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The biomechanics of foraging determines face length among kangaroos and 

their relatives 

D. Rex Mitchell, Emma Sherratt, Justin A. Ledogar & Stephen Wroe 

SUPPLEMENTARY MATERIAL  

Geometric morphometrics 

Sixteen species of macropods were sampled for 3D coordinate data.  The dataset included 236 

intact crania from the Australian Museum, the Queensland Museum, and the Natural History 

Museum of the University of New England. Adult specimens were prioritised; identified on the 

basis of eruption of the fourth molar [1]. Landmarks were digitised on the crania using a G2X 

Microscribe (Immersion Corporation, San Jose, CA) by one researcher (DRM). Thirty-two 

landmarks were digitised at homologous locations on the cranium, including teeth, foramina, 

and suture junctions (Fig. S1, Table S1). The landmarks used were based on those of a previous 

macropod study [2], with four exceptions: (1) Paired landmarks 1 and 22 of the original study, 

the fronto-parietal suture at the intersection of the temporal crest, were changed to where the 

fronto-parietal suture meets the dorsal rim of the orbit. The original landmark location was 

found to have high intraspecific variation, with medial expansion of the temporal fossa found in 

older individuals [3]; (2) Paired landmarks 9 and 29 [2], the latero-posterior-most point of the 

last functional molar, were removed after initial analysis because the location of the M4 

displayed a great deal of variation between adults of different ages due to the nature of molar 

progression [4] and the influence of age was not relevant to the main questions of this study; 

(3) Landmark 17 [2], Bregma, was excluded because it was not visible for many specimens that 

had complete medial convergence of the temporal fossae; (4) Landmark 21 [2], the inter-
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premaxillary suture at the alveolar margin, was removed as this point was often eroded away in 

weathered specimens.  

 

Figure S1: Landmark locations on a macropod cranium. Landmarks 19-32 on the left side are 

paired with landmarks 1-14 on the right side. 

 

Table S1: Landmarks used for morphometric analyses 

Number Location of Landmarks 

1 and 19 Fronto-parietal suture at the lateral frontal ridge 

2 and 20 Fronto-maxillary-lacrimal junction 

3 and 21 Zyomatico-maxillary-lacrimal junction 

4 and 22 Anterior-most point of the zygomatic process on 

the temporal bone 

5 and 23  Dorsal-most point of the zygomatico-temporal 

suture on the dorsal edge of the zygomatic arch 

6 and 24  Superior root of the zygoma on the temporal bone 

7 and 25 Posterior end of the zygomatico-temporal suture 

8 and 26 Ventral-most point of the anterior end of the 

zygomatic arch Masseteric process 

9 and 27 Alveolar margin at the latero-anterior-most point 

of the first premolar 

10 and 28 Infraorbital foramen 
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11 and 29 Maxillary-premaxillary suture at the alveolar 

margin 

12 and 30 Alveolar margin at the posterior-most point of the 

3rd incisor 

13 and 31 Naso-premaxillary suture at the margin of the nasal 

aperture 

14 and 32 Fronto-naso-maxillary junction 

15 Lambda 

16 Naso-frontal suture at the midline 

17 Tip of the nasal bone at the midline 

18 Interpremaxillary suture at the ventral margin of 

the nasal aperture 

 

Diet groups 

Each species was categorised by diet (Table S2). The dominant vegetation type of each 

species within its natural environment was prioritised [5]. These preferences amounted to six 

categories: roots and tubers, fungi, fruit, a mixed diet, browse, and graze [6]. Diet allocations 

were most often via consensus of the literature [7], but there were some exceptions:  

(1) The rufous bettong (Aepyprymnus rufescens) has not previously been allocated a 

dietary category in the literature. This species has an omnivorous diet that includes 

invertebrates, tuberous roots, grass leaves and seeds, perennial herbs, flower buds, 

fruit, fungi and gum exudate [8-9]. Most research indicates that the diet of A. 

rufescens is dominated by the roots and tubers of native and introduced plants [8-

12]. However, dietary composition is subject to seasonal availability and diet can 

include up to 80% graze [13] (however this value was derived from carbon isotopes 

and may still represent the roots of grasses). Given that the literature is dominated 

by claims of a rhizophagous diet, this species was classed as a specialist of fibrous 

roots and tubers. 
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(2) The musky rat-kangaroo (Hypsiprymnodon moschatus) is omnivorous, with a diet 

that includes fruit, fungi, seeds and insects. Most research indicates that the diet is 

dominated by fruits and supplemented with fungi and invertebrates [9,14-15]. This 

species was classed as a fruit specialist for accuracy, although previously classed as a 

fungivore [7]. 

