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partial pressure of alveolar oxygen 

fractional concentration of end-tidal oxygen 

VT tidal volume 

VLR resting lung volume 

-
~(PA0 - PPv0 ) pressure difference between alveolar oxygen and pulmonary venous return 

2 2 

Tr inspiratory time 

pulmonary blood flow 

pulmonary diffusing capacity for CO 
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SUMMARY 

I measured maximal oxygen consumption ('Vo 2max) and standard metabolic rate in ten 

species of goannas to test whether, as a group, goannas have higher metabolic rates than 

other lizards. I found significant variation within this group of goannas, and no difference 

between goannas and other lizards in either measures of metabolic rate. Metabolism within 

the goannas was also examined with respect to foraging mode and habitat preference. 

Interspecific comparison of goanna metabolism adds support to the aerobic capacity 

hypothesis for the evolution of endothermy, and factorial scopes in lizards (;;::: 10) are at least 

the equivalent of mammalian values. 

Ventilation rate was measured concurrently with oxygen consumption in the experiments 

outlined above. During exercise, the increase in oxygen consumption rate was matched by a 

similar increase in ventilation rate, such that the ratio between ventilation and metabolism 

remained constant. This is significant given previous reports of hypoventilation (due to a 

mechanical constraint) and hyperventilation (in response to either an impairment to gas 

exchange or increased shunting). There is some evidence supporting the use of gular 

pumping in these goannas, and strong evidence for mouth breathing during exercise, which 

prohibits the sampling of nasal expiration only. 

The present study is the first to measure pulmonary diffusing capacity ( DLco ) during 

exercise in a reptile. I found that DLco doubled on average due to exercise, however, from 

five species (four varanids, one agamid) four different responses to exercise were apparent. 

These differences are most likely related to different behavioural responses to "resting" 

states, as well as differences in lung anatomy. 

I examined the haematological and rheological response to exercise in a range of lizard 

species. Differences in aerobic ability of these species were not related to either haematology 

or rheology, with the exception of mean erythrocyte volume. The applications and methods 

of optimal haematocrit theory are considered. 



1 General introduction and background 



Chapter I. Introduction and background 

1.1 GAS EXCHANGE AND THE OXYGEN TRANSPORT CASCADE 

In most animals, oxygen (02) flow and energy flow are inextricably linked. Although energy 

may be derived without oxygen (i.e. glycolysis in anaerobic respiration) the aerobic pathway, 

which utilises oxygen, has a far greater yield. During aerobic respiration (oxidative 

phosphorylation) the oxygen is reduced to form water, and carbon dioxide (C02) gas is also 

created as waste. In eukaryotes, the enzymes that facilitate oxidative phosphorylation are 

found in the mitochondria; this is the site at which oxygen is consumed and may be 

collectively known as an oxygen "sink". The flow rate of 0 2 through the respiratory system 

is conventionally termed "oxygen consumption", or V02 , indicating that its ultimate fate is 

to be consumed in aerobic respiration. Conversely, the flow rate of C02, V co
2 

, is a measure 

of carbon dioxide production. The study of the transport of 0 2 and C02, and associated 

processes, is the principal focus of a discipline known as "respiration physiology", a field 

which has been developing since the 17th century (Dejours 1988). 

In vertebrate animals, the transport of oxygen from the atmosphere to the mitochondrion can 

be considered as different stages of an "oxygen cascade" (Dejours 1975, see Figure 1.1). The 

analogy of a cascade is apt because it reflects the reduction in the partial pressure of oxygen -

Po 2 , the proportion of the total pressure that oxygen exerts- from atmospheric air (21.2 kPa, 

or 159 nun Hg) to the tissue cell (2:: 0 kPa) via the different stages of the respiratory system. 

The Po 2 is important because partial pressure differences drive the diffusive stages of the 

oxygen cascade. These diffusive stages are diffusion across the lung from alveolar air to the 

bloodstream, and diffusion from the bloodstream to the tissue cell and mitochondrion. The 

other two stages of the oxygen cascade are convective, and result in the mass flow of oxygen 

by movement of the medium that contains the oxygen. These two stages are ventilation of 

the lungs, and circulation of the blood. In addition to the oxygen cascade, there is the less 

celebrated carbon dioxide cascade, which maps the decrease in partial pressure of carbon 
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dioxide from the tissue cell to atmospheric air. The transport of 0 2 and C02 by the 

respiratory system of animals, and associated processes such as acid-base balance, comprise 

a massive body of literature. The following is a very brief summary of the different stages of 

oxygen transport. To reflect the direction of this thesis, and sustain reader interest, this 

introduction compares reptiles and mammals, and emphasises goannas versus other reptiles. 

Further emphasis is placed on structure versus function; gas exchange versus other functions 

of the respiratory system; 0 2 versus C02; and exercise versus rest. Subsequent chapters 

provide more detailed introductions to these topics. 

Lung 

Pulmonary 
circulation 

shunt 

Heart 

Systemic ___ _ 
circulation 

Tissue 
--------~- ~ cell 

Mitochondrion ----+--
ADP ATP 

Figure 1.1 The oxygen transport cascade: atmospheric air carrying 0 2 is ventilated into the lungs, 0 2 diffuses 
across the lung into the circulation, is carried by the bloodstream, and diffuses from the blood into the tissues and 
mitochondria. During steady state gas exchange, the flow rate of oxygen is constant at each of these different 
stages, and can potentially be measured at each stage. Modified from Dejours (1975) by Piiper (1993) to include a 
shunt, which may be intrapulmonary or intracardiac in reptiles. Note that C02 follows the reverse pathway of 
oxygen. 



=Ch~a~pt=er~l~.m~tr~o~d~uc~ti~on~a~n~d~ba~ck~~~o~un~d~---------------------------------------------3 

1.1.1 Ventilation and breathing patterns 

Although a few aquatic reptiles are able to exchange gases cutaneously (reviewed in 

Seymour 1982, Seymour 1989, King and Heatwole 1994), pulmonary gas exchange is the 

usual mode in reptiles (Wang et al. 1998c). Resting reptilian breathing patterns are 

characterised by non-ventilatory periods with a held inspiration, with expiration rapidly 

followed by inspiration (Glass and Wood 1983). Reptiles (apart from crocodiles, which have 

a structural equivalent) lack the diaphragm that facilitates mammalian ventilation, therefore 

inspiration is achieved by outward movement of the rib cage only (Perry and Duncker 1980). 

The work of Carrier and colleagues (Carrier 1987a, 1987b, 1989, 1990, Ritter 1995, 1996) 

has suggested that this limits ventilation during exercise, because the rib cage muscles are 

also involved in locomotion. Measurements (Wang et al. 1997) and calculations (Mitchell et 

al. 1981a,b) of the alveolar ventilation rate in a varanid lizard have shown that ventilation is 

more than adequate to supply enough oxygen during exercise in this species, but may be 

limiting in an iguanid species. Owercowicz et al. (1999) have recently documented a gular 

pump which some lizards use during exercise to augment ventilation. This novel finding is 

seen as a key factor in circumventing a possible mechanical constraint to breathing during 

exercise. 

I examine ventilation in goannas during exercise in Chapter 4. Changes in breathing pattern 

and total ventilation rate are related to oxygen consumption to test whether ventilation is 

adequate to meet the demands placed on the respiratory system by exercise. 

1.1.2 Pulmonary diffusion 

Ideally, as oxygen diffuses across the lung into the bloodstream, equilibrium should be 

reached between the Po 2 of the lung and the blood returning from the lungs, the pulmonary 

venous return. Such "ideal" pulmonary diffusion relies on theoretical circumstances such as 
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the homogeneity of: spatial and temporal distributions of ventilation, blood flow (perfusion) 

and the diffusing capacity of the lung (DL0) (Piiper et al. 1971). These homogeneous 

distributions are rarely, if ever, encountered (Powell 1994). In mammals, the Po 2 of the 

venous return is typically 0.4 - 1.1 kPa (i.e. 3-8 mm Hg) lower than alveolar gas (Piiper 

1989), indicating slight inhomogeneity of ventilation, or perfusion, or limited diffusing 

capacity. The Po 2 difference is greater, 1.3- 3.9 kPa (10-30 mm Hg), in reptiles (Seymour 

1978, Burggren and Shelton 1979, Hicks and White 1992, Hopkins et al. 1995). As with 

mammals, this may be caused by ventilation-perfusion inequalities, or diffusion limitations, 

or it may be due to an intrapulmonary shunt, in which some deoxygenated blood bypasses 

the lungs, and mixes with the pulmonary venous return thereby reducing the Po 2 of the 

venous return blood (Glass and Wood 1983, Wang et al. 1998c). Intracardiac shunts (right

left, R-L) would also reduce the Po2 of arterial blood, as deoxygenated blood from the right 

side of the heart mixes with oxygenated blood of the left side. 

Available evidence suggests that a Hmitation in diffusing capacity exists in reptiles during 

rest and activity. Mitchell et al. (198la) invoked a pulmonary diffusion limitation as an 

explanation of a large difference in Po 2 between alveolar air and arterial blood. However 

this does not preclude the possibility of intrapulmonary or intracardiac shunting, because 

arterial blood may contain deoxygenated blood shunted from the right side of the heart to the 

left side (Glass and Wood 1983). A more recent experiment which can differentiate between 

causes of Po 2 differences between alveolus and venous return blood has shown a large 

difference (2 - 2.7 kPa, or 15 - 20 mm Hg) in a resting turtle attributable to diffusion 

limitation (Hopkins et al. 1996). A study of monitor lizards showed no diffusion limitation at 

rest, but a significant diffusion limitation (1.9 kPa, (14 mm Hg), or 40% of the difference in 

Po 2 between alveolus and venous return) at exercise (Hopkins et al. 1995). Mammals are 

similar to the monitor lizard in this respect. There is negligible diffusion limitation at rest but 
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a significant limitation that accounts for some 70% of the Po 2 difference between alveolus 

and venous return during exercise (Wagner et al. 1986, 1989, Powell1994). 

In Chapter 5 I compare the pulmonary diffusing capacity in lizards at rest and exercise. I 

compare species of different aerobic abilities and different sizes, to relate these factors with 

pulmonary diffusing capacity. 

1.1.3 Circulation and 0 2 Transport 

The circulatory system of reptiles, like mammals, is made up of pulmonary and systemic 

circuits. One major difference is the lack of anatomical separation between ventricles in the 

(non-crocodilian) reptile heart, potentially leading to intracardiac mixing, or shunting (R-L, 

L-R), of oxygenated and deoxygenated blood streams (White 1976). The anatomy and 

function of cardiac shunts has been much studied (see, for example, Webb et al. 1971, 

Heisler et al. 1983, Wood 1984, Heisler and Glass 1985, Wood and Hicks 1985, Hicks and 

Malvin 1992, Ishimatsu et al. 1996, Wang and Hicks 1996) though many of the regulatory 

factors, mechanisms, and functions ofintracardiac shunts remain poorly known (Hicks 1994, 

Hicks and Wang 1996, Hicks and Krosniunas 1996, Hicks 1998). In the varanids, 

intracardiac shunting exists, despite the presence of a muscular ridge "Muskelleiste" in the 

ventricle (Webb et al. 1971, Heisler et al. 1983). However, the available evidence suggests 

that in varanids shunting is reduced with the elevated blood flow rates typical of exercise 

(Mitchell et al. 1981 a, Hopkins et al. 1995). In contrast, other types of reptiles tend to 

increase left-to-right shunting during activity (Hicks and K.rosniunas 1996). 

Oxygen transport by blood via the cardiovascular system can be calculated as the product of 

blood flow rate and the amount of 0 2 removed from the blood (given that systemic blood 

flow equals pulmonary blood flow, according to Pick's Law). The increase in oxygen 
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transport during exercise may be met through either of these components; I have examined 

aspects of both in Chapter 6. 

If the circulatory system is considered as a pump (heart) connected to tubes (vessels), the 

flow rate can be calculated according to Poiseuille-Hagen's equation for calculating the flow 

of liquids in tubes (Guyton 1986). This equation shows that the flow rate is inversely 

proportional to the viscosity of the fluid, and a decrease in viscosity will cause an increase in 

flow rate, potentially increasing oxygen transport. Increasing the amount of oxygen carried 

per mL of blood may also increase oxygen transport. In vertebrates, oxygen binds reversibly 

with the respiratory pigments (haemoglobin) which are housed in the red blood cell. An 

increase in haemoglobin therefore increases the amount of oxygen bound to the blood. This 

may be achieved by increasing the number of red blood cells (leading to an increase in 

haematocrit), or increasing the concentration of haemoglobin in each cell. However, an 

increased number of red blood cells also elevates the blood viscosity, which conversely 

would potentially reduce oxygen transport. Therefore there is a trade-off in terms of oxygen 

transport, and a theoretical "optimal haematocrit" at which oxygen transport is maximised. I 

have examined this theory with respect to lizards in Chapter 6. 

1.1.4 Diffusion to the tissue cell 

It seems somewhat ironic that the final stage of such a complex and ingenious pathway is an 

entirely passive, diffusive process. At the metabolising tissue, the carbon dioxide partial 

pressure, Pco2 , is high. This causes a decrease in the pH of the blood, as hydrogen ions 

dissociate from carbonic acid. This decrease in pH reduces the amount of 0 2 that the· Hb 

binds (i.e. the Bohr effect). The 0 2 is therefore freed from the Hb, and may diffuse into the 

capillary blood plasma, and then into the tissue cell. The magnitude of the Bohr effect in 

reptiles is generally smaller than in mammals, which is thought to reflect an adaptation to the 
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wide variation in plasma pH routinely encountered in reptiles (Pough 1980). Although this 

stage of oxygen transport is not examined in this thesis, comparison of oxygen delivery 

between reptiles and mammals emphasises the different rates of oxygen transfer in these 

groups. Reptiles tend to have more widely spaced capillaries at lower density leading to a 

low surface area of capillaries relative to tissue volume (Pough 1980, Bicudo 1993). The 

limits this may place on diffusion are partly offset by the relatively high partial pressure at 

which 0 2 is delivered to the cells, because reptile blood has a lower affinity for oxygen than 

mammalian blood (Pough 1980). 

1.1.5 Symmorphosis 

It would be impertinent to discuss comparative oxygen transport without also introducing C. 

R. Taylor and E. R. Weibel's concept of symmorphosis. S-tarting with a series of nine papers 

in the journal Respiration Physiology (vol 44, 1981), they examined oxygen transport with 

special focus on maximal oxygen consumption ("Vo 2rnax) in mammals, by allometrically 

comparing a range of wild species with different body masses. Sedentary species were also 

compared with similarly sized active species (e.g. dogs and sheep, horses and cows). These 

experiments were designed to test the hypothesis that animals are designed economically, 

and that there is no excess structure over and above functional requirements. They postulated 

that this economical design should be apparent at all levels of the oxygen cascade, so that at 

Vo 2max, all four stages of oxygen transfer should be at maximal transfer capacity (Taylor 

and Weibel 1981). Any additional structure or function would be wasted energy. 

Symmorphosis has proven to be an enduring paradigm with which to examine respiratory 

systems and oxygen transport. The available data provide equivocal support for the 

hypothesis (Taylor et al. 1989). For example, the volume of mitochondria in skeletal muscle 
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scale directly with Vo 2max, whereas the pulmonary diffusing capacity of oxygen apparently 

surpasses the requirements oflarge mammals (Weibel et al. 1987, Taylor et al. 1989). 

The concept of symmorphosis has been criticised on several fronts. For example, the system 

in question may have more than one function, so for which function is the system optimally 

constructed? It is difficult to prove that the primary function of the respiratory system is 0 2 

transport, rather than C02 transport or acid-base balance (Lindstedt and Jones 1987). 

Similarly, other comparatively minor functions of the respiratory system may divert 

evolution from optimality in its primary role (Lindstedt and Jones 1987). Jones (1994) re

iterates the statistical perspective that correlation does not necessarily invoke causation. 

Other criticisms are levelled at the hypothesis' concept of optimal design in physiological 

systems. Arguments have been made questioning the likelihood of selection acting 

unidirectionally on complex morphological structures or physiological processes (Dudley 

and Gans 1991). For example, many reptiles apparently maintain "excessive" locomotory 

abilities that are rarely, if ever, utiliss:d (Hertz et al. 1988). These apparent safety factors are 

not consistent with symmorphosis theory (Garland and Huey 1987, Dudley and Gans 1991). 

Recent work in the field of evolutionary physiology has shown how difficult it is to predict 

even which phenotypes may be acted upon by selection (Jayne and Bennett 1990, Garland 

and Carter 1994, Feder et al. 2000), let alone the resulting direction of these selections. 

Nevertheless, the comparative approach of Taylor and Weibel, is generally considered useful 

(Lindstedt et al. 1994, Jones 1998), and aspects of their theory and methods, particularly the 

use of allometry as an analytical tool, will be used in this thesis. 

1.2 METABOLIC RATE 

The oxygen cascade maps the pathway of oxygen used in aerobic respiration. The V02 is 

such a reliable estimate of the amount of energy being consumed via aerobic respiration that 



~C~ha~pt=er~l~-~m~~=d~uc~ti~on~a~n~d~ba~ck~cy~o~u~ndL----------------------------------------------9 

the terms oxygen consumption and (energy) metabolism are often used interchangeably 

(Schmidt-Nielsen 1990). Consequently, changes in energy requirements due to different 

physiological states are also matched by changes in V02 . 

1.2.1 Standard and resting metabolic rate 

The standard metabolic rate (SMR) is the ectothermic (i.e. amphibian, reptilian and piscean) 

equivalent of endothermic (i.e. mammalian, avian) basal metabolism; the chief difference is 

that ectotherms do not use energy to maintain high, constant body temperatures. The SMR is 

defined as the maintenance metabolism, and is measured in resting, fasted, non-reproductive 

reptiles during the inactive part of the diel cycle (Kleiber 1961, Bennett and Dawson 1976). 

The measurement of metabolic rates is so ubiquitous in animal physiology because it offers 

insights into the energy demands of animals, and relationships between physiology, ecology 

and behaviour. Because of the rather strict conditions under which it is measured, the SMR is 

a highly reproducible variable that offers meaningful comparison of energy use between 

different animals (Bennett and Dawson 1976). Given similar body size and temperature, the 

SMR of reptiles is typically 6-10 times lower than those of birds or mammals (Bennett 

1994). 

The metabolic rate at rest during an animal's normally active period (scotophase) may also 

be measured to allow calculation of energy consumption in studies of field metabolic rate. 

Although the resting V02 may be more ecologically relevant since it may include the costs 

of digestion and alertness (Niewiarowski and Waldschmidt 1992), it is inherently more 

variable, which may obscure species differences (Bennett and Dawson 1976). 
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1.2.2 Maximal metabolic rate 

The maximal metabolic rate, or maximal oxygen consumption CVo2max) is the oxygen 

consumption at a work intensity after which further energy is obtained by anaerobic 

respiration. Although this thesis investigates aerobic respiration in lizards, anaerobic 

respiration deserves attention. Reptiles may rely extensively on anaerobic respiration to fuel 

short-term burst activity (Gatten 1985, Baldwin et al. 1989, Baldwin et al. 1995), or during 

submergence anoxia when oxygen is absent (Jackson 1993). There are two disadvantages to 

anaerobic respiration: (1) it is unsustainable and leads to exhaustion due to either the 

accumulation of lactic acid or the depletion of substrate (Seymour et al. 1985), and (2) it is 

comparatively inefficient (Bennett 1982). The activities that require sustained energy 

consumption are aerobically supported: swimming and diving (Gleeson 1979b, Seymour 

1989), running (e.g. Bennett and John-Alder 1984, Bennett et al. 1975), egg laying (Paladino 

et al. 1996, though Jackson and Prange (1979) report an increase in both anaerobic and 

aerobic respiration in green turtles), shivering thermogenesis (Hutchison et al. 1966), prey 

capture and consumption (Pough arid Andrews 1985), and digestion (Secor and Phillips 

1997, Hicks et al. 2000, Bedford and Christian (in press)). It is pertinent to note however, 

that in absolute terms, these levels of sustained exercise are quite low compared to 

endothermic animals, in terms of power output and endurance (Pough 1980, Else and 

Hulbert 1981, Bennett 1982). 

How do these physiological properties manifest themselves in the biology of lizards? As 

Bennett (1994, p. 122) summarises: "Reptiles are confined by their physiological capacities 

to undertake rather slow activities that can be met with their modest aerobic powers or to 

engage in bursts of rapid movement that quickly result in exhaustion". The activities that 

reptiles regularly engage in include: foraging for food (Bennett and Gleeson 1979, Gleeson 

1979b, Thompson 1995), searching for mates (Phillips 1995), courtship (Garland 1993), 

male-male combat (Murphy and Mitchell 1974), escaping predation (Vitt 1983), and 
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territorial disputes (Christian and Tracy 1982). Although available evidence suggests it is 

unlikely that many of these activities are regularly undertaken at maximal rates (Hertz et al. 

1988, Garland 1993); however, the importance of maximal rates may lie in rare events that 

dramatically affect survival, for example escape from a predator (Gans 1979, Hertz et al. 

1988). 

1.2.3 Metabolism in varanid lizards 

Early studies ofvaranid metabolic physiology, based mainly on Varanus exanthematicus and 

V. gouldii, suggested that varanids were exceptional among lizards for their elevated SMR 

and Vo 2max (Bartholomew and Tucker 1964, Bennett 1972, Wood et al. 1977a, Wood et al. 

1978, Gleeson et al. 1980). Further measurements of resting, rather than standard, metabolic 

rates in different species found relatively high metabolic rates (e.g. Louw et al. 1976, Earll 

1982) though Gleeson's (1981) study of V. salvator found resting metabolic rates typical of 

other lizards. Andrews and Pough (1985) updated allometric equations of Bennett and 

Dawson (1976), allowing comparison of varanids with other types of lizards. There was 

significant variation between different squamate families, but the family highest resting 

metabolism (Varanidae) was not statistically higher than the lowest family, Boidae 

(Andrews and Pough 1985). 

Later studies reported low SMR compared to other lizards, in V. gilleni (Bickler and 

Anderson 1986), and higher SMR in V. gouldii and V. panoptes (Thompson and Withers 

1992). Thompson and Withers (1997c), incorporating data from Thompson et al. (1995) and 

Christian and Conley (1994), compared varanids to the squamate data set of Andrews and 

Pough (1985). As size increased, the difference between varanids and the squamates as a 

whole increased; large varanids (=: 1000 g and above) have higher SMR than other large 

lizards at 35°C, but there is no difference at 25°C. [Note however, that Andrews and Pough's 
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(1985) regressions include data from several species ofvaranids, which should technically be 

removed for independent comparison against varanids. I have recalculated the Andrews and 

Pough (1985) regressions in Chapter 3- the regressions do not alter whether or not varanids 

are included.] 

