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General Abstract 

In ecomorphological or ecophysiological studies, variation in ‘design’ traits (e.g. 

size, morphology and physiology) is thought to determine variation in ecologically-

relevant performance traits, which in turn determines fitness in a particular habitat 

(Arnold 1983). Thus, natural selection is thought to act most directly on intermediate 

traits such as measures of locomotory performance. This thesis examined this process in 

the closely related group of Australian varanids lizards (Squamata: Varanidae).  

Phylogenetically, varanids are divided into three major clades. Size (mass and 

snout-to-vent length) is strongly correlated with these three clades. Two clades, (Gouldii 

and Komodoensis) are large, while the third clade (Odatria) has a smaller body size. 

Thus, there is considerable variation in size for various species. Size varied for species 

by three orders of magnitude. Size is also related to two ecological characteristics, 

foraging mode and habitat openness. Widely-foraging species were larger than sit-and-

wait strategists, while species from open habitats were larger than species from semi-

open or closed habitats. However, given the tight link between size and phylogeny we 

cannot separate adaptation of size to ecological traits from that of phylogenetic patterns.   

Of interest throughout this thesis was how variations in design (e.g. morphology 

and physiology) were related to ecological characteristics. Since body size also 

influences many of these morphological and physiological characteristics it is often 

necessary to remove the effects of size. Three design traits were examined in detail: 

body dimensions, vertebral number and metabolic rates.  

All body dimensions, except the lower forelimb, scaled isometrically with body 

size. This suggests that varanids are predominately geometrically similar. However after 

removing the effects of size, there were small differences in body dimensions that were 

related to some aspects of ecology, particularly retreat site.  

Postsacral vertebral number was significantly and positively related to snout-to-

vent length, while presacral vertebral number was independent of size. When actual 

vertebral numbers were related to ecological traits, postsacral vertebral number was 

significantly related to openness. However, this appears to the result of an association 
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between size and openness. When size-corrected, vertebral numbers were not related to 

any ecological trait.  

Standard and maximal metabolic rates were also significantly and positively 

related to size (e.g. mass). After correcting for this size effect using residuals, metabolic 

rate could not be confidently related to any ecological characteristic.  

I measured three locomotor performance traits, endurance, sprint speed and 

acceleration, to examine the relationship between these design traits and ecology 

through locomotion. Endurance was not related to size inter-specifically. Rather, 

maximal metabolic rate had the strongest relationship with inter-specific endurance. 

Endurance in turn, was related to both climate and foraging mode. Lizards from xeric 

climates had a greater endurance capacity than lizards from tropical climates, while 

lizards that tend to forage widely had a higher endurance than those that are generally 

sit-and-wait strategists. So, endurance is a link between design and foraging mode.  

Two other locomotor traits, speed and acceleration, were positively correlated 

with size inter-specifically. A curvilinear equation best described this relationship 

between mass and speed, suggesting an optimal mass with respect to speed of 2.2 kg. A 

linear relationship best described the change in acceleration with mass; heavier varanids 

had the fastest acceleration. Speed and acceleration were also related to habitat 

openness. This suggests that speed and acceleration may be links between size and 

habitat openness. Once the effect of size was removed, differences in relative speed and 

acceleration were related to size-free body dimensions (e.g. forefoot length). 

Furthermore, relative speed was still related to habitat openness, but relative 

acceleration was not; species from open habitats were relatively faster than species from 

semi-open or closed habitat types. This suggests that high speed has evolved with 

openness of the habitat.  

Speed was also related to a climbing habit. The mean sprint speed for non-

climbing species was higher than for climbing species, but not significantly so due to a 

low sprint speed score of Varanus brevicauda. Varanus brevicauda was classified as a 

non-climbing species since it is often found in spinifex (Triodia sp.) on the ground; 

however some observations suggest that it may climb through these dense spinifex 

clumps, and is therefore difficult to classify. When this species was removed from the 

analysis, climbing species have significantly slower sprint speed and non-climbing 

species.  
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It is difficult to measure directly some locomotory performance abilities such as 

climbing ability, sure-footedness or maneuverability. Therefore I measured the 

kinematics of movement for lizard strides and used biomechanical models to infer these 

locomtor abilities. There were differences in size-corrected kinematics characteristics of 

the lizard stride for species when grouped according to habitat openness or climbing 

ability.  

Species from open habitats had a longer stride length and step length, while 

species from closed or semi-open habitats had a lower hip height and greater change in 

pelvic tilt and yaw. These results were consistent with increased maneuverability (but 

lower speed) in closed habitats and increased speed (but lower maneuverability) in more 

open habitats. These relationships reflect expectations based on biomechanical models 

but were not significant when analysed in a phylogenetic context; therefore, I cannot 

infer adaptation of these patterns. The greatest kinematic differences were between 

climbing and non-climbing species. Climbing species had a lower effective hip height, a 

shorter stride length and greater forward extension of the femur at footfall. These 

associations were significant when analysed using both non-phylogenetically corrected 

and phylogenetically corrected methods, and were therefore consistent with adaptation 

to a climbing habitat. Kinematic patterns for climbing lizards support biomechanical 

predictions of increased stability on narrow or inclined surfaces, while kinematic 

patterns associated with non-climbing species are associated with increased speed.  

Curiously, no performance variable linked differences in size-free body 

dimensions to retreat sites. This suggests that there is either a direct link between design 

and ecology (e.g. dorso-ventral compression), or some unmeasured performance 

variable related to retreat site. Given that most performance traits are thought to involve 

kinematic movements of the hindlimb limb and pelvis, and these were not best related 

to retreat site, then a direct link between design and ecology with respect to retreat site 

seems possible.  

In summary, this thesis provides evidence not only for links between design and 

ecology mediated by locomotory performance traits, but also direct links between 

design and ecology, for Australian varanid lizards.  
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The extent to which organisms are adapted to the challenges in their specific 

environment has been the subject of wonder and biological study. Originally this 

seemingly perfect match between form and function was used as proof for the existence 

of a divine designer. In a twist of irony however, Darwin (1859) used the same 

relationship between form and function to argue for the evolution of forms via natural 

selection.  

Selection for a trait in a certain environment does not always act directly on 

morphology (or physiology). Instead natural selection is thought to act most directly on 

intermediate traits such as locomotory performance (Arnold 1983; Emerson and Arnold 

1989; Garland and Losos 1994; Isrchick and Garland 2001). Locomotor abilities set the 

ultimate limits within which normal behaviour must be achieved, and are considered 

crucial for catching prey, and evading predators (Christian and Tracy 1981; Jayne and 

Bennett 1990). Locomotion is involved in almost every aspect of behaviour and has 

been shown to have a significant effect on the ability to perform in a given environment 

(e.g. Garland 1999; Huey and Stevenson 1979; Losos 1990b). In addition, it can affect 

social status (Robson and Miles 2000) and, most importantly, it can constitute the 

difference between eating and being eaten (Tenney 1967). Thus locomotion is widely 

used in evolutionary studies (Garland and Losos 1994). 

Arnold (1983) first proposed the “performance paradigm”, a theoretical 

framework for relating variation among individuals in morphology, performance and 

fitness (Figure 1.1). This performance paradigm assumes that variation in lower level 

design traits (such as morphology, physiology or biochemistry) determines variation in 

some ecologically relevant performance traits (such as sprint speed or endurance). 

Selection then acts directly upon these performance variables, such that these 

performance traits should be correlated with Darwinian fitness. Thus, the adaptive 

significance of a feature could be estimated statistically by measuring both the 

performance gradient (between design and performance) and the fitness gradient 

(between performance and fitness). Importantly, the paradigm addressed the question of 

whether natural selection is acting on design or performance directly. This paradigm 

suggested that the design of an organism affects fitness only to the extent that it affects 

performance.  
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Figure 1.1 Arnold’s (1983) performance paradigm.  

 

Arnold’s (1983) original paradigm used the term morphology instead of design. 

Design is used here after Aerts et al. (2000), to avoid confusion in terminology. Design 

is considered to include all of the morphological, physiological, biochemical, and 

neurological traits of an organism. This is by no means is an exhaustive list, nor does it 

imply that morphological or physiological traits influence the organism to the same 

extent; they simply group together since they are at a level of biological organisation 

below the whole animal. Fitness refers to the number of progeny produced by an 

individual during its lifetime in a population of constant size (or progeny number 

corrected for the rate of growth in a non-stationary population; Emerson and Arnold 

1989). 

Few studies have attempted to directly measure natural selection acting on 

individual variation in locomotor performance. Jayne and Bennett (1990) found that the 

survivorship of garter snakes (Thamnophis sirtalis) was positively related to laboratory 

measures of speed and maximum distance crawled, although not during the first year of 

life. Christian and Tracy (1981) reported that the ability of hatchling land iguanas 

(Conolophus pallidus) to escape predation by Galapagos hawks (Buteo galapagoensis) 

was influenced by the thermal environment, and hence maximum achievable speed. 

When temperatures were low (< 32°C), iguanas were shown to have a sub-maximal 

sprinting ability, and hawks were successful in 67% of attacks. At higher temperatures 

(> 32°C), when lizards could obtain higher (maximal) sprint speeds, hawks were 

successful in only 19% of attacks. However, in a more recent study, Le Galliard et al. 

(2004) correlated survival to initial endurance, reporting that survival was low for the 

few lizards with very low endurance but was nearly neutral at intermediate and high 

levels of endurance, suggesting that high stamina did not increase fitness in this 

population. Further studies would be needed before the direct selective significance of 

locomotory performance could be confidently assessed. The reason so few studies have 

 3 
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attempted this is probably because it is often difficult, and time intensive, to measure 

fitness (e.g. survivorship) directly. 

An alternative way of approaching the problem is to test the paradigm across 

different species. In this case, the paradigm does not include the relationship between 

design to performance and then performance to fitness; rather it involves the 

relationship of design to performance, then the relationship between performance and 

ecological traits (e.g. habitat). The logic is as follows; assuming the absence of 

constraints (Maynard Smith et al. 1985), design differences within a population lead to 

differences in fitness through performance. Design and performance traits will then be 

selected such that the most ‘fit’ design should evolve within that population. If different 

ecological characteristics impose different selective pressures on performance and 

design for different populations, then we might expect differing designs to evolve 

among these populations. Thus, design is expected to influence performance which in 

turn, should be related to the ecological traits of that species (Figure 1.2), an idea that 

can be tested statistically via an association between design with performance, and 

performance with ecological traits. 

 
Figure 1.2 Modified version of Arnold’s (1983) performance paradigm used 

for inter-specific comparisons in this study.  

 

The inter-specific approach has the added advantage of comparing the 

relationship between morphology and performance at both the intra- and inter-specific 

levels. Currently there are no strong theoretical grounds for presuming that performance 

relationships should be the same between intra- and inter-specific comparisons, as this 

subject has received little empirical exploration (Emerson and Arnold 1989).  

Since Arnold (1983) published the performance paradigm, some studies have 

discussed further expansions. For example, the placement of behaviour in Arnold’s 

performance paradigm was unclear. Emerson and Arnold (1989) placed behaviour at the 

first level of complexity along with morphology, physiology and biochemistry. 

However, Garland and Losos (1994) argued that behaviour acts as a filter between 
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performance and fitness. Performance, they claimed, generally indexes an animal’s 

ability to do something when pushed to its morphological, physiological and 

biochemical limits, which in turn constrains behaviour. Thus selection was thought to 

act most directly on behaviour, or how the animal actually interacts with its 

environment.  

Another expansion of the paradigm that has received less attention is whether 

there is a direct link between design and fitness (or ecology). Arnold (1983) omitted this 

path from the original paradigm, and few studies have empirically addressed a direct 

link. Garland and Losos (1994) suggested some hypothetical possibilities where a direct 

path between design and fitness may exist. For example, an albino blind snake is likely 

to suffer reduced fitness relative to a normally pigmented individual because the former 

will have a higher probability of being spotted by a predator. In another example, 

Garland and Losos (1994) noted that body size affects the outcome of intra-specific 

behavioural interactions. If size alone influences the decision to fight or not, and 

therefore influences the outcome of an agonistic interaction, then morphology (in this 

case size) alone may have a direct link to fitness.     

Another modification of the paradigm was suggested by Aerts et al. (2000). 

Sometimes the link between morphology and performance can be quite subtle (Garland 

1994; Miles 1994; Van Damme et al. 1998), so Aerts et al. (2000) suggested inserting 

an extra step between morphology and performance, the kinematic properties of the 

stride (e.g. spatio-temporal gait characteristics). They argued that kinematic properties 

of the stride are the outcome of the complex interaction of all the design features, and 

can be considered as integrated, dynamic design traits of an organism. Further, they 

suggested that these traits may be directly related to both performance and ecology.  

This thesis will examine locomotion in a group of closely related lizards, the 

Australian varanids, using a statistical approach suggested in Arnold’s (1983) paradigm.  

• Chapter 2 will describe methodology used through this thesis. 

• Chapter 3 will present the group of Australian varanids, and report on 

their phylogenetic relationship using molecular techniques. It will then 

report on variation in size, body dimensions, vertebral numbers and 

metabolic rates both within and among species. It will then look for 

relationships between these design features with ecological 
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characteristics. It is predicted that any relationship between design and 

ecology will be mediated by some ecologically-relevant performance 

trait. 

• Chapter 4 reports the link between design and ecological traits through 

the locomotory performance variable of endurance capacity. The 

performance gradient (between morphology or physiology with 

endurance) is examined at both the intra- and inter-specific level, and 

then the relationship between endurance and ecological characteristics is 

examined at the inter-specific level.  

• Chapter 5 reports the link between design and ecological traits through 

the performance variables of speed and acceleration. Again the 

performance gradient is examined at both the intra- and inter-specific 

levels, and then the link between sprint speed and acceleration with 

ecological traits is examined at the inter-specific level.  

• Chapter 6 reports on variation in the kinematics of a lizard stride, both 

within and among species. It then relates inter-specific variation in 

kinematic characteristics with both inter-specific performance traits and 

ecological traits.  

• These results are then summarised in a general discussion, in Chapter 7, 

of the link between design and ecology through performance for 

Australian varanids.  
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This chapter describes the methods used throughout this study. Table 2.1 

indicates collection localities for individuals used, and also identifies how many 

individuals were used in each experiment. The respective methods are then presented in 

the same order as the chapters. It commences with methods for building phylogenetic 

trees and measuring morphological and physiological parameters. Then methods are 

described for measuring performance variables; endurance, speed and acceleration. 

Finally, the methods for how 3 dimensional kinematic variables were collected are 

described.  

 

2.0 Animals and Sample Collection 
 
 

Lizards were captured using a variety of techniques including pit trapping and 

hand foraging. Lizards that were sick, injured or obviously malnourished were not 

included. The sex of each lizard was identified by everting one of the hemipenes. 

However, this involved a level of uncertainty (males can be misidentified as females), 

especially for larger lizards due to their heavy musculature of the tail. Several lizards 

were subsequently found to be misidentified. For this reason both males and females 

were treated together. All specimens used in the study were ‘wild caught’; lizards that 

were bred and raised in captivity were excluded from the analysis since they often 

produced obviously sub-maximal performance scores.  
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Table 2.1 Samples size and collection localities for the specimens used in this study. Columns represent numbers used for each 
section. Ph – Phylogenetics; M – Morphology; Phy – Physiology; E – Endurance; S – Sprint speeds and acceleration; K – Kinematics.  

 
Species Location Latitude, Longitude Ph M Phy E S K 
V. acanthurus  Auski road house 22º 17’ S, 118º 47’ E 1 6 - 4 6 3 
V. brevicauda Giralia Stn.  22º 41’ S, 114º 25’ E - 2 - 2 2 2 
V. caudolineatus Ora Banda 30º 23’ S, 121º 04’ E 1 5 - 5 5 - 
V. eremius Giralia Stn. 22º 41’ S, 114º 25’ E 1 7 - 4 4 3 
V. giganteus Sandstone 28º 02’ S, 119º 15’ E 1 4 - 3 3 3 
V. gilleni Kiwirrkurra  27º 57’ S, 127º 45’ E 1 5 - 5 5 4 
V. gilleni species Auski road house 22º 17’ S, 118º 47’ E 1 - - 7 7 - 
V. glauerti Kununarra    15º 47’ S, 128º 45’ E 1 7 5 4 7 7 
V. gouldii Perth 31º 55’ S, 116º 00’ E - 5 2 3 3 2 
V. gouldii Ora Banda 30º 23’ S, 121º 04’ E - 9 7 11 10 6 
V. gouldii Sandstone 28º 02’ S, 119º 15’ E 1 2 - 1 1 1 
V. kingorum Warmun       16º 58’ S, 128º 17’ E 1 7 4 6 7 4 
V. mertensi Kununarra    15º 47’ S, 128º 45’ E - 13 - 11 11 - 
V. mitchelli  Kununarra    15º 47’ S, 128º 45’ E 2 7 1 7 7 3 
V. panoptes panoptes Kununarra    15º 47’ S, 128º 45’ E 2 10 - 7 6 2 
V. panoptes rubidus Sandstone 28º 02’ S, 119º 15’ E 1 13 - 5 11 6 
V. pilbarensis Pilbara  - 5 5 5 5 - 
V. rosenbergi Augusta 34º 19’ S, 115º 10’ E 1 2 - - 2 1 
V. scalaris Kununarra    15º 47’ S, 128º 45’ E 2 7 2 7 7 4 
V. storri Kununarra    15º 47’ S, 128º 45’ E 2 9 6 6 8 7 
V. tristis Pilbara  - 1 - 1 1 - 
V. tristis Kununarra    15º 47’ S, 128º 45’ E 1 1 - 1 1 - 
V. tristis Mt Gibson 29º 35’ S, 117º 26’ E - 4 3 4 3 2 
V. tristis Kiwirrkurra  27º 57’ S, 127º 45’ E - 1 1 1 1 1 
V. varius Malacoota, Vic 37º 35’ S, 149º 43’ E - 2 2 2 2 2 
Total   20 134 38 112 125 63 
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2.1 Phylogeny 

Phylogeny and environment both affect species variation. Inter-specific 

comparisons are most commonly used to examine species adaptation to their 

environment (Harvey and Purvis 1991). However, closely related species may be 

more similar. To characterise, and account for this, a phylogeny was developed using 

DNA from skeletal muscle.  

Skeletal muscle tissue was collected from dead, frozen or alcohol preserved 

specimens. Details of sample collection localities are presented in Table 2.1. Tissue 

was obtained for a V. varius from Teviot Falls lookout (Queensland Museum sample 

J81263), and for a V. mertensi (Australian Museum sample R12387). Sequence data 

were obtained for the following species from Genbank: V. brevicauda (AY264940), 

V. griseus (AF407503) and V. pilbarensis (AF407518). 

DNA sequences were obtained for 1038 base pairs of the NADH2-gene. 

DNA was extracted using the salt:chloroform procedure described in Norman et al. 

(1998). Tissue was diced and suspended in an extraction buffer (40 mM Tris-HCl, 20 

mM EDTA, 100 mM NaCl, 1% SDS; pH 7.4) and incubated in the presence of 

proteinase K (0.2 mg) at 37 ºC, for 24 hours. If the digestion of tissue was 

incomplete after 24 hours, then additional proteinase K (0.2 mg) was added and the 

sample was incubated for a further two hours at 50 ºC. Proteins were extracted by the 

addition of 100 μl of 10M LiCl and 400 μl of a 24:1 chloroform:IAA (iso-amyl 

alcohol) solution. Samples were agitated for 5 minutes then centrifuged for 10 min 

(at 14 000g) to separate the phases. The upper phase containing the DNA, was 

transferred to a new tube containing an additional 400 μl of the chloroform solution. 

Samples were agitated and centrifuged as before and the upper layer transferred to a 

tube containing 1 ml of ethanol (98%), frozen for 20 min, then centrifuged for 20 

min to precipitate the DNA. The ethanol was decanted and the DNA pellet air dried. 

Samples were resuspended in a TE buffer (10 mM Tris, 1 mM EDTA).  

The NADH-2 gene (ND2) was amplified using primers L4437 (5’ – AAG 

CAG TTG GGC CCA TRC C; Macey et al. 1997) and ND2.2H (5’ – AAA GTG 

TCT GAG TTG CAW TCA G; J. Norman, Museum of Victoria). PCR 

amplifications were performed in 25 μl volumes consisting of 12.5 μl DNA (Stock 

DNA diluted 1:100 with water), 1.5 mM MgCl2, 0.2 mM dNTP, 0.28 μM of each 
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primer, 2.5 μl commercial reaction buffer (Qiagen) and 0.5 unit Taq polymerase 

(Qiagen HotStar). The following cycle parameters were used; a hot start at 95ºC for 

15 minutes, followed by 40 cycles of denaturation at 95ºC for 20 seconds, annealing 

at 56ºC for 20 seconds and extension at 72ºC for 140 seconds.  

One microlitre of the amplification products was checked on a 1.2% agarose 

gel stained with ethidium bromide. The remaining product was purified using the 

GFX PCR DNA and Gel band purification kit (Amersham Biosciences) and eluted in 

35 μl of 10 mM Tris. Sequencing reactions were performed in 10 μl reactions 

consisting of 5.75 μl of purified PCR product, 0.25 μl forward (L4437) or reverse 

(ND2.2H) primer and 4 μl ET Terminators (Amersham Biosciences). Cycling 

consisted of 25 cycles of 95ºC for 20 seconds, 55ºC for 20 seconds, 60ºC for 1 

minute. Reaction products were purified using AutoSeq 96 plates and injected onto a 

MegaBACE 1000 capillary sequencer at 3 kVA for 80 seconds and then 

electrophoresed at 9 kVA for 100 minutes.   

DNA sequences were manually checked and edited using the program 

ProSeq (Filatov 2002). Edited DNA sequences were aligned using Clustal X 

(Thompson et al. 1997). The phylogenetic tree was constructed using the maximum 

likelihood algorithm by the computer program PAUP* (v4.0b2a Swofford 2000). 

The appropriate model of molecular evolution for the maximum likelihood analysis 

was evaluated by the likelihood ratio test implemented by the computer program 

Modeltest 3.0 (Posada and Crandall 1998). This test justified the use of the 

GTR+Г+I model of molecular evolution. The estimated proportion of invariable sites 

was 0.33, the alpha shape parameter was 0.85, and the assumed nucleotide 

frequencies were A = 0.33; C = 0.41; G = 0.06; T = 0.20. Starting branch lengths 

were obtained using the Rogers-Swofford approximation method. Trees with 

approximate likelihoods 5% or further from the target score were rejected without 

additional iteration. For branch-length optimization, a one-dimensional Newton-

Raphson model was used with a pass limit of 20, and a delta of 1e-06. Branch length 

is given in substitutions per site, which represent approximate time since divergence. 

Starting trees were obtained via stepwise addition, with a random addition sequence, 

3 replicates and a random starting seed. One tree was held at each step during 

stepwise addition, and a tree-bisection-reconnection branch-swapping algorithm was 

used. Branches were collapsed, creating polytomies, if branch lengths were less than 
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or equal to    1e-08. The robustness of the resulting topology was assessed by 

applying the bootstrap method with heuristic search and 100 bootstrap replicates. 

The phylogenetic tree was used to remove the effects of phylogeny among 

species. Comparisons among species is the most commonly used technique for 

examining how organisms are adapted to their environment, but species values do 

not necessarily provide independent points for comparative analysis (Harvey and 

Purvis 1991). Instead, closely related species may be more similar, a process usually 

termed ‘phylogenetic inertia’. Phylogenetic inertia is thought to be the result of three 

effects, phylogenetic niche conservatism, phylogenetic time lags, and phenotype-

dependent responses to selection (Harvey and Pagel 1991).  

To assess whether a particular character trait has a significant tendency for 

related species to resemble each other, a ‘randomization test’ was used based on 

Blomberg et al. (2003). This tests whether a given tree fits a set of tip data as 

compared with the fit obtained when the data have been randomly distributed across 

the tips of a tree. For each test 10000 random distributions were used. This was 

implemented using independent contrasts (Felsenstein 1985) in a visual basic 

program IC-PCW (ver 1.08; Philip Withers, University of Western Australia). 

Standardized phylogenetically independent contrasts were computed, and then the 

variance of contrasts was calculated as an index of how well the tree fits the data. 

The variance of the contrasts will tend to be small if related species have similar 

traits and vice versa. If 95% of the random distributed data sets show higher variance 

in contrasts, then the observed phylogenetic signal was deemed statistically 

significant. The result of this analysis was expressed as a P value.  

An index ‘k’ was also computed to quantify the phylogenetic signal, based on 

Blomberg et al. (2003). Here the strength of the phylogenetic signal was described 

based on a comparison with analytical expectations using the tree structure (topology 

and branch lengths) and assuming Brownian motion character evolution. A k value 

less than one indicated that relatives resemble each other less than expected under 

Brownian motion evolution along the candidate tree, while a k greater than one 

suggested that close relatives are more similar than expected under Brownian motion 

evolution. Blomberg et al. (2003) reported that k does not vary systematically with 

tree size, but does vary with traits. Therefore, it can be used to compare the strength 

of phylogenetic signals from different traits and from different trees.  
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Some studies have used a phylogenetic signal as a basis of justification for 

use of phylogentically based statistical methods. For example, Irschick et al. (1997) 

did not correct for phylogenetic effects, after one or more diagnostic tests suggested 

a lack of phylogenetic signal. However, Blomberg et al. (2003) suggested that this 

assumes that all species are related by a hard polytomy with equal branch lengths, 

and equal rates of evolution along each branch. Thus, unless this is the case, using 

non-phylogenetically corrected data is not justified.      

Two methods were used in this study to remove the effects of phylogenetic 

inertia, independent contrasts (Felsenstein 1985) and autocorrelation (Cheverud and 

Dow 1985; Rohlf 2001). To calculate independent contrasts, a custom written visual 

basic program IC-PCW (ver 1.08; Philip Withers, University of Western Australia)) 

was used. This software was based on the methods published in Garland et al. (1992) 

and Blomberg et al. (2003). In summary, for each variable, independent contrasts 

were computed for each bifurcation of the phylogenetic tree by subtracting one 

observed value of the variable from the other. Contrasts were positived along the x-

axis, then standardized for statistical analysis by dividing each one by the square root 

of the sum of the branches for this variable on the tree. It was assumed the branch 

lengths represent evolutionary time since divergence, and that the variance of the 

character of interest was proportional to time. The contrasts were then analysed 

using regression through the origin. This analysis was typically used in this study for 

regression of two variables that are likely to have a phylogenetic effect.  

Autocorrelation was also used to compute phylogenetically independent 

residuals for each variable, using a custom written visual basic program 

Autocorrelate (ver 2.01; Philip Withers, University of Western Australia). 

Autocorrelation was based on the equation 

∈+= Wyy ρ  

where y is the observed variable (trait), W is an n x n connection (derived from 

phylogeny) matrix and p is the autocorrelation coefficient. The p coefficient 

describes the relationship between y and Wy. The W matrix describes the 

phylogenetic relationships between the species. It was constructed from the distance 

matrix based on branch lengths. Each distance was replaced by its reciprocal and was 

scaled so that each row of the resulting W matrix sums to one. The p value was 
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minimized by iterative recalculation, and the residuals (є) from the model were then 

used as estimates of the phylogenetically independent trait value.  

Autocorrelation has been criticised (e.g. Rolf 2001) since it does not use any 

particular evolutionary argument. However, this is also a strength since it does not 

require various numerous assumptions. Further, Garland et al. (1993) reports that 

autocorrelation gives similar results to other methods that assume evolutionary 

models, such as the computer simulation approach and independent contrast methods 

(Garland et al. 1993).  

At present no study has reported whether size or phylogenetic effects should 

be removed first. Most studies appear to remove the effects of size first (e.g. 

Vanhooydonck and Van Damme (1999) used relative limb proportions in 

phylogenetic analysis). Further, Thompson and Withers (in prep) suggest that 

removing size first gives a result that makes more biological sense. Therefore, for 

size-free and phylogenetically corrected analyses, size was removed before 

phylogeny.  

To determine if ecological traits were evenly distributed across the 

phylogenetic tree, or whether they tend to cluster in parts of the tree, a ‘Clustering’ 

analysis was used. This analysis was similar to that proposed by Vanhooydonck and 

Van Damme (1999). For each ecological trait, the sum of the distances between 

species, with the same traits, was used as a measure of clustering. To determine 

whether each ecological trait was significantly clustered, 10000 trees were generated 

with an identical branching pattern, but with ecological traits randomly assigned to 

the tip nodes. If 95% of the clustering values obtained from the randomly assigned 

trees were higher than the actual clustering value, then the ecological trait was 

deemed to be significantly clustered. The result of this analysis is expressed as a P 

value.  
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2.2 Morphology 

Throughout this thesis, morphology is usually defined as a combination of 

size and body dimensions. Size describes the magnitude of a given character, and 

body dimensions describe the relationship between two or more characters. Both of 

these aspects of morphology are thought to affect locomotion (Garland and Losos 

1994), and so both were measured and analysed in this study.  

Various morphological dimensions were measured for each lizard as shown 

in Figure 2.1: snout-to-vent length (SVL), tail length (TAIL), head-neck length 

(HN), thorax-abdomen length (TA), upper fore-limb length (UFL), lower fore-limb 

length (LFL), fore-foot length (FFOOT), upper hind-limb length (UHL), lower hind-

limb length (LHL) and hind-foot length (HFOOT). For some analyses, total forelimb 

length (FLL) and total hindlimb length (HLL) were used where FLL = FFOOT + 

UFL + LFL, and HLL = HFOOT + UHL + LHL. All measurements were made 

using digital calipers (± 0.05 mm), with the exception of SVL and TAIL of large 

lizards     (>300 mm SVL) for which a ruler was used (± 1 mm). 

Each lizard was weighed using either a 5 kg spring balance for large varanids 

(> 2000 g ± 25 g), kitchen scales for medium sized varanids (< 2000 g,  > 1000g ± 

0.5 g) or laboratory scales for small varanids (< 1000 g ± 0.05 g). Each lizard was 

measured and weighed within two weeks of capture.  

Vertebral number may also be related to performance or ecology (Jayne 

1988a,b; Van Damme and VanHooydonck 2002). The number of presacral and 

postsacral vertebrae were obtained from Greer (1989) for 15 species of Varanus. The 

mean value was used for each species. These various morphometric measurements 

were used throughout this study in relation to metabolic, performance and kinematic 

variables. 
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Figure 2.1 Morphological measurements taken from Varanid specimens. Modified from Thompson and Withers (1997a). 
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The extent of isometric similarity (i.e. changes in size but not shape) among 

varanid species was determined by examining slopes of reduced major axis regression 

lines for species means of logarithmically-transformed body appendage dimensions 

with the logarithmically-transformed thorax abdomen length (TA) following Thompson 

and Withers (1997a). Results are presented in the form; appendage (mm) = a TAb, 

where a value of ‘b’ equal to (or not statistically different from) 1.0 indicates isometric 

similarity. 

To test the effects of size on performance or habitat variables, both snout-to-vent 

length (SVL) and mass of an animal were used. In each case both size and the 

characteristic were log-transformed.  

Somers’ (1986) size-free analysis was used to obtain morphometric values that 

were independent of size. To perform this analysis the custom written visual basic (VB) 

program ‘Size’ (Philip Withers, University of Western Australia) was used. This VB 

program was directly adapted from a BASIC program written by Keith M. Somers 

(1984) based on the program PCAR in Orloci (1978). This process involves a principal 

component analysis (PCA) size-constrained method, which extracts ‘size’ as the first 

component. The analysis is based on the fact that the isometric size vector for a PCA of 

logarithmically transformed p-character data is an eigenvector with values of p-0.5 

(Jolicoeur 1963, Mosimann 1970).  
 

2.3 Physiology 
 

Standard metabolic rates (VO2 std) were measured for eight species at both 25 

and 35ºC, but not all individuals were measured at both temperatures. VO2 std was 

recorded using a flow-through respirometry system. Each lizard was weighed before 

being placed in an opaque plastic cylinder. Cylinder size varied according to the mass of 

the lizard such that it restricted but did not prevent voluntary activity (Thompson and 

Withers 1997b). The cylinders were placed in a controlled temperature chamber at 25 or 

35ºC. Compressed ambient air flowed through the chamber at varying controlled flow 

rates (Brooks mass-flow controller) so that the excurrent O2 content was between 20.0 - 

20.7%. For lizards < 50 g a flow rate of 50 ml min-1 was used; for lizards > 50 but < 

1000 g a flow rate of 100 ml min-1 was used; lizards weighing more than 1000 g had a 

flow rate of 500 ml min-1. A Drierite column dried the excurrent air before it entered a 
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paramagnetic O2 analyser (Servomex 184A). A Thurlby digital volt-meter with an 

RS232 interface recorded the differential output of the O2 analyser. The minimum (i.e. 

standard) VO2 was calculated as the average of the lowest continuous period of O2 

consumption. Brief periods of activity, or transient low values (due to short non-

ventilatory periods) were not used in the calculation of VO2.  

Maximal metabolic rate (VO2 max) was measured for individuals from 10 

species, using a flow-through respirometry system. Lizards were weighed before each 

trial. Body temperatures were measured cloacally to ensure that body temperature was 

at 35ºC (± 1.0). Each experiment was conducted in a constant temperature room at 

35ºC. A vacuum drew ambient air through a light-weight, transparent acetate mask 

placed over the lizard’s head and approximately half the neck. A controlled air flow rate 

(Brooks mass-flow controller) was maintained at 500 ml min-1. Excurrent air was dried 

in a Drierite column before passing through a paramagnetic O2 analyser (Servomex 

184A). The output of the O2 analyser was connected to a Promax XT microcomputer 

with Analog Device RT1800 A/D interface board or a Thurlby digital volt-meter 

connected with a RS232 interface. Data were collected every 3 seconds and stored to 

disk for subsequent analysis.  

Lizards were first placed on a stationary treadmill and the mask fitted over the 

head and attached in place using Leucoplast. The treadmill was then started and the belt 

speed increased to the maximum rate that each lizard could sustain for the duration of 

the experiment. Lizards that would not run spontaneously were encouraged to do so 

with gentle tapping on the tail. Most often, VO2 max was achieved within five minutes 

of the goanna commencing to run on the treadmill. VO2 max was achieved when further 

exercise or higher speeds did not produce an increase in oxygen consumption. A mean 

value of VO2 max was calculated from the longest continuous period of maximal 

oxygen consumption.  

To analyse standard and maximal metabolic traces a custom written VB program 

‘Respirometry’ (ver 1.0; Philip Withers, University of Western Australia) was used. 

This program calculated the oxygen consumption based on the equations and 

procedures presented in Withers (1977).  
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2.4 Endurance 

Two measures of endurance were recorded, maximum distance run at exhaustion 

(MAXDIS), and maximum time to exhaustion (ENDUR). Both measures were made 

simultaneously by encouraging lizards to run around a circular racetrack. The laboratory 

racetrack was 12.3 m in length, and was constructed of metal sheeting 1 m in height. 

The width of the racetrack was 0.8 m, to allow the experimenter to chase the lizard, the 

length of the racetrack being measured along the centre of the width. It should be noted 

that a lizard running around the inner edge of the racetrack would run less distance than 

actually recorded; conversely a lizard running toward the outside of the racetrack would 

run further then recorded. This disparity was difficult to avoid; however, lizards were 

encouraged to run along the centre and it was assumed any distance error was small.   

The field racetrack was of similar design, but differed in two aspects. Firstly the 

walls of the racetrack were made of clear plastic (as opposed to metal sheeting) and 

secondly the length along the centre of the racetrack was 13.35 m. It was assumed that 

these differences had little or no effect on the measurement of endurance capacity.  

Time elapsed since the beginning of each trial was measured using a stopwatch, 

and recorded once the lizard was deemed to be exhausted. The point of exhaustion for 

each lizard was based upon behavioural criteria. Previous experiments have used the 

loss of righting response as criteria for exhaustion; however, varanids will display a 

righting response long after they have ceased to run, and may continue to do so until 

they are considerably exhausted to the point where the welfare of the animal may be at 

risk. Instead, the point at which the animal ceased to respond to stimuli was chosen as 

criteria for exhaustion. The chosen stimulus was repeated tapping on the hindlimbs or 

base of tail. This stimulus was found to induce escape behaviour in ‘fresh’ lizards, and 

partially exhausted lizards. Once a lizard received ten taps in quick succession and 

failed to move forward, it was deemed to be ‘exhausted’.   

2.4.1 Effect of captivity on endurance 

Fifteen individuals were run both in the field (less than 24 hours after capture) 

and in the laboratory (usually > 28 days after capture). A two-tailed paired t-test was 

used to determine differences between field results and laboratory results. To determine 

whether the change in performance between laboratory and field trials was related to 

mass, a ratio of field to lab endurance was calculated for both MAXDIS and ENDUR.  



Chapter 2. Materials and Methods 
 

 20

 

2.5 Sprint speed and acceleration 

Several methods have previously been employed to measure maximal sprint 

speed of lizards, with “racetracks” being most frequently used (Huey et al. 1981; Miles 

and Smith 1987; Van Damme and Vanhooydock 2001). Racetrack dimensions differ 

among studies in length, substrate and inclination. Most studies have employed 

substrates that were thought to provide good traction (e.g. rubber, cork, foam board, 

sandpaper, window screening, shade cloth). Studies of desert species suggested sand 

was a more appropriate substrate, as it better resembled the natural substrate of the 

animals (Carothers 1986). The effects of substrate on running speed have rarely been 

tested. One study demonstrated that the running speed of Uma scoparia on sandy and 

rubberised substrates provided similar results (Carothers 1986). In this study, both sand 

and canvas were used as substrates. The effect of these substrates was tested and 

reported below.  

Sprint speeds were measured by taking serial digital pictures of each lizard as it 

ran along a “racetrack”. Clear plastic or metal sheeting formed the sides of a racetrack, 

3.6 m long by 0.75 m wide. A rope, marked every 10cm, ran down the centre of the race 

track. Each lizard was placed at the end of the racetrack, and usually ran spontaneously 

away from the researcher to the opposite end. If a lizard did not run immediately, it was 

encouraged to do so by gently tapping the tip of the tail.  

Lizards were run 4-5 times during each trial. The starting distance of the lizard 

from the camera, was varied with each run. For the first run, lizards were placed within 

the field of view of the camera. This allowed acceleration from standstill to be 

measured. Subsequent runs were started at various lengths along the track to measure 

maximal speed. Each lizard was run for a total of three trials with a minimum of 24 

hours to recover between subsequent trials.  

A Sony MiniDV digital Handycam (Model DCR-TRV27 PAL) was placed at 

the end of the racetrack facing down at about a 45˚ incline to the centre of the racetrack. 

The digital images were analysed frame-by-frame using video analysis software (AVI 

digitiser; Philip Withers, University of Western Australia). The distance over which the 

lizard ran was calibrated by digitising the markings on the substrate 10 cm apart. The 

position of the lizard, in each frame, was then digitised and converted to real 



Chapter 2. Materials and Methods 
 

 21

coordinates. This allowed the sprint speed of the lizards to be measured at very short 

intervals (every 1/25 sec).  

Acceleration was also calculated and was simply the change in speed from one 

frame to the next, divided by the time interval between frames (i.e. 1/25 sec). The 

maximal acceleration rate was most commonly obtained from runs which began from 

standstill.  

In this study the accuracy of speed and acceleration scores will depend on 

measurement error and whether lizards actually obtain maximum speeds and 

accelerations. Few studies give an indication of measurement error or accuracy for 

speed and acceleration scores, and fewer explore different methods/analyses to reduce 

this error. The most likely reason for this is the lack of a suitable control of known 

velocity.  

Measurement of acceleration was different from velocity since a suitable control 

was an object dropped from a height, which will accelerate at a constant rate of 9.8 m   

s-2. To test measurement accuracy for acceleration, an object was filmed when dropped 

from a height of approximately 10 m above the ground. Several different objects of 

various sizes were studied, to simulate differences in the shape of lizards that were 

digitized, and included two different types of rubber lizard, a ball, a small length of 

wood and a section of a brick.    

Due to digitizing error, differences in the acceleration of an object can be quite 

large between frames. To reduce this error, averages of the velocities from consecutive 

frames were often used. However, the optimum number of consecutive frames to use in 

an average was unclear. To examine this, averages of different numbers of consecutive 

frames were compared to original data. Seven different averages were examined. 

Moving averages were examined for two, three, five and seven points. The slope of the 

line between speed and time was also recorded as a measure of acceleration, and lines 

three, five and seven points in length were compared. For each calibration object, 

maximal acceleration was calculated using each averaging method. A mean acceleration 

score was calculated for the maximal acceleration from the six objects. The results of 

this comparison are presented in Table 2.2.  
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Table 2.2 A comparison of seven different methods used to reduce digitizing 
error in acceleration, based on the mean acceleration of six falling objects. 
Maximal acceleration of each object was recorded after velocities for each 
trial had been averaged. The mean score represents the average maximal 

acceleration from the six objects. Original data are presented in the first row. 
Move av – indicates where moving averages were used to calculate 

acceleration. Line – indicates where the slope of a line between speed and 
time was used to calculate acceleration.  

 
Averaging 

method used 
Mean 

Acceleration 
Standard 

error Max  Min    Range 

Original 44.02 5.85 64.10 - 27.02 37.08 
2pt move av 21.73 2.41 32.28 - 14.75 17.53 
3pt move av 14.68 1.06 19.58 - 11.38 8.20 
3pt line 21.54 2.35 32.28 - 14.75 17.53 
5pt move av 9.05 0.41 10.64 - 7.74 2.89 
5pt line 11.85 0.91 15.23 - 9.59 5.65 
7pt move av 8.80 0.49 11.10 - 7.68 3.43 
7pt line 7.30 0.65 8.70 - 4.85 3.84 

 

The original data produces a mean acceleration much greater than 9.8 m s-2 and 

shows the highest error in measurement; therefore it was not very useful in measuring 

acceleration. Of the seven different averages calculated, the five point moving average 

provided not only the closest result to 9.8 m s-2 but also the smallest range and standard 

error. This suggests that using a five point moving average on acceleration data was the 

most accurate and repeatable method to measure acceleration, and was used throughout 

this study.  

Testing error in speed was difficult since there was no control, as t = 0 could not 

be captured in the same field of view as the calibration area. However, it was important 

to know whether the original data provided the most reliable result or whether (as for 

acceleration) an average of consecutive frames presented a more accurate result. Since 

the speed at which the lizard was truly running is unknown, and maximal speed was of 

interest, then the averaging method that produced the highest speed score but the lowest 

error was deemed the most desirable.  

When results for speed were plotted against time, there was evidence of 

digitizing error (Figure 2.2). In some frames speed seems to be overestimated while in 

other frames (usually the following frame) speed seems to be underestimated, 

suggesting that some form of averaging will produce a more repeatable result.  
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Figure 2.2 An example of a typical run showing digitizing error.  

 

To test speed, four runs from the same individual lizard (V. eremius) were 

digitized nine times each. This gave an indication of the repeatability of results. The 

results from a comparison of the repeatability of speed and acceleration are shown in 

Table 2.3. The mean maximal values for each of the nine replicates, for each run, are 

shown. For speed, mean maximal values were calculated using original data, a three 

point moving average, a five point moving average and a seven point moving average. 

For acceleration, only the five point moving average was tested. The errors associated 

with the mean indicate digitizing error. 

The original speed data shows the highest maximum speed but also the highest 

error, and thus range in results, so it was undesirable for use in estimating sprint speeds. 

The lower errors (and ranges) were produced by the three, five and seven point moving 

averages. These averaging methods show similar errors, but the three point moving 

average shows higher speed scores. The best compromise between a reduction in error 

while not underestimating sprint speed seems to be by the use of the three point moving 

average.  

 The error produced from the three point moving average was quite small when 

compared with the speed scores produced. The average standard error (over the four 

runs) for maximum speed was ± 0.06 m s-1. Thus speed scores seem quite repeatable 

and therefore reliable indicators of sprinting performance.  
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Table 2.3 Repeatability of speed and acceleration in four runs from a single 

individual. Each run was digitized nine times. Means and standard errors are 
calculated from the maximum score for each replicate. 

  
Run 1  mean s.e. max  min range 

speed original 4.17 0.09 4.64 - 3.81 0.83 
 3pt  3.66 0.04 3.86 - 3.48 0.38 
 5pt 3.48 0.03 3.61 - 3.36 0.26 
 7pt 3.38 0.03 3.54 - 3.29 0.26 

accel 5pt 11.83 0.46 14.92 - 9.83 5.09 
       

Run 2  mean s.e. max  min range 
speed original 3.37 0.05 3.62 - 3.20 0.41 

 3pt  2.94 0.09 3.28 - 2.64 0.64 
 5pt 2.76 0.05 2.98 - 2.58 0.40 
 7pt 2.66 0.03 2.74 - 2.58 0.16 

accel 5pt 10.47 0.83 14.94 - 8.40 6.54 
       

Run 3  mean s.e. max  min range 
speed original  4.45 0.09 4.97 - 4.11 0.85 

 3pt  3.81 0.05 4.05 - 3.49 0.56 
 5pt 3.53 0.03 3.74 - 3.42 0.32 
 7pt 3.45 0.03 3.56 - 3.33 0.23 

accel 5pt 10.19 0.14 13.05 - 8.63 4.42 
       

Run 4  mean s.e. max  min range 
speed original  2.78 0.09 3.14 - 2.33 0.82 

 3pt  2.38 0.06 2.63 - 2.14 0.49 
 5pt 2.24 0.04 2.36 - 2.06 0.30 
 7pt 2.16 0.03 2.30 - 2.01 0.29 

accel 5pt 7.47 0.47 9.55 - 5.27 4.28 

 

For acceleration, the five point moving average was chosen as it closely 

represented the predicted acceleration for a falling object. Other averaging methods 

either overestimated or underestimated the acceleration score. The standard error 

associated with this performance variable was quite high, averaging ± 0.53 m s-2
 across 

the four runs. This variation in acceleration suggested that this performance variable 

was particularly sensitive to digitizing error. Further, other studies have suggested it 

may be difficult to accurately measure acceleration at 25 frames/sec, instead higher 

speed camera may be necessary to reduce the error in this performance trait (Bergman 

and Irschick 2006, Walker 1998). This sensitivity may mean that the repeatability and 

hence accuracy of this performance variable was low, and that some caution should be 

used in interpreting acceleration results.  
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Therefore, in each speed trial the maximal speed for each run was calculated 

using a three point moving average, and the maximal acceleration for each run was 

calculated using a five point moving average. Multiple runs for each individual were 

compared and again both the maximal speed and maximal acceleration for each 

individual were selected. Species means were then calculated by averaging the maximal 

performance values for each individual in the species.   

The second issue concerning the accuracy of speed and acceleration 

measurement was whether lizards were actually running at maximum speed and 

accelerations. Lizards will often run sub-maximally during sprint trials. Including sub-

maximal performance scores could change the interpretation of results, and therefore 

sub-maximal data should be excluded from analysis (Losos et al. 2002). Following the 

advice of Losos et al. (2002) the criterion for excluding a run was based not on the 

speed (or acceleration) the lizard obtained, but rather the manner in which the lizard ran. 

Runs were not included if the lizard did not lift its body off the substrate, moved in a 

jerky, start-stop fashion, ran into the walls of the racetrack, or stumbled during the trial.  

An alternative method would be to repeatedly measure performance until an 

asymptote is reached. However, this assumes that performance does not decline over 

time. This assumption was not supported in this study (see Effect of time in captivity on 

speed and acceleration; Chapter 5) and other studies (Hertz et al. 1983).   

2.5.1 Effect of temperature on speed and acceleration 

The effect of body temperature (Tb) on sprint speed was examined for V. 

scalaris. Three individuals were tested, each of which had a significant positive 

relationship between speed and temperature (Figure 2.3). When all individuals were 

combined together there was a strong correlation between maximum sprint speed with 

Tb (r2 = 0.67, P < 0.001, n = 20), i.e. hotter lizards run faster. 

When individuals were analysed separately, there was no relationship between 

Tb and maximum acceleration for individuals 83 and 84, but maximal acceleration was 

significantly related to temperature for 85 (Figure 2.4). When all individuals were 

considered together, there was a correlation between Tb and both maximum acceleration 

and average acceleration (max r2 = 0.46, P < 0.001, n = 20) i.e. hotter lizards accelerated 

quicker.  
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Figure 2.3 Linear regression between maximal sprint speed and body 

temperature of three individual V. scalaris. 83 – r2 = 0.70, P = 0.018, n = 7; 84 – 
r2 = 0.66, P = 0.027, n = 7; 85 – r2 = 0.74, P = 0.028 n = 6.  
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Figure 2.4 Linear regression between maximal acceleration and body 

temperature of V. scalaris. Line shown is for individual 85 (r2 = 0.73, P = 0.029, 
n = 6). Two other individuals did not show a significant relationship (83 r2 = 

0.16, P = 0.364, n= 7; 84 r2 = 0.50, P = 0.076, n = 7).  
 
 

 26



Chapter 2. Materials and Methods 
 

 27

To remove the effect of Tb on speed and acceleration, a temperature range of 35-

38 ºC was chosen for all further experiments. Given the linear relationship of Tb to 

speed and acceleration, it would be optimal to test lizards at the highest possible 

temperature (i.e. close to 40 ºC). However, temperatures over 40 ºC can often be lethal 

for lizards; thus, a lower temperature range was selected to reduce the risk of heat 

exhaustion and/or death. Moreover, there was no significant difference between speed 

for lizards run within the range 35-38 ºC (mean = 36.58 ºC) with lizards run close to 40 

ºC (mean = 39.35 ºC; t7 = 0.52, P = 0.309).  

 

2.5.2 Effect of substrate on speed and acceleration. 

To test the effect of substrate on speed, 10 lizards from three species (V. 

kingorum n = 3, V. tristis n = 3, V. eremius n = 4) were run on both the canvas and 

sandy substrates. Body temperatures were measured cloacally to ensure that body 

temperature was between 35 and 38 ºC. Maximal speeds and accelerations were 

compared using a two-tailed paired t-test. Neither speed nor acceleration was 

significantly different between substrate types (Speed t9 = 0.409, P = 0.692; acceleration 

t9 = 1.376, P = 0.202). Therefore, it was assumed the substrate had little or no effect on 

speed or acceleration.   

2.5.3 Effect of time in captivity on speed and acceleration. 

Twenty seven individuals from eight species of Varanus were run both in the 

field and in the laboratory. Field trials were conducted less than 24 hrs after capture 

while laboratory trials were conducted approximately 28 days after capture. A paired 

two-tailed t-test was used to compare speed before and after a period in captivity. To 

determine if this difference was related to size, the ratio of field to laboratory speed was 

calculated. 

2.6 Kinematics 

To measure the three dimensional kinematics of a lizard’s stride, individuals 

were filmed while running using either the Peak Motus analysis system (Peak 

Performance Technologies Inc., Oxford Metric Group) or the Vicon 612 motion 

analysis system (Vicon Motion Systems Inc., Oxford Metric Group). Table 2.4 indicates 

which system was used to capture the kinematic data for each species.  
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Table 2.4 The systems used to capture the three dimensional kinematics of 
the lizard stride.  

 

Species 
Motion analysis 

system 
Peak  Vicon 

V. acanthurus  1 2 
V. brevicauda 2 - 
V. eremius - 3 
V. giganteus - 3 
V. gilleni 4 - 
V. glauerti 5 2 
V. gouldii - 9 
V. kingorum 4 - 
V. mitchelli 3 - 
V. panoptes - 8 
V. rosenbergi - 1 
V. scalaris 4 - 
V. storri 7 - 
V. tristis 1 2 
V. varius - 2 
Total 31 32 

 

 

In the Peak Motus system setup, two high-speed cameras (Peak HSC-200PM), 

operating at 200 frames sec-¹, captured simultaneous dorsal and lateral views of a lizard 

running on a treadmill. Illumination was provided by a 2000W light, approximately 1 m 

above the treadmill. To record a lizard’s stride, each lizard was placed on the treadmill 

and encouraged to run past the camera. Prior to recording, eight landmarks were painted 

on each lizard, using liquid paper, to mark the pelvis and the hindlimb joints of each 

lizard to facilitate digitizing the video images (Figure 2.5).  

Markers were placed above the lumbar vertebra and the caudal vertebra to mark 

the pelvis. Hindlimb markings were placed on the hip, knee and ankle joints, the 

metatarsals at the base of the toe, and the tip of the toe excluding the claw. The joint of 

the head and neck was also used as a marker. A length of matchstick (0.5 cm or 1 cm 

depending on the size of the lizard) was glued upright at the midpoint between the 

lumbar vertebrae and the caudal vertebrae along the pelvis, to allow the degree of pelvic 
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roll to be measured directly. The dorsal tip of the matchstick was painted with liquid 

paper and used as a marker. 

 

 

 

Figure 2.5 Landmarks used to describe the limb and pelvis. Labels describe 
landmarks as follows: HN Head/neck marks the joint of the head and neck, L 

lumbar dot over the penultimate trunk vertebra; S stick, marks the 
matchstick; C caudal dot, over the first caudal vertebra; H hip dot, over the 

acetabulum; K knee dot; A ankle dot; M metatarsal dot, over the metatarsal; T 
toe dot, on the tip of the fourth toe. Figure modified from Thompson and 

Withers (1997a).  