(3) The rufous hare-wallaby, or mala (Lagorchestes hirsutus), incorporates a wide range 

of items into its diet, including seeds, leaves, forbs and fruits.  There is a preference 

for softer, less fibrous foods such as fruits and seeds in more productive months; 

while monocot and dicot leaves are more frequently eaten in drier months [16]. 

Thus, although this species is sometimes described as a browser [17] or seed 

specialist [18], it was classed as a mixed feeder (intermediate browser/grazer) for 

the purposes of this study [6]. 

(4) The red-necked wallaby (Macropus rufogriseus) can include a large proportion of 

browse in its diet where native grasses are rare or very limited, such as high alpine 

environments [19] or exotic environments upon its introduction [20]. However, such 

cases of extreme diet shift have also been observed for other grazing species when 

their preferred foods are scarce [21]. This species prefers a habitat comprised of 

sclerophyllous forestation [22] and in such habitats they preferentially select native 

grasses, resulting in a diet of up to 84% graze, and incorporate forbs only as a 

secondary food source [11,23]. Therefore, M. rufogriseus is classed it as a grazer, in 

terms of its general preference within its natural environment. 
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Table S2: List of species, number of specimens and allocated diets 

Species Specimens Diet 

Aepyprymnus rufescens 15 Roots 

Bettongia penicillata 16 Fungi 

Dendrolagus dorianus 19 Browse 

Dendrolagus lumholtzi 16 Browse 

Hypsiprymnodon moschatus 7 Fruit 

Lagorchestes hirsutus 13 Mixed 

Macropus dorsalis 10 Graze 

Macropus giganteus 15 Graze 

Macropus robustus 15 Graze 

Macropus rufogriseus 15 Graze 

Macropus rufus 15 Graze 

Onychogalea fraenata 14 Mixed 

Petrogale penicillata 15 Mixed 

Potorous tridactylus 15 Fungi 

Thylogale stigmatica 21 Mixed 

Wallabia bicolor 15 Mixed 

 

Morphometric analyses 

All analyses were conducted in in R v.3.2.5 [24]. Firstly, to account for measurement 

error, one specimen per species was digitised twice by the same researcher. Mean Procrustes 

distances between specimens and between the two replicates were calculated. The proportion 

of variation found between specimens was calculated as a percentage of the combined 

variation contributed from between the replicates and between the specimens [25]. The 

measurement error was considered negligible if it contributed 5% or less of this variation. We 

found that 4.62% of the total variation was due to inconsistencies in digitisation; indicating that 

the results are more than 95% repeatable. 

Most specimens examined did not offer clear indications of sex and so sexual 

dimorphism was not explored in this study. Previous morphometric analyses have all found 
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little statistical support for sexual dimorphism in cranial features of macropods, with exception 

to M. rufus [2,26]. In such cases, variation between species was greater than variation 

attributed to sexual dimorphism [2,26]. Given the broad taxonomic nature of this study, pooling 

of sexes for morphometric analyses was considered reasonable. 

The data were subjected to a generalised Procrustes superimposition to remove non-

shape variation [27], using the ‘gpagen’ function in the Geomorph R package (v. 3.0.2) [28]. As 

most landmarks were paired, the shape variables for the symmetric component of shape were 

extracted [29] using the ‘bilat.symmetry’ function (Geomorph). We assessed evolutionary 

allometry and diet, while accounting for phylogenetic relationships, by conducting a 

phylogenetic regression on shape data [30], using the ‘procD.pgls’ function (Geomorph). The 

phylogenetic tree (Fig. S2) was generated using Mesquite v. 3.2 [31] using time-calibrated 

molecular data [32-33]. 