Phylogenetic relationships and ecological factors (mainly foraging mode) are thought to 

influence metabolic rate. Andrews and Pough (1985) teased apart the relative importance of 

each factor by grouping lizard species into four ecological categories: day active predators, 

herbivores, reclusive predators, and fossorial predators. They found that "day active" 

predators (i.e. widely foraging) had greater SMR than the "reclusive" (sedentary) species. 

They also searched for phylogenetic effects by comparing the SMR for each family of 

squamates. The ecological grouping accounted for much more variation in SMR (i.e. 43%) 

than the family group (16%). The low SMR of the Helodermatidae, closely related to the 

Varanidae, but sedentary in nature, reaffirms the importance of ecological factors over 

phylogeny (Beck and Lowe 1994). 

The varanids have long been lauded for their active lifestyle compared to most other reptiles. 

This has been interpreted as the basis for their apparently higher metabolic rates. This pattern 

is reflected by comparisons within the varanids. Widely foraging species have greater SMR 

than sedentary species, although there is a dearth of data on the sedentary species because of 

the rarity of this foraging mode in the varanids (Thompson and Withers 1997c). 

Early studies of varanids found high Vo 2max (Bennett 1972, Gleeson et al. 1980). Further 

study on another species, V. salvator, led to a more conservative appraisal of the metabolic 

physiology of Varanus, with the suggestion that the abilities of the more aerobic species may 

not be representative of the entire family (Gleeson 1981). Gleeson's cautionary approach has 

not been embraced in the general literature (e.g. Greer 1989, Garland 1993), perhaps 
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understandably fuelled by the extremely high Vo 2max in V. gilleni (Bickler and Anderson 

1986). In contrast to SMR, the Vo 2max in Helodermatidae is comparable to the varanids 

(John-Alder et al. 1983, Becket al. 1995). 

More recent measurements have shown a varanid with a low Vo 2max (V. mertensi), and 

others with high Vo 2max (V. gouldii, V. panoptes, V. rosenbergi - Christian and Conley 

1994. Thompson and Withers (1997c) doubled the database of Vo 2max in varanids: five 

previously uninvestigated species (V. caudolineatus, V. tristis, V. eremius, V. acanthurus, V. 

brevicauda) and three previously investigated species (different sub-species of V. panoptes 

and V. gouldii, a geographically distinct population of V. rosenbergi). The (small) arboreal 

species in this study had elevated Vo 2max compared to the terrestrial species, which, 

nevertheless, had maximal metabolic rates "typical" of other varanids. It is apparent in 

Thompson and Withers' (1997c) summary of varanid Vo 2max (their Figure 1, p. 314) that 

three species fall below the regression line for "terrestrial varanids" (these are V. gouldii, and 

two aquatic species V. salvator and V. mertensi) and that the three arboreal species measured 

to date all fall above the terrestrial varanid regression. Despite this variation, Thompson and 

Withers (1997c) concluded that Vo2max (measured by treadmill exercise) is elevated in 

varanids compared against five other species oflizards. 

Elevated Vo 2max (and SMR) in lizards is associated with widely (or "active") foraging 

species, compared to sedentary "sit-and-wait" predators (Bennett et al. 1984, Thompson 

1999, Garland 1993). This suggests that, even if foraging activities are conducted at sub

maximal rates (Hertz et al. 1988), an elevated Vo 2max is advantageous for active foragers, 

perhaps by elevating stamina. The majority of varanids are active foragers (Greer 1989, 

Cogger 1986, Pianka 1995), and this may explain the elevated Vo2max. Alternatively, 

elevated Vo 2max may be a primitive feature of the Varanoidea, the superfamily consisting of 
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Varanidae, Helodermatidae and Lanthanotinae. There are no physiological data on 

Lanthanotus, which are aquatic and fossorial, but otherwise poorly understood (Pough et al. 

1998). 

The evidence for high Vo 2max in active foraging goannas compared to sedentary species is 

not particularly compelling due to the paucity of data on sedentary goannas (n = 2, 

Thompson and Withers 1997c). Additionally, suggestions of an elevated Vo 2max in arboreal 

goannas (Thompson and Withers 1997c), and the possibility of aquatic species having low 

Vo zmax , require more data to fully test these relationships. There is clearly scope for 

investigating the metabolism of varanids with respect to foraging mode (active against 

sedentary) or habitat (aquatic, terrestrial, arboreal) given more data from more species. The 

varanids are an ideal group in which to examine this phenomenon because there is a large 

body of work already available, and the species are in a single genus, which reduces but does 

not remove the potentially confounding effects of phylogeny. Phylogeny may be a factor 

influencing metabolic rate, because more closely related species should be more similar to 

each other than distantly related species. Therefore, it may not be appropriate to compare all 

species as if they are independent from each other, which is the "traditional" ("across the 

tips") analysis using analysis of variance or covariance and species as a factor (Felsenstein 

1985, Martin and Garland 1991, Garland and Adolph 1994). An independent contrast 

technique is now routinely used to take phylogeny into account during analysis (Felsenstein 

1985, Garland et al. 1992, Purvis and Rambaut 1995). Nevertheless, the case of two closely 

related lacertid lizards in which the active forager had a significantly elevated metabolism 

(Bennett et al. 1984, Huey et al. 1984), and Andrews and Pough's (1985) ranking of foraging 

mode as more important than phylogeny in determining metabolism, both suggest that 

metabolism is a relatively plastic trait. 
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1.3 WHY V ARANIDS? 

1.3.1 Varanus exanthematicus is the Drosophila of comparative reptilian studies 

As shown, there is strong historical interest in the metabolic physiology of goannas. 

Although some recent work has focussed on increasing the number and diversity of species 

whose metabolism has been examined (e.g. Thompson and Withers 1994, Christian and 

Conley 1994, Thompson et al. 1995, Thompson and Withers 1997c, 1997b), it is 

extraordinary how most experiments have focussed on one species, the commercially 

available V. exanthematicus. The list is extensive: ventilation during exercise (Wood et al. 

1977b, Mitchell et al. 1981a, Hopkins et al. 1995, Wang et al. 1997), the metabolic cost of 

digestion (Hicks et al. 2000), cardiovascular physiology (Gleeson et al. 1980, Burggren and 

Johansen 1982, Johansen and Burggren 1984), cardiac shunts (Heisler et al. 1983, Heisler 

and Glass 1985), pulmonary diffusing capacity (Glass et al. 1981 ), control of breathing 

(Glass et al. 1979), cost of transport (Rome 1982), haemoglobin structure (Abassi and 

Braunitzer 1991), acid-base balance (Wood et al. 1977a, Wood et al. 1981, Gleeson and 

Bennett 1982), and modelling the aerobic capacity hypothesis (Bennett et al. 2000). 

Although V. exanthematicus is obviously an important model upon which a substantial 

database has been collected, generalisations from a single species are risky. Therefore, part 

of the aims of this thesis (and other research conducted alongside this study) was to examine 

aspects of oxygen transport in a wider range of species to test conclusions based on V. 

exanthematicus. 

1.3.2 Goanna biology 

Varanid lizards ("goannas") are a common part of the faunas of Africa, continental Asia and 

Australasia. The term 'goanna' is the common name ofvaranids in Australia, elsewhere they 

are known as monitors. 'Goanna' is apparently a mis-translation of 'iguana', a distantly 
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related family of New World lizards (Pianka 1994). There are 47 varanid species recognised 

world-wide, a figure constantly being revised upwards as new species are described (Harvey 

and Barker 1998). Goannas are all classified in the genus Varanus, the sole genus in the 

family Varanidae. Over half of the described species are found in Australia. Varanids inhabit 

a wide range of environments (e.g. tropical, arid, temperate) and are adapted to a variety of 

habitats (mangroves, freshwater streams, deserts, forests, savannas). Within these habitats, 

species can be grouped according to the niche that they exploit: saxicoline (rock dwelling), 

terrestrial, semi-aquatic, or arboreal (tree dwelling) (Greer 1989). 

Although widely considered to be morphologically conservative (Shine 1986, Pianka 1995, 

King and Green 1999), close examination has shown variation in body fom1 related to sex, 

phylogenetic relationships, foraging mode, and lifestyle (Bedford and Christian 1996, 

Thompson and Withers 1997a). The adult body mass varies dramatically; a 2700 times 

increase from 20 g V. brevicauda (Thompson and Withers 1997a) to 54 kg V. komodoensis, 

the largest extant lizard (Auffenberg 1981). All varanids are carnivores or insectivores, 

however one species (V. olivaceus) is exclusively frugivorous at times (Auffenberg 1988, 

King and Green 1999). Available evidence suggests that most varanids forage over large 

distances, are opportunistic, but spend most time foraging in areas of likely success 

(reviewed in Losos and Greene 1988, Auffenberg 1984). However, a few species are more 

sedentary in nature and may be considered ambush or "sit-and-wait" predators (e.g. V. 

acanthurus - Dryden et al. 1990; V. glebopalma, Sweet 1999; V. storrii, Peters 1973; V. 

brevicauda, James 1996). Studies on the diets ofvaranids emphasise the wide variety of prey 

consumed, reflecting the predominant actively foraging mode. There are ontogenetic, 

seasonal and geographic differences in diet (Losos and Greene 1988, Shine 1986, Pianka 

1994, Auffenberg 1981, 1988). Smaller species tend to prey exclusively on invertebrates, 

and larger species, with their larger gapes, include other vertebrates, eggs and carrion in their 

diets but also ingest small prey (Losos and Greene 1988, King and Green 1999). 
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Due in part to their active nature and their foraging prowess, it has been suggested that, in 

Australia at least, varanids fill the ecological niche that placental carnivores occupy in other 

continents, and that has not been exploited by marsupial predators (Pough 1973, Hecht 1975, 

Losos and Greene 1988). This may be a contributing factor in the extensive radiation of 

varanids within Australia, although some marsupial predators ( dasyurids, thylacine) are 

contemporaneous with the varanid radiation (Pianka 1994). Losos and Greene (1988) 

conclude that although V. komodoensis may occupy a niche similar to the predatory "big 

cats" (i.e. lions, tigers etc) the "typical" varanid is more analogous to a small insectivorous 

fox. 

1.3.3 Goanna phylogeny 

As with varanid physiology, the taxonomy and phylogeny of the varanids have attracted 

much interest, with the somewhat inevitable differences of opinion echoing the many 

different techniques used. The earliest taxonomic study compared bone structure and 

external morphology (Mertens 1942, cited in King and Green 1999). This taxonomy has 

since been extensively revised and updated to include more species. Without seriously 

entering the phylogenetic debate (a topic worthy of its own thesis), different studies have 

examined: chromosome morphology (King and King 1975), hemipene morphology (Branch 

1982, Card and Kluge 1995), lung morphology (Becker 1991), micro-complement fixation 

(MC'F) of the protein albumin (King et al. 1991, Baverstock et al. 1993), and electrophoresis 

of proteins (Fuller et al. 1998). Phylogenies based on morphology are generally dissimilar 

from those constructed with genetic evidence (Baverstock et al. 1993). Early work suggested 

as many as ten groups or clades of species, but there are now considered to be only four or 

five clades (King and King 1975, Baverstock et al. 1993). Australian varanids are grouped 

into two of these subgenera. The Varanus sub-genus consists of larger, mainly Australian 

species: V. gouldii, giganteus, mertensi, panoptes, rosenbergi, spenceri, varius, and the 
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Indonesian komodoensis and salvadori. The Odatria sub-genus comprises between 17 and 

21 (depending on which study is used) small, exclusively Australasian species, apparently 

sharing a common ancestor with Varanus (Pianka 1995). Varanus indicus, distributed widely 

across South East Asia, PNG and northern Australia, is a relatively recent arrival to Australia 

(Pianka 1995). Some studies have considered V. eremius as an outgroup (King et al. 1991), 

however, it is now considered part of the Odatria (Fuller et al. 1998). 

The biogeographic origins of the varanids are also hotly debated. Arguments have been 

made for an Australian or Asian origin. The fossil record suggests a Laurasian origin some 

65 million years before present, and subsequent African, then Australasian radiations 

(Hoffstetter 1968, cited in Baverstock et al. 1993). The earliest Australian fossils are from 

Miocene deposits from 15 million years ago offering support to this hypothesis (Hecht 

1975). However, Baverstock et al. (1993) and Hutchinson and Donnellan (1993) proposed an 

Australian origin based on high species diversity and their findings of paraphyly in 

Australian varanids. The Australian origin is no longer supported. Molecular dating of the 

albumin of Australian species suggests these species are more recent than the Indo-Asian 

clade, and about the same age as the African clade (Baverstock et al. 1993). The age of the 

Australian species (15-20 million years) is in broad agreement with the first contact of the 

Australian landmass with Asian islands (Baverstock et al. 1993). Molecular evidence further 

supports an Asian origin over a Gondwanan origin because the Asian species are more 

closely related to the Australian species, than the Australian and African species are related 

to each other (Fuller et al. 1998). Additionally, the molecular evidence of Fuller et al. (1998) 

indicates paraphyly in the Asian species, and monophyly in the Australian species. 



~C~ha~pt~~wl~-~In~tro~d~uc~ti~on~a~n~d~ba~ck~cy~o~uillnd~--------------------------------------------19 

1.3.4 Arc independent contrasts feasible with this phylogeny? 

The advantage of the phylogenetic independent contrasts technique over traditional "across 

the tips" non-phylogenetic analysis is that variation in traits that is the result of evolutionary 

history can be accounted for, potentially allowing for the examination of adaptive variation 

only. However, as proponents of the independent contrasts technique acknowledge, the 

analysis is only as robust as the phylogeny on which it is based (Huey 1987). As described 

above, the varanid phylogeny has been a source of some controversy. Nevertheless, Christian 

and Garland (1996) used the phylogeny generated by Baverstock et al. (1993) to compare the 

scaling of limb in 22 species of goannas with an independent contrasts analysis. Many of the 

branch lengths were estimated by eye. In a subsequent paper, Thompson and Withers 

(1997c) did not conduct independent contrasts because the phylogeny generated by 

Haverstock et al. (1993) was incomplete and not rooted. Therefore, there is apparent discord 

as to what constitutes a suitable phylogeny for this type of analysis. 

The most recent phylogeny (Fuller et al. 1998) is rooted (their description, not this author's). 

Lanthanotus and Helodermatiodae, the two closest extant relatives were designated as 

outgroups. However, this phylogeny does not include the majority of species which were 

examined in this study (V. baritji, V. gilleni, V. glebopalma, V. mertensi, V. scalaris, V. 

spenceri and V. storrii). Therefore the derivation of phylogenetic relationships and the 

calculation of branch lengths would be based on guesswork. In this case, phylogenetic 

independent contrasts analysis would be pointless. It is more appropriate to wait for a more 

complete phylogeny, which is currently being generated using DNA sequences by Jennifer 

Ast at the University of Michigan, partly based on specimens donated from this study. 
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1.4 AIMS 

This study was stimulated by the findings of Christian and Conley (1994) who reported a 

varanid (V. mertensi) with low-intermediate aerobic abilities. Up until that study, the 

prevailing view was that varanids uniformly possessed elevated aerobic capacities (e.g. 

Garland 1993), despite measurements on relatively few species, all of generally similar size 

and lifestyle, and the explicit expression that the extent of aerobism in the varanids may have 

been overstated (Gleeson 1981). The present study aimed to determine if the V. mertensi 

result was exceptional, or indicative of significant variation within the genus. Therefore the 

aerobic capacity of a range of species is investigated in Chapter 3, and is related to the 

behavioural characteristics and lifestyles of the species, incorporating the findings of 

Thompson and Withers (1997c). 

Measurements of the supply of oxygen (ventilation rate) were made concurrently with 

measures of the demand (02 consumption rate) given the findings of ventilation inadequacies 

(Carrier 1987a, b). Chapter 4 answers the question: Can varanids ventilate their lungs during 

locomotion? 

The measurement of gas exchange and ventilation from gases expired across the nostrils only 

became common during the course of this study (Crafter et al. 1995, Hopkins et al. 1995, 

Wang et al. 1997). As the methods sections of these papers imply, this introduces the danger 

of expiration occurring through the mouth, and thereby underestimating the rates or volumes 

in question. The question "Do lizards breathe through their mouths while running?", as 

answered in Schultz et al. (1999), is posed in Chapter 2. 

Chapter 5 exammes pulmonary diffusion to determine if Mitchell et al.'s (1981a) 

interpretation of a diffusion limitation during exercise is supported in different species of 

lizards. This is the first determination of physiological pulmonary diffusion in reptiles that 
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measures either (1) a "natural" rebreathing procedure in reptiles, or (2) diffusing capacity 

during exercise. 

The final experimental chapter examines aspects of the second convective stage of the 0 2 

cascade. Some of the 0 2 transport characteristics of the blood of lizards are examined with 

the aim of relating measured haematocrits to predicted optimal values. 



2 The partitioning of ventilation in lizards: implications for 

respiratory mask design 
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SUMMARY 

I measured the partitioning of airflow between nasal and oral circuits in five species of 

lizards before, during and after exercise. Expired gases were measured separately from the 

mouth and nose circuits in order to estimate the relative contribution of each circuit to 

ventilatory airflow. Nasal breathing dominates before exercise, however, during exercise the 

breathing pattern switched to oronasal expiration. Airflow averaged 30% oral expiration 

across all species during, and after exercise. These results have important implications for 

the design of appropriate masks for respirometry in lizards. In order to ensure that all gases 

are captured, it is critically important that both the nose and mouth circuits are sampled. 
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2.1 INTRODUCTION 

2.1.1 Measurement of oxygen consumption in lizards 

Early measurements of oxygen consumption rate, V02 , in lizards typically used a 

respirometer chamber to ensure collection of all expired gases (Bartholomew and Tucker 

1964, Bartholomew et al. 1965). This is the typical method of measuring the standard 

metabolic rate (SMR) or resting metabolic rate (RMR), and is still commonly used (e.g. 

Bedford and Christian 1998, Clnistian et al. 1999a). However, this method restricts access to 

the experimental subjects. Therefore, studies which simultaneously examine the 

cardiovascular and respiratory systems (e.g. Tucker 1966, Hopkins et al. 1995) mainly use a 

mask to collect expired gases. Masks are also used to measure oxygen consumption in 

animals exercising on a treadmill (e.g. Bennett and Gleeson 1979, Seeherman et al. 1981). 

Early researchers agitated the subjects within respirometry chambers with manual 

stimulation or electric shocks (e.g. Bennett 1972). However, the treadmill is a superior 

method because it allows quantification of the exercise effort. Although small animals may 

be exercised on a treadmill without a mask in a miniature respirometry chamber (Herreid et 

al. 1981, Autumn et al. 1994), masks are routinely used in studies on larger animals. 

Though V02 may be measured with either a respirometry chamber or a mask, by virtue of 

their different levels of invasiveness, these methods measure different physiological data. 

Standard metabolic rate (SMR, equivalent to basal metabolic rate in mammals) is measured 

in fasting, sleeping, non-reproductive reptiles during their normal inactive periods (Schmidt

Nielsen 1990). Resting metabolic rate (RMR) may include costs associated with digestion, 

posture or circadian rhythm during the normal period of activity. Consequently, SMR is 

measured in a respirometry chamber, and RMR may be measured either with a mask or 

respirometry chamber (Bennett 1972, Gleeson 1981). Resting metabolism in reptiles is 
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generally 1.4 times greater than SMR (Andrews and Pough 1985). However, there is 

substantial variation within this generalisation. In some species there is no difference 

between RMR and SMR (Labra and Rosenmann 1994, Bedford and Christian 1998), while 

others have substantial differences (Niewiarowski and Waldschmidt 1992, Bickler and 

Anderson 1986). Christian et al. (1998) found variation between different populations of the 

same species. 

Masks were first used to measure oxygen consumption in reptiles by Tucker (1966) and 

Moberly (1968a, b). These early masks sealed around the lizard's face, and a constant flow 

of air was passed through the mask into a pressure transducer and oxygen analyser. Sealed 

masks permit the measurement of ventilation and breathing patterns (Bennett 1972, Bickler 

and Anderson 1986). However, Withers (1977) showed that an "open" style respirometry 

system, using a downstream suction pump, may also be used to measure oxygen 

consumption with a "flow-through" mask. Both open and sealed masks have been commonly 

used to measure maximal oxygen consumption ("Vo 2max) in many species of lizards 

exercising on a treadmill (see references in Chapter 3 of this thesis). 

The mask must incorporate several important design considerations. First, the mask must be 

as light as possible and not retard movement. Secondly, dead space volume and resistance 

must be minimised. Thirdly, vision should not be impaired, and fourthly all of the expired 

gases must be collected, otherwise Vo 2 and Vco2 will be underestimated. The most common 

open-style mask is a clear acetate cone, placed over the entire head (Bennett and Gleeson 

1979, Christian and Conley 1994, Thompson and Withers 1997c). Sealed masks fitted over 

the entire head have been made of neoprene (Bennett 1973b) and clear plastic (Bickler and 

Anderson 1986). More recently, a sealed mask inserted into the nares has measured 

ventilation and Vo 2 in lizards (Hopkins et al. 1995, Crafter et al. 1995, Wang et al. 1997). 

The mouth was not included in the mask, and gases were not sampled from the mouth during 
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the measurements. Although Hopkins et al. (1995) performed several tests to ensure that 

expired gases were not leaking from the mask, there are several reasons to believe that 

expired airflow from the mouth may be significant, at least during exercise in lizards. These 

reasons include: (1) the partitioning of ventilation (i.e. oral, nasal or oro-nasal) in other 

animals, (2) anatomical and (3) field observations. 

2.1.2 The partitioning of ventilation in mammals 

In humans, the general pattern of airflow during normal breathing at rest is mainly or 

exclusively nasal (Niinimaa et al. 1980, Malarbet et al. 1994, James et al. 1997). Despite the 

high resistance of the nasal circuit, approximately two thirds of the resistance of the airways 

(Ferris et al. 1964), this pathway offers advantages in terms of"conditioning" the inspired air 

by warming, humidifying and filtering the air. In addition, much of the heat and moisture is 

recovered from the expired air through the same pathway. Although the oral route has a 

much lower resistance, it does not offer the air conditioning advantages of the nose, and 

leads to drying of the oral mucosa (Harber et al. 1997). 