 

The Peak Motus software (Peak Motus 2000 ver 9.0) was used to digitize points 

and convert them to three-dimensional coordinates. This software allows videos from 

the dorsal and lateral views to be synchronised using an event signal that was recorded 

onto each tape simultaneously. Both lateral and dorsal views were then manually 

digitized by clicking on the centre of each marker on the hindlimb and pelvis.  

Since the Peak system used the treadmill and two cameras it was difficult to run 

larger lizards (< 2 kg or 200 mm SVL) as they were often too big to have their entire 

stride captured within the field of view, or were uncooperative in the confines of a 

treadmill. For larger lizards the Vicon Motion 612 analysis system was used.  

The Vicon Motion Analysis system used 12 infra-red cameras mounted on 

tripods or the wall around a runway in the gait laboratory. The infra-red cameras 

operated at 250 frames sec-1 and captured only the 3D position of retro-reflective 

spherical markers 5 mm in diameter. The retro-reflective markers were attached to each 
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lizard using double-sided tape (Figure 2.6). The same landmarks used in the Peak 

system setup were employed, with eight markers used on each lizard to mark the pelvis 

and the hindlimb joints (Figure 2.5). Lizards were then run down the centre of the room 

along a carpeted substrate. The Vicon system automatically digitized the 3D position of 

the markers.  

 
 

Figure 2.6 A varanid with markers attached, showing the segments used in 
the model (thin lines) and a block model representing the lizard’s hindlimb 

and pelvis.   

The 3D coordinates of the markers from both systems were then imported into 

BodyBuilder software (Vicon; Oxford Metric Group). A BodyBuilder model was 

written to calculate kinematic characteristics for the lizards, including linear movement 

of each point along horizontal, vertical and lateral axes, three-dimensional angles 

between segments, and roll, yaw and pitch of single segments.  

Coordinates were measured relative to a “right-handed” global coordinate 

system so that the origin (0,0,0) was located at the proximal, bottom right hand corner 

of the track on which they were captured (Figure 2.7). The position and movement of 

each lizard was described by three axes, x, y and z. The x axis ran horizontally from the 

posterior of the racetrack to the anterior; the y axis ran up vertically from the surface of 

the racetrack, and the z axis ran laterally, perpendicular to the longitudinal axis of the 

racetrack. Positive values of x, y and z indicated anterior, dorsal and lateral positions 

respectively.   
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Figure 2.7 Block model of the lizard hindlimb and pelvis showing orientation 

of coordinate systems attached to each segment, relative to the global 
coordinate system.  

 

Digitized points were examined within the stride. Each stride began at footfall of 

the right hindlimb, and ended at the next footfall of the same limb. The measured 

variables and the terminology used to describe these variables were similar to those 

used by previous studies (Feiler and Jayne 1998; Jayne and Irschick 1999; Irschick and 

Jayne 1999, 2000) as these were suitable for describing lizard locomotion and allow 

comparisons among species in this study and other similar studies. Each stride was 

described by two phases; the stance phase – the portion of the stride that the right 

hindfoot was in contact with the substrate, and the swing phase – the portion of the 

stride that the foot was not in contact with the substrate. The duty factor of the stride 

represents the percentage of the stride cycle that the right hindfoot was on the ground. 

Average forward velocity was taken as distance moved along the x axis by the lumbar 

vertebra (m) divided by stride duration (sec). Four major groups of kinematic variables 

were examined; gait characteristics of the stride, hip height, movement of the pelvis, 

and movement of the femur relative to the pelvis.  
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Gait characteristics were described by three movements of the whole hindlimb. 

Stride length was the distance travelled by the right hindfoot along the x axis, between 

successive footfalls. Step length was the distance along the x axis travelled by the body 

during the stance phase of the right hindfoot. Stride width was twice the distance 

between the right ankle and the lumbar vertebra at time of footfall. 

Hip height was described by two linear distances. Maximal hip height described 

the maximum distance between the toe marker and the hip marker during the stride 

cycle (Hip height). Dividing the maximal hip height by HLL creates a variable 

describing the hip height observed during the stride relative to the maximal hip height 

possible for that lizard. This variable was termed the ‘effective hip height’ (Effective 

Hip height). The total vertical oscillation of the hip for the entire stride cycle (Δ Hip 

height) was calculated as maximum hip height minus minimum hip height. 

Placing the matchstick perpendicular to the dorsal surface of the pelvis allowed a 

coordinate system to be attached to the pelvis, measuring roll, yaw and tilt (Figure 2.8). 

Each angle was calculated relative to the global coordinate system. To correct for 

lizards running at an angle to the global coordinate system, the average angle of forward 

movement of the pelvis (on the x-z plane) was calculated throughout the stride and 

aligned with the x-axis. Pelvic roll was measured as rotation of the pelvis along the x 

axis. Positive values indicate roll laterally toward the right hip, and values close to 0˚ 

indicate the pelvis was upright. The change in pelvic roll (Δ Pelvic roll) was measured 

as the maximum minus the minimum pelvic roll value during the stride.  

Pelvic yaw was measured as the side to side movement of the pelvis within the 

x-z plane. The yaw angle was the angle between the x axis and a straight line through 

the pelvis. Positive values indicate the anterior of the pelvis was pointing to right of the 

lizard and values close to 0˚ indicate the pelvis was in the x axis. As for Δ Pelvic roll, 

the change in pelvic yaw (Δ Pelvic yaw) was measured as the maximum minus the 

minimum pelvic yaw value measured during the stride.  

Pelvic tilt is the back to forth rocking motion of the pelvis, or rotation of the 

pelvis along the z axis. Positive values of tilt indicate the anterior of the pelvis was 

elevated, and negative values indicate the pelvis was pointing toward the ground. Again, 

the change in pelvic tilt (Δ Pelvic tilt) was measured as the maximum minus the 

minimum pelvic tilt value measured during the stride. The change in each of these 

pelvis movements throughout the stride, was used in the analysis.  
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Figure 2.8 Three possible movements of the pelvis. The pelvis as shown is 

aligned with the global coordinate system, therefore it shows 0º roll, yaw and 
pitch. The direction of the arrows indicate negative pelvic roll, positive pelvic 

yaw, and negative pelvic tilt.  
 

 

Three angles described the movement of the femur relative to the pelvis: femur 

protraction/retraction, femur elevation, and femur rotation. To describe these angles the 

position of the femur segment is usually related to planes of reference provided by the 

pelvic segment. For example, the angle of femur protraction/retraction, from dorsal 

perspective, was the angle of the long axis of the femur relative to the pelvis. Values of 

90˚ indicate that the long axis of the femur was perpendicular to the longitudinal axis of 

the pelvis, and greater and lesser values (than 90˚) indicated greater amounts of 

protraction and retraction respectively (Figure 2.9). 
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Figure 2.9 Forward movement of the hindlimb (protraction) relative to the 

pelvis.  
 

The angle of femur elevation was the angle between the long axis of the femur 

and a horizontal plane passing through the pelvis. When the long axis of the femur is in 

the horizontal plane, the angle of femur elevation is 90°. Values greater and less than 

90° indicated that the distal femur was above or below the horizontal reference plane, 

respectively (Figure 2.10). 

 

 34



Chapter 2. Materials and Methods 
 

 
 

Figure 2.10 Up and down movement of the femur (a°) or femur elevation.  
 

Femur rotation is the angle between the plane containing the femur and the tibia 

(assuming dorso-flexion of the knee) and a vertical reference plane passing through the 

femur (Figure 2.11).  

 
Figure 2.11 Femur rotation (a°) about the long axis of the femur. 
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Defining the femur movement in this way results in two ‘undetermined 

positions’ called ‘gimble-lock’ positions (Doorenbosch et al. 2003). Small movements 

around these positions result in large angular changes in one of the degrees of freedom. 

Gimble-lock is normally not a problem where the movement of the limb is somewhat 

restricted, such as in the leg of humans, but it is for other limbs, such as the shoulder 

movement in humans and the hindlimb of lizards. To reduce this problem an approach 

called the ‘globe system’ was used (Doorenbosch et al. 2003). Here, the three 

movements of the femur relative to the hip were described in terms of latitudes and 

longitudes along a globe in a specified sequence.  

The plane of elevation was determined first. The angle of the plane of elevation 

was defined as the plane along which the femur moves from a non-elevated to its 

elevated position. This angle was termed femur elevation. The total change in this angle 

throughout the stride (Δ elevation) was used in further analysis.  

The angle of elevation was determined in the previous specified plane of 

elevation and was defined as the angle between the anatomical position and the elevated 

femur. The angle of elevation corresponds to the forward-backward movement of the 

femur and for simplicity was given the term femur protraction/retraction. Movement in 

this plane described two variables used in the analysis. The change in femur 

protraction/retraction (Δ pro/retract) was measured as the maximum minus the 

minimum femur protraction/retraction value during the stride. However, this variable 

gives no indication of the placement of the limb relative to the hip. To measure this, the 

femur protraction at footfall (pro/retract (FF)) was also recorded to determine how far 

forward the femur was projected at the start of the stride.  

Finally, the angle of rotation was determined. The rotation angle was defined by 

the rotation of the femur from a line in the direction of the shank of the hindlimb. This 

system worked well to determine the angle of femur protraction and the angle of femur 

elevation. However, for the angle of femur rotation the undetermined positions were 

still not eliminated. This may be the result of the non-Euclidean nature of rotation and 

as such the angle of rotation was not included in this study.  
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2.6.1 Size and speed correction of kinematic variables  

In Chapter 6 some kinematic variables were identified as being affected by size. 

Since it was of interest to compare different species it was necessary to account for 

(remove) the size effect. The effect of size was present at both the intra- and inter-

specific levels, so it was also desirable to remove the effect of size at the intra-specific 

level. To do this, the kinematic variable was divided by snout-to-vent length (SVL) at 

the individual level; individuals were then averaged to give a species mean. An 

alternative to this approach may have been to calculate residuals from a plot of body 

size (e.g. SVL) and the trait of interest; however, this was not possible for species 

represented by one or two individuals since there were not enough individuals to 

calculate a line of best fit. Further, fine scale differences in kinematic movement were 

of interest; size correction after species means have been calculated may mask small 

differences between species.  

Ratios are normally best avoided because their apparent simplicity overlies a 

complex of statistical and conceptual difficulties which may affect biological 

conclusions. Atchely et al. (1976) notes two major problems of ratios are the loss of 

normality and the introduction of a significant degree of non-linearity. However, 

Albrecht (1978) notes that in cases where the raw variables are correlated with the size 

variable, then the use of ratios to for dimensionless shape variables may be justified to 

the extent of providing a rough correction for size. In varanids, the raw kinematic 

variables were often highly corrected with the size variable (SVL) and therefore the use 

of ratios probably will not significantly alter the conclusions drawn from these data. 

Differences in kinematics may also be due to differences in speed, and it is 

desirable to compare kinematics at equivalent speeds. Froude numbers are 

dimensionless quantities that are commonly used to facilitate comparisons among 

diverse species of different sizes, such as mice and horses (Farley et al. 1993). However, 

Irschick and Jayne (1999) compared Froude numbers from five species of lizards 

running at ‘physiologically’ equivalent speeds (based on maximal attainable speed). 

They found that Froude numbers differed between these species and suggested that 

Froude numbers may be of limited utility for predicting kinematic similarity within 

closely related animals. Further studies have often used different methods for 

comparing animals at equivalent speeds. Van Damme et al. (1998) suggested that, from 

an ecological point of view, absolute (m/s) or relative velocities (SVL/s) seem more 
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relevant for comparing lizards at equivalent speeds than Froude numbers. Irschick and 

Jayne (2000) used a duty factor of 50% to compare lizards at equivalent speeds. Since 

much of the kinematic analyses are based on variables described by Irschick and Janye 

(1999, 2000), this study used duty factor to determine equivalent speeds. 

Strides were averaged from a duty factor range of 35-45%. This range represents 

a medium-paced running stride, and was the most common range in which duty factors 

fell. However, not all individual lizards had strides in this range, meaning some species 

are often represented by very small samples sizes. To reduce the effect of small sample 

size, an alternative range of duty factors from 25-60% was also examined. 

2.6.2 Consistency between motion analysis systems 

Since results from two different motion analysis systems were used in a 

comparative analysis, it was important to determine that the results from both systems 

were consistent. To do this, three individual V. eremius were run using both the Vicon 

motion analysis system and the Peak Motus motion analysis system. 

Strides were selected only from the duty factor range 25-60%, as this was the 

range used for comparison in this study. Eight strides from the Peak system were 

compared to 20 strides from the Vicon system. Means for each individual were 

compared from one system to the other using a paired t-test. The results for each of the 

kinematic variables used in this study are presented in Table 2.5.  

For most kinematic variables there was no significant difference between the 

results obtained using either system. However, there was a significant difference in 

stride length, step length and elevation, all being larger for the Vicon system. Whether 

this represents a systematic difference between the video capture systems was unclear. 

It may be the result of differences in the technique used to capture stride for each 

system, for example, treadmill running vs running over a fixed surface. However, it was 

more likely that this difference was attributable to a combination of small sample size 

and speed differences between the trials. Figure 2.12 shows the relationship between 

speed and stride length for the individuals used in the analysis.   
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Table 2.5 Comparison of results obtained for the same lizard run using two 
different motion analysis systems.  

  
Variable t statistic 

df = 2 
Probability  

Speed   2.12 0.161 
Duty factor   1.89 0.199 
Stride length   7.31 0.018 
Step length 11.15 0.008 
Stride width   2.96 0.090 
Eff Hip Height   0.96 0.438 
Hip height   0.99 0.426 
Δ Hip height    0.52 0.655 
Δ Pelvic roll   1.74 0.225 
Δ Pelvic yaw   4.14 0.054 
Δ Pelvic tilt   0.27 0.811 
Δ Retraction   0.01 0.995 
Retraction FF   0.48 0.680 
Δ Elevation   5.29 0.034 
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Figure 2.12 The relationship between speed and stride length for three 
individuals of V. eremius, comparing results from two different motion 
analysis systems.  Open circle indicates four point with lower speeds. 

Four points appear to make the Peak system significantly different from the 

Vicon system. These points for the Peak system show much lower speeds than points 

from the Vicon system, but conform to the same relationship (between speed and stride 

length) as other strides. Therefore, this does not indicate a difference in the kinematics 

recorded between motion analysis systems. 
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There was a similar relationship between step length and speed, but differences 

in the change in elevation were not related to speed; therefore, the reason for differences 

across motion systems for this variable was unknown. Although there was insufficient 

evidence to suggest a large systematic difference between these motion analysis 

systems, further analysis is required.  

 

2.7 Ecology 

A summary of the ecology of each species habitat, distribution, diet and foraging 

mode is presented in Appendix III (pg 235). Each species was classified based on six 

different aspects of ecological traits: habitat type, retreat site, foraging mode, climbing 

ability, climate, and openness of habitat. These data are summarised in Table 2.6. 

Habitat was based on categories reported in Thompson and Withers (1997a). Retreat 

sites will be given by Thompson and Withers (in prep). Foraging mode was inferred 

from the literature based on information concerning movement and activity. Species 

were generally classified as either sit-and-wait predators or widely-foraging predators. 

Although this was generally considered to be a continuum (Perry 1999) species were 

classified based on the foraging mode that best represented their activity. Climbing 

ability simply separates species that climb often, either while foraging or moving to a 

retreat site, from species that climb rarely or not at all. The climate where each species 

commonly occurs was also recorded as xeric, mesic or tropical. Where species were 

found in multiple climatic zones, the one which represents where most of the 

individuals were collected from was chosen. The ‘openness’ of habitat was classified 

for each species as either ‘closed’ meaning the species was rarely seen in the open, 

‘semi-open’ meaning the species was occasionally encountered in the open, but usually 

close to a retreat site, or ‘open’ where the species was often encountered in open areas 

with little cover.   
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Table 2.6 Summary of the habitat characteristics of 18 species of Australian varanids.  
SW – Sit-and-wait predator, WF – Widely foraging predator, NC – non climbing.  

 
Species Habitat (Thompson 

and Withers 1997a) 
Retreat type (Thompson 
and Withers in prep) 

Foraging 
strategy 

Climbing 
ability 

Openness Climate 

V. acanthurus Sedentary terrestrial Spaces in rocks and trees SW NC Closed Xeric 
V. brevicauda Sedentary terrestrial Burrows SW NC Closed Xeric  
V. caudolineatus Arboreal/rock  Spaces in rocks and trees WF Climber Closed Xeric 
V. eremius WF terrestrial Burrows WF NC Open Xeric 
V. giganteus WF terrestrial Burrows WF NC Open Xeric 
V. gilleni Arboreal/rock Spaces in rocks and trees WF Climber Closed Xeric 
V. glauerti Arboreal/rock Oblique rock crevices WF Climber Semi-open Tropical 
V. gouldii WF terrestrial Burrows WF NC Open Xeric/tropical/mesic 
V. kingorum Sedentary terrestrial Spaces in rocks and trees SW Climber Closed Tropical 
V. mertensi Aquatic Burrows WF Climber Semi-open Tropical 
V. mitchelli Aquatic Spaces in rocks and trees SW Climber Closed Tropical 
V. pilbarensis Arboreal/rock Oblique rock crevices WF Climber Semi-open Xeric 
V. panoptes WF terrestrial Burrows WF NC Open Tropical/xeric 
V. rosenbergi WF terrestrial Burrows WF NC Semi-open Mesic 
V. scalaris Arboreal/rock Spaces in rocks and trees WF Climber Semi-open Tropical 
V. storri Sedentary terrestrial Burrows SW NC Closed Tropical 
V. tristis Arboreal/rock Spaces in rocks and trees SW Climber Semi-open Xeric 
V. varius Arboreal/rock Spaces in rocks and trees WF Climber Semi-open Mesic 
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2.8 Statistical analysis 

All statistical analyses were performed using StatistiXL (ver 1.5). Where Model 

I Linear regression was used, the coefficient of determination (r2) was quoted, and the 

significance of the slope was presented as a P – value. Where correlation was used the 

correlation coefficient (r) was quoted, and the significance of the correlation was 

expressed as a P – value.  

Two multivariate techniques are used, Principal Component Analysis (PCA) and 

Discriminant Analysis (DA). PCA transforms a complex data set to a smaller set of new 

variables that maximises the variance of the original data set. DA is similar to PCA but 

maximises variance between predetermined groups. This method attempts to increase 

variance between the groups, and is useful for determining which body dimensions best 

define each ecological category.  

The strength of the association between each ecological characteristic and the 

traits of interest was described by two values, eigenvalues and the Wilks’ lambda 

statistic. The eigenvalues give the ratio of the between-groups sum of squares to within-

group sum of squares for the corresponding discriminant function. Values greater than 

one indicate greater variance between groups than within groups. The Wilks’ lambda 

statistic is the likelihood ratio statistic, which is proportional to the ratio of a hypothesis 

sum of squares to the error or residual sum of squares. Smaller values of the Wilks’ 

lambda statistic (close to zero) indicate greater predictive power of the test. Finally, to 

test the significance of a discriminant function to separate ecological groups, the 

difference between the observed matrix to an expected matrix was tested using a Chi2 

analysis. Greater differences indicate a significant effect of ecological groups. The 

degrees of freedom are calculated as p(k-1) where p is the number of variables (body 

dimensions) and k is the number of (ecological) groups; therefore as the number of 

groups increases a proportionally larger Chi2 
 value is required for a significant result.  

To test whether phylogenetic correction had a significant effect on the 

discriminant analysis, the ratio of the lowest to the highest Wilks’ lambda value was 

transformed to an F-statistic based on Rencher (2002).   
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To compare differences in morphological, physiological or performance 

variables among different ecological groups, either an ANOVA or a t-test was 

performed. Where an ecological category consisted of more than two groups, a full 

factorial Analysis of Variance (ANOVA) was used; otherwise a two-tailed t-test was 

performed. Following ANOVA, differences among group pairs were examined using a 

Student-Newman-Keuls posthoc test. ANOVA is sometimes accompanied by tests by 

tests of homogeneity of variances, to test the underlying assumptions of ANOVA. 

However, tests for homogeneity are only powerful when sampled populations are 

normally distributed (Gartside 1972). Therefore, Zar (1999) suggests that because of the 

poor performance of tests for variance homogeneity, and the robustness of the ANOVA 

for multisample testing of means, tests for variance homogeneity should not be used as 

tests of the underlying assumptions of ANOVA.   
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Chapter 3 Evolution of Morphology and 

Physiology in Australian varanids.  

 



Chapter 3. Morphology, Physiology and Phylogeny 
 
 

 46 

Summary 

The Australian varanids included in this study can be divided into two groups 

and one recognised clade. These phylogenetic groupings show a strong size influence. 

The two groups, the gouldii group and V. varius (which is the only Australian member 

of the Asian komodoensis group) are large, while species of the Odatria clade are 

smaller. The Odatrian clade can further be subdivided into small-to-medium sized 

climbing species, small climbing species, small terrestrial species and spiny-tailed rock 

species.  

Like size, ecological traits tend to cluster in parts of the phylogenetic tree. 

Clustering analysis suggested that openness, retreat site, climbing ability, and habitat 

are significantly clustered in the phylogeny, while foraging mode and climate were not 

significantly clustered. This suggests that among ecological traits, variation in 

morphological, physiological, and performance traits must be large in order to obtain 

significant results in phylogenetically-corrected analyses.    

For Australian varanids, size was a dominate morphological factor. Size 

influences other aspects of morphology, such as body dimensions and vertebral number 

and also aspects of physiology (metabolic rate). Size could also be related to two 

ecological characteristics, foraging mode and openness of habitat. Widely foraging 

species tend to be larger than sit-and-wait strategists, while species from open habitats 

tend to be larger than species from semi-open or closed habitats.  

Most body dimensions scaled isometrically with body size, with the exception of 

LFL and LHL. Isometric scaling in all but two of the body dimensions suggests that 

varanids are predominately geometrically similar. However, there were small 

differences in body dimensions that were related to aspects of ecology. Size-free body 

dimensions appear to be strongly related to retreat site.  

Postsacral vertebral number was positively associated with size. Presacral 

vertebral number was size independent, although it was related to size-free thorax 

abdomen length. Neither vertebral count was associated with any ecological variable, 

after the effects of size were removed.  
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Inter-specifically standard metabolic rate at 25ºC scaled with mass0.88, at 35ºC it 

scaled with mass0.86 and maximal metabolic rate at 35ºC scaled with mass0.74. Varanids 

have a similar standard metabolic rate but a significantly higher maximal metabolic rate 

than other lizards. Differences between residuals of metabolic rates with ecological 

traits were generally weak. The only significant relationship was between climbing 

ability and metabolic rate. Climbing species had higher residual standard metabolic 

rates at 25ºC than non-climbing species, although the ecological significance of this was 

unclear.  
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3.0 Introduction 

A major goal of this thesis was to research Arnold’s (1989) performance 

paradigm with varanids. This chapter will first introduce this performance paradigm, 

and describe the Varanidae, the model group that will be used to investigate it. The rest 

of the chapter will then describe the morphology and physiology of varanids and any 

relationships with ecological traits. This chapter explains the extent to which 

morphology and physiology interact, how they are related to phylogeny, and the extent 

to which morphology and physiology are related to the ecological traits of a species.  

 

3.0.1 The performance paradigm.  

Ecomorphological and ecophysiological analyses often seek to link an 

organism’s structure and function to relevant structures of the environment. The 

environment is complex and can impinge upon a species’ design (e.g. morphology and 

physiology) in many ways, usually related to physical factors or characteristics such as 

climate, habitat type or retreat site (Bauwens et al. 1995; Losos 1990a, b; Miles 1994; 

Thompson and Withers 2005). However, the relationship between design and ecological 

traits may not necessarily be direct. Arnold (1983) presented a paradigm proposing that 

differences in design were linked to differences in fitness (within a particular habitat 

type) through ecologically-relevant performance traits. The main idea was that 

differences in design would be functional, and translate into differences in the ability to 

undertake ecologically-relevant tasks. Locomotor ability is a common example of a 

performance variable that may be related to fitness. The ability to move faster and for 

longer than other individuals might have a positive influence on fitness.  

Originally this paradigm was proposed for intra-specific studies, since it linked 

the design of an individual to its fitness (compared with other individuals in the 

population). However, this paradigm can be expanded to inter-specific studies (Garland 

and Losos 1994). Rather than testing the link between performance and fitness among 

individuals in a population, the relationship between performance and ecological traits 

(such as habitat) among species is tested. The logic is as follows. If different 

morphologies function best in different habitats, then natural selection will favour their 
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evolution in these habitats. If this is true, then the most ‘fit’ morphology should evolve 

within any habitat (Garland and Losos 1994). 

Garland and Losos (1994) further explored the paradigm. They argued that 

design may directly influence fitness, giving the example of an albino garter snake. All 

else being equal, the albino is will have a lower fitness than a normally pigmented 

snake, since the former is more likely to be found by a predator. Thus, in this instance 

there is a direct path between design and fitness (or habitat). 

Both morphological and physiological characteristics can be related to ancestry 

i.e. phylogeny (Melville and Swain 2000; Thompson and Withers 1997b). Closely 

related species tend to be more similar, by phylogenetic inertia. Phylogenetic inertia was 

thought to reflect three possibilities, phylogenetic niche conservatism, phylogenetic 

time lag, or phenotype-dependent responses to selection (Harvey and Pagel 1991). 

Thus, design may influence performance, which in turn may be related to 

ecology, or design may be directly related to ecology, or design may simply be the 

result of phylogenetic interia. Therefore, before the influence that performance has on 

ecomorphological or ecophysiological relationships can be tested, it is of interest to 

know:  

• How do the design traits morphology and physiology interact?  

• How are morphology and physiology influenced by phylogeny?  

• Are there any direct relationships among morphology, physiology, and 

ecology?  
 

3.0.2 A model group: The varanids. 

Varanidae is an ancient group of ‘snake-like’ lizards, often referred to 

collectively as monitors or goannas. Approximately, 53 extant species of Varanus are 

recognized (Pianka and King 2004). These species are found in three geographic 

regions: Africa; Indo-Asia (central and southern mainland Asia, Malaysian and 

Indonesian islands); and Indo-Australia (Papua New Guinea and Australia). Many 

studies have attempted to reconstruct the phylogeny of varanids and several sources of 
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evidence have been used, including karyotypes (King and King 1975), electrophoretic 

phenotypes (Holmes et al. 1975), male intromittent organ morphology (Böhme 1988; 

Branch 1982; Card and Kluge 1995), skeletal elements (Estes et al. 1988), ecological 

and physiological characteristics (Losos and Greene 1988), lung morphology (Becker 

1991), DNA sequence data (Ast 2001; Baverstock et al. 1993; Fuller et al. 1998) and 

various combinations of characteristics (King 1990; King et al. 1991; Sprackland 1991). 

Many of these studies differ considerably in their conclusions.  

Possibly the most complete phylogeny of varanids was provided by Ast (2001). 

This study confirmed Varanus as a monophyletic group, as well as the sister taxon 

relationship of Varanus and Lanthanotus. Three major clades are recognized within 

Varanus: the African clade which is basal to the rest of the group, an Indo-asian clade, 

and an Indo-Australian clade. All species in this study are members of the Indo-

Australian clade. This clade can further be divided into two groups and one recognised 

clade. The ‘komodoensis’ group consists of three species (V. komodoensis, V. 

salvadorii, V. varius), with only the latter species found in Australia. This group is a 

sister group to the ‘gouldii’ group, which is composed of large monitors endemic to 

Australia. These are weakly separated (by bootstrap support) from the ‘Odatria’ clade. 

This weak separation seems to result from the komodoensis group grouping with the 

gouldii group in some longer-branched parsimonious trees (Ast 2001). Such a result 

suggests a close affinity of the gouldii group to the komodoensis group. Within Odatria 

there was strong support for monophyly of the spiny tailed group (Ast 2001). Ast’s 

(2001) phylogeny did not include three species examined in this study; V. 

caudolineatus, V. brevicauda and V. rosenbergi.  
 

3.0.2.1 Morphology 

Within varanids, differences in body size are obvious; they can differ in body 

size by almost four orders of magnitude (Pianka 1995). Differences in size have 

dramatic effects on performance variables such as speed and endurance (Garland and 

Losos 1994) as discussed in following chapters. Many studies suggest size affects body 

shape (LaBarbera 1989; McMahon 1973). Although varanids have been considered to 

be morphologically conservative, Thompson and Withers (1997a) reported non-isometic 

scaling of body proportions in relationship to size, with larger lizards having relatively 

longer limbs than smaller species.  
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Differences in vertebral number have also been linked to body size and 

ecological characteristics. Vertebral number was positively correlated with body size in 

many families of snakes and fish (Lindell 1994; Lindell et al. 1993; Lindsey 1975; 

Shine 2000), although the relationship between presacral number and size was not 

significant in lacertid lizards (Van Damme and VanHooydonck 2002). In snakes, 

several ecological characteristics have been associated with changes in vertebral 

number. Climate affects vertebral number, with species from warmer areas having more 

vertebrae (Klauber 1941). Habitat use was also important, with burrowing species 

having fewer vertebrae than terrestrial or arboreal species (Lindell 1994). Vertebral 

number has also been linked to locomotory mode. In snakes, species with more 

vertebrae are better at concertina-type locomotion than those that use lateral undulation 

(Jayne 1988a,b). In lacertid lizards, species from open areas tend to have fewer 

vertebrae than lizards from closed, cluttered habitats (Van Damme and VanHooydonck 

2002). Climbing species generally have more vertebrae than species from open 

(terrestrial) areas (Van Damme and VanHooydonck 2002). Increased vertebral number 

in climbing and closed-habitat lacertids was thought to increase manoeuvrability in a 

complex habitat (Van Damme and VanHooydonck 2002). Both post- and presacral 

vertebrae numbers have been recorded for a number of varanids and summarised in 

Greer (1989; see Table 3.1). These might be expected to vary with both size and 

ecology.  

 

Table 3.1 Mean presacral and postsacral numbers for varanids (from Greer 
1989).  

 
Species Presacral Postsacral 

V. brevicauda 32.3   56.5 
V. mitchelli 30.3 122.3 
V. giganteus 30.0   130.0 
V. gilleni 29.3   75.2 
V. gouldii  29.2 112.3 
V. eremius 29.0 110.0 
V. mertensi 29.0 116.0 
V. panoptes 29.0 123.0 
V. tristis  29.0 112.3 
V. varius 29.0 139.4 
V. acanthurus 28.3   87.0 
V. caudolineatus 28.0   66.0 
V. storri 27.2   75.5 
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3.0.2.2 Physiology 

The effect of body size on physiological variables has been well studied. Several 

general theories have been proposed to predict the relationship between standard 

metabolic rate and body mass. Originally, Rubner (1883) reported that inter-specifically 

mammalian standard metabolic rates were proportional to mass0.66. This was thought to 

be in accordance with the relationship between surface area and volume ratios, since the 

rate at which metabolic heat was produced matched the rate which heat was dissipated 

through the body surface. However, Kleiber (1932) reported that the standard metabolic 

rate did not scale with surface area; rather it scaled slightly higher as mass0.75. This was 

supported by Brody (1945), who included data from a much larger size range (mice to 

elephants) producing an exponent of mass0.73 and later by Gunther (1975). The mass 

exponent of 0.67 later reemerged as a predictor of intra-specific changes in metabolic 

rate with mass (Heusner 1982). Thus, Feldman and McMahon (1983) suggested that 

0.75 and 0.67 were statistically significant mass exponents for the relationship between 

mass and standard metabolic rate among species and within species respectively. More 

recently, White and Seymour (2003), produced a new analysis of mammalian standard 

metabolic rates, accounting for variation in body temperature, digestive state, and 

phylogeny, and showed an inter-specific exponent of mass0.67.  

In any case, squamates tend to have an inter-specific mass exponent higher than 

0.67 or 0.75 for standard metabolic rates (VO2 std), though the reason for this is 

unknown. Andrews and Pough (1985) report that the inter-specific mass exponent for 

squamates scales as mass0.80, with no family of reptiles having a VO2 std that was 

statistically different from the overall regression. Thompson and Withers (1997b) 

reported that the inter-specific mass exponent for 10 species of Australian varanid was 

0.87 at 25ºC and 0.92 at 35ºC. The latter exponent was found to be statistically higher 

than the exponent of 0.80 reported by Andrews and Pough (1985). 

Several studies have compared both the VO2 std and maximal metabolic rates 

(VO2 max) of varanids to those of other squamates (Andrews and Pough 1985; 

Bartholomew and Tucker 1964; Bennett 1972, 1978, 1982; Christian and Conley 1994; 

Thompson and Withers 1997b). Bartholomew and Tucker (1964) reported that varanids 

had a higher VO2 std and VO2 max than other lizards. Later, Bennett (1972) reported 

that the VO2 std of V. gouldii was similar to that of Sauromalus hispidus a similar-sized 

iguanid lizard, but the VO2 max of the varanid was much higher. Further, Thompson 
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and Withers (1997b) showed a significant difference between inter-specific regression 

equations for the mean VO2 max values of varanids with that of five other lizard 

species.  

Some studies have investigated the relationship between metabolic rates and 

ecology. Andrews and Pough (1985) found that for squamates, more variation in VO2 

std was explained by ecological grouping than by taxonomy (family). Day-active 

predators have significantly higher VO2 std than do reclusive predators, and the latter in 

turn have significantly higher VO2 std than do fossorial predators. Herbivores fell 

between day-active predators and reclusive predators but could not be distinguished 

significantly from either group. Thompson and Withers (1997b) also reported that the 

VO2 max for three arboreal varanids (V. caudolineatus, V. gilleni and V. tristis) was 

higher than for other terrestrial varanids.  

Differences in foraging strategy have also been related to differences in 

metabolic rate. Thompson and Withers (1997b) found that when varanids were grouped 

according to foraging strategy, sit-and-wait strategists had a lower VO2 std than widely 

foraging species. Similarly, Beck and Lowe (1994) reported that the relatively large, 

sedentary lizards Heloderma horridum and H. suspectum have relatively low VO2 std 

supporting the view of Thompson and Withers (1997b).  
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3.1 Methods 

A detailed description of the methods was given in Chapter 2, and only a brief 

summary is provided here. A phylogeny was created using the NADH2-gene of 

mitochondrial DNA, and a 50% bootstrap consensus tree estimated based using the 

maximum likelihood hypothesis. This tree was then used to test for and remove the 

effects of phylogenetic inertia. To test for phylogenetic inertia a randomisation test was 

used based on Blomberg et al. (2003). An index ‘k’ is provided, where k values close to 

one indicate close relatives are more similar than expected (Blomberg et al. 2003). Two 

methods are used in this study to remove the effects of phylogenetic inertia, 

independent contrasts (Felsenstein 1985) and autocorrelation (Rohlf 2001). 

Various morphological dimensions were measured for each lizard. Snout-to-vent 

length (SVL), tail length (TAIL), head-neck length (HN), thorax-abdomen length (TA), 

upper fore-limb length (UFL), lower fore-limb length (LFL), fore-foot length (FFOOT), 

upper hind-limb length (UHL), lower hind-limb length (LHL) and hind-foot length 

(HFOOT) were measured as shown in Figure 2.1. The mass (g) of each individual was 

also measured. For all inter-specific analyses, species means excluding juveniles were 

used. The extent of isometric similarity are presented in the form appendage (mm) = 

aTAb, where b equal to (or not statistically different from) 1.0 indicates isometric 

similarity.  

To remove the effects of size from body dimensions, Somers’ (1986) size-free 

analysis was used. This process involves a principal component analysis (PCA) size-

constrained method, which extracts ‘size’ as the first component. To remove the effects 

of size from vertebral number, residuals were calculated using the size component from 

the size free analysis. This allowed size-free body dimensions to be compared to size-

corrected vertebral numbers. 

Metabolic rates were measured using a flow-through respirometry system. To 

examine differences in metabolic rates with ecological categories, residual metabolic 

rate was calculated from mass. Where an ecological category consisted of two or more 

groups a full factorial ANOVA was used to test for statistical differences among groups, 

otherwise a two-tailed t-test was used.  
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Species means for SVL and mass were used to test the relationship between 

ecological characteristics and ‘size’. Again where an ecological category consisted of 

two or more groups a full factorial ANOVA was used to test for statistical differences 

among groups, otherwise a two-tailed t-test was used. Size-corrected vertebral numbers 

were tested in a similar fashion.  

The relationship between body dimensions and ecological characteristics was 

determined using the multivariate techniques, Principal Component Analysis (PCA) and 

Discriminant Analysis (DA). PCA transforms a complex data set to a smaller set of new 

variables that maximises the variance of the original data set. Relationships of first and 

second principal components with ecological characteristics were examined using 

ANOVA and t-tests.  

DA is similar to PCA but maximises variance between predetermined groups. 

The strength of the association between each ecological characteristic and size-free 

body dimensions was described by two values, eigenvalues and the Wilks’ lambda 

statistic. Eigenalues greater than one indicate greater variance between groups than 

within groups. Smaller values of the Wilks’ lambda statistic (close to zero) indicate 

greater predictive power of the test. The significance of a discriminant function was 

tested using a Chi2 analysis.  

To test whether phylogenetic correction had a significant effect on the 

discriminant analysis, the ratio of the lowest to the highest Wilks’ lambda value was 

transformed to an F-statistic based on Rencher (2002).   
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3.2 Results 

The results section is divided into five parts. The first part presents the 

phylogenetic relationships among the species studied, presenting major groups within 

Australian varanids. The second part examines morphological differences among 

species. It focuses on the effect of ‘size’ and ‘body dimensions’, and any phylogenetic 

association of size or body dimensions. The third part examines physiological 

differences both within and among species. Metabolic rates are used as a measure of 

physiological activity, and the scaling effect is examined within the varanids, as well as 

the influence of phylogeny. The fourth part reports on the relationships between 

physiological and ecological parameters. To remove the effects of mass on metabolic 

rate, residual metabolic rates are used. Influences of phylogeny on residual metabolic 

rates are reported. The fifth part reports on relationships between morphology and 

ecology, both size and body dimensions are examined and the influence of phylogenetic 

inertia is shown. 

 

3.2.1 Phylogeny 

A maximum likelihood tree from an analysis of 21 species (and subspecies) of 

Varanus contained 1038 phylogenetically informative sites. The 50% bootstrap 

majority-rule consensus tree is shown in Figure 3.1. The African species (V. griseus) 

was used as an outgroup to the Australian species. Within the Australian species, both 

the gouldii group and the Odatria clade are well supported. There is weak support for 

the node joining V. varius to the gouldii group. Within the gouldii group the aquatic 

monitor V. mertensi branches off first, followed by V. giganteus. Varanus gouldii 

appears to be closer to V. panoptes than to V. rosenbergi. The Odatria clade is 

monophyletic, and within this clade the medium sized climbing species (V. glauerti, V. 

tristis, V. mitchelli, V. scalaris, V. pilbarensis) split away from the small Odatrians. 

Within these smaller species, both terrestrial burrowing species group together (V. 

brevicauda and V. eremius), as do the small arboreal species (V. caudolineatus and V. 

gilleni). There is also strong support for monophyly of a group of the spiny-tailed 

species (V. acanthurus  and V. storii).   
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Within V. panoptes the two subspecies were sampled. There is bootstrap support 

for a split between V. panoptes rubidus and V. panoptes panoptes. Similarly there is 

support for a split between V. gilleni and a morphological variant V. “gilleni” sp. nov. 

However, when distance values are calculated (Appendix I pg 233) the distance 

between each pair of subspecies is quite small. The distance between V. panoptes 

rubidus and V. panoptes panoptes is 0.06, which is about three times smaller than the 

average distance between other species (Appendix I).  For example, the average 

distance between V. panoptes and its closest relative V. gouldii is about 0.20. Similarly 

the distance between V. gilleni and V. “gilleni” sp. nov. is small (0.08), compared to the 

distance between V. gilleni and its closest relative V. caudolineatus (0.19). It is possible 

that standardised distance matrices have a tendency to make larger distances larger, but 

when the uncorrected “p” distance matrix is used there is still a substantial difference in 

distance between species and subspecies (between subspecies of V. panoptes 0.06, 

between V. panoptes and V. gouldii 0.13, between V. gilleni and V. gilleni sp. nov. 0.06, 

between V. gilleni and V. caudolineatus 0.13). Given such small distances between sub-

species they were considered variants of the same species until further analysis can be 

conducted. Thus data for each sub-species has been grouped together throughout the 

rest of this thesis.  

 

 

 

 

 

 

 

 

 

 



Chapter 3. Morphology, Physiology and Phylogeny 
 
 

 

 

 

 

 
Figure 3.1 The bootstrap consensus tree (50% majority rule) with optimality 
criterion set to maximum likelihood. Bootstrap values are shown above each 

node. Scale indicates substitutions per site.   
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3.2.2 Morphology 

Species means for body and limb dimension lengths are presented in Tables 3.2 

and 3.3 respectfully. Across the 18 species that were included in this study, all body 

dimensions were significantly and positively correlated with thorax abdomen length 

(TA).  

Using reduced major axis regression, the body dimensions HN, TAIL, FFOOT, 

UFL, UHL and HFOOT scaled isometrically across species, i.e scaling was not 

significantly different from 1.0 (Table 3.4). The LFL had a slope significantly greater 

than 1.0 scaling as 0.07TA1.13. The LHL also had a slope significantly greater than 1.0 

scaling as 0.11TA1.12. Mass scaled at a much greater rate than 1.0 as expected, scaling 

as 7.0x10-5TA2.96. This slope was not significantly different from the expected slope of 

3.0 (t16 = 0.17, P = 0.868) based on isometry (mass α TA3).  

 

  
Table 3.4 Reduced major axis regression of logarithmically transformed body 
appendage dimensions with logarithmically transformed TA for 18 species of 

Varanus. Equations are of the form y = aTAb. Juveniles were removed from 
the analysis. P-value indicates a slope significantly different from 1.0. P-
values in bold indicate < 0.05. Degrees of freedom for each t-test are 16. 

 
Slope = 1 Y a b s.e. t value P 

HN 0.47 1.03 0.04 0.75 0.465 
TAIL 2.54 0.98 0.09 0.20 0.846 
FFOOT 0.12 1.06 0.05 1.31 0.209 
LFL 0.07 1.13 0.04 3.07 0.007 
UFL 0.11 1.04 0.05 0.76 0.458 
HFOOT 0.17 1.07 0.06 1.28 0.218 
LHL 0.11 1.12 0.05 2.33 0.033 
UHL 0.13 1.09 0.06 1.47 0.161 
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Table 3.2 Number of specimens examined, and the mean (± standard deviation) for body length dimensions for 18 species of 
Australian Varanus. The term ‘no juv’ in parenthesis after a species indicates body dimensions are presented excluding juveniles. 

 

Species n 
Head-neck length 

(HN) 
mm 

Thorax abdomen 
length (TA) 

mm 

Snout-to-vent 
length (SVL) 

mm 

Tail length 
(TAIL) 

mm 
Mass 

g 

V. acanthurus 6 50.0 ±   8.3 85.0 ±   10.8 137.5 ±   19.3 224.5 ±   34.9 59.0 ±     28.7 
V. brevicauda 2 30.4 ±   3.2 74.4 ±     6.1 106.2 ±     1.1 93.5 ±     0.7 20.7 ±       2.8 
V. caudolineatus 5 37.8 ±   4.9 72.8 ±   16.1 105.7 ±   14.2 144.4 ±   22.6 18.1 ±       5.6 
V. eremius 7 52.0 ±   7.2 100.6 ±     7.4 153.3 ±     9.2 282.7 ±   26.0 48.1 ±     11.2 
V. giganteus 4 222.9 ± 97.2 351.3 ± 164.8 562.5 ± 254.1 702.8 ± 339.9 2246.0 ± 2144.3 
V. giganteus (no juv) 3 267.0 ± 50.3 426.7 ±   81.4 679.3 ± 122.2 865.3 ± 121.2 2966.7 ± 1944.4 
V. gilleni 5 41.6 ±   1.7 83.0 ±     6.0 126.2 ±     8.6 161.2 ±   30.4 27.2 ±       5.8 
V. glauerti 7 56.8 ± 11.6 86.9 ±   20.6 145.3 ±   31.6 321.1 ±   74.7 35.7 ±     32.3 
V. gouldii 16 98.5 ± 21.6 188.9 ±   52.0 286.4 ±   73.5 427.5 ±   96.5 409.3 ±   265.1 
V. gouldii (no juv) 14 105.1 ± 11.8 203.5 ±   34.1 307.5 ±   45.8 457.2 ±   50.7 461.1 ±   236.5 
V. kingorum 7 34.6 ±   5.0 65.1 ±     6.6 98.2 ±   10.4 195.5 ±   51.5 18.3 ±       7.2 
V. mertensi 13 119.2 ± 45.3 219.1 ±   96.6 347.5 ± 149.5 456.5 ± 177.7 877.9 ±   927.9 
V. mertensi (no juv) 10 138.2 ± 31.4 260.0 ±   66.1 409.7 ± 105.5 530.7 ± 124.7 1133.1 ±   913.5 
V. mitchelli 7 83.3 ± 17.2 154.1 ±   34.6 232.7 ±   45.4 400.9 ±   59.4 151.3 ±     97.1 
V. panoptes 23 165.1 ± 44.5 338.8 ± 108.3 496.0 ± 146.3 667.8 ± 171.4 2418.9 ± 1663.4 
V. panoptes (no juv) 21 174.6 ± 32.8 360.9 ±   83.6 526.8 ± 110.0 705.7 ± 122.4 2640.2 ± 1566.0 
V. pilbarensis 5 48.7 ± 10.5 77.9 ±   16.1 125.1 ±   27.0 216.5 ±   26.4 30.3 ±     23.2 
V. rosenbergi 2 153.3 ± 29.3 275.0 ±   56.6 418.8 ±   72.4 561.0 ±   26.9 1025.0 ±   615.2 
V. scalaris 7 69.6 ±   5.0 134.4 ±   10.4 203.1 ±   13.8 305.1 ±     6.3 102.1 ±     36.0 
V. storri 9 36.0 ±   4.8 68.2 ±     6.1 103.4 ±     8.5 171.2 ±   14.1 25.4 ±       8.4 
V. tristis  7 68.9 ± 10.8 119.3 ±   22.0 190.2 ±   35.4 348.3 ±   66.4 99.1 ±     72.1 
V. varius 2 232.5 ± 31.8 422.5 ±     3.5 655.0 ±   28.3 1010.0 ±   28.3 6800.0 ± 1555.6 
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Table 3.3 Number of specimens examined, and the mean (± standard deviation) for lengths of segments of the fore- and hindlimbs 
for 18 species of Australian Varanus. The term ‘no juv’ in parenthesis after a species indicates body dimensions are presented 

excluding juveniles.  
 

Species n 
Fore-foot length 

(FFOOT) 
mm 

Lower fore-limb 
length (LFL) 

mm 

Upper fore-limb 
length (UFL) 

mm 

Hind-Foot length 
(HFOOT) 

mm 

Lower hind-limb  
Length (LHL) 

mm 

Upper hind-limb 
length (UHL) 

mm 
V. acanthurus 6 15.9 ±   3.1 12.9 ±   2.3 13.0 ±   3.0 22.0 ±   3.4 16.8 ±   2.2 17.5 ±   3.5 
V. brevicauda 2 8.6 ±   0.3 7.5 ±   0.4 7.6 ±   1.2 10.7 ±   0.8 10.1 ±   0.3 9.4 ±   1.0 
V. caudolineatus 5 11.8 ±   1.8 9.4 ±   1.1 9.0 ±   1.2 15.3 ±   1.6 12.1 ±   1.6 13.7 ±   2.2 
V. eremius 7 14.8 ±   1.3 13.3 ±   1.1 13.0 ±   1.5 23.9 ±   1.6 21.6 ±   1.6 19.9 ±   0.7 
V. giganteus 4 58.4 ± 27.0 60.3 ± 27.1 50.6 ± 19.7 82.4 ± 33.8 75.8 ± 31.5 72.8 ± 30.7 
V. giganteus (no juv) 3 69.6 ± 18.2 72.2 ± 15.8 59.7 ±   8.9 97.6 ± 18.4 89.9 ± 17.3 86.5 ± 17.1 
V. gilleni 5 13.4 ±   0.6 10.5 ±   1.2 11.0 ±   1.0 17.8 ±   1.6 14.2 ±   1.1 13.9 ±   1.6 
V. glauerti 7 15.4 ±   4.6 13.2 ±   3.8 13.6 ±   3.2 22.9 ±   5.0 19.3 ±   4.4 19.6 ±   5.9 
V. gouldii  17 31.0 ±   8.1 25.2 ±   7.0 27.4 ±   8.0 46.5 ± 12.1 44.4 ± 11.3 40.4 ± 10.0 
V. gouldii (no juv) 15 33.2 ±   5.6 27.0 ±   4.9 29.4 ±   6.0 49.7 ±   8.5 47.6 ±   7.2 43.3 ±   6.3 
V. kingorum 7 10.1 ±   0.9 8.1 ±   0.9 8.5 ±   1.1 14.7 ±   1.8 11.5 ±   1.5 12.2 ±   1.8 
V. mertensi 13 36.1 ± 14.5 31.7 ± 15.8 30.1 ± 14.0 55.0 ± 23.3 44.2 ± 20.7 45.3 ± 22.8 
V. mertensi (no juv) 10 42.4 ±   9.3 37.8 ± 12.5 35.8 ± 10.2 64.8 ± 16.1 52.3 ± 16.0 53.9 ± 18.4 
V. mitchelli 7 26.4 ±   5.0 20.3 ±   3.1 19.3 ±   3.2 38.9 ±   6.8 27.3 ±   7.3 28.2 ±   6.6 
V. panoptes 23 52.7 ± 13.6 48.8 ± 13.8 46.6 ± 13.4 77.0 ± 18.3 74.1 ± 20.8 69.4 ± 18.8 
V. panoptes (no juv) 21 55.7 ±   9.6 51.8 ± 10.1 49.4 ± 10.1 81.5 ± 11.0 78.7 ± 14.9 73.5 ± 13.5 
V. pilbarensis 5 14.7 ±   3.4 12.6 ±   3.3 14.8 ±   3.4 22.0 ±   4.8 18.2 ±   2.9 21.4 ±   4.4 
V. rosenbergi 2 44.0 ±   6.1 38.6 ±   1.0 40.4 ±   8.1 63.0 ±   7.9 56.8 ±   5.0 56.4 ±   8.4 
V. scalaris 7 21.6 ±   1.9 18.4 ±   1.8 16.4 ±   1.4 30.4 ±   2.4 21.0 ±   2.5 22.4 ±   2.6 
V. storri 9 10.6 ±   1.5 8.8 ±   1.3 8.9 ±   1.3 16.6 ±   1.4 13.3 ±   1.4 13.0 ±   1.9 
V. tristis  7 22.5 ±   4.3 17.8 ±   2.9 17.3 ±   3.3 32.0 ±   4.0 24.7 ±   4.6 25.4 ±   5.0 
V. varius 2 87.8 ±   0.4 80.8 ±   7.4 58.3 ±   9.5 117.0 ±   2.8 95.5 ±   0.7 94.8 ± 10.3 
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For vertebral numbers in varanids, postsacral vertebral number was significantly 

positively related to all body dimensions including mass; tail length had the strongest 

relationship to postsacral number (Table 3.5). Postsacral vertebrae number did not scale 

isometrically with TA, but scaled much less than one as 72.56 TA0.16 (t11 = 24.0, P < 

0.001). In contrast, presacral numbers were independent of each body dimension and 

mass. Postsacral numbers were not significantly related to presacral numbers.  

 

Table 3.5 Correlation between postsacral and presacral vertebral numbers 
with body dimensions for 13 species of Varanus listed in Table 3.1.  

 
 Postsacral  

vertebral number 
 Presacral 

vertebral number
 r P  r P 
HN 0.80 0.001  0.09 0.762 
TA 0.80 0.001  0.10 0.749 
SVL 0.81 0.001  0.10 0.756 
TAIL 0.88 0.001  0.03 0.912 
FFOOT 0.81 0.001  0.05 0.871 
LFL 0.79 0.001  0.06 0.834 
UFL 0.81 0.001  0.07 0.832 
HFOOT 0.84 0.001  0.04 0.896 
LHL 0.81 0.001  0.05 0.865 
UHL 0.82 0.001  0.04 0.889 
Mass 0.65 0.001  0.01 0.970 

 

Both size (measured as snout-to-vent length; SVL) and mass showed a strongly 

significant phylogenetic signal. Size (SVL) had a high k value (SVL, k = 0.79, P < 

0.001), as did mass (Mass, k = 0.79, P < 0.001). The number of presacral vertebrae was 

not influenced by phylogeny (k = 0.56, P = 0.435), whereas the number of postsacral 

vertebrae had a phylogenetic pattern (k = 0.97, P = 0.048).  

Since both size and postsacral vertebral number have a strong phylogenetic 

signal the significant relationship between body size and postsacral number could be 

just the same phylogenetic effect. However, when phylogenetically-independent 

contrasts of body size are plotted against contrasts of postsacral number (Figure 3.2) 

there is still a significant relationship (r2 = 0.42, P = 0.011). This suggests that there is a 

non-phylogenetic relationship between the postsacral vertebrae number and body size. 
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Figure 3.2 Regression between standardised independent contrasts of snout-

vent length (SVL) and postsacral number in Australian varanids.  
* contrast between V. brevicauda and V. eremius.  