 

Figure S2: Phylogenetic tree of Macropodiformes. Scale = million years 
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Principal component analysis of the coordinate data (PCA) was then performed to 

examine shape variation and distributions of each species in a shape (tangent) space. PC axes 

were explained in relation to morphology by performing correlations on PC scores and ratios 

(indices) generated from linear measurements between landmarks of interest, obtained with 

the ‘interlmkdist’ function (Geomorph). To visualise the shape variation associated with the 

main PC axes, we used a 3D warping approach [34]. A surface mesh (triangular isosurface) of a 

morphologically average specimen (T. stigmatica), was created in Mimics (version 17) by 

thresholding the tomograph for bone, generated by X-ray computed tomography (CT). The 

average mesh was then warped using thin-plate spline (TPS) approach to represent the average 

shape in the data. The mesh was then warped to the shapes representing the minima and 

maxima of each respective PC axis using TPS for a visual interpretation of the principal 

components. 

Since the muzzle morphology is a functionally relevant trait, we calculated its relative 

length from the landmark data (muzzle tip to naso-frontal suture/muzzle tip to lambda), then 

conducted a separate generalised least squares model using the ‘gls’ function from the nlme R 

package [35]. We tested two separate models: muzzle length ~ diet, and muzzle length ~ 

log(centroid size) + diet. 

 

Finite element analysis 

A morphologically average specimen of each species, in good condition for CT scanning 

and modelling, was selected from the shape analysis. Smaller specimens were scanned at either 

the University of New South Wales, on a Inveon microCT (Siemens, Victoria), or the University 
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of New England, on a Phoenix v-tome-x Industrial High-Resolution CT scanner (GE Sensing & 

Inspection Technologies; Wunstorf, Germany), with slice widths ranging from 0.6-1.0mm at up 

to 300ms exposure. Larger species were carried out on a Siemens somatom definition AS CT 

scanner; slice width 0.75 with 0.70 increments. 

 

Model assembly 

Construction of FEMs largely follow a combination of protocols used Wroe, et al. [36] 

and Ledogar, et al. [37]. Surface meshes were generated using Mimics v. 18.0, converted to 

solid (i.e., volumetric) FEMs using 3-Matic Research v.10.0, and imported into Strand7 v.2.4.4 

finite element software. The FEMs were composed of approximately 1.7 million 3D four-noded 

tetrahedral elements. Models were assigned homogeneous and isotropic material properties, a 

method considered appropriate for comparative studies that aim to identify the influence of 

shape, rather than predict absolute stress/strain values [38-41]. Average material property 

values for mammalian bone were allocated to the models (Young’s modulus: E = 20 GPa; 

Poisson’s ratio:  v = 0.3) [42-43]. Despite previous analyses identifying that homogeneous 

material properties influence absolute strain magnitudes, they have little effect on relative 

strain distributions, and thus are acceptable for comparative contexts [44]. The results from this 

methodology therefore represent relative, rather than absolute predictions and should be 

interpreted as parameters estimated from cranial geometry alone, that do not reflect actual in 

vivo bite forces or resulting strain [45]. 
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Muscle Forces and loading conditions 

Seven masticatory muscle divisions, described for macropods [46], were individually 

allocated to each model: the deep masseter (MD), intermediate masseter (MI), superficial 

masseter (MS), zygomaticomandibularis (Z), lateral pterygoid (PL), medial pterygoid (PM), and 

temporalis (T) muscles. The maximum cross-sectional area (CSA) of each muscle was obtained 

from a dissection of a red-necked wallaby (Macropus rufogriseus), from photographs of each 

removed muscle using ImageJ (v. 1.50i). The muscle proportions obtained were comparable to 

previous results from other macropod species [43,46] and are presented in Table S3.  