In humans, ventilation during exercise increases as a result of increases in both tidal volume 

and frequency (Guyton 1986, Weibel 1984). The accompanying rise in inspiratory and 

expiratory flow rate causes turbulent airflow in the nostrils, leading to much greater 

resistances than at rest (Fregosi and Lansing 1995). The mounting resistance encountered in 

the nasal passages forces some air through the mouth, a circuit of lower resistance. The 

switching point to oronasal breathing occurs at about 30 % of the maximum workload 

(Niinimaa et al. 1980). The percentage of mouth breathing increases with exercise intensity, 

up to an average of 50 % of the total ventilatory flow during maximal exercise (Niinimaa et 

al. 1980, Niinimaa et al. 1981, Malarbet et al. 1994, Harber et al. 1997). The partitioning of 
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ventilation is similar in dogs (Amis et al. 1996a, b). However, other mammals are considered 

to be obligatory nasal breathers (Proctor 1988). 

2.1.3 The partitioning of ventilation in reptiles 

Scant information exists in regard to the partitioning of airflow in reptiles, either at rest or 

during exercise. Earlier studies prevented such measurements as they used tight fitting 

facemasks that either combined both airflows ( eg. Bennett 1973b, Mitchell et al. 1981 b, 

Bickler and Anderson 1986) or prevented airflow from the mouth so that all air was directed 

through the nostrils (Wood et al. 1977a). More recently, a number of studies have reported 

no, or negligible, mouth breathing at rest (Carrier 1987a, Hopkins et al. 1995, Wang et al. 

1997). However, intermittent mouth breathing was observed during panting at 37°C in one 

species at rest (Crafter et al. 1995). Mouth breathing is considered negligible during exercise 

(Carrier 1987a, Hopkins et al. 1995), however only Hopkins et al. (1995) have actually 

measured expired gas or airflow at the mouth during exercise. In addition, these findings are 

based on measurements in one species (Varanus exanthematicus) and observations in a few 

others (Iguana iguana, Ctenosaura similis, V. salvator and Pogona vitticeps). 

A conclusion that mouth breathing is negligible is somewhat surprising given: (1) resistance 

through the oral circuit is less than through the nasal circuit, (2) a larynx in lizards positioned 

such that the glottis opens directly into the oral cavity, suggesting that air will leak from the 

mouth if the mouth opens during expiration, and (3) field observations of lizards opening 

their mouths when foraging (Auffenberg 1981, Auffenberg 1988) or displaying (pers. obs.). 

To test the hypothesis that airflow through the mouth is an important component of the total 

ventilatory flow during exercise in lizards, five species (one agamid and four varanids) were 

fitted with masks that separated the nasal and oral airflows. The expired fractional 



~C~ha~pt~er~2~.Th~e~p~art~it~io~m~·n&go~f~v~enillti~lailltio~n~in~l~iz~ar~dsL-_______________________________________ 27 

concentration of oxygen was measured from both masks before, during, and immediately 

after treadmill locomotion. These results were incorporated into the design of a sealed 

lightweight mask, suitable for treadmill exercise in lizards (Chapters 3, 4). 

2.2 MATERIALS AND METHODS 

The five species of lizards were collected in the Northern Territory, Australia, housed in 

outdoor cages, and fed on whole mice. Details of each species are presented in Table 2.1. At 

least 12 hours prior to measurement, lizards were placed in a constant temperature room at 

35°C. I then fitted an "open" style mask to both the nose and mouth. The nose mask was 

constructed from polyether material (Impregum, ESPE, Germany), pre-cast to the head of 

each lizard such that air from the nares was directed through wide connecting channels into a 

snorkel-like tube (length 75 mm, diameter 16 mm) that emerged from the top of the mask 

and opened to the room. I re-sealed the nose mask around the nares and upper jaw with 

polyether. A bias flow of 1 L min-1 sucked room air through a small polyethylene tube 

(diameter 3 mm) connected to the base of the snorkel, ensuring that all gas expired through 

the nares was sampled for analysis. The seal of the mask was tested by occluding the open 

end of the snorkel and adding a given volume of air through the polyethylene tube that 

resulted in either the lizard inflating, or the gular cavity, if present, expanding. 

The mask that collected expired gas from the mouth was constructed from clear acetate and 

formed a cone that covered the head. The snorkel of the nose mask passed through the 

facemask, such that it sampled air independently from the facemask. A bias flow of air (1 L 

min-1
) was drawn past the mouth by a tube (diameter 3 mm) attached at the front of the 

facemask. 
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After the masks were fitted, the lizard was placed on a treadmill at 35°C, covered with a 

cloth and allowed to rest quietly for at least 30 min. The treadmill was then started and the 

lizards were encouraged to run at speeds ranging from 0.5 to 0.7 km h-1
• These speeds are 

below the maximal aerobic speeds for these species (Christian and Conley 1994, Thompson 

and Withers 1997c, Chapters 3, 4) and were selected to reduce strain on the mask. The 

lizards were exercised for as long as they would sustain this level of activity. At the end of 

each experiment the nosepiece was tested for its seal and on the few occasions that a leak 

was found, the data were discarded. Periodically throughout the experiment, the inlets of 

both masks were sampled with a C02 analyser to ensure that no expired gas from either 

circuit was escaping analysis. 

Air from both the mouth and nose circuits was dried (Drierite, W. A. Hammond, U.S.A.) and 

scrubbed of C02 (Dragersorb, Drager, Luger, Gennany). The fractional oxygen 

concentration (F02 ) for both circuits was continually monitored (S3A-II 0 2 analyser, 

Ametek, Pittsburgh USA) and recorded on computer at 1OHz (Mac Lab, AD Instruments, 

Sydney, Australia). Oxygen consumption was calculated according to equation 4b in Withers 

(1977) for the last 10 min of the resting period ("pre-exercise"), averaged during steady state 

exercise (achieved within two min of the commencement of running), and for 2 min 

immediately after the animal stopped running ("post-exercise"). The latter represents a 

measurement of oxygen demand induced by activity but without the compounding effects of 

locomotory activity. 

Total Vo 2 was resolved as the sum of that determined for both the nasal and oral circuit. I 

have assumed that ventilation volume rates for each circuit are proportional to the V02 • 

Thus, the amount of air flowing through either the mouth or nose can be expressed as 

percentage of the total Vo 2 • For statistical analysis, percentage data were arcsine 

transformed (Zar 1996). Within a species, differences between the various levels of activity 
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(pre-exercise, exercise, post-exercise) were compared using repeated measures ANOV A and 

planned contrasts using modified t tests with the Dunn-Bonferroni method and P < 0.05 

(Systat v 5 .0). The exercise and post-exercise data were compared by paired t-test where pre-

exercise values were not obtained (in V. mertensi). 

2.3 RESULTS 

Total Vo 2 measured during the experiments (Table 2.1) and the variability that exists within 

a species is of the order expected for submaximal exercise in these species (Bennett 1972, 

Christian and Conley 1994, Thompson and Withers 1997c). Three of four species 

significantly elevated Vo 2 during exercise compared to pre-exercise values (asterisks in 

Table 2.1, Figure 2.1). On average, Vo 2 increased 2.4 fold during exercise and was 

maintained at this level in the period following the cessation of exercise. 

Table 2.1 Oxygen consumption in lizards before, during and after exercise. Values are mean± 1 SE. Sample size 
for each condition is presented in parentheses. Asterisks (*) denote a significant increase from pre-exercise 
values. The absence of pre-exercise values for V. mertensi is due to the failure of this species to remain quiet once 
fitted with the mask. 

Vo 2 (mi.. g·' h" 1) 

Species Mass (g) Pre-exercise Exercise Post-exercise 

Agamidae 

Chlamydosaurus kingii 597 ± 30 0.32 ± 0.07 (8) 0.89*± 0.06 (8) 0.96*± 0.09 {8) 

Varanidae 

Varanus spenceri 1153±207 0.32 ± 0.09 (2) 1.06 ± 0.37 (2) 0.62 ± 0.16 (2) 
Varanus gouldii 1134 ± 173 0.22 ± 0.05 (5) 0.82"± 0.32 (5) 0.51*± 0.23 (5) 
Varanus panoptes 1925 ± 582 0.29 ± 0.18 (2) 0.64*± 0.05 (2) 0.53.± 0.10 (4) 
Varanus mertensi 1099 ± 150 0.43 ± 0.06 (5) 0.43 ± 0.06 (5) 

Pre-exercise, all species relied on nasal breathing, averaging 99% nasal expiration (Figure 

2.1), although eight individuals (two V. panoptes, one V. spenceri and all five V. mertensi) 

would not rest while masked. The partitioning of ventilation changed during exercise, and 

the contribution of oral breathing to total V02 ranged from a mean of 11% in V. spenceri to 
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49% in V. mertensi. This increase in oral expiration from pre-exercise values was significant 

in V. gouldii, V. panoptes and C. kingii. Across all species, expiration through the mouth 

during exercise averaged 30% of total expiration. This pattern remained essentially the same 

post-exercise, though in one species, V. mertensi, oral expiration increased to 64% (paired t-

test, P < 0.005). Figure 2.2 shows a representative recording of [02] during pre-exercise, 

exercise and post-exercise periods for one lizard. 
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Figure 2.1 Nasal (unshaded) and oral (shaded) contribution to total gas exchange. The contribution towards gas 
exchange is considered equivalent to the airflow for each pathway. Values are expressed as a percentage of the 
total oxygen consumption for each species: Ck C. kingii, Vs V. spenceri, Vg V. gouldii, Vp V. panoptes, Vm V. 
mertensi. Mean percentages± I SE are also give for the nasal contribution. Asterisks(*) indicate a significantly 
elevated oxygen consumption compared to pre-exercise values. 

The percentage of mouth breathing tended to increase as total Vo2 increased. The regression 

between % mouth expiration and total Vo 2 over all three exercise states for all lizards has a 

significant positive slope (n = 74, r = 0.097, F = 7.72, P = 0.007). Only one individual lizard 
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Figure 2.2 (a-c) A typical trace showing expired 0 2 divided into its nasal (solid line) and oral (dashed) 
components. Three minutes at each activity level, (a) pre-exercise, (b) exercise, and (c) post-exercise are shown 
from a single Varanus gouldii, mass 1560g. 
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(a V. spenceri) did not use any oral expiration during either the exercise or post-exercise 

samples. Niniimaa et al. (1980, 1981) categorised their subjects as either "nose breathers" 

(persistent nasal breathing), "mouth breathers" (persistently oronasal), or "normal 

augmenters" (switching from nasal to oronasal during exercise). Assuming that V. mertensi 

follows the same pre-exercise pattern as the other lizards, of the 25 individual lizards studied 

here, seven were nose breathers, five were mouth breathers and 13 were normal augmenters. 

2.4 DISCUSSION 

This is the first study to quantify the partitioning of ventilation between nasal and oral routes 

in lizards. The results clearly demonstrate that throughout steady state exercise and 

immediately after, airflow through the mouth contributes substantially to breathing in these 

lizards. fu fact, the partitioning of ventilation during ·rest and exercise in lizards is 

remarkably similar to the patterns shown by mammals, and suggests that oral breathing 

during exercise may be a feature of ventilation in air-breathing vertebrates. 

Lizards expire orally during panting (Crafter et al. 1995), however other studies have 

indicated nasal expiration only, during rest and exercise (Hopkins et al. 1995, Wang et al. 

1997). The different results of the latter studies and this one may reflect differences in 

species or methods. Hopkins et al. (1995) examined a varanid, Varanus exanthematicus, and 

tested for oral expiration at rest by placing masked animals in a respirometer chamber and 

sampling the air within the chamber. This is a similar method to this study, and the similar 

results for lizards pre-exercise is not surprising. During exercise, Hopkins et al. (1995) 

sampled air from in front of the mouth, and "no C02 production was detected during these 

measurements" (p.l784). I tested the same method in the species from this study in separate 

experiments, and found detectable changes in the [C02] in approximately half of the 

individuals. However, because the full face mask detected oral breathing in 24 of 25 lizards, 
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I conclude that the C02 method is not as sensitive as a full mask. This does not prove that V. 

exanthematicus breathes through its mouth like the species in this study, but questions the 

value of the C02 test as an indication of oral breathing. 

Given that oral breathing was a ubiquitous observation during and after exercise in this 

study, it is a little surprising that it has not been previously detected. In the wild, and on the 

treadmill, the frillneck lizard often runs with its mouth wide open (pers. obs.), a trait which is 

probably more related to augmenting the ferocity of its trademark frill, than a necessary 

function of adequate gas exchange. This was one of the principal observations inspiring this 

study. In the varanids, apart from tongue flicking, there is no obvious indication that the 

mouth opens during exercise, although oral breathing was recorded in these experiments 

without tongue flicking. In these cases, the most likely route for expired gases leaking from 

the mouth is the grooves at the very tip of the snout. The tongue pokes through these 

grooves, allowing tongue-flicking without actually opening the mouth. If tongue-flicking 

was not occurring, however, it would be easy to wrongly believe that a closed mouth 

necessarily meant a sealed, airtight mouth. This is not the case. 

Varanus spenceri was the only species that did not significantly increase its Vo 2 during 

exercise, and mouth breathing similarly did not increase significantly during any time period. 

This is likely the result of small sample sizes, rather than a biological phenomenon. Oral 

breathing (11% of total expired gases during exercise) was detected in this species. Given the 

implications of not sampling this oral component, this is a biologically significant result, 

even if it is not statistically significant. When all the data for all lizards are pooled, there is a 

positive regression between% mouth breathing and total Vo 2 • This suggests that the oral 

circuit is recruited to enable the augmentation of Vo 2 • It is possible that Vo 2max may be 

reduced if the oral circuit can not be accessed, however, this possibility would require further 

investigation. 
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While this study is not concerned with species comparisons as such, it is of interest to note 

that the aquatic species (V. mertensi) displayed the greatest amount of oral breathing during 

and immediately after exercise. This may be related to a higher nasal resistance in this 

species, resulting from relatively narrow nares which can be occluded by valves, presumably 

used to prevent water entering the nares on submersion (pers. obs.). 

Airflows through the mouth and nose were not measured directly in this study. Instead, 

expired gases were collected and analysed for fractional concentrations of oxygen and the 

percentages of total gas exchange contributed to by either the mouth or nose were assumed 

to equate proportionally to ventilation through either pathway. Such an assumption is valid 

for airflows during expiration, but little can be said in this study about inspiration. It is 

possible that the distribution of airflow may change -between mouth and nose during 

inspiration and expiration. Indeed, it has been shown that dogs routinely inspire through the 

nose and expire through the mouth (Schmidt-Nielsen 1972a p.28). 

Further, the profile of [02] changes during expiration. The initial part of the expired breath 

includes dead space; hence a value of [02] closer to inspired values. If a lizard altered 

airflow between the mouth and nose during expiration, then airflow surmised from Vo 2 

would not necessarily be correctly proportioned. Nevertheless, such adjustment in the 

partitioning of airflow does not detract from the finding that during exercise and post

exercise, airflow occurs through the mouth in lizards. 

This study has important implications in terms of masking lizards to measure ventilation rate 

or gas exchange during exercise. If the mouth is not included in the mask, there is the clear 

risk of underestimating measurements by not capturing expired gases from the mouth. I 

found that almost three-quarters ( 18/25) of the lizards expired more than 20% of their total 
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expired gases through their mouth during exerctse. Ventilation or Vo 2 would be 

significantly underestimated if this component is ignored. 

In conclusion, in relatively unstressed lizards sitting quietly on the treadmill, airflow is 

almost entirely nasal. During exercise, at least in this study, lizards switched to oronasal 

breathing and maintained this pattern during post-exercise recovery. The switch to oronasal 

breathing during exercise is presumably an attempt to reduce airway resistance at a time 

when ventilation is augmented to meet increasing oxygen demands, both during, and after, 

exercise. This finding suggests that in lizards airflow through the mouth should not be 

ignored. At the very least, an effort should be made to ensure that the mouth in lizards either 

remains sealed, or is included, when sampling expired gases or measuring ventilatory flow. 

The implications of these results with respect to buccal pumping (Owercowicz et al. 1999) 

are discussed in section 4.4.1. 



3 Standard and maximal metabolic rates in varanid and other 

lizards: allometric and ecological relationships 
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SUMMARY 

For over thirty years, varanids have been considered unique among lizards, notable for their 

highly active, widely foraging lifestyles with correspondingly high maximal oxygen 

consumption rates. In this chapter I report standard and maximal rates of oxygen 

consumption measured in six species of previously uninvestigated varanid species, and have 

consolidated all data from other studies on varanids and other lizards. I have directly 

compared the standard and maximal metabolic rates and found no difference between 

varanids and other lizards in either mass exponent or elevation. Additionally, species were 

grouped into families and broad phylogenetic relationships were examined. The comparison 

of SMR between families of lizards was not possible due to heterogeneity of slopes. 

However, examination of Vo 2rnax showed that varanids along with teiids and iguanids form a 

group of lizards that have relatively high Vo 2rnax. 

I examined the varanid data with respect to proposed relationships between metabolism and 

ecological and habitat types. Generally, patterns were more clearly seen in SMR compared to 

Vo 2rnax. Over the mass range (0 - 300 g) active foraging species had higher SMR than 

sedentary species. There was no difference in Vo 2rnax between the two eco-types over the 

entire mass range investigated. Species were divided into one of four habitat-types. 

Saxicoline and semi-aquatic species tend to have lower SMRs than either terrestrial or 

arboreal species. There was significant variation in Vo 2rnax in relation to habitat-type, but 

post-hoc testing did not delineate these effects. 
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3.1 INTRODUCTION 

3.1.1 Metabolism in reptiles 

Studies on the metabolic rate of reptiles tend to concentrate on either end of the metabolic 

spectrum: the standard metabolic rate (SMR) and the maximal metabolic rate (Vo 2max ). The 

former is important because it represents the minimal energetic cost of maintaining life, and 

the latter represents the upper limit on sustainable exertion. Both of these physiological 

parameters may act on, or be influenced by, other components of an animal's ecology and 

behaviour, such as home ranges, foraging modes, distribution or abundance. As Hertz et al. 

(1988) comment: "The extent to which energetics and physiological capacities constrain the 

behaviour and ecology of animals is a fundamental but unresolved question in physiological 

ecology" (p. 927). 

In general, reptilian metabolism is ~airly typical of terrestrial ectotherms, and an order of 

magnitude lower than endotherms (Bennett and Dawson 1976, Bennett 1982). On average, 

reptiles can increase their aerobic metabolism about seven times during maximal exercise 

(Bennett 1982). Thus, the factorial aerobic scope, Vo 2max /SMR, (Seymour 1973) is seven. In 

mammals, the factorial aerobic scope is slightly higher, at around 10 (Bennett and Ruben 

1979, Taylor 1987, Peters 1983). Therefore, although reptiles are generally categorised as 

being poor aerobic performers, in relative terms they can increase their metabolism almost as 

much as a mammal. In addition to aerobic metabolism, anaerobic respiration has long been 

recognised as an important component to reptilian activity (Bennett 1982, Gatten 1985). 

Indeed, activity in several species is routinely anaerobic (Bennett and Licht 1972, Bennett et 

al. 1975, Baldwin et al. 1989). 
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3.1.2 The effect of temperature, Q10 

The effect of temperature on metabolism in ectotherms is well documented (Bennett and 

Dawson 1976, Schmidt-Nielsen 1990). An increase in body temperature causes a 

concomitant increase in metabolism, the size of which is measured as the Q10• In reptiles the 

Q10 of SMR tends to be lower at higher temperatures, although there are many cases where 

Q10 remains constant at high temperatures (see Bennett and Dawson 1976). On average, for a 

100g lizard the Q10 drops from 2.87 between 20 and 30°C to 2.12 between 30 and 37°C 

(Bennett and Dawson 1976). In the varanids, Varanus acanthurus shows a constant Q10 

(Thompson and Withers 1994), while Varanus bengalensis, Varanus scalaris, Varanus 

gouldii, Varanus panoptes, Varanus brevicauda, and Varanus caudolineatus show a 

decreasing Q10 (Earl 1982, Christian et al. 1996a, Bennett 1972, Thompson and Withers 

1992, Thompson and Withers 1997c, Thompson and ~ithers 1994 respectively). A few 

studies have shown a slight increase in the Q10 as temperature increases (Bickler and 

Anderson 1986, Thompson and Withers 1992). 

Generally, temperature affects Vo 2max as it affects SMR (Bennett 1982). The Q10 for Vo 2max 

in reptiles is between 2.0 and 2.5 between 20 and 35°C for lizards of all body sizes (Bennett 

1982). In smaller reptiles, the thermal dependence is strong and Vo 2max increases indefinitely 

until the lethal temperature is reached. Larger species tend to show a plateau in Vo2max above 

the preferred temperature (Wilson 1974, Bennett 1982). Consequently, in these species the 

factorial aerobic scope is largest at lower temperatures, since SMR continues to rise and 

Vo 2max remains constant (see section 3 .1.4). John-Alder and Bennett (1981) found equivalent 

Q10s for SMR and Vo 2max in the iguanid Dipsosaurus dorsalis. The thermal dependence of 

Vo2max has scarcely been investigated in varanids. Bennett (1972) found that Q10 was 

constant at 1.78 as temperature increased in Varanus gouldii. In comparison, Sauromalus 
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increased its Yo 2max with increasing temperature up to 30°C (Q10 = 2.17) but remained 

constant between 30 and 40°C (Q10 = 1.08) (Bennett 1972). 

3.1.3 The allometry of metabolism- SMR 

The body mass of any animal exerts a profound influence on its metabolism. The "absolute", 

or "whole animal", oxygen consumption of a larger animal is greater than that of a smaller 

animal because, put simply, more tissue consumes more oxygen. However, in mass specific 

terms, larger animals have lower metabolic rates than smaller animals because the slope of 

the relationship between absolute Vo2 and mass is less than unity. The plot of metabolism 

against mass is best described by a power curve of the form y =a Mb, where a is the mass 

coefficient, M is body mass, and b is the mass exponent. This relationship is made linear by 

taking the logarithms of each axis, and this is the traditional way in which metabolic data are 

examined and analysed. This relationship is described by: log y = log a + b log M. Least 

squares regression are conventionall~ used to describe this relationship rather than reduced 

major axis analysis because of the much greater errors usually associated with measuring Y 

rather than X (Garland 1983, Calder 1987, Zar 1996). 