 

The effect of size was removed from body dimensions using Somers’ (1986) 

size-free analysis. When size-free variables were regressed with each other several body 

dimensions were correlated (Appendix II pg 234), as is summarised in Table 3.6. Tail 

length is negatively correlated with thorax-abdomen length, upper forelimb length and 

lower forelimb length. The forefoot is positively correlated with lower forelimb length 

but negatively correlated with the lower hindlimb. The hindfoot is negatively correlated 

with both the head-neck, and thorax-abdomen length. Finally, the lengths of the upper 

segment of both limbs are positively correlated.  

 

Table 3.6 Summary of significant correlations between size-free body 
dimensions for 18 species of Varanus. See Appendix II pg XXX for all 

correlations.    
 

Size Free dimension Correlated body dimensions and sign. 
TAIL - TA, - UFL, - LFL 
FFOOT + LFL, - LHL 
HFOOT - HN, - TA 
UHL + UFL 
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None of the size-free body dimensions had a significant phylogenetic signal 

(Table 3.7). The relationship between vertebral number and body dimensions was re-

assessed using size-corrected scores. Size-free body dimensions were regressed against 

size-corrected vertebral numbers. To correct vertebral numbers for size, residual were 

calculated from the size component. The size component is the first principal 

component extracted from Somers’ (1986) size-free analysis used to remove the size 

effect from body dimensions.   

 
 

Table 3.7 Phylogenetic signal in size-free body dimensions for species means.  
 

Size-free 
body 

dimension 
k P 

HN 0.34 0.909 
TA 0.56 0.217 
TAIL 0.67 0.103 
FFOOT 0.73 0.052 
LFL 0.51 0.367 
UFL 0.61 0.175 
HFOOT 0.39 0.358 
LHL 0.65 0.129 
UHL 0.64 0.291 

 

When size-free body dimensions are compared with residual vertebral numbers 

(from the size component) there is a strong correlation between presacral vertebrae 

number and size-free TA (Table 3.8). Presacral vertebral numbers are also correlated 

with HFOOT and UHL; however, these are likely to be due to co-correlations with these 

variables and TA. Similarly, residual postsacral numbers show the strongest correlation 

with size-free TAIL (Table 3.8). Less-significant correlations with residual postsacral 

vertebra number and other size-free variables (UFL and HFOOT) are likely to be the 

secondary result of a relationship of these size-free body proportions with TAIL.  
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Table 3.8 Correlations between residual vertebra number (from size 

component –see text) and size-free body dimensions for 13 species of Varanus 
listed in Table 3.1.  

 
Residual presacral 

number 
Residual postsacral 

number 
Size free 

body 
dimension r P r P 
HN  0.42 0.156 -0.35 0.239 
TA  0.76 0.002 -0.51 0.072 
TAIL -0.39 0.185  0.93 0.000 
FFOOT -0.01 0.968 -0.13 0.667 
LFL  0.26 0.398 -0.54 0.056 
UFL  0.25 0.403 -0.64 0.020 
HFOOT -0.59 0.036  0.61 0.025 
LHL -0.02 0.948 -0.05 0.871 
UHL -0.61 0.028 -0.19 0.527 

 

3.2.3 Metabolism 

Intra-specific standard metabolic rates (VO2 std) were examined for four species 

represented by more than five individuals, V. gouldii, V. glauerti, V. kingorum, and V. 

storri. In all cases, the relationship between VO2 std (mlO2 h-1) and Mass (g) was 

positive, but only the standard metabolic rates at 25ºC of V. gouldii and V. glauerti had 

a significant mass exponent, scaling as 0.10 M0.92 and 0.73 M0.46 respectfully (Table 

3.9). For the standard metabolic rates at 35ºC, only V. gouldii had a significant mass 

exponent scaling as 0.31 M0.91 (Table 3.9). 

 

Table 3.9 Regression between log VO2 std and log Mass in four species of 
Australian varanids. Equations are of the form VO2 std = aMb. Bold indicates 

P < 0.05 
  

Species Temp ºC n a b Mass range (g) F P 
V. glauerti 25 5 0.72 0.46 11.7 – 140.5 10.30 0.048 
 35 5 1.32 0.65 11.7 – 140.5   6.78 0.080 
        
V. gouldii 25 13 0.10 0.92 18.3 - 1010 35.89 0.001 
 35 9 0.31 0.91 18.3 - 1010 32.53 0.001 
        
V. kingorum 25 6 0.37 0.55 12.5 – 29.1   0.91 0.393 
 35 6 0.69 0.52 11.9 – 27.6   1.21 0.334 
        
V. storri 25 5 0.21 0.76 17.8 – 35.1   3.75 0.148 
 35 6 1.54 0.39 17.8 – 35.1   0.54 0.504 
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Maximal metabolic rates (VO2 max) were measured for six species, V. gouldii, 

V. gilleni, V. glauerti, V. kingorum, V. pilbarensis, and V. storri. The intra-specific mass 

exponents for VO2 max ranged widely (Table 3.10). Four species had a significant mass 

exponent, and among these four the exponent varied from M0.50 for V. gouldii to M1.33 

for V. kingorum.   

 

Table 3.10 Regression between log VO2 max at 35ºC and log Mass in six 
species of Australian varanids. Equations are of the form VO2 max = aMb.  

Bold indicates P < 0.05.  
 

Species n a b Mass range (g) F P 
V. gilleni 5   3.55 0.84 22.07 – 32.87       1.90 0.26 
V. glauerti 4   4.47 0.75 11.73 – 104.50 10.16 0.09 
V. gouldii 12 14.45 0.50 30.70 – 1010.00 33.58 0.00 
V. kingorum 4   0.69 1.33 12.49 – 23.80 23.58 0.04 
V. pilbarensis 5   2.04 0.96 13.61 – 69.78 34.03 0.01 
V. storri 6   3.98 0.51 17.80 – 35.08 10.29 0.03 

 

Species means for VO2 max and VO2 std of 18 species of varanid in this study 

are shown in Tables 3.11 and 3.12 respectively. VO2 std 16 species at 25ºC scaled as 

0.12 M0.88 (r2 = 0.98, F15 = 625.42, P < 0.001), while at 35ºC VO2 std for 17 species 

scaled as 0.31 M0.86 (r2 = 0.96, F16 = 515.01, P < 0.001). The inter-specific mass 

exponent using the VO2 max values for each of 17 species was 5.63 M0.74 (r2 = 0.94, F16 

= 213.00, P < 0.001). 

To determine whether factors other than mass were affecting metabolic rate, 

residuals from mass were calculated. Residuals from a log-log plot of metabolic rate 

(mlO2 hr-1) with mass, were not significantly related to phylogeny for VO2 max (k = 

0.55, P = 0.50), VO2 std at 25ºC (k = 0.52, P = 0.23) or VO2 std at 35ºC (k = 0.82, P = 

0.07).  
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Table 3.11 Maximal metabolic rates for Australian varanids. Values are mean ± standard error, with the sample size n.  
A = This study, B = Thompson and Withers 1997b, C = Christian and Conley 1994.  

 
Species n Mass (g) VO2 max 35ºC mlO2 hr-1 Study 

V. acanthurus  10 73.61 ±       6.25 170.00 ±     19.70 B 
V. brevicauda 9 17.48 ±       1.31 56.40 ±       4.44 B 
V. caudolineatus 14 14.95 ±       0.78 94.00 ±       6.20 B 
V. eremius 8 39.97 ±       6.76 91.90 ±     17.00 B 
V. gilleni 6 21.14   106.80   B 
V. glauerti 5 34.19 ±     17.65 56.50 ±     23.90 A 
V. gouldii 9 402.89 ±     80.68 313.83 ±     44.72 A 
V. kingorum 4 17.81 ±       3.13 33.70 ±       6.98 A 
V. mertensi 7 904.00   822.00   C 
V. mitchelli  1 184.00   177.93   A 
V. panoptes 6 2240.00 ±   583.00 2364.00 ±   494.00 B 
V. pilbarensis 5 30.35 ±     10.36 54.08 ±     18.64 A 
V. rosenbergi 5 1503.00 ±   239.00 1860.00 ±   321.00 B 
V. scalaris 2 98.35 ±     17.65 124.62 ±     39.40 A 
V. storri 6 24.00 ±       3.26 47.20 ±       7.00 A 
V. tristis 4 71.64 ±     28.63 105.80 ±     27.07 A 
V. varius 2 6800.00 ± 1100.00 4384.95 ± 1255.65 A 
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Table 3.12 Standard metabolic rates for Australian varanids. Values are mean ± standard error, with the sample size n.  
A = This study, B = Thompson and Withers 1997b, C = Christian and Conley 1994.  

 
Species n Mass (g) VO2 std 25ºC ml/hr n Mass (g) VO2 std 35ºC ml/hr Study 

V. acanthurus  9 53.10 ±       8.31 2.80 ±   0.46 9 53.40 ±       8.50 6.24 ±   1.35 B 
V. brevicauda 10 16.70 ±       1.12 1.12 ±   0.12 11 17.40 ±       0.94 2.71 ±   0.25 B 
V. caudolineatus 31 13.10 ±       0.64 0.92 ±   0.03 27 13.10 ±       0.86 2.26 ±   0.14 B 
V. eremius 14 36.40 ±       5.01 2.38 ±   0.32 14 35.90 ±       5.07 6.16 ±   0.91 B 
V. giganteus 6 2499.00 ±   774.00 91.00 ± 27.00 6 2502.00 ±   782.00 237.00 ± 78.20 B 
V. gilleni 6 20.00   1.92   6 20.00   3.58   B 
V. glauerti 5 33.84 ±     17.75 3.40 ±   0.86 5 33.84 ±     17.75 12.59 ±   4.21 A 
V. gouldii 8 420.75 ±     98.74 35.70 ± 12.45 7 443.86 ±   108.64 83.42 ± 24.43 A 
V. kingorum 6 20.86 ±       2.61 2.06 ±   0.38 6 19.81 ±       2.47 3.37 ±   0.54 A 
V. mertensi       7 904.00   72.00   C 
V. mitchelli  1 189.00   17.58   1 184.00   32.94   A 
V. panoptes 5 1896.00    562.00 66.00 ± 15.60 12 1622.00 ±   313.00 179.00 ± 33.90 B 
V. rosenbergi 7 2081.00 ±   313.00 90.00 ± 13.10 7 2074.00 ±   312.00 284.00 ± 43.00 B 
V. scalaris 4 81.63 ±       7.02 7.47 ±   2.46 3 88.33 ±     13.54 19.33 ±   5.86 A 
V. storri 5 26.90 ±       3.13 2.64 ±   0.35 6 27.63 ±       2.76 5.65 ±   0.65 A 
V. tristis 5 76.81 ±     24.22 7.44 ±   1.10 4 56.42 ±     13.16 13.94 ±   2.05 A 
V. varius 2 6800.00 ± 1100.00 398.75 ± 11.65 2 6800.00 ± 1100.00 492.20 ± 13.40 A 
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Metabolic rate may be related to body dimensions such as head-neck length or 

thorax-abdomen length, through the association of these with respiration (i.e. increased 

gular pumping or increased lung volume respectively). To determine if metabolic rates 

are related to relative differences of HN and TA, residuals of the log-log plot of 

metabolic rate to mass were compared with size-free body measurements. Simple 

correlations indicate that neither standard nor maximal residual metabolic rate was 

related to relative differences in HN or TA (Table 3.13).   

 

Table 3.13 Correlation between size-free body dimensions and residual 
metabolic rates. Bold indicates P < 0.05. 

 

 
Residual VO2MAX 

at 35ºC 
Residual VO2 std 

at 25ºC 
Residual VO2 std 

at 35ºC 
 r P r P r P 
HN 0.21 0.414 -0.33 0.218 0.02 0.952 
TA 0.35 0.174 -0.37 0.162 -0.35 0.170 

 

3.2.4 Relationship between metabolism and ecology. 

The direct relationship between residual metabolic rate and ecology was weak. 

ANOVA revealed no significant difference between residuals for either VO2 max at 

35°C, VO2 std at 25°C or VO2 std at 35°C with openness, habitat, retreat site or climate. 

A two-tailed t-test indicated no association between metabolic rate residuals and 

foraging mode. 

There was a difference between residual metabolic rates and climbing ability. 

Climbing species had a significantly higher residual VO2 std at 25ºC than non-climbing 

species (Table 3.14). When the effects of phylogeny were removed using 

autocorrelation, climbing species still had a significantly higher metabolic rate than 

non-climbing species (t10.33 = 4.26, P < 0.001).  
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Table 3.14 Comparisons of residual maximal and standard metabolic rates 
with climbing ability for Australian varanids. Bold indicates P < 0.05. 

 
 Residual VO2 max at 

35C 
Residual VO2 std at 

25C 
Residual VO2 std 

at 35C 
 mean s.e. n mean s.e. n mean s.e. n 
Climbing ability          
Climber -0.02 0.06 10  0.07 0.03 8  0.01 0.05 9 
Non Climber  0.03 0.05   7 -0.07 0.04 8 -0.01 0.04 8 
t-test t15 = 0.54, P = 0.594 t14 = 2.74, P = 0.016 t15 = 0.43, P = 0.676 
          

 

3.2.5 Relationship between morphology and ecology. 

3.2.5.1 Mass, SVL and vertebral numbers 

Varanid species differ greatly in body mass and size (measured as SVL), which 

may mask relationships between body mass or size with ecological characteristics. To 

control for this, log-transformed morphological data were analysed for ecological 

relationships. This approach suggested a significant difference between body size and 

mass with foraging mode, habitat and openness (Table 3.15).  

Mass is significantly related to foraging mode. Heavier species tend to be widely 

foraging, whereas smaller species adopt a sit-and-wait strategy. This was supported 

when both log-transformed mass values and untransformed size values were used. 

When the effects of phylogeny were removed using autocorrelation, SVL or mass 

residuals no longer differed with foraging strategy.  

Log SVL was significantly different among habitat types. Widely foraging 

terrestrial lizards were the largest, and sedentary terrestrial lizards were the smallest. 

Both aquatic and arboreal/saxicolous species were of intermediate size. A Student-

Newman-Keuls post hoc test indicated that widely foraging terrestrial lizards were 

significantly larger than sedentary terrestrial lizards (P = 0.018), but no other 

comparisons were significant. After phylogenetic correction was applied to the data, 

neither mass nor size was significantly different among habitat types.   
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Table 3.15 Comparisons of mass and length (SVL) with ecology for varanids. 
Mean and standard errors (s.e.) are shown for non log-transformed data. WF – 
Widely foraging. Phylo – indicates analysis performed using phylogentically 

corrected data.  
 

 Mass (g)  SVL (mm) 
 mean s.e. n  mean s.e. n 
Habitat        
WF Terrestrial 1428.2 584.7 5  417.1 90.1 5 
Sedentary terrestrial     30.8     9.5 4  111.3   8.9 4 
Arboreal and rocks 1016.1 964.1 7  221.5 73.5 7 
Semi-aquatic   642.2 490.9 2  321.2 88.5 2 
ANOVA (log) F3,14 = 3.32, P = 0.051  F3,14 = 4.57, P = 0.020 
ANOVA (phylo)   F3,14 = 1.05, P = 0.400 
    
Retreat Site        
Burrow   909.4 841.7 8  342.4 72.3 8 
Spaces rocks/trees 1040.0 415.5 8  214.3 65.5 8 
Oblique crevices     33.0     2.7 2  135.1 10.1 2 
ANOVA (log) F2,15 = 1.47, P = 0.261  F2,15 = 1.36, P = 0.287 
        
Openness        
Open 1529.0 743.6 4  416.7 116.3 4 
Semi-Open 1317.9 931.4 7  306.7   73.6 7 
Closed     45.7   18.4 7  129.9   17.9 7 
ANOVA (log) F2,15 = 5.03, P = 0.021  F2,15 = 6.12, P = 0.011 
ANOVA (phylo) F2,15 = 0.52, P = 0.606  F2,15 = 0.71, P = 0.506 
        
Climate        
Xeric   414.5   322.4 9  214.6   61.7 9 
Tropical   586.6   374.2 7  245.6   61.7 7 
Mesic 3912.5 2887.5 2  536.9 118.1 2 
ANOVA (log) F2,15 = 3.26, P = 0.067  F2,15 = 2.67, P = 0.102 
        
Foraging Mode        
Sit-and-wait     62.3   21.9   6  144.7 22.5   6 
Widely foraging 1273.9 584.5 12  321.3 61.3 12 
t-test (log) t15.74 = 2.41, P = 0.029  t16 = 2.10, P = 0.052 
t-test (phylo) T16 = 0.82, P = 0.423   
        
Climbing ability        
Climber 1123.1 697.1 10  229.1 55.5 10 
Non Climber   553.8 322.1   8  304.1 77.2   8 
t-test (log) t16 = 0.82, P = 0.426  t16 = 0.74, P = 0.472 
        

There was also a size-effect related to openness of habitat. Varanids from open 

and semi-open habitats were larger than species from closed habitats. A Student-

Newman-Keuls post hoc test indicated a significant difference between mass (and size) 

in open habitat and closed habitats (log mass P = 0.027) and a significant difference in 

mass between semi-open habitats and closed habitats (log mass P = 0.031), but no 

difference in open habitats when compared to semi-open habitats (log mass P = 0.393). 

For phylogenetically corrected data there were no significant differences between mass 

or size with openness.     
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There was no relationship between vertebral number and ecological 

characteristics for 13 species of varanid (Table 3.16). There was a significant 

relationship between postsacral number and openness but this was not significant once 

the size effect was removed.  

 
Table 3.16 Comparisons of vertebrae number with ecology for varanids. 

Mean and standard error (s.e.) are shown for non size-corrected data. WF – 
Widely foraging. Phylo – indicates analysis performed using phylogentically 

corrected data. 
 

 Presacral vertebrae 
number 

 Postsacral vertebrae 
number 

 mean s.e. n  mean s.e. n 
Habitat        
WF and Terrestrial 29.3 0.24 4  118.8   4.68 4 
Sedentary terrestrial 29.3 1.55 3    73.0   8.89 3 
Arboreal and rocks 28.8 0.28 4    98.2 16.90 4 
Semi-aquatic 29.6 0.65 2  119.1   3.15 2 
ANOVA F3,9 = 0.18, P = 0.906  F3,9 = 3.06, P = 0.084 
ANOVA (size corrected) F3,9 = 0.17, P = 0.914  F3,9 = 0.82, P = 0.514 
        
Retreat Site        
Burrow 29.4 0.58 7  103.3 10.2 7 
Spaces rocks/trees 29.0 0.33 6  100.4 11.7 6 
t-test t11 = 0.56, P = 0.577  t11 = 0.19, P = 0.852 
t-test (size corrected) t11 = 0.54, P = 0.600  t11 = 0.81, P = 0.437 
        
Climate        
Xeric 29.4 0.47 8    93.7   9.27 8 
Tropical 28.9 0.64 4  109.2 11.30 4 
Mesic 29.0 - 1  139.4 - 1 
ANOVA F2,10 = 0.22, P = 0.809  F2,10 = 1.70, P = 0.231 
ANOVA (size corrected) F2,10 = 0.27, P = 0.770  F2,10 = 0.02, P = 0.978 
        
Openness        
Open 29.3 0.24 4  118.8 4.68 4 
Semi-Open 29.0 0.00 3  122.6 8.48 3 
Closed 29.2 0.75 6    80.4 9.36 6 
ANOVA F2,10 = 0.05, P = 0.954  F2,10 = 7.82, P = 0.009 
ANOVA (size corrected) F2,10 = 0.07, P = 0.935  F2,10 = 0.38, P = 0.696 
        
Foraging Mode        
Sit-and-wait 29.4 0.88 5    90.7 12.00 5 
Widely foraging 29.1 0.19 8  108.9   9.08 8 
t-test t4.39 = 0.40, P = 0.711  t11 = 1.23, P = 0.245 
t-test (size corrected) t4.39 = 0.46, P = 0.667  t11 = 0.49, P = 0.636 
        
Climbing ability        
Climber 29.1 0.30 6  105.2 11.6 6 
Non Climber 29.3 0.60 7    99.2 10.2 7 
t-test t11 = 0.26, P = 0.798  t11 = 0.39, P = 0.703 
t-test (size corrected) t11 = 0.27, P = 0.794  t11 = 0.65, P = 0.528 
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3.2.5.2 Size-free body dimensions 

Relationships between size-free body measurements and ecology were 

examined. Since there are multiple size-free measures of body dimensions, two 

multivariate techniques were used; Principal Component Analysis (PCA) and 

Discriminant Analysis (DA).  

Based on the principal component analysis, the first two PC scores for size-

corrected body dimensions account for 33.0% and 28.2% of the total variance 

respectively (Table 3.17). The third principal component accounts for 15.3% of the 

variance. The first PC score is loaded positively for HN, TA and LFL and negatively for 

TAIL and UHL, while the second principle component is loaded positively for UFL and 

LHL, and negatively for HFOOT (Table 3.17). The third principal component was 

weighted positively for FFOOT and negatively for HN and TAIL. There are no clear 

species groups when PC1 is plotted against PC2, or when PC1 is plotted against PC3 

(Figure 3.3).  

 

Table 3.17 Component loading for principal component analysis of size-free 
body dimensions. Component loading represent correlations between initial 

variables and principal components. Variable showing strong correlation 
with principal components are indicated in bold face.  

 

Variable
PC 1 

(33.0%) 
PC 2 

(28.2%) 
PC3 

(15.3%) 
HN 0.62 0.15 -0.47 
TA 0.72 0.36 -0.15 
TAIL -0.59 -0.56 -0.49 
FFOOT 0.53 -0.53 0.59 
LFL 0.82 -0.07 0.27 
UFL -0.08 0.78 0.35 
HFOOT -0.45 -0.70 0.36 
LHL -0.45 0.68 -0.07 
UHL -0.60 0.48 0.45 
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Figure 3.3 Principal component analysis of size-free body dimension for 18 

species of varanid. 1 – V. acanthurus, 2 - V. brevicauda, 3 – V. caudolineatus, 4 
– V. eremius, 5 – V. giganteus, 6 – V. gilleni, 7 – V. glauerti, 8 – V. gouldii, 9 – V. 

kingorum, 10 – V. mertensi, 11 – V. mitchelli, 12 – V. panoptes, 13 – V. 
pilbarensis, 14 – V. rosenbergi, 15 – V. scalaris, 16 – V. storri, 17 – V. tristis, 18 – 

V. varius.    

 

Using PCA, species were grouped according to six different ecological 

characteristics; climbing ability, foraging mode, openness of habitat, habitat type, retreat 

site and climate. The first two principal components were used since together these 

account for over 50% of the variance in body dimensions (Figure 3.4).  

There was no significant difference using ANOVA or t-tests in any ecological 

variable along PC1. However PC2 significantly separated retreat sites and climbing 

species from non-climbing species. An ANOVA significantly separated species using 

retreat site along PC2 (F2,15 = 9.94, P = 0.002). A Student-Newman-Keuls host hoc test 

indicates that burrowing species and species that retreat to crevices are significantly 

higher along this component than species that retreat to spaces in rocks and trees. A t-

test significantly separates climbing species from non-climbing species along PC2 (t16 = 

2.79, P = 0.013). Most non-climbing species are weighted positively along this 

component, while climbing species (with the exception of V. pilbarensis) are weighted 

negatively along this component. The component loading along PC2 suggests that 

climbing species, and species that retreat to spaces in rocks and trees have longer 

forefeet but a shorter UFL and LHL than burrowing or non-climbing species.  
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Figure 3.4 A principal component analysis based on size-free body size for 18 
species of varanid. Species are grouped based on six ecological 

characteristics. Species are as labelled in Figure 3.3.  
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Discriminant analysis groups species into pre-defined categories. This analysis 

shows how well species can be separated based on known ecological characteristics 

along with providing information on which body dimensions can be used to separate 

them.  

Habitat. 

A discriminant analysis based on habitat type provided some separation (Figure 

3.5). The first discriminant function accounts for 77.02% of total variance and was 

loaded most positively on TAIL, TA, HFOOT and UHL (Table 3.19). The second 

discriminant function accounts for 19.98% of the total variance and was weighted 

positively for HN, TA, and HFOOT. Both the first and second discriminat functions had 

eigenvalues greater than 1.0, but neither were significant, probably due to the large 

number of degrees of freedom associated with using four groups (Table 3.18). Casewise 

discriminant scores for each species are presented in Table 3.20. An ANOVA using 

casewise discriminant scores for DF1 was highly significant (F17 = 24.6, P < 0.001). A 

Student-Newman-Keuls post hoc test indicates that widely foraging species were 

significantly different from sedentary terrestrial species, aquatic species and 

arboreal/saxicolous species, further sedentary terrestrial species were significantly 

different from aquatic species.  
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Figure 3.5 Discriminant function analysis of size-free body shape based on 
habitat groups proposed by Thompson and Withers (1997a). Species 16 – V. 

storri.  
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Table 3.18 Eigenvalues and Wilks’ lambda scores for a discriminant function 
analysis based on habitat types for 18 species of Australian varanid.  

 
 Function 1 Function 2 
Eigenvalue 5.27 1.37 
% of Variation 77.02 19.98 
Cumulative % variation  77.02 97.00 
Canonical correlation 0.92 0.76 
   
Wilks’ lambda   
 Function 1- 3 Function 2- 3 
Wilks’ lambda   0.06   0.35 
Chi2 30.28 11.01 
DF 27.00 16.00 
P     0.302     0.809 

 
Table 3.19 Standardised discriminant function coefficients for size free body 

dimensions based on habitat type in 18 species of Australian varanid. 
Variables contributing the most to each function than are shown in bold face. 

 
Variable Function 1 Function 2 
HN 2.60 1.02 
TA 5.15 1.32 
TAIL 6.84 -0.23 
FFOOT 2.73 -0.42 
LFL 1.95 -0.70 
UFL 2.42 -0.23 
HFOOT 3.31 1.45 
LHL 1.06 -0.01 
UHL 3.41 0.47 

 
Table 3.20 Casewise discriminant scores for 18 species of Australian varanid 

in a discriminant function analysis based on habitat type. 
 

Species Function 1 Function 2 
V. acanthurus  0.47 -1.44 
V. brevicauda  0.11 -0.27 
V. caudolineatus  1.06 -0.38 
V. eremius -3.06  0.41 
V. giganteus -3.10 -0.09 
V. gilleni -0.36 -0.64 
V. glauerti  0.39 -1.47 
V. gouldii -2.82  0.91 
V. kingorum -0.39 -0.64 
V. mertensi  1.01  2.33 
V. mitchelli  4.23  2.80 
V. panoptes -3.57 -0.40 
V. pilbarensis  2.36 -1.10 
V. rosenbergi -2.52  0.70 
V. scalaris  2.61  0.62 
V. storri -0.47  1.85 
V. tristis  1.67 -0.41 
V. varius  2.37 -2.77 

The effects of phylogeny were removed from each size-free body dimension 

using autocorrelation. The discriminant function analysis based on habitat type using 
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size-free phylogenetically-corrected values separated the groups in a similar way to 

non-phylogenetically corrected data, with PC1 reversed (Figure 3.6). There was no 

significant difference in the Wilks’ lambda scores between size-free discriminant 

function analysis and the size-free phylogenetically-corrected discriminant function 

analysis (F3,7 = 1.85, P = 0.230), further suggesting that phylogenetic correction did not 

influence the analysis. Discriminant functions 1 and 2 had eigenvalues of 7.94 and 1.35 

respectively, although neither was significant when tested using a Chi2 analysis. The 

first discriminant function accounted for 80.9% of the variance and was positively 

weighted for TA and TAIL. This function did separate widely foraging terrestrial lizards 

from both sedentary terrestrial and arboreal/saxicolous species. The second discriminant 

function accounted for 13.8% of the variance and was positively weighted for HFOOT, 

TA and HN. It separated aquatic monitors from both widely foraging terrestrial 

monitors and sedentary terrestrial monitors, but only weakly separated aquatic monitors 

from arboreal/saxicolous monitors. 
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Figure 3.6 Discriminant function analysis of size-free and phylogenetically 
corrected body shape based on habitat types.  
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Retreat site. 

The discriminant analysis based on retreat site showed a tight grouping of 

species (Figure 3.7). The first discriminant function accounted for 61.4% and was 

positively weighted for FFOOT, UFL and LHL (Table 3.22). The second discriminant 

function accounted for 38.5% of the variation and was most positively weighted for 

LFL, UFL and HFOOT. Both functions had eigenvalues greater than 1.0 and were 

significant based on a Chi2 test (Table 3.21).  

Discriminant scores for each species are given in Table 3.23. The first 

discriminant function separates all three retreat types. Species that retreat to oblique 

rock crevices are weighted most positively, while species that retreat to burrows are 

weighted most negatively. Species that retreat to spaces in rocks and tree were 

intermediately weighted. The second discriminant function separated species that retreat 

to oblique rock crevices, which were positively weighted along this function, but only 

weakly separated burrowing species from species that retreat to spaces. Of the latter two 

groups, burrowing species were weighted positively along DF2 while species that 

retreated to spaces in rocks and tree were weighted negatively.  

.       
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Figure 3.7 Discriminant function analysis of size-free body shape based on 
retreat sites.  

 

 

 79 



Chapter 3. Morphology, Physiology and Phylogeny 
 
 

 80 

 

Table 3.21 Eigenvalues and Wilks’ lambda scores for a discriminant function 
analysis based on retreat sites for 18 species of Australian varanid.  

 
 Function 1 Function 2 
Eigenvalue 10.84     6.79 
% of Variation 61.48   38.52 
Cumulative % variation  61.48 100.00 
Canonical correlation   0.96     0.93 
   
Wilks’ Lambda   
 Function 1- 2 Function 2- 2 
Wilks’ Lambda   0.01   0.13 
Chi2 49.77 22.58 
DF 18.00   8.00 
P     0.001      0.001 

 
Table 3.22 Standardised discriminant function coefficients for size-free body 

dimensions based on retreat site for 18 species of Australian varanid. 
Variables contributing the most to each function than are shown in bold. 

face. 
Variable Function 1 Function 2 

HN 1.23 3.20 
TA 2.14 3.34 
TAIL 6.17 6.00 
FFOOT 2.38 0.67 
LFL 1.54 2.72 
UFL 2.47 2.91 
HFOOT 0.88 2.99 
LHL 0.30 2.34 
UHL 2.10 2.56 

 
Table 3.23 Casewise discriminant scores for 18 species of Australian varanid 

in a discriminant function analysis based on retreat site. 
 

Species Fn 1 Fn 2 
V. acanthurus -2.95  1.44 
V. brevicauda -4.13  2.05 
V. caudolineatus -3.44  1.36 
V. eremius -3.55  0.89 
V. giganteus -2.42  0.24 
V. gilleni -3.69 -0.58 
V. glauerti -1.87  0.25 
V. gouldii -3.67  0.57 
V. kingorum  4.96  4.16 
V. mertensi  4.88  6.82 
V. mitchelli  2.62 -0.90 
V. panoptes  0.70 -2.39 
V. pilbarensis -0.10 -2.50 
V. rosenbergi  2.39 -0.95 
V. scalaris  1.95 -2.35 
V. storri  1.45 -3.15 
V. tristis  3.30 -1.43 
V. varius  3.56 -3.50 
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The discriminant analysis of size-free and phylogenetically-corrected data based 

on retreat site is shown in Figure 3.8. The first discriminant analysis accounts for 91.1% 

of the variance and was positively weighted for UHL but negatively weighted for 

FFOOT and UFL. The second discriminant function accounted for 8.9% of the variance 

and was positively weighted for LFL and UFL. The eigenvalues for both functions are 

greater than 1.0 (DF1 20.75; DF2 2.03), but only the first function was significant (DF1 

P < 0.001 DF2; P = 0.142). There was no significant difference in the Wilks’ lambda 

score between size-free discriminant function analysis and the size-free and 

phylogenetically corrected discriminant function analysis (F2,8 = 1.59, P = 0.260).   

The first function clearly separates burrowing species from both species that 

retreat to oblique rock crevices and species that retreat to spaces in rocks and trees.  

Burrowing species are positively weighted along this function while the other groups 

are negatively weighted. The second function separates the two species that retreat to 

oblique rock crevices, but groups species that retreat to burrows and those that retreat to 

spaces in rocks and trees.  
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Figure 3.8 Discriminant function analysis of size-free and phylogenetically 
corrected body shape based on retreat site.  
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Climate. 

The discriminant function analysis based on climate did not reveal a strong 

association with shape (Figure 3.9). The first discriminant function accounted for 92.8% 

of the variance and was negatively loaded for FFOOT and LHL while DF2 accounted 

for 7.2% and was negatively loaded for TA and TAIL. The first discriminant function 

weakly separated xeric species from tropical species. Xeric species tended to be 

negatively loaded while tropical species were positively loaded. One exception was V. 

eremius (case 4 in Figure 3.9). This species plotted in with tropical species rather than 

other xeric species. Species from mesic climates appeared closer in body form to 

species from xeric climates. The second discriminant function did not separate any 

climatic group clearly. The first discriminant function had an eigenvalue greater than 

one (1.77), but was not significant (P = 0.814). The second discriminant function had an 

eigenvalue below one (0.14) and was also non-significant (P = 0.994). Body dimensions 

were considered to have little relationship to climate and thus no phylogenetic analysis 

was undertaken.  
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Figure 3.9 Discriminant function analysis of size-free body shape based on 
climate. 4 – V. eremius. 
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Openness.  

The discriminant function analysis based on openness (Figure 3.10) separates 

open habitat species from both semi-open and closed habitat species along DF1. The 

first discriminant function has 88.2% of the variance and was weighted positively for 

TA and TAIL. The second discriminant function accounted for 11.8% and was 

negatively weighted for TA and FFOOT. The first discriminant function showed an 

eigenvalue greater than one (DF1 2.00; DF2 0.26), though neither was significant based 

on a Chi2 analysis of eigenvalues (DF1 P = 0.683; DF2 P = 0.957), thus predictive 

power of this analysis was low. Further phylogenetic correction was not undertaken. 
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Figure 3.10 Discriminant function analysis of size-free body shape based on 
openness.  
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Foraging mode 

The discriminant function analysis based on foraging mode separated sit-and-

wait predators from widely foraging species. Since there were only two foraging modes, 

only one discriminant function was extracted. When size-free body dimensions are used 

the discriminant function was weighted positively for TA and TAIL. Component 

loading for this function are shown in Table 3.24. A two-tailed t-test on the casewise 

discriminant scores revealed a significant difference between the foraging types with 

reference to shape (t16 = 2.56, P = 0.021). Sit and wait species were weighted positively 

(group centroid 0.85) along DF1 while widely foraging species were weighted 

negatively (group centroid -0.42). However the eigenvalue for this function was low 

(0.54) and was not significant (P = 0.917).  

When size-free and phylogenetically corrected data are used the discriminant 

function was positively weighted for TAIL, LFL and UFL (Table 3.24). Again a two-

tailed t-test on casewise discriminant score revealed a significant difference between the 

foraging modes (t16 = 4.90, P < 0.001), sit-and-wait were negatively weighted along this 

function (group centroid -1.63) while widely foraging species were positively weighted 

(0.82). The eigenvalue for the discriminant function for the size-free and 

phylogenetically-corrected functions was above one (1.5) though this was not 

significant based on a Chi2 analysis (P = 0.309).  

 

Table 3.24 Component loading for a discriminant analysis based on foraging 
mode. Variables contributing the most to each function than are shown in 

bold face.  
 

Standardised discriminant function 
coefficients 

Variable 
Size-free 

Size-free and 
phylogenetically 

corrected 
HN 1.20  0.90 
TA 2.95  0.74 
TAIL 3.53  1.64 
FFOOT 1.57  0.37 
LFL 0.56  1.58 
UFL 1.22  1.58 
HFOOT 1.71  0.69 
LHL 1.17 -0.07 
UHL 0.76  0.33 
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Climbing ability.  

A discriminant function separated climbing species from non-climbing species. 

One discriminant function was produced which was weighted positively for TA, TAIL, 

FFOOT and UHL. Component loading for this function are shown in Table 3.25. A 

two-tailed t-test on casewise discriminant scores revealed a significant difference 

between climbing and non-climbing species based on shape (t16 = 6.44, P < 0.001). 

Non-climbing species were weighted negatively along this function (group centroid = -

1.69) while climbing species were weighted positively (group centroid = 1.36). Though 

the eigenvalue for this function was high (2.59) a Chi2 analysis did not statistically 

separate the groups (P = 0.100). 

When size-free and phylogenetically corrected data were analysed, climbing 

species could still be separated from non-climbing species. Component loading between 

both size-free and size-free phylogenetically corrected data were similar, the function 

for the latter data set being weighted positively for TAIL and FFOOT (Table 3.25). A 

two tailed t-test on casewise discriminant scores showed a significant difference 

between the groups (t10.33 = 4.73, P < 0.001) with non-climbing species still being 

negatively weighted along this function while climbing species were positively 

weighted. It appears that climbing species tend to have relatively longer tails and 

forefeet than non-climbing species. The eigenvalue for this function was 1.59, and was 

not significant (P = 0.279). 

  

Table 3.25 Component loadings for a discriminant function analysis using 
size-free body proportions grouped on climbing ability.  

 
Standardised discriminant function 

coefficients 
Variable

Size-free 
Size-free and 

phylogenetically 
corrected 

HN  0.45  0.11 
TA  1.85 -0.15 
TAIL  2.61  0.72 
FFOOT  1.47  0.83 
LFL  0.24  0.36 
UFL  0.54  0.33 
HFOOT  0.66  0.56 
LHL -0.57 -0.24 
UHL  1.96  0.22 
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3.2.6 Clustering of ecological traits 

The tendency for ecological traits to cluster in parts of the phylogenetic tree was 

tested. If the sum of the branch lengths between species with similar ecological traits 

was less than the sum of the branch lengths when ecological traits were assigned 

randomly to the tree, then the ecological trait was considered to be clustered. Of the six 

ecological traits examined, four had significant clustering within the phylogenetic tree 

(Table 3.26). Openness had the strongest clustering of all ecological traits. Of 10,000 

randomly assigned trees, only 11 had stronger clustering than was recorded for 

varanids. Habitat showed similarly high clustering, with only 18 of the 10,000 randomly 

assigned trees showing greater clustering. Retreat site and climbing ability were also 

significantly clustered in the phylogenetic tree; more than 95% of the randomly 

assigned trees had less clustering than either of these ecological traits. However, neither 

climate nor foraging mode showed significant clustering. Similar results are obtained if 

the sum of the nodes between species with similar ecological traits was used instead of 

the sum of branch lengths.  

 

Table 3.26 Clustering of ecological traits within the phylogeny. Actual 
clustering values are the sum of the branch lengths between species with 

similar ecological traits. These are compared with 10,000 trees with identical 
branching patterns but with ecological traits randomly assigned to the tips. 

Smaller clustering values indicate a greater degree of clustering. The number 
of randomly generated trees with clustering values less than the actual 

clustering value is shown (# less). 
 

Range Ecological trait Actual 
Min Max 

Mean ± s.e. # less P value 

Habitat  36.79 34.40 45.48 41.47 ± 0.01     18 0.002 
Retreat Site 58.04 54.17 66.14 62.24 ± 0.01   106 0.011 
Openness 47.08 44.65 56.07 52.44 ± 0.01     11 0.001 
Climate 62.87 54.19 67.64 63.35 ± 0.02 3432 0.343 
Foraging mode 86.64 79.15 93.28 88.46 ± 0.02 1358 0.136 
Climbing ability 76.56 70.47 83.27 79.74 ± 0.01   349 0.035 
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3.2.7 Summary of results 

The first section presented the phylogenetic relationships among the species 

studied. Australian goannas can be divided into two major groups the larger gouldii 

group, and the smaller Odatria clade. The Odatrian clade can further be subdivided into 

medium to small-sized climbing species, small climbing species, small terrestrial 

species, and spiny-tailed rock species.  

The second section examined morphological differences among species. It 

focused on the effect of size on body dimensions. Most body dimensions scaled 

isometrically with body size, with the exception of the LFL and LHL. Postsacral 

vertebral number increased with size, whereas presacral vertebrae number was size-

independent. Both size and mass were strongly related to the phylogeny, but size-free 

body dimensions were phylogenetically independent.  

The third section examined metabolic rates both within and between species. 

Metabolic rates scaled differently for different species. Inter-specifically, VO2 max at 

35ºC scaled as mass0.74, VO2 std at 25ºC scaled as mass0.88 and VO2 std at 35ºC scaled 

as mass0.86. Residuals from VO2 max and VO2 std were not related to phylogeny.   

The fourth section found that relationships between physiology and ecology 

were generally weak. The only significant relationship was between climbing ability 

and residual VO2 std at 25ºC; climbing species had higher VO2 std at 25ºC than non-

climbing species.  

The fifth section examined relationships between morphology and ecology. 

Body size (SVL) and mass were both significantly related to foraging mode (widely 

foraging species were bigger), openness (species from closed habitats were smaller), 

and habitat (widely foraging terrestrial species were larger than sedentary terrestrial 

species). However, when phylogenetically corrected data were used, neither size nor 

mass were related to ecology. Vertebrae numbers were not related to any ecological 

characteristic.  

Size-free body dimensions were related to ecology using multivariate analysis. 

Using a discriminant analysis species could be grouped based on retreat site, foraging 

mode and climbing ability. Habitat provided some separation (widely foraging 
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terrestrial species could be separated from both sedentary terrestrial and 

arboreal/saxicolous species) while openness and climate were poorly related to shape.  

Four of the six ecological traits had significant clustering within the 

phylogenetic tree. Openness and habitat had the greatest clustering. Retreat site and 

climbing ability show weaker but still significant clustering within the phylogenetic 

tree, while neither foraging mode nor climate had significant clustering.  
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3.3 Discussion 

One major goal of this thesis was to explore Arnold’s (1983) paradigm with a 

group of closely-related lizards, the varanids. This paradigm suggested that morphology 

was related to ecology, not directly but rather through ecologically-relevant measures of 

performance. The alternative hypothesis was that morphology, can be directly related to 

ecology, and differences in performance are not adaptive, instead being consequences of 

morphological differentiation. Before this hypothesis can be tested using performance 

traits, it was important to understand how different aspects of morphology (e.g. size and 

body dimensions) or physiology (e.g. metabolic rate) interact, and if these 

characteristics can be directly related to ecology. Later chapters will then include 

different performance variables and at each stage examine whether morphology relates 

to ecology through these performance variables or whether direct links between 

morphology and ecology best explain differences between species.  
 

3.3.1 Size Matters 

Probably the most striking feature within varanids was the variation in body 

size. This study included individual lizards ranging from an 8 gram V. caudolineatus to 

an 8 kg V. varius. This size difference constitutes three orders of magnitude and is one 

of the largest size differences within a single genus. Such large differences in size have 

of course not gone unnoticed. Many authors have studied the evolution of body size 

within varanids (Gould and MacFadden 2004; Molnar and Pianka 2004; Pianka 1995), 

concluding that body size was strongly related to phylogeny in this group. This finding 

was strongly supported by my study, with both size and mass having a strong 

phylogenetic signal.   

Most studies agree that the ancestral varanid was neither exceptionally small nor 

exceptionally large, but was probably about 0.5 – 1.5 m in total length (Losos and 

Greene 1988; Mertens 1942; Molnar and Pianka 2004; Pianka 1995). Recent studies 

have shown that both small and large body sizes have risen independently in many 

groups of varanids (Molnar and Pianka 2004). The maximum likelihood hypothesis 

presented here shows three lineages within Australian varanids, the gouldii group, the 

Odatrian clade and V. varius the only representative of the komodoensis group in 

Australia.  Figure 3.11 shows the maximum likelihood hypothesis with body sizes 
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(SVL) shown. This suggests that within Australian species the gouldii group has 

remained large while the Odatria clade has undergone size reduction. Within the 

Odatrian clade differences in body size are also evident. It can be further subdivided 

into medium to small-sized species (V. glauerti, V. tristis, V. mitchelli, V. scalaris, V. 

pilbarensis) and smaller-sized species (V. acanthurus, V. kingorum, V. storri, V. gilleni, 

V. caudolineatus, V. brevicauda, V. eremius).  

 

 

 
Figure 3.11 The evolution of body size in Australian varanids based on the 

maximum likelihood hypothesis shown in Figure 3.1. Relative sizes of extant 
species and ancestors are represented by the size of the dots. Size of ancestral 

species was estimated by averaging the tips of each fork.    
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Size was found to be related to habitat using non-phylogenetic analyses. Both 

body size (SVL) or mass were significantly related to foraging mode, openness of 

habitat and habitat type. Widely foraging species were larger than sit-and-wait species, a 

result which was reflected in habitats differences. Furthermore, species from closed 

environments tended to be small, while there was no difference in the size between 

species from open or semi-open habitats. This implies an advantage for larger size in a 

widely foraging open habitat. The advantages of small size in a closed environment are 

obvious; a smaller lizard will be able to move through a dense and complex habitat 

more easily. In such a habitat larger species are likely to encounter spaces that are too 

narrow to squeeze through, and as such would be restricted in movement.  

However, when phylogenetically-corrected data were considered size (SVL or 

mass) was no longer related to any aspect of ecology. This result was not surprising 

considering the strong link between size and phylogeny, but it was unclear whether 

relationships of size with ecology reflect adaptations to environments or are the result of 

phylogenetic effects.  

If phylogeny was related to size, and size was related to ecology, then it might 

be expected that phylogeny may influence the ecology of each species. The results of 

the clustering analysis show that the association between phylogeny and ecological 

traits was quite strong, as illustrated in Figure 3.12.  

Habitat, retreat site, climbing ability, and openness all show significant habitat 

clustering while only foraging mode and climate do not cluster on the phylogenetic tree. 

The strong association between phylogeny and ecological traits makes phylogenetic 

analysis difficult, since differences in morphological, physiological or performance 

traits must be large in order to obtain a significant result.  
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Figure 3.12 The evolution of ecological characteristics within Australian 

varanids. Habitats (ST – sedentary terrestrial; A/R – Arboreal or saxicolous; 
WT – Widely foraging terrestrial; Aq – Aquatic). Retreat site (Sp – spaces in 
rocks and trees; B – burrows; Ob – Oblique rock crevices). Foraging strategy 

(SW – Sit-and-wait; WF – Widely foraging). Climbing ability (NC – non-
climber; C – climber). Openness (Clo – closed habitat; SO – semi-open 
habitat; O – Open habitat). Climate (X – xeric; T – tropical; M – mesic). 

Relative sizes of extant species and ancestors are represented by the size of 
the dots. 

 

 
 
 

 92 



Chapter 3. Morphology, Physiology and Phylogeny 
 
 

 93 

3.3.2 Body dimensions  

The relationship between shape and size has been the focus of much biological 

study. It was generally thought that the shape of an organism must change with size to 

preserve functional equivalence, both in ontogeny and in phylogeny (Gould 1966; 

Losos 1990a; McKinney 1990; Schmidt-Nielsen 1975, 1979). However, there are 

examples where shape does not vary with size within a species or a group of species 

(Meunier 1959; Sweet 1980); these animals are ‘geometrically similar’ (Gould 1969; 

Gunther 1975). In geometrically-similar (or isometric) species, changes in body 

proportions (such as limb lengths) are proportional to changes in body length. Several 

authors have suggested that varanids show considerable conservatism in their general 

body form (Greer 1989; King and Green 1993; Pianka 1995; Shine 1986). Of the eight 

body dimensions measured in this study, six showed isometric scaling across the 18 

species, and thus suggest that varanids are not only morphologically conservative, but 

approach geometric similarity (but see Thompson and Withers 1997a for non-isometric 

scaling in other body dimensions). Only the lower-forelimb and the lower-hindlimb 

length scaled non-isometrically, such that larger species have proportionally longer 

forelimbs and hindlimbs than smaller species. 

The relationship between body length and body appendage length was linear for 

each variable; however, not every species fit perfectly on the line. Thus, despite overall 

geometrical similarity, there were still differences in body dimensions among species. 

Variations in appendage length not correlated with body size may be due to 

phylogenetic inertia or ecology (Losos 1990a,b; Losos and Sinervo 1989). None of the 

size-free body dimensions were significantly related to phylogeny; whereas, 

multivariate analyses suggested that at least some differences in body dimensions were 

related to some differences in ecology. 

Of the ecological traits examined for varanids, retreat site was best related to 

body dimensions. The discriminant function based on retreat site had the highest 

eigenvalue and most clearly separated the three categories. Species that retreat to 

oblique rock crevices were positively weighted on both DF1 and DF2. Both of these 

functions are positively weighted with tail length suggesting that species which retreat 

to oblique crevices have relatively longer tails.  
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None of the size-free morphometric variables had a significant phylogenetic 

signal, but it is still unclear whether phylogenetic correction should be applied. Some 

studies have used a lack of phylogenetic signal as justification for not using 

phylogentically-based methods. However, Blomberg et al. (2003) suggested this 

assumes that all species are related by a hard polytomy with equal branch lengths, and 

equal rates of evolution along each branch. As this is not the case for varanids, using 

non-phylogenetically corrected data is not justified. 

The discriminant function using size-free and phylogenetically-corrected data 

was weaker (based on eigenvalue scores) than the discriminant function using only size-

free scores. Species that retreat to oblique rock crevices were no longer significantly 

different from species that retreat to spaces in rocks and trees. However, burrowing 

species were still separated from both species that retreat to spaces in rocks and trees 

and species that retreat to oblique rock crevices.  

This suggests a robust difference in body dimensions between burrowing species 

and climbing species, which was also reflected in the discriminant function using 

climbing ability to group species. In both analyses, longer tail and longer forefeet are 

associated with climbing species, while a shorter tail and shorter forefeet characterise 

burrowing species. Longer upper fore- and hind-limbs are also associated with climbing 

species while the inverse was true of burrowing species.  

Interpretation of the functional reasons for this difference was difficult since 

there are two possible adaptive explanations for this result. Either lengthening of these 

body dimensions was a result of adaptation to a climbing habitat, or shortening of the 

body dimensions was associated with burrowing. Several lines of evidence support the 

latter hypothesis, of shortening forelimbs in response to burrowing.  

Biomechanical models suggest that shorter limbs may be more stable on narrow 

structures than longer limbs (Pounds 1988), a finding that was supported by a 

comparative study of Anolis lizards (Losos and Sinervo 1989). Therefore, longer limbs 

are unlikely to evolve in response to a climbing habit. Further, climbing was probably 

an ancestral habit for Australian goannas (Pianka 1995) and therefore any changes to 

morphology are likely to occur in response to a new habit, for example, burrowing. 

Finally, shortening of the limbs and tail has been associated with burrowing in other 

groups of lizards, e.g. Australian agamids (Thompson and Withers 2005).   
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Along with body dimensions, differences in structure, such as vertebral number 

have been associated with ecology. In snakes, differences in vertebral number have been 

related to differences in size (Lindell et al. 1993), climate (Klauber 1941), feeding 

behaviour (Jayne 1982), habitat use (Lindell 1994) and locomotory habit (Jayne 

1988a,b). Moreover, for lacertids increases in vertebral number have been associated 

with cluttered habitats and climbing habits (Van Damme and VanHooydonck 2002).  

For varanids, postsacral vertebral number was significantly related to size, but 

once this effect was removed the postsacral vertebrae number showed no association 

with ecology. Presacral vertebral number was not related to size nor any ecological 

characteristic, yet ranged from a mean of 27.2 to 32.3. Thus the significance of variation 

of presacral vertebral number remains ambiguous. Presacral vertebrae number was 

related to size-free thorax-abdomen length; however, this variable did not show a strong 

association with ecology.  

One species typifies the expected relationship between vertebral number and 

ecology. Varanus brevicauda has the highest number of presacral vertebrae of the 

species included in this study and was typically found in dense spinifex bushes (Pianka 

2004a). Perhaps larger sample sizes are required before the relationship between 

vertebral number and ecology in varanids becomes apparent (e.g. Van Damme and 

Vanhooydonck (2002) used 96 species of lacertid in their analysis on the relationship 

between habitat and vertebral number).  

3.3.3 Metabolism 

As well as structural differences (size and body dimensions), changes in 

physiology may also be related to differences in ecology. However, it was important 

first to understand how physiology changes with these structural differences, and 

whether Varanus as a model group was similar to other groups of animals.  

Standard metabolic rates (VO2 std) across vertebrate species are generally 

thought to scale with a mass exponent of 0.75 (Feldman and McMahon 1983; Heusner 

1982). However, squamates show a significantly higher mass exponent scaling as 

mass0.80 (Andrews and Pough 1985), though the reasons for both scaling exponents are 

largely unknown. This study reports the inter-specific mass exponent for VO2 std of 16 

species ranging from 12.5g to 6800g to be 0.88 at 25ºC, and for 17 species ranging from 
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12.2 to 6800 to be 0.86 at 35ºC. When the VO2 std of varanids are compared to the 

results reported in Andrews and Pough (1985) there was no significant difference 

between either the slope or the elevation at 25ºC or 35ºC (Figure 3.13), supporting 

Bennett’s (1972) suggestion that VO2 std of varanids does not differ from that of other 

lizards.  
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Figure 3.13 Standard metabolic rates of varanids and other lizards published 

in Andrews and Pough (1985), at 25ºC (A) and at 35ºC (B) 
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However, there was a significant difference when maximal metabolic rates (VO2 

max) are compared. Comparison of VO2 max of varanids with 17 other species of lizard 

cited by Bennett (1982) suggested that there was no significant difference in slope of 

the two regressions, but there was a significant difference in elevation (F32 = 15.7, P < 

0.001). Varanids in this study tended to have a higher VO2 max than other lizards 

(Figure 3.14). This agrees with the results published by Bennett (1973). Higher VO2max 

in varanids may have a significant positive effect on performance variables when 

compared to other lizards, e.g endurance. 
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Figure 3.14 Relationship between maximal metabolic rate of varanids with 

other lizards published in Bennett (1982). 