 

Table S3: Muscle proportions from M. rufogriseus dissection 

Muscle CSA (cm2) Proportion 

MD 1.478 0.101 

MI 2.315 0.158 

MS 2.150 0.147 

Z 1.586 0.108 

M(total) 7.529 0.514 

T 3.901 0.266 

PL 1.641 0.112 

PM 1.573 0.107 

P(total) 3.214 0.219 

 

As 300 kilo-Newtons are produced for every square metre of striated muscle [47], 

magnitudes of muscle force were estimated by multiplying the CSA by a constant value for 

muscle stress of 0.3 N.mm-2. Muscle forces were then scaled, from the M. rufogriseus 

specimen, to each other species using a 2/3 power rule based on cranial volume [39,48] (Table 

S4).  
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Table S4: Scaled muscle forces for all FEMs 

   Mass MD MI MS Z PL PM T Total 

A. rufescens 2.197 21.99 34.44 31.98 23.59 24.41 23.40 58.03 217.85 

B. penicillata 1.003 13.99 21.91 20.35 15.01 15.53 14.89 36.92 138.60 

D. dorianus 7.621 43.28 67.80 62.96 46.45 48.06 46.07 114.24 428.85 

D. lumholtzi 4.225 35.53 55.65 51.68 38.12 39.45 37.81 93.77 352.00 

H. moschatus 0.754 10.10 15.82 14.69 10.84 11.22 10.75 26.66 100.09 

L. hirsutus 1.771 17.01 26.65 24.75 18.26 18.89 18.11 44.90 168.56 

M. dorsalis 10.639 36.02 56.42 52.40 38.65 39.99 38.34 95.07 356.90 

M. giganteus 44.681 89.38 140.00 130.02 95.91 99.24 95.12 235.91 885.57 

M. robustus 26.668 74.93 117.37 109.00 80.41 83.20 79.75 197.77 742.42 

M. rufogriseus 18.957 62.63 98.10 91.11 67.21 69.54 66.66 165.31 620.56 

M. rufus 39.392 101.91 159.63 148.25 109.36 113.15 108.46 268.99 1009.76 

O. fraenata 2.511 22.58 35.37 32.85 24.23 25.07 24.03 59.60 223.73 

P. penicillata 6.999 33.46 52.41 48.67 35.90 37.15 35.61 88.31 331.51 

P. tridactylus 1.661 14.89 23.32 21.66 15.98 16.53 15.85 39.30 147.54 

T. stigmatica 6.122 30.15 47.23 43.86 32.36 33.48 32.09 79.59 298.77 

W. bicolor 10.771 48.66 76.22 70.79 52.22 54.03 51.79 128.43 482.13 

          

 

Crania and dentaries were arranged with a gape angle of 10-10.5⁰ at the incisors using 

Geomagic Studio 2014. To apply muscle forces to the models, groups of plate elements 

representing each muscle origin were created. Muscle forces were applied to these plates using 

Boneload, with muscle force vectors oriented toward their respective insertion sites on the 

mandible. This method accounts for muscle fibres wrapping around curved surfaces of bone 

[49]. Loaded plates were then imported into the FEMs, modeled as 3D membranes (thickness = 

0.0001mm), and “zipped” at their nodes to the surface faces of elements.  

To simulate a bilateral incisor bite, a single node was chosen at both 

temporomandibular (TMJ) joints and constrained against translation in all directions, while an 

individual node was also chosen on the tip of each first incisor and constrained in the dorso-

ventral axis only. These constraints create an axis of rotation around the TMJs upon the 

application of muscle forces, inducing deformation in the craniofacial skeleton and generating 

reaction forces at the constrained nodes [37].  
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Mechanical efficiency 

The body mass (BM) was estimated for each specimen, using a formula for diprotodont 

marsupials derived from cranio-mandibular linear measurements [50]. After solving the models, 

bite reaction force (BRF) was obtained for each loading from the restrained nodes at the 

incisors. The correlation between logBM and logBRF was plotted across species (Fig. S3).  

 

 

Figure S3: Regression of bite reaction force and body mass across all species. 

 

The regression line represents the expected BRF for a given size across all species 

examined. A mechanical efficiency quotient (MEQ) was generated from the residuals of the 
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regression for each species in order to compare the mechanical efficiency across species of 

different body mass.  