This allometric relationship is well known, but an explanation of the empirically determined 

mass exponent (the slope of the relationship, b) has remained controversial over its long 

history (eg Heusner 1982 a,b, Feldman and McMahon 1983). Benedict (1938) is credited 

with the first investigation of allometry and metabolism (White 1987). "Rubner's surface 

law" predicted a b value of0.67, based on the surface area to volume ratio (Schmidt-Nielsen 

1990). However, Kleiber (1944, 1961) and Hemmingsen (1960, cited in Schmidt-Nielsen 

1984) found that 0.75 was the best estimate forb, over a wide range of sizes and species, for 

both endotherms and ectotherms, and even unicellular organisms. However, this data set has 

been criticised for the high proportion of domesticated species that may misrepresent true 
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scaling relationships in wild animals (Hayssen and Lacy 1985). Heusner (1982a, 1984, 1987) 

has proposed 0.67 forb, based on theoretical dimensional analysis. Other studies (Hinds and 

MacMillen 1984) report b differing significantly from 0.75. Part of the variability in 

measurements of b may be explained by examining groups of data within a species 

(intraspecific) or between species (interspecific) (Feldman and McMahon 1983, Wieser 

1984). In mammals, it is generally accepted that the intraspecific scaling exponent for 

standard (basal) metabolism is 0.67, and the interspecific exponent is 0.75. The exact value 

of mammalian interspecific b does vary somewhat, however it is generally considered that 

the 95% confidence intervals encompass 0.75 (Stahl 1967, Taylor and Weibel 1981, Calder 

1987, Frappell and Baudinette 1995). 

As a group, reptiles may be better suited to analyses of intraspecific allometric scaling since 

adult mass may vary more widely than in mammalian species (Andrews and Pough 1985). 

Bennett and Dawson (1976) reviewed the reptilian metabolic data and found no difference 

between a b of0.80 at 20°C and 0.77 at 30°C for all reptiles at SMR. For squamates at 20°C 

the regression equation relating SMR and mass (M) is: 

SMR 20 ° c(mL min "1
) = 0.0017 M 0

·
80 

At 30°C the same relationship is: 

SMR 30° c (mLmin"1
) = 0.0046M 0

·
77 

(Equation 3.1). 

(Equation 3.2). 

Further investigation by Andrews and Pough (1985) reported very similar equations. 

Interspecific b scaled to 0.80 power of mass at both 20 and 30°C for squamate reptiles at 

SMR, significantly greater than 0.75. They also found significant variability in the range of 

intraspecific b values (average 0.67, range 0.51 to 0.80) at different temperatures and 

different species. 

Within the squamates, the scaling relationships of the varanid family have generated recent 

significant interest (Christian and Conley 1994, Thompson and Withers 1997c, Thompson 
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1999). Earliest reports indicated that the SMR of varanids did not differ significantly from 

other reptiles (Bartholomew and Tucker 1964, Bennett 1972, Wood et al. 1978). Andrews 

and Pough (1985) found that varanids have the highest SMR of any squamate family 

although it was not significantly greater than the lowest family (Boidae). A high SMR has 

been linked to a high aerobic capacity in anuran amphibians (Taigen 1983), as has been 

proposed for Varanus (Bennett 1982, Andrews and Pough 1985, Bennett and Ruben 1979). 

However, this suggestion was directly examined by Christian and Conley (1994), who found 

no difference in SMR despite considerable differences in Vo zmax in six species of large 

lizards (four varanids). Further examination (Thompson and Withers 1992, Thompson and 

Withers 1994, Thompson et al. 1995, Thompson and Withers 1997c) indicates that the 

interspecific scaling exponent at 35°C ·within the varanids (b = 0.92) is significantly elevated 

compared to other squamates (b = 0.80). Therefore, as lizard mass increases, the varanid 

SMR becomes increasingly larger than the "typical" squamate. However, the mass exponents 

were not different at 25°C (pooled slope b = 0.87, Thompson and Withers 1997c). 

Intraspecific scaling of SMR in the varanids has also received recent attention. Wood et al. 

(1978) reported an intraspecific b of 0.57 at 25 and 30°C for Varanus exanthematicus. In 

contrast, Thompson and Withers (1992) found values as high as 1.1 for Varanus gouldii and 

Varanus panoptes, 1.04 and 0.86 for Varanus acanthurus and Varanus caudolineatus 

respectively (Thompson and Withers 1994) and 0.93 for Varanus giganteus (Thompson et al. 

1995). Thompson and Withers (1997c) summarise available varanid data and calculate 

pooled intraspecific b values of 0.89 and 0.97 at 25 and 35°C. At higher temperatures, the 

SMR within a varanid species is therefore isometrically related to body mass. The reasons 

behind this uncoupling of the usual allometric relationship are unclear, although the high 

degree of variation within the squamates suggests that this finding may not be unique among 

lizards (DeMarco and Guillette 1992, Beaupre et al. 1993, Chappell and Ellis 1987, Andrews 

and Pough 1985). 
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3.1.4 Allometry of Vo 2max 

The BMR in mammals scales interspecifically with mass raised to the 0.75 power (Kleiber 

1961) and Vo 2max scales slightly, though not significantly, higher at 0.81 (Taylor et al. 1981). 

Similarly, Lechner (1978) reported no significant difference between b values of 0.73 for 

BMR and 0.68 Vo 2max in small mammals. For reptiles in general, and lizards on their own, 

Bennett (1982) reported a similar matching of the scaling exponents for SMR and Vo 2max. 

At 35°C the relationship between Vo 2max and body mass in lizards is summarised as: 

Vo 2 max (mL min -I)= 0.0487 M 0
'
76 (Equation 3.3). 

However, the b value decreased from 0.81 at 20°C to 0.64 at 40°C. Therefore at 40°C, larger 

lizards tend to have reduced aerobic scope, however, at al_l other temperatures the factorial 

aerobic scope is independent of size because SMR and Vo 2max scale similarly with body 

mass. The pattern at 40°C is not considered to be biologically important, as this temperature 

is outside the activity range of many species (Bennett 1982). Furthermore, much of these 

data were collected using electric shocks as the stimulus for Vo 2max, an outdated method 

which in some cases does not accurately reflect true exercise (Seeherman et al. 1981, John

Alder et al. 1986, Garland 1993). The Vo2max has been measured during treadmill exercise in 

a number of squamate species since the late 1970s, and further discussion of Vo2max in 

reptiles is henceforth limited to treadmill exercise. 

Until recently, the intraspecific allometry of Vo2max in reptiles has received virtually no 

attention. Garland (1984) found that intraspecific metabolism in Ctenosaura sirnilis scaled 

with M0
'
86 and M0

·
92 for SMR and Vo 2max respectively. Although these two mass exponents 

were not significantly different from each other, similar measurements on Arnphibolurus 

(Ctenophorus) nucha/is were significantly different (0.83 and 0.95 for SMR and 
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Vo 2max respectively, Garland and Else 1987). Thompson and Withers (1997c) reported 

highly variable intraspecific b values ranging from 0.44 to 1.32 in eight species of varanids, 

with a pooled slope (0.79) significantly greater than 0.67. They conclude that due to the 

considerable variability between intraspecific Vo 2max b values "it is not possible to suggest a 

general intraspecific relationship ... for squamates or even to make a conclusive statement for 

a single genus" (p. 317). 

3.1.5 Interspecific differences in SMR- Ecological, phylogenetic and habitat 
considerations 

Bennett and Dawson (1976) present a single regression equation that summarises the 

relationship between SMR and mass in reptiles, noting that resting metabolism appears to be 

a conservative feature within the Reptilia. fudeed, reptilian SMR differs little from other 

poikilotherms (Bennett and Dawson 1976, Bennett and Ruben 1979, Hemmingsen 1960 

cited in Schmidt-Nielsen 1984). Bennett and Dawson (1976) ascribed much of the variability 

they did find in the squamate literature to differences in methodology and lack of 

standardisation between studies, while noting the low SMRs in xeric xantusiid lizards 

(Snyder 197la, and later Mautz 1979). The low SMR is thought to show an adaptation to 

low productivity habitats (Mautz 1979, Mautz and Nagy 2000). Geckos also tend to show 

relatively low metabolic rates compared to other squamates (Snyder 1971a, Feder and Feder 

1981, Putnam 1978, Cortes et al. 1994), however low metabolism is not a feature of all 

geckos (Putnam and Murphy 1982). Conversely, Pough and Busack (1978) reported 

unusually high SMRs in lacertid lizards of the genus Acanthodactylus. The above studies 

forced Bennett (1982) to re-evaluate the data set and to suggest that variability in SMR in 

squamates may be related to taxonomic, morphological and/or ecological differences. 

Andrews and Pough (1985) specifically addressed this question for 107 species of 

squamates. They reported that ecological classification (four groups based on foraging 
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strategy and food preference: day-active predators, herbivores, reclusive predators, and 

fossorial predators) had a far greater influence over SMR than phylogenetic affiliation. For 

example, the families with the highest and lowest mean metabolic rates (the varanids and the 

boids) were not distinguishable from each other. In comparison, day active predators had 

significantly higher metabolic rates than reclusive predators, which in tum had greater rates 

than fossorial predators. Herbivores were not distinguishable from either day active or 

reclusive predators. This important finding suggests that metabolism is a relatively labile 

character, and is intrinsically linked to an animal's lifestyle and ecology. 

Chappell and Ellis (1987) further examined this paradigm within the family Boidae. They 

confirmed the low metabolic rates of this family, but could not determine the relative 

importance of ecological and phylogenetic relationships. They found differences between 

various phylogenetic and ecological groupings. At the sub-family level, pythons had elevated 

SMR compared to boas, and there were significant differences among the python and boid 

genera. However, they also found significant variation within some genera, even those which 

were considered ecologically homogenous. The ecological groups did differ significantly, 

but interpretation is hampered because as much variation exists among groups as between 

groups. These problems could potentially be overcome with a phylogenetic, independent 

contrasts analysis (eg Felsenstein 1985, Garland et al. 1992). 

Other studies have further investigated the relationship between SMR and ecology (foraging 

pattern, habitat preference). Despite some concerns with the two species approach (Garland 

and Adolph 1994), studies have compared closely related, sympatric species which differ in 

foraging mode. In such studies the active forager often has higher SMRs than the reclusive 

(or sedentary, "sit-and-wait") species (e.g. in snakes from three different families Al-Johany 

and Al-Sadoon (1996), agamid lizards Al-Sadoon (1986), geckos Putnam and Murphy 

(1982), and helodermatid lizards (Beck and Lowe 1994)). Bedford and Christian (1998) 

interpret the very low SMRs of Australian pythons as energy conservation measures in 
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sedentary species. Other studies have shown no difference in SMR between active foraging 

and sedentary species (Nagy et al. 1984). Sedentary species are often fossorial. Different 

studies have measured predictable SMR (Withers 1981) and low SMR (Kamel and Gatten 

1983) in such reclusive, fossorial species. 

Other factors are known to affect SMR in squamates. As previously mentioned, some xeric 

species show exceptionally low rates of metabolism (Al-Sadoon and Abdo 1994, Snyder 

1971a, Zari 1991). However, the interpretations of these studies may be questioned because 

the effects of phylogeny have been ignored. This problem was avoided by studying tropical 

and arid-zone populations of the same species (Christian et al. 1998). The SMR of the arid

zone population was not different to the tropical population, and there were no seasonal 

differences. However, seasonal changes in SMR have been reported in several species of 

reptiles during winter in temperate climates (Gatten 1985, Tsuji 1988) and during dry 

seasons in the tropics (Christian et al. 1996a, Christian et al. 1999a). To briefly summarise, 

differences in SMR between squamate species may be subtle (Bennett and Dawson 1976, 

Andrews and Pough 1985), or disguised within phylogenetic relationships, but nevertheless 

may be related to ecology, lifestyle, or habitat preference. A thorough examination of a large 

group of closely related species could examine these patterns and reduce phylogenetic 

concerns. 

3.1.6 Interspecific differences in Vo2max 

In broad terms, SMR is a good predictor of aerobic abilities. For example, endotherms 

generally have SMRs and Vo 2max ten times greater than ectotherms (Else and Hulbert 1981, 

Else and Hulbert 1983). Generally, aerobic squamate species tend to have relatively high 

SMRs, but ecological factors may override this relationship (Andrews and Pough 1985). For 

example, varanids have relatively high SMR and high aerobic scopes, whereas the highly 



~Ch~a~pt~er~3~.r~sm~e~ta~bo~h~·sm~in~v~arn~n~id~s~di~ff~~e~n~tt~o~ot~he~rl~iz~M~ds~? _________________________________ 46 

aerobic lizards Ophisaurus ventralis, Cnemidophorus murinus, and the helodermatids have 

low SMR (Kamel and Gatten 1983, Bennett and Gleeson 1979, Bennett 1982, Beck and 

Lowe 1994). Bennett et al. (1984) found higher Vo2max in comparing an active forager to a 

closely related sympatric sedentary species. Thus, the general pattern is that Vo 2max is high 

in active foraging species, irrespective of SMR (Andrews and Pough 1985). However, the 

helodermatid lizards offer a strikingly different pattern, as they are reclusive predators with a 

low SMR and high Vo2max (Beck and Lowe 1994, Becket al. 1995, John-Alder et al. 1983). 

As suggested above, there is considerable variation in the Vo 2max of squamate species 

(Bennett 1982). Early studies on Varanus varius and Varanus gouldii suggested that varanids 

had particularly high Vo 2max compared to other species of lizards, and could support high 

levels of activity for long periods of time (Bartholomew and Tucker 1964, Bennett 1972). 

These findings were supported by further studies on Varanus exanthematicus 0N ood et al. 

1977a, Wood et al. 1978, Gleeson et al. 1980). Varanids were considered to be "mammal

like" in terms of their metabolic physiology (Louw et al. 1976, Wood et al. 1977a), lung 

anatomy (Perry 1983), and the ecological niche they filled, especially in Australia (Pough 

1973). 

Gleeson (1981) found a moderately high Vo 2max in Varanus salvator (compared to other 

species which were mainly shocked or handled to activity), but limited ability to sustain 

locomotion at higher speeds. Gleeson (1981, p. 428) summarises the available data on 

Vo 2max in lizards: " ... the suggestion by these data that...some members of the family 

Varanidae may be no more aerobic than some lizards of other families. While as a group, 

varanid lizards probably are more aerobic than most lizards of other families, data from other 

varanid species are necessary to substantiate this suggestion". This echoes Shine's (1986) 

findings that despite morphological similarities, varanids are more variable in ecological 
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terms than previously thought. Despite Gleeson's (1981) findings, varanids are often 

categorised in the literature as being highly aerobic (Greer 1989, Garland 1993), due in part 

to the very high aerobic scope in Varanus gilleni (Bickler and Anderson 1986). Christian and 

Conley (1994) addressed this particular problem and found significant variation in Vo2=. 

Some species (V. gouldii, Varanus rosenbergi and Varanus panoptes) had higher 

Vo 2max than the aquatic Varanus mertensi and an iguana, which were in turn, higher than a 

skink. The finding of "moderate" aerobic ability in Varanus mertensi suggested that earlier 

generalisations on varanids may have been based on too few species, or may have been 

biased towards a certain ecological type of lizard (i.e. active foraging, terrestrial species) 

which was most frequently encountered, and therefore collected. 

In contrast, Thompson and Withers (1997c), report a summary of Vo 2max in 12 species of 

varanids. They found that these varanids have a higher Vo 2max than other types of lizards, 

perhaps suggesting a link between the typical varanid foraging mode (active) and Vo2max. 

Thompson and Withers (1997c) also found a link between habitat use and Vo 2max, with 

arboreal species having higher Vo 2max than terrestrial species. However, when the relatively 

low Vo 2max in the arboreal Varanus scalaris is considered (Christian et al. 1996a), this 

hypothesis requires further investigation. 

3.1. 7 The aerobic capacity hypothesis 

The "aerobic capacity" hypothesis proposes that endothermy evolved via the selective 

advantages conferred by high aerobic capacity rather than through any thermoregulatory 

advantages (Bennett and Ruben 1979, Taigen 1983, Bennett 1991). In this model, selection 

for a high Vo zmax is accompanied by an increase in SMR due to additional costs in 

maintenance metabolism. A high Vo 2max confers greater .locomotor capacities (i.e. 
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endurance, maximal aerobic speed) (Bennett and John Alder 1984, Garland 1984) which 

may have important implications for survivorship. Locomotor performance in hatchling 

snakes has been associated with increased survival in later years (Jayne and Bennett 1990). 

Other studies in the emerging field of evolutionary physiology have found mixed results 

(reviewed in Bennett 1991, Feder et al. 2000), and it is apparent that different locomotor 

capacities act on evolutionary fitness in different species, and that selection on those 

phenotypes may only be episodic, or very difficult to measure. 

The aerobic capacity hypothesis predicts both intraspecific and interspecific relationships 

between SMR and Vo 2max • The general method for testing this hypothesis is that residuals 

from log-log regressions of SMR and Vo 2max against mass are regressed against each other 

(Garland 1984, Garland and Else 1987, Walton 1988). However, other methods have been 

used (eg non-parametric ranking in Taigen (1983), and regression of raw metabolism data in 

Pough and Andrews (1984)). Significant intraspecific correlations between SMR and 

Vo 2max have only been found in a study of toads (Walton 1988), in one of seven species of 

lizards and in the only study of a snake (Hayes and Garland 1995). 

Significant interspecific correlations between SMR and Vo 2max have been shown using 

"traditional" statistical methods of independence between different species (i.e. "across the 

tips" of phylogenies) in amphibians (Taigen 1983) and rodents (Hinds and Rice-Warner 

1992) though not in all studies (reviewed in Hayes and Garland (1995)). Thompson and 

Withers (1997c) reported no significant correlation across nine species of varanids. Again, 

the evidence suggests conditional support for the aerobic capacity hypothesis. 
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3.1.8 Aims 

I wished to test the generalisation that metabolism (SMR, Vozmax) in varanids differs from 

other species of lizards. In particular I wanted to compare the intraspecific and interspecific 

scaling exponents for SMR and Vo Zmax in varanids with other types of lizards, and to 

compare absolute values of metabolism. In addition, I wanted to test for relationships within 

the group, specifically to test if eco-type and habitat-type were good predictors of 

metabolism, or if phylogeny exerted a stronger influence. Finally, I aimed to re-examine the 

aerobic capacity hypothesis in relation to the varanids on an intraspecific and interspecific 

basis. 

3.2 MATERIALS AND METHODS 

3.2.1 Study Animals 

3.2.1.1 Capture 

Goannas were captured from various locations in the Northern Territory, Australia and 

transported to the Northern Territory University, Darwin, for study. Varanus baritji (n = 7) 

and Varanus glebopalma (n = 9) were captured in the rocky hills of the Adelaide River 

region, 110 km south of Darwin, by turning rocks and searching rock crevices respectively. 

Six Varanus mitchelli were captured on the banks of the Daly River, 210 km south-south 

west of Darwin. Ten Varanus indicus were captured in the Tomkinson River, Maningrida in 

Amhem Land, 370 km east of Darwin. Varanus storrii were caught from two different 

locations: two from Wave Hill, 570 km south of Darwin, and two from Borroloola, 730 km 

south east of Darwin. Spencer's goanna (Varanus spenceri) were captured from Allroy 

Downs Station, 970 km south-south east of Darwin. Seventeen adults were captured, one of 
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which was a gravid female which subsequently laid 12 eggs. These eggs were incubated, and 

the standard metabolism of nine of the juveniles was measured four months after hatching. I 

measured SMR at four temperatures (18°C, 24°C, 30°C and 36°C) and Vo2max and 

Vco 2max at 36°C during treadmill exercise in the above species. To extend the allometric, 

ecological and (and compare ventilation data, Chapter 4), I measured Vo 2max and Vco 2max 

(the maximal rate of production of C02) in four additional species of varanids whose 

metabolism has been previously investigated. These included: Varanus gouldii (n = 12), 

Varanus mertensi (n = 12) and Varanus scalaris (n = 15) from the Darwin region, and 

Varanus gi/leni (n = 6) from the Alice Springs region. 

To explore the speculated relationships between metabolism and ecological type and habitat 

preference, metabolism data from other studies have been incorporated into the analysis (see 

Table 3.1). Where more than one data set was available for a species, the earliest study was 

generally used. However, later studies were used over earlier studies when Vco2max was also 

measured (i.e. for Varanus rosenbergi, Thompson and Withers (1997c) was used instead of 

Christian and Conley 1994). Data on SMR were used from studies that measured SMR and 

Yo zmax in the same specimens instead of earlier studies because this reduces variation around 

the aerobic scope. In addition, because studies by Christian and Conley (1994) and 

Thompson and Withers (1997c) examined different races of V. gouldii and V. panoptes 

(Cogger 1992), data from both of these geographically isolated races were included in the 

analysis. 

The categorisation of the species into "habitat-type" follows Greer (1989), Cogger (1986) 

and Pianka (1995). In general there was excellent agreement between studies on these 

classifications, with the exception of V. indicus, which Pianka (1995) classifies as arboreal, 

but which others (Cogger 1986, Greer 1989) class as aquatic. All semi-aquatic varanids are 
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arboreal to some extent (Shine 1986, pers obs.) but I feel it is more appropriate to classify 

this species as "semi-aquatic" because it is only found around water (pers. obs.). 

Varanids were classified as either active foraging or sedentary according to the best available 

information. Apart from Greer (1989), Cogger (1986) and Pianka (1995), many other sources 

provided additional ecological or morphological information (Bedford and Christian 1996, 

Shine 1986, Losos and Greene 1988, Dryden et al. 1990, Sweet 1999, James 1996, 

Thompson 1995, Thompson 1993, Auffenberg 1984, cited in Losos and Greene 1988, Pianka 

1968, Pianka 1969, Pianka 1970, Pianka 1971, Pianka 1982, Pianka 1994, Pengilley 1981). 

All varanid species used in this analysis are listed in Table 3.1. Additional species were 

classified according to information in the metabolism citation, the references listed above, 

and Bennett (1995) and Vincent and Wilson (1999) provided additional information on some 

species. Fourteen species were added from other studies: a single "aquatic" species, Varanus 

salvator, and three additional "arboreal" species, Varanus caudolineatus, Varanus tristis, 
. 

and Varanus varius. Eight additional "terrestrial" species are included in the data set: 

Varanus albigularis, Varanus bengalensis, Varanus eremius, Varanus exanthematicus, 

Varanus giganteus, Varanus panoptes, and Varanus rosenbergi. All of the above species are 

also considered "active foragers". Data were also added for two sedentary species: the 

saxicoline Varanus acanthurus, and the terrestrial Varanus brevicauda. 

As the majority of studies were performed at 35°C, it was easier to convert data from this 

study (36°C) to that temperature. The Q10 was calculated from the SMR data and used to 

convert both SMR and Vo 2max data. This may lead to small errors within the Vo 2max data, 

however, these errors should be minimal, given the very small temperature range over which 

the correction was made. If Q10 was not known, an average value from Bennett (1982) was 
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used. In total, I analysed SMR data on 22 varanid species, and Vo zmax data on 19 species, 

representing almost half of the species in the genus. 