 

There are some differences in the experimental protocol for VO2 max between 

these studies. While this study recorded VO2 max while running on a treadmill, other 

studies have used different methods (e.g. electric shock stimulation, Wilson 1974). If 

data are only included for lizards species in which VO2max was recorded on a treadmill, 

then there was no significant difference in either slope or elevation between varanids 

and other lizards.  

Differences of metabolic rate with ecological traits were weak for varanids. 

Previous studies have suggested a stronger link between metabolic physiology and 

ecology, for example, a low VO2 std was usually correlated with reclusive, fossorial or 
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sedentary foraging patterns for some reptilian species (Beck and Lowe 1994; Kamel and 

Gatten 1983; Putnam and Murphy 1982). Thompson and Withers (1997b) report a 

significantly higher VO2 std for eight widely foraging varanid species when compared 

with two sedentary varanid species. This association between foraging mode and 

metabolic physiology was not supported in this study with 11 widely foraging species 

showing no significant difference in VO2 std or VO2 max from six sit-and-wait varanid 

species. Though since foraging strategies are generally considered a continuum (Perry 

1999) future studies should include quantitative measures of foraging behaviour to 

further examine the relationship.  

Some studies have suggested a link between arboreality and metabolic 

physiology. Thompson and Withers (1997b) reported that climbing species had 

significantly higher VO2 max than terrestrial varanids, suggesting that climbing vertical 

structures may be more metabolically demanding. This study reported no significant 

difference in VO2 max between climbing and non-climbing varanids, but climbing 

species did show higher VO2 std at 25ºC than non-climbing species even once the 

effects of phylogeny have been removed. The ecological relevance of this finding may 

be limited since most climbing species are active at higher body temperatures, above 

25ºC. Further research into this relationship may have to be conducted before any 

adaptive significance becomes apparent.    

 

Conclusions 

The purpose of this chapter was to examine differences in morphology and 

physiology for Australian varanids, account for phylogenetic relations between varanids 

and the influence of these on morphology and physiology, and finally to document any 

direct links between morphology, physiology and ecology. This would then act as a 

basis for interpreting differences in performance variables, enabling Arnold’s (1983) 

paradigm to be tested – examining whether differences in morphology and physiology 

are directly linked to ecology, or their effects are mediated through ecologically-

relevant measures of performance.  

The findings of this chapter are summarised in Figure 3.15. Size seems to be a 

dominate factor in this groups. Size was strongly associated with phylogeny. Size can 

also be linked to ecology but not when phylogenetic effects are removed. This suggests 
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a direct link between phylogeny and ecology, which was supported with clustering 

analysis. Size also determines physiological variables such as metabolic rates, and 

morphological variables such as body proportions and postsacral vertebral number. 

After the effect of size are removed, both metabolic rates and vertebral numbers show 

little relationship to ecology, but body dimensions show a strong relationship with 

ecological variables such as climbing ability and retreat site. Removing the effect of 

phylogeny weakens these relationships slightly suggesting some influence of phylogeny 

in these relationships. Whether these relationships are mediated (either positively or 

negatively) by performance variables remains the subject of later chapters. 

  

 
Figure 3.15 Relationships between morphology, physiology, phylogeny and 

ecology in Australian varanids. Solid lines refer to aspects of the main 
feature, arrows indicate association.  
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Summary 
 

This chapter sought to answer two major questions; 1) what are the 

physiological and morphological correlates with variation in endurance, and 2) what are 

the ecological correlates with variation in endurance?  

Intra-specific correlations between size (mass and SVL) and endurance were 

positive for the four species with the largest range in mass. Further, these correlations 

were stronger when juveniles were removed from the data set. Endurance of juvenile 

lizards was consistently higher than would be expected based on the relationship of 

mass and endurance for adults. A higher oxygen carrying capacity of juvenile blood was 

suggested to be the reason for the higher than expected endurance scores. Among 

species, there was no relationship between endurance and body size. 

Endurance was correlated with some body appendage lengths intra-specifically. 

Shorter forelimb and longer head-neck (HN) or thorax-abdomen (TA) lengths were 

positively correlated with increased endurance. However, the reason for this association 

remains ambiguous. Inter-specifically, there was little or no relationship between body 

dimensions and endurance.     

Varanids had a higher endurance capacity than 10 species of North American 

lizards, measured in a similar way (Garland 1993). Much of this superiority of varanid 

endurance has been attributed to their higher maximal metabolic rates (VO2 max). 

Metabolic rate, particularly VO2 max, was significantly and positively correlated 

with endurance, even after the effects of mass and phylogeny were removed. VO2 max 

explained 64% of the variance in inter-specific endurance capacity.  

Although it was not measured directly, behaviour may have had an affect on 

endurance scores. It appeared that behaviour acted to constrain endurance. More 

aggressive lizards often had endurance scores that were lower than expected. This was 

thought to be a possible reason for the absence of an inter-specific relationship between 

endurance and size.  

 For non-phylogenetically and phylogenetically corrected data there was a 

difference in endurance with both climate and foraging strategy. Lizards from xeric 

climates had a greater endurance capacity than lizards from tropical climates, and 
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lizards that forage widely had a higher endurance than those that are generally sit-and-

wait strategists. This latter difference was consistent with reports from previous studies, 

suggesting a link between maximal metabolic rate, endurance capacity and foraging 

mode.  
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4.0 Introduction 
 

4.0.1 The paradigm 

 In ecomorphological and ecophysiological studies, locomotion is considered to 

be an intermediate step between form and function. Arnold (1983) provided a 

theoretical framework for testing these relationships, dubbed the ‘performance 

paradigm’. This performance paradigm links ‘design’ to fitness through ecologically 

relevant measures of performance traits (Figure 4.1), such as endurance. Between each 

level of the paradigm there is thought to be constraints. For example, design (which 

includes many aspects of the sub-organismal level, e.g. morphology, physiology, 

biochemistry etc) is thought to provide constraints for whole body performance traits; 

an organism can only run as fast or for as long as the mechanical and physiological 

limits of its body will allow. Performance, then in turn constrains fitness; an animal is 

only as fit as it is able to escape a predator, catch prey or find suitable mating partners. 

Thus design is linked to performance through the ‘performance gradient’ and 

performance is linked to fitness through the ‘fitness gradient’.  

 
Figure 4.1 Arnold’s (1983) performance paradigm.  

 

The placement of behaviour in the paradigm is unclear. Emerson and Arnold 

(1989) placed behaviour in ‘design’ at the sub-organismal level. Garland and Losos 

(1994) placed behaviour between performance and fitness, arguing that performance 

constrains behaviour.  

Originally, this paradigm was intended for intra-specific studies, which involves 

measuring fitness directly. Measuring fitness can include measuring relative 

reproductive success of individuals in a population, although most studies measure 

survival as a measure of fitness then assume that survival relates to reproductive success 

(Le Galliard et al. 2004). Either way, directly measuring fitness is difficult so an 

alternative approach is to conduct inter-specific studies and relate differences in 
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‘design’ of species to differences in performance, then differences in performance of 

species to differences in ecological traits (ecology here refers to differences in habitat, 

climate and foraging modes). The logic for this argument is as follows; in a population, 

the design that, through performance, maximises fitness, should be selected for. 

Assuming that different designs maximise fitness in differing habitats, then natural 

selection should favour the evolution of the appropriate design for each habitat (Garland 

and Losos 1994).  

This chapter examines how design is related to ecological traits (e.g. habitat) 

through the performance variable of endurance capacity. It will use a modification of 

Arnold’s (1983) paradigm (Figure 4.2), which separates the study into two parts; an 

examination of the performance gradient between design and endurance, and then the 

ecological gradient between endurance and ecological traits..   

 
 

Figure 4.2 Modification of Arnold’s (1983) performance paradigm to show the 
expected hypothesis for this chapter. The position of behaviour in the 

paradigm is unclear, so two possible placements are shown. 
 
 
   

4.0.2 Morphology and physiology with endurance 

 

The relationship between morphology and physiology with endurance has 

received less study than other performance traits such as speed, despite its potential 

ecological significance. This is probably because endurance is highly variable among 

and within lizard species, some species can vary by up to 15-fold, whereas sprint speed 

generally varies by much less (Garland 1984; 1993). Many studies have reported that 

endurance increases with body mass (Autumn et al. 1994; Garland 1984, 1994), giving 

rise to the ‘bigger is better’ hypothesis (Bennett 1987, 1990). Using 57 species of 
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lizards, ranging in mass from 1.8 g to 2885 g, Garland (1994) reported a positive 

correlation between body mass and endurance when both non-phylogenetically 

corrected and phylogenetically corrected data were used. These results suggest that if 

selection favours increased endurance in a lineage, and endurance is positively linked to 

body size, then larger body sizes should be selected for. However, subsequent studies 

have suggested a weaker relationship. For 12 species of lacertid lizards, endurance was 

not correlated with body mass, body size or other body dimensions (Vanhooydonck et 

al. 2001), although these species had a much smaller size range (2.79 g to 50.12 g).   

The relationship between endurance and morphological parameters other than 

size has been infrequently examined. For Sceloporus merriami, treadmill endurance was 

significantly related to size, mass and hindlimb length; but hindlimb length was no 

longer related to endurance when residuals were calculated for hindlimb length to 

remove the effects of size (Huey et al. 1990). However, there was a significant 

correlation between treadmill endurance and residual tail length for hatchling 

Sceloporus occidentalis (Tsuji et al. 1989). Further, when residuals were used to remove 

the effect of size, heart and thigh muscle mass were positively correlated with 

endurance (Garland 1984; Garland and Else 1987). 

Since endurance is largely thought to be an aerobic process, many studies have 

focused on the relationships between endurance and aerobic metabolism. Garland 

(1984) reported a positive relationship between maximal metabolic rate (VO2 max) and 

endurance for the iguanid lizard Ctenosaura similis. Garland and Else (1987) noted a 

similar result for the agamid lizard Ctenophorus nuchalis. Further, changes in 

endurance of the iguanid lizard, Dipsosaurus dorsalis, were found to parallel seasonal 

changes in VO2 max (John-Alder 1984). Other studies have linked a lower cost of 

transport to increased endurance (Autumn et al. 1994; Secor et al. 1992).     

Varanids appear to have a higher VO2 max than other lizards. The earliest work, 

by Bartholomew and Tucker (1964) showed that V. gouldii and V. varius had a higher 

VO2 max than ‘typical’ lizards. Since then, several studies have confirmed a higher VO2 

max for varanids compared with other lizards, with the exception of two aquatic species 

V. mertensi and V. salvator (Bickler and Anderson 1986; Christian and Conley 1994; 

Gleeson et al 1980; Mitchell et al. 1981; Thompson and Withers 1997a; Chapter 3 this 

study).  
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Several reasons have been proposed for the higher areobic capacity of varanids. 

Varanids can sustain higher levels of activity because their blood does not lose its 

capacity to transport oxygen during activity as quickly as that of other lizards (Bennett 

1973). Other features of varanid design may also contribute to their high VO2 max, 

many involving their respiratory system. For most lizards there is a trade off between 

breathing and running, since the hypaxial muscles contribute to both functions (Carrier 

1987a,b; 1989; 1990). This means that as speed of movement increases, ventilation and 

oxygen uptake decrease (Wang et al. 1997). Varanids partially overcome this trade off 

using their ‘gular pump’. The gular pump is a section of the throat that forces air into 

the lungs rather than sucking air in by expanding the ribcage, as do other lizards 

(Owerkowicz et al. 1999). Therefore, varanids are able to effectively ventilate the lungs 

to match the increased metabolic rate during locomotion, at least at moderate speeds 

(Wang et al. 1997). 

Further, the heart and lungs of varanids are structured differently from other 

lizards. Varanids have a more complete ventricular septum than do other lizards so that 

blood pressure and cardiac output are higher (Millard and Johansen 1974). The lungs 

allow more efficient gas exchange, though better mechanics and architecture (Perry and 

Duncker 1978), low diffusion limitation and good ventilation-perfusion (Hopkins et al. 

1995; Mitchell et al. 1981). This is presumed to be advantageous for activity, since they 

can more effectively supply oxygen to their tissues during exercise (Burggren and 

Johansen 1982; Garland 1993; Regal 1978).   

The higher VO2 max, gular pumping capacity and other morphological changes 

to the heart and lungs all suggest that varanids could maintain locomotion for a longer 

time than similar-sized non-varanids. Some authors report that varanids seem to have a 

higher endurance than iguanid lizards in the laboratory (Bickler and Anderson 1986; 

Gleeson et al 1980). Others have observed the high locomotor endurance of varanids in 

the wild (Auffenberg 1981; King and Green 1999; Phillips 1995). But how does a high 

endurance relate to ecology?  

4.0.3 Endurance and ecological traits 

Some studies have attempted to resolve the relationship between endurance 

capacity and ecology. Garland (1993) hypothesised that species with a widely foraging 

lifestyle had higher endurance; for example, the widely foraging Cnemidophorus tigris 
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had a higher endurance than other lizards. Huey et al. (1984) found higher endurance (at 

0.5 km hr-1) for two of three widely foraging lacertid species, compared with a sit-and-

wait species. Hertz et al. (1988) found a positive but non-significant correlation between 

endurance and daily distance travelled. Later, Garland (1999) found a significant 

positive relationship between endurance capacity (at 1.0 km hr-1) and activity in the 

field (recording field observations of percentage time moving, moves per minute and 

the daily distance moved).  

Vanhooydonk and Van Damme (2003) used a more elaborate experimental 

design to describe the relationship between treadmill endurance (at 0.22 km hr-1) and 

habitat type. They used a 4 x 4 m terrarium containing three different habitat types; 

‘open’ – consisting of either sand, short grass or moss; ‘vegetated’ - consisting of moor 

grass and scrub patches; and ‘vertical’- consisting of stones, logs and a trunk. They 

recorded the time spent in each habitat type for 11 species of lacertid and found a weak 

negative relationship between endurance and the time spent in the ‘open’ habitat type, 

although this may be at least partially due to a strong positive correlations between 

speed and open habitats found in the same study. Previous studies have revealed that 

speed and endurance are traded-off for these species (Vanhooydonck et al. 2001). 

This chapter aims to answer the following three main questions; 1) what are the 

physiological and morphological correlates with variation in endurance? 2) how does 

varanid endurance capacity compare to other lizards and 3) what are the ecological and 

behavioural consequences of variation in endurance?  

On the basis of previous findings (Autumn et al. 1994; Bennett 1987, 1990; 

Garland 1984, 1994) it might be expected that endurance will be positively correlated 

with body size both intra- and inter-specifically. Relative appendage length seems to be 

poorly correlated to endurance in the species studied so far, so correlations with size-

free body proportions are expected to be weak. Endurance is likely to be positively 

correlated with maximal metabolic rate (Garland 1984; Garland and Else 1987; John-

Alder 1984).  

The relationship between endurance and ecology seems to be linked with both 

foraging strategy and habitat types. Lizards that tend to widely forage might be expected 

to have greater endurance than sit-and-wait predators (Garland 1999), while the 

relationship between habitat type and endurance remains unclear (Vanhooydonk and 

Van Damme 2003).  
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4.1 Methods 

A detailed description of the methods is given in chapter two, and only a brief 

summary is provided here. Two measures of endurance were recorded; maximum 

distance to exhaustion (MAXDIS) and maximum time till exhaustion (ENDUR). Both 

measures were made simultaneously by encouraging lizards to run around a circular 

racetrack. The point at which the animal ceased to respond to a stimulus was chosen as 

the criterion for exhaustion. The chosen stimulus was repeated tapping on the hindlimbs 

or base of tail. Once a lizard received ten taps in quick succession and failed to move 

forward, it was deemed to be ‘exhausted’.  

Each individual was run twice and the highest score for each measure of 

endurance was used in intra-specific analyses. For inter-specific analyses, species means 

were used. Endurance scores from juvenile lizards were not included in the calculation 

of species means. To reduce variability in the data, log10 endurance scores were used to 

test the relationships between mass, size and body dimensions with endurance. The 

relationship between endurance and ecology was tested using both normal and log10 

transformed data. Where an ecological category consisted of more than two groups, a 

full factorial ANOVA was used to test for statistical differences, otherwise a two-tailed 

t-test was used. 

Fifteen individuals were run both in the field (< 24 hours after capture) and in 

the laboratory (usually > 28 days after capture). A two-tailed paired t-test was used to 

determine differences between field and laboratory results. To determine the effects of 

size, a ratio of field to laboratory endurance was calculated for both MAXDIS and 

ENDUR by dividing field result by the laboratory result. Numbers greater than 1 

indicated endurance was higher in the field and conversely numbers less than 1 

indicated that endurance was higher in the laboratory.  
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4.2 Results 

The results is divided up into four main sections; behavioural observations, 

effect of captivity on endurance, relationship between morphology and metabolism with 

endurance, and finally the relationship between endurance and ecology.   

4.2.1 Behaviour observations 

The behavioual observations section is divided into observations during 

endurance trials and observations in the field. 

4.2.1.1 Behaviour during endurance trials 

Varanid endurance trials were characterised by a set of behaviours. Almost all 

species of Varanus in this study showed similar behaviour patterns during an endurance 

trial, but they differed in the time at which each behaviour was displayed. These 

behaviours and their sequence are important since they are useful in explaining the 

quantitative results.  

A typical trial was: A lizard was released into the circular racetrack in front of 

the experimenter and would take flight almost immediately, running at or near its top 

speed for one or several laps. Then speed would decrease and the lizard would begin 

searching for an escape route, by digging or attempting to climb the racetrack walls. The 

lizard would still maintain a distance (usually 1-2m) from the experimenter, whose 

approach would elicit high speed flight. However, the behavioural response to 

continued approach from the experimenter would eventually change from ‘flight’ to 

‘fight’. The lizard would become more aggressive to the experimenter, often raising its 

body off the ground, hissing, tail whipping and lunging. The speed of forward 

movement around the racetrack decreased with aggressive behaviour, and the lizard 

would refuse to concede any ground even after several approaches. The experiment may 

be completed when a lizard became too aggressive to move forward after the standard 

ten consecutive taps.  

The timing of this aggressive behaviour was notably different among species. 

Some species (e.g. V. panoptes, V. giganteus) were more likely to show aggressive 

behaviour earlier than other species, and some species would show little or no 

aggressive behaviour until they were visibly exhausted (e.g. V. gilleni, V.                       
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glauerti). The behaviour and its timing were often independent of size within a species, 

e.g. a juvenile V. panoptes would behave in a similar fashion to an adult V. panoptes.  

4.2.1.2. Field escape behaviour 

Escape behaviour of varanids was often observed in the field. This behaviour 

differed from that observed in the circular track. The most notable difference was the 

initial reaction to the experimenter; to hide.  A lizard in the vicinity of a potential 

predator (observer) would lie flat on the ground, remaining still and quiet. It would 

remain as such until the threat ended, or the lizard was approached more closely. It is 

interesting to note here that a lizard seemed to allow closer approach of a threat, if it 

believed it hadn’t been spotted – i.e. the observer is able to approach closer, to within a 

few metres of a varanid by avoiding looking directly at it. Once a varanid sensed it had 

been spotted or the threat approached too closely, it would then begin to retreat. 

Depending on the species and its size, the retreat was slow at first but further approach 

instigated a full flight response. In most cases, flight was directed toward a burrow, and 

thus the length of the chase was often determined by the initial distance of the lizard 

from its burrow. However, lizards often became aggressive if cornered. One individual 

V. panoptes (total length 1178 mm), found foraging along a roadside, ran 25 m along 

the road and hid under a bush when approached. Further approach elicited another run 

of 80 m along the road. The lizard then ran almost perpendically off the road in a 

straight line for 150 m toward a burrow. The lizard was captured less than 1 m from the 

burrow opening. During its flight (particularly the last two sequences) the lizard seemed 

to be running at or near its top speed. It did not show any aggressive behaviour. Another 

V. panoptes (total length 1330mm) that fled prior to capture, when released post-capture 

at the same site, immediately adopted an aggressive posture for over 20 minutes. 

Similarly, a V. acanthurus when released did not flee. These observations indicate that 

the circumstance of capture can affect the nature of the flight response.    
 

4.2.2 Effect of time in captivity on endurance 

Fifteen individuals were measured both in the field (less than 24 hours after 

capture) and at the laboratory (usually > 28 days after capture). Overall both MAXDIS 

and ENDUR were higher in laboratory trials, with two exceptions for MAXDIS and 

four exceptions for ENDUR. A two-tailed paired t-test showed no significant difference 
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of time in captivity for either MAXDIS or ENDUR (MAXDIS t14 = 1.97, P = 0.069; 

ENDUR t14 = 0.59, P = 0.564).  

The field: laboratory ratio of ENDUR was significantly related to mass (r2 = 

0.42, P = 0.010), with larger lizards having reduced laboratory ENDUR, and smaller 

lizards an increased ENDUR (Figure 4.3). However, this relationship was no longer 

significant when log10 mass values are used.  
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Figure 4.3 Regression line between field:laboratory ratio of ENDUR and 

body mass. The ratio is the field endurance score (measured < 24 hrs after 
capture) divided by the laboratory endurance score (measured 28 days after 

capture). r2 = 0.42, P = 0.010, n = 15. 
 

 

4.2.3 Morphology and metabolism with endurance 

This section is divided into intra-specific and inter-specific relationships. In each 

of these categories, the effect of size is examined first. Size is then removed and the 

relationships between endurance and body dimensions are examined. Finally, the 

relationship between metabolic physiology and endurance is examined. 

4.2.3.1 Intra-specific variability in endurance 

Often intra-specific relationships been endurance and size are difficult to define 

as mass ranges are generally too small. Intra-specific relationships between 

morphological and physiological variables with endurance are presented for nine 

 112 



Chapter 4. Endurance 
 

 113 

species for which more than six individuals were measured. Mass and SVL were 

significantly and positively related to MAXDIST for V. gouldii and V. mertensi, while 

ENDUR was significantly and positively related to mass for V. mitchelli (Table 4.1). 

For these species larger lizards ran further and for longer. However, V. storri has a 

significant negative relationship between SVL and ENDUR, indicating that smaller 

lizards ran for longer than larger conspecifics.   

 

 

 
Table 4.1 Coefficient of determination for endurance with SVL  

and mass. Bold indicates P < 0.05. ‘no juv’ indicates where juvenile lizards 
were excluded from the analysis.  

 
SVL  Mass  

ENDUR MAXDIST ENDUR MAXDIST Species n 
r2 P r2 P r2 P r2 P 

V. gilleni 12 0.05 0.506 0.01 0.834 0.03 0.595 0.01 0.923 
V. gouldii 15 0.01 0.763 0.56 0.001 0.01 0.684 0.52 0.003 
V. gouldii (no juv) 13 0.29 0.054 0.40 0.022 0.22 0.102 0.28 0.063 
V. kingorum   6 0.08 0.595 0.02 0.777 0.36 0.211 0.01 0.923 
V. mertensi 11 0.06 0.469 0.37 0.046 0.08 0.379 0.42 0.030 
V. mertensi (no juv)   8 0.27 0.190 0.53 0.039 0.32 0.137 0.58 0.030 
V. mitchelli   7 0.48 0.084 0.19 0.325 0.59 0.044 0.41 0.125 
V. mitchelli (no juv)   6 0.52 0.106 0.72 0.034 0.58 0.082 0.83 0.011 
V. panoptes 12 0.18 0.174 0.25 0.095 0.22 0.122 0.26 0.093 
V. panoptes (no juv) 10 0.50 0.021 0.31 0.095 0.52 0.020 0.23 0.164 
V. tristis   7 0.04 0.687 0.10 0.489 0.01 0.907 0.01 0.812 
V. scalaris   7 0.27 0.227 0.14 0.416 0.29 0.209 0.04 0.660 
V. storri   6 0.76 0.024 0.05 0.659 0.52 0.107 0.01 0.824 

 

 

The strength of the relationship between size (mass or SVL) with endurance 

seems to be determined by the intra-specific range in sizes. With the exception of V. 

storri, only the four species with the greatest range in body sizes (> 300g) had a 

significant relationship between size and endurance. Below this range in body size 

differences in endurance may be too small to show a significant relationship, owing to 

the large behavioural variance in endurance scores. For this reason the significant 

negative relationship between size and endurance for V. storri should be interpreted 

with caution.     
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Figure 4.4 MAXDIS and mass in Varanus. Closed squares are adults, open squares 

are juveniles. Regression ± 95% CL shown for significant relationships.  
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Figure 4.5 ENDUR and mass in Varanus. Closed squares are adults, open squares 

are juveniles. Regression ± 95% CL shown for significant relationships. 
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Juveniles of four species (V. gouldii, V. mertensi, V. mitchelli and V. panoptes) 

were measured. Each juvenile had a higher endurance than predicted from the intra-

specific relationship for each species (See Figures 4.4 and 4.5). Removing juveniles 

from the data set almost always increased the strength of the relationship between size 

and endurance. Removing juvenile V. panoptes resulted in a significant relationship for 

ENDUR with both mass and size (Table 4.1). Removal of juvenile V. mitchelli resulted 

in a significant positive relationship for MAXDIS with both size and mass. For V. 

mertensi, it had the effect of strengthening the relationship for MAXDIS with mass and 

size. Varanus gouldii was the only exception, showing a slightly weaker (but still 

significant) relationship for MAXDIS with size after juveniles were removed. 

To test the relationship between body dimensions and endurance, the effect of 

size was removed using Somer’s (1986) size-free analysis. It could only be used for 

species represented by 10 or more individuals, since PCA requires more ‘cases’ than 

‘variables’. Only three species met this criterion; V. gilleni, V. gouldii and V. panoptes. 

Of these, two had significant relationships between size-free body dimensions and 

endurance, V. gilleni and V. gouldii. For V. gilleni, size-free LFL and ENDUR were 

negatively related (r2 = 0.49, P = 0.012; Figure 4.6), while HN approached significance 

(r2 = 0.31, P = 0.058). Both size-free HN and size-free TA were positively related with 

ENDUR in V. gouldii (HN r2 = 0.32, P = 0.044; TA r2 = 0.37, P = 0.027; Figure 4.6).  



Chapter 4. Endurance 
 

V. gouldii

1.975 1.995 2.015 2.035 2.055 2.075
1.5

2.0

2.5

3.0

3.5

Log size-free HN (mm)

Lo
g 

EN
D

U
R

 (s
ec

)

V. gilleni

1.575 1.600 1.625 1.650 1.675
2.00

2.25

2.50

2.75

3.00

3.25

Log size-free HN (mm)

Lo
g 

EN
D

U
R

 (s
ec

)

V. gouldii

2.25 2.27 2.29 2.31 2.33 2.35 2.37 2.39
1.75

2.00

2.25

2.50

2.75

3.00

3.25

Log size-free TA (mm)

Lo
g 

EN
D

U
R

 (s
ec

)

V. gilleni

0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20
2.0

2.2

2.4

2.6

2.8

3.0

Log size-free LFL (mm)

Lo
g 

EN
D

U
R

 (s
ec

)

 
Figure 4.6 The intra-specific relationship between body dimensions and 

endurance. Regression ± 95% CL shown for significant relationships. 
 

 

To test the relationship between size-free body dimensions and endurance in 

more species, the number of morphological dimensions used in the analysis was 

reduced to five, head neck length (HN), thorax abdomen length (TA), tail length (TL), 

total forelimb length (FLL) and total hindlimb length (HLL). This meant that species 

represented by six or more individuals could be analysed. Of the nine species that met 

this criterion, only V. gilleni had a significant relationship, showing a positive 

relationship between size-free HN and ENDUR (r2 = 0.35, P 0.043). Thus any general 

relationship between size-free body dimensions and endurance is weak.  

The intra-specific relationship between endurance and metabolism was 

measured for six species: V. gouldii, V. gilleni, V. glauerti, V. kingorum, V. pilbarensis, 

and V. storri. The effect of size was removed from metabolic rate by calculating 

residuals from mass. Since endurance was correlated to mass in at least some species, 

size was also removed from endurance scores by calculating residuals from mass. The 

residuals were then regressed against each other. Residual maximal metabolic rate was 
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significantly and positively correlated with both residual MAXDIS and residual 

ENDUR for V. gilleni, but was negatively correlated to residual ENDUR in V. storri 

(Table 4.2). Standard metabolic rates at 35ºC were positively correlated with ENDUR 

for both V. gouldii and V. glauerti.  

 
 

Table 4.2 Coefficient of determination between maximal and standard 
metabolic rates with endurance capacity intra-specifically in six species of 

Varanus.  
 

 VO2 max at 35ºC VO2 std at 25ºC VO2 std at 35ºC 
 n r2 P n r2 P n r2 P 

MAXDIS          
V. gilleni 6 0.98 0.001       
V. glauerti 4 0.32 0.425 4 0.21 0.536 4 0.00 0.954 
V. gouldii 9 0.12 0.364 8 0.37 0.109 7 0.41 0.120 
V. kingorum 4 0.90 0.055 6 0.58 0.083 6 0.09 0.565 
V. storri 6 0.79 0.017 5 0.26 0.381 6 0.04 0.697 
V. pilbarensis 5 0.01 0.872       

          
ENDUR          

V. gilleni 6 0.79 0.042       
V. glauerti 4 0.83 0.094 4 0.62 0.208 4 0.96 0.019 
V. gouldii 9 0.09 0.436 8 0.22 0.241 7 0.71 0.024 
V. kingorum 4 0.23 0.516 6 0.14 0.463 6 0.01 0.827 
V. storri 6 0.49 0.125 5 0.62 0.109 6 0.02 0.807 
V. pilbarensis 5 0.28 0.354       

 

 

 4.2.3.2 Inter-specific variability  

Species means for endurance are presented in Table 4.3. Both measures of 

endurance were significantly and positively correlated to each other (r = 0.73, P = 

0.001). Generally, species that ran further ran for longer as well. Inter-specifically, 

morphology (SVL, mass or size-free body dimensions) is a poor indicator of endurance. 

Neither SVL nor mass were significantly correlated with endurance using species 

averages (Figure 4.7); nor were they related when the maximal endurance scores was 

used from each species. Garland (1994) proposed a procedure whereby the endurance 

score for a species is predicted based on an intra-specific log-log regression of mass and 

endurance. However, neither MAXDIS nor ENDUR could be significantly related to 

mass from this regression for varanids.  
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Table 4.3 Species mean (± standard error) snout-to-vent length (SVL), mass, and endurance parameters maximum distance (m) and 
endurance time (sec). ‘no juv’ indicates where juvenile lizards were excluded from the calculation of species means. 

 

Species n SVL  
(mm) 

Mass  
(g) 

MAXDIS  
(m) 

ENDUR 
 (sec) 

V. acanthurus 4 131.8 ± 10.91 58.5 ± 18.39 160.7 ± 55.76 407.7 ± 176.11
V. brevicauda 2 106.2 ± 0.75 20.6 ± 1.95 47.3 ±   0.50 389.5 ± 77.50
V. caudolineatus 5 105.7 ± 6.36 18.1 ± 2.51 93.3 ± 15.93 366.0 ± 83.66
V. eremius 4 155.8 ± 4.18 48.5 ± 3.91 103.8 ±   5.60 389.2 ± 61.62
V. giganteus (no juv) 2 719.0 ± 101.00 3625 ± 1575.00 116.5 ± 47.25 257.5 ± 22.50
V. gilleni 12 133.0 ± 7.21 26.6 ± 2.20 120.3 ± 13.25 441.0 ± 56.33
V. glauerti 4 144.8 ± 21.50 38.8 ± 22.00 76.6 ± 36.47 201.0 ± 97.90
V. gouldii (no juv) 14 310.1 ± 12.40 472.9 ± 64.36 156.9 ± 19.61 298.4 ± 56.36
V. kingorum 7 98.2 ± 3.92 18.3 ± 2.70 37.7 ± 10.81 205.1 ± 54.27
V. mertensi (no juv) 8 439.1 ± 32.94 1342.8 ± 319.34 67.2 ± 13.30 207.2 ± 49.20
V. mitchelli (no juv) 7 232.7 ± 17.14 151.3 ± 36.69 30.9 ±   3.77 77.4 ± 7.53
V. panoptes 10 498.1 ± 35.64 2208 ± 491.44 82.7 ±   9.57 276.2 ± 46.86
V. pilbarensis 5 125.1 ± 12.06 30.3 ± 10.36 77.7 ±   7.25 243.4 ± 33.69
V. scalaris 7 203.1 ± 5.21 102.1 ± 13.60 45.2 ±   4.28 149.3 ± 13.89
V. storri 7 103.6 ± 2.86 26.6 ± 2.99 36.3 ±   5.50 167.4 ± 21.67
V. tristis  7 190.2 ± 13.37 99.1 ± 27.24 60.1 ± 14.94 204.7 ± 50.59
V. varius 2 655.0 ± 20.00 8625 ± 775.00 113.7 ± 50.52 724.0 ± 274.00
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Figure 4.7 Relationship between Log mass (g) and endurance parameters, 
maximum distance to exhaustion (MAXDIS; m) and time to exhaustion 

(ENDUR; sec).  

 

The two measures of endurance differed in their relationship to phylogeny. 

MAXDIST was largely independent of phylogeny (k = 0.57, P = 0.425), whereas 

ENDUR had a significant phylogenetic signal (k = 0.93, P = 0.019). The relationship 

between both size and mass with endurance remained non-significant when the effects 

of phylogeny were removed by regressing independent contrasts for size against 

independent contrasts of endurance.  

Body dimension length had little relationship to endurance (Table 4.4). Size-free 

LFL length has a marginally significant positive correlation with ENDUR (r = 0.49, P = 

0.048). This relationship was not significant when analysed in a phylogenetic context. 

Species means for endurance capacity were not related to vertebral number. Neither 

MAXDIS (r = 0.16, P = 0.608) nor ENDUR (r = -0.15, P = 0.628) showed a significant 

correlation to mean vertebral number.  
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Table 4.4 Inter-specific correlations between body dimensions and endurance 
for 17 species of Australian varanid.  

 

 MAXDIS (m) ENDUR (sec) 
 r P r P 
HN 0.05 0.837 -0.11 0.662 
TA -0.15 0.563 0.15 0.561 
TAIL -0.22 0.403 -0.34 0.179 
FFOOT 0.13 0.616 0.43 0.082 
LFL 0.01 0.984 0.49 0.048 
UFL 0.21 0.408 -0.01 0.961 
HFOOT -0.07 0.791 -0.18 0.489 
LHL 0.21 0.422 0.07 0.788 
UHL 0.13 0.626 -0.07 0.781 

 

VO2 max showed a stronger relationship with endurance than size or body 

dimensions. Residuals were used to remove the effect of mass from metabolic rates. 

Since size was not correlated with endurance, the relationship with residual VO2 max is 

with non size-corrected endurance scores (similar results were obtained using residual 

endurance scores from mass). Residual VO2 max was significantly and positively 

related to ENDUR (Table 4.5). This relationship suggests that species with relatively 

higher VO2 max scores ran for longer than species with relatively lower VO2 max scores 

(Figure 4.8). However, when independent contrasts for ENDUR were regressed against 

contrasts for VO2 max there was no longer a significant relationship between these 

variables, reflecting the strong phylogenetic signal seen for ENDUR.  

 
 

Table 4.5 Inter-specific relationships between maximal and standard 
metabolic rate with species endurance. Values in bold indicate P < 0.05.   

 
 ENDUR MAXDIST 

 r2 P r2 P 
Maximum V02  35ºC  0.41 0.007  0.17 0.112 
Standard V02  25ºC 0.14 0.160 0.10 0.267 
Standard V02   35ºC 0.14 0.152 0.01 0.821 
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Figure 4.8 Linear regression for residual V02 max (from mass) and average 

ENDUR showing 95% confidence intervals.   

 

4.2.4 Endurance and ecology  

Comparisons of endurance and ecology were significant for climate and foraging 

mode but not habitat type, retreat site, openness of habitat or climbing ability. Climate 

was related to both MAXDIS and ENDUR (Table 4.6). When reassessed using size-

corrected endurance scores, climate was still significantly related to endurance 

(MAXDIS F16 = 5.04, P = 0.022; ENDUR F16 = 6.21, P = 0.012). Generally, xeric 

varanids had greater endurance than tropical species. Mesic species had an even higher 

endurance, but this result should be interpreted with caution since there was only one 

mesic species (V. varius). When V. varius was removed from the analysis a two-tailed t-

tests confirmed that xeric species had greater endurance than tropical species (MAXDIS 

t14 = 3.20, P = 0.006; ENDUR t14 = 3.73, P = 0.002). When the effect of climate was 

reassessed using phylogenetically corrected endurance data, there was still a significant 

difference in endurance between climatic groups. Removing the single mesic species, a 

two-tailed t-test showed a significant difference between species from xeric and tropical 

climates for phylogenetically corrected endurance scores (MAXDIS t14 = 2.15, P = 

0.049; ENDUR t14 = 2.49, P = 0.038).  
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There was also a strong difference of endurance with foraging strategy. Widely 

foraging species ran further during endurance trials than sit-and-wait species. When 

phylogenetically corrected data were analysed widely foraging species still had 

significantly higher endurance than sit-and-wait species. However, foraging mode was 

no longer related to endurance using size-corrected endurance scores (MAXDIS t15 = 

1.39, P = 0.184). 

 
Table 4.6 Comparisons of maximum distance run (MAXDIS) and  endurance 

time (ENDUR) with ecology for varanids. 
 

 MAXDIS (m)  ENDUR (sec) 
 mean s.e. n  mean s.e. n 
Habitat        
WF Terrestrial 115.0 15.6 4  305.3 29.2 4 
Sedentary terrestrial 70.5 30.2 4  292.5 61.9 4 
Arboreal and rocks 83.8 10.3 7  332.8 75.8 7 
Semi-aquatic 49.1 18.1 2  142.3 64.9 2 
ANOVA F3,13 = 1.60, P = 0.237  F3,13 = 0.81, P = 0.512 
ANOVA (log) F3,13 = 2.34, P = 0.120  F3,13 = 1.76, P = 0.203 
    
Retreat Site        
Burrow 87.3 15.9 7  283.7 31.9 7 
Spaces rocks/trees 82.8 16.5 8  321.9 73.4 8 
Oblique crevices 77.1 0.522 2  222.2 21.2 2 
ANOVA F2,14 = 0.05, P = 0.952  F2,14 = 0.35, P = 0.711 
ANOVA (log) F2,14 = 0.06, P = 0.939  F2,14 = 0.12, P = 0.891 
        
Openness        
Open 115 15.6 4  305.3 29.2 4 
Semi-Open 73.4 9.42 6  288.3 88.0 6 
Closed 75.2 19.1 7  293.5 53.4 7 
ANOVA F2,14 = 1.69, P = 0.220  F2,14 = 0.01, P = 0.986 
ANOVA (log) F2,14 = 1.93, P = 0.181  F2,14 = 0.18, P = 0.833 
        
Climate        
Xeric 104.1 13.1 9  333.1 27.9 9 
Tropical 53.8 8.01 7  183.4 23.2 7 
Mesic 113.7 - 1  724 - 1 
ANOVA F2,14 = 5.05, P = 0.022  F2,14 = 25.28, P < 0.001 
ANOVA (log) F2,14 = 5.70, P = 0.015  F2,14 = 11.91, P = 0.001 
ANOVA (phylo) F2,14 = 2.45, P = 0.106  F2,14 = 11.42, P = 0.001 
        
Foraging Mode        
Sit-and-wait 62.2 20.1 6  242 53.1 6 
Widely foraging 95.8 9.25 11  323 47.9 11 
t-test t15 = 1.75, P = 0.101  t15 = 1.06, P = 0.304 
t-test (log) t15 = 2.51, P = 0.024  t15 = 1.33, P = 0.203 
t-test (phylo) t15 = 2.68, P = 0.017   
        
Climbing ability        
Climber 72.3 9.61 10  229.1 55.5 10 
Non Climber 100.6 18.4 7  304.1 77.2 7 
t-test t15 = 1.48, P = 0.160  t13.5 = 0.45, P = 0.661 
t-test (log) t15 = 1.17, P = 0.259  t15 = 0.92, P = 0.372 
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4.3 Discussion 
 

Three questions were asked at the start of this chapter; 1) what are the 

morphological and metabolic correlates with variation in endurance? 2) how does 

varanid endurance capacity compare to other lizards? and 3) what are the ecological and 

behavioural consequences of variation in endurance? These questions will be answered 

in order. 

 

4.3.1 What are the morphological and metabolic correlates with 

variation in endurance? 

 

4.3.1.1 Size 
Garland (1984) reported a significant positive relationship between mass and 

circular track endurance for Ctenosaura similis, for which the body mass ranged widely 

from 12.3 to 866g. Other species with much smaller ranges in mass had no significant 

relationship between mass and circular track endurance (e.g. Callisaurus draconoides, 

Cnemidophorus tigris and Eremias lineoocellata in Garland 1993 with mass ranges less 

than 11g; Tupinambis nigropunctatus in Garland 1993 with a mass range of 

approximately 400g; Xantusia riversiana in Mautz et al. 1992, with a range of 15g). 

Similar results were found for varanids in this study. Species with a small mass range 

had no significant intra-specific relationship between mass and endurance. However, the 

four species with the largest intra-specific mass range did show a significant 

relationship, at least once juveniles were removed from the analysis.   

The observation that removing juveniles from the data set increases the strength 

of the relationship between size and mass with endurance warrants further investigation. 

Juveniles have a higher than expected endurance, often higher than lizards many times 

their size. Moreover, this seems to be consistent for juveniles of every species in this 

study. The reason for this is unclear. Behavioural motivation is one obvious possibility; 

juveniles are more susceptible to predation (even by conspecific adults) and are 

therefore more likely to rely on their flight response. Such a reliance on flight may 

decline as the lizard grows larger, and predation pressure decreases. However, such an 

argument might predict a negative intra-specific relationship between mass and 
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endurance, which is not the case. Arguments concerning cost of transport or mass to 

weight ratios would also fail by similar reasoning.  

One problem with interpreting results of this nature was the incomplete data set 

in relation to mass. There was often a substantial gap in mass between juveniles and the 

smallest ‘adult’ of a species (e.g. V. gouldii, V. panoptes, V. mertensi). However, V. 

mitchelli had a significant positive relationship between endurance and mass across a 

wide and continuous range of masses, showing a characteristic elevated juvenile score 

at the lowest mass. Further, the mass of the juvenile was not much less than that of the 

next largest individual. This suggests that whatever the mechanism for enhanced 

endurance in juveniles (be it behavioural, morphological or physiological) it is not a 

consistent change throughout development, but works rather like a switch, present only 

in juveniles but after some event (probably ontogentically controlled – i.e. after the first 

year/season) it is switched off, and the lizard may not show such great endurance again 

until later in life (at a much larger size).  

One possible explanation that deserves consideration is the juvenile 

cardiovascular system. Increased endurance is often associated with increased maximal 

metabolic rates (VO2 max) and standard metabolic rates (VO2 std; Garland 1984; 

Garland and Else 1987; John-Alder 1984 also see results this study). Thompson (1996) 

noted higher VO2 max and VO2 std for juveniles than would be predicted from the intra-

specific regression equation for adults, for six species of Varanus. Frappell et al. (2002) 

noted that the parameters controlling the transfer of O2 through the steps of the 

respiratory system of varanids, seemed to be limited by circulatory convection. This is 

determined by hemoglobin concentration, O2 binding capacity of the hemoglobin, and 

the saturation of hemoglobin. In mammals, fetal blood has a higher affinity for O2 than 

maternal blood (Petschow et al. 1978). Similar results have been reported for reptiles. 

Juvenile alligators have a higher percentage of alkali–resistant hemoglobin than adults 

(Ramsey 1941). The hemoglobin of embryonic Diamond Back terrapins has a higher 

oxygen affinity than hemoglobin of adults (McCutcheon 1947), and similar fetal-

maternal difference in the oxygen affinity of blood was observed in viviparous garter 

snakes Thamnophis sirtalis (Manwell 1960). Though reproductive strategies differ 

between these groups, it is possible that the blood of juvenile varanids has a similar 

higher affinity for oxygen than adults. Such an observation would predict that juveniles 

would have a heightened metabolic rate since the limiting factor to the respiratory 

system will have been reduced, explaining the findings of Thompson (1996) of 
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increased metabolic rates in juvenile varanids. A heightened metabolic rate may then 

explain the elevated endurance score of juveniles.  

Inter-specifically, within Varanus there was no relationship between mass or 

SVL with endurance but inter-specific relationships between mass and endurance have 

been previously reported for other lizards. For example, Garland (1994) found a 

significant positive relationship between mass and treadmill endurance (at 1.0 km    h-1) 

for 57 species of lizard, even once the effects of body temperature and phylogeny had 

been removed.  

However, treadmill endurance scores may not be comparable to circular 

racetrack endurance scores. Garland (1993) presented data using both methods for 

Cnemidophorus tigris. Circular track scores lasted an average of 3.63 min (range of 

1.75 to 18.3 min) whereas treadmill endurance scores at 1.0 km h-1 often lasted for 1-2 

hours or even more. Further, he reported that several individuals could maintain higher 

treadmill speeds of 1.5 or 2.0 km h-1 for up to two hours. Finally, he measured treadmill 

endurance for this species at 1.5 km h-1
, with the treadmill inclined by 20%, which 

resulted in a shorter endurance time of 23 min, and range from 7.3 min to 69 min. Thus 

comparisons between the two experimental protocols may be difficult.  

Garland (1993) provided a smaller data set for MAXDIS endurance scores of 10 

species around a circular racetrack. When means were calculated for these species, there 

was no significant regression between endurance and mass (r2 = 0.04 = 0.565; Figure 

4.9), reflecting results obtained in the inter-specific relationship for varanids. Thus for 

the two groups examined so far there appears to be no inter-specific relationship 

between circular racetrack endurance and mass. This could be the result of low sample 

sizes for both Garland’s (1993) data set (n = 10) and varanids (n = 17). Combining the 

data sets from both studies does result in a weak, but significant, positive correlation 

between endurance and mass (r2 = 0.15, P = 0.048, n = 27). However, no proper 

interpretation of this can be made until these data can be analysed in a phylogenetic 

context, as it could reflect the generally higher MAXDIS and mass of varanids.    

Previous studies report of endurance superiority in varanids (Bickler and 

Anderson 1986; Gleeson et al 1980). A comparison of the results from this study and 

that of Garland (1993) support these findings. Varanids typically have equivalent or 

greater endurance than non-varanid lizards of similar size. While the slope for varanids 

and other lizards are similar, varanids appear to have a higher intercept. Therefore, the 

difference between these groups may be phylogenetic in origin. 
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Figure 4.9 MAXDIST endurance scores for varanids compared to scores of 
Garland (1993) for 10 species of iguanids and teiidids. Regression lines are 
shown. Neither slope was significantly different from 0.  

 

4.3.1.2 Body dimensions 
Relationships between body dimensions and endurance have received little 

investigation. Huey et al. (1990) found no relationship between residual hindlimb length 

and treadmill endurance for Sceloporus merriami, and Tsuji et al. (1989) also failed to 

find such a relationship for hatchling S. occidentalis, but there was a weak correlation 

between endurance and residual tail length. Similarly, within varanids, size-free 

hindlimb length was not related to endurance, showing that across all lizards studied, 

relative hindlimb length has little or no relationship with endurance. Relative tail length 

was also not correlated with endurance in varanids, in contrast to the previous findings 

(Tsuji et al. 1989). Instead, within varanids, endurance seems to be positively related 

with lengthening of the body (at least intra-specifically).  

Individual V. gouldii, with relatively longer thorax lengths, may benefit from an 

increased lung capacity, and therefore perhaps a greater ability to maintain aerobic 

metabolism. The advantage of a longer head and neck for V gouldii and V. gilleni may 

be associated with a larger ‘gular pump’, to force air into the lungs. This feature may 

also be associated with increased air flow and hence a greater ability to maintain aerobic 

metabolism. Owerkowicz et al. (1999) showed that disabling the gular pump in V. 

exanthematicus had the effect of reducing treadmill endurance, particularly at speeds 

greater than 1 km h -1, suggesting that the functioning of the gular pump has a positive 
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effect on endurance, presumably through enhanced respiratory ventilation. In contrast to 

this hypothesis, Frappell et al. (2002) suggested the circulatory capacity limits the 

ability of O2 to be delivered to the cells, thus any increase in lung volume or gular pump 

volume may have a limited effect on activity capacity. Further, neither residual VO2 

max nor VO2 std were related to size-free TA or HN in varanids (Chapter 3); therefore, 

the association between endurance with size-free TA and HN remains ambiguous.  

 

4.3.1.3 Metabolism  
The high endurance of varanids is usually attributed to greater activity capacities 

when compared to other lizards. Within Varanus, intra-specific relationships between 

endurance and metabolism (VO2 max at 35ºC, VO2 std at 25ºC, VO2 std at 35ºC) were 

largely inconclusive due to small sample size and limited size ranges. Positive 

relationships between VO2 std at 35ºC and endurance were reported in two of the four 

species tested, and two of six species showed a significant relationship between VO2 

max and endurance. Further, of the two significant relationships between endurance and 

VO2 max, one was positive (V. gilleni) and the other negative (V. storri).  

Inter-specific comparisons indicate a positive relationship between endurance 

and metabolism. The positive relationship between ENDUR and VO2 max supports 

previous findings (Garland 1983, 1992) and suggests the ability to transport a greater 

volume of oxygen during peak activity has advantages for extending endurance.  

 

4.3.1.4 Behaviour 
Behavioural motivation seems to play a role in determining circular racetrack 

endurance. During these endurance trials, lizards were often found to become 

aggressive and refuse to continue to move forward around the racetrack. These lizards 

may not have been physiologically ‘exhausted’ but in the experimental protocol, the 

trial was completed when the lizard refused to move after ten consecutive taps. Thus, 

behavioural motivation had the ability to influence endurance score since aggressive 

lizards may have a lower endurance score than a more ‘timid’ or ‘flighty’ lizard.  

Few studies have tested the relationship between performance and behaviour 

explicitly, but when they do there is often a strong relationship. Arnold and Bennett 

(1984) showed that anti-predator display was significantly correlated with both 

treadmill endurance and sprint speed in the garter snake Thamnophis sirtalis. In a more 
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recent study by Le Galliard et al. (2004), the number of stimulations (of the lizard) per 

unit distance moved, was significantly positively related to endurance.  

Rather than measuring physiological endurance directly, this study (and others) 

seems to have measured time and distance that a lizard will travel before it loses its 

flight response and becomes aggressive. A trade-off between energetics and behaviour 

may best explain this. When presented with a potential predator, a lizard must decide to 

fight or flee. Flight certainly seems to be the best initial response. At relatively little 

cost, a threat may be evaded by flight, and any potential injury that may arise from an 

encounter can also be avoided, but if a threat continues to approach then running to 

exhaustion may not be the best strategy – since this may leave the lizard vulnerable to 

attack. Instead the strategy adopted by lizards seems to involve a switch to fight 

response before it becomes fully exhausted. Anyone who has worked with these lizards 

will no doubt attest to their ability to defend themselves when provoked, and such 

aggressive defensive behaviour has been noted previously in the literature. Stirling 

(1912) noted the habitual use of the long muscular tail of V. giganteus as a weapon of 

offence, and recounts two instances where this tail was used against a threat, the first 

being against a native woman who was ‘knocked down’ by a tail blow and the latter of a 

dog that had both forelimbs broken in a similar manner.  

Further, differences in motivation seem to be influenced by the size of the 

species, rather than intra-specific size differences. A small species is unlikely to come 

off best in an encounter when approached by a large threat, thus flight may be the most 

advantageous option at all times, and flight response is only reduced once the lizard 

becomes physically exerted. Larger species, conversely, are quite capable of defending 

themselves when confronted with a large threat. 

Another observation supports a behavioural component to endurance. Lizards 

were run twice to examine the effect of time in captivity on endurance. Given that 

morphological and metabolic traits are unlikely to change appreciably between trials, or 

differentially for small/large lizards, differences in behavioural motivation based upon 

repeated interaction with a threat seem to be a likely cause of the field/laboratory 

difference (training is likely to have little effect since lizards were only run once prior to 

laboratory testing). The ratio for field/laboratory endurance time was positively related 

with mass, meaning smaller lizards had similar endurance in captivity, while larger 

lizards had a reduced endurance after a time in captivity. This suggests a behaviour 

disparity based on size. Smaller lizards tend to show the same ‘flight’ behaviour 
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response after interaction with a threat, while larger lizards tend to ‘fight’ earlier after 

captivity.  

These behavioural observations suggest that it may be difficult if not impossible 

to measure ‘whole animal’ endurance, instead the tendency to switch from flight to fight 

response has been recorded. The extent to which the loss of flight response parallels 

endurance, seems to be determined by inter-specific differences in size, but less so by 

intra-specific differences in size.  

Behavioural differences associated with size seem consistent with the findings 

of this study. For varanids, endurance capacity is determined by differences in both size 

and VO2 max. Intra-specifically differences in behaviour may be small; therefore, the 

positive relationship between size and endurance can be seen. Further, size and 

metabolic rate may act in synchrony intra-specifically, since metabolic rate generally 

increases with mass. But inter-specifically behaviour differences mask the effects of 

size, and instead time and distance to the loss of flight response is correlated with inter-

specific differences in the relative metabolic rate.   

