et al., 2009; 

Murdoch et al., 2010; Poyarkov and Ovsyanikov, 2004). 

Hunting strategy – pounce/pursuit predator 

Solitary crepuscular and nocturnal hunters. Often detect prey through sound and scent. Stalk and 

then fast lunge at prey (Clark et al., 2009; Murdoch et al., 2010; Poyarkov and Ovsyanikov, 2004). 
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Vulpes vulpes, Red fox.  

Appendix Figure 1.11 Vulpes vulpes, A, outline of head, B, reconstruction of skull from CT.  

Taxonomy 

Physical characteristics   

Wide variation on body size and mass, 3-14kg. Vulpes vulpes is the largest species of vulpes 

(Macdonald and Sillero-Zubiri, 2004; Nowak, 2005). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/3=42 (MacDonald, 2009). 

Geographical distribution  

Widest geographical range of any extant Carnivoran. Can be found in almost all parts of the 

Northern hemisphere, with the exception of the extreme arctic and extreme desert conditions.  

Diverse habitats, from arctic tundra to cities, forests, desert (Macdonald and Reynolds, 2004; 

Macdonald and Sillero-Zubiri, 2004; Nowak, 2005). 

Social behaviour  

The usual social unit is a pair, but may also live with other related females in groups of up to 6 

(Macdonald and Reynolds, 2004). 

Diet – small prey specialist 

Very varied diet, dependent on geographical location and opportunities. Will take small 

mammals, invertebrates including earthworms, birds, eggs, carrion vegetable matter and refuse 

(Baker and Harris, 2004; Macdonald, 1977). 

Hunting strategy – pounce/pursuit predator 

Hunts alone, usually nocturnal and crepuscular.  Will kill small mammals with a jump high into air, 

land on quarry with forepaws, kill with shake and or bite.  May forage in groups for small 

invertebrates. Creep up on earthworms and gently pull them from their burrows. Will ambush 

small rodents and chase larger quarry, such as lagomorphs for a short time (Doncaster et al., 

1990; Macdonald et al., 2015; Macdonald and Reynolds, 2004; Nowak, 2005). 
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Vulpes zerda, Fennec fox. 

Appendix Figure 1.12 Vulpes zerda, A, outline of head, B, reconstruction of skull from CT.  

 

Taxonomy 

Sometimes considered in own separate genus, Fennecus, but more usually grouped with 

Vulpes (Asa et al., 2004; MacDonald and Sillero-Zubiri, 2004; Nowak, 2005; Wozencraft, 

2005). 

Physical characteristics 

The smallest canid, usually around 1kg. Very large ears and corresponding tympanic bullae. 

Slender muzzle and legs, with fur on underside of feet to help protect against hot sand (Asa 

et al., 2004; Nowak, 2005). 

Dentition 

The dental formula is 3/3-1/1-4/4-2/3=42 (Asa et al., 2004; MacDonald, 2009). 

Geographical distribution.  

Widespread across Northern Africa, in arid desert and sand dunes (Asa et al., 2004; 

Macdonald and Sillero-Zubiri, 2004). 

Social behaviour.  

Social unit is usually a mated pair and their offspring, often including the offspring from the 

previous year (Asa et al., 2004). 

Diet - generalist 

Mainly insects and small invertebrates.  Also takes small rodents and reptiles, vegetable 

matter and readily take refuse. Can live without direct water source (Asa et al., 2004; 

Larivière, 2002; MacDonald and Sillero-Zubiri, 2004; Nowak, 2005). 

Hunting strategy – pounce/pursuit predator 

Lone nocturnal hunters.  No evidence of pouncing behaviour but are likely to dig to find their 

mainly invertebrate prey (Asa et al., 2004; Larivière, 2002; Macdonald and Sillero-Zubiri, 

2004; Nowak, 2005). 
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Appendix 2. Dhole body mass in captivity details 

 

Appendix Figure 2.1. Animal weight report from ISIS documenting body mass range in 225 captive 

individuals from 1994 - 2014.  
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Appendix 3. Soft tissue landmarks. 

 

Landmark number Descriptor 

LEFT RIGHT  
1 5 Ventral most extent of temporalis inserting onto mandible 

2 6 Medial extent of temporalis (at mid brain level) 

3 7 Lateral extent of temporalis (opposite both caudal coronoid and 
foramen in cranial wall) 

4 8 Dorsal extent of temporalis (where it attaching to cranium). 

9 14 Dorsal medial pterygoid on cranium 

10 15 Dorsal lateral pterygoid on cranium 
11 16 Ventral medial pterygoid on cranium 

12 17 Ventral lateral pterygoid on cranium 

13 18 Lateral extent of masseter (opposite upper tooth). 
19 26 Dorsal temporalis (above coronoid process) 

20 27 Ventral temporalis attaching to cranium 

21 28 Ventral temporalis attaching to medial rostral mandible 

22 29 Ventral medial pterygoid on mandible 
23 30 Ventral lateral pterygoid on mandible 

24 31 Lateral masseter (just below mid zygomatic arch) 

25 32 Ventral extent of masseter 
33 37 Cranial ventral extent of (suprazygomatic) temporalis 

34 38 Dorsal extent of temporalis (above coronoid process) 

35 39 Extent of temporalis caudal to horizon of eye (i.e landmark 
immediately behind eye) 

36 40 Caudal extent of temporalis (opposite horizon of eye and caudal 
coronoid 

41 50 Rostroventral attachment of temporalis to cranium 
42 51 Rostral extent of temporalis below eye 

43 52 Rostral extent of temporalis above eye 

44 53 Dorsal extent of temporalis 
45 54 Caudal extent of temporalis (level of base of cranium, above 

tympanic bulla) 

46 55 Caudal ventral pterygoid 

47 56 Cranial ventral pterygoid 
48 57 Craniodorsal pterygoid 

49 58 Caudodorsal pterygoid 

59 66 Lateral masseter level with TMJ 

60 67 Lateral masseter level with rostral mandible 

61 68 Rostral lateral masseter 

62 69 Caudal masseter 

63 70 Rostral medial temporalis (medial to mandible) 
64 71 Rostrolateral attachment of pterygoids 

65 72 Caudal extent of temporalis medial to mandible 

73 74 Lateral extent of temporalis opposite midway point 
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Appendix 4. Pruned tree after Nyakatura (Nyakatura et al., 2012)  to only include species 

in this study. 

 

 
 

 

 