Table 3.1 Summary ofvaranid species used in ecological and preferred habitat tests on metabolic data. There are 
two "ecotypes" (sedentary, active) and four "habitat types" (saxicolous, terrestrial, arboreal, and semi-aquatic). 
Refer to the text for justification of these classifications. Ticks ( " ) and crosses (X) denote the presence or 

absence of data for SMR or Vo2 max . The first of the metabolism references refers to SMR, the second to 

Vo2max. A single reference contains both data points. The references are: (1) Bartholomew and Tucker (1964), 

(2) Bickler and Anderson (1986) (3) Christian and Conley (1994), (4) Christian eta!. (1996a), (5) Earll (1982), 
(6) Gleeson et al. (1980), (7) Gleeson (1981), (8) Secor and Phillips (1997), (9) This study, (10) Thompson and 
Withers (1992), (11) Thompson and Withers (1994), (12) Thompson eta!. (1995), (13) Thompson and Withers 
(1997c), (14) Wood eta!. (1978) 

Species Ecotype Habitat SMR Vozmax Metabolism Reference(s) 

V. acanthurus Sedentary Saxicolous .; .; 11, 13 
V. albigularis Active Terrestrial .; X 8 
V. baritiji Sedentary Saxicolous .; .; 9 
V. bengalensis Active Terrestrial .; X 5 
V. brevicauda Sedentary Terrestrial .; .; 13 
V. caudolineatus Active Arboreal 

., .; 11,13 
V. eremius Active Terrestrial .; .; 13 
V. exanthematicus Active Terrestrial .; .; 14,6 
V. giganteus Active Terrestrial .; X 12 
V. gilleni Active Arboreal .; .; 3, 13,9 
V. glebopalma Sedentary Saxicolous .; .; 9 
V. gouldii flavirufus Active Terrestrial .; .; 11 
V. gouldii gouldii Active Terrestrial .; .; 3 
V. indicus Active Aquatic .; .; 9 
V. mertensi Active Aquatic .; .; 3,9 
V. mitchelli Active Aquatic .; .; 9 
V. panoptes panoptes Active Terrestrial .; .; 3 
V. panoptes rubidus Active Terrestrial .; .; 10, 13 
V. rosenbergi Active Terrestrial .; .; 3 
V. salvator Active Aquatic X .; 7 
V. scalaris Active Arboreal .; .; 4,9 
V. spenceri Active Terrestrial .; .; 9 
V. storrii Sedentary Saxicolous .; .; 9 
V. tristis Active Arboreal 

., .; 13 
V. varius Active Arboreal .; X 

3.2.1.2 Maintenance and Experimental Protocol 

The SMR was generally measured soon (3 -5 days) after capture. These animals were held 

in cloth bags before measurements. If SMR was not measured in this period, the animal was 

housed in the Animal House of the Northern Territory University. In captivity, water was 
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provided ad libitum, and food (insects, mealworm larvae, whole mice or rats, kangaroo 

mince mixed with Wombaroo reptile supplement (Wombaroo Food Products, Adelaide, 

Australia)) provided twice weekly. Larger species(> IOOOg) were maintained in an outside 

enclosure, with natural photoperiod and temperature regimes; smaller specimens were kept 

indoors in aquaria fitted with heat lamps. All animals were provided with refuges and a 

sandy substrate for burrowing. 

3.2.2 Standard Metabolic Rate 

3.2.2.1 Experimental Protocol 

Animals were at least 3 days, and at most 7 days (assuming wild caught animals had recently 

fed) post-absorptive prior to the measurement of Sl'v1R. The Sl\1R was measured during the 

lizard's normal quiescent period; in all species this is overnight. Animals were placed in 

metabolic chambers in the morning, at least 12 hours before measurement commenced, and 

the chamber placed in a constant temperature cabinet (Forma Scientific or Thermoline). Two 

types of metabolic chambers were used according to the animal's size. Small species (V. 

baritji, V. storrii, V. mitchelli and juvenile V. spenceri) were placed in PVC cylinders (inside 

diameter 35 mm), and large species (V. spenceri, V. indicus, V. glebopalma) were placed 

inside an acrylic rectangular box 320mm x 320mm x 130mm high. The chambers restricted 

but did not prevent lizard movement. SMR was then measured on consecutive nights at four 

temperatures: 18, 24, 30 and 36°C for all species except V. spenceri, which were only 

measured at 36°C. Temperature in the cabinet varied± 0.5 oc (Christian et al. 1996a). 

Metabolism was measured using a flow through respirometer (Withers 1977). Air was dried 

with silica gel after passing the animal at flow rates CVexc, mL min"1
) measured with a mass 

flow meter (Top-Track, Sierra Instruments USA). The flowmeters were regularly calibrated 
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against a soap bubble burette (Long and Ireland 1985). Flow was altered using a voltage 

controller (Iskra, Yugoslavia) connected to a pump (Reciprotor, Denmark). Flow rates varied 

depending on the mass and temperature of the lizard and ranged from 20 rnL min·' (17 g V. 

storrii) to 900 rnL min·' (51 OOg V. spenceri), ensuring that concentration of oxygen in the air 

downstream of the animal (FE 02 ) was greater than 20 %. 

Gas from this circuit was sub-sampled by scrubbing C02 with soda lime (Dragersorb 800, 

Germany) and then re-drying the sub-sample before (Drierite, USA) analysis in the oxygen 

analyser (Applied Electrochemistry S-3A/1, Ametek, USA). The sub-sampler was controlled 

by an H 20 DRP programmable controller (Hitachi, Japan) which sampled one of three 

circuits at 50 min intervals with baselines recorded for 10 min between samples. The circuit 

used for very small animals (<50g) did not involve sub-sampling. Air downstream of the 

animal was dried, the flow rate was measured (Top-Track: Sierra Instruments USA), the air 

was then scrubbed of C02, and analysed in the 0 2 analyser. 

Baseline oxygen concentrations (Fr02 ) were averaged before and after an animal sample, 

assuming any drift was linear. The FE 02 was calculated as the average fractional 

concentration of oxygen over the 50 min that measurements were taken. Two measurements 

were made on each animal every night (i.e. between OOOOh and 0600h). Fractional oxygen 

concentrations and flow rates were recorded at 0.05Hz on a MacLab (8e, ADlnstruments, 

Australia) connected to a Macintosh LC 475 computer. Data were later analysed using 

Maclab software. 

Standard metabolic rate was calculated according to equation 4a in Withers (1977), which 

takes into account RQ related errors as the fractional values and flow rates are for dry, C02 

gas: 
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(Equation 3.4). 

The lower of the two nightly values is reported here. Q10 was calculated for the three 

temperature ranges (18-24, 24-30, 30-36 °C) according to the equation (Schmidt-Nielsen 

1990): 

10 

QIO =(Yo2 (2))T2- T1 
Vo 2 (Il 

(Equation 3.5) 

where Vo 2 (2) and Vo 2 (IJ are oxygen consumption at the higher and lower temperatures 

respectively, and T2 and T1 are the upper and lower temperatures respectively (in °C). 

3.2.3 Maximal Oxygen Consumption 

3.2.3.1 Mask alld Circuit 

-
An open flow-through respirometry system permitted measurement of ventilation and gas 

exchange during treadmill exercise. A Y -piece mask was inserted into the mouth, and the 

mask and nares were sealed using dental impression gum (Impregum, ESPE, Germany). 

Upstream, the mask was connected to a MacLab pressure transducer, which measured 

changes in pressure across a pneumotachometer (ADinstruments, Australia). (For a full 

description of the mask see Chapter 4). Downstream of the mask, the air was dried (Drierite) 

before the flow rate (VE, at standard temperature and pressure) was measured on a 

flowmeter (Top-Track, Sierra Instruments USA). Air then passed through the pump 

(Reciprotor, Denmark), with flow rates adjusted by a voltage controller (as for the SMR 

circuit). Air was sub-sampled from this circuit, first moving through another drying column, 

and into the 0 2 analyser (Applied Electrochemistry S-3A/ll, Ametek, USA) and the C02 

analyser (Fuji, Japan). This circuit is summarised in Figure 4.1. Data were collected at 

1OOHz, and later analysed using MacLab software. 
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3.2.3.2 Procedures 

Lizards were maintained at 36°C for 12 hours prior to the experiments, and were masked and 

exercised in a constant temperature room at that temperature. After the lizard was weighed, 

the mask was attached, and the lizard was placed on the treadmill and allowed to rest quietly 

for one to two hours, during which time metabolism and ventilation in the resting state were 

recorded (see Chapter 4). The [02] and [C02] was monitored to ensure that metabolism had 

returned to resting levels before exercise began. During exercise, the lizards were 

encouraged to run on the treadmill by prodding the tail and hindquarters. Vo 2max data were 

obtained at treadmill speeds above which further increases in speed elicited no increase in 

Vo2 • Throughout the study, treadmill speed varied from 0.7 to 2 km h-1
• The experiment was 

terminated when the lizard refused to run, and exhaustion was confirmed by loss of righting 

response. Runs normally lasted between 5 and 10 min, and 5 min of recovery time post-

exercise were also recorded for analysis in Chapter 4. Baseline [02] was calculated as the 

average F10 2 before and after a run. Expired fractional concentrations of02 (FE
02

) and C02 

{FEco
2

) were measured every 2 min during a run. The Vo2 and Yco
2 

were calculated 

according to equations AS and A8 respectively of Frappell et al. {1992): 

. . I (FIEcoz - FIIcoz) 
{Eq. 3.6) and V co

1 
= V exc 

1 
1-F Icoz 

(Eq. 3.7) 

where Y 1exc and F1 are the flow rates and fractional concentrations of dry, C02 free (Eq. 3.6) 

and dry, 0 2 free (Eq. 3.7) excurrent air. The C02 and 0 2 are removed mathematically, given 

that F 1o2 equals F0 Jli- Fco
2 

), F 1co 2 equals Fco/li- F02 ), and Y 1exc equals 

Vexc(l- FEco
2

) in Eq. 3.6, and Vexc(l- FE
01

) in Eq. 3.7. These equations are the equivalent to 

Equation 3.5 where the gases are physically scrubbed. The highest Vo2 over 2 min 

throughout the run was taken as Vo zmax • Each lizard was exercised twice (on different days) 

and the higher Yo zmax is presented here. 
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3.2.4 Statistics 

Standard allometric power equations relating metabolism and body mass were generated by 

least squares regression of log whole animal Vo2 (mL h-1
) against log mass (g) using Excel 

(v 7.0). Both intraspecific and interspecific allometries are reported. Mass exponents (slopes) 

were compared by the homogeneity of slopes test in ANCOV A. Where relevant, slopes were 

tested against pertinent values (0.75, 1) via t-test (equation 17.1 Zar 1996). The common (or 

weighted) mass exponent was calculated according to either equation 17.9 or 17.30 of Zar 

( 1996), depending on the number of slopes being tested. 

Additionally, multiple regression analysis incorporating temperature and body mass were 

estimated for SMR data. These equations are of the form y =a xb x lO(cxTh)' or logy= log a+ 

b log x + c Tb. I used analysis of covariance (ANCOVA) in a "traditional" non-phylogenetic 

analysis of metabolic data with log mass as a covariate to determine differences among 

species (Packard and Boardman 1987). Tukey's post-hoc testing was used throughout to test 

pairwise differences (Systat v 3.0). Siguificance was set at P < 0.05 throughout. 

3.3 RESULTS 

3.3.1 Standard Metabolic Rate 

Most lizards displayed a strong circadian rhythm with spontaneous peaks in the V02 

between 0700 and 0900, probably associated with arousal and limited activity. There was no 

evidence of non-ventilatory periods or associated "oxygen deficit paybacks" (Thompson and 

Withers 1997b). Sample size, body mass, whole animal SMR (mL h-1
), mass specific SMR 

(mL g-1 h-1
) and Q10 are summarised in Table 3.2. Mean body mass ranged from 43 g V. 
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storrii to 2304 g V. spenceri. In all cases, metabolism increased with increasing temperature. 

In general, mass specific SMR decreased as mass increased. 

Table 3.2 Summary SMR data including sample size (n), mean mass (g), absolute SMR (mL h"1
), mass specific 

SMR (mL g-1 h"1
) and Q10 for varanids. Values are means± standard errors. Four different body temperatures are 

presented. Note, Q10 was calculated between a given temperature a!ld the previous temperature over a six degree 
range. 

Species n Mass SMR SMR QIO 
(g) {mLh"1

) {mL g-1 h"l2 

Varanus baritji 
18 7 73 ± 13 0.72 ± 0.171 0.011 ± 0.002 
24 7 73 ± 13 1.52 ± 0.318 0.025 ± 0.006 3.85 
30 7 73 ± 13 2.90± 0.710 0.048 ± 0.014 3.01 
36 7 73 ± 13 4.22 ± 0.908 0.065 ± 0.014 1.68 

Varanus glebopalma 
18 5 201 ± 101 1.13 ± 0.330 0.009 ± 0.002 
24 5 201 ± 101 3.26 ± 1.04 0.028 ± 0.012 6.58 
30 5 201 ± 101 7.58 ± 2.62 0.066 ± 0.022 4.28 
36 5 201 ± 101 13.88 ± 5.00 0.133 ± 0.045 3.20 

Varanus indicus 
18 10 997 ± 204 16.00± 3.59 0.017 ± 0.002 
24 10 997 ± 204 30.16 ± 5.66 0.033 ± 0.003 2.99 
30 10 997 ± 204 51.98 ± 9.83 0.057 ± 0.006 2.50 
36 10 997 ± 204 90.72 ± 16.46 0.099 ± 0.008 2.52 

Varanus mitchelli 
18 6 116 ± 22 2.46 ± 0.546 0.021 ± 0.001 
24 6 116 ± 22 4.00± 0.647 0.036 ± 0.003 2.49 
30 6 116 ± 22 7.78± 1.31 0.070 ± 0.004 3.00 
36 6 116 ± 22 13.89 ± 2.43 0.122 ± 0.005 2.56 

V aranus spenceri 
(all) 36 26 1433 ± 318 137.99 ± 32.73 0.134 ± 0.012 

(juveniles) 36 10 38 ± 6 7.32 ± 1.21 0.196 ± 0.016 
(adults) 36 16 2304 ± 378 219.66 ± 41.77 0.096 ± 0.007 

Varanus storrii 
18 2 54± 4 1.44 ± 0.479 0.026 ± 0.007 
24 4 43 ± 9 2.25 ± 0.614 0.051 ± 0.007 3.10 
30 4 43 ± 9 3.61 ± 1.11 0.080 ± 0.012 2.11 
36 4 43 ± 9 7.73 ± 2.18 0.173 ± 0.027 3.61 

3.3.1.1 Intraspecific scaling of SMR 

The regression equations relating log body mass (g) and log SMR (mL h"1
) are provided in 

Table 3.3. These show that mass was not a good predictor of SMR in the smaller species, V. 

baritji and V. storrii and the medium sized V. glebopalma. This can be explained in the 

former by the small mass range over which measurements were taken. The V. glebopalma 
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data may be explained by a relatively small sample size. As in Table 3.2, the data on V. 

spenceri have been included as a whole group, and divided into adult and juvenile animals. 

These data from V. spenceri were first analysed by ANCOV A to test for ontogenetic effects 

on SMR. This showed no difference in SMR between adults and juveniles (F 1,24 = 1. 77, P = 

0.196). However, adult data have been used in interspecific comparisons (Andrews and 

Pough 1985, Chappell and Ellis 1987). 

Table 3.3 Intraspecific allometry of whole animal SMR (mL h-1
) against mass (g), of the form log SMR =log a+ 

b log M, where M is body mass (g), a is mass coefficient, b is mass exponent. Values are means± 1 SE. The 
regression statistics, which include the coefficient of determination(~), the F-statistic and the probability (P) that 
the slope of the line differs from zero, are also supplied. 

n Mass log a a b r F p 
Ran e ) 

Varanus baritji 
18 7 35-124 -0.84 ± 1.23 0.14 0.33 ± 0.67 0.05 0.24 0.645 
24 7 35-124 -0.06 ± 1.29 0.87 0.08 ± 0.70 0.00 0,01 0.913 
30 7 35-124 0.28 ± 1.31 1.91 0.05 ± 0.72 0.00 0.00 0.949 
36 7 35-124 -0.08 ± 1.09 0.83 0.35 ± 0.59 0.06 0.34 0.585 

Varanus glebopalma 
18 5 24-577 -1.35 ± 0.34 0.04 0.63 ± 0.16 0.83 15.15 0.030 
24 5 24-577 -1.20 ± 0.82 0.06 0.75 ± 0.39 0.55 3.70 0.150 
30 5 24-577 -0.39 ± 0.57 0.41 0.56± 0.27 0.58 4.16 0.134 
36 5 24-577 0.13 ± 0.59 1.35 0.44 ± 0.28 0.45 2.47 0.214 

Varanus indicus 
18 10 325-2415 -1.24 ± 0.80 0.06 0.80± 0.27 0.52 8.62 0.019 
24 10 325-2415 -0.79 ± 0.51 0.16 0.76±0.17 0.70 18.83 0.002 
30 10 325-2415 -0.47 ± 0.47 0.34 0.73 ± 0.16 0.72 20.96 0.002 
36 10 325-2415 -0.23 ± 0.37 0.59 0.73 ± 0.13 0.80 32.82 0.000 

Varanus mitchelli 
18 6 55-184 -1.89 ± 0.29 0.01 1.10 ± 0.15 0.94 57.76 0.002 
24 6 55-184 -1.11 ± 0.30 0.08 0.83 ± 0.15 0.89 32.79 0.005 
30 6 55-184 -0.86 ± 0.21 0.14 0.85 ± 0.10 0.94 66.73 0.001 
36 6 55-184 -0.77 ± 0.17 0.17 0.93 ± 0.08 0.97 118.69 0.000 

Varanus spenceri 
(all) 36 26 27-5103 -0.47 ± 0.08 0.34 0.83 ± 0.03 0.97 786.16 0.000 

(juveniles )3 6 10 27-95 -0.69 ± 0.40 0.20 0.98 ± 0.26 0.64 14.16 0.006 
(adults) 36 16 551-5103 -0.88 ± 0.37 0.13 0.95 ± 0.11 0.84 72.13 0.000 

Varanus storrii 
18 2 
24 4 17-58 -1.35 ± 0.62 0.04 1.03 ± 0.39 0.78 7.14 0.116 
30 4 17-58 -1.35 ± 0.55 0.04 1.15 ± 0.34 0.85 11.57 0.077 
36 4 17-58 -1.02 ± 0.64 0.10 1.15 ± 0.3 0.81 8.38 0.101 
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The intraspecific mass exponents of SMR in Varanus spenceri and Varanus indicus are 

measured over a suitably large mass range to compare to other studies (see Discussion for 

criteria). For Varanus spenceri (all) the intraspecific b is 0.83 at 36°C, which is statistically 

greater than 0.67 (t24 = 5.40 > t crit = 2.064) and 0.75 (t24 = 2.7), and significantly less than 1 

(t24 = 5.8). The intraspecific mass exponents in Varanus indicus at each temperature are not 

different from each other, (F3,32 = 0.03, P > 0.25), and the pooled mass exponent at all 

temperatures is 0.75. At 24°C the intraspecific bin V. indicus is not different from 0.67 (ts = 

0.5) or 1 (t8 = 1.4). Similarly, at 36°C b is not different from 0.67 (t8 = 0.5), or 1 (t8 = 2.1). 

The pooled intraspecific mass exponents for other species are tabulated in Table 3.4. 

3.3.1.2 Interspecific scaling of SMR 

The interspecific regression equations relating log SMR and log mass were calculated using 

mean values from Table 3.2. These regressions, ranging from 18 to 36°C, are: 

• log SMR18·c = -1.651 (±0.69) + 0.904 (±0.31) log M 

(n = 5, r2 = 0.74, F = 8.62, P = 0.06) 

• log SMRwc = -1.314 (±0.46) + 0.893 (±0.21) log M 

(n = 5, r2 = 0.86, F = 18.7, P = 0.023). 

• log SMR30·c = -1.064 (±0.34) + 0.905 (±0.15) log M 

(n = 5, r = 0.92, F = 35.2, P = 0.009) 

• log SMR36·c = -0.871 (±0.33) + 0.936 (±0.14) log M 

(n = 6, r2 = 0.92, F = 46.8, P = 0.002) 

Comparison of the interspecific mass exponents revealed no significant differences among 

the slopes (F3,13 = 0.01, P > 0.25). The lowest and highest slopes (at 24 and 36°C 

respectively) did not differ significantly from a slope of 0.67 (t3 = 1.1, t4 = 1.9 for 24 and 
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36°C respectively) or 1 (t3 = 0.52, t4 = 0.47 for 24 and 36°C respectively). The common mass 

exponent for interspecific scaling of SMR at all temperatures in these species is 0.914. 

Differences in SMR among species were tested by ANCOV A. This showed significant 

differences at each of the temperatures investigated {18°C F4,25 = 22.92, P = 0.003; 24°C F4,27 

= 3.47, P = 0.021; 30°C F4,27 = 3.51, P = 0.020; 36°C F5,52 = 8.27 P = 0.000). Tukey's post

hoc test showed that V. baritji had generally low SMRs, and V. indicus had generally high 

SMRs. At 18°C, both V. baritji and V. glebopalma were lower than the aquatic goannas V. 

mitchelli and V. indicus. V. storrii was not different from either group. Species differences 

were unresolved by post-hoc testing at 24°C, but at 30°C V. indicus was greater than V. 

baritji. At 36°C, V. baritji had lower SMR than all species except V. glebopalma. 

3.3.1.3 The effect of temperature 011 SAIR 

In every individual of every spec~es an increase in temperature caused an increase in 

metabolism. On average, the Q10 decreased as temperature increased; however, this was not 

consistent across all species (Table 3.2). The Q10 averaged 3.80 between 18-24°C, 2.98 

between 24-30°C, and 2.70 between 30-36°C. Conventionally, the relationship between the 

metabolism and temperature is plotted as the log of mass specific metabolic rate (dependent) 

against temperature (independent). This semi-logarithmic relationship may be described as 

SMR (mL g'1 h'1) = j 10""Th, or log SMR = logj + k x Tb, wherej is a proportionality 

coefficient, k is the temperature coefficient, and Tb is the body temperature in oc (Andrews 

and Pough 1985). These regressions were highly significant in each species. The equations 

are: 

• log SMR = -2.814 (± 0.28) + 0.044 (± 0.010) x Tb (V. baritji) 

• log SMR = -3.194 (± 0.33) + 0.062 (± 0.012) x Tb (V. glebopalma), 

• log SMR = -2.579 (± 0.10) + 0.044 (± 0.002) x Tb (V. indicus) 
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• log SMR = -2.474 (± 0.05) + 0.043 (± 0.002) x Tb (V. mitchelli) 

• log SMR = -2.395 (± 0.16) + 0.044 (± 0.006) x Tb (V. storrii) 

These regressions are not significantly different from each other (F4,14 = 0.02, P = 0.999). 