These results suggests that, within Varanus, morphology is a strong determinate 

of endurance intra-specifically, but metabolic rate (particularly VO2 max) is a strong 

determinate inter-specifically. Inter-specific results are important for studies in 

ecomorphology and ecophysiology, since they allow us to compare species from 

differing environments. Thus, it would seem that VO2 max is the most important 

determinant of endurance capacity within varanids.  

 

4.3.2 What are the ecological and behavioural consequences of 

variation in endurance? 

Endurance within varanids significantly differed with foraging mode, even after 

phylogenetic effects were removed. This suggests that endurance capacities of varanids 

have evolved in synchrony with foraging mode. This conclusion is appealing since it 

agrees with the intuitive relationship between these variables, such that widely foraging 

species that travel further each day would benefit from greater foraging success and 

hence fitness, as a result of higher endurance. Sit-and-wait strategists would not be 

selected for high endurance.  

Garland (1999) recorded a similar result to this study, finding a significant 

relationship between treadmill endurance and both the percentage of time moving in the 



Chapter 4. Endurance 
 

 131 

field and the daily distance moved. This largely supports the findings of this study, and 

strengthens the concept of a relationship between endurance and foraging mode.  

However, there appears to be at least some size effect between endurance 

capacity and foraging mode in varanids. Widely foraging species tend to be much larger 

than sit-and-wait species (Chapter 3), and although there is no significant relationship 

between size and endurance capacity inter-specifically, removing the effects of size 

from endurance weakens the relationship between endurance capacity and foraging 

mode. This suggests that at least some of the relationship between foraging mode and 

endurance is due to the relationship of both of these variables to size.  

The difference in endurance capacity with climate appears to be more robust. 

Xeric species have higher endurance than tropical species, even after correction for size 

and phylogeny. This has not been reported in the literature and the cause of this 

difference is largely unknown. It may be a combination of climate-related foraging 

behaviours (xeric species may tend to be widely foraging), or it may reflect differences 

in behavioural motivation between the lizards from climatic regions. For example, xeric 

species may show greater flight response, while tropical species show a greater fight 

response.  

4.4 Conclusions 

A summary of the morphological and physiological determinates of endurance 

capacity, including the differences of endurance with ecology, is shown in Figure 4.10. 

Size and body dimensions (TA, HN) only affect endurance intra-specifically; inter-

specifically there is no relationship between size and endurance capacity. Inter-

specifically the major determinate of endurance appears to be metabolism. Maximal 

metabolic rate was significant and positively related to endurance capacity even after 

the effects of phylogenetic inertia were removed. Behavioural motivation was though to 

have a significant influence on endurance capacity, although it was not measured 

directly. Instead an effect of behavioural motivation was inferred from observations 

during endurance trials. The ecological correlates with endurance capacity appear to 

include differences in foraging modes and climates. Higher endurance was associated 

with widely foraging species and species from xeric climates. Lower endurance was 

shown in sit-and-wait species and species from tropical environments.  
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Figure 4.10 A summary of the morphological physiological and behavioural 

determinates of endurance and the relationships of endurance to ecology. 
Solid lines refer to aspects of the main feature, solid arrows indicate 

association. Relationships that occur intra-specifically only, are shown with a 
dashed arrow.  

 

The placement of behaviour in Arnold’s (1983) paradigm is somewhat 

ambiguous. Emerson and Arnold (1989) placed behaviour with design, grouping all 

behavioural, physiological and morpholgical properties together. However, Garland and 

Losos (1994) suggested that fitness acts most directly on behaviour, rather than 

performance as originally proposed by Arnold (1983). Their logic is as follows; natural 

selection acts on what an animal does in nature, rather than what an animal is capable of 

doing. Organisms may not perform optimally in nature due, presumably, to behavioural 

regulation of performance. Therefore, natural selection is acting, in Garland and Losos’s 

(1994) view, on behaviour directly. Design limits performance, which constrains 

behaviour, onto which natural selection acts.  

As behavioural motivation appears to constrain endurance capacity among 

varanids, this study supports the placement of behaviour at the ‘design’ level, as 

proposed by Emerson and Arnold (1989). This suggests that morphology, metabolism 

and behaviour all work at the organismal level and the net result of these factors will 

produce a performance event.  

Garland and Losos (1994) sought to separate behavioural motivation and 

performance going so far as to suggest supplementary tests that show when 

physiological limits have been reached. However, it may be impossible to separate these 

variables. The fact that a lizard is running suggests it has undergone the behavioural 
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decision to take flight. It may be more reasonable to assume that each animal being 

tested, is running at its morphological, physiological or behavioural limits.  

In summary this Chapter of the study has exemplified the importance of 

measuring all of these variables to gain a thorough understanding of how they relate to, 

and the relative contribution of each to performance. It has also shown the value (and 

pitfalls) of examining both intra- and inter-specific variation in future ecomorphological 

and ecophysiological studies since there is no grounds for expecting similar 

relationships for these levels. Studies attempting to resolve the relationship between 

performance and ecology often suffer from a lack of quantitative data on variables such 

as habitat use and foraging mode. This study acknowledges this limitation but has 

shown how even simple classifications of ecology may produce useful insights into the 

relationship between performance and ecology and provide directions for further 

research.      
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Chapter 5 Evolution of Sprint speed and 

Acceleration in Australian Varanids.  
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Summary  

The purpose of this chapter is to examine the relationship between morphology 

with speed and acceleration, and to determine whether these performance traits were 

ecologically-relevant. 

Inter-specifically, maximal speed and maximum acceleration were positively 

correlated with mass and SVL. A curvilinear relationship best described the relationship 

between mass and speed, with an optimal mass with respect to speed of 2.83 kg. A 

linear relationship best described the change in acceleration with mass with heavier 

varanids having the fastest acceleration.  

Differences in relative speed and acceleration are related to size-free body 

dimensions. The size-free length of the forefoot was negatively related to both speed 

and acceleration as was the size-free thorax-abdomen length. Tail length was positively 

related to acceleration.  

Acceleration seems to be completely decoupled from ecology, probably because 

small differences in acceleration are masked by large errors in the measurement of this 

variable. Speed showed a stronger association with ecology. 

Widely-foraging terrestrial species were significantly faster than 

arboreal/saxicolous or aquatic species. This difference was not the result of foraging 

mode per se, since there was no difference in speed when species are divided into 

widely-foraging and sit-and-wait groups, rather it was related to the openness of the 

habitat most often occupied by each species. Species from open habitats were 

significantly faster than species from semi-open or closed habitat types.  

The mean sprint speed for non-climbing species was higher than for climbing 

species, but not significantly so due to a low sprint speed score of V. brevicauda. If this 

species is removed from the data, climbing species have a significantly slower than non-

climbing species.  
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5.0 Introduction 
 

5.0.1 The paradigm. 

In ecomorphological and ecophysiological studies, locomotion is often thought 

to be an intermediatory step between form and function. Thus many studies now include 

ecologically relevant performance measures in analysing the relationship between 

morphology (or physiology) and ecology. Arnold (1983) proposed a paradigm that 

linked morphology to fitness, through measures of performance (Figure 5.1). He 

suggested that the paradigm could be studied by dividing it up into two parts, first 

examining the effects of design on performance (the performance gradient), and then 

examining the effects of performance on fitness (the fitness gradient).  

 
Figure 5.1. Arnold’s (1983) performance paradigm.  

 

Originally this paradigm was proposed for intra-specific studies, but it can be 

expanded to inter-specific studies. Rather than testing the link between performance and 

fitness among individuals in a population, the paradigm is expanded to test the 

relationship between performance and habitat among species. The logic is as follows; if 

different designs function best in different habitats, natural selection will tend to favour 

their evolution in the appropriate habitats. If this is true, then the most ‘fit’ design 

should evolve within any habitat (Garland and Losos 1994).  

This chapter examines the relationships between design (morphology), sprint 

speed, acceleration and ecology in Australian varanids. It uses a modification of 

Arnold’s (1983) paradigm, shown in Figure 5.2, which separates the study into two 

parts; an examination of the performance gradient between morphology and the 

performance variables sprint speed and acceleration, and then the ecological gradient 

between speed and acceleration with ecology.    

 137 



Chapter 5. Speed and acceleration 
 

 
Figure 5.2. Modification of Arnolds (1983) performance paradigm to show the 

expected hypothesis for this chapter.  

 

5.0.2 Morphology to sprint speed and acceleration  

Mathematic modelling has often been used to predict the relationship between 

mass and speed. In one of the earliest studies, Hill (1950) proposed a model based on 

geometric similarity. He suggested that the metabolic energy required for running was 

mainly used for accelerating and decelerating the limbs with respect to the body. As 

stride frequency was thought to be inversely proportional to limb length, one of the 

conclusions of his model was that running speed of an animal was independent of body 

size. Since these predictions, several studies have shown that this model is incorrect 

(Heglund et al. 1974; Schmidt-Nielsen 1972). Instead, speed tends to scale positively 

with body size.  

Gunter (1975) proposed a model based on dynamic similarity. This, unlike Hill’s 

(1950) model, did not assume geometric similarity. Instead, the organism was thought 

to change in geometry, so as to remain the same ‘physiologically’. This ‘constant 

efficiency’ of body functions was thought to be achieved by systematic size-correlated 

changes of physical shape. Thus two systems were thought to be dynamically similar if 

homologous parts of the system experience similar net forces. The dynamic similarity 

model predicted that the speed of an organism is proportional to mass0.16.  

Further models have sought to predict the relationship between speed and mass. 

McMahon (1973, 1975) suggested that materials and structures must be designed to 

have sufficient safety factors to avoid failure. If the type of stresses applied to structures 

limited their designs, then the shape (and speed) of organisms might be predicted from 

these stresses. McMahon (1973, 1975) proposed two models to predict the speed at 

which quadrupeds could run. The elastic similarity model predicted that speed was 

proportional to mass0.25, while the static stress similarity model predicted that speed was 
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proportional to mass0.40. The elastic similarity model was supported by Hegland et al. 

(1974) who reported that the relationship between speeds at the trot/gallop transition 

scaled with mass0.24.  

For lizards, most intra-specific studies have found a positive relationship 

between body size and speed (e.g. Garland 1985; Huey and Hertz 1982; Huey et al 

1990; Losos 1990a; Marsh 1988; Snell et al. 1988). Among species, sprint speed also 

increases with body size (Losos 1990b; Van Damme and Vanhooydonck 2001; but see 

van Berkum 1986). Van Damme and Vanhooydonck (2001), using data from the 

literature, found a positive correlation between body mass and sprint speed, even after 

the effects of phylogeny had been removed using independent contrasts. Further, they 

found that the exponent for ordinary least squares regression was mass0.18, close to the 

value predicted by Gunther’s (1975) dynamic similarity model. Garland (1983), using 

106 mammal species ranging in mass from 0.016 kg to 6000 kg obtained a similar 

exponent for speed using least squares regression, of mass0.165.  

Several authors have argued that ordinary least squares regression may not be 

the most suitable technique for allometric studies since it does not consider 

measurement error along the x-axis. Instead reduced major axis regression may be a 

more suitable technique (Christian and Garland 1996; McArdle 1988; Rayner 1985; 

Van Damme and Vanhooydonck 2001). When the data from Van Damme and 

Vanhooydonck (2001) were reanalyzed using reduced major axis regression the 

exponent for speed increased to mass0.39, which was much closer to the relationship 

predicted by the static stress similarity model proposed by McMahon (1975).  

However, the relationship between speed and mass may not necessarily be 

linear. For mammals, Garland (1983) showed that log10(speed) does not increase 

linearly with log10(mass), but is curvilinear; a second-order polynomial best fitted the 

data, which had a maximum speed at a body mass of 119kg. A similar curvilinear 

regression was fitted to lizard data by Van Damme and Vanhooydonck (2001), who 

suggested that speed was maximal for lizards at a mass of 48g. However, these authors 

noted that the dataset was limited by the inclusion of fewer speeds from larger lizards.  

 Several studies have also examined the relationship between body dimensions 

and speed. To remove the effects of size, most studies use relative body proportions and 

speeds. Biomechanical models predict a positive relationship between relative limb 

lengths and speed, since longer legs would allow the body to travel further with each 
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step (Garland 1985; Losos 1990a; Marsh 1988). Several empirical studies have 

supported this prediction (Bauwens et al. 1995; Losos 1990a; Sinervo and Losos 1991; 

Sinervo et al. 1991; Snell et al. 1988). The relationship between tail length and speed 

has also been studied, though often in regard to tail loss (Arnold 1988; Russel and 

Bauer 1992). Many lizards with experimentally shortened tails run more slowly (Arnold 

1984; Ballinger et al 1979; Formanowicz et al 1990; Pond 1981; Punzo 1982), but there 

are several exceptions (Daniels 1983, 1985; Huey et al 1990; Jayne and Bennett 1989).  

Some studies have linked differences of vertebral numbers to locomotor ability. 

In snakes, greater vertebral numbers were associated with concertina locomotion and 

fewer vertebral numbers were associated with undulating locomotion (Jayne 1988a,b). 

Van Damme and Vanhooydonck (2002) suggested that reduced vertebral numbers in 

lacertids may favour speed and accelerations.   

Acceleration has received much less attention in the literature, owing to the 

difficulty of measuring it. The extent to which changes in acceleration relate to speed is 

unknown. They may actually be inversely related due to the conflicting requirements of 

speed and acceleration. While the improvement of speed would require lower moments 

of inertia of the legs (i.e. thinner legs), greater acceleration would require the 

involvement of more muscle mass (and hence thicker legs; van Ingen Schenau et al. 

1994). 

Much of the work for acceleration has been performed on aquatic vertebrates. 

Theoretical models based on these systems suggest that acceleration should be ∩-

shaped, i.e. acceleration should increase with size at low Reynold numbers (at sizes < 

0.01 m) reach a maximum, then decrease with size at relatively high Reynold numbers 

(at sizes > 0.01 m; Webb and Buffrenil 1990). Since this is close to the lower limit of 

vertebrate size, acceleration might be predicted to decrease with increasing body size. 

This model is based on the inertia of the body (which is proportional to body mass) 

resisting acceleration. In aquatic systems, thrust is proportional to surface area, which is 

used to move a resistance that is proportional to volume. Since volume generally 

increases faster than surface area with increasing size, acceleration was expected to 

decline with increasing size. However, studies of aquatic vertebrates so far have found 

that acceleration is size independent both intra-specifically (10-39 cm length in rainbow 

trout Oncorhyncus mykiss, Webb 1976; 5 – 13 cm in angelfish Pterophyllum eimikei 

Domenici and Blake 1993) and inter-specifically (5 cm to 470 cm Domenici 2001).  
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Huey and Hertz (1984) measured the effects of body size on acceleration for the 

lizard Stellio stellio. Log10 initial acceleration was positively correlated with log10 body 

mass, scaling as mass0.33. Further, the average distance of the acceleration phase was 

positively correlated with body mass. Large S. stellio were not only able to accelerate 

faster, but also accelerated over a longer distance than smaller S. stellio. Thus there is 

little evidence to suggest that acceleration in terrestrial systems will decrease with 

increasing size.  

5.0.3 Sprint speed and acceleration with ecology 

Variation in performance may affect an organism’s ability to exploit specific 

ecological opportunities (Huey and Stevenson 1979). In Chapter 2 the ecology of each 

varanid species in this study was defined with respect to six major aspects: climate, 

foraging strategy, habitat, retreat sites, openness of habitat and climbing ability.  

Climate may affect sprinting ability in many ways, though the most important 

effect is differences in environmental temperatures and therefore differences in 

thermoregulatory opportunities. Several studies have shown a positive relationship 

between optimal body temperature and sprint speed (Bauwens et al. 1995; Garland 

1994; Van Damme and Vanhooydonck 2001). Further, differences in climate may 

influence other aspects of ecology, such as vegetative cover (xeric climates are expected 

to have less vegetative cover) or the availability and abundance of prey and predators.  

Foraging strategy is thought to be related to sprint speeds in lizards. 

Traditionally, lizards have been categorised as either sit-and-wait predators or widely 

foraging predators (Huey and Pianka 1981; Huey et al. 1984; Pianka 1966). Sit-and-

wait predators are often thought of as ambush predators, which rely on a quick burst of 

speed to seize prey as it approaches their ambush site; therefore, these species may be 

expected to show greater speed or acceleration. Widely-foraging species typically 

search for prey over a large area at a slower speed, for a longer time. These species are 

therefore expected to have a high endurance capacity (see Chapter 4). Endurance 

capacity and sprint speed are thought to have conflicting muscular requirements; a 

lizard that excels in endurance cannot excel in sprint speed (Vanhooydonck et al. 2001). 

Therefore, it is hypothesised that widely-foraging species will have a lower sprint speed 

and/or acceleration.  
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Many lizards tend to be found in a particular habitat, and it is generally assumed 

that specialisation in one particular microhabitat type will occur at the cost of reduced 

fitness in another habitat type (Garland 1994; Losos 1990b). Species might then be 

expected to be morphologically adapted to and perform best in their particular habitat 

type. Sprint speed and acceleration are typically measured on a flat surface without any 

obstacles, which is most similar to a terrestrial habitat, so terrestrial species may excel 

in these performance variables.  

Climbing species are expected to be disadvantaged in terrestrial running since 

the performance variables they are selected for in their habitat (e.g. climbing ability or 

sure-footedness) are often traded off against high speed on flat surfaces. For example, 

Losos and Sinervo (1989) found that sprint speed of Anolis species varied for different 

diameter perches. On the widest perches, sprint speed and limb length were positively 

related, but on the narrowest perches there was no significant difference in sprint speeds 

between long-limbed and short-limbed species (Figure 5.3). However, Anolis species 

did differ in their ability to stay on the narrow perch; the longest-limbed species (A. 

gundlachi) fell off the perch in 75% of the trials while the shorter-limbed species (A. 

valencienni) was less affected. Therefore, the ability to run along the narrowest of 

perches (sure-footedness) seemed to be traded off against speed on wider perches.  

 
 

Figure 5.3 Sprint speed of four species of Anolis run on rods of differing 
diameter.  From Losos and Sinervo (1989).  

 

 142 



Chapter 5. Speed and acceleration 
 

 143 

Species from open habitats may also be expected to have greater speed and 

accelerations. This expectation was supported in a study by Vanhooydonck and Van 

Damme (2003). They placed 11 species of lacertid lizard in a large terrarium, into which 

had been placed several habitat types, and recorded the time spent in each habitat type. 

Species that spent the most time in ‘open habitats’ had a higher sprint speed than 

species which spent more time in vegetated or vertical habitat types.  

A strong relationship between speed and acceleration with retreat site is also 

expected. Varanids in this study could be categorised as using one of three retreat sites; 

burrows, spaces in rocks and trees, or oblique rock crevices. Burrowing species are 

likely to excel in sprint speed since they predominately live in a terrestrial environment, 

while species that retreat to spaces in rock and trees may be expected to show stronger 

selection for climbing ability (or sure footedness) and hence show lower sprint speeds.  

Several studies have failed to find relationships between speed and ecology. 

Miles (1994) used a comparative analysis of the relationship between morphology and 

performance for nine lizard species that exploit different substrate types. Miles (1994) 

predicted that species which exploit substrates with different physical characteristics 

vary in morphology, which consequently results in differences in sprint speed. The 

results did not support this hypothesis. Van Damme and Vanhooydonck (2001) 

analysed sprint speed in relation to foraging mode, activity, microhabitat use and 

climate, using data for mass, speed and ecology of 129 species of lizard from the 

literature. Activity, microhabitat, and climate all had significant relationships with sprint 

speed, but there was no difference between sit-and-wait predators and actively-foraging 

species. Further, the relationships with activity, microhabitat and climate were no longer 

significant when analysed in a phylogenetic context. These authors concluded that 

differences in sprint speed reflect phylogeny rather than ecology per se.  
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5.1 Methods 

A detailed description of the methods is given in Chapter 2, and only a brief 

summary is given here. Sprint speeds were measured by taking serial digital pictures of 

each lizard as it ran along a “racetrack”. Clear plastic or metal sheeting formed the sides 

of a racetrack 3.6 m long by 0.75 m wide. Both sand and canvas were used as 

substrates. A Sony MiniDV digital Handycam (Model DCR-TRV27 PAL) was placed 

at the end of the racetrack facing down at about 45˚ to the centre. Each lizard run was 

filmed and the images analysed frame-by-frame using video analysis software (AVI 

digitiser, written by Philip Withers, University of Western Australia). Lizards were run 

4-5 times during each trial, for a total of three trials, allowing 24 hours rest between 

subsequent trials. Multiple runs for each individual were compared and both the 

maximal speed and maximal acceleration for each individual was selected. Species 

means were then calculated by averaging the maximal performance values for each 

individual for each species. 

To test repeatability of measuring speed (e.g. measurement error), four runs 

from the same individual lizard (V. eremius) were digitized nine times each. Subsequent 

frames were averaged to produce a more repeatable result. A three point moving 

average was used for speed as it produced a low standard error of 0.06 m s-1. To test 

measurement accuracy in acceleration an object was filmed dropping from 

approximately 10m in height. A five point moving average was used as it provided the 

closest result to 9.8 m s-2 and also had the smallest standard error. The standard error 

associated with this performance variable was 0.53 m s-2. 

The effect of body temperature (Tb) on sprint speed was intensively tested for V. 

scalaris. Hotter lizards tended to run faster and accelerate quicker. To remove the effect 

of Tb on speed and acceleration, a Tb range of 35-38 ºC was chosen for all further 

experiments. 

To test the effect of substrate on speed, ten individual lizards from three species 

were run on both the canvas and sandy substrates. Neither speed nor accelerations were 

significantly different between substrate types.  

Twenty seven individuals from eight species of Varanus were run in the field 

and the laboratory. Field trials were conducted less than 24 hrs after capture, whereas 

laboratory trials were conducted approximately 28 days after capture. A paired two-
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tailed t-test was used to compare speed before and after a period in captivity. To 

determine if this difference was related to mass, a ratio of laboratory/field speed was 

correlated with body mass. Ratios less than 1 indicate speed was higher in the field and 

conversely numbers greater than 1 indicated that speed was higher in the laboratory.  

To reduce variability in speed and mass scores, log10 values were used in all 

analyses. To remove the effects of size from body dimensions, Somer’s (1986) size free 

analysis was used. When correlating size-free body dimensions with the performance 

scores speed and acceleration, the size effect was removed from performance using 

residuals from the size component from size-free analysis. When relating performance 

scores to other variables (vertebral number and habitat types) the size effect was 

removed using residuals from mass.   

Species means were used to test the inter-specific differences in speed and 

acceleration with ecological characteristics. Where an ecological category consisted of 

more than two groups a full factorial ANOVA was used to test for statistical differences 

among groups, otherwise a two-tailed t-test was used. ANOVA (or t-tests) were 

performed on the original data, on size-corrected data and on size-corrected and 

phylogenetically corrected data. Size-corrected numbers for maximal sprint speed were 

calculated from mass using curvilinear regression. If size-corrected analyses did not 

indicate a significant relationship with ecological characteristics, further phylogenetic 

correction was not undertaken.  

To test for phylogenetic inertia a randomisation test was used based on 

Blomberg et al. (2003). An index ‘k’ is also given, where k values close to 1.0 indicate 

close relatives are more similar than expected (Blomberg et al. 2003). Two methods are 

used in this study to remove the effects of phylogenetic inertia; Felsenstein’s (1985) 

independent contrasts and Rohlf’s (2001) autocorrelation. 
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5.2 Results 

Results are presented in four main sections. First, the effect of captivity on speed 

and acceleration are examined. The next three sections examine Arnolds (1983) 

paradigm for varanids. Sections two and three examine the relationship between 

morphology and performance; with section two addressing the intra-specific 

relationships and section three the inter-specific relationships. The fourth section 

presents the inter-specific relationships between performance and ecology. 

5.2.1 Effect of time in captivity on speed and acceleration 

Time in captivity affected sprint speed. A paired two-tailed t-test of log 

transformed data indicateed a significant difference for maximum speed after captivity 

(t26 = 3.86, P < 0.001 n = 27). Individuals typically ran slower after a period in captivity 

(Figure 5.4). However, acceleration was largely independent of time in captivity with a 

paired t-test indicating no difference in maximum acceleration (t26 = 0.49, P = 0.626).  
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Figure 5.4 The effect of captivity on maximal sprint speed. Open circles are 

sprint speeds of varanids less than 24 hours after capture; closed triangles are 
sprint speeds of varanids after 28 days in captivity. Twenty seven individuals 

from 8 species were included. 
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A lab: field ratio of maximum speed was used to determine whether size was 

associated with the reduction in speed after a period in captivity. There was no 

significant relationship between the lab:field ratio and mass when individual scores 

were tested (r2 = 0.10, P = 0.098) nor when species means are tested (r2 = 0.01 P = 

0.810). Size was not associated with the reduction in speed after a period of captivity.  

 

5.2.2 Intra-specific relationships of morphology with speed and 

acceleration. 

Intra-specific results for morphological variation were included only for the 13 

species with more than five individuals. Mass was significantly and positively related to 

speed for eight species (Figure 5.5), while SVL was significantly and positively related 

to speed for six of these species (Table 5.1).  

The association of mass and SVL to acceleration was weaker. Only four of the 

13 species had a significant relationship between mass and acceleration (Figure 5.6), 

while four species showed a significant relationship between SVL and acceleration. 

There was a positive relationship between mass and acceleration for two species; V. 

mertensi and V. panoptes, but both V. gilleni and V. scalaris had a negative relationship 

between mass and acceleration. The relationship between SVL and acceleration was 

positive for three of the four species, the exception being V. scalaris which showed a 

significant negative relationship. 

There appears to be at least some effect of size ranges. At size ranges above 100 

g or 100 mm (SVL) the relationship between speed and size is always significant. 

Below these size ranges the relationship can still be significant, but below size ranges of 

50 g or 60 mm (SVL) the relationship between speed and size becomes insignificant 

and therefore difficult to determine.  
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Figure 5.5 Maximum sprint speed and mass in Varanus. Regression ± 95% 
confidence limits shown for significant relationships. 
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Figure 5.6 Maximum acceleration and mass in Varanus. Regression ± 95% 
confidence limits shown for significant relationships. 
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Table 5.1 Coefficient of determination between speed and acceleration with 
mass (M; g) and snout-to-vent length (SVL; mm) 

 
Size range   

(g; mm) 
Maximum  

Speed 
Maximum 

Acceleration Species 
 

n 
min max r2 P r2 P 

M   6   22.5 102.2 0.71 0.036 0.03 0.749 V. acanthurus SVL   6 106.3 158.7 0.55 0.091 0.00 0.919 
M   5     9.3   24.5 0.28 0.356 0.72 0.070 V. caudolineatus SVL   5   82.9 114.1 0.04 0.737 0.85 0.029 
M 12   14.8 35.7 0.24 0.069 0.49 0.017 V. gilleni SVL 12 116.3 199.9 0.32 0.127 0.05 0.512 
M   7   11.7 104.5 0.34 0.176 0.32 0.184 V. glauerti SVL   7 110.3 207.5 0.42 0.112 0.44 0.110 
M 16   18.3 881.0 0.56 0.001 0.01 0.695 V. gouldii SVL 16 117.3 380.0 0.59 0.001 0.00 0.866 
M   7   11.7 30.1 0.85 0.003 0.28 0.217 V. kingorum SVL   7   76.8 109.4 0.28 0.222 0.12 0.443 
M 13   24.5 2900.0 0.50 0.007 0.46 0.010 V. mertensi SVL 13 138.0 605.0 0.52 0.005 0.49 0.007 
M   7   56.6 347.5 0.74 0.012 0.37 0.142 V. mitchelli SVL   7 163.2 311.0 0.79 0.007 0.55 0.058 
M 19   90.1 5105.0 0.27 0.024 0.64 0.001 V. panoptes SVL 19 156.1 635.0 0.30 0.014 0.71 0.001 
M   5   13.6 69.8 0.88 0.019 0.11 0.584 V. pilbarensis SVL   5 103.2 170.6 0.90 0.015 0.06 0.693 
M   7   61.5 170.5 0.50 0.074 0.74 0.012 V. scalaris SVL   7 179.0 221.0 0.49 0.081 0.81 0.005 
M   8   16.3 35.1 0.11 0.432 0.10 0.435 V. storri SVL   8   96.1 117.3 0.00 0.899 0.00 0.996 
M   6   35.0 229.1 0.83 0.013 0.03 0.745 V. tristis SVL   6 156.0 234.0 0.71 0.036 0.00 0.926 

 

For significant relationships with mass, using least-squares regression, the 

exponent for speed varied from 0.13 in V. gouldii to 0.40 in V. acanthurus, and for 

acceleration from -1.01 for V. gilleni to 0.25 V. panoptes (Table 5.2). 

 
Table 5.2 The intra-specific slope and intercepts between sprint speed and 

acceleration with mass using least-squares regression. Equation is of the form 
Log10(speed) = a + Log10(mass)b, where a and b are the intercept and the slope 

respectively.   
 

Maximum speed Maximum Acceleration Species slope intercept slope intercept 
V. acanthurus 0.40 ± 0.13 -0.22 ± 0.22    
V. gilleni    -1.01 ± 0.34 2.48 ± 0.50 
V. gouldii 0.13 ± 0.03 0.41 ± 0.08     
V. kingorum 0.40 ± 0.07 -0.08 ± 0.09     
V. mertensi 0.14 ± 0.11 -0.15 ± 0.11 0.09 ± 0.02 0.80 ± 0.08 
V. mitchelli 0.19 ± 0.10 0.12 ± 0.10     
V. panoptes 0.13 ± 0.17 0.31 ± 0.17 0.25 ± 0.04 0.49 ± 0.14 
V. pilbarensis 0.21 ± 0.06 0.15 ± 0.06     
V. scalaris    -0.59 ± 0.15 2.33 ± 0.31 
V. tristis 0.26 ± 0.10 0.18 ± 0.10     
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Using all nine body dimensions, the relationship between size-free body 

dimensions with size-corrected speed and acceleration could only be tested for species 

with more than 10 individuals. Only four species met this criterion; V. gilleni, V. 

gouldii, V. mertensi and V. panoptes. No two species showed a similar pattern between 

performance and body dimensions (summarised in Table 5.3). Varanus gilleni had a 

significant negative relationship between both speed and acceleration with size-free 

FFOOT. Lizards with relatively shorter forefeet tended to run faster and accelerate 

quicker.  

Varanus mertensi had a positive association between speed and size–free 

HFOOT length. Lizards with larger hindfeet ran faster than smaller footed conspecifics.    

Varanus gouldii had a significant positive relationship between sprint speed and 

size-free UFL but a significantly negative relationship between acceleration and the 

same body dimension. Lizards with a relatively shorter upper forelimbs tended to have 

greater speed than conspecifics, with relatively longer upper forelimbs, but less 

acceleration.  

For V. panoptes, there was a significant positive association between size-free 

HN with both speed and acceleration. Lizards with relatively longer HN lengths ran 

faster and accelerated quicker. This same species showed a significant negative 

relationship between UFL and speed, contrasting with the result from V. gouldii.  

 

Table 5.3 Correlations between size-free body dimensions and size-corrected 
speed and accelerations scores.  

 
Max Speed Max Acceleration Species n Variable r P r P 

V. gilleni 12 FFOOT -0.62 0.032 -0.67 0.016 
V. gouldii 13 UFL 0.59 0.035 -0.62 0.024 
V. panoptes 17 HN 0.64 0.006 0.51 0.036 
V. panoptes 17 UFL -0.49 0.046 - - 
V. mertensi 11 HFOOT 0.67 0.025 - - 

 

The relationship between body dimensions with speed and acceleration could be 

examined in more species when only 5 body dimensions are included: total hindlimb 
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length (HLL), total forelimb length (FLL), thorax-abdomen length (TA), head neck 

length (HN) and tail length (TAIL). In total 12 species were analysed. Of these, seven 

showed significant associations of size-free body proportions with speed or acceleration 

(Table 5.4).  

Thorax-abdomen length was negatively related to acceleration in two species of 

lizards, V. acanthurus and V. storri. Relatively shorter thorax abdomen lengths were 

associated with higher acceleration. In a third species, V. storri, this relationship 

approached significance (r = -0.70, P = 0.055). The positive association between TA 

and acceleration in V. caudolineatus seems to be the result of an outlier in the data set.  

Limb lengths were associated with speed and acceleration for some species. 

Both V. mitchelli and V. tristis had a negative relationship between hindlimb length and 

acceleration, while V. tristis showed a negative relationship between acceleration and 

forelimb length. In V. tristis, larger fore-limb lengths were associated with higher sprint 

speeds, though the opposite was the case in V. panoptes.  

 

Table 5.4 Correlations between size-free body proportions and size-free 
speed and acceleration using total hindlimb and forelimb lengths.  

 
Max Speed Max Acceleration Species n Variable r P r P 

V.acanthurus   6 TA - - -0.86 0.026 
V.acanthurus   6 HLL -0.93 0.006 - - 
V. caudolineatus   5 TA - - 0.96 0.008 
V. kingorum   7 TA -0.84 0.018 -0.77 0.040 
V. mitchelli    7 HLL - - -0.98 0.001 
V. panoptes 17 HN 0.56 0.020 - - 
V. panoptes 17 FLL -0.58 0.015 - - 
V. pilbarensis   5 TAIL -0.96 0.010 - - 
V. tristis   6 HN -0.88 0.020 - - 
V. tristis   6 FLL  0.97 0.003 -0.82 0.047 
V. tristis   6 HLL - - -0.83 0.041 

 

The intra-specific relationship between maximal sprint speed and maximal 

acceleration was tested for species where more than five individuals were available. In 

total 13 species were included for this analysis.  

Maximal sprint speed was significantly and positively related to maximal 

acceleration for five species of varanid (Table 5.5). However, since both speed and 
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acceleration are related to mass in at least some species, the positive relationship 

between speed and acceleration could be due to a positive relationship with both of 

these variables to mass.  

The effect of size was removed by computing residuals for each performance 

variables with mass. Size-corrected speed was still significantly and positively 

correlated to size-corrected acceleration in two of the original five species (V. mitchelli 

and V. panoptes; Table 5.5). In two others (V. gilleni and V. scalaris) the relationship 

between speed and acceleration was no longer significant when each performance 

variable was corrected for size. One species (V. kingorum) which did not show a 

significant relationship between speed and acceleration when raw scores were used, 

showed a significant positive relationship between speed and acceleration when these 

performance variables were size-corrected. Finally, V. tristis which did not show a 

significant relationship when raw scores were used, showed a significant negative 

relationship between size-corrected speed and size-corrected acceleration.  

 

Table 5.5 Correlation between speed and acceleration for 13 species of 
varanids  

 
Speed vs 

acceleration 
Speed vs 

acceleration  
Size-corrected Species n 

r P r P 
V. acanthurus   6 -0.43 0.397 -0.54 0.272 
V. caudolineatus   5  0.20 0.745 -0.55 0.333 
V. gilleni 12  0.63 0.036  0.47 0.146 
V. glauerti   7  0.54 0.215  0.31 0.496 
V. gouldii 13 -0.22 0.415 -0.21 0.430 
V. kingorum   7  0.75 0.053  0.78 0.039 
V. mertensi 11  0.56 0.047  0.15 0.633 
V. mitchelli   7  0.87 0.012  0.84 0.017 
V. panoptes 17  0.70 0.001  0.57 0.012 
V. pilbarensis   5  0.45 0.450  0.41 0.495 
V. scalaris   7  0.78 0.038  0.48 0.281 
V. storri   8  0.42 0.304  0.35 0.397 
V. tristis   6 -0.52 0.294 -0.86 0.026 
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The inter-specific means for sprint speed and acceleration are shown in Table 

5.6; juveniles were omitted from the data set for all inter-specific analyses. Both speed 

and acceleration were positively related to mass across species (Figure 5.7).  

5.2.3 Inter-specific relationships of morphology with speed and 

acceleration. 

Figure 5.7 Effect of body mass on maximal sprint speed and maximal 
acceleration in varanids. A, B Non-phylogenetically corrected analysis for 
maximum sprint speed and maximum acceleration respectively; the line 

shown is the ordinary least squares regression line. C, D Phylogenetically 
corrected analysis for maximum sprint speed and maximum acceleration 
respectively, using independent contrasts. The line shown is the ordinary 

least squares regression line through the origin. 
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Table 5.6 Species mean (± SE) for maximum speed and maximum acceleration of 18 species of Australian varanids.  
 

Species n Max Speed  
(m s-1) 

Max Acceleration  
(m s-2) 

Mass 
(g) 

V. acanthurus 6 .03 5 ± 0.32 11.09 ± 0.48 58.9 ±     11.7 
V. brevicauda 2 .51 9 ± 0.03 6.74 ± 1.04 20.6 ±       1.9 
V. caudolineatus 5 .32 4 ± 0.22 9.18 ± 0.41 18.1 ±       2.5 
V. eremius 4 .73 1 ± 0.40 15.66 ± 1.17 48.5 ±       3.9 
V. giganteus  3 .78 7 ± 0.55 25.13 ± 3.29 2966.7 ± 1122.6 
V. gilleni 12 2.23 ± 0.11 10.55 ± 0.93 27.1 ±       1.9 
V. glauerti  7 .03 9 ± 0.21 14.33 ± 0.50 35.7 ±     12.2 
V. gouldii  14 5.72 ± 0.19 14.55 ± 1.01 429.4 ±     56.1 
V. kingorum 7 .62 0 ± 0.16 12.29 ± 0.97 18.3 ±       2.7 
V. mertensi  11 3.57 ± 0.33 11.50 ± 0.75 1032.3 ±   280.0 
V. mitchelli 7 .43 3 ± 0.19 12.13 ± 0.50 151.3 ±     36.7 
V. panoptes 17 5.90 ± 0.26 21.13 ± 1.21 2425.0 ±   358.9 
V. pilbarensis 5 .82 3 ± 0.08 11.80 ± 0.52 30.3 ±       4.2 
V. rosenbergi 2 .25 7 ± 2.36 20.42 ± 8.95 1025.0 ±   435.0 
V. scalaris 7 .72 6 ± 0.19 12.12 ± 1.36 102.1 ±     13.6 
V. storri 8 .52 5 ± 0.10 11.92 ± 0.85 26.9 ±       2.6 
V. tristis 6 .93 5 ± 0.32 12.49 ± 1.31 98.3 ±     32.2 
V. varius 2 .04 3 ± 0.01 20.33 ± 3.59 7700.0 ± 1700.0 
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Maximal sprint speed scaled with mass at an exponent of 0.166 using ordinary 

least squares regression (Table 5.7). Maximal acceleration scaled with mass at a smaller 

exponent of 0.128.  Reduced major axis regression also showed a similar pattern of 

increasing speed and acceleration with increasing body mass, again with speed showing 

a greater slope than acceleration (Table 5.8). 

 
Table 5.7 Relationship between Log10 Mass and performance variables using 

least-squares regression.  
 

Performance variable Slope SE Intercept SE r2 P 
Max Speed 0.166 0.03 0.18 0.07 0.64 0.001 
Max Acceleration 0.128 0.03 0.85 0.06 0.61 0.001 
 
 
 
Table 5.8 Relationship between Log10 Mass and performance variables using 

reduced major axis regression.  
 

Performance variable Slope Lower 95% 
confidence limit 

Upper 95% 
confidence limit r2 P 

Max Speed 0.208 0.142 0.274 0.64 0.001 
Max Acceleration 0.164 0.110 0.218 0.61 0.001 

 

Maximum speed had significant phylogentic signal (k = 1.15, P = 0.010), but 

acceleration did not have a phylogenetic effect (k = 0.75, P = 0.090). Removing the 

effects of phylogeny, using independent contrasts, produced a similar but weaker result. 

When contrasts for body mass were regressed against contrasts for speed, there was a 

positive relationship. If the regression was forced through the origin the slope of the line 

using least-squares regression was 0.151 (r2 = 0.40, P < 0.005; Figure 5.7C). Contrasts 

for acceleration were also significantly and positively related to contrasts for body mass 

by the slope 0.141 (r2 = 0.42, P < 0.004; Figure 5.7D). 

However, the relationship between maximal sprint speed and mass was best 

represented, not by a linear relationship, but rather by a second order polynomial 

(Figure 5.8). The polynomial was Log(speed) = -0.0827(log mass)2 + 0.5709(log mass) 

– 0.2516.  This suggested an optimal mass in relation to speed of 2.83 kg. When the 

polynomial was fitted to the data there was a higher correlation coefficient (r2 = 0.71, 

compared to 0.64 for linear regression). The variance for the residuals based on the 

polynomial was 0.009, this was less than the variance for the residuals based on linear 
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regressions (0.011), though an F-test shows the variances were not significantly lower 

(F17,17 = 1.23, P = 0.340).  
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Figure 5.8 Curvilinear regression between maximum sprint speed and mass. 

The equation is Log(speed) = -0.0827(log mass)2 + 0.5709(log mass) – 0.251  
(r2 = 0.71, P = 0.001). 

 

Postsacral vertebral number had a significant positive relationship with both 

speed and acceleration, while presacral vertebral number was independent of both speed 

and acceleration (Table 5.9). The relationships between postsacral vertebral number 

with speed and acceleration seems to be a result of the association between speed, 

acceleration and postsacral vertebral number with size. When the effect of size were 

removed by calculating residuals (from mass), neither presacral nor postsacral vertebrae 

number were related to either performance measure.  

 

Table 5.9 Correlation between vertebral number with maximum speed and 
maximal acceleration for 18 species of Australian varanids.  

 
Max Speed Max Acceleration Vertebrae origin r P r P 

     
Presacral 0.09 0.779 0.18 0.552 
Postsacral 0.72 0.001 0.83 0.001 

     
Size corrected     

Presacral -0.29 0.336 -0.43 0.147 
Postsacral  0.13 0.668  0.28 0.347 
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There was a significant relationship between body dimensions with speed and 

acceleration. To remove the effects of size from body dimensions, Somers’ (1986) size-

free analysis was used. Size-free body dimensions were regressed against size-corrected 

performance variables. Size-corrected performance variables were residuals from a plot 

of each performance variable with the size component from the size-free analysis. 

Faster speed was associated with varanids that had relatively shorter forefeet and shorter 

lower forelimbs lengths (Table 5.10). Faster acceleration was associated with varanids 

that had relatively shorter forefeet and relatively longer tails.  

  

Table 5.10 Correlation between size-free body dimensions and size-corrected 
speed and acceleration for 18 species of Australian varanids.  

 
Max Speed Max Acceleration Residual 

Dimension r P r P 
HN  0.14 0.572  0.04 0.871 
TA -0.33 0.177 -0.44 0.070 

TAIL  0.29 0.247  0.52 0.028 
FFOOT -0.60 0.009 -0.49 0.037 

LFL -0.52 0.026 -0.28 0.258 
UFL  0.20 0.424 -0.01 0.961 

HFOOT -0.15 0.565 -0.16 0.520 
LHL  0.44 0.070  0.21 0.410 
UHL  0.19 0.457  0.09 0.719 

 

When phylogenetically independent contrasts of size-free body dimensions were 

regressed against contrasts of size-free performance values, the relationships are similar 

(Table 5.11). Faster sprint speed was still associated with shorter forefeet, but the lower 

fore limb was no longer significantly related with speed. A negative relationship 

between thorax abdomen length and speed became stronger.  

Faster acceleration was still associated with short forefoot and longer tails, but 

like sprint speeds, a negative relationship between thorax abdomen length and 

acceleration becomes significant when phylogenetically corrected data were used.   
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Table 5.11 Correlations between phylogenetically independent contrasts of 
size-free body dimension (from mass) and independent contrasts of size-
corrected (from mass) performance variables for 18 species of Australian 

varanids.  
 

Contrast 
Max Speed 

Contrast  
Max Acceleration 

Contrasts Size 
Free Dimension 

r P r P 
HN  0.08 0.750  0.14 0.584 
TA -0.51 0.035 -0.49 0.044 

TAIL  0.38 0.136  0.58 0.015 
FFOOT -0.53 0.028 -0.55 0.022 

LFL -0.36 0.156 -0.22 0.395 
UFL  0.01 0.977  0.02 0.944 

HFOOT -0.01 0.974 -0.18 0.482 
LHL  0.44 0.081  0.11 0.675 
UHL  0.19 0.464  0.04 0.876 

 

Inter-specific speed was regressed against acceleration. When non size-corrected 

values were correlated there was a significant positive relationship between speed and 

acceleration (r = 0.89, P < 0.001, n =18). The effects of size were removed using 

residuals from mass. For speed, the relationship with mass was curvilinear and residuals 

were taken from this line. For acceleration, the relationship with mass was linear, and 

residuals were used from linear regression. When size-corrected speed was correlated 

with size-corrected acceleration there was a significant positive relationship (r = 0.80, P 

< 0.001, n = 18). Lizards that are faster also accelerate quicker.  
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5.2.4 Differences in speed and acceleration with ecology.  

Sprint speed was significantly affected by both type of habitat and openness of 

habitat (Table 5.12). Retreat sites, climates, foraging modes and climbing abilities did 

not significantly affect sprint speeds in this group of lizards. Acceleration was not 

affected by any ecological characteristic.  

Speed was significantly different among habitat types when actual and size-

corrected speed scores were examined. Not only did widely-foraging terrestrial species 

run absolutely quicker, but they ran relatively quicker (correcting for mass) compared to 

the other groups. A Student-Newman-Keuls post hoc test revealed that widely-foraging 

terrestrial lizards were significantly quicker than both arboreal/saxicolous lizards and 

aquatic lizards, but the other groups of lizards were not significantly different.  

Phylogeny has the potential to confound the analysis since most of the widely-

foraging terrestrial species belong to the gouldii group, so differences in speed may be 

due to a tendency for high speeds to be inherited in this group. However, size and 

phylogenetically corrected speeds were still significantly different between widely-

foraging terrestrial species and species found in other habitat types.  

Speed also differed with the openness of the habitat of each species. A Student-

Newman-Keuls post hoc test showed that species from open habitat types ran faster than 

species from both semi-open and closed habitat types, but there was no difference in 

species between semi-open habitat types and closed habitat types. This was true for both 

absolute speeds and size-corrected speeds, suggesting that species from open habitat 

types not only ran faster, but ran relatively faster than species from semi-open and 

closed habitat types. When the possibly confounding effects were phylogeny was 

removed from size-corrected speed scores using autocorrelation, openness was still 

significantly related to speed.  

Acceleration could not be related to any ecological characteristic (Table 5.12). 

There was a significant difference for absolute acceleration with habitat, openness and 

foraging mode, but these were not significant when size-corrected speed scores were 

used, suggesting that the differences were an effect of mass on either or both 

acceleration and ecology.  
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Table 5.12 Comparisons of sprint speed and acceleration with ecological 
traits. Phylo – indicates size-corrected and phylogentically-corrected data 

were used in the analysis. 
 

 Maximal  Sprint speed 
(m s-1) 

 Maximal Acceleration 
(m s-2) 

 mean s.e. n  mean s.e. n 
Habitat       
Widely foraging terrestrial 5.87 0.82 5 19.38 1.93 5 
Sedentary terrestrial 2.45 0.31 4 10.51 1.28 4 
Arboreal/saxicolous 3.03 0.27 7 12.97 1.37 7 
Aquatic 3.50 0.07 2 11.81 0.32 2 
ANOVA  F3,14 = 8.74, P = 0.002 F3,14 = 5.68, P = 0.009 
ANOVA (size corrected) F3,14 = 3.30, P = 0.052 F3,14 = 2.72, P = 0.084 
ANOVA (phylo) F3,14  = 5.05, P = 0.014  
       
Retreat        
Burrow 4.63 0.80 8 15.88 2.13 8 
Trees/Rocks 3.05 0.25 8 12.52 1.18 8 
Oblique crevices 2.96 0.13 2 13.07 1.27 2 
ANOVA  F2,15 = 2.18, P = 0.147 F2,15 = 1.06, P = 0.371 
ANOVA (size corrected) F2,15 = 0.65, P = 0.538 F2,15 = 0.75, P = 0.490 
       
Openness        
Open  6.02 1.04 4 19.12 2.47 4 
Semi-open 3.64 0.33 7 14.71 1.50 7 
Closed 2.54 0.22 7 10.56 0.76 7 
ANOVA  F2,15 = 11.79, P < 0.001 F2,15 = 7.47, P = 0.006 
ANOVA (size corrected) F2,15 = 4.26, P = 0.034 F2,15 = 1.51, P = 0.253 
ANOVA (phylo) F2,15  = 4.14, P = 0.037  
       
Climate        
Xeric 3.80 0.74 9 13.02 1.75 9 
Tropical  3.41 0.44 7 13.63 1.30 7 
Mesic 4.65 0.62 2 20.38 0.04 2 
ANOVA  F2,15 = 0.38, P = 0.691 F2,15 = 2.33, P = 0.131 
ANOVA (size corrected) F2,15 = 1.15, P = 0.342 F2,15 = 0.05, P = 0.948 
       
Foraging mode       
Sit-and-wait 2.86 0.33 6 11.11 0.90 6 
Widely foraging 4.19 0.55 12 15.56 1.46 12 
t-test  t16 = 2.05, P = 0.058 t16 = 2.60, P = 0.020 
t-test (size corrected) t16 = 0.54, P = 0.594 t16 = 0.90, P = 0.381 
       
Climbing ability       
Climber 3.08 0.20 10 12.67 0.95 10 
Non-climber 4.57 0.82 8 15.83 2.14 8 
t-test  t7.86 = 1.77, P = 0.120 t9.72 = 1.34, P = 0.211 
t-test (size corrected) t16 = 1.33, P = 0.203 t16 = 0.76, P = 0.461 
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5.2.5 Summary of results 

There was an effect of time in captivity on maximum sprint speed. Individuals 

typically ran slower after a period in captivity. However, acceleration was largely 

independent of time in captivity. This effect of captivity was not significantly related to 

mass in this group of lizards.  

The intra-specific relationship between speed and acceleration was significant 

and positive for five of 13 species. When speed and acceleration were corrected for size, 

three species showed a significant positive correlation, while one species (V. tristis) had 

a significant negative relationship. 

Intra-specifically, mass was significantly related to speed in eight (of 13) 

species, while SVL was significantly related to speed in six species. Four of 13 species 

showed a significant relationship between mass and acceleration, while four species 

showed a significant relationship between SVL and acceleration.  

The intra-specific relationship between body dimensions with speed and 

acceleration was tested for 12 species. Thorax-abdomen length was negatively related to 

acceleration in two spiny-tailed species. Hindlimb length was negatively associated with 

acceleration in the two climbing species V. tristis and V. mitchelli. Varanus tristis also 

showed a positive relationship between speed and forelimb length, though the opposite 

was shown for the terrestrial species V. panoptes.  

The inter-specific relationship between speed and acceleration was significant 

and positive when both absolute and size-corrected performance scores were correlated.  

Inter-specifically, mass was positively correlated with maximal speed and 

maximum acceleration. A curvilinear line best described the relationship between mass 

and speed suggesting an optimal mass with respect to speed of 2.83 kg. A linear 

relationship best described the change in acceleration with mass.  

Neither size-corrected postsacral nor presacral vertebral number was related to 

speed or acceleration, but changes in body dimensions were. The length of the forefoot 

and the thorax-abdomen length were negatively related to both speed and acceleration. 

Tail length was positively related to acceleration.  
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Speed was also related to some ecological variables. Based on habitat type, 

widely-foraging terrestrial species were significantly faster when both size and 

phylogenetically corrected data were analysed. This association was not related to 

foraging mode since this ecological characteristic did not show an association with 

speed, but instead to the openness of the habitat. Species from open habitats were 

significantly faster than species from semi-open and closed habitats. Acceleration was 

not related to any ecological characteristic.   
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5.3 Discussion 
 

5.3.1 Effects of time in captivity. 

There was an effect of time in captivity on sprint speeds of varanids, whereas 

acceleration was independent of time in captivity. Individuals typically ran slower after 

a period in captivity. Several other studies have reported disparities in field and 

laboratory sprint speeds. For example, the maximal sprint speed of Dipsosaurus 

dorsalis in race tracks have been reported as 10.1 km h-1 (Bennett 1980), 18.0 km h-1 

(Marsh 1988; Marsh and Bennett 1985) and 15.0 km h-1 (Gleeson and Harrison 1988), 

whereas maximal speed in the field has been reported at up to 30 km h -1 (Belkin 1961). 

Van Damme and Vanhooydonck (2001) made a similar observation for other lizards, 

further noting that the decrease was more pronounced for larger lizards; although the 

current study was unable to find any association with size and the relative difference in 

laboratory and field sprint speeds (but see Chapter 4). Further, this effect of captivity 

does not appear to be restricted to lizards, field speeds (measured in a clear patch with 

concentric circles to mark distance) were higher than laboratory racetrack speeds for 

two species of Kangaroo rats (Dipodomys deserti and D. merriami; Djawdan and 

Garland 1988).  

The reason for this discrepancy between field and laboratory speeds is unclear, 

but differences in behavioural motivation seem likely. This may be based on habituation 

to a threat; the fear of the investigator is reduced after some period of captivity, 

resulting in sub-maximal sprinting performance. Alternatively, the reduced speed may 

be the result of an unfamiliar environment of the racetrack, to which a behavioural 

response may be slower, more cautious locomotion.  