��� = ��� + 100 ∗ (��������) 

Where 100 is the arbitrary value given to the regression line, and residuali is the observed BRFi 

minus the predicted value of BRFi obtained from the regression line. This is similar to the bite 

force quotient [51], and is based on the difference between an actual bite reaction force 

obtained from the models and bite reaction force that would be ‘average’ for a macropodiform 

of a given body mass. The MEQ thus offers an indication of mechanical efficiency, derived from 

the disparity between expected BRF for a given BM (MEQ = 100), versus the observed value, 

represented by an increase (MEQ >100) or a decrease (MEQ <100). We then used a linear 

model to test for a correlation between muzzle length and MEQ values. 

After assessing biomechanical advantage, we wished to examine performance. 

However, the strain magnitudes from the initial FEMs were highly influenced by the variation 

contributed by the range of muzzle lengths and resulting mechanical advantage across species. 

Since bite force diminishes with increased distance from the temporomandibular joint [52], all 

species were performing different biting actions for their size in the initial scaled models. The 

species with the longest muzzles gave the lowest BRF values and, therefore, lowest strain 

values, while species with short muzzles displayed higher BRF and, therefore, higher relative 

strain magnitudes. To compare performance more meaningfully, we aimed to standardise this 

variation and ensure that all species were performing an equivalent bite, relative to body mass. 

To achieve this, muscle forces were adjusted for each model such that they generated the 

‘average’ or expected BRF for a macropodiform of that body mass [53] as identified by the 
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regression line in Figure S3. This removed the variation attributed to mechanical efficiency. 

Adjusted muscle forces are shown in Table S5. 

 

Table S5: Muscle forces adjusted to predicted bite force 

 MD MI MS Z PL PM T Total 

A. rufescens 18.10 28.36 26.33 19.43 20.10 19.27 47.78 179.37 

B. penicillata 13.60 21.30 19.78 14.59 15.10 14.47 35.90 134.75 

D. dorianus 31.38 49.16 45.65 33.68 34.84 33.40 82.83 310.94 

D. lumholtzi 27.02 42.33 39.31 29.00 30.00 28.76 71.33 267.75 

H. moschatus 12.69 19.88 18.46 13.62 14.09 13.51 33.50 125.77 

L. hirsutus 15.18 23.78 22.08 16.29 16.85 16.15 40.06 150.39 

M. dorsalis 43.73 68.50 63.62 46.93 48.56 46.54 115.43 433.31 

M. giganteus 107.88 168.98 156.94 115.77 119.78 114.82 284.75 1068.92 

M. robustus 72.00 112.77 104.73 77.26 79.94 76.63 190.03 713.36 

M. rufogriseus 64.37 100.82 93.64 69.07 71.47 68.51 169.90 637.78 

M. rufus 102.62 160.73 149.27 110.12 113.93 109.21 270.85 1016.74 

O. fraenata 21.55 33.75 31.35 23.12 23.93 22.93 56.88 213.51 

P. penicillata 32.83 51.42 47.76 35.23 36.45 34.94 86.66 325.30 

P. tridactylus 20.52 32.14 29.85 22.02 22.79 21.84 54.17 203.34 

T. stigmatica 33.49 52.46 48.72 35.94 37.19 35.65 88.40 331.86 

W. bicolor 46.88 73.43 68.20 50.31 52.05 49.90 123.74 464.51 

 

Collection of strain data 

 The deformation and failure of bone is considered to follow a strain-controlled, ductile 

pattern [54]. Von Mises (VM) strain was therefore used to visually represent the magnitudes 

and distributions of deformation [37]. To examine deformation of the rostrum under each bite 

simulation, strain magnitudes were extracted from 13 locations in total from each model. These 

spanned the length of the cranium, however, unlike previous studies that collect strain data 

only from equidistant semilandmarks [43,54], we partitioned regions of the cranium using four 

fixed landmarks (landmarks 15, a midpoint between points 1 and 19, and 16 and 17 from the 
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GMM analyses) and added three equidistant semilandmarks between each successive pair (Fig. 

S4). This ensured that each landmark more accurately represented consistent regions of the 

crania across species with differing relative muzzle lengths. We used Landmark Editor (IDAV, 

Version 3.6) to allocate these. Average VM strain was calculated at each location from the 

bricks surrounding the focal node using custom code for Strand7, created by Samuel Evans, of 

the University of Newcastle. 

 

Figure S4: Landmarks (X) and semi-landmarks (•) for strain data collection. 
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