Multiple regression equations relating SMR and body mass (g) and temperature CCC) in five 

species ofvaranids are presented in Table 3.4. All these regressions are highly significant. 

Table 3.4 Regressions relating log SMR (mL h"1
), mass (M) (in g) and body temperature (Tb) between 18 and 36 

°C in five species ofvaranids. Equations are of the form log SMR (mL h"1
) =log a+ b log M + c Tb (or SMR =a 

Mb X I ocx~. Values are± I SE, and regression statistics. 

Species a b c n r2 F p 

V. baritji -1.36 ± 0.61 0.20 ± 0.31 0.044 ± 0.009 28 0.495 12.26 <0.001 
V. glebopalma -2.36 ± 0.37 0.59 ± 0.12 0.062 ± 0.010 20 0.791 32.13 <0.001 
V. indicus -1.86 ± 0.28 0.75 ± 0.09 0.044 ± 0.003 40 0.867 120.85 <0.001 
V. mitchelli -2.33 ± 0.13 0.93 ± 0.06 0.043 ± 0.002 24 0.975 404.97 <0.001 
V. storrii -2.60 ± 0.36 1.12 ± 0.18 0.045 ± 0.006 14 0.887 43.39 <0.001 

3.3.2 Maximal Oxygen Consumption 

Maximal oxygen consumption was measured in 103 specimens from a total of 10 species 

(Table 3.5). In the vast majority of cases the initial run produced slightly higher Vo 2max, and 

in most runs Vo 2max was obtained within the first 5 min of starting exercise. The species 

ranged in mass from 29g V. gilleni to 1850 g V. spenceri. Mass specific Vo 2max ranged from 

2.90 mL g"1 h-1 in V. gilleni to 0.93 mL g·1 h-1 in V. glebopalma. Vco2max was highest in 

mass specific terms in V. gilleni and lowest in V. spenceri and V. glebopalma. The 

respiratory exchange ratios (RER) were below unity for each species and ranged from 0.59 

in V. gilleni to 0.94 in V. scalaris. Vco 2max was not measured in V. storrii. 

Data from V. spenceri are again divided into adult and juvenile components, and were 

compared by ANCOV A to test for ontogenetic differences. This revealed no significant 

. . 
differences in either Vo2 (F1,21 = 3.38, P = 0.080) or Vco2 CFt,zt = 0.15, P = 0.708). 
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Table 3.5 Gas exchange during maximal exercise in ten species ofvaranid lizards at 36°C. Values include 

absolute (mL h"1
) and mass specific (mL g·1 h"1

) VOzrnax , absolute VCOzrnax, and respiratory exchange ratio 

(RER). Values are mean± 1 SE. Note n=3; Vco2max in V. mertensi. 

Species n Mass Vo2max Vo2max Vco 2max RER 
(g) (mLh"1

) (mL g"1 h"1
} (mL h"1

) 

V. baritiji 6 73 ± 15 85.80 ± 17.94 1.29 ± 0.18 69.50± 17.07 0.76 ± 0.10 

V. gilleni 6 29± 6 75.79 ± 11.22 2.90± 0.32 45.20 ± 7.09 0.59 ± 0.03 
V. glebopalma 9 225 ± 60 206.56 ± 57.72 0.93 ± 0.08 165.95 ± 47.75 0.75 ± 0.06 
V. gouldii 12 1212 ± 135 1809.3 ± 207.5 1.53 ± 0.10 1565.5 ± 180.5 0.88 ± 0.04 
V. indicus 10 997 ± 205 873.16 ± 127.3 0.96± 0.08 754.39 ± 132.3 0.85 ± 0.04 
V. mertensi 12 1456 ± 122 1411.5 ± 143.6 0.95 ± 0.04 1596.3 ± 180.9 0.87 ± 0.05 
V. mitchelli 6 116 ± 22 115.23 ± 26.30 0.97 ± 0.07 86.99 ± 16.56 0.79 ± 0.05 
V. scalaris 15 94 ± 10 122.67 ± 11.95 1.35 ± 0.08 113.69 ± 10.09 0.94± 0.06 
V. spenceri(a11) 24 1780 ± 364 1724.8 ± 332.1 1.26 ± 0.08 1314.2 ± 270.0 0.76± 0.04 
........ juveniles 7 32 ± 2 53.18 ± 1.77 1.69 ± 0.09 43.21 ± 3.49 0.82 ± 0.07 
........ adults 17 2500 ± 398 2413.1 ± 349.7 1.08 ± 0.08 1837.5 ± 299.2 0.73 ± 0.05 
V. storrii 3 50± 3 100.85 ± 4.40 2.03 ± 0.13 

However, for the purposes of interspecific comparison, data from adults have been used 

(Andrews and Pough 1985, Chappell and Ellis 1987). 

Mass was a significant predictor of Vo2= in all species except V. storrii. In fact, 

comparison of the regression equations for Vo 2rnax (Table 3.6) and SMR (Table 3.3) 

indicates that the coefficients of determination (r2
) are generally higher in the Vo 2rnax data. 

The intraspecific scaling exponents for Vo 2rnax are quite variable, ranging from 0.24 in V. 

storrii to 1.24 in V. mertensi. Mass is a good predictor of Vco 2rnax in most of the species, 

except V. baritji and V. mertensi. Intraspecific mass exponents for Vco 2max ranged from 

1.18 in V. baritji to 0.64 in V. gilleni. There was no difference among intraspecific mass 

exponents in either Vo 2rnax (F9,94 = 1.18, P = 0.317) or Vco 2rnax (F7,84 = 1.38, P = 0.221). The 

pooled intraspecific mass exponent was 0.88 for both Vo 2max and Vco 2rnax. 
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Table 3.6 The relationship between maximal metabolic rate ( Vo2 max, Vco2max, mL h'1) and mass in 10 species 
of varanids. The relationship is of the form log MR = a + b log M, where MR is metabolic rate and M is body 
mass in g. The mass is the range over which measurements were made. Values are means± I SE. Regression 
statistics are included. 

n Mass (g) log a a b r F p 

Varanus baritiji 

Vo2max 6 35-124 0.29± 0.52 0.29 0.89 ± 0.29 0.70 9.39 0.038 

Vco2max 6 35-124 -0.37 ± 1.00 -0.37 1.18 ± 0.56 0.53 4.48 0.102 

Varanus gilleni 

Vo2max 6 12-49 1.05 ± 0.15 1.05 0.57 ± 0.11 0.88 29.01 0.006 

Vco2max 6 12-49 0.72± 0.18 0.72 0.64 ± 0.12 0.87 27.02 0.007 

Varanus glebopalma 

Vozrnax 9 28-577 -0.04 ± 0.23 -0.04 1.00 ± 0.10 0.93 90.05 0.000 

Vco2rnax 9 28-577 -0.57 ± 0.34 -0.57 1.17 ± 0.15 0.90 60.00 0.000 

Varanus gouldii 

Vozrnax 12 393-2080 0.64± 0.53 0.64 0.85 ± 0.17 0.70 23.47 0.001 

Vco2rnax 12 393-2080 0.71 ± 0.46 0.81 ± 0.15 0.74 28.31 0.000 

Varanus indicus 

Vo2rnax 10 325-2415 0.58± 0.40 0.58 0.79 ± 0.14 0.81 33.10 0.000 

Vco2rnax 10 325-2415 0.34± 0.34 0.34 0.85 ± 0.12 0.87 53.47 0.000 

Varanus mertensi 

Vo2rnax 12 845-2082 -0.77 ± 0.41 -0.77 1.24 ± 0.13 0.90 89.46 0.000 

Vco2rnax 3 1445-1580 

Varanus mitchelli 

Vozrnax 6 55-84 -0.37 ± 0.33 -0.37 1.17±0.16 0.93 52.93 0.002 

Vco2rnax 6 55-84 -0.28 ± 0.27 -0.28 1.07 ± 0.13 0.94 63.67 0.001 

Varanus scalaris 

Vozrnax 15 37-154 0.56 ± 0.26 0.56 0.77 ± 0.14 0.72 32.73 0.000 

Vco2rnax 15 37-154 0.35 ± 0.39 0.35 0.86± 0.20 0.59 18.63 0.001 

Varanus spenceri (all) 

Vozrnax 24 27-5316 0.44± 0.07 0.44 0.87 ± 0.02 0.98 1364.62 0.000 

Vco2rnax 24 27-5316 0.34± 0.10 0.34 0.86 ± 0.04 0.96 565.93 0.000 

....................... juveniles 

Vozrnax 7 27-39 1.54 ± 0.44 1.54 0.12 ± 0.30 0.03 0.17 0.700 

Vcozrnax 7 27-39 1.62 ± 1.12 1.62 0.00± 0.75 0.00 0.00 0.996 

....................... adults 

Vozrnax 17 574-5316 0.83 ± 0.27 0.83 0.75 ± 0.08 0.85 84.52 0.000 

Vco2max 17 574-5316 0.16 ± 0.43 0.16 0.91 ± 0.13 0.76 48.74 0.000 

Varanus storrii 

Vo2max 3 45-56 1.59 ± 1.06 1.59 0.24 ± 0.62 0.13 0.15 0.766 

Vco2rnax 0 
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Interspecific comparison of the mean Vo zmax and mean mass in these species is best 

described by the regression: 

• log Vo 2max (mL h-1
) = 0.467 (± 0.157) + 0.846 (± 0.063) x log M 

(n = 10, r = 0.96, F = 177.7, P < 0.001). 

The same relationship for Vco 2max 1s: 

• log Vco 2max (mL h-1
) = 0.161 (± 0.166) + 0.931 (± 0.065) x log M 

(n = 9, r2 = 0.97, F = 205.5, P < 0.001). 

Analysis of covariance of Vo2max and Vco2max revealed significant differences among these 

varanid species (Vo2max: F9,93 = 13.20, P < 0.001; Vco 2max: F8,82 = 6.70, P < 0.001). Tukey's 

post-hoc testing showed that V. gilleni and V. gouldii had higher Vo 2max than all of the other 

species except V. storrii. The two lowest Vo2max species were V. glebopalma and V. 

mitchelli, which were significantly lower than V. gilleni, V. gouldii, V. storrii and V. 

spenceri. In terms of Vco 2max, the Tukey's test showed a similar trend, though the groups 

were bunched more closely together. V. gouldii had elevated V co 2max compared to V. 

spenceri, V. indicus, V. baritji, V. mitchelli, and V. glebopalma. The two lowest species, V. 

mitchelli and V. glebopalma, had lower rates than V. gouldii or V. gilleni. 

Factorial scopes are calculated in Table 3.7 as the ratio of Vo 2max to SMR at 36°C. The 

SMR is the average SMR at 36°C from Table 3.2. Where SMR was not measured, values 

from the literature have been used, adjusted to 36°C using Q10s calculated from the literature 

for each species. The Vo 2max is calculated by using the same mass as used in SMR 

calculations in regressions from Table 3.6. This process removes differences in the SMR and 

Vo 2max data associated with comparing different sized animals, and allows meaningful 

calculation of factorial scope. 
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Table 3.7 The calculation of factorial scope. The SMR36.c (mL h"1
) is the mean SMR at 36°C from Table 3.2. 

The Vo2max is calculated from the regression equations in (Table 3.6) using the same mass as for SMR. 

Factorial scope is calculated by dividing Vo2max by SMR. Note that some of the referenced data were adjusted 

from 35 to 36°C. 

Metabolic State SMR Vozmax 
Species n Mass SMRJ6•c n Vo2max Factorial Reference for SMR 

(g) (mL h"1
) {mL h"ll Scope 

V. baritiji 7 73 4.22 6 88.79 21.04 This study 
V. gilleni 6 20 3.81 6 62.67 16.45 Thompson and Withers 1997c 
V. g/ebopalma 5 201 13.88 9 179.81 12.95 This study 
V. gouldii 6 1086 124.4 12 1622.1 13.04 Christian and Conley 1994 
V. indicus 10 997 90.72 10 892.28 9.84 This study 
V. mertensi 7 904 78.59 12 770.55 9.80 Christian and Conley 1994 
V. mitchel/i 6 116 13.89 6 112.49 8.10 This study 
V. scalaris 7 89 15.06 15 116.47 7.73 Christian et al. 1996a 
V. spenceri(all) 26 1433 138.0 24 1520.6 11.02 This study 
.......... juveniles 10 38 7.32 7 54.19 7.40 This study 
.......... adults 16 2304 219.7 17 2292.3 10.44 This study 
V. storrii 4 43 7.73 3 97.13 12.57 This study 

Factorial scope is greatest in V. baritji, which is indicative of its particularly low SMR rather 

than a high Vo2max. The factorial scope is also high in both V. gilleni and V. gouldii as a 

result of their relatively high Vo2max. Conversely, the factorial scope is low in V. mitchelli 

and V. scalaris. There is no apparent relationship between factorial scope and mass, as the 

regression between log factorial scope and log mass (g) is not significant (n = 10, ? = 0.11, F 

= 0.985, P = 0.350). The mean factorial scope is 11.7 ± 1.14. 

3.3.3 Standard Metabolic Rate in Varanids Compared to Other Lizards 

The SMR (mL h"1
) of all measured varanids at 25°C and 35°C is collated in Table 3.8, along 

with mean mass and calculated Q10s. At 25°C the relationship between SMR and mass is 

summarised by the regression equation: 

• log SMR2s·c (mL h-1
) = -1.024 (± 0.094) + 0.864 (± 0.035) x log M 

(n = 24,? = 0.96, F = 606, P <<0.001). 



Table 3.8 Summary of SMR in all measured varanids. Each species has been classified in terms of its eco-type (Active/Sedentary) and habitat-type (Semi
Aquatic/ Arboreal/Saxicolous/Terrestrial). Subscripts (25,35) refer to the temperature at which the variable was measured. Q10s were used at two temperature ranges (20-30°C, 30-40°C) to correct 
for temperature; a hyphen denotes no Q10 required. Note Q10s derived from reference, or if unknown (V. spenceri) a value of2.4 was used, as per Andrews and Pough (1985). The V. mertensi 
Q10 was from Christian eta!. (1996c). 

Species 

V. acanthurus 
V. albigularis 
V. baritiji 
V. bengalensis 
V. brevicauda 
V. caudolineatus 
V. eremius 
V. exanthematicus 
V. giganteus 
V. gilleni 
V. glebopalma 
V. gouldii gouldii 
V. gouldii flavirufus 
V. indicus 
V. mertensi 

V. mitchelli 
V. panoptes panoptes 
V. panoptes rubidus 
V. rosenbergi 
V. scalaris 
V. spenceri 
V. storrii 
V. tristis 
V. varius 

Eco-type 

Sedentary 
Active 
Sedentary 
Active 
Sedentary 
Active 
Active 
Active 
Active 
Active 
Sedentary 
Active 
Active 
Active 
Active 

Active 
Active 
Active 
Active 
Active 
Active 
Sedentary 
Active 
Active 

Habitat-type 

Saxicolous 
Terrestrial 
Saxicolous 
Terrestrial 
Terrestrial 
Arboreal 
Terrestrial 
Terrestrial 
Terrestrial 
Arboreal 
Saxicolous 
Terrestrial 
Terrestrial 
Semi-Aquatic 
Semi-Aquatic 

Semi-Aquatic 
Terrestrial 
Terrestrial 
Terrestrial 
Arboreal 
Terrestrial 
Saxicolous 
Arboreal 
Arboreal 

Mass25 
(g) 

53.1 
8100 
72.6 
3440 
16.7 
13.1 
36.4 
1000 
2499 
20.0 

200.7 
1086 
411 

997.4 
1193 

115.5 
993 
1896 
2081 
89.1 
2304 
43.23 

77 
4410 

Q10 SMR25 Mass35 Qw 
QQ..._30_0 C) (mL h-1L_ (g) (30-40°C) 

2.70 
3.01 
1.82 

1.86 
4.28 
2.4 

2.50 

3.00 
2.4 

2.71 
2.40 
2.11 

3.30 

2.80 
164.23 
1.69 

125.30 
1.12 
0.92 

. 2.38 
46.80 
91.00 
1.92 
3.77 

47.50 
18.60 
33.05 

33.52A,B 

4.47 
52.48 
66.00 

90 
6.50 

84.81 
2.42 
5.30 

121.38 

53.4 
8100 
72.6 
3440 
17.4 
13.1 
35.9 
1000 
2502 
20.0 

200.7 
1086 
303 

997.4 
904 

115.5 
931 
1622 
2074 
89.4 
2304 
43.3 
99 

4410 

2.70 
1.68 
1.82 

1.86 
3.20 

2.52 

2.56 

2.51 
2.40 
3.61 

3.30 

SMR35 
(mL h-1) 

6.24 
465.84 

4.01 
236.68 
2.71 
2.26 
6.16 

114.78 
237.0 
3.58 
12.35 
114.0 
38.10 
82.71 
72.0 

12.65 
126 
179 
284 

13.74 
201.15 

6.80 
15.70 

400.56 

Reference 

Thompson and Withers 1997c 
Secor and Phillips 1997 
This study 
Earll1982 
Thompson and Withers 1997c 
Thompson and Withers 1997c 
Thompson and Withers 1997c 
Wood et al. 1978 
Thompson et al. 1995 
Thompson and Withers 1997c 
This study 
Christian and Conley 1994 
Thompson and Withers 1992 
This study 
AChristian et al. 1996c 
8 Christian and Conley 1994 
This study 
Christian and Conley 1994 
Thompson and Withers 1992 
Thompson and Withers 1997c 
Christian et al. 1996a 
This study 
This study 
Thompson and Withers 1997c 
Bartholomew and Tucker 1964 



~Ch~a~pt~~~3-~Isum~e~ta~bo~lis~m~i~nv~a~rnllini~ds~d~iffi~~~~~t~to~ot~h~~liz~ar~ds~?------------------------------68 

This relationship untransformed is: SMR2s·c (mL h"1
) = 0.095 M0

·
864

• At 35°C the regression 

equation is: 

• log SMR35'c (mL h"1
) = -0.686 {±0.083) + 0.890 (±0.031) x log M 

(n = 24, r2 = 0.97, F = 809, P <<0.001). 

This relationship untransformed is: SMR3s·c (mL h"1
) = 0.206 ~·890• The slopes of these 

regressions are not different (F2,44 = 0.09, P = 0.762) and the pooled exponent is 0.866. 

The SMR of non-varanid lizards is summarised in Table 3.9. The data consist of all lizard 

SMR measurements from Andrews and Pough (1985) (30 species) and more recent 

publications (21 species). Standard metabolic rate is reported at 25 and 35°C, allowing direct 

comparison with the varanid data above. At 25°C, the regression relationship between log 

SMR and log mass is: 

• log SMR2s•c (mL h"1
) = -0.921 (±0.047) + 0.804 (±0.034) x log M 

(n =51, r2 = 0.92, F = 557, P <<0.001). 

At 35°C the same relationship is: 

• log SMR35'c (mL h"1
) = -0.568 (±0.042) + 0.800 (±0.030) x log M 

(n =51, r2 = 0.94, F = 708, P << 0.001) 

These relationships untransformed are: 

SMRzs·c (mL h"1
) = 0.120 M0

"
804

, and 

SMR35'c (mL h"1
) = 0.270 M0

"
800

• These slopes are not different from each other (F2,9s = 0.00, 

P = 0.963) and the pooled exponent is 0.802. 



Chapter 3. Is metabolism in varanids different to other lizards? 69 

Table 3.9 Summary ofSMR in lizard species other than varanids. This data set combines SMR measurements of 
lizards from Andrews and Pough (1985) with more recently published values. Q10s were used at two temperature 
ranges (20-30°C, 30-40°C) to correct for temperature; a hyphen denotes no Q10 required. The Q10s were derived 
from the reference, or if unknown a value of2.4 was used, as per Andrews and Pough (1985) and Beck and Lowe 
(1994). Species were classified according to the taxonomy of Pough eta!. (1998). 

Spp Mass QIO QIO SMR2s SMR3s Reference 
(g) 20-30°C 30-40°C (mL h-1) (mL h-1) 

Agamidae 
Agama stellio 30.4 2.40 5.02 Al-Sadoon and Abdo 1993 
Ctenophorus nucha/is 20 2.40 2.40 1.32 3.18 Garland and Else 19 87 
Chlamydosaurus kingii 533 2.72 2.12 18.26 39.54 Christian et al. 1996b 
Lophognathus temporalis 39 2.75 1.12 6.73 12.34 Christian et al. 1999a 
Uromastyx microlepis 476 11.28 27.90 Zari 1991 

Anguidae 
Anguis fragilis 11.7 2.40 2.40 0.45 1.07 Andrews and Pough 1985 
Ophisaurus ventralis 32.2 2.40 2.40 1.26 3.02 Andrews and Pough 1985 

Aniellidae 
Anniella pulchra 4.9 2.40 2.40 0.32 0.77 Andrews and Pough 1985 

Crotaphytidae 
Gambelia wislizenii 29.6 2.40 2.40 2.40 5.75 Garland 1993 

Geckonidae 
Anarbylus switaki 9.5 2.40 2.40 0.70 1.68 Andrews and Pough 1985 
Coleonyx variegatus 3.6 2.40 2.40 0.53 1.27 Andrews and Pough 1985 
Cosymbotus platyurus 3.5 2.40 2.40 0.29 0.71 Andrews and Pough 1985 
Garthia gaudichaudi 0.8 0.08 0.19 Cortes et al. 1995 
Gonotodes variegatus 1.8 2.40 2.40 0.17 0.40 Andrews and Pough 1985 
Hemidactylus frenatus 2 2.40 2.40 0.18 0.42 Andrews and Pough 1985 
Oedura marmorata 14.6 2.82 1.20 0.87 1.53 Christian et al. 1997 
Ptyodactylus guttatus 10.2 1.78 2.96 Arad 1995 
Ptyodactylus hasselquisti 11.0 2.15 2.21 Arad 1995 
Ptyodactylus puiseuxi 8.4 1.63 2.59 Arad 1995 
Sphaerodactylus cinerus 0.5 2.40 2.40 0.04 0.10 Andrews and Pough 1985 
Sphaerodactylus notatus 0.3 2.40 2.40 0.03 0.06 Andrews and Pough 1985 

Helodermatidae 
Heloderma horridum 1191 2.40 2.40 21.21 50.90 Beck and Lowe 1994 
Heloderma suspectum 513 2.40 2.40 11.12 26.70 Beck and Lowe 1994 

Iguanidae 
Dipososaurus dorsalis 35 1.68 5.25 Andrews and Pough 1985 
Sauromalus hispidus 574 2.90 2.12 17.59 43.46 Andrews and Pough 1985 

Lacertidae 
Acanthodactylus erythrurus 9 2.40 1.62 3.15 Andrews and Pough 1985 
Lacerta sicula 9 2.00 2.00 0.69 1.39 Andrews and Pough 1985 
Lacerta trilineata 71 2.40 2.40 2.53 6.06 Andrews and Pough 1985 
Lacerta viridis 31 2.40 2.40 1.30 3.12 Andrews and Pough 1985 
Lacerta vivipara 4 2.40 2.40 0.39 0.93 Andrews and Pough 1985 

Phymosomatidae 
Phyrnocephalus arabicus 5.2 0.76 1.61 A1-Sadoon and Abdo 1993 
Sceloporus jarrovi 20 2.40 2.40 1.60 3.89 Beuchat and Vleck 1990 
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Spp Mass QIO QIO SMR2s SMR3s Reference 
(g) 20-30°C 30-40°C (mL h-1) (mLh-1) 

Sceloporus merriami 5 2.40 2.40 0.21 0.50 Beaupre et al. 1993 
Sceloporus occidentalis 10 2.40 2.40 1.08 2.59 Andrews and Pough 1985 
Sceloporus undulatus 3.3 0.39 1.42 Andrews and Pough 1985 
Uta stansburiana 3 2.43 2.25 0.33 0.77 Andrews and Pough 1985 
Callisaurus dracoinoides 17.2 2.40 2.40 1.07 2.57 Garland 1993 

Polychrotidae 
Anolis bonairensis 12 2.40 2.40 0.65 1.57 Andrews and Pough 1985 
Anolis limifrons 1.5 2.40 2.40 0.19 0.45 Andrews and Pough 1985 
Pristidactylus torquatus 28.1 1.98 1.98 1.66 2.33 Labra and Rosenman 1994 
Pristidactylus volcanensis 23.8 2.09 2.09 1.81 2.61 Labra and Rosenman 1994 

Scincidae 
Chalcides occellatus 25 2.40 2.40 1.10 2.63 Andrews and Pough 1985 
Sphenops sepsoides 7.4 2.40 2.40 0.38 0.91 Andrews and Pough 1985 
Tiliqua rugosa 500 2.40 2.40 40.00 96.00 Christian and Conley 1994 

Teiidae 
Cnemidophorus murinus 85 2.40 2.40 3.79 9.93 Andrews and Pough 1985 
Cnemidophonts tigris 20.9 2.40 2.40 1.69 4.06 Garland 1993 

Xantusidae 
Klauberina riversiana 19 1.96 1.10 2.16 Andrews and Pough 1985 
Lepidophyma gaigeae 5 2.78 2.78 0.39 1.08 Andrews and Pough 1985 
Lepidophyma smithi 25 2.01 2.01 1.32 2.65 Andrews and Pough 1985 
Xantusia henshawi 3.5 1.98 1.98 0.37 0.73 Andrews and Pough 1985 
Xantusia vigilis 1.5 2.34 2.34 0.17 0.40 Andrews and Pough 1985 

Comparison of SMR at 25 and 35°C revealed no differences between varanids and other 

species of lizards in either slope (25°C F1,71 = 1.26, P = 0.266; 35°C F1,71 = 3.43, P = 0.068) 

or intercept (25°C F1,72 = 0.13, P = 0.720; 35°C F1,72 = 1.66, P = 0.202). This is graphically 

represented in Figure 3.1 at 25°C, and Figure 3.2 at 35°C. Note also that the new regression 

lines for "other lizards" are very similar to Andrews and Pough' (1985) regression line for all 

squamates. The combined data yield the following regressions for SMR in all lizards: 

• log SMR 2s•c (mL h -1
) == -0.948 ( ± 0.038) + 0.830 ( ± 0.020) x log M (Eq. 3.8) 

or SMR 2s•c (mL h -1
) == 0.113 M 0

·
830 (n = 75, r2 == 0.96, F == 1746, P << 0.001) 

and: 

• log SMR Js•c == -0.610 ( ± 0.034) + 0.849 ( ± 0.018) x log M (Eq. 3.9) 

or SMR Js•c == 0.245 M 0'
849 (n = 75, r2 = 0.97, F = 2181, P << 0.001). 
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Figure 3.1 The allometry of SMR at 25°C in lizards. Symbols refer to (•) "other lizards" and (A) varanid species. The regression equation from Andrews and 
Pough (1985) is included as a regression line for comparison with "other lizard" regression, which includes all non-varanid data from Andrews and Pough 
(1985) and more recent SMR measurements in lizards. There is no difference in either the slope or intercept between varanids and "other lizards". 



1000 

100 

.--.. .,.... 
~ 
_J 10 

E ......._... 
N 

0 
> 

1 

0.1 

35°C 

Other Lizards 
SMR35 = 0.270 M 

/. 

• 

• 

Varanids 
SMR 35 = 0.206 M 0

"
89 _.~ 

~ 
~~4: 
~ ... 

' Andrews and Pough 1985 
SM R35 = 0.278 M 0

"
80 

• "Other Lizards" 
"Other Lizards" regression 

• Varanids 
Varanids regression 
Andrews and Pough 1985 

I I -----~----- -------------.-----------.----------, 

0.1 1 10 100 1000 10000 

Mass (g) 
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Pough (1985) is included for comparison to the Other Lizards regression line. There is no difference in slope or intercept between Other Lizards and 
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3.3.4 Maximal Metabolic Rate in Varanids Compared to Other Lizards 

The Vo 2rnax and V co zmax of all measured varanids exercising on a treadmill are summarised 

in Table 3.10. Bennett (1982) gives a Q10 < 1 for Vo 2max in large lizards over 35°C, which 

indicates that metabolism decreases over this temperature range. However, it was felt that 

this did not properly represent the data for varanids, which have high operating temperatures 

and tend to increase their metabolic rates indefinitely with temperature (Bartholomew and 

Tucker 1964, Bennett 1972, Thompson and Withers 1992). Additionally, one of the few 

studies to directly compare Q10s for SMR and Vo 2max found close matching (John-Alder and 

Bennett 1981). Therefore, the Q10 from SMR measurements was used to make the minor 

adjustment from 36 to 35°C in varanids from this study. 

Table 3.10 Summary data for Vo2 max, Vco2max and respiratory exchange ratio in varanids exercising on a 

treadmill at 35°C. 

Species n Mass Yo2rnax Vco2max RER Reference 
(g) 

{mL h" 1 ~ (mL h"1
) 

V. acanthurus 10 73.6 170 205 1.26 Thompson and Withers 1997c 
V. baritiji 6 69.1 81 55 0.76 This study 
V. brevicauda 9 17.5 56 74 1.33 Thompson and Withers 1997c 
V. caudolineatus 14 15.0 94 126 1.37 Thompson and Withers 1997c 
V. eremius 8 40.0 92 113 1.13 Thompson and Withers 1997c 
V. exanthematicus 4 1025 1292 1311 1.01 Gleeson et al. 1980 
V. gilleni 6 28.7 71 43 0.59 This study 
V. glebopalma 9 225 184 103 0.75 This study 
V. gouldii jlavirufus 25 402 459 632 1.39 Thompson and Withers 1997c 
V. gouldii gouldii 12 1212 1688 1448 0.88 This study 
V. indicus 10 997 796 660 0.85 This study 
V. mertensi 12 1456 1278 1577 0.87 This study 
V. mitchelli 6 116 105 77 0.79 This study 
V. panoptes panoptes 7 931 1248 Christian and Conley 1994 
V. panoptes rubidus 5 2240 2364 3276 1.46 Thompson and Withers 1997c 
V. rosenbergi 6 1503 1860 2285 1.41 Thompson and Withers 1997c 
V. salvator 4 505 556 823 1.48 Gleeson 1981 
V. scalaris 15 94.4 112 105 0.94 This study 
V. spenceri 17 2500 2209 1683 0.73 This study 
V. storrii 3 50.1 89 This study 
V. tristis 5 103 310 663 1.88 Thompson and Withers 1997c 
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The data for exercise in varanids fit the following regression: 

• log Vo2max (mL h-1
) = 0.734 (± 0.122) + 0.761 (± 0.050) X log M (Equation 3.10) 

(n = 21, r2 = 0.93, F = 236, P << 0.001). 

Table 3.11 summarises available data on Vo2max in "other lizards" (i.e. excluding varanids) 

exercising on a treadmill. Data have been corrected to 35°C using Q10s from the reference 

provided, or if this was unavailable, mean values for lizards (Bennett 1982). The regression 

equation relating Vo2max and mass (g) for these "other lizards" is: 

• log Vo 2max (mL h-1
) = 0.309 (±0.070) + 0.891 (±0.035) x log M (Equation 3.11) 

or Vo (mL h-1
) = 2 037 M0

·
891 

' 2max • (n = 29, r2 = 0.96, F = 650, P <<0.001). 

Comparison of regressions for Vo 2max in varanids and "other lizards" showed that "other 

lizards" had a higher slope than the varanids (F2,46 = 4.351, P = 0.043). Therefore, it was not 

possible to test the elevations of the two regressions. However, examination of the two 

regressions in Figure 3.3 revealed that the "other lizards" data extended into much smaller 

lizards than the varanid data. If these very small lizards($ 12.7 g) are excluded from the data 

set, the new "other lizards" regression becomes log Vo2max = 0.465 (±0.119) + 0.834 

(±0.051) x log M (n = 20, r2 = 0.94, F = 271, P << 0.001). This does not significantly alter 

the r2 or P of the regression equation. Comparison of this regression with that for varanids 

reveals no difference between the slopes (F1,37 = 1.02, P = 0.319) and no difference between 

the elevations (F1,38 = 3.632, P = 0.064). Therefore all available data on treadmill exercise in 

lizards > 13 g at 35°C can be summarised in the following equation: 

log Vo 2 (mL h -t) = 0.574 ( ± 0.088) + 0.808 ( ± 0.036) x log M (Equation. 3.12) 

(n = 41, I= 0.93, F = 493, P <<0.001). 



Table 3.11 Summary VOzmax data for lizard species other than varanids. The "Vo2 max at Tb" is the maximal oxygen consumption (mL h"1
) measured at a body temperature, Tb. Where Tb 

varies from 35°C, metabolic rate has been adjusted to 35°C using either Q10s from the reference itself("ref' in Source for Q10 column below), or from Table 5 of Bennett (1982) which vary 
according to mass and temperature range. Note that only data collected from treadmill exercise are used in this table. Species were classified into families according to Pough et al. (1998). 

Species Family n Mass Tb Oto Source for Oto Vo 2max at Tb y0 at 35oc Reference 
(g) 

2max 

{mLh"1
) {mL h"1

} 

Amblyrhynchus cristatus Iguanidae 3 2885 35 NIR NIR 1918.53 1918.53 Gleeson 1979b 
Ameiva festiva Teiidae 24.1 40 1.33 Bennett 1982 73.90 64.08 Garland 1993 
Ctenoplwrus nucha/is Agamidae 57 31 40 1.33 Bennett 1982 110.10 95.47 Garland et al. 1987 
Callisaums draconoides Phrynosomatidae 17.2 40 1.33 Bennett 1982 17.20 14.91 Garland 1993 
Chlamydosaurus kingii Agamidae 131 500 36 1.33 Bennett 1982 412.44 400.84 Christian and Bedford 1995 
Cnemidophorus murinus Teiidae 21 55.2 40 1.33 Bennett 1982 88.32 76.58 Bennett and Gleeson 1979 
Cnemidophorus tigris Teiidae 22.5 40 1.33 Bennett 1982 86.20 74.74 Garland 1993 
Coleonyx variegatus Geckonidae 5 4.2 25 2.52 Bennett 1982 2.00 5.03 Farley and Emshwiller 1996 
Conolophus subcristatus Iguanidae 3 3885 35 NIR N/R 2420.54 2420.54 Gleeson 1979b 
Ctenosaura simi/is Iguanidae 18 500 40 1.33 Bennett 1982 950.00 823.75 Garland 1984 
Cyclura nubila Iguanidae 6 1136 35 NIR N/R 1014.00 1014.00 Christian and Conley 1994 
Diplodactylus galeatus Geckonidae 5 4.3 20 2.52 Bennett 1982 1.62 6.49 Autumn et al. 1999 
Diplodactylus intermedius Geckonidae 3 4.9 20 2.52 Bennett 1982 2.28 9.13 Autumn et al. 1999 
Dipsosaurus dorsalis Iguanidae 18 51.3 40 1.96 Ref 102.70 73.36 John-Alder and Bennett 1981 
Eremias lineoocellata Scincidae 16 4.0 37 2.32 Bennett 1982 9.94 8.40 Bennett et al. 1984 
Eremias lugubris Scincidae 15 4.0 37 2.32 Bennett 1982 12.82 10.83 Bennett et al. 1984 
Eublepharis macularius Geckonidae 6 32.8 25 2.25 Bennett 1982 16.56 37.10 Autumn et al. 1999 
Eumeces skilonianus Scincidae 5 4.8 25 2.52 Bennett 1982 3.24 8.10 Farley and Emshwiller 1996 
Gambelia wislizenii Crotaphytidae 38.4 40 1.33 Bennett 1982 111 96.25 Garland 1993 
Heloderma horridum Helodermatidae 12 803 31 2.23 Bennett 1982 811.20 1118.02 Becket aL 1995 
Heloderma suspectum Helodermatidae 7 396 31 2.23 Bennett 1982 447.00 616.07 Becket aL 1995 
Iguana iguana Iguanidae 4 850 35 2.23 Bennett 1982 707.20 707.20 Gleeson et al. 1980 
Nephntnts asper Geckonidae 3 25.1 20 2.25 Bennett 1982 7.83 26.25 Autumn et al. 1999 
Nephntnts levis Geckonidae 3 12.7 20 2.25 Bennett 1982 3.40 11.41 Autumn et al. 1999 
Pachydactylus bibroni Geckonidae 6 14.8 25 2.25 Bennett 1982 7.87 17.64 Autumn et al. 1999 
Phrynosoma douglassi Geckonidae 7 4.5 35 NIR NIR 4.95 4.95 Autumn et al. 1997 
Teratoscincus przewalskii Geckonidae 7 11.2 25 1.74 Ref 5.80 10.09 Autumn et al. 1994 
Tiliqua rugosa Scincidae 11 432 35 NIR N/R 342.23 342.23 John-Alder et al. 1986 
Tupinambis nigropunctatus Teiidae 6 865 35 NIR NIR 728.00 728.00 Bennett and John-Alder 1984 
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Figure 3.3 Allometry of Vo2 max in lizards exercising at 35C on a treadmill. Symbols refer to (•) "other lizards" and (.A.) varanids. The slope 

of the "other lizards" regression is significantly higher than the varanid regression. The regression equation for "other lizards" greater than 12.7 
g is also included. This is the same mass range over which the varanids are measured. The regressions over the same mass rangeare not 
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3.3.5 Do varanids with different ecologies and preferred habitats differ in 
metabolism? 

Data sets from Table 3.8 and Table 3.10 were analysed to determine any relationships 

between a species' ecology, habitat and its metabolism (SMR and Vo 2max ). The 

classification of each species into an "eco-type" and "habitat-type" is provided in Table 3 .8. 

In one species, Varanus salvator, the SMR is not known (various authors have measured 

resting metabolic rate) and it is only included in Table 3.10. It was not possible to examine 

the effects "eco-type" and "habitat-type" in a two factor ANCOV A because of the 

unbalanced nature of the data set, e.g. all saxicoline species are sedentary. Therefore, 

possible effects related to either "eco-type" or "habitat-type" are examined individually, and 

possible interactions between the two effects are not considered. 

Comparison of SMR and in varanids of different eco-type reveals a significantly lower slope 

at both 25 and 35°C in the sedentary species compared to the active foragers (25°C F 1,20 = 

9.50, P = 0.006; 35°C F1,20 = 6.022,-P = 0.023). Although it is not possible to analyse this 

with an ANCOV A, this result suggests that larger active foraging lizards have higher SMR 

than sedentary species. This is confirmed when the two eco-types are compared over the 

same mass range (i.e 0 -300 g). There is no difference between the mass exponents over the 

restricted mass range at either temperature (25°C F1,7 = 2.90, P = 0.13; 35°C F1,7 = 2.70, P = 

0.15). The ANCOVA indicates that SMR is higher in active foragers at 25°C (F1,8 = 5.55, P 

= 0.046) and is borderline significant at 35°C (F1,8 = 5.21, P = 0.052). This is graphically 

shown in Figure 3.4, where the dashed lines are the regressions for the restricted mass range 

of active foragers. 

There was no difference in Vo zmax between eco-types in the mass exponents (F 1,18 = 1. 77, .P 

= 0.201) or elevations (F1,19 = 2.30, P = 0.146) of the two eco-types (Figure 3.5). 
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or intercept between sedentary species c•) and active foragers (e). 
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Comparison of SMR with habitat-type at 25°C was not possible due to heterogeneity of 

slopes (FJ,zo = 3.76, P = 0.032). Examination of Figure 3.6 suggests that the mass exponent 

in saxicoline species is lower than other groups. Analysis of the data excluding all saxicoline 

species (four species) does pass the heterogeneity of slopes test (F2,16 = 0.39, P = 0.683). This 

ANCOV A reveals significant differences in SMR between habitat-types at 25°C (F2,17 = 

5.13, P = 0.019). Post-hoc testing showed that aquatic species have lower SMRs than either 

arboreal or terrestrial species. 

Comparison of SMR at 35°C in varanids between all four habitat-types showed a common 

slope but different intercept (F3,21 = 5.86, P = 0.005). Post-hoc testing showed that SMR in 

the saxicoline species was significantly lower than in the arboreal or terrestrial species. 

Aquatic species were not different from either of these groups (see Figure 3.7). 
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Figure 3.6 Standard metabolic rate in varanids at 25°C, with species grouped according to habitat-type. Symbols 
are: + Aquatic, • Arboreal, e Saxicoline and .A. Terrestrial. See text (3.2.1.1) for rationale for habitat-type 
classification. Note that saxicoline species have a lower mass exponent than the other groups. 
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Figure 3.8 Interspecific allometry of Vo2max in varanids, with species grouped according to habitat-type. 

Symbols as for Figure 3.6. There was a significant difference in the elevation of these lines, however, it was not 
resolved by Tukey's pairwise testing. 
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Testing of Vo 2max data according to habitat-type (Figure 3.8) revealed a significant 

difference among the habitat groups (F3,17 = 3.35, P = 0.045). However, these differences 

were not resolved by Tukey's pairwise comparisons (P > 0.15). 

3.3.6 The aerobic capacity hypothesis 

I calculated the residuals from the log Vo 2max versus log mass regression and the log SMR 

versus log mass regression for all individuals of each varanid species. I then regressed the 

Vo zmax residuals (dependent variable) against the SMR residuals (independent variable) for 

each individual as per Garland (1984). This showed no significant intraspecific correlation 

between Vo2max and SMR in any of the six species investigated. The P values for these 

regressions are: V. baritji P = 0.062, V. glebopalma P = 0.383, V. indicus P = 0.414, V. 

mitchelli P = 0.156, V. spenceri P = 0.349, V. storri P = 0.581. 

I similarly examined interspecific correlations between Vo2max and SMR by calculating the 

residuals from regressions of mean metabolic data in Table 3.10 (log Vo 2max versus log 

mass) and Table 3.8 (log SMR versus log mass) for twenty species of varanids for which 

measurements of SMR and Vo 2max are available. The regression of the interspecific 

residuals of Vo2max and SMR, as plotted in Figure 3.9, is significant (F = 11.23, P = 0.004). 
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Figure 3.9 Residuals for Vo 2max plotted against the SMR residuals in-18 species and 2 sub-species ofvaranids. 

The regression relating Vozmax and SMR is significant (P = 0.004). Species are marked by their first three 

letters. 

3.4 DISCUSSION 

As Thompson (1997) observes, a high level of experimental error may be inherent in 

measurements of Vo 2max. Comparison of treadmill-only data should reduce this error 

(Garland 1993, John-Alder et al. 1986). Obviously, the design of the experimental circuit is 

critical to collecting accurate data (see Chapter 2). Nevertheless, other studies have shown 

substantial variation between studies on the same species. For example, Hopkins et al. 

(1995) recorded a Vo 2max in Varanus exanthematicus only 16% that of Gleeson et al. (1980). 

Detraining may be a factor in some lizard species (Garland et al. 1987), but not in others 

(Gleeson 1979a). To avoid any possible problems, all lizards in this study were exercised 

within 10 days of capture, and only wild caught specimens were used. Comparison of four of 
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the species from this study that have been previously measured shows some variation. The 

Vo 2rnax of Varanus gouldii is slightly higher here than that of Christian and Conley 1994 

(1.39 vs 1.35 mL g-1 h-1
), especially when mass is considered (1212 vs 1086 g). Also, the 

Vo 2max of Varanus mertensi is slightly higher than Christian and Conley 1994 (0.88 vs 0.91 

mL g-1 h-1
), given that mass is larger here (1456 vs 904g). The Vo 2max of Varanus gilleni is 

approximately one half of the combined data in Thompson and Withers (1997c), although 

the mass is higher here (29 vs 21g). The principal difference between this study and 

Thompson and Withers (1997c) is the length of time over which Vo 2rnax was measured. I 

have used a minimum of2 min constant Vo2 , whereas Thompson and Withers (1997c) use 1 

min. There is no definitive time period over which Vo 2max is measured, but there is little 

doubt that Vo 2rnax is potentially greater if measured over shorter time periods. Although not 

all studies provide this information, the minimum time over which Yo 2max has been 

measured in lizards ranges from 1 min (Garland 1984), to 90 sec (Christian et al. 1996b), to 

2 min (Christian and Conley 1994, Garland 1993, Becket al. 1995, Bennett and John-Alder 

1984, Gleeson et al. 1981), to 3 min (Autumn et al. 1994, 1999, Bennett et al. 1984) and up 

to 4 min (Bickler and Anderson 1986). Given the other similarities in methods between this 

study, Christian and Conley (1994) and Thompson and Withers (1997c) it appears that any 

differences between studies may be attributable to this sampling difference. Interestingly, 

Garland et al. (1987) found a difference in Vo2rnax between two randomly selected groups 

from the same population of recently captured Ctenophorus nucha/is, indicating that such 

differences can occur, even in carefully planned, manipulative experiments. 
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3.4.1 Intraspecific scaling of SMR in varanids and other lizards 

The importance of a wide mass range and sufficient sample size in allometry is not 

questioned (Peters 1983). Andrews and Pough (1985) suggest two criteria for intraspecific 

scaling: the data set should include juveniles, and the ratio of smallest mass to largest mass 

should be less than 10% in large species, and less than 30% in small species. Unfortunately 

they do not define "large" and "small", but examination of their data suggests that the critical 

mass is between 100 and 200 g. Only those studies conforming to these criteria are.discussed 

below. In their study of squamates, Andrews and Pough (1985) found intraspecific b values 

ranging from 0.51 to 0.80, and averaging 0.67, as predicted by Heusner (1982a). Chappell 

and Ellis (1987) report a similar range, but a higher mean value of 0.73. In both studies, the 

intraspecific scaling exponent was less than the interspecific exponent. Other studies have 

shown intraspecific scaling exponents of 0.69 in helodermatid lizards (Beck and Lowe 

1994), 0.83 in Ctenophorus nucha/is (Garland and Else 1987), 0.86 for Ctenosaura simi/is 

(Garland 1984), 0.76-0.80 in Uromastyx microlepis (Zari 1991), 0.84 for Dipsosaurus 

dorsalis (John-Alder 1984), 0.82 for male Sceloporus jarrovi (Beuchat and Vleck 1990), and 

0.93 for Sceloporus merriami (Beaupre et al. 1993). 

The first investigation into intraspecific bin a varanid reported low values ranging from 0.51 

to 0.57 in Varanus exanthematicus (Wood et al. 1978). Subsequent investigations have 

reported much higher values in varanids: 1.11 in Varanus gouldii and Varanus panoptes 

(Thompson and Withers 1992), 0.93 in Varanus giganteus (Thompson et al. 1995), and a 

pooled mass exponent of 0.97 at 35°C in a large number of varanid species (Thompson and 

Withers 1997c), some of which do not strictly comply to Andrews and Pough's (1985) 

criteria. The consensus is that intraspecific b is high in Australian varanids from both 

Odatria and Varanus sub-genera. Data from this study show a lower intraspecific mass 

exponent. The pooled slopes for the five species (six at 36°C) ranged from 0.61 at 30°C to 

0.80 at 36°C. However, the mass range in some of these species (Varanus baritji, Varanus 
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mitchelli, Varanus storrii) does not comply to Andrews and Pough's (1985) criteria, and 

most of the intraspecific regressions of Varanus glebopalma are not significant, probably due 

to a relatively small sample size. Nevertheless, the intraspecific scaling line for Varanus 

spenceri is of note due to its large sample size (n = 26) and mass range (the ratio of smallest 

to highest mass is 0.5 %, the lowest !mown for any lizard study). The mass exponent (0.83 ± 

0.03) is significantly greater than 0.75 and less than 1. In fact, it is significantly lower than 

0.90 (t24 = 2.4), the lower range normally associated with varanid lizards (Thompson and 

Withers 1997c). The data set for V. spenceri may be criticised on the basis that a large 

proportion of the juveniles measured were from the same clutch and therefore represent low 

genetic diversity. Metabolism in lizards has a heritable component, with closely related 

species being more similar in metabolism (Pough and Andrews 1984), however comparison 

within a clutch is common (Birchard and Reiber 1995, Birchard et al. 1995). In contrast, the 

mass exponent for Varanus indicus, whose smallest mass is 13 %of the largest mass, is not 

distinguishable from either 0.67 or 1 at either 24 or 36 °C, even with a relatively large 

sample size of 10. 

The measurement of a mass exponent less than 1 in V. spenceri questions the generality of 

Thompson and Withers (1992, 1994, 1997) and Thompson et al.'s (1995) findings of SMR 

scaling isometrically with body mass within species. The obvious question is: is V. spenceri 

different from other species or does this reflect differences in this study? Examination of the 

V. spenceri data reveals that the mass exponents within each ontogenetic group (i.e. adult or 

juvenile) are relatively high: 0.98 ± 0.26 for juveniles (n = 10) and 0.95 ± 0.11 for adults (n 

=16). The mass exponent for the juvenile group is not different from 1 or 0.67 (t8 = 0.08, t8 = 

1.19 respectively), not a surprising result give the small mass range over which 

measurements were made. The mass exponent for the adult group is not less than 1 (t14 = 

0.43) but is greater than 0.67 (t14 = 2.51), though not greater than 0.75 (t14 = 1.80). Although 

neither of these ontogenetic groups differ from the mass exponent for all V. spenceri data 
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(0.83), this suggests that if either ontogenetic group was considered on its own it may be 

wrongly considered to have an intraspecific mass exponent not significantly less than 1. 

It is also perhaps pertinent to note that although other studies have used large sample sizes 

(Thompson and Withers (1997c) measured 29 Varanus caudolineatus at one temperature) 

this is the first study to measure large numbers of individuals across a wide mass range. In 

addition, some of the species with high intraspecific scaling exponents do not comply with 

Andrews and Pough's (1985) criteria for suitable mass range (i.e. Varanus acanthurus 

Thompson and Withers 1994, Varanus rosenbergi, Varanus brevicauda Thompson and 

Withers 1997c). This leaves four species with high(> 0.9) intraspecific b: (Varanus eremius, 

Varanus gouldii jlavirufus, Varanus panoptes and Varanus giganteus). Similarly there are 

four species with b ~ 0.83: Varanus caudolineatus, Varanus tristis, Varanus indicus and 

Varanus spenceri. It therefore seems appropriate to summarise that intraspecific scaling of 

SMR with mass is not necessarily isometric in varanids. Given that there is substantial 

variability in intraspecific b in reptiles (see first paragraph of this section), it seems 

premature to make generalizations concerning intraspecific allometry in the varanids, or 

lizards in general. 

3.4.2 Interspecific scaling of SMR in varanids and other lizards 

Although the interspecific mass exponents (0.89 at 25°C, 0.94 at 36°C) in the varanids 

studied here were not different from either 0.67 or 1, they are very similar to Thompson and 

Withers' (1997c) corresponding values of 0.87 and 0.92. The main difference between the 

present study and that of Thompson and Withers (1997c) is that a different statistical test 

(ANCOVA) has been used to compare the mass exponents of the varanids with other lizards. 

Thompson and Withers (1997c) used a t-test to compare their varanid data against the 

empirical value of 0.80 for squamates (Andrews and Pough 1985). However, this method 
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does not incorporate the error around the empirical value, whereas the ANCOV A does 

incorporate all the appropriate error terms. It is apparent that statistical significance is less 

likely with the latter method; this is confirmed by the finding of no difference in the mass 

exponents (i.e. slopes) of SMR and body mass between varanids and other lizards at 25°C 

and 35°C in the present study. The similarity in mass exponents allowed the comparison of 

the mass coefficients (i.e. intercepts) of SMR in varanids and other lizards, which were not 

significantly different at either temperature. 

The analysis here differs from Thompson and Withers (1997c) in several other important 

ways. First, my analysis only includes measured values of SMR; whereas Thompson and 

Withers (1997c) derive SMR from resting metabolic rate (RMR) in some cases. The SMR 

can theoretically be derived by dividing RMR by 1.4 (Andrews and Pough 1985). However, 

the value of 1.4 is the mean correction factor. Some species have little or no difference 

between RMR and SMR (Labra and Rosenmann 1994, Bedford and Christian 1998), others 

show the average response (Cortes et al. 1994, Christian et al. 1996a), and others show 

considerable variation between RMR and SMR (Niewiarowski and Waldschmidt 1992, 

Bickler and Anderson 1986). In addition, personal observations have shown that some 

species (e.g. V. spenceri) will fall asleep while resting on the treadmill while others maintain 

relatively elevated Vo2 (e.g. V. mertensi). Therefore, in the present study, only SMR 

measurements are included. 

Secondly, my analysis only includes one data point for each species, thereby reducing bias 

weighting, except where different races of V. gouldii and V. panoptes are included. The 

criteria for selecting the data are discussed in section 3.2.1.1. Thirdly, I have updated the 

data of Andrews and Pough (1985) based on three considerations: the inclusion of more 

recent studies, the exclusion of non-lizard studies, and the exclusion of varanid data. Thus, I 

have added data from 21 new species to the 30 non-varanid lizards in Andrews and Pough 
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(1985), considerably strengthening the analysis. The data from snakes were excluded to 

reduce phylogenetic differences, and variation associated with the low metabolic rate of 

some snakes (Andrews and Pough 1985, Chappell and Ellis 1987, Bedford and Christian 

1998). It was also important to remove the varanids from Andrews and Pough (1985), since 

this ensures independence of the comparison. These are all relatively minor "improvements" 

to the comparison of varanids to non-varanids, and it is pertinent to note that there are no 

significant changes to the regression equations of Andrews and Pough (1985). 

The comparison of 25 and 35°C raises the question of what is the appropriate temperature at 

which to investigate SMR. Most studies routinely measure SMR at several different 

temperatures and calculate the sensitivity of metabolism to temperature. In general, Vo 2max is 

measured at an animal's preferred body temperature (PBT) for activity, which is normally 

-
high in diurnal lizards (eg Wilson 1974). In varanids, PBT is generally between 35 and 40°C 

(Pianka 1982, Christian et al. 1995, Christian et al.l996a), although slightly lower in V. 

salvator (Traeholt 1995). When examining SMR in relation to Vo 2max it is logical to 

compare the same temperature. However, when examining SMR alone, it is more 

appropriate to investigate an ecologically relevant temperature, i.e. the temperature 

experienced when the animal naturally undergoes SMR. These temperatures will reflect 

environmental temperatures and are generally low (Christian et al. 1996a, Christian et al. 

1995). Thus, it seems more valid to compare SMR data at 25°C, and comparisons at 35°C, 

while interesting in their own right, probably have less ecological applications. 

Comparison of the mass exponents of the regression equations relating SMR to body mass in 

all lizards Eq 3.8 and Eq. 3.7) with hypothetical values reveals that at 25°C the slope (0.830) 

is not different from 0.80 (t73 = 1.5) but significantly lower than 1 (t73 = 8.5) and higher than 

the mammalian exponent of 0.75 (t73 = 4.1). This suggests that lizards do not scale 

differently to all the squamates sampled in Andrews and Pough (1985). This is not 
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surprising, given the high proportion of lizards within Andrews and Pough's regressions. 

The confirmation ofhigher scaling exponents in lizard SMR than mammalian BMR suggests 

greater energetic benefits in attaining large body mass in the latter. 

3.4.3 Temperature and SMR 

The relationship between temperature and metabolism for the species in this study, and 

varanids in general, do not apparently differ from other lizards. There is some support to the 

suggestion that Q 10 tends to decrease as the temperature increases because the average Q10 

decreases from 3.80 (18-24°C) to 2.99 (24-30°C) to 2.71 (30-36°C). fu terms of each 

species, there is remarkably close agreement in the ~ of linear and second order polynomial 

regressions in the plots of log mass specific SMR versus temperature. Thus the relationship 

could be described as either linear (i.e. Q10 is independent of temperature) or non-linear (i.e. 

a plateau in Q10 as temperature increases). Both of these patterns have been described in 

many species of reptiles (reviewed in Bennett and Dawson 1976). 

The Q10s reported here are similar to those of other studies on varanids. Wood et al. (1978) 

report a Q10 of 2.1 (25-35°C) for V. exanthematicus. Other studies have measured Q10s 

ranging from 3.3 between 20 and 40°C for various varanids (Bartholomew and Tucker 1964) 

to 1.8 over the same temperature range in V. bengalensis (Earll1982). However, the majority 

of studies on varanids report Q10s between 2 and 3 between 25 and 35°C (e.g. Thompson and 

Withers 1992, Thompson and Withers 1994, Thompson et al. 1995, Thompson et al. 1997a, 

Christian et al. 1996a). Similarly, the values for k, the temperature coefficient (3.3.1.3) 

reported here are very similar to those previously reported (references above). The one 

exception may be V. glebopalma, which has the highest Q10 and k values measured in a 

varanid. It is not known why this species should exhibit such a strong temperature 

dependence. 
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3.4.4 Maximal oxygen consumption in lizards 

Gleeson (1981) first suggested that the aerobic abilities of varanids may have been 

exaggerated in the literature: "The data presently available indicate that the overall 

physiologic and metabolic design of varanid lizards may be more similar to other lizard 

species than was previously thought, and that the adaptations of the more aerobic varanid 

species may not be characteristic of the entire family" (p. 428). This possibility lay dormant 

until Christian and Conley (1994) reported moderate Vo 2max in a varanid. Further study by 

Thompson and Withers (1997c) found that as a group, varanids had significantly higher 

Vo2max than a selection of other lizard species. However, the "other lizards" data set is 

limited in number (only five species) and mass range (438- 1136 g). Additionally, it appears 

biased toward species of intermediate Vo 2max. For example, the "other lizard" species with 

highest mass specific Vo2max (Heloderma suspectum) in Thompson and Withers (1997c) is 

tenth highest Vo 2max in the "other lizard" data set of this study. Additionally, none of the 

high Vo2max teiid lizards from Garland (1993) are included in their data. The criteria used for 

selecting data for other lizards is not mentioned in Thompson and Withers (1997c). In this 

study I have used all available data. Of course, this data set may be somewhat biased, in that 

researchers often target species which they hypothesise may have high (Garland 1993) or 

low Vo 2max (Becket al. 1995); however, it is the best data set available. 

One of the principal conclusions of this study is that there is no difference in Vo 2max when 

lizards are considered over a similar mass range. Although comparison across the entire 

mass range of "other lizards" was not possible since mass exponents differed, there are good 

grounds to exclude the data from small (:::;12.7 g) other lizards. First, these are smaller than 

the smallest adult varanids (Greer 1989) and so comparison may not be warranted. Second, 
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two thirds of the data for very small lizards comes from geckos, and thus there is a strong 

phylogenetic bias in those data. Additionally, the regression may be overly weighted towards 

these data, due to the high proportion of the species (9/29) in this very small mass range (0-

13 g) at the extreme end of the regression curve. Finally, many of the data were originally 

measured at 20°C which requires a large temperature correction because no studies have 

measured Q10 in exercising geckos. 

The perception of high Vo2max in all varanids has been related to a suite of physiological and 

anatomical adaptations to the respiratory system. These include more efficient gas exchange 

as a result of more complex lung structure and efficient lung mechanics (Bennett 1973b, 

Perry and Duncker 1978) and greater oxygen extraction from venous blood (Bennett 1973a). 

In addition, high haematocrit (Gleeson et al. 1980), high scope for increasing cardiac output 

(Bennett 1972), the lack of a right-left cardiovascular shunt (Wood et al. 1977b) and the 

ability to adequately ventilate lungs (Wang et al. 1997) by circumventing a mechanical 

constraint (Owercowicz et al. 1999) have also added to this dogma. The weaknesses of these 

studies are that they have generally concentrated on only a few species of varanids 

(principally V. exanthematicus) and have often been two species comparisons with their 

attendant limitations (e.g. Bennett 1972, Gleeson and Bennett 1982, Gleeson et al. 1980, 

Glass et al. 1981 ). An obvious area of future research, and part of the scope of this thesis, is 

comparison of oxygen transport in the varanid species with differing aerobic abilities. 

3.4.5 Phylogeny and Metabolism 

The above findings indicate that on a broad scale phylogeny is not important in determining 

Vo 2max, echoing Andrews and Pough's (1985) fmdings in comparing SMR in squamates. A 

preliminary investigation was made by grouping data from Table 3.8, Table 3.9, Table 3.10 
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and Table 3.11 into families and performing ANCOVA on SMR and Vo 2max data with 

family as the factor. Only families with three or more data points were considered. However, 

SMR data could not be compared due to heterogeneity of slopes (25°C F7,48 = 3.18, P = 

0.008; 35°C F7,48 = 3.14, P = 0.008). Comparison of Vo2max in five families oflizards (across 

the entire mass range) revealed highly significant variance (F4,38 = 10.31, P < 0.0001). 

Iguanids, teiids and varanids have higher Vo 2max than geckos and varanids have higher 

Vo 2max than skinks. 

Further analysis suggests that the gecko family stands out as being different from other 

families of lizards. If an ANCOV A is performed on the lizard families excluding the geckos, 

there is no significant difference between the four other lizard families (F3,31 = 2.77, P = 

0.059). If an ANCOV A is performed without the varanids, there is a highly significant 

difference between the four remaining families (F3,19 = 11.13, P < 0.000). All of the non

gecko families (iguanids, scincids, teiids) are significantly greater than the geckonids. If the 

iguanids are removed from the analysis, the teiids and varanids have higher Vo zmax than the 

geckos (F3,34 = 12.23, P < 0.000). If the skinks are removed from the analysis, all three other 

families have higher Vo 2max than the geckos (F3,37 = 12.54, P < 0.000). However, the low 

Vo2max in geckos does not translate into inadequate locomotory abilities because geckos 

have also evolved a very low cost oflocomotion (Autumn et al. 1994, 1999). 

3.4.6 Differences in metabolism between different varanid ceo-types 

The classification of species into eco-type or habitat-type was based on the best available 

data (e.g. James 1996, Pianka 1994, Sweet 1999). However, several important points must be 

considered. First, there are many species whose ecology is virtually unknown (e.g. V. 

mitchelli, V.storrii, V. baritji, V. spenceri). Consequently, some classifications will be based 
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on a best guess, or on morphological, dietary, or limited field observations (Magnusson et al. 

1985). Also, this is an absolute classification, with no scope for species that are relatively 

sedentary, or relatively active foraging. For example, Thompson (1993) showed that V. 

caudolineatus foraged actively on the ground, whereas Pianka (1994) concludes that in 

relative terms movements are "more restricted than those of other varanid species, 

suggesting a sedentary life style" {p. 398). There is the additional complication of switching 

of foraging mode in response to changing prey availability (Huey and Pianka 1981) or an 

ontological switching of foraging mode as shown in V. komodoensis {Auffenberg 1981). 

Andrews and Pough (1985) showed that SMR. was significantly higher in day-active 

predators compared to reclusive predators, which in tum, have higher SMR than fossorial 

predators. Herbivores were not different from either day-active predators or reclusive 

predators. They also found that metabolism during inactivity tended to be higher in active 

foraging predators compared to sit-and-wait (sedentary) foragers. Varanus are an ideal genus 

to test for the effects of foraging mode on metabolism because all varanids are day-active 

predators, except for the partly frugivorous Varanus olivaceous (Auffenberg 1988). [Sweet 

{1999), and personal observations show no evidence for noctumality in V. glebopalma, 

sometimes commonly lmown as the "Twilight" goanna.] Thompson and Withers (1994) 

found lower SMR in the sedentary V. acanthurus compared to V. caudolineatus. Christian 

and Conley (1994) detected no difference in the SMR of four active foraging varanids. 

Thompson and Withers (1997c) found higher SMR in V. tristis and V. eremius (active 

foraging) compared to V. acanthurus. Comparison of mean values for active foraging (n = 9) 

and sedentary (n = 2) groups revealed significantly lower SMR in the sedentary species 

(Thompson and Withers 1997c). Other studies on various squamates have shown similar 

results (Al-Johany and Al-Sadoon 1996, Al-Sadoon 1986, Putnam and Murphy 1982, Beck 

and Lowe 1994). However, many of the above are two or three species comparisons, whose 

results are equivocal (Garland and Adolph 1994). 
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The comparison of 19 actively foraging varanids to five sedentary varanids in this study 

showed that at both experimental temperatures, the mass exponent of SMR in sedentary 

species was significantly lower than the active foraging species. Low SMR in sedentary 

species may reflect an adaptation to a low energy lifestyle, where food availability may be 

stochastic (Bedford and Christian 1998, Beck and Lowe 1994). Examination of Figure 3.4 

suggests a significant energy saving in large sedentary species, since SMR can be a large 

component of the total field metabolic rate especially in sit-and-wait species (Anderson and 

Karasov 1981, Nagy et al. 1984). However, the only large varanid that could be classified as 

sedentary is the Komodo dragon, Varanus komodoensis, which is an ambush hunter 

(Auffenberg 1981 ). The paucity of large, sedentary varanids may be explained by increased 

foraging efficiency in active foragers, where increased costs in energy expenditure and risks 

associated with widely foraging (predation, Huey and Pianka 1981) are outweighed by 

increased benefits of greater energy gain (Anderson and Karasov 1981, Nagy et al. 1984). 

The prevalence of an active lifestyle could be unrelated to energetic advantages, and may 

reflect enhanced evolutionary fitness via increased encounters with mates, or maintenance of 

large home ranges. 

3.4.7 The aerobic capacity hypothesis 

When compared over a restricted mass range (0-300 g) actively foraging varanids had higher 

SMR than sedentary varanids (P = 0.046, P = 0.052 at 25 and 35°C respectively) reinforcing 

this suggestion from Andrews and Pough (1985). This higher SMR in widely foraging 

lizards was not matched by a higher Vo zrnax compared to sedentary species, contrary to the 

predictions of the aerobic capacity hypothesis. 

Although a comparison of different eco-types does not support the aerobic capacity 

hypothesis, interspecific comparison of the varanid data complies with the proposed 
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relationship (Figure 3.9). Analysis of my varanid data using residuals of interspecific 

regressions between log SMR and log mass, and the non-parametric ranking method of 

Taigen (1983) indicates a significant relationship between Vo2max and SMR and supports the 

aerobic capacity hypothesis. There was no support for the hypothesis from equivalent 

comparisons using intraspecific data. 

One of the weaknesses of the aerobic capacity hypothesis is its somewhat vague thesis of a 

high Vo2max incurring a concurrent high cost in maintenance metabolism. This theory is 

based on the observation that the factorial aerobic scope is similar between birds and 

mammals, and ectothermic vertebrates, despite differences in absolute values (Bennett and 

Ruben 1979). The selective advantages of an increased aerobic capacity, i.e. increased ability 

to capture prey, avoid capture, or reproduce for example, are intuitively appealing (Bennett 

1991). However, the mechanism which links maximum metabolic rate to standard metabolic 

rate has not yet been proven (Hayes and Garland 1995, references therein). Additionally, the 

two metabolic states are strikingly _different in terms of biochemical pathways, and the 

distribution of oxygen consumption (Taigen 1983). The brain and other internal organs 

consume about 72 % of total oxygen during rest, whereas skeletal muscle consumes similar 

proportions during exercise. The aerobic capacity hypothesis is extremely difficult to test 

because a correlation between Vo 2max and SMR does not necessarily prove that SMR 

increased as a consequence of an increase in Yo 2max ("direct" and "correlated" selection 

responses, Hayes and Garland 1995). The hypothesis makes predictions about historical 