As the decrease in speed after a time in captivity is consistent across all sizes it 

is unlikely to significantly impact the interpretation of results. However, further studies 

should be aware of potential differences in locomotory performance after a period of 

captivity.  
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5.3.2 Morphological bases of variation in speed and acceleration 
 
 
5.3.2.1 Speed with mass 

Mass and SVL were the most important determinates of speed and acceleration 

of varanids both intra-specifically and inter-specifically. Intra-specifically the exponent 

for speed with mass varied from 0.13 in V. gouldii to 0.40 in V. acanthurus. Thus no 

one model was supported (intra-specifically) by all species, instead different species 

showed similarity to different models. Further, the model that was best supported by a 

particular species could be related to the habitat it occupies. For example, the two 

terrestrial species V. gouldii and V. panoptes scaled closet to the dynamic similarity 

model proposed by Gunther (1975; V. gouldii 0.13, V. panoptes 0.13, predicted 0.16). 

The two climbing species V. pilbarensis and V. tristis closely resembled the elastic 

stress model (V. pilbarensis 0.21, V. tristis 0.22, predicted 0.25) and the two spiny tailed 

lizards which are associated with rocky outcrops scaled closet to the static stress model 

(V. acanthurus 0.40, V. kingorum 0.40, predicted 0.41). Though whether this difference 

in scaling represents differences imposed by the habitat or is just a consequence of other 

factors such as phylogenetic similarity remains to be resolved. 

Among species, speed scaled with mass at an exponent of 0.166 using ordinary 

least-squares regression. Sprint speed of varanids increased with increasing body size, 

thus refuting Hill’s (1950) prediction that speed was size-independent. Auffenberg’s 

(1981) data for sprint speed of adult V. komodoensis (4.69 m s-1, 8000g) is similar to the 

largest species used in this study, V. varius, and when the Komodo Dragons is 

combined with the current data for Varanus, the exponent was 0.15. In either case, the 

exponent closely resembles the expected value predicted by Gunter’s (1975) dynamic 

similarity model (0.17). Van Damme and Vanhooydonck (2001) also found a similar 

exponent of 0.18 for other lizards, and Garland (1983) obtained an exponent of 0.165, 

for 106 mammal species ranging from 0.016 to 6000 kg.  

However, several authors have argued that ordinary least-squares regression 

underestimates the slope in allometric studies. Reduced major axis regression may be a 

more suitable tool for analysis since it allows for error along the both the x and y axis. 

Using reduced major axis regression, the exponent for speed and mass in varanids 

becomes 0.21 (0.19 including V. komodoensis), still close to the dynamic similarity 

model predicted by Gunther (1975).  
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Combining data for all other lizards species published by Van Damme and 

Vanhooydonck (2001), speed estimates for V. komodoensis (Auffenberg 1980), and my 

data for varanids gives an exponent of 0.205 (lower 95% CL = 0.18; upper 95% CL = 

0.25) using standard least squares regression and 0.31 (lower 95% CL = 0.27; upper 

95% CL = 0.34) using reduced major axis regression. While the exponent for ordinary 

least squares regression is close to Gunther’s (1975) dynamic similarity model, the 

exponent obtained using reduced major axis regression is not convincingly close to any 

of the models.  

Garland (1983) noted that none of the models described the relationship between 

speed and mass very well for mammals, since speed did not increase monotonically 

with mass. Instead the relationship was better described by curvilinear regression. For 

mammals, this relationship reached an optimum speed at a body mass of about 119 kg 

(Garland 1983). Van Damme and Vanhooydonck (2001) found that a similar curvilinear 

path better described the relationship between speed and mass for lizards, reaching an 

optimum at 48 g. Following this curvilinear pattern, a second order polynomial was 

fitted to the data for varanids (including V. komodoensis). The curvilinear fit  of 

Log(speed) = -0.2813 + 0.6014 log10 (mass) – 0.0897 log10 (mass)2 had a higher r2 value 

than for linear regression (0.71 vs 0.62) and suggested an optimum body size for 

varanids, in regard to running ability, of 2.23 kg (Figure 5.9). If all three groups are 

placed on one plot there is evidence for three different systems with three different 

optima (Figure 5.9).  
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Figure 5.9 Curvilinear regressions between speed in mass in three different 
groups. Circles are mammal data from Garland (1983), squares are varanid 
data (from this study and Auffenberg 1980), and triangles are data for non-

varanid lizards (Van Damme and Vanhooydonck 2001; Zani 1996).  

    

5.3.2.2 Acceleration with mass 

Intra-specifically, only 4 of 13 varanid species showed a significant relationship 

between acceleration and size. Whether this reflects an independence of acceleration 

with mass and SVL for most species, or is just a product of higher variance in 

acceleration data is unknown. A negative relationship between acceleration and mass, 

predicted by previous studies, was supported in only two of the four species.  

Of the two species which showed a significant positive relationship between 

acceleration and mass, V. mertensi and V. panoptes acceleration scaled as mass0.25 and 

mass0.09 respectively. Huey and Hertz (1984) also reported a positive relationship 

between acceleration and body mass, scaling as mass0.33 for the lizard Stellio stellio. 

Thus, like sprint speed, there seems to be no common intra-specific slope for 

acceleration across species.  
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Inter-specifically, acceleration was positively related to mass, scaling as mass0.13 

(± 0.03). This exponent was somewhat lower than the result reported by Huey and Hertz 

(1984). In either case, these results refute Webb and Buffrenil’s (1990) hypothesis that 

acceleration decreases with larger body sizes. Instead acceleration was positively related 

to mass, heavier species were capable of greater acceleration than lighter species, at 

least over the size range presented here.  

Van Ingen Schenau et al. (1994) predicted that speed and acceleration should be 

inversely related due to conflicting requirements of the limbs. There was little support 

for this theory intra-specifically. One species, V. tristis, did show a negative relationship 

between speed and acceleration after the effect of size had been removed; however, 

three other species had significant positive relationships between speed and 

acceleration, suggesting that for most species greater speed is associated with greater 

acceleration. 

In addition, the inter-specific studies did not support Van Ingen Schenau et al.’s 

(1994) prediction. Speed and acceleration were significantly related even when the 

effect of size is removed, suggesting that relatively faster lizards definitely have 

relatively greater accelerations.  

Among species, mass accounts for about 64% of the variation in speed (71% if a 

curvilinear relationship is assumed) and 61% of the variation in acceleration. Obviously, 

measurement error accounts for some of the scatter around the lines as does differences 

in behaviour, but inter-specific differences in body dimensions have also been shown to 

account variation in speed and acceleration.  

 

5.3.2.3 Speed and acceleration with body dimensions  

Biomechanical models have predicted that increased speed should be associated 

with relatively longer limbs, since this allows more distance to be covered with each 

stride (Garland 1985; Losos 1990a; Marsh 1988). Several empirical studies have 

supported this hypothesis (Bauwens et al. 1995; Losos 1990a; Sinervo and Losos 1991; 

Sinervo et al. 1991; Snell et al 1988). For varanids, this prediction was supported intra-

specifically for V. tristis but the opposite was shown for the two terrestrial species; V. 

acanthurus and V. panoptes. Furthermore, among species there was a negative 
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relationship between forefoot length and speed, so varanids do not seem to conform to 

biomechanical predictions, or results seen in other groups.  

The relationship between tail length and speed has also been studied, though 

often in regard to tail loss (Arnold 1988; Bauer 1992). Many lizards with 

experimentally autotomised tails run more slowly (Arnold 1984; Ballinger et al. 1979; 

Formanowicz et al 1990; Pond 1981; Punzo 1982; Zani 1996). For varanids, tail length 

was positively associated with acceleration. Lizards with relatively longer tails were 

capable of relatively greater acceleration than shorter tailed species, suggesting tail 

length may have a positive effect on speed and acceleration. 

The length of the body (thorax-abdomen length) seemed to be related to speed 

and acceleration for varanids. Relatively shorter thorax-abdomen lengths were 

associated with faster speeds and greater acceleration, while species with relatively 

longer thorax-abdomen lengths were slower, with less acceleration. This is consistent 

with predictions based on a biomechanical model (Van Damme and VanHooydonck 

2002). In Chapter 3, size-free thorax-abdomen length was shown to be significantly and 

positively related to the number of presacral vertebrae. Previous studies have suggested 

that both speed and acceleration may be negatively related to the number of presacral 

vertebrae, since this constitutes a trade-off between manoeuvrability and performance 

(Van Damme and VanHooydonck 2002). Manoeuvrability typically requires a high 

degree of body flexibility, which is probably aided by a large number of vertebrae per 

unit body length (Arnold 1988; Gasc and Gans 1990; Jayne 1982, 1988). In contrast, a 

relatively stiff trunk (the result of fewer vertebrae per unit body length) would benefit 

speed and acceleration since less internal work would be spent to move axial body parts 

in respect to each other (Van Damme and VanHooydonck 2002). Preventing flexion and 

torsion of the body reduces internal work, therefore benefiting speed and acceleration. 

The lack of a direct relationship between speed or acceleration with presacral vertebrae 

number for varanids may be the result of small sample sizes, or small differences in the 

number of presacral vertebrae.  

Having established that differences in both size and body dimensions were 

related to variations in speed and acceleration, it was now of interest to determine 

whether differences in speed and acceleration could be related to variation in ecological 

characteristics.  
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5.3.3 Ecological consequences of speed and acceleration 

It was hypothesised that speed should be related to the habitat in which species 

were commonly encountered. When species are separated into habitat types proposed by 

Thompson and Withers (1997a), there was a significant difference in maximal sprint 

speed. Species which occupy the widely- foraging terrestrial habitat were significantly 

faster than arboreal/saxicolous species or aquatic species. This difference was found, 

not to be the result of foraging mode per se, since there was no difference in speed when 

species were divided into either widely-foraging and sit-and-wait groups, rather it was 

related to the openness of the habitat of each species.  

Species from open habitats ran significantly faster than species from either semi-

open or closed habitats. A similar result was reported by Vanhooydonck and Van 

Damme (2003) for 11 lacertid species; there was a positive correlation between the time 

spent in the open and maximal sprint speed. They further related this to behaviour, 

showing that species from open habitats would not start running before a predator was 

close at hand. Thus, having a high sprint capability seems to be more beneficial to 

species from an open habitat.  

It was also predicted that speed may be related to climbing ability. Climbing 

species were expected to have lower sprint speeds since the performance variables that 

they are selected for in their habitat have been shown to be traded-off against the ability 

to run fast on flat surfaces (Losos and Sinervo 1989). While the sprint speeds for non-

climbing species were generally higher than for climbing species, it wasn’t significantly 

so. This was probably due to a high standard error in the data, caused by the abnormally 

low sprint speed score of V. brevicauda. While the ecology of this species is not well 

known, it is typically found in spinifex tussocks on sandy ground, and was therefore 

classed as a non-climber. However, this species seems to spend a large amount of time 

within the spinifex bush itself, suspended off the ground (Pianka 2004b). Whether this 

constitutes climbing or not is unclear and thus classification into a climbing or non-

climbing habit was difficult.  

If this species is removed from the data set then the difference between climbing 

ability and speed becomes greater. Climbing species then had a significantly slower 

sprint speed than the non-climbing species (t15 = 2.50, P = 0.02), though there was still 

no significant difference in acceleration (t15 = 1.75, P = 0.10).  
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5.4 Conclusions  

The purpose of this chapter was to examine relationships of morphology with 

speed and acceleration, and determine whether these performance variables were 

ecologically-relevant. A summary of the relationships between morphology, 

performance, and ecology is presented in Figure 5.8. Both size and body dimensions 

appear to influence the performance variables speed and acceleration, but only 

differences in speed translated into differences in ecology. Sprint speeds were greater 

for species from widely-foraging terrestrial habitats and open habitats. After the 

exclusions on V. brevicauda from the data set, non-climbing species were significantly 

faster than climbing species. Foraging modes, retreat site and climate had little 

relationship with sprint speeds. Acceleration was not related to any ecological 

characteristic.  

 

 
 

Figure 5.8 Summary of the relationships between morphology, speed, 
acceleration and ecology in Australian varanids. Solid lines refer to aspects of 
the main feature, solid arrows indicate association. The relationship between 

speed and climbing ability is only significant after the exclusion of V. 
brevicauda (dashed arrow).  

 

The lack of a convincing relationship between acceleration and ecology is 

surprising, suggesting that acceleration is not an ecologically relevant trait. This is 

troubling because possible advantages of higher acceleration are intuitive, e.g. a lizard 

that accelerates faster may be better able to catch prey or avoid predators. Furthermore, 

the association between speed and acceleration suggests that any ecological association 
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with speed should be shared by acceleration. This latter point seems to suggest that 

rather than concluding that acceleration was completely decoupled from ecology, that 

small differences in acceleration may have been masked by large errors in the 

measurement of this variable (See Chapter 2: Methods for more detail).  

Speed did show better associations with ecological traits, though it is of interest 

to explore whether this affect was a direct result between performance and ecology, or 

an artefact of a relationship between morphology with ecology. Chapter 3 examined the 

direct relationships between morphology and habitat. If speed is working to mediate this 

relationship then it would be expected that similar variables would link morphology to 

speed as that which link morphology to habitat.  

In Chapter 3 size was shown to be directly related to the openness of habitats. 

Larger species were more often found in open habitats while smaller species were found 

in semi-open or closed habitats. Size was also related to speed; larger lizards ran faster. 

Finally there was a link between speed and the openness of the habitat; faster lizards 

were found in more open habitats. Thus, there is evidence supporting a link between 

size and openness through the performance variable speed. Greater speed may be 

advantageous in an open environment, perhaps due to the increased risk of predation, 

and the easiest way to increase in speed is to increase in size. 

However, the alternative hypothesis is that large size itself may be selected for in 

open habitats – or constrained in closed habitats, and the association of speed with 

openness may simply be an artefact of the relationship between size and openness of 

habitat. To support the association between morphology and openness through speed it 

is necessary to show an association between these variables after size is removed.      

Differences in size-free body dimensions could be related to openness through 

size-corrected speed. Speed was related to thorax-abdomen length, where faster species 

exhibited shorter thorax-abdomen lengths, than slower species (although the 

relationship was weaker inter-specifically). Further differences in size-corrected speed 

could then be related to differences in the openness of the habitat. This relationship was 

thought to be the result of a trade-off between speed and manoeuvrability whereby 

longer thorax-abdomen lengths increased manoeuvrability in closed habitats where it is 

advantageous but at the cost of speed. These findings are consistent with the 

development of increased manoeuvrability in closed habitats, which may have led to the 

morphological modification of the thorax-abdomen length. Conversely, it is possible, 
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the occupation of open habitats has selected for faster speeds in these lizards, which in 

turn leads to shortening (possible stiffening) of the trunk to aid greater speed.  

Climbing ability can similarly be related along the paradigm. Differences in 

body dimensions were associated with climbing ability. Climbing species showed 

longer forefeet and forelimbs while non-climbing species had shorter forefeet and 

forelimbs. Differences in forefeet were also associated with differences in speed, where 

species with shorter forefeet ran faster than species with longer forefeet. Further, these 

differences in speed then translated into differences in ecology, such that non-climbing 

species were faster than climbing species. It appears that for climbers, longer forefeet 

are advantageous, which leads to a reduction in speed, or speed is selected for in non-

climbing species and short forefeet have evolved to increase speed. The problem with 

this conclusion is the lack of a suitable biomechanical model to predict the speed 

advantage of short forefeet or the climbing advantage of longer forefeet. 

It is possible that short forefeet have evolved in response to a burrowing habit 

and the relationship between non-climbing species and short forefeet is a result of most 

non-climbing species also being burrowers. However, there was no relationship 

between speed and retreat site in this group. Further, differences in body dimensions 

were best defined by differences in retreat site, and the lack of relationship between 

speed and retreat site suggests that there may be a direct relationship between body 

dimensions and habitat, rather than through the performance variable speed.  

Thus, speed seems to be an ecologically relevant trait when examined in the 

context of the openness of habitat and climbing ability, but not for other ecological 

characteristics. It may not be whole animal performance variables such as speed that are 

of the greatest importance in determining ecology, but rather smaller differences in the 

biomechanics of the limb that relate to ecology. These differences will be the subject of 

the next chapter, evolution of kinematics in Australian varanids.  

 

 

 

 



Chapter 5. Speed and acceleration 
 

 174 

 

 

 

 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 5. Speed and acceleration 
 

 175 

Chapter 5 Evolution of Sprint speed and Acceleration in Australian 
Varanids......................................................................................................................135 

Summary .............................................................................................................................. 136 
5.0 Introduction ................................................................................................................... 137 

5.0.1 The paradigm........................................................................................................................... 137 
5.0.2 Morphology to sprint speed and acceleration.......................................................................... 138 
5.0.3 Sprint speed and acceleration with ecology ............................................................................ 141 

5.1 Methods .......................................................................................................................... 144 
5.2 Results ............................................................................................................................ 146 

5.2.1 Effect of time in captivity on speed and acceleration.............................................................. 146 
5.2.2 Intra-specific relationships of morphology with speed and acceleration................................. 147 
5.2.3 Inter-specific relationships of morphology with speed and acceleration................................. 154 
5.2.4 Differences in speed and acceleration with ecology................................................................ 160 
5.2.5 Summary of results.................................................................................................................. 162 

5.3 Discussion....................................................................................................................... 164 
5.3.1 Effects of time in captivity. ..................................................................................................... 164 
5.3.2 Morphological bases of variation in speed and acceleration ................................................... 165 
5.3.3 Ecological consequences of speed and acceleration................................................................ 170 

5.4 Conclusions .................................................................................................................... 171 
 
 
 



Chapter 5. Speed and acceleration 
 

 176 

 
 

 

     [************************************************************] 

 

The intra-specific relationship between speed and acceleration with metabolic 

rate was tested in five species; V. gilleni, V. glauerti, V. gouldii, V. kingorum, V. 

pilbarensis and V. storri. Residuals from a log-log plot of mass to metabolic rate were 

used in multiple regression with a performance score. Mass was used as a co-variant, to 

remove the effects of size from performance. Varanus gouldii, V. glauerti and V. 

pilbarensis showed no correlation with either speed or acceleration when maximal 

metabolic rates at 35C, standard metabolic rates at 25C or standard metabolic rates at 

35C were considered. Varanus gilleni showed a negative relationship between Average 

speed and Max VO2 (T = -6.65, P = 0.02), but this only approached significance when a 

simple Pearsons correlation was used. Varanus kingorum showed a significant positive 

relationship between both Maximum acceleration and average acceleration with VO2std 

at 25 C using Pearsons correlations (Max Accel. R = 0.91, P = 0.01; Av accel. R = 0.84, 

P = 0.04). When corrected for size the relationship between maximum acceleration and 

VO2std at 25 C was supported using multiple linear regression (T = 3.62, P = 0.04) but 

not the relationship between average acceleration and VO2std at 25 C. However using 

multiple linear regression also supported a significant relationship between Max Speed 

and VO2std at 25C (T = 6.46, P = 0.01) and also between Max accel and VO2std at 35C (T 

= 3.23, P = 0.05) within this species. The results for V. storri were more consistent. A 

negative relationship between Max speed and VO2max at 35C was supported by both a 

Pearsons Correlation (R = -0.98, P =0.00) and multiple linear regression (T = -8.38, P = 

0.00).  Similarly a negative relationship between Average speed and VO2std at 25C was 

supported by both a Pearson correlation (R = -0.95, P = 0.01) and multiple linear 

regression (T = 4.91, P = 0.04). These results seem inconsistent, while both V. gilleni 

and V. storri suggest a negative relationship between metabolic rate and speed, V. 

kingorum suggests a positive relationship between metabolic rate and acceleration.  

 

Table 5.4. The intra-specific slope and intercepts between sprint speed and 
acceleration to mass.  



Chapter 5. Speed and acceleration 
 

 177 

 
Max speed Average speed Species slope intercept slope intercept 

V. acanthurus 0.41 ± 0.13 -0.23 ± 0.22   
V. gouldii 0.13 ± 0.03 0.41 ± 0.08 0.12 ± 0.03 0.49 ± 0.30 

V. kingorum 0.34 ± 0.11 -0.03 ± 0.13 0.50 ± 0.19 -0.29 ± 0.24 
V. mertensi 0.26 ± 0.05 -0.21 ± 0.12 0.25 ± 0.04 -0.23 ± 0.11 
V. panoptes 0.14 ± 0.05 0.30 ± 0.16 0.17 ± 0.05 0.11 ± 0.16 

V. pilbarensis 0.21 ± 0.05 0.15 ± 0.06 0.25 ± 0.05 0.01 ± 0.07 
V. tristis 0.26 ± 0.05 0.18 ± 0.10 0.22 ± 0.05 0.19 ± 0.10 

discussion 

Intra-specifically the exponent for speed with mass varied from 0.13 in V. 

gouldii to 0.41 in V. acanthurus. Thus no one model was supported (intra-specifically) 

by all species, instead different species showed similarity to different models. Further 

the model that was best supported by a particular species could be related to the habitat 

it occupies. For example the two terrestrial species V. gouldii and V. panoptes scaled 

closet to the dynamic similarity model proposed by Gunther (1975; V. gouldii 0.13, V. 

panoptes 0.14, predicted 0.16). The two climbing species V. pilbarensis and V. tristis 

closely resembled the elastic stress model (V. pilbarensis 0.21, V. tristis 0.26, predicted 

0.25) and the two spiny tailed lizards which are associated with rocky outcrops scaled 

closet to the static stress model (V. acanthurus 0.41, V. kingorum 0.34, predicted 0.41). 

Though whether this difference in scaling represents difference imposed by the habitat 

or is just a consequence of other factors such as phylogenetic similarity remains to be 

resolved.  

Of the two species which showed a significant relationship between acceleration 

and mass, V. mertensi and V. panoptes (the third species V. caudolineatus showed only 

an association between acceleration and body size) acceleration scaled as mass0.25 and 

mass0.17 respectfully. Thus, like sprint speed, there seems to be no common slope intra-

specifically across species.  

Foraging strategy was significantly related to mass, larger lizards tended to 

forage widely while smaller lizards adopt a sit-and-wait strategy.  

Size-free body dimensions could also be related to microhabitat and retreat sites 

using discriminate function analysis. Burrowing species were separated from both 

species that retreat to spaces in rocks and trees and species that retreat to oblique rock 

crevices. This suggests a difference in shape between burrowing species and climbing 

species. Longer tail and longer forefeet were associated with climbing species, while 
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shorter tails and shorter forefeet characterise burrowing species. Longer upper fore- and 

hindlimbs were also associated with climbing species while the inverse is true of 

burrowing species. 

For example, size was related to foraging mode directly. Furthermore size was 

related to speed so it follows that speed was related to foraging mode when actual speed 

values were used. However, when the effects of size are removed, speed was no longer 

related to foraging mode. It was predicted that sit-and-wait predators should be quicker 

than widely foraging predators, but this was not the case. Speed or acceleration do not 

appear to be ecologically relevant measures for this ecological characteristic, suggesting 

either that size is directly related to foraging mode, or that morphology is linked to 

foraging mode through another performance variable not measured here.  

Differences in both shape and size do translate into differences in both 

acceleration and speed quite well, but the extent that speed and acceleration translate 

into differences in ecology is less clear. While speed was related to some ecological 

variables, which will be discussed below, acceleration could not be related to any 

ecological variable once the effect of size was removed.  
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Chapter 6 Evolution of kinematics in 

Australian varanids.  

 



Chapter 6. Kinematics 
 

 176 

Summary 

This chapter examines the link between kinematics and ecology for Australian 

varanids. Twelve kinematic variables were recorded which described gait 

characteristics, hip height, pelvis and femur movement.  

The effect of speed and size on each kinematic variable were examined and 

removed. A combination of both univariate (ANOVA’s, t-tests) and multivariate 

(discriminant function) analyses were used to compare speed and size-corrected 

kinematic variables with five ecological traits; retreat site, habitat, openness of habitat, 

climbing ability and foraging mode.  

Differences in kinematics were observed between open habitats and closed or 

semi-open habitats, as well as between climbing and non-climbing species. Species 

from open habitats had longer stride lengths and step lengths, while species from closed 

or semi-open habitats had a lower hip height and a greater change in pelvic tilt and yaw. 

These results were consistent with increased manoeuvrability in closed habitats, and 

increased speed in more open habitats. However, these differences were not significant 

when analysed in a phylogenetic context, suggesting adaptation of these patterns cannot 

be confidently inferred.  

The greatest differences observed were between climbing and non-climbing 

species. Climbing species have a lower effective hip height, a shorter stride length and 

greater forward extension of the femur at footfall. These associations were significant 

when analysed using both non-phylogenetically corrected and phylogenetically 

corrected methods. These results were consistent with adaptation to a climbing habitat. 

Kinematic differences for climbing support biomechanical predictions for increasing 

stability on narrow or inclined surfaces, while kinematic patterns associated with non-

climbing species show associations with speed.  
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6.1 Introduction 
 

Selection for a trait in a certain environment does not always act directly on the 

design of an organism. Instead natural selection is thought to act most directly on 

intermediate traits such as measures of locomotory performance (Arnold 1983; 

Bauwens et al. 1995).  

For many animals, locomotion is an important and ecologically-relevant 

performance variable as they need to move to catch prey, escape from predators, find 

mates, or defend territories (Garland 1994; Garland and Losos 1994). Maximal speed, 

acceleration capacity, endurance, manoeuvrability, jumping and climbing ability are all 

examples of different locomotory performance variables that have been measured in 

relationship to ecology or fitness (Garland and Losos 1994).  

Some studies have been able to show a direct relationship between locomotor 

performance and ecology. For example, Garland (1999) found a significant positive 

relationship between treadmill endurance and activity levels in the field. Losos 

(1990a,b) showed that speed and jumping ability had evolved with activity levels in the 

field and perch diameter. Vanhooydonck and Van Damme (2003) reported that species 

which frequently make use of open microhabitats, tended to be fast sprinters.  

Other studies show a weaker relationship between ecology and locomotor 

performance. Miles (1994) described a comparative analysis for nine species of 

Phrynosomatids, examining the relationship between morphology and performance 

among species that exploit similar substrate types. It was assumed that species which 

exploit different substrates with different physical characteristics and dimensions, vary 

in morphology, which consequently results in differences in sprint speed. However, this 

study did not support his hypothesis. Garland (1994) suggested habitat heterogeneity, 

availability of cover, and prey and predator abundance as potential evolutionary 

determinates of stamina, but was unable to find strong statistical evidence for this 

assertion.   

Van Damme and Vanhooydonck (2001) analysed sprint speed in relation to 

foraging mode, activity, microhabitat use and climate. They collected data on mass, 

speed, and ecology from the literature for 129 species of lizards. Activity, microhabitat, 

and climate all had effects on sprint speed but no difference was found between sit-and-
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wait and actively-foraging species. Moreover, the effects of activity, microhabitat and 

climate were no longer significant when analysed in a phylogenetic context. Thus the 

relationship for some locomotor performance traits with ecology can be surprising 

subtle.  

The poor relationship between locomotor performance traits and ecology may be 

due to two reasons. Firstly, whole animal performance traits can be difficult to measure 

accurately. Differences in behaviour may affect results (for example – certain species 

become more aggressive than others during experiments; see Chapter 4) and there might 

be differences between field and laboratory measurements (Garland 1988). Secondly, 

which performance variables are ecologically-relevant, and to what extent, is unclear. 

Obviously, when comparing lizards from different habitats, different performance traits 

are likely to be the most ‘ecologically-relevant’ in each habitat type. It is, therefore, 

desirable to measure all these performance traits across all species – but this might be 

physically impossible (e.g. getting a 2m long V. giganteus to climb a vertical slope). 

Further, there is still the problem of deciding which performance variables to measure. 

An alternative approach is to examine species variation at a level just below 

whole body performance by measuring the relevant kinematics of the lizard’s stride. 

Aerts et al. (2000) used a similar strategy by analysing gait characteristics as a level of 

integrated design between morphology and performance in Arnold’s (1983) paradigm. 

Aerts et al. (2000) suggested that gait characteristics may be related directly to ecology 

and performance. This chapter will expand upon this idea, examining the relationship 

between kinematics of the hindlimb and pelvis with ecology.  

All locomotor performance variables (of lizards) must involve both the hindlimb 

and the pelvis (the forelimbs may be lifted off the ground during bipedal locomotion 

and therefore not contribute to performance). All locomotor performance variables must 

then be the product of kinematic movement of the hindlimb and pelvis. By measuring 

differences in the kinematic movement of the hindlimb and pelvis it is possible to infer 

differences in whole body performance variables that are difficult to measure directly 

(e.g. speed, sure-footedness, or manoeuvrability). Thus, differences in design can be 

compared to differences in ecology.          

Four major groups of kinematic variables will be examined; gait characteristics 

of the stride, changes in hip height, movement of the pelvis, and movement of the femur 

relative to the pelvis.  
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Gait characteristics of the stride include variables that describe the stride. In this 

study three characteristics will be examined in detail; the stride length (the distance the 

ankle travels from one footfall to the following footfall), the step length (the distance 

travelled by the body during the ‘stance’ phase of the stride) and the stride width (twice 

the distance between the ankle and the lumbar vertebrae at footfall). These three 

variables have functional significance as differences in gait may be related to 

differences in habitat. For example, terrestrial lizards may increase speed by increasing 

the stride length to cover more ground with each stride, while a wider stride may be 

more beneficial for climbing species.  

Differences in hip height may also be related to differences in climbing ability. 

Two characteristics of hip height will be recorded, the change in hip height during the 

stride and the maximum hip height achieved during the stride. The effective hip height 

(the maximum hip height achieved throughout the stride, divided by the total hindlimb 

length) may also be of interest. The effective hip height gives an indication of the height 

of the hip during the stride relative to the theoretical maximal height that can be 

achieved. Pounds (1988) suggested that low heights while climbing may reduce the 

amount of sideways torque experienced by the body. During climbing, low hip heights 

may be desirable since this both reduces the force required to hold the body on a vertical 

surface and also allows the friction of the body and tail to resist the downward pull of 

gravity. Climbing species, may therefore be expected to show lower effective hip 

heights and smaller changes of hip height during the stride.  

  Differences in movement of the pelvis may be related to differences in 

manoeuvrability of the animal during the stride. Three movements of the pelvis will be 

examined in varanids, pelvic roll (roll along the long axis of the pelvis), pelvic yaw 

(side to side movement of the pelvis due to lateral undulation of the spine), and pelvic 

tilt (backwards and forwards rocking of the pelvis). Increased movement of the pelvis is 

thought to reflect greater manoeuvrability during the stride, since it indicates that the 

body has a greater degree of flexibility. Previous studies have linked greater 

manoeuvrability to closed in habitats, thus species from closed habitats may show 

greater movement of the pelvis, while species from more open habitats may show much 

less movement of the pelvis.  

Finally, differences in the movement of the femur relative to the hip will be 

important for species occupying different habitats. The femur can move through a 
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combination of three major movements, each which is measured separately. The femur 

is able to move forward and backwards, pivoting on the hip, a process referred to as 

protraction (when forwards of the hip) and retraction (posterior of the hip). The second 

movement of the femur is the up-down movement called elevation. The third movement 

of the femur occurs when it rotates around its long axis. Of these movements, only the 

first two were measured in this study. Rotation of the femur around its long axis is 

computationally difficult to express, since radically different results are obtained in 

certain elevation and protraction/retraction orientations of the femur (see Chapter 2 

Materials and Methods; Doorenbosch et al. 2003).   
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6.2 Methods 

A detailed description of methods is provided in Chapter 2 and only a brief 

description is given here. Kinematics were recorded for 63 individuals from 15 species 

of varanids. To measure the three dimensional kinematics of a lizard’s stride, data were 

collected using either the Peak Motus Analysis system or the Vicon 612 Motion 

Analysis system. The Peak Motus system captures simultaneous dorsal and lateral 

views of a lizard running on a treadmill, using a two-camera high-speed video system 

operating at 200 images s-¹. The Vicon motion analysis system uses 12 infra-red 

cameras operating at 250 images s-¹, around a stationary runway.  

Three individual V. eremius were run using both the Vicon system and the Peak 

Motus system, to test for systematic differences between motion analysis systems. For 

most kinematic variables there was no significant difference between the results 

obtained from either system. There was a significant difference in stride length and step 

length; however, it is likely that this difference is attributable to a combination of small 

sample size and speed differences between the samples.  

Four major groups of kinematic variables were examined, gait characteristics of 

the stride, changes in hip height, movement of the pelvis and movement of the femur 

relative to the pelvis. Three variables described gait characteristics throughout the 

stride, stride length was the distance between successive footfalls of the right hindfoot, 

step length was the distance moved by the body during the stance phase of the stride, 

and stride width was twice the distance between the right hindfoot and the lumber 

marker at footfall. Three variables described the hip height, maximum hip height was 

the maximum height of the hip during the stride, the change in hip height (Δ Hip height) 

was the maximum hip height minus the minimum hip height during the stride, and the 

effective hip height was the maximum hip height divided by the total hindlimb length of 

the lizard. Three variable described the movement of the pelvis, the change in pelvic roll 

(Δ Pelvic roll) was the maximum minus the minimum pelvic roll during the stride, 

while the change in both the pelvic yaw and tilt (Δ Pelvic yaw and Δ Pelvic tilt) were 

similarly calculated throughout the stride. Three variables described the movement of 

the femur during the stride, the change in protraction/retraction (Δ pro/retract) was the 

total forwards-backwards movement of the femur, the femur protraction at footfall 

(pro/retract (FF)) describes how far forward the femur is projected at the start of the 
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stride, and the change in femur elevation (Δ elevation) describes the total up and down 

movement of the femur.  

To assess the link between differences in kinematic running styles and 

ecological preferences, it was first important to understand and correct for how 

differences in kinematics change with both speed and size. Speed and gait 

characteristics are usually tightly linked (Alexander 1968) and are likely to be a 

confounding variable in further analysis of lizards running at different speeds during 

filming. One solution to this problem would be to compare kinematic variables 

collected from strides at similar speeds. However, this was not possible because the 

maximal achievable speed depended on the size of the lizard, i.e. larger lizards are 

capable of running at higher speeds than smaller lizards. Choosing a corresponding low 

speed, at which all lizards over the size range are capable of, ignores differences in the 

relative speeds each lizard is travelling. For example, a small lizard running at 2 m s-1 

may be at its maximum speed gait, while a larger lizard may only be at its lowest speed 

gait. It is desirable to compare lizards at similar relative speeds.  

To do this, lizards were compared at similar duty factors. Duty factor is the 

percentage of the stride cycle that the foot is on the ground. A duty factor of 50% is 

often used as the transition between walking and running, where a stride with a duty 

factor greater that 50% represents walking, while a stride with a duty factor less than 

50% represents running. Duty factor can thus be used to compare gaits from different 

sized species at a similar running style (Alexander 1968).  

To test these differences, kinematics were measured, across a full range of 

speeds (and duty factors), for one individual V. gouldii. Some kinematic variables were 

significantly associated with duty factor; thus, to compare different lizards it is 

necessary to use comparable duty factors (and speeds). To do this, strides were averaged 

from a duty factor range of 35-45%. This range represents a medium-paced running 

stride, and was the most common range in which duty factors fell. However, not all 

individual lizards had strides in this range, meaning some species are often represented 

by very small samples sizes. To reduce the effect of small sample size, an alternative 

range of duty factors from 25-60% was also examined. 

Some variables were identified as being related to size. Since it was of interest to 

compare different species it was necessary to remove the size effect. The effect of size 

was examined intra-specifically in two species V. gouldii and V. panoptes, and was also 
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examined inter-specifically. Where a variable showed a significant size effect, the effect 

of size was removed at the intra-specific level by dividing the variable by snout-to-vent 

length (SVL) of the individual. Individual scores were then averaged to produce species 

means. An alternative to this approach may have been to calculate residuals from a plot 

of body size and the trait of interest; however, this is not possible for species 

represented by one or two individuals since there were not enough individuals to create 

a line of best fit. 

Species were grouped using five ecological characteristics presented in Chapter 

2: habitat, retreat site, openness of habitat, foraging mode and climbing ability. Species 

means were used to examine the relationship between ecological characteristics with 

kinematic variables. Where an ecological category consisted of more than two groups a 

full factorial ANOVA was used to test for statistical differences among groups; 

otherwise a two-tailed t-test was used. ANOVA (or t-tests) were performed on size-

corrected data and on size-corrected and phylogenetically corrected data. The Student-

Newman-Keuls post hoc test was used to assess the differences between trait levels after 

the ANOVAs. Discriminant analysis was used to compare variation in multiple 

kinematic variables simultaneously with ecological traits.  
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6.3 Results 

This section examines each of the relationships between kinematic variables 

with ecology. Species means for each kinematic variable are presented in Tables 6.1 and 

6.2 for strides with a duty factor between 25% and 60%, and Tables 6.3 and 6.4 for 

strides with a duty factor between 35% and 45%.  

The results section is then divided up into five major parts. The first four parts 

report on each of the four groups of kinematic variables: gait characteristics, hip height, 

pelvic movements, and femur movements respectively. For each part, the relationship 

between speed, duty factor, and size with each kinematic variable is reported, along 

with univariate associations of kinematic variables to ecology. The fifth part combines 

all twelve kinematic variables in a multivariate discriminant analysis, to relate 

differences in kinematics with ecological traits 
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Table 6.1 Gait characteristics and hip heights of 15 species for Australian varanids. Values are species means (± standard error) 

calculated from strides with a duty factor between 25% and 60%.  

 

species n SVL (mm) 
± s.e. 

Stride length (mm) 
± s.e. 

Step length (mm) 
± s.e. 

Stride width (mm) 
± s.e. 

Max Hip height 
± s.e. 

Δ Hip height  
± s.e. 

V. acanthurus 3 144 ± 18.80 174.15 ± 41.59 48.02 ±   5.86 42.72 ±   4.25 19.50 ±   2.60 8.02 ±   1.76 
V. brevicauda 2 106 ±   0.75 124.93 ±   0.04 30.00 ±   0.89 28.94 ±   4.72 11.91 ±   1.50 5.54 ±   0.67 
V. eremius 3 153 ±   3.56 224.02 ±   8.39 68.37 ±   2.49 50.35 ±   4.76 29.17 ±   3.09 6.51 ±   0.44 
V. giganteus 3 679 ± 70.53 801.96 ± 78.59 357.43 ± 21.62 269.34 ± 41.60 107.58 ± 18.12 29.39 ±   0.38 
V. gilleni 4 127 ±   4.70 131.00 ± 10.89 42.80 ±   3.86 43.93 ±   1.15 14.82 ±   1.06 3.83 ±   0.34 
V. glauerti 7 145 ± 11.96 170.16 ± 16.59 50.62 ±   4.06 54.37 ±   7.98 20.11 ±   1.19 6.62 ±   0.82 
V. gouldii 9 302 ± 16.62 404.43 ± 19.53 145.22 ± 11.26 95.87 ± 11.43 59.47 ±   2.57 17.93 ±   1.28 
V. kingorum 4 100 ±   1.86 125.93 ±   6.75 34.32 ±   3.32 28.99 ±   3.49 13.57 ±   1.10 5.10 ±   1.01 
V. mitchelli 3 239 ± 42.70 239.12 ± 23.00 65.83 ±   3.23 62.47 ±   9.01 27.89 ±   3.29 10.96 ±   1.09 
V. panoptes 8 482 ± 49.95 580.81 ± 59.01 251.74 ± 31.64 163.31 ± 22.56 100.81 ± 10.67 29.63 ±   3.25 
V. rosenbergi 1 368   416.82   180.84   106.25   63.29   19.59   
V. scalaris 4 199 ±   7.05 186.13 ± 14.77 58.77 ±   7.44 61.28 ±   6.00 23.01 ±   1.48 6.87 ±   0.68 
V. storri 7 103 ±   3.18 121.93 ±   7.41 36.08 ±   1.96 37.08 ±   2.01 16.58 ±   0.36 6.61 ±   0.68 
V. tristis 3 209 ± 14.90 251.43 ±   2.32 95.34 ± 10.67 64.75 ±   3.41 38.08 ±   1.33 11.62 ±   2.68 
V. varius 2 655 ± 20.00 729.44 ± 39.37 322.45 ± 94.48 231.83 ± 63.88 103.58 ± 11.74 34.86 ± 11.05 
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Table 6.2 Pelvic movement and femur movement for 15 species for Australian varanids. Values are species means (± standard error) 
calculated from strides with a duty factor between 25% and 60%. SVL is as shown in Table 6.1. 

 

species n Δ Pelvic roll  
± s.e. 

Δ Pelvic yaw  
± s.e. 

Δ Pelvic tilt  
± s.e. 

Δ pro/retract  
± s.e. 

pro/retract (FF)  
± s.e. 

Δ elevation  
± s.e. 

V. acanthurus 3 30.28 ± 2.54 41.69 ± 4.29 14.80 ± 0.85 85.81 ±   8.95 222.63 ±   4.93 20.10 ± 0.83 
V. brevicauda 2 37.80 ± 4.69 38.49 ± 0.65 14.62 ± 0.51 106.25 ± 11.11 217.87 ±   5.93 32.40 ± 7.28 
V. eremius 3 44.93 ± 5.37 31.95 ± 4.00 11.80 ± 1.82 105.00 ±   1.96 226.31 ± 12.78 31.96 ± 1.89 
V. giganteus 3 19.97 ± 1.10 33.66 ± 2.52 9.74 ± 0.36 73.97 ±   5.89 224.25 ±   4.01 19.08 ± 1.80 
V. gilleni 4 22.08 ± 2.99 38.23 ± 2.76 16.23 ± 1.44 90.78 ±   6.41 227.21 ±   1.87 24.86 ± 2.63 
V. glauerti 7 26.82 ± 3.48 36.81 ± 2.56 14.24 ± 0.73 76.41 ±   5.89 226.66 ±   3.01 23.55 ± 2.90 
V. gouldii 9 35.11 ± 2.65 27.64 ± 1.42 9.08 ± 0.78 91.59 ±   3.97 225.54 ±   2.38 18.40 ± 1.71 
V. kingorum 4 25.81 ± 2.74 36.25 ± 5.02 14.40 ± 2.01 95.64 ± 10.09 234.38 ±   4.61 30.16 ± 0.85 
V. mitchelli 3 34.41 ± 6.18 44.28 ± 1.40 16.96 ± 1.86 99.40 ±   5.49 228.70 ±   5.20 21.15 ± 2.88 
V. panoptes 8 39.43 ± 3.35 31.50 ± 2.35 10.80 ± 1.36 83.81 ±   3.20 232.07 ±   1.97 24.32 ± 2.73 
V. rosenbergi 1 22.10   27.12   11.34   88.91   222.61   25.16   
V. scalaris 4 29.29 ± 8.45 33.91 ± 3.32 16.65 ± 1.22 99.74 ±   3.04 229.10 ±   3.02 27.02 ± 3.05 
V. storri 7 29.86 ± 3.31 40.12 ± 2.83 13.25 ± 0.96 89.71 ±   3.68 224.41 ±   2.74 30.52 ± 1.41 
V. tristis 3 32.01 ± 1.78 35.56 ± 2.52 10.88 ± 1.06 94.23 ±   2.27 227.77 ±   4.47 20.40 ± 2.03 
V. varius 2 25.04 ± 2.76 50.21 ± 1.04 11.04 ± 1.97 107.02 ± 18.57 228.18 ±   7.45 33.94 ± 0.79 
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Table 6.3 Gait characteristics hip heights of 13 species for Australian varanids. Values are species means (± standard error) calculated 
from strides with a duty factor between 35% and 45%. 

 

species n SVL (mm) 
± s.e. 

Stride length (mm) 
± s.e. 

Step length (mm) 
± s.e. 

Stride width (mm) 
± s.e. 

Max Hip height 
± s.e. 

Δ Hip height  
± s.e. 

V. acanthurus 3 144 ±   18.80 171.91 ±   35.01 52.08 ±   6.75 43.37 ±   4.47 19.82 ±   3.30 7.84 ± 1.80 
V. eremius 3 153 ±     3.56 214.79 ±     6.30 72.22 ±   4.06 52.21 ±   5.17 28.60 ±   3.27 6.81 ± 0.73 
V. giganteus 3 719 ± 101.00 822.65 ± 102.76 340.28 ± 50.25 255.40 ± 36.70 122.91 ± 13.58 21.90 ± 9.01 
V. gilleni 4 127 ±     4.70 132.63 ±   10.50 41.05 ±   3.44 44.80 ±   1.56 14.47 ±   0.76 3.27 ± 0.24 
V. glauerti 7 147 ±   13.98 160.58 ±   14.82 50.69 ±   3.57 54.66 ±   8.79 19.33 ±   0.96 6.89 ± 1.18 
V. gouldii 9 292 ±   15.26 398.97 ±   21.99 133.54 ±   9.77 88.00 ±   9.13 59.22 ±   2.20 18.09 ± 1.49 
V. kingorum 4 100 ±     2.62 128.04 ±     5.74 42.06 ±   3.28 19.71 ±   5.40 13.48 ±   1.32 5.61 ± 2.54 
V. mitchelli 3 239 ±   42.70 239.18 ±   23.00 65.28 ±   2.98 64.64 ± 10.66 27.77 ±   3.35 10.97 ± 1.08 
V. panoptes 8 452 ±   71.97 592.14 ±   83.36 219.06 ± 31.81 151.59 ± 22.75 100.69 ± 15.41 27.03 ± 4.71 
V. rosenbergi 1 368   449.83   179.62   97.29   67.18   18.23   
V. scalaris 4 195 ±     8.29 190.03 ±   16.09 52.25 ±   6.42 60.02 ±   7.06 22.70 ±   1.68 7.66 ± 1.07 
V. storri 7 104 ±     3.70 121.94 ±     9.07 38.23 ±   2.46 34.20 ±   2.35 17.01 ±   0.48 6.30 ± 0.78 
V. tristis 3 214 ±   24.00 267.62 ±   25.22 85.86 ±   8.16 61.72 ±   7.13 39.46 ±   3.38 8.52 ± 2.22 
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Table 6.4 Pelvic movement and femur movement for 13 species for Australian varanids. Values are species means (± standard error) 
calculated from strides with a duty factor between 35% and 45%. SVL is as shown in Table 6.3. 

 

species n Δ Pelvic roll  
± s.e. 

Δ Pelvic yaw  
± s.e. 

Δ Pelvic tilt  
± s.e. 

Δ pro/retract  
± s.e. 

pro/retract (FF)  
± s.e. 

Δ elevation  
± s.e. 

V. acanthurus 3 28.85 ±   3.46 41.93 ± 5.32 14.21 ± 0.86 83.81 ± 7.47 222.32 ± 3.39 19.72 ± 0.48 
V. eremius 3 45.05 ±   3.12 32.08 ± 4.33 13.49 ± 3.73 102.51 ± 2.19 240.33 ± 1.54 32.94 ± 1.16 
V. giganteus 3 18.31 ±   2.10 31.34 ± 4.20 7.98 ± 0.67 68.67 ± 8.31 229.52 ± 1.01 19.34 ± 3.23 
V. gilleni 4 22.10 ±   2.43 38.47 ± 2.31 16.54 ± 0.81 92.02 ± 6.21 226.91 ± 3.22 21.64 ± 4.51 
V. glauerti 7 27.44 ±   4.39 38.01 ± 2.18 12.97 ± 1.02 74.15 ± 7.60 229.70 ± 4.23 21.26 ± 3.83 
V. gouldii 9 36.40 ±   3.20 28.11 ± 1.53 8.37 ± 0.77 86.71 ± 3.59 226.10 ± 2.12 19.31 ± 2.33 
V. kingorum 4 21.42 ±   6.03 37.35 ± 7.83 13.47 ± 2.96 112.01 ± 7.74 240.95 ± 0.88 25.48 ± 0.70 
V. mitchelli 3 35.67 ±   6.49 45.53 ± 2.50 17.49 ± 2.35 97.82 ± 5.95 226.88 ± 6.78 21.27 ± 2.99 
V. panoptes 8 46.64 ±   5.51 31.64 ± 4.41 9.43 ± 2.04 93.54 ± 5.69 233.03 ± 2.13 30.09 ± 4.87 
V. rosenbergi 1 22.19   27.08   7.42   83.21   223.27   29.81   
V. scalaris 4 34.95 ± 11.07 35.17 ± 4.57 15.87 ± 0.31 102.39 ± 2.68 229.80 ± 1.86 26.93 ± 3.43 
V. storri 7 28.13 ±   3.01 38.48 ± 1.76 12.08 ± 0.56 90.72 ± 5.39 226.40 ± 2.41 30.78 ± 2.72 
V. tristis 3 35.36 ±   4.44 34.92 ± 2.32 12.07 ± 2.18 95.43 ± 2.27 230.57 ± 5.48 24.26 ± 2.55 
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6.3.1 Gait characteristics 
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Figure 6.1 Gait characteristics for a single specimen of V. gouldii running at 
different speeds (n =13).  

 

All gait characteristics were significantly related to speed in the single V. gouldii 

examined (Figure 6.1). Stride length was significantly and positively related to speed (r2 

= 0.87, P < 0.001). As speed increased the length of the stride also increased linearly. 

Both step length and stride width show a significant negative relationship with speed 

(Step length r2 = 0.59, P = 0.003; stride width r2 = 0.42, P = 0.016). The reduction in 

step length with increased speed is the result of decreased duty factor allowing less time 

for the body to move forward during the stance phase. The decrease in stride width with 

increased speed suggests that the foot is placed closer to the centre of gravity of the 

body at increased speeds.  

For V. gouldii, duty factor was significantly and negatively correlated to speed 

(Table 6.5). This means that any relationship between duty factor and gait 

characteristics is going to be the inverse of the relationship between speed and that 

characteristic. All the gait characteristics were still significantly associated with duty 

factor; thus, to compare different lizards it is necessary to use comparable duty factors 

(and speeds). To do this, strides were averaged from a duty factor range of 35-45%. 

However, not all individual lizards had strides in this range, meaning some species are 
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often represented by very small samples sizes. To reduce the effect of small sample 

sizes, an alternative range of duty factors from 25-60% was also examined.   

 

Table 6.5 Coefficient of determination between speed and duty factor to gait 
characteristics for V. gouldii (n = 13). 

 
 speed (m/s) duty factor (%) 
 r2 P r2 P 
Speed (m/s)   0.77 0.001 
Stride length (mm) 0.87 0.001 0.91 0.001 
Step length (mm) 0.59 0.003 0.35 0.042 
Stride width (mm) 0.42 0.016 0.50 0.007 

 

To examine the effect of size on kinematics, strides from these two ranges were 

averaged for each individual from two species; V. gouldii and V. panoptes. For each 

individual snout-to-vent length (SVL) was used as an initial indicator of size.  

For V. gouldii, both stride length and stride width were significantly and 

positively related to SVL in both ranges of duty factors (Table 6.6). Larger lizards 

typically have longer and wider strides than smaller lizards. Step length (the distance 

the body moves during the stance phase of the stride) was significantly and positively 

related to SVL when the larger duty factor range (25-60%) was used, but is no longer 

significant when the smaller (35-45%) duty factor range was used.  

 
Table 6.6 Coefficient of determination between size (measured as SVL) and 

gait characteristics for V. gouldii.  
 

Duty factor range 25-60 
(n = 9) 

35-45 
(n = 8) 

 r2 P r2 P 
Stride length  0.71 0.004 0.72 0.008 
Step length  0.76 0.002 0.46 0.066 
Stride width  0.81 0.001 0.54 0.037 

 

For V. panoptes, all gait characteristic variables were significantly and positively 

correlated with SVL (Table 6.7). Like V. gouldii, larger individuals of V. panoptes had 

longer and wider strides, and the body travelled a longer distance during the stance 

phase of the stride.  
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Table 6.7 Coefficient of determination between size (SVL) and gait 

characteristics for V. panoptes.  
 

Duty Factor range 25-60 
(n = 8) 

35-45 
(n = 5) 

 r2 P r2 P 
Stride length  0.74 0.006 0.85 0.027 
Step length  0.75 0.006 0.79 0.043 
Stride width  0.68 0.012 0.84 0.030 

 

The examples of V. gouldii and V. panoptes given above have shown that size 

has a significant effect on gait characteristics intra-specifically. Between species gait 

characteristics were similarly related to size (Table 6.8); larger lizards tend to take 

longer wider strides.  

 
Table 6.8 Coefficient of determination between size (SVL) and gait 

characteristics for Australian varanids.  
 

Duty Factor range 25-60 
(n = 15) 

35-45 
(n = 13) 

 r2 P r2 P 
Stride length  0.98 0.001 0.98 0.001 
Step length  0.98 0.001 0.97 0.001 
Stride width  0.98 0.001 0.97 0.001 

 

To compare gait characteristics among species, the effect of size must be 

removed. To achieve this, gait characteristics were divided by SVL of each individual. 

Individual means were then averaged to provide size-corrected species means for 

variables within the two duty factor ranges.  

To test for any effect of speed among species means, correlations between size-

corrected gait characteristics and species mean duty factor were performed. Within the 

smaller range of duty factors (35-45%) there was no significant correlation between any 

gait characteristic variable with duty factor. However, for the larger range of duty 

factors (25-60%) there was a significant positive effect of step length and duty factor (r2 

= 0.55, P = 0.002), although this effect was not observed for stride length nor stride 

width. This suggests that the results for step length measured between the duty factor 

range 25-60% should be treated with caution, since relationships may be due to 

differences in duty factor rather than step length. The remaining variables can be 
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assumed to be independent of size and speed and therefore used in determining 

differences in gait characteristics related to ecology.  

When the gait characteristics were tested for phylogenetic signal, neither stride 

length nor stride width had a significant phylogenetic effect at either range of duty 

factors (Table 6.9). However, step length did show a significant phylogenetic effect at 

both duty factor ranges.  

 
Table 6.9 Phylogenetic tests applied to gait characteristics using independent 

contrasts.  
 

Duty Factor range 25-60 35-45 
 k P k P 
Stride length  0.74 0.285 0.80 0.118 
Step length  0.98 0.010 1.10 0.009 
Stride width  0.58 0.702 0.47 0.723 

 

There was a strong difference between size-corrected stride lengths and step 

lengths with ecological traits, but there was no difference between stride width and 

ecology (Tables 6.10 and 6.11).  

Size-corrected stride length was significantly different when grouped by 

climbing ability using both the larger (25-60%) and the smaller (35-45%) duty factor 

ranges. Non-climbing species took relatively longer strides than climbing species.  

There was also a significant difference in stride length with openness of habitat 

using the larger range of duty factors. A Student-Newman-Keuls post hoc test showed 

that species from open habitats took longer strides than species from both closed and 

semi-open habitats, although there was no significant difference between semi-open 

habitats and closed habitats. A difference in stride length with openness of habitat was 

not supported when the smaller range of duty factors was used. These differences were 

still significant when size-corrected and phylogentically corrected data were used.  

Size-corrected step length was significantly different with both habitat type and 

openness of habitat for both duty factor ranges. Among habitats, widely foraging 

terrestrial species had longer step lengths than both sedentary terrestrial and arboreal 

species, which in turn had greater step lengths than aquatic species, although post-hoc 

tests could not be performed since the aquatic habitat was represented by only a single 
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species. If this species is removed from the analysis, then a Student-Newman-Keuls 

post hoc test indicates that widely foraging terrestrial species had significantly longer 

step lengths than both sedentary terrestrial species and arboreal/saxicolous species; 

however, there was no significant difference between sedentary terrestrial species and 

arboreal/saxicolous species. Further, there was no significant difference in habitat types 

after the data were phylogenetically corrected.  

The difference in step length and openness of habitat was similar to that seen in 

stride length and openness. Species from open habitats had significantly longer step 

lengths than species from semi-open or closed habitats, although as above, this 

relationship was not significant when phylogenetic correction was applied.  

Other ecological variables showed an inconsistent pattern with step length when 

analysed using different duty factor ranges. For example, step length was related to 

climbing ability and retreat site within the smaller duty factor range, but not in the 

larger duty factor range. Conversely, foraging mode was significantly related to step 

length using the larger duty factor range, but not the smaller duty factor range; however, 

none or these relationships were significant when analysed in a phylogenetic context.   
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Table 6.10 Comparisons of gait characteristics and ecological traits from duty 
factor range 25-60%. An analysis of variance (ANOVA) or t-test were 

undertaken on size-corrected data and on size-corrected and phylogenetically 
corrected data (phylo). 

 
  Stride length 

(mm) 
Step length  

(mm) 
Stride width 

(mm) 
 n mean s.e. mean s.e. mean s.e. 

Habitat        
WF terrestrial 5 1.27 0.06 0.49 0.02 0.33 0.02 
Sedentary terrestrial 4 1.20 0.02 0.33 0.02 0.31 0.02 
Arboreal/saxicolous 5 1.09 0.05 0.39 0.04 0.34 0.01 
Aquatic 1 1.04 - 0.29 - 0.27 - 

ANOVA  F3,11 = 3.047 
P =  0.074 

F3,11 = 7.742 
P = 0.005 

F3,11 = 1.461 
P = 0.279 

ANOVA (phylo)   F3,11 = 2.150 
P = 0.152 

 

Retreat site        
Burrow 7 1.25 0.04 0.44 0.04 0.33 0.02 
Tree/rocks 7 1.11 0.04 0.36 0.03 0.31 0.01 
Oblique crevices 1 1.16 - 0.35 - 0.36 - 

ANOVA  F2,12 = 2.389 
P =  0.134 

F2,12 = 1.621 
P =  0.238 

F2,12 = 0.935 
P =  0.419 

     
Openness        
Open 4 1.31 0.06 0.49 0.02 0.34 0.02 
Semi-open 5 1.11 0.05 0.42 0.04 0.33 0.01 
Closed 6 1.14 0.04 0.32 0.01 0.31 0.02 

ANOVA  F2,12 = 4.290 
P =  0.039 

F2,12 = 10.438 
P =  0.002 

F2,12 = 1.261 
P =  0.318 

ANOVA (phylo)  F2,12 = 4.768 
P =  0.030 

F2,12 = 3.653 
P =  0.058 

 

Foraging Mode        
Sit-and-wait 6 1.17 0.03 0.34 0.03 0.30 0.01 
Widely foraging 9 1.18 0.05 0.44 0.03 0.34 0.01 

t-test  t13 = 0.067 
P = 0.948 

t13 = 2.285 
P = 0.040 

t13 = 1.977 
P = 0.070 

t-test (phylo)   t13 = 0.235 
P = 0.353 

 

Climbing ability        
Climber  7 1.11 0.04 0.37 0.03 0.32 0.01 
Non-climber 8 1.24 0.04 0.43 0.03 0.33 0.01 

t-test  t13 = 2.214 
P = 0.045 

t13 = 1.386 
P = 0.186 

t13 = 0.229 
P = 0.822 

t-test (phylo)  t13 = 4.994 
P = 0.001 
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Table 6.11 Comparisons of gait characteristics and ecological traits from duty 
factor range 35-45%. An analysis of variance (ANOVA) or t-test were 

undertaken on size-corrected data and on size-corrected and phylogenetically 
corrected data (phylo). 

 
  Stride length 

(mm) 
Step length  

(mm) 
Stride width 

(mm) 
 n mean s.e. mean s.e. mean s.e. 

Habitat        
WF terrestrial 5 1.30 0.05 0.48 0.01 0.32 0.02 
Sedentary terrestrial 3 1.21 0.04 0.38 0.02 0.28 0.04 
Arboreal/saxicolous 4 1.09 0.06 0.34 0.03 0.33 0.02 
Aquatic 1 1.04 - 0.29 - 0.28 - 

ANOVA  F3,9 = 3.750 
P =  0.054 

F3,9 = 14.909 
P = 0.001 

F3,9 = 0.9281 
P = 0.466 

ANOVA (phylo)    F3,9 = 2.548 
P = 0.121 

  

Retreat site        
Burrow 6 1.28 0.04 0.46 0.02 0.32 0.01 
Tree/rocks 6 1.13 0.05 0.34 0.02 0.29 0.02 
Oblique crevices 1 1.10 - 0.35 - 0.36 - 

ANOVA  F2,10 = 2.816 
P =  0.107 

F2,10 = 7.360 
P =  0.011 

F2,10 = 1.578 
P =  0.254 

ANOVA (phylo)    F2,10 = 1.624 
P =  0.245 

  

Openness        
Open 4 1.32 0.06 0.47 0.01 0.33 0.01 
Semi-open 4 1.14 0.06 0.38 0.05 0.31 0.02 
Closed 5 1.14 0.05 0.35 0.02 0.29 0.03 

ANOVA  F2,10 = 3.308 
P =  0.079 

F2,10 = 4.927 
P =  0.032 

F2,10 = 0.863 
P =  0.451 

ANOVA (phylo)    F2,10 = 1.294 
P =  0.316 

  

Foraging Mode        
Sit-and-wait 5 1.18 0.04 0.37 0.02 0.28 0.02 
Widely foraging 8 1.20 0.06 0.42 0.03 0.33 0.01 

t-test  t11 = 0.224 
P = 0.827 

t11 = 1.090 
P = 0.299 

t11 = 1.943 
P = 0.078 

        
Climbing ability        
Climber  6 1.11 0.05 0.34 0.02 0.30 0.02 
Non-climber 7 1.26 0.04 0.45 0.02 0.32 0.01 

t-test  t11 = 2.306 
P = 0.042 

t11 = 3.226 
P = 0.008 

t11 = 0.835 
P = 0.422 

t-test (phylo)  t11 = 0.230 
P = 0.823 

t11 = 1.601 
P = 0.138 
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6.3.2 Hip height 

To examine the effect of speed on both maximal and the change in hip height, an 

example of an individual V. gouldii was chosen that exhibited strides from a range of 

speeds. Table 6.12 shows the effect of speed and duty factor on both maximum hip 

height and the change in hip height. While the maximum hip height achieved during the 

stride increased with increasing speed (or decreasing duty factor) the change in hip 

height during the stride was constant over a range of speeds and duty factors.  

 
Table 6.12 Coefficient of determination between speed and duty factor with 

maximum hip height and the change in hip height in V. gouldii,  
n =13.  

  
 Speed (m s—1) Duty factor (%) 
 r2 P r2 P 
Maximum hip height 0.62 0.001 0.61 0.002 
Δ Hip height 0.04 0.508 0.01 0.738 

 

To test the effect of size on hip height, differences in speed were reduced by 

using strides only from a range of duty factors, making strides from different lizards 

comparable.  Two duty factors ranges were used as for gait characteristics, a larger duty 

factor range between 25% and 60% and a smaller duty factor range between 35 and 

45%. Again, it is expected that results from the larger range may be compromised by 

differences in duty factor; but this range has the advantage of including more 

individuals and species, and therefore reducing the possibility of an unusual stride 

biasing results. The smaller duty factor range has the advantage of limiting the affects of 

speed, but is disadvantaged by a reduced sample size. The speed independence of the 

change in hip height suggests equivalence of results for the larger and smaller duty 

factor ranges.  

The effect of size was tested for two species that had both a large size range and 

sample size, V. gouldii and V. panoptes. For V. gouldii, maximal hip height was 

significantly and positively associated with size (SVL) at both duty factor ranges (Table 

6.13). Larger lizards had a higher hip height during the stride. However Δ hip height 

was independent of size at both duty factor ranges.   
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Table 6.13 Coefficient of determination between hip height and size (SVL) in 
V. gouldii.  

 
Duty factor range 25-60% 

(n = 9) 
35-45% 
(n = 8) 

 r2 P r2 P 
Maximum hip height 0.90 0.001 0.82 0.002 
Δ Hip height 0.04 0.603 0.01 0.779 

 

For V. panoptes, like V. gouldii, maximal hip height was also significantly and 

positively related to differences in size (Table 6.14). Unlike V. gouldii, V. panoptes had 

a significant positive relationship between Δ hip height and size; larger lizards had 

greater differences in hip height during the stride than smaller conspecifics. However, 

this relationship was only for the larger duty factor range. Since duty factor was not 

significantly related to SVL for either duty factor range, the disparity in results across 

the different duty factors within V. panoptes may represent a difference in sample size 

(eight vs five). The conservative interpretation of these results is to assume a 

relationship between Δ hip height with size for V. panoptes.  

 

 
Table 6.14 Coefficient of determination between hip height and size (SVL) in 

V. panoptes.  
 

Duty factor range 25-60% 
(n= 8) 

35-45% 
(n = 5) 

 r2 P r2 P 
Maximum hip height 0.75 0.005 0.80 0.041 
Δ Hip height 0.68 0.011 0.42 0.239 

 

Inter-specifically, both maximum hip height and Δ hip height were significantly 

and positively related to size (measured as SVL) for both the large duty factor range 

(Max Hip height r2 = 0.95 P < 0.001, Δ Hip height r2 = 0.94 P < 0.001; Figure 6.2) and 

the small duty factor range (Max Hip height r2 = 0.94 P < 0.001, Δ Hip height r2 = 0.74, 

P < 0.001). 
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Figure 6.2 Linear regression of hip height and snout-to-vent length for 15 
Australian varanids. Strides were averaged over a duty factor range of 25-
60%. Closed circles represent maximum hip height obtained during the 

stride, closed triangles represent the change in hip height during the stride. 

 

 

The strength of the relationship between the Δ Hip height and size confirms this 

effect first seen intra-specifically for V. panoptes (but curiously not for V. gouldii). 

Therefore, to compare hip heights across species the effect of size needs to be removed. 

To do this, relative maximal hip heights and Δ hip heights were calculated by dividing 

by the snout-to-vent length of each individual and recalculating species means to 

provide size-corrected data.  

Removing the effect of size using snout-to-vent length removes the effect of 

‘gross’ differences in size but does not account for relative differences in hindlimb 

length. Species with relatively longer hindlimbs will tend to show relatively higher hip 

heights if all strides among species are identical. It is also of interest to know whether 

species from differing habitats differ in their kinematic pattern given similar limb 

lengths. To calculate this it was assumed that the maximum hip height achievable by a 

lizard was equal to its hindlimb length (HLL; since this is measured from the hip to the 

tip of the toe). Dividing the maximal hip height by HLL creates a variable describing 

the hip height observed during the stride relative to the maximal hip height possible for 

that lizard. This variable is termed the ‘effective hip height’.  

 198 
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Neither size-corrected hip height, Δ hip height nor effective hip height were 

significantly related to duty factor within either range of duty factors measured. This 

means that differences in hip heights can now be related to differences in ecological 

variables.  

Both the effective hip height and the size-corrected hip height show significant 

association with ecology, but the Δ Hip height was not different between ecological 

traits (Tables 6.15 and 6.16). Differences in the effective hip height were significantly 

related to differing habitats, retreat sites, openness of habitat and climbing abilities at 

both duty factor ranges. Differences in size-corrected hip height were found between 

habitat, openness, retreat site, and climbing ability, though only the former two were 

consistent across both duty factor ranges. Retreat site and climbing ability were only 

related to size-corrected hip height in the smaller range of duty factors.  

The differences between effective hip height and size-corrected hip height with 

ecological traits were similar for habitat, retreat site and openness. Among the different 

habitats, a higher hip height was found in widely foraging terrestrial species than 

sedentary terrestrial species or arboreal/saxicolous species. Aquatic species had the 

lowest hip heights. Retreat site shows a similar pattern; species that retreat to trees or 

oblique rock crevices had a lower hip height than species which retreat to burrows. 

Species from closed or semi-open habitats had a lower hip height than species from 

more open habitats. These patterns may reflect climbing ability as a similar pattern was 

observed when this classification was used to separate species. Climbing species 

showed a significantly lower hip height than non-climbing species.  

None of the variables describing hip height had a significant phylogenetic signal 

(Table 6.17). However, when phylogenetically-corrected data were reanalysed the 

previous relationships between hip height and ecology were no longer significant.  

 
Table 6.17 Phylogenetic tests applied to gait characteristics. Both hip height 

and the change in height were size corrected before the strength of 
phylogenetic relationships was assessed. 

 
Duty Factor range 25-60 35-45 
 k P k P 
Effective Hip height  0.68 0.132 0.83 0.070 
Hip height 0.61 0.352 0.90 0.099 
Δ Hip height  0.66 0.163 0.61 0.270 
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Table 6.15 Comparisons of hip height characteristics and ecological traits 
from duty factor range 25-60%. An analysis of variance (ANOVA) or t-test 

were undertaken on size-corrected data and on size-corrected and 
phylogenetically corrected data (phylo). 

 
   Effective Hip height 

(HH/HLL) 
Hip height   
(HH/SVL) 

 Δ Hip height  

 n mean s.e. mean s.e. mean s.e. 
Habitat        
WF terrestrial 5 0.419 0.012 0.186 0.010 0.053 0.004 
Sedentary terrestrial 4 0.369 0.015 0.136 0.010 0.049 0.008 
Arboreal/saxicolous 5 0.349 0.020 0.143 0.013 0.044 0.005 
Aquatic 1 0.286 - 0.121 - 0.048 - 

ANOVA  F3,11 = 5.797 
P =  0.013 

F3,11 = 4.655 
P = 0.025 

F3,11 = 0.447 
P = 0.724 

ANOVA (phylo)  F3,11 = 2.301 
P =  0.134 

F3,11 = 1.407 
P = 0.293 

 

Retreat site        
Burrow 7 0.412 0.009 0.172 0.012 0.051 0.005 
Tree/rocks 7 0.341 0.017 0.138 0.009 0.047 0.004 
Oblique crevices 1 0.335 - 0.141 - 0.045 - 

ANOVA  F2,12 = 7.552 
P =  0.008 

F2,12 = 2.461 
P =  0.127 

F2,12 = 0.224 
P =  0.803 

ANOVA (phylo)  F2,12 = 2.898 
P = 0.094 

  

Openness        
Open 4 0.426 0.013 0.189 0.012 0.053 0.005 
Semi-open 5 0.362 0.021 0.154 0.012 0.048 0.004 
Closed 6 0.349 0.017 0.131 0.007 0.046 0.006 

ANOVA  F2,12 = 4.749 
P =  0.030 

F2,12 = 8.225 
P =  0.006 

F2,12 = 0.399 
P =  0.679 

ANOVA (phylo)  F2,12 = 2.034 
P =  0.174 

F2,12 = 0.817 
P =  0.465 

 

Foraging Mode        
Sit-and-wait 6 0.365 0.021 0.142 0.011 0.050 0.005 
Widely foraging 9 0.379 0.017 0.162 0.011 0.048 0.004 

t-test  t13 = 0.536 
P = 0.601 

t13 = 1.266 
P = 0.228 

t13 = 0.380 
P = 0.710 

     
Climbing ability        
Climber  7 0.341 0.017 0.139 0.009 0.045 0.004 
Non-climber 8 0.403 0.012 0.167 0.012 0.051 0.005 

t-test  t13 = 3.042 
P = 0.009 

t13 = 1.857 
P = 0.086 

t13 = 0.950 
P = 0.360 

t-test (phylo)  t13 = 2.016 
P = 0.065 
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Table 6.16 Comparisons of hip height characteristics and ecological traits for 
the duty factors range of 35-45%. An analysis of variance (ANOVA) or t-test 

were undertaken on size-corrected data and on size-corrected and 
phylogenetically corrected data (phylo). 

 
  Effective Hip height 

(HH/HLL) 
Hip height   
(HH/SVL) 

 Δ Hip height  

 n mean s.e. mean s.e. mean s.e. 
Habitat        
WF terrestrial 5 0.438 0.010 0.194 0.010 0.050 0.006 
Sedentary terrestrial 3 0.358 0.022 0.145 0.010 0.056 0.002 
Arboreal/saxicolous 4 0.347 0.031 0.138 0.016 0.038 0.004 
Aquatic 1 0.284 - 0.120 - 0.048 - 

ANOVA  F3,9 = 5.832 
P =  0.017 

F3,9 = 5.332 
P = 0.022 

F3,9 = 1.920 
P = 0.197 

ANOVA (phylo)  F3,9 = 1.516 
P = 0.276 

F3,9 = 1.094 
P = 0.401 

 

Retreat site        
Burrow 6 0.432 0.010 0.189 0.009 0.052 0.005 
Tree/rocks 6 0.337 0.022 0.135 0.011 0.044 0.004 
Oblique crevices 1 0.323 - 0.136 - 0.045 - 

ANOVA  F2,10 = 8.622 
P =  0.007 

F2,10 = 7.988 
P =  0.008 

F2,10 = 0.678 
P =  0.530 

ANOVA (phylo)  F2,10 = 2.637 
P = 0.120 

F2,10 = 2.166 
P = 0.165 

 

Openness        
Open 4 0.443 0.011 0.197 0.012 0.050 0.008 
Semi-open 4 0.371 0.033 0.155 0.017 0.043 0.002 
Closed 5 0.336 0.019 0.134 0.009 0.049 0.006 

ANOVA  F2,10 = 5.873 
P =  0.021 

F2,10 = 6.671 
P =  0.014 

F2,10 = 0.291 
P =  0.754 

ANOVA (phylo)  F2,10 = 1.712 
P =  0.229 

F2,10 = 1.799 
P =  0.215 

 

Foraging Mode        
Sit-and-wait 5 0.360 0.027 0.148 0.012 0.051 0.004 
Widely foraging 8 0.392 0.023 0.167 0.015 0.045 0.005 

t-test  t11 = 0.901 
P = 0.387 

t11 = 0.918 
P = 0.378 

t11 = 0.933 
P = 0.371 

     
Climbing ability        
Climber  6 0.335 0.022 0.134 0.011 0.042 0.004 
Non-climber 7 0.418 0.016 0.182 0.011 0.052 0.005 

t-test  t11 = 3.045 
P = 0.011 

t11 = 3.078 
P = 0.011 

t11 = 1.523 
P = 0.156 

t-test (phylo)  t11 = 1.814 
P = 0.097 

t11 = 1.848 
P = 0.092 
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6.3.3 Pelvic movements 

To examine the effect of speed on pelvic movements, a single individual of V. 

gouldii, for which multiple strides were available at different speeds, was examined as 

an example. There was no significant relationship between speed or duty factor (Table 

6.18), suggesting that movement of the pelvis is largely independent of speed (or duty 

factor), at least over the range examined here.  

 
Table 6.18 Coefficient of determination between speed and duty factor with 

pelvis movement in V. gouldii. n =13.  
   

 Speed (m s—1) Duty factor (%) 
 r2 P r2 P 
Δ Pelvic roll 0.20 0.124 0.31 0.124 
Δ Pelvic yaw 0.01 0.792 0.11 0.939 
Δ Pelvic tilt 0.03 0.571 0.02 0.287 

 

To test the relationship between size and movement of the pelvis intra-

specifically, two species were examined; V. gouldii and V. panoptes. For consistency 

with other kinematic variables, pelvis movements were recorded from strides restricted 

to two ranges of duty factors. A larger range of duty factors between 25-60% and a 

smaller range of duty factors between 35-45%.   

For V. gouldii, Δ Pelvic roll was significantly and negatively related to size 

(Table 6.19). Larger lizards rolled their pelvis to a lesser degree throughout the stride 

cycle than their smaller con-specifics. However, this relationship was not significantly 

supported at a more restricted range of duty factors. The speed independence of this trait 

suggested that the inconsistency between the duty factor ranges seems to be at least 

partially the result of a decreased sample size in the more restricted duty factor range.  

 
Table 6.19 Coefficient of determination between pelvic movement and size 

(SVL) in V. gouldii.  
 

Duty factor range 25-60% 
(n = 9) 

35-45% 
(n = 8) 

 r2 P r2 P 
Δ Pelvic roll 0.52 0.029 0.40 0.092 
Δ Pelvic yaw 0.42 0.060 0.24 0.224 
Δ Pelvic tilt 0.05 0.558 0.02 0.713 
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Neither Δ Pelvic yaw nor Δ Pelvic tilt were significantly associated with 

differences in size for V. gouldii. However, the size independence of Δ Pelvic tilt 

seemed to be the result of an outlier in the data set (Figure 6.3). Removing this point 

from the data set gave a significant negative relationship between Δ Pelvic tilt and size 

(r2 = 0.66, P = 0.013). So larger lizards might tilt their pelvis less during the stride cycle 

than smaller lizards.  
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Figure 6.3 Relationship between size (SVL) and pelvic tilt in V. gouldii. Note 

the presence of an apparent outlier (○) in the data set.   

 

For V. panoptes, there was a different relationship to pelvis movement with size. 

Only Δ Pelvic yaw was significantly related to SVL in this species, at least in the larger 

duty factor range (Table 6.20). However, the relationship was positive, suggesting 

larger lizards moved the pelvis more during the stride cycle. The trend for the remaining 

variables was similar, larger lizards showed greater movement of the pelvis during the 

stride while smaller species had a reduced movement. This contrasts with the results 

obtained for V. gouldii where the relationships between pelvic movement and size were 

generally negative.  

 
Table 6.20 Coefficient of determination between pelvic movement and size 

(SVL) in V. panoptes. 
  

Duty factor range 
25-60% 
(n = 9) 

35-45% 
(n = 8) 

 SVL SVL 
 r2 P r2 P 
Δ Pelvic roll 0.15 0.335 0.68 0.084 
Δ Pelvic yaw 0.61 0.023 0.62 0.113 
Δ Pelvic tilt 0.04 0.646 0.14 0.532 
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The inter-specific relationship between size (SVL) and pelvis movements are 

shown in Table 6.21. While both Δ Pelvic roll and Δ Pelvic yaw appeared to be size 

independent, Δ Pelvic tilt was significantly and negatively related to body size. This 

relationship was present for both duty factor ranges. These results support intra-specific 

relationships for V. gouldii (at least once an outlier is removed) but appear in contrast to 

the intra-specific relationship found for V. panoptes.  

 
 

Table 6.21 Coefficient of determination between pelvis movement and size 
(SVL) for Australian varanids.  

 
Duty factor range 25-60% 

(n= 15) 
35-45% 
(n = 13) 

 r2 P r2 P 
Δ Pelvic roll 0.08 0.290 0.01 0.750
Δ Pelvic yaw 0.01 0.905 0.27 0.071
Δ Pelvic tilt 0.38 0.014 0.44 0.013

 

The size independence of Δ Pelvic roll and Δ Pelvic yaw suggested that the 

relationships of these variables to ecological traits may be tested directly using species 

means, which has the advantage of fewer transformations of the data. The Δ Pelvic tilt 

generally shows a significant size effect. To remove this size effect, Δ Pelvic tilt was 

divided by the SVL at the individual level and species means were recalculated. Size-

corrected Δ Pelvic tilt will be used to compare species from differing ecological groups.  

Differences in the movement of the pelvis were related to ecological traits. 

Differences in Δ Pelvic yaw were associated with differences in habitat, retreat site, 

openness of habitat and foraging mode, and differences in Δ Pelvic tilt were also 

associated with habitat, openness and foraging mode. There was no relationship 

between Δ Pelvic roll with ecological traits (Tables 6.22 and 6.33).  

Among different habitats, aquatic species had the greatest Δ Pelvic yaw, 

whereas, widely foraging terrestrial species had the smallest Δ Pelvic yaw. Sedentary 

terrestrial species and arboreal/saxicolous species had an intermediate Δ Pelvic yaw.  

Differences in Δ Pelvic tilt showed a slightly different relationship to habitat. 

Sedentary terrestrial species had the greatest Δ Pelvic tilt, with arboreal/saxicolous and 
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aquatic species having an intermediate amount of Δ Pelvic tilt, and widely foraging 

terrestrial lizards having the smallest Δ Pelvic tilt. The Δ Pelvic yaw was only 

significantly different among retreat sites for the smaller range of duty factors. Species 

that retreated to spaces in rocks and trees or oblique rock crevices exhibited greater Δ 

Pelvic yaw than species that retreated to burrows. The openness of the habitat for each 

species, was similarly related to both the Δ Pelvic yaw and Δ Pelvic tilt. Species from 

closed habitats had significantly greater Δ Pelvic yaw and Δ Pelvic tilt than species 

from open or semi-open habitats. Differences in foraging mode also showed similar 

differences between Δ Pelvic yaw and Δ Pelvic tilt. Sit-and-wait species had more Δ 

Pelvic yaw and Δ Pelvic tilt than widely foraging species.  

When phylogenetic tests were applied to pelvic movements, both the Δ Pelvic 

yaw and Δ Pelvic tilt were significantly related to the phylogeny (Table 6.24). After the 

effect of phylogeny was removed using autocorrelation, Δ Pelvic yaw was still different 

among habitat types, but the differences within the other ecological variables with Δ 

Pelvic yaw or Δ Pelvic tilt were no longer significant (Table 6.22 and 6.23).  

 
Table 6.24 Phylogenetic tests applied to pelvic movements. Kinematic 

variables were size corrected before the strength of phylogenetic 
relationships was assessed. 

 
Duty Factor range 25-60 35-45 
 k P k P 
Δ Pelvic roll 0.57 0.501 0.50 0.833 
Δ Pelvic yaw 0.66 0.017 0.90 0.002 
Δ Pelvic tilt 1.25 0.001 1.67 0.001 
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Table 6.22 Comparisons of pelvic movement and ecological traits for duty 
factors of 25-60%. An analysis of variance (ANOVA) or t-test were 

undertaken on size-corrected data and on size-corrected and phylogenetically 
corrected data (phylo). 

 
   

Δ Pelvic roll 
 

 
Δ Pelvic yaw 

 

 
Δ Pelvic tilt 

 
 n mean s.e. mean s.e. mean s.e. 

Habitat        
WF terrestrial 5 32.31 4.87 30.37 1.28 0.0358 0.01 
Sedentary terrestrial 4 30.94 2.50 39.14 1.16 0.1292 0.01 
Arboreal/saxicolous 5 27.05 1.71 38.94 2.91 0.0765 0.02 
Aquatic 1 34.41 - 44.28 - 0.0770 - 

ANOVA  F3,11 = 0.553 
P =  0.657 

F3,11 = 5.513 
P = 0.018 

F3,11 = 6.719 
P = 0.008 

ANOVA (phylo)   F3,11 = 1.917 
P = 0.185 

F3,11 = 2.020 
P =  0.170 

Retreat site        
Burrow 7 32.74 3.48 32.93 1.88 0.064 0.02 
Tree/rocks 7 28.42 1.63 40.02 2.18 0.087 0.02 
Oblique crevices 1 26.82 - 36.81 - 0.102 - 

ANOVA  F2,12 = 0.761 
P =  0.488 

F2,12 = 3.043 
P =  0.085 

F2,12 = 0.548 
P =  0.592 

     
Openness        
Open 4 34.86 5.35 31.19 1.27 0.0370 0.01 
Semi-open 5 27.05 1.71 36.72 3.76 0.0571 0.01 
Closed 6 30.04 2.31 39.84 1.16 0.1202 0.01 

ANOVA  F2,12 = 1.453 
P =  0.272 

F2,12 = 3.149 
P =  0.080 

F2,12 = 11.279 
P =  0.002 

ANOVA (phylo)    F2,12 = 3.698 
P =  0.605 

Foraging Mode        
Sit-and-wait 6 31.70 1.68 39.40 1.36 0.1077 0.01 
Widely foraging 9 29.42 2.88 34.56 2.31 0.0565 0.01 

t-test  t13 = 0.597 
P = 0.561 

t13 = 1.580 
P = 0.138 

t13 =2.449 
P = 0.029 

t-test (phylo)    t13 = 1.253 
P = 0.232 

Climbing ability        
Climber  7 27.92 1.61 39.32 2.20 0.0862 0.02 
Non-climber 8 32.44 3.03 34.02 1.96 0.0689 0.02 

t-test  t13 = 1.259 
P = 0.230 

t13 = 1.804 
P = 0.094 

t13 = 0.708 
P = 0.492 
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Table 6.23 Comparisons of pelvic movement and ecological traits for duty 
factors of 35-45%. An analysis of variance (ANOVA) or t-test were 

undertaken on size-corrected data and on size-corrected and phylogenetically 
corrected data (phylo). 

 
   

Δ Pelvic roll 
 

 
Δ Pelvic yaw 

 

 
Δ Pelvic tilt 

 
 n mean s.e. mean s.e. mean s.e. 

Habitat        
WF terrestrial 5 33.72 5.80 30.05 1.02 0.0345 0.01 
Sedentary terrestrial 3 26.13 2.37 39.25 1.38 0.1166 0.01 
Arboreal/saxicolous 4 29.96 3.19 36.64 0.93 0.0910 0.02 
Aquatic 1 35.67 - 45.53 - 0.0792 - 

ANOVA  F3,9 = 0.485 
P =  0.701 

F3,9 = 20.885 
P = 0.001 

F3,9 = 6.034 
P = 0.015 

ANOVA (phylo)   F3,9 = 5.664 
P = 0.019 

F3,9 = 0.978 
P =  0.445 

Retreat site        
Burrow 6 32.79 4.83 31.46 1.63 0.0483 0.02 
Tree/rocks 6 29.72 2.72 38.90 1.69 0.0969 0.01 
Oblique crevices 1 27.44 - 38.01 - 0.0940 - 

ANOVA  F2,10 = 0.226 
P =  0.802 

F2,10 = 5.241 
P =  0.028 

F2,10 = 2.667 
P =  0.118 

ANOVA (phylo)   F2,10 = 1.209 
P = 0.339 

 

Openness        
Open 4 36.60 6.50 30.79 0.91 0.0380 0.02 
Semi-open 4 29.99 3.17 33.80 2.35 0.0635 0.02 
Closed 5 27.23 2.60 40.35 1.51 0.1119 0.01 

ANOVA  F2,10 = 1.314 
P =  0.311 

F2,10 = 8.976 
P =  0.006 

F2,10 = 7.244 
P =  0.011 

ANOVA (phylo)   F2,10 = 3.365 
P =  0.076 

F2,10 = 2.291 
P =  0.152 

Foraging Mode        
Sit-and-wait 5 29.89 2.64 39.64 1.85 0.0975 0.01 
Widely foraging 8 31.64 3.81 32.74 1.49 0.0598 0.02 

t-test  t11= 0.320 
P = 0.748 

t11 = 2.897 
P = 0.015 

t11 =1.669 
P = 0.123 

t-test (phylo)   t11 = 1.857 
P = 0.090 

 

Climbing ability        
Climber  6 29.49 2.75 38.24 1.58 0.0963 0.01 
Non-climber 7 32.22 4.12 32.95 2.04 0.0554 0.02 

t-test  t11 = 0.532 
P = 0.605 

t11 = 2.001 
P = 0.071 

t11 = 1.918 
P = 0.081 
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6.3.4 Femur movements 

To determine the effect of size on femur movement strides from a single 

individual of V. gouldii were measured as an example. None of the variables describing 

femur movement were significantly related to speed or duty factor (Table 6.25), and this 

speed independence of femur movement suggests that use of femur movements from a 

wide range of duty factors seems justified. However, for consistency with other 

variables tested, strides will be used from two duty factor ranges, a larger range from 

25-60% that allows the inclusion of more species and individuals, and a smaller duty 

factor range that minimises any variation due to speed/duty factor.    

 

 
Table 6.25 Coefficient of determination femur movement with speed and 

duty factor for V. gouldii. n = 13.   
 

 Speed (m s—1) Duty factor (%) 
 r2 P r2 P 
Δ pro/retract 0.00 0.981 0.05 0.836 
pro/retract (FF) 0.12 0.238 0.00 0.220 
Δ elevation 0.14 0.205 0.43 0.409 

 

The effect of size on femur movement was tested intra-specifically for two 

species, V. gouldii and V. panoptes. None of the femur variables were significantly 

related to size (SVL) in V. gouldii (Table 6.26), or V. panoptes (Table 6.27).  

 

 

Table 6.26 Coefficient of determination between femur movement and size 
(SVL) for V. gouldii.  

 
Duty factor range 25-60% 

(n = 9) 
35-45% 
(n = 8) 

 r2 P r2 P 
Δ pro/retract 0.20 0.225 0.30 0.157 
pro/retract (FF) 0.02 0.711 0.18 0.290 
Δ elevation 0.00 0.986 0.07 0.512 
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Table 6.27 Coefficient of determination between femur movement and size 
(SVL) for V. panoptes.  

 

Duty factor range 
25-60% 
(n = 8) 

35-45% 
(n = 5) 

 r2 P r2 P 
Δ pro/retract 0.17 0.308 0.01 0.896 
pro/retract (FF) 0.08 0.484 0.67 0.092 
Δ elevation 0.01 0.837 0.01 0.918 

 

Inter-specifically there was no significant relationship between size and femur 

movement at either duty factor range (Table 6.28), although the relationship between 

the change in femur protraction and size was nearly significant over the smaller duty 

factor range. The independence of femur movement with size at both the intra-specific 

and inter-specific levels suggested that size correction was not required for these 

variables.  

 
Table 6.28 Coefficient of determination between femur movement and size 

(SVL) for Australian varanids.  
 

Duty factor range 25-60% 
(n= 15) 

35-45% 
(n = 13) 

 r2 P r2 P 
Δ pro/retract 0.04 0.454 0.30 0.051 
pro/retract (FF) 0.01 0.751 0.01 0.696 
Δ elevation 0.02 0.608 0.03 0.593 

 

The differences in femur movement with ecological traits are shown in Tables 

6.29 and 6.30 for the duty factor ranges 25-60% and 35-45% respectively. Femur 

movement does not appear to be strongly related to ecological traits and is remarkable 

well conserved across species. The only significant relationship between femur 

movement and ecological traits is the protraction of the femur at footfall. Climbing 

species extend the femur further forward during the stride than non-climbing species.  
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Table 6.29 Comparisons of femur movements with ecological traits for duty 
factors of 25-60%. An analysis of variance (ANOVA) or t-test were 

undertaken on size-corrected data and on size-corrected and phylogenetically 
corrected data (phylo). 

 
    

Δ pro/retract  
 

 
pro/retract (FF)  

 

 
Δ elevation  

 
 n mean s.e. mean s.e. mean s.e. 

Habitat        
WF terrestrial 5 88.66 5.07 226.15 1.61 23.78 2.45 
Sedentary terrestrial 4 94.35 4.45 224.82 3.47 28.30 2.78 
Arboreal/saxicolous 5 93.64 5.11 227.78 0.42 25.95 2.27 
Aquatic 1 99.40 - 228.70 - 21.15 - 

ANOVA  F3,11 = 0.407 
P =  0.751 

F3,11 = 0.457 
P = 0.717 

F3,11 = 0.767 
P = 0.536 

     
Retreat site        
Burrow 7 91.32 4.30 224.72 1.61 25.98 2.21 
Tree/rocks 7 96.09 2.59 228.28 1.30 25.38 2.01 
Oblique crevices 1 76.41 - 226.66 - 23.55 - 

ANOVA  F2,12 = 2.037 
P =  0.173 

F2,12 = 1.475 
P =  0.268 

F2,12 = 0.087 
P =  0.917 

     
Openness        
Open 4 88.59 6.55 227.04 1.73 23.44 3.13 
Semi-open 5 93.26 5.17 226.86 1.13 26.01 2.26 
Closed 6 94.60 3.03 225.86 2.30 26.53 2.13 

ANOVA  F2,12 = 0.409 
P =  0.673 

F2,12 = 0.116 
P =  0.892 

F2,12 = 0.416 
P =  0.669 

     
Foraging Mode        
Sit-and-wait 6 95.17 2.94 225.96 2.31 25.79 2.37 
Widely foraging 9 90.80 3.89 226.88 0.92 25.37 1.72 

t-test  t13 = 0.814 
P = 0.430 

t13 = 0.370 
P = 0.724 

t13 = 0.148 
P = 0.884 

     
Climbing ability        
Climber  7 94.75 3.62 228.85 0.97 25.87 1.85 
Non-climber 8 90.63 3.78 224.46 1.42 25.24 2.05 

t-test  t13 = 0.779 
P = 0.450 

t13 = 2.479 
P = 0.028 

t13 = 0.224 
P = 0.826 

t-test (phylo)   t13 = 4.153 
P = 0.002 
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Table 6.30 Comparisons of femur movement and ecological traits for duty 
factors of 35-45%. An analysis of variance (ANOVA) or t-test were 

undertaken on size-corrected data and on size-corrected and phylogenetically 
corrected data (phylo). 

 
   

Δ pro/retract  
 

 
pro/retract (FF)  

 

 
Δ elevation  

 
 n mean s.e. mean s.e. mean s.e. 

Habitat        
WF terrestrial 5 86.93 5.63 230.45 2.96 26.30 2.90 
Sedentary terrestrial 3 95.51 8.49 229.89 5.66 25.33 3.19 
Arboreal/saxicolous 4 91.00 6.01 229.24 0.80 23.52 1.32 
Aquatic 1 97.82 - 226.88 - 21.27 - 

ANOVA  F3,9 = 0.381 
P =  0.769 

F3,9 = 0.093 
P = 0.962 

F3,9 = 0.372 
P =  0.775 

     
Retreat site        
Burrow 6 87.56 4.64 229.77 2.51 27.04 2.48 
Tree/rocks 6 97.24 3.90 229.57 2.57 23.22 1.13 
Oblique crevices 1 74.15 - 229.70 - 21.26 - 

ANOVA  F2,10 =2.672 
P =  0.118 

F2,10 = 0.002 
P =  0.998 

F2,10 = 1.293 
P = 0.317 

     
Openness        
Open 4 87.86 7.17 232.24 3.04 25.42 3.57 
Semi-open 4 88.79 6.29 228.33 1.70 25.56 1.83 
Closed 5 95.27 4.74 228.69 3.18 23.78 1.99 

ANOVA  F2,10 = 0.488 
P =  0.628 

F2,10 = 0.551 
P =  0.593 

F2,10 = 0.167 
P =  0.849 

     
Foraging Mode        
Sit-and-Wait 5 95.96 4.67 229.43 3.16 24.30 1.92 
Widely foraging 8 87.90 4.34 229.83 1.82 25.16 1.91 

t-test  t11= 1.214 
P = 0.250 

t11 = 0.120 
P = 0.907 

t11 =0.301 
P = 0.769 

     
Climbing ability        
Climber  6 95.64 5.14 230.80 2.13 23.47 1.00 
Non-climber 7 87.02 3.96 228.71 2.37 26.00 2.34 

t-test  t11 = 1.348 
P = 0.205 

t11 = 0.647 
P = 0.531 

t11 = 0.991 
P = 0.351 
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Femur movements were tested for phylogenetic effect, and the results are 

displayed in Table 6.31. Femur movements were largely independent of phylogeny. 

Only Δ elevation had a significant phylogenetic effect. This effect was only significant 

at the larger duty factor range (25-60%) and was absent from the smaller duty factor 

range (35-45%).  

 
Table 6.31 Phylogenetic tests applied to femur movements. Kinematic 

variables were size-corrected before the strength of phylogenetic effects were 
assessed. 

 
Duty Factor range 25-60 35-45 
 k P k P 
Δ pro/retract 0.99 0.075 0.79 0.505 
pro/retract (FF) 0.57 0.773 0.56 0.511 
Δ elevation 0.84 0.034 0.51 0.718 

 

The difference in the protraction of the femur at footfall with climbing ability 

was still significant when reanalysed using phylogenetically-corrected data, suggesting 

a strong association between these traits.   

 

6.3.5 All kinematic variables 

Using univariate data there was some relationship between kinematics variable 

and ecology. However, rather than single variables relating to ecology, it is more likely 

that several traits will vary simultaneously, and combinations of variables may best 

describe the movement of the hindlimb and pelvis in each ‘ecotype’. To analyse this 

possibility multivariate statistics were employed. Differences in results between each 

duty factor range was minimal, therefore the larger duty factor range (25-60%) was used 

in multivariate analysis. 
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6.3.5.1 Habitat  

A discriminant analysis was performed using all kinematic variables and 

grouping species by habitat. The plot of the first two discriminant functions is shown in 

Figure 6.4. Both functions one and two have eigenvalues greater than one (341.81 and 

2.40 respectively) and the first discriminant function appears to explain almost all of the 

variance in the data (Wilk’s lambda = 0.001, P = 0.006). This first function separated 

the four habitats, with widely foraging terrestrial species being most positively weighted 

along this function (group centroid 20.90). Arboreal/saxicolous species were weighted 

closest to the widely foraging terrestrial species, although they were negatively 

weighted (group centroid -3.58). Sedentary terrestrial species had an even lower 

negative weighting (group centroid -16.56) with the sole aquatic species being weighted 

most negatively (group centroid -20.34). This suggested that the arboreal/saxicolous 

species were kinematically more similar to the widely foraging terrestrial species than 

the sedentary terrestrial species, despite both latter groups inhabiting the terrestrial 

environment. 
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Figure 6.4 Discriminant function analysis based on habitat for kinematic 
variables of 15 species of Australian varanid. 
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Four kinematic variables appear to be largely responsible for the separation of 

the groups along the first discriminant function, Δ Pelvic roll, relative step length, 

effective hip height, and Δ pelvic yaw (Table 6.32). The effective hip height and Δ 

Pelvic yaw were negatively weighted along the first discriminant function. This 

supported the results of the univariate analyses. Both the Δ Pelvic roll and the relative 

step length contribute positively to this function. Therefore, it was expected that widely 

foraging terrestrial species show these traits in univariate analysis. Greater step length in 

widely foraging terrestrial species is supported by univariate analysis, but the Δ Pelvic 

roll was not significantly different across different habitat groups when analysed 

univariately (Table 6.22) and therefore may be co-correlated with other variables. 

When using phylogenetically-corrected data, there was a weaker relationship 

(Wilk’s lambda = 0.009, P = 0.342). Widely foraging terrestrial species still group 

separately but the distinction between arboreal/saxicolous species and sedentary 

terrestrial species was less clear.  

 

Table 6.32 Standardised discriminant function coefficients for kinematic 
variables based on habitat type in 15 species of Australian varanid.  

 
Variable Function 1 Function 2 
pro/retract (FF) -3.18 -0.56 
Δ elevation 0.78 0.50 
Δ Pelvic roll 11.20 -0.94 
Δ Pelvic yaw  -9.31 -0.11 
Δ Pelvic tilt 5.34 0.68 
Eff Hip height -10.00 0.72 
Δ Hip height -1.95 0.55 
Stride length  -3.30 0.40 
Step length  17.37 -0.08 
Stride width  2.98 -0.10 
eigenvalue 341 2.40 
Wilk’s lambda 0.001 0.173 
Chi2 53.1 12.3 
P 0.006 0.833 
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6.3.5.2 Retreat site 

The discriminant analysis based on retreat site is shown in Figure 6.5. The 

eigenvalues for functions one and two were 7.82 and 1.34 respectively, but neither were 

significant based on a Chi2 test (DF1 Wilk’s lambda = 0.048, P = 0.508; DF2 Wilk’s 

lambda = 1.344, P = 0.818). This suggests that differences in kinematics only partially 

reflect differences in retreat sites. The first discriminant function acts to separate 

burrowing species from species that retreat to spaces in trees and rocks. Burrowing 

species show greater Δ pelvic roll and change in femur elevation (Δ elevation), while 

species which retreat to spaces in rocks and trees have greater hip height and Δ Pelvic 

yaw (Table 6.33).  
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Figure 6.5 Discriminant function analysis of kinematic variables based upon 
retreat site.  

 
Table 6.33 Standardised discriminant function coefficients for kinematic 

variables based on retreat site for 15 species of Australian varanid.  
 

Variable Function 1 Function 2 
Δ pro/retract  -1.59   1.86 
pro/retract (FF)  -1.24   0.29 
Δ elevation   2.07  -0.83 
Δ Pelvic roll   1.51  -0.27 
Δ Pelvic yaw   -1.52  -0.47 
Δ Pelvic tilt  -1.32  -0.82 
Eff Hip height   0.20   1.92 
Hip height  -1.75  -3.22 
Δ Hip height   1.12   1.70 
Stride length   0.40  -0.10 
Stride width    0.55   0.49 
eigenvalue   7.82   1.34 
Wilk’s lambda 0.048 0.427 
Chi2   21.2   5.96 
P 0.508 0.818 
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6.3.5.3 Openness  

The discriminant function based on openness of habitat is shown in Figure 6.6. 

The eigenvalues for the first and second discriminant functions are 153.05 and 8.54 

respectively. The first discriminant function was significant based on a Chi2 test 

suggesting kinematic variables can be separated based on the openness of the habitat 

(DF1 Wilk’s lambda = 0.001, P = 0.003; DF2 Wilk’s lambda = 0.105, P = 0.198). Most 

of the variation was described in the first discriminant function which was negatively 

weighted for the Δ Pelvic yaw and hip height and positively weighted for both Δ Pelvic 

roll and stride width (Table 6.34).  
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Figure 6.6 Discriminant function analysis of kinematic variables based upon 
openness in 15 species of Australian varanid. 

 
Table 6.34 Standardised discriminant function coefficients for kinematic 

variables based on openness in 15 species of Australian varanid.  
 

Variable Function 1 Function 2 
Δ pro/retract 0.79 3.04 
pro/retract (FF) 1.53 -1.03 
Δ elevation -0.24 -3.54 
Δ Pelvic roll 7.22 10.64 
Δ Pelvic yaw  -6.21 -4.24 
Δ Pelvic tilt -4.05 8.54 
Eff Hip height -1.21 -3.58 
Hip height -6.82 -12.12 
Δ Hip height 1.73 7.26 
Stride length 2.42 -2.76 
Step length 3.53 15.73 
Stride width 6.02 2.66 
eigen value 153 8.54 
Wilk’s lambda 0.001 0.105 
Chi2 47.7 14.7 
P 0.003 0.198 
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When phylogenetically-corrected data were used in the multivariate discriminant 

analysis, the association between kinematics and openness becomes weaker. The 

eigenvalues for discriminant function one and two are 19.75 and 2.44 respectively; 

however, neither function significantly explains differences between the groups (DF1 

Wilk’s lambda = 0.014, P = 0.121; DF2 Wilk’s lambda = 0.290, P = 0.565).  

 

6.3.5.4 Foraging mode 

A discriminant analysis based on foraging mode returned a single function with 

an eigenvalue of 14.05, but was not significant based on a Chi2 test (Wilk’s lambda = 

0.066 P = 0.089). Sit-and-wait species were positively weighted along this function and 

were associated with greater effective hip height, while widely foraging species were 

weighted negatively along the function and were associated with reduced stride width. 

Neither of these associations supported results from univariate analysis and therefore 

the kinematic relationships with foraging mode remains unclear.  

 

6.3.5.5 Climbing ability 

The discriminant analysis based on climbing ability had the highest eigenvalue 

of all the ecological characteristics, 3195.03, suggesting that differences in kinematic 

variables could best be explained by differences in climbing ability (Wilk’s lambda = 

0.0003, P < 0.001). Climbing species were weighted negatively along this function 

whereas non-climbing species were weighted positively. Four variables showed the 

greatest contribution to differences in climbing ability, the Δ Pelvic roll, Δ Pelvic tilt, 

hip height and step length. Climbing species had a combination of reduced Δ Pelvic roll 

and Δ Pelvic tilt, a decreased hip height and a decreased step length. When 

phylogenetically-corrected data were used in an analysis of climbing ability there was 

still a significant differences between the climbing and non-climbing species (Wilk’s 

lambda 0.020, P = 0.007).  
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Table 6.35 Standardised discriminant function coefficients for kinematic 
variables based on climbing ability in 15 species of Australian varanid.  

 
Variable Function 1 
Δ pro/retract 12.55 
pro/retract (FF) -38.55 
Δ elevation -7.84 
Δ Pelvic roll 129.20 
Δ Pelvic yaw  -70.59 
Δ Pelvic tilt 126.37 
Eff Hip height -39.01 
Hip height -184.38 
Δ Hip height 98.00 
Stride length -36.97 
Step length 259.36 
Stride width 26.73 
eigen value 3195 
Wilk’s lambda 0.001 
Chi2 56.5 
P 0.001 
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6.4 Discussion.  

Natural selection is thought to act most directly on intermediate traits such as 

measures of locomotory performance (Arnold 1983). However, differences in 

performance can sometime be difficult to measure directly, either due to logistical 

difficulties in getting lizards to perform maximally (e.g. maximum endurance) or with 

theoretical difficulties in deciding if a locomotory variable is an ecologically relevant 

measure of performance. Instead it may be easier to measure the relative kinematics of 

the lizard stride, since these are thought to be the basis of all performance variables. The 

purpose of this chapter was to relate differences in the kinematic movement of the 

hindlimb and pelvis to differences in ecology. It was predicted that differences in 

kinematics would translate into differences in some performance traits, which in turn 

will be related to differences in ecology.  

However, rather than single variables relating to ecology, it is more likely that 

several traits will vary simultaneously, and combinations of variables may best describe 

the movement of the hindlimb and pelvis in each ‘ecotype’. To analyse this possibility, 

multivariate statistics were employed. Based on such multivariate analysis, three 

ecological traits were well described by differences in kinematic variables: climbing 

ability, openness, and habitat.  

Climbing ability 

Climbing ability had the greatest differences in kinematic variables among 

species. This difference was still evident when phylogenetically corrected data were 

used in the analysis, suggesting a strong association between climbing ability and 

kinematics. Three main kinematic variables were associated with climbing species of 

varanids, a lower effective hip height, a shorter stride length and greater forward 

extension of the femur at footfall. These associations are largely consistent with 

biomechanical predictions for climbing.  

A lower hip height has the advantage of lowering the centre of gravity. 

Biomechanical models predict that lowering the centre of gravity benefits stability on 

narrow or vertical surfaces, such as tree branches, through a reduction in sideways 

torque (Cartmill 1985; Pounds 1988). Losos and Sinervo (1989) reported a similar 

observation in Anolis, where shorter limbed species (with a corresponding lower centre 
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of gravity) had greater ‘sure-footedness’ on narrower structures. A lower effective hip 

height may also be advantageous when climbing vertical structures, such as tree trunks, 

since friction from both the body and tail can resist the downward pull of gravity. 

Bedford and Christian (1996) reported that the tails of arboreal varanids were coarser 

than that tails of terrestrial or aquatic varanids, and suggested that the coarse tails 

facilitated clinging to a vertical tree. Coarse tails in arboreal varanids would be of little 

use if the body is held away from the vertical surface; therefore these findings suggest 

both coarse tails and low hip height act in concert in an arboreal habitat.  

Shorter stride length and placing the femur further forward at footfall may also 

act in unison to aid climbing inclined or vertical structures. These variables equate to 

increasing the ‘pull’ phase of the stride and reducing the ‘push off’ phase of the stride. 

The ‘pull’ phase of the stride simply refers to the sections of the stride where the 

hindlimb and foot are in front of the hip, and the body is pulled forward, while the push 

section refers to the phase of the stride when the hindlimb and foot are behind the hip 

and the body is pushed forward. Pushing the femur further forward increases the pull 

phase of the stride, while decreasing the stride length decreases the push phase of the 

stride. It may be that pulling the body up the tree may be economically more efficient 

(Hilderbrand 1985), or this may be associated with placement of the claws relative to 

the weight of the body. Weavers (2004) noted the claws of one arboreal species (V. 

varius) were very flexible, and suggested that these may act like a climbers hook, firmly 

gripping the tree when downward pressure is applied, but becoming free when upward 

or forward pressure is applied. If this is true then the push phase of the stride may be 

limited during vertical climbing since the claws become free from the structure, and 

may ‘slip’ if the body is pushed off them.  

Openness 

The multivariate analysis based on openness clearly separated species based on 

open, semi-open or closed habitats. Several variables were associated with closed 

habitats including a lower hip height, increased changes in pelvic tilt and pelvic yaw 

and shorter stride lengths and step length. Closed habitats or semi-open habitats have 

been suggested to advantage species which are more manoeuvrable, since this allows a 

greater ease and range of movement in a complex habitat (Van Damme and 

VanHooydonck 2002). Further it may be expected that species from open habitats to be 

less manoeuvrable since internal movement often reduces the maximal speed that can be 
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obtained. It was therefore expected that species from open habitats would have 

kinematic characteristics associated with increasing speed. The results of this study are 

largely consistent with these predictions. The movement of the pelvis was thought to be 

beneficial to increasing the manoeuvrability of a species. Increasing the movement of 

the pelvis in both the lateral (pelvic yaw) and dorsal (pelvic tilt) may allow species to 

quickly move through complex habitats, since segments of the body have more freedom 

to move and are less constrained by in the direction and degree of movement. Increasing 

the pelvic roll may not necessarily increase manoeuvrability in a complex habitat, and 

therefore the lack of association with this variable and closed habitats is not surprising.  

Decreased hip height was also associated with semi-open and closed habitats. 

Decreasing the height of the hip may also increase fluidity of movement in a complex 

environment, but this association may also suggest a link between the openness of the 

environment and climbing ability. Most semi-open and closed habitats are associated 

with vertical structures such as trees, shrubs or rocky outcrops. Therefore most species 

that live in closed environments are likely to show adaptation for climbing as well, and 

the association with hip height and closed and semi-open habitats may simply reflect 

this association.  

The increase in stride length and step length in open habitats is likely to reflect 

an association with increased speed. Increasing the stride length increases the amount of 

ground covered with each stride. This has a positive effect on the maximal speed that 

can be achieved. To test this hypothesis size-corrected species means for stride length 

and step length were regressed against size-corrected maximal sprint speed scores 

(residuals from a curvilinear relationship between mass and speed). Both stride length 

and step length were significantly and positively correlated to speed. (Duty factor range 

25-60%; stride length r = 0.61, P = 0.016, n= 15; step length r = 0.56, P = 0.028, n =15). 

Relatively faster lizards took relatively longer strides.  

 Using phylogenetically-corrected data weakens the associations between 

kinematics and openness. While both stride length and hip height were phylogenetically 

independent, both the change in pelvic yaw and tilt show a significant phylogenetic 

signal. The weakening of the association between kinematics and openness may 

therefore reflect kinematic associations with the phylogeny or associations with the 

degree of openness with the phylogeny. Thus, while relationships between kinematics 



Chapter 6. Kinematics 
 

 222 

and openness were consistent with biomechanical predictions, adaptation of these 

patterns as a result of openness cannot be confidently inferred. 

Habitat 

The relationship between habitat and kinematics was also well supported. 

Several kinematic variables showed significant associations with habitat: hip height, 

changes in pelvic yaw and tilt, and differences in step length. These kinematic variables 

were previously associated with differences in climbing ability, manoeuvrability and 

speed and differences in habitat probably reflect associations with these performance 

variables. However, this does provide the opportunity to compare species from differing 

habitat types. For example, climbing species and sit-and-wait terrestrial species appear 

to show more similar kinematic patterns than sit-and-wait terrestrial species do to 

widely foraging terrestrial species. This perhaps reflects the similar nature of the sit-

and-wait terrestrial habitat with the arboreal/saxicolous habitat in regard to the openness 

of the habitat when compared to the widely foraging habit.  

 

6.5 Conclusions 

One conclusion of this chapter is that kinematic patterns appear to be species 

specific and are maintained even when walking in a different habitat to which they 

appear designed. Further, differences in kinematic patterns appear to reflect differences 

in ecology in a manner consistent with predictions based on biomechanical modelling. 

Differences between climbing species with non climbing species are perhaps the 

greatest differences observed, and are supported using both traditional methods and 

phylogenetically corrected methods. These differences are likely to reflect the 

fundamentally different nature of these habitats. Differences in kinematics were also 

consistent with expected differences in speed and manoeuvrability between species; 

however, the lack of phylogenetic support for these associations suggests that adaptive 

associations between these traits cannot be confidently inferred.     
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At higher levels of taxonomic organisation, the links between morphology and 

ecology are obvious. There is little doubt that the flippers of a dolphin or seal, or the 

webbed feet of a duck are all adaptations to an aquatic environment. It is often thought 

that locomotor performance mediates the relationship between design and ecology 

(Arnold 1983), and it is not hard to imagine that the presence of flippers or foot 

webbing of the ducks feet has positive effects on both the efficiency of movement and 

the speed of movement in their aquatic environments. Therefore the link between design 

and ecology through performance at these levels may seem quite intuitive.  

At lower taxonomic levels (e.g. comparing species) the relationship between 

design and ecology can be less obvious. Further, the extent of the relationship between 

design and ecology tends to be taxon specific. Some taxa show a clear relationship 

between design and ecological traits. For example, among the Greater Antillean islands, 

different species of Anolis lizards that occupy similar microhabitats, appear to be readily 

distinguishable into ‘ecomorphs’ (Moermond 1979; Williams 1972). Ecomorphs tend to 

be similar in body size, limb and tail proportions, reflecting the microhabitat that they 

generally inhabit (Pounds 1988; Moermond 1979), and these differences in morphology 

translate into ecologically-relevant measures of performance that increase fitness in a 

particular habitat. (Losos 1990a,b; Losos 1992, 1995; Losos and Sinervo 1989; Losos et 

al. 1998).  

Unlike Anolis, other groups of lizards have a much less obvious relationship 

between design and ecology. For example, lacertid lizards appear to show little 

morphological differentiation despite occupying a diverse range of habitats (Arnold 

1989; Vanhooydonck and Van Damme 1999), and similarly for phrynosomatids Miles 

(1994) found no consistent pattern regarding specific morphological components that 

predicted performance. Varanids may also be placed among these groups. Despite large 

differences in size, their relatively similar body form does not appear to reflect the 

various ecological characteristics of each species. 

The lack of a relationship between morphology and ecology may be due to 

constraints (e.g. environmental or phylogenetic) that slow down the adaptive process, or 

due to adaptive traits being hidden or too subtle to be seen by examining gross 

morphological features (Aertz et al. 2000; Gould and Lewontin 1979). Therefore, in 

such studies of ecomorphology a rigorous analytical approach is required, that assesses 

the links between the stages of the adaptive process simultaneously. Such a study 
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should include the link between genetic variation and design, design to kinematics, 

kinematics to performance, and performance to ecology. This thesis has attempted to 

study ecomorphology and ecophysiology of the Australian varanids using this approach.  

    Among varanids, differences in size (mass or SVL) are the most obvious. In 

this study alone, the range of size was from an 8 g V. caudolineatus to an 8 kg V. varius. 

Size is linked to many aspects of varanid design; size influences morphological 

variables such a body dimensions and vertebral number as well as physiological 

variables such as metabolic rate. Size also greatly influences performance variables such 

as speed and acceleration. Further, there is some evidence to suggest that size affects 

aspects of behaviour. Size, therefore, may influence ecomorphological and 

ecophysiological associations.  

When size is related to ecological characteristics there is a strong link between 

size with openness and foraging strategy. Larger lizards tend to live in open habitats and 

adopt the widely foraging strategy, while smaller lizards tend to occupy more closed 

habitats and have a sit-and-wait foraging strategy. These two ecological strategies are 

possibly linked since a widely foraging species is likely to spend much more time in the 

open, while a sit-and-wait species may tend to hide in dense vegetation. There is also 

evidence that the relationship between size and ecology is mediated by performance; 

species from open habitats tend to be faster, presumably due to a higher risk of 

predation and fewer retreat sites or to catch faster prey (Vanhooydonck and Van damme 

2003). Therefore, owing to the tight relationship between speed and size, the easiest 

way to increase speed may simply be to increase size. However, an alternate conclusion 

may be for a direct relationship between size and habitat. If varanids were already large 

when they arrived in Australia (Gould and MacFadden 2004; Molar and Pianka 2004; 

Pianka 1995) then small size may have evolved to exploit closed habitats, at least when 

non-phylogenetically corrected data are considered.    

Size itself, however, is strongly associated with phylogeny. Within Australian 

varanids there are two groups and one previously recognised clade; the komodoensis 

group (represented by V. varius), the gouldii group, and the Odatrian clade. While both 

the komodoensis group and the gouldii group have remained large, the Odatrian clade 

has reduced in size, thus size has a large tendency to be conserved within the 

phylogeny. When the significant relationships between size and ecology are reassessed 

using phylogenetically corrected size scores there is no longer a significant relationship. 
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Therefore size and phylogeny are so tightly linked that removing the effects of one of 

these variables has the effect of removing the other.   

Often size itself does not preclude a species from occupying a particular habitat 

type. For example climbing species include both the largest species in the study (V. 

varius) and the smallest species included in the study (V. caudolineatus); open habitats 

include both the large V. giganteus and the much smaller V. eremius. Therefore the link 

between morphology and ecology may be also due to much more subtle differences in 

morphology. To analyse these differences it is often necessary to remove the 

overwhelming effects of size.  

Studies often relate differences in the relative proportions of the limbs and body 

to differences in ecological traits such as climbing ability or habitat (e.g. Losos 1990a,b; 

Losos and Sinervo 1989; Thompson and Withers 2005; Vanhooydonck and VanDamme 

1999). Biomechanical models are then employed to relate associations with morphology 

to ecology through ecologically-relevant measures of performance. When size-free body 

dimensions of varanids were related to ecological characterisitics using multivariate 

statistics, retreat site was identified as being the strongest correlate, mostly through 

relative differences in limb dimensions. Further, size-free body dimensions has been 

confirmed as a primary determinate of retreat site using a greater number of body 

dimensions and species of varanid (Thompson and Withers, in prep) and also as a 

determinate of retreat site in Australian dragons (Thompson and Withers 2005). Further, 

Miles (1994) noted that some of the differences in morphology of sceloporine lizards 

tended to reflect differences in ecological characteristics such as retreat site; for 

example, two species (P. meaarnsi and U. graciosus) that are found in rock 

outcroppings tended to have a flattened body bauplan to exploit narrow crevices and 

cracks. Climbing ability and foraging mode were also separated (though not 

significantly) using body dimensions – but other ecological traits such as habitat, 

openness and climate had a much weaker association with size-free body dimensions. 

If locomotory performance is mediating the relationship between body 

dimensions and ecological characteristics, then strong correlations between performance 

traits and retreat site may be expected; however, this was not the case. Differences in 

endurance were not related to retreat site, but instead were related to differences in 

foraging mode, while differences in speed were related to differences in both the 

openness of the habitat and climbing ability – but not retreat. The lack of a suitable 
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performance variable to link body dimensions with retreat site may suggest either the 

presence of some unmeasured performance variable or a much more direct link between 

these levels.  

The strong influence of retreat site on body dimensions suggests a strong 

selective significance of retreat site. Retreat sites are likely to be very important for 

evading predators as well as other ecological aspects such as thermoregulation. For 

example, where climatic conditions are highly variable (e.g. deserts) a lizard without a 

suitable retreat site would soon become thermally stressed and die.  

Differences in performance could still be related to differences in ecological 

traits but if large differences in body dimensions are related to retreat site, what is 

causing the differences in performance? For endurance, differences in maximal 

metabolic rate were a significant correlate. Higher maximal metabolic rates allow 

greater endurance, and greater endurance was related to differences in foraging mode. 

However maximal metabolic rates are not directly related to differences in foraging 

mode, and endurance itself appears to be at least partially the result of differences in 

behavioural motivation of the lizards.  

The design changes that relate to ecological traits through speed, seem not to be 

due to large differences in size-free body dimensions (since these were best related to 

retreat site), but lie in much more subtle differences in morphology. These differences 

in morphology may include small differences in body dimensions or the muscular-

skeletal system (termed integrated dynamic design by Aerts et al. 2000). To examine 

these differences the kinematics of the lizards stride was examined and related to 

ecological traits. There was strong relationship between kinematics with the degree of 

openness in habitat and differences in climbing ability. The kinematics measured 

revealed (mostly through biomechanical reasoning) two major conflicts in locomotory 

performance that are mediating small differences in morphology with ecological traits; a 

trade-off between manoeuvrability with speed, and a trade off between climbing ability 

with speed.  

The trade-off between manoeuvrability with speed is evident when relating 

differences in kinematics to the openness of the habitat. Species from open habitats had 

a longer stride length and step length, both of which were shown to have a significant 

relationship to speed. Taking longer steps increases the distance travelled per stride and 

would have a positive effect on speed. Speed itself was then shown to be higher in 
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species from open habitats. Species from closed habitats, however, had greater 

movements of the pelvis. These were thought to positively influence manoeuvrability 

since they allow greater freedom of movement, which is advantageous in a closed 

habitat. As previous studies have argued (Van Damme and Vanhooydonck 2002) 

greater movement of the pelvis and spine decreases speed, since forces used to move the 

body internally cannot be used to propel the body forward, hence species from closed 

habitats had lower speeds. While these results are consistent with my expectations based 

on biomechanical models, they were not supported in a phylogenetic context and 

therefore I cannot infer adaptive significance to these traits.  

The trade-off between climbing ability and speed was much stronger, and was 

supported using both non-phylogenetically and phylogenetically-corrected data. 

Climbing species had much lower hip heights, shorter stride lengths and reached further 

forward for each stride. These kinematic characteristics were thought to increase 

stability while climbing vertical or inclined surfaces. Low hip height reduces sideways 

torque (Pounds 1988) and also acts in concert with rougher scales along the belly and 

tail (Bedford and Christian 1994) that increase friction and hence reduce slipping 

between the lizard and vertical surfaces (such as tree trunks). Shorter stride lengths and 

reaching further forward may increase the ‘pull’ phase of the stride, while reducing the 

‘push’ phase, which may have a positive effect on efficiency while climbing or may act 

to reduce slipping of the claws while climbing. These kinematic characteristics, 

however, will also lead to lower speeds during terrestrial locomotion, mostly through a 

reduction in stride length. Therefore climbing species have lower sprint speeds than 

non-climbing species. 

The relationships between morphology with ecology can be summarised as in 

Figure 7.1. Body dimensions are primarily related to retreat sites, which must act to 

constrain smaller aspects of design, or integrated dynamic design traits. Differences in 

design create changes in kinematic patterns, which can affect measures of performance. These 

differences in performance then related to other ecological characteristics such as 

openness and climbing habitat. 
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Figure 7.1 Summary of the relationships between morphology, performance 

and ecology in Australian varanids.  

 

    
 

Figure 7.2 Re-interpretation of Arnold’s paradigm based on the analysis of 
Australian varanids.  

 

These findings suggest a re-interpretation of Arnold’s (1983) paradigm (Figure 

1.2). A simplified version of the relationships presented here is Figure 7.2. There may 

be both a direct relationship between design (for example morphology) with ecology, 

and a relationship mediated through locomotory performance variables. 

A direct relationship between design and ecology has been suggested by 

previous authors; for example Vanhooydonck and Van Damme (1999) suggested a 

relationship between dorso-ventral height and ecology within lacertid lizards. Garland 
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and Losos (1994) also predicted that morphology may be directly related to fitness (e.g. 

an albino garter snake). In varanids, direct relationships between design and ecological 

traits are more obvious, while the relationship between design to ecology through 

performance is much more subtle, requiring a detailed examination of the kinematics of 

the varanid stride before relationships became evident. This may suggest the presence of 

a latent unmeasured performance variable among varanids that relates to retreat site, but 

what performance variable this could be remains unclear. Further, kinematics were 

though to be closely related with performance variables, and the lack of relationship 

between kinematics and retreat site does not support the presence of such a performance 

variable.  

In varanids the link between design and ecological traits may be much more 

direct. This of course leads to the questions; Why is the relationship between design and 

ecology through performance so subtle in varanids when compared to Caribbean 

Anolis? A disparity between ecomorphological relationships of Anolis and other taxa 

have been noted by several authors (Aerts et al. 2000; Irschick et al. 1997; 

Vanhooydonck and Van Damme 1999) but few have discussed the reasons for this. 

Losos et al. (1998) suggested that the well defined ecomorphs of Anolis were the result 

of intense inter-specific competition. For Australian varanids, levels of inter-specific 

competition have rarely been reported. In Western Australian deserts up to four species 

of varanid may occur in the same area with similar ecological traits (e.g. V. giganteus, 

V. panoptes, V. gouldii, and V. eremius) This suggests high levels of competition 

between these species, but differences in size between these species mean there is 

probably very little niche overlap, thus differences in size within varanids may be at 

least partially due to attempts to reduce inter-specific competition. Some Anolis species 

also use size to reduce inter-specific competition in a habitat; for example, the giant 

trunk-crown and dwarf trunk-crown ecomorphs reported by Williams (1983). Large size 

differences within varanids may suggest the level of inter-specific competition between 

varanid species may be quite low. If this is the case then differences in 

ecomorphological variability between Anolis and varanids may be explained by 

differences in the extent of inter-specific competition.  

A different, but not necessarily mutually exclusive, explanation for differences 

in ecomorphological variation between varanids and Anolis may be the association of 

morphology with retreat site in varanids. Varanids inhabitat a range of retreat sites, such 

as oblique rock crevices, spaces in rocks and trees and burrows. Anolis by comparison 
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have very similar retreat sites; most Anolis are primarily (although not exclusively) 

arboreal (Williams 1983), and typically sleep on the perches within their habitat (Smith 

1946). Their habitats are identified by differences in the height and diameter of the 

perches they are most frequently encountered on (Losos 1990a,b; Losos and Sinervo 

1989; Moermond 1979; Williams 1972, 1983). Therefore the constraining influence of 

retreat site may not be present in Anolis. This combined with intense inter-specific 

competition within Anolis (perhaps a results of a reduced size range when compared to 

varanids) may lead to a situation where selection for differences in ecologically-relevant 

measures of performance are much stronger, and therefore more obvious.  

To test this hypothesis it would be necessary to examine variation in 

morphology, performance and ecology within a large group of lizards. When all lizards 

are included, body morphologies might be expected to reflect retreat sites. Within each 

retreat site, however, we would then predict that variation in morphology would 

strongly reflect differences in habitat, through ecologically-relevant measures of 

locomotory performance.  

Future directions 

This study has explored the relationships between morphology, performance and 

ecology in Australian varanids. It has shown the importance of a rigorous analytical 

approach and assessing many levels of selective significance simultaneously. It has also 

shown the value of including quantitative kinematics in assessing ecomorphological 

relationships, and the value of including these characteristics in future studies.  

Future studies should aim to directly measure as many performance variables as 

possible. For example Vanhooydonck and Van Damme (2003) included measures of 

‘clambering speed’ over a wire mesh, climbing speed up a smooth slate, and 

manoeuvrability through a pinboard, as well as more common measures of performance 

such as speed and endurance. While this may not be possible for all groups of lizards 

(e.g. varanids) it should be attempted in other groups of lizards that show a similar 

relationship between body morphologies and retreat site (e.g. dragon lizards; Thompson 

and Withers 2005).  

The ecological relevance of acceleration should not be discounted despite its 

having little relationship to ecology in this study. The explosive nature of this 

performance trait makes it very difficult to measure accurately – and this inaccuracy 
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alone may account for the lack of relationship with this performance trait and ecology in 

this study. Further studies could more accurately measure this variable using high speed 

camera systems. Owing to the way acceleration was measured in this study, error in 

measurement occurs due to inaccurately measuring the distance between frames. By 

increasing frame rate, more accurate measure of acceleration is possible since the 

distance moved between frames is decreased.    

Another limitation of this study has been the lack of quantitative ecological data 

for varanid species. Future directions may include quantitatively measuring these 

ecological characteristics and reassessing the relationships between morphology, 

performance and ecology. Some studies have measured foraging behaviours directly 

from field observations (e.g. percentage of time moving, moves min-1, daily movement 

distance; Garland 1999). Other studies have taken a different approach, recording time 

spent in a particular habitat in a semi-natural enclosure (Vanhooydonck and Van 

Damme 2003). Including quantitative measures of ecology in such ecomorphological 

studies may clarify the extent and the strength of relationships between all levels of 

selection.    
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Appendix 
 

Appendix I. Corrected distance values based on the maximum likelihood hypothesis. Distance between sub-species are shown in 
bold. 

 
 

 Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
1 V. acanthurus -                   
2 V. brevicauda 0.6  2  -                  
3 V. caudolineatus 0.4  6 0.5 -1                  
4 V. eremius 0.7  6 0.2 6 -9 0. 0                 
5 V. giganteus 0.63 0.62 0.63 0.70 -               
6 V. gilleni 0.59 0.49 0.19 0.57 0.65 -              
7 V. gilleni sp.nov. 0.57 0.54 0.19 0.62 0.65 0.08 -             
8 V. glauerti 0.60 0.67 0.55 0.76 0.53 0.63 0.63 -            
9 V. gouldii 0.65 0.55 0.61 0.70 0.24 0.72 0.68 0.59 -           
10 V. kingorum 0.35 0.54 0.39 0.62 0.65 0.43 0.43 0.59 0.66 -          
11 V. mertensi 0.65 0.56 0.54 0.75 0.30 0.59 0.59 0.52 0.34 0.60 -         
12 V. mitchelli 0.74 0.64 0.58 0.66 0.62 0.65 0.66 0.54 0.60 0.57 0.61 -        
13 V. pilbarensis 0.61 0.55 0.46 0.66 0.55 0.56 0.61 0.51 0.57 0.49 0.50 0.53 -       
14 V. p.rubidus 0.73 0.62 0.59 0.77 0.27 0.68 0.63 0.57 0.20 0.66 0.35 0.58 0.52 -      
15 V. p.panoptes 0.66 0.59 0.54 0.69 0.27 0.64 0.56 0.52 0.20 0.59 0.31 0.58 0.52 0.06 -     
16 V. rosenbergi 0.56 0.50 0.59 0.65 0.23 0.61 0.58 0.52 0.20 0.59 0.28 0.55 0.54 0.22 0.21 -    
17 V. scalaris 0.66 0.54 0.60 0.73 0.61 0.63 0.69 0.44 0.61 0.56 0.54 0.36 0.46 0.59 0.55 0.55 -   
18 V. storri 0.44 0.53 0.36 0.62 0.61 0.49 0.49 0.58 0.64 0.35 0.54 0.60 0.59 0.60 0.55 0.54 0.59 -  
19 V. tristis 0.57 0.45 0.50 0.56 0.45 0.55 0.57 0.27 0.47 0.48 0.51 0.41 0.36 0.48 0.47 0.46 0.34 0.53 - 
20 V. varius 0.69 0.61 0.65 0.79 0.52 0.76 0.70 0.64 0.55 0.67 0.52 0.72 0.58 0.50 0.47 0.53 0.56 0.67 0.53 
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Appendix II. Correlations between size-free body dimensions. Bold is P < 0.05 
 

 
 HN TA TAIL FFOOT LFL UFL HFOOT LHL 

 r P r P r P r P r P r P r P r P 
HN                 
TA 0.  3 21 0.  0               
TAIL -0.21 0.40 -0.65 0.00             
FFOOT -0.06 0.83 0.11 0.66 -0.30 0.23           
LFL 0.36 0.14 0.39 0.11 -0.50 0.04 0.57 0.01         
UFL 0.08 0.75 0.03 0.90 -0.50 0.03 -0.24 0.34 -0.09 0.71       
HFOOT -0.52 0.03 -0.54 0.02 0.36 0.14 0.30 0.23 -0.31 0.21 -0.38 0.12     
LHL -0.38 0.12 0.09 0.71 -0.15 0.55 -0.61 0.01 -0.42 0.09 0.33 0.19 -0.26 0.29   
UHL -0.37 0.14 -0.46 0.06 -0.08 0.74 -0.34 0.16 -0.30 0.22 0.57 0.01 0.02 0.95 0.42 0.08
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Appendix III. Species accounts 

 

Varanus acanthurus.  

 

 50 mm 

   Size – 36 specimens from the Western Australian Museum had a mean SVL of 

178.6 mm, ranging from 90 to 220 mm (Thompson and Withers 1997a) 

Habitat/distribution – It is found in the Pilbara of Western Australia but extends 

across the tropical and sub-tropical portions of Western Australia, Northern Territory 

and Queensland. These monitors are usually associated with stony ridges or rocky 

outcrops, where they live under slabs or in crevices (Cogger 1992). They may also be 

found under isolated large boulders, usually where the boulders form in groups (pers 

obs). In the absence of rock, they will shelter in burrows associated with spinifex 

(Swanson 1979) or in trees (Stammer 1970). Typically, they are captured from refugia. 

This coupled with the scarceness of active sightings suggests that it is largely a sit-and-

wait predator. The largest distance moved by a V. acanthurus between refuge sites was 

only 71 m in 45 days, with most of the animals staying at the same site for several days 

without moving (Dryden et al. 1990). Since this lizard is rarely found in the open, it was 

placed in the ‘closed’ category and was classified as a non climber.  
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Varanus brevicauda 

 

 30 mm 

Photo by Eric Pianka 

Size – This is the smallest of all monitor lizards. The adult size of V. brevicauda 

ranges between 70 to 110 mm SVL (Pianka 2004a). Thompson and Withers (1997a) 

report that this species has a shorter head, neck, limbs and tail than other varanids. 

However, the thorax-abdomen size is relatively longer, a feature that is reflected in the 

unusually large number of presacral vertebrae. They have 31 to 35 presacral vertebrae 

while most monitors typically have between 28 to 31 (Greer 1989, Table 3.3).  

Habitat/distribution – This species is found only in the arid regions of Australia, 

extending from the midwest coast of Western Australia through the southern half of the 

Northern Territory to the western edge of Queensland.  It is associated with spinifex-

covered sandplains or sand ridges, and can be locally quite abundant (Pianka 1994, 

1996; James 1996). They make small burrows under spinifex tussocks using the 

spinifex for protection, which suggested a closed environment (Pianka 2004a). Based on 

evidence from a mark-recapture study this species seem to move only short distances, 

the average movements for 19 individuals ranged from 14 to 25m over a period of 751 

days, with one individual moving 400m in 700 days (James 1996). Given such small 

distances moved per day, V. brevicauda was classed as a sit-and-wait predator. Given 

its terrestrial environment V. brevicauda was classed as a non-climbing species. 

However, Pianka (2004a) reports that is may spend some time moving through dense 

spinifex tussock. Whether this constitutes climbing and the proportion of time V. 

brevicauda spends doing this is unknown and requires further research. However, if a 

large proportion of its time was spent within dense spinifex, then V. brevicauda may be 

better grouped as a climbing species.  
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Varanus caudolineatus 

 

 

 40 mm 

Size – 67 specimens of V. caudolineatus measured at the Western Australian 

museum had a mean SVL of 106.8 mm, but ranged from 73 mm to 131 mm (Thompson 

and Withers 1997a).  

Habitat/distribution – Varanus caudolineatus inhabits the arid and semi-arid 

regions of Western Australia. Varanus caudolineatus is a small semi-arboreal species 

which is typically found in the hollow sections of dead or living trees. It is an adept 

climber, and its distribution is said to match the geographical distribution of Acacia 

aneura into which it retreats (Thompson 2004a).  

The mean maximum linear distance moved by V. caudolineatus is 33.9 m per 

day but can range from 14 to 156 m (Thompson 1993). However, it may be fairly 

sedentary staying in the same retreat for several days, suggesting that these lizards have 

small home ranges. Pit trapping data suggests that this species is most active on hot 

days (Thompson 2004a). On these active days, Thompson and King (1995) report that 

tracks of this lizards were found entering spider and scorpion burrows, and thus this 

species is probably widely foraging for these and other prey. Given that this species is 

rarely seen in the open and that it spends much of its time in retreats, or close to retreats, 

the habitat of this species was classed as closed.  
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Varanus eremius. 

 

 

 50 mm 

Size – The SVL for 54 individuals of V. eremius ranged from 68 to 185 mm with 

a mean of 139.4 mm (Thompson and Withers 1997a) 

Habitat/distribution – These lizards are found in the arid areas of Western 

Australia, the southern parts of the Northern Territory and the northern part of South 

Australia. It inhabits red sand deserts that are covered in spinifex and grasses, under 

which it builds burrows (Pianka 2004b). Since this lizard is quite secretive, much of its 

ecology has been inferred from following the tracks left in the sand. Varanus eremius 

appears to be a widely foraging lizard moving out in the open; tracks left by a single 

individual have been followed for distances up to a kilometer in a single day (Pianka 

2004b). Dietary data suggests that other lizards (particularly skinks and dragons) form a 

major part of their diet (Pianka 1994). This species typically visits and goes down 

several lizard burrows during a foraging trip (Pianka 1994). Other observations suggest 

that this lizard also hunts visually, and tracks indicate some of the lizards this species 

preys upon, are chased down on the surface (Farlow and Pianka 2000; Pianka 1968, 

2004c), suggesting that sprint speed and acceleration are important in this species. This 

species rarely if ever climbs.  
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Varanus giganteus 

 

 

325 mm 

Size – Varanus giganteus is Australia’s largest lizard. Twenty five specimens in 

the Western Australian Museum had an average SVL of 442.2 mm, but ranged from 

159 mm to 660 mm (Thompson and Withers 1997a). Reports of the maximal size vary 

quite considerably. In Horn and King’s (2004) data set the largest specimen had a SVL 

of 810 mm. Butler (1970) reported that the largest V. giganteus on Barrow Island 

measured a SVL of 850 cm. Bustard (1970) measured a specimen with a total length 

(TL) of 2130 mm (SVL approx 950 mm, predicted from Horn and King’s (2004) data 

set) while Houston (1978) reported on a specimen of TL 2400 mm (SVL approx 1070 

mm). Stammer (1970) reported on a V. giganteus with a TL of 2590 mm (SVL approx 

1170 mm), though Horn and King (2004) suggested that specimens with a TL between 

2000 mm and 2500 mm are rare.  

Habitat/distribution – Varanus giganteus is found throughout the arid regions of 

Australia, including the southern parts of the Northern Territory, the Northern parts of 

South Australia and the western parts of Queensland. Within Western Australia V. 

giganteus is found in from the Pilbara in the north to the semi-arid regions in the south, 

though Thompson et al. (2003) report that the range of this species may be extending 

further south. Across its distribution it inhabits hilly landscapes with rocky ridges and 

outcrops that provide deep caves or crevices to which this species retreats, though these 

areas are preferred if they lie close to sandy plains, deserts or clay pans since they move 

down into these areas to forage during the day (Cogger 1992; Greer 1989; Stirling 

1912). They can also be found in flat sandy country where they dig large deep burrows 

(Pianka 1982, 1994). Thus much of the habitat is open.  
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Diet – The diet of V. giganteus is largely carnivorous rather than insectivorous 

(James et al. 1992; Losos and Greene 1988). Mammals and lizards make up a great 

proportion of their diet, but carrion makes up at least some of their diet, as they are 

often observed feeding off road killed kangaroos (Cogger 1992; King 1999; Pianka 

1994). Many of the prey items eaten by V. giganteus are often fleet footed. Pianka 

(1994) obtained a V. gouldii from the stomach of an adult V. giganteus, and Brunn 

(1981, 1982) reported a V. giganteus eating rabbits, dogs and juvenile kangaroos. Losos 

and Greene (1988) report that an 0.89 kg specimen ran down a 21 g Lashtail dragon 

(Lophognthus longirostris), a particularly quick and difficult to catch dragon species 

(pers obs).  

Several authors note the swiftness of speed that this monitor possesses (Christian 

et al. 1994; Stirling 1912). These reports often attest to the bipedal nature of this lizard 

while running at or near its top speed (Christian et al. 1994). Horn and King (2004) 

relate the observations of Fyfe. He reported chasing a V. giganteus through semi-open 

scrubland covered in grass. The V. giganteus began running on four legs but then 

switched to running bipedally on the two hindlimbs. To the observer this had the effect 

of allowing the lizard to pass over obstacles quickly.  

Varanus giganteus appears to be a widely foraging species. Heger (2000) 

suggested that V. giganteus was not territorial but instead possessed home ranges that 

overlap with other members of its species. Home ranges tend to be larger for males 

(325.6 ± 127.0 ha) than females (47.5 ± 9.1 ha, Heger 2000, but published in Horn and 

King 2004). Another study of the activity pattern of V. giganteus was conducted on 

Barrow Island, Western Australia (King et al. 1989). This study reported much smaller 

activity areas for V. giganteus the largest being for a 5.7 kg animal, which had an 

activity area of 21.47 ha. There are no reports of V. giganteus climbing.  
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Varanus gilleni 

 

 

 

40 mm 

 Size – Thompson and Withers (1997a) measured 26 specimens of this species, 

which had a mean SVL of 134.6 mm, these ranged from 103 mm to 175 mm.  

Habitat/distribution – It is found in arid or semi-arid areas of northern Western 

Australia, Northern Territory and South Australia. Like its close relative, V. 

caudolineatus, V. gilleni is arboreal sheltering under bark or in the hollows formed in 

dead trees (Pianka 1969, 1982, 1994; Horn 2004; Houston and Hutchinson 1998). This 

species forages both in trees and on the ground (Farlow and Pianka 2000; Horn 2004). 

Like V. caudolineatus its habitat was classed as closed, as it is rarely found away from 

retreat sites.   

Diet – The diet of V. gilleni consists of small reptiles and large insects, both 

geckos and grasshoppers being common examples (Horn 2004; Houston and 

Hutchinson 1998; James et al. 1992), and Losos and Greene (1988) suggested this 

species is unusual in the high number of vertebrate prey in the diet. Varanus gilleni 

forage both in trees and on the ground. They typically leave their retreat in the cool of 

the morning, and return when the sun rises and the temperature increases (Swanson 

1987). Varanus gilleni has a diverse diet mostly consisting of geckos (only the tails may 

be taken if the gecko is too large), large insects and grasshoppers, but it may also take 

birds eggs and small mammals (James et al. 1992). The mean body temperatures of 

three wild-caught V. gilleni was 37.4 ºC (Pianka 1982, 1994).  

This species is both morphologically and ecologically similar to Varanus 

caudolineatus, and at the intersection of their range an intermediate morph (Varanus 

gilleni sp.nov.) form can be found that is distinguishable from both V. caudolineatus 

and V. gilleni in both coloration and body morphology (Thompson 2004a) 
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Varanus glauerti  

 

 

 

 

50 mm 

Size – Varanus glauerti reaches a maximum SVL at about 250 mm (James et al. 

1992, Sweet 2004). Thompson and Withers (1997a) report that 28 specimens had an 

average SVL of 199.6 mm which ranged from 90 mm to 239 mm.  

Habitat/distribution – This species is a brightly coloured monitor that is found in 

the Kimberley region in the north of Western Australia, plus an isolated population in 

the Northern Territory. This species is typically saxicolous throughout most of its range, 

inhabiting the vertical rock surfaces and deep vertical crevices of gorges and 

escarpments (Sweet 2004). However, the isolated population in Arnhem Land is known 

to be arboreal (Sweet 1999). This latter population tends to inhabit the hollow trunks 

and major branches of the myrtaceous tree Allosyncarpia ternate, where it will spent 

periods resting with its head exposed from its hollow.  

Varanus glauerti have quite stable home ranges between 1.25 and 7.37 ha in size 

(Sweet 1999), and is an active forager throughout the day (Sweet 2004). Males moved 

an average of 41 m per day while females moved less, an average of 21.7 m per day. 

Varanus glauerti does spend some time on the ground, however, most of the foraging 

occurs on the rocks or within tree hollows. Based on these observations V. glauerti was 

classified as occupying a semi-open habitat. 

Diet – Varanus glauerti has been observed to pursue arboreal skinks 

(Cyrptoblephrus sp.) or examine tree hollows and crevices for geckos or large 

invertebrates (Sweet 1999). An examination of feces of this species found that almost 

all prey items are located from tree hollows and rock crevices, as no species that are 

usually associated with the forest floor were recovered (Sweet 2004).  
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Varanus gouldii 

 

 

120 mm 

Size – Varanus gouldii is a medium sized lizard. Of the 76 specimens measured 

by Thompson and Withers (1997a) the mean SVL was 277.3 mm and ranged from 107 

mm to 590 mm.    

Habitat/distribution – This species has an Australia wide distribution, being 

absent in only the most southern areas of Western Australia and Victoria, central 

Queensland and Tasmania. Across its range V. gouldii have considerable differences in 

colour, shape and body size. Currently two subspecies of V. gouldii are recognized, V. 

g. gouldii and V. g. flavirufus; however, further examination will probably see this 

species split up into several species (King and Green 1999, Thompson 2004b).  

Varanus gouldii is commonly found in sandy terrain both in the arid and mesic 

parts of its range (Houston and Hutchinson 1998). This species is typically terrestrial 

and digs its own burrows, to which it will retreat. Though classed as a non-climbing 

species it will, retreat to trees if alarmed. Much of the habitat it occupies is open. 

Thompson (1992) recorded the movement of this species in Karrakatta cemetery. This 

species tends to be widely foraging. The mean daily distance travelled was 112 m, and 

the mean activity area in the same location was 8.91 ha. These lizards would emerge 

from a burrow close to the centre of their territory, then forage in the dense leaf litter to 

the edge of their activity area. Thompson (1994) reported that the mean speed of 

movement for V. gouldii between foraging sites was 27.6 m min-1, while the speed of 

foraging was much slower, 2.6 m min-1.  

This lizard has been observed to adopt a bipedal posture while standing 

(Glazebrook 1977; Thompson 2004b). The purpose of this behaviour has been 

described as an attempt to get a better view of the surroundings. Bipedal locomotion has 
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also been observed while running at top speeds (pers obs). During bipedal 

running the forelimbs are held out to the sides of the body, and the torso is held rigid. 

 

Varanus kingorum 

  

35 mm 

Size – Varanus kingorum is a small, long tailed monitor. The mean SVL length 

for the five type specimens is 98.4 mm (King 2004a).  

Habitat/distribution – Varanus kingorum is found only in the tropical north of 

Australia, near the borders of Northern Territory and Western Australia, where they live 

under rocks or in crevices within rocks. These rock outcrops may be in either 

escarpment, hilly or flat country and such outcrops are typically surrounded by sandy 

soil and open vegetation (King 2004a). Little is known of the foraging behaviour of this 

species. Observations on captive specimens have shown that specimens will hunt in the 

sandy patches around rocky outcrops (King 2004a).  

Diet – Diet data are also limited, but there seems to be a preference for 

grasshoppers as these made up about 50% of the diet (James et al. 1992). This diet data 

are consistent with the above observation suggesting V. kingorum primarily hunts in the 

areas adjacent to the rocky outcrops where it lives.  

Varanus kingorum is best classed as a sit-and-wait predator since most 

observation suggest is remains close to or within its retreat throughout its activity 

period, and as such much of the habitat of this species is closed. The retreat site of this 

species suggested that it may spend a significant proportion of its active time climbing 

on rocks, and therefore it has been classed as a climbing species.  
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Varanus mertensi 

180 mm 

 

Size – The 26 specimens of V. mertensi measured by Thompson and Withers 

(1997a) had an average SVL of 320.6 mm with a range of 150 mm to 460 mm.  

Habitat/distribution – Varanus mertensi is an aquatic monitor inhabiting the 

northern tropical regions of Western Australia, Northern Territory and Queensland 

(Christian 2004a). These monitors are typically found in or near water bodies such as 

rivers, lakes and billabongs. They occasionally shelter in rock crevices near water but 

also dig burrows into the banks on the side of water bodies. They may also sleep on 

branches of trees that are surrounding or overhang water bodies (Christian 2004a), 

suggesting this species spends some time climbing. When threatened these lizards will 

often retreat into the water, where they can stay submerged for considerable periods of 

time (Christian 2004a). The habitat of this species was classed as semi-open since it 

spends much of its time close to a retreat site (water).  

Varanus mertensi appears to be a widely foraging varanid (Christian 2004a; 

Mayes unpublished; Mayes et al. 2005). Mayes (unpublished) conducted a study on the 

movement patterns of 38 V. mertensi in the various lakes and channels of the Ord River 

Irrigation Scheme in the East Kimberley region of Western Australia. The mean daily 

speed of movement of six V. mertensi was highly variable with a mean of 1.4 ± 0.3 m 

min-1. The mean daily distance moved by these six V. mertensi was 670.32 ± 270.34 m 

and was highly variable with one individual moving up to 2.8 km. The mean daily 

activity area of five V. mertensi, observed in irrigation channels, adjoining swamps and 

farm dams was 0.65 ± 0.22 ha. The mean midday body temperature of this species was 

recorded as 34.0 ºC (Christian and Weavers 1996).  
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Diet – Much of the diet of V. mertensi consisted of freshwater crabs (Holthuisna 

sp.), which are dug out of burrows while foraging underwater (Mayes et al. 2005). 

Mayes et al. (2005) report that the diet of this varanid also contained agamids, pygopods 

and various terrestrial invertebrates. This coupled with behavioural observations 

suggests that at least some foraging is done on land (Mayes et al. 2005).  

 

Varanus mitchelli 

  

80 mm 

Size – Shine (1986) reported that the SVL of V. mitchelli range from 220 to 320 

mm within in Kakadu National Park, Northern Territory, but Storr (1980) reported that 

this species is smaller in the Kimberley region of Western Australia, the maximum SVL 

reaching 250 mm. Thompson and Withers (1997a) support Storr (1980), reporting that 

the mean SVL for 23 specimens was 193.3 mm and ranged from 118 mm to 253 mm.  

Habitat/distribution – Varanus mitchelli is found across the tropical and 

semitropical north of Western Australia and the Northern Territory. It is usually 

associated with fresh water habitats where it lives in trees (either dead or alive) and rock 

outcrops that are close to the water (Schultz and Doody 2004). When approached it 

retreats to tree hollow, crevices in the rocks and the roots of Pandanus, however, 

Schultz and Doody (2004) claim that it will readily attempt escape by swimming and 

diving underwater. Thus much of this species habitat is closed. Very little is known of 

the movement patterns of V. mitchelli. 

Diet – Dietary data suggests that it forages on trees, the ground and in the water, 

since prey items typical of these habitats have been found in stomach contents (Losos 

and Greene 1988; Shine 1986). Shine (1986) suggested that given its size and habitat 
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type, this species probably has small home ranges. Thus, this species could best 

be described as a sit-and-wait predator. Vincent and Wilson (1999) reported an 

observation that supports this claim, describing several specimens of this species 

waiting on branches overhanging a river, only to dive in to catch a passing fish.  

Varanus panoptes 

 

200 mm 

 

Size – This species is the third largest monitor in Australia. Thompson and 

Withers (1997a) report that the mean SVL for 12 V. panoptes panoptes was 252 mm, 

while the mean SVL for 17 V. panoptes rubidus was much larger averaging 350.8 mm.   

   Habitat/distribution – Currently three subspecies are recognized. Varanus p. 

rubidus is found throughout the arid interior of Western Australia to the Pilbara. This 

subspecies appears to be isolated from the tropical subspecies; V. p. panoptes. Varanus 

p. panoptes is distributed from the Kimberley region of Western Australia, throughout 

the tropical north of the Northern Territory to northern and central Queensland. A third 

subspecies V. panoptes horni is found in southern New Guinea (Christian 2004b). Of 

these, only the former two subspecies were included in this study.  

This species inhabits a wide variety of habitats including riparian habitats, 

coastal regions, floodplains, woodlands, mangroves and sparely vegetated arid regions. 

Much of the habitat it occupies is open. It is primarily terrestrial digging its own 

burrows (Christian 2004b).  

Varanus panoptes is an active forager (Christian and Weavers 1996; Christian et 

al. 1995). In a study by Christian and Weavers (1996), V. panoptes spent an average of 
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3.5 hr day-1 moving, some individuals moving as much as 6.6 hr day-1. Other 

species in the study spent less than 77 min day-1 moving. During this time they can 

cover a considerable distance. An active V. panoptes on a flood plain covered as much 

as 6 km in a day (Christian 2004b; Christian and Weavers 1996; Christian et al. 1995).  

Varanus pilbarensis 

 

 

 60 mm 

Size – Varanus pilbarensis is a medium sized slender monitor with a long tail. 

The mean SVL for 10 specimens measured at the Western Australian museum was 

137.4 mm and ranged from 67 mm to 180 mm (Thompson and Withers 1997a).  

Habitat/distribution – As the name suggests this species is found only in the 

Pilbara region of Western Australia. It is largely saxicolous, sheltering in the crevices 

and caves of ironstone cliffs and rock faces, granite outcrops and boulders (Cogger 

1992; Wilson and Swan 2003). The habitat of this species is classed as semi-open, since 

it is seen in the open but close to retreats. This species is sometimes associated with 

waterbodies, though not exclusively (King 2004b). Little is known of the movements of 

this species most of which has been inferred from diet.  

Diet – Dietary data consists of grasshoppers and a lizard (Ctenotus sp.) and this 

may suggest and actively foraging lifestyle (James et al. 1992). Two observations 

support this view, Wilson and Swan (2003) note V. pilbarensis has been seen 

‘patrolling’ the exposed faces of cliffs, and Johnstone (1983) records that V. pilbarensis 

forages for orthopterans.  
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Varanus rosenbergi  

90 mm 

Size – Varanus rosenbergi is a medium sized monitor with a SVL ranging from 

67 to 395 mm in Western Australia (Storr et al. 1983), though specimens on Kangaroo 

Island are known to grow larger (King and Green 1993). Thompson and Withers 

(1997a) reported the mean SVL of 38 individuals for the Western Australian Museum 

was 319.2 mm and these ranged from 150 to 422 mm.   

Habitat/distribution – Varanus rosenbergi mainly occur in open woodland, 

sclerophyll forests and heathland along the coast. It is primarily terrestrial and 

extensively uses burrows of its own or other animals making (King and King 2004). 

This habitat was classed as semi-open since sclerophyll forests are often show an 

understorey which may provide cover.  

Much of the work on activity patterns for this species was conducted on 

Kangaroo Island by King and Green (1993). Varanus rosenbergi has a wide-ranging 

foraging pattern. These lizards have home ranges that vary in size from 1.7 ha to 43.7 ha 

with a mean of 19.44 ha (King and Green 1993). Daily activity areas ranged from 0.16 

ha during the winter months to 2.43 ha during summer (Green and King 1978). During 

the peak of their activities in summer V. rosenbergi spend an average of 47.6 min day-1 

moving, and less in spring and summer (Christian and Weavers 1996).  

Diet – Most prey seems to be detected using scent, and many individuals are 

seen searching through leaf litter and soil with their snout in search of prey (King and 

King 2004). On Kangaroo Island a large proportion of the diet consists of mammals, 

lizards and invertebrates (King and Green 1993), though it is thought that at least some 

of the mammals were scavenged from road kill. Western Australian species consumed 

fewer vertebrates (King and King 2004).  
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Varanus scalaris  

 
 

70 mm 

Size – Varanus scalaris is a small sized varanid. The SVL’s of 56 individuals 

measured by Thompson and Withers (1997a) had a mean of 170.6 mm ranging between 

72 and 268 mm.  

Habitat/distribution – Varanus scalaris is distributed along the northern edge of 

Australia, from the west Kimberley region of Western Australia, through the tropical 

areas of the Northern Territory and along the north eastern edge of Queensland, from 

the tip of the cape to Townsville.  

This species is strongly arboreal, hiding in tree hollows 4 to 8 cm in diameter 

and 6-9 m above the ground (Smith et al. 2004). Though it spends a portion of its time 

in trees, much of the foraging is done on the ground – only retreating to trees when not 

foraging or retreating from predator. It uses different trees each day, and has been 

observed to visit four to eight trees per hour while foraging. Thus the habitat of this 

species is semi-open. A curious observation by Sweet (in Smith et al. 2004) suggested 

V. scalaris is quite clumsy on trees when compared to other arboreal goannas such as V. 

tristis or V. glauerti.  

Varanus scalaris moves for about 1.1 hrs day-1 in the dry season and up to 1.6 

hrs day-1 in the wet season (Christian et al. 1996). The home ranges of 40 lizards were 

quite small, less than 1 ha for females, and less than 1.5 ha for males and are quite 

stable throughout the year. Given suitable habitat this species can be found in quite high 

densities. 

Diet – Varanus scalaris appears to be an active forager, hunting for insects and 

small vertebrates. Several observations on the foraging behaviour of this species were 

 250 



Appendix 
 

recorded in (Smith et al. 2004). This species does not look in leaf litter, rather it 

looks under loose bark and under the wedge of fallen logs. They catch much of their 

prey on the ground, or from the lower few centimetres of grass stems and saplings. 

Varanus scalaris spends a lot of time examining the vegetation above them as they 

forage and seems to be searching for large stick insects most of the time (Smith et al. 

2004). This species has been observed attempting to catch small skinks (Carlia sp.) but 

Sweet never saw one actually catch any lizard. These observations suggest V. scalaris is 

an active forager.  

Varanus storri 

 

35 mm 

Size – SVL’s range from 49 mm to 132 mm, and Thompson and Withers 

(1997a) report that the mean SVL for 24 specimens at the Western Australian museum 

was 114.5 mm.  

Habitat/distribution – Two distinct populations currently recognised. V. storri 

storri occurs in the black soil area of Queensland, and the eastern side Northern 

Territory. A second population V. storri ocreatus is located in the Kimberley region of 

Western Australia, and the adjacent parts of the Northern Territory. Only this latter 

subspecies was included in this study.  

Varanus storri is terrestrial and occurs in rocky grassland with dead trees (Peters 

1973). They appear to live in colonies, with small home ranges. One author found 22 

lizards within 0.75 km2 and estimated the total population to be about 50 individuals 

(Peters 1973).  

Diet – They feed on insects, spiders and sometimes small lizards, that are 

usually associated around the boulders (James et al. 1992). These diet data, plus small 

home range sizes suggest that V. storri are mainly sit-and-wait predators.  
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Varanus tristis 

 

 

 70 mm 

Size – Varanus tristis is a medium sized lizard with 53 specimens having SVLs 

ranging from 68 to 290 mm, with a mean of 208.7 mm (Thompson and Withers 1997a).  

Habitat/distribution – It is a widespread lizard occurring across most of 

Australia, except for the cool temperate southern regions. They live in arid woodlands, 

tropical woodlands, rocky ranges and outcrops. This species is strongly arboreal living 

in the hollow or dead or live trees, but they also use rock crevices for shelter.  

Home ranges are quite large. In the Great Victorian Desert males moved on 

average 187 m day-1 while females moved less 110 m day-1 (Thompson et al. 1999). 

One male moved 890 m in a single day, another travelled 723 m in a day, into the wind 

probably following the scent of a female that it was later found with. Activity areas of 

males are much larger than that of females (40 vs 4 ha), during the breeding season.  

Diet – Varanus tristis consumes other lizards as well as baby birds (and 

probably eggs), and its track usually runs in a straight line from tree to tree as these 

monitors climb trees looking for food (Pianka 2004c). In Kakadu, this species forages 

primarily on the ground, where it searches the leaf litter for skinks. It has been observed 

chasing skinks for up to 10 m and the skinks rarely escape (Sweet, in Pianka 2004c). 

Sweet saw a single V. tristis capture up to four skinks (Carlia sp.) in a patch of leaf 

litter 1.5 m in diameter.  
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Varanus varius 

 
 

250 mm 

Size – Varanus varius is Australia’s second largest lizard. SVLs range from 105 

mm for juveniles to 765 mm for adults (Weavers 1988).  

Habitat/distribution – Varaus varius is found in eastern Australia forest and 

woodlands from the Cape York peninsula in Queensland to Victoria in the South, and 

west to Broken Hill in South Australia. This species is found in lowland open forest and 

woodland, though in arid areas they are usually confined to the margins of rivers and 

lakes. They are very capable of climbing trees, and generally retreat to this refuge when 

alarmed. Despite the large size of this monitor it seems capable of hanging onto a 

vertical tree truck for a considerable period of time (hours) without tiring. Weavers 

(2004) suggested that sharp claws and musculature of the toes enables this feat. 

However, despite their agility at climbing trees, Weavers (2004) suggest they spend 

little time in the arboreal habit, instead foraging widely on the ground. Occasionally this 

species will retreat to water, though this is recorded infrequently.  

Varanus varius will retreat to a burrow or tree hollow at night time only to 

emerge when the temperature rises enough to allow effective thermoregulation. This 

species is described as an intensive forager by Weavers (2004), although some success 

seems to come from chance encounters such as finding prey in tree hollows or burrows 

when the lizard is returning to an overnight roost. Varanus varius does not spend much 

of its time moving, on average spending only about 8.5 ± 5.4 % of their time actually 

moving around during the operating period of the day. The home range of male lace 

monitors with a mean mass of 5.1 kg was 65 ha (Weavers 1993), while Carter (1999) 

reported the home range of females was 25 ha.  
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Diet – Guarino (2001) found V. varius to be a generalist carnivorous scavenger 

and predator, with carrion dominating the diet. Weavers (2004) makes the observation 

that while vomeronasal organ is used extensively it seems less effective at detecting 

airbourne smells, rather he predicts that it could be used more for tasting food.  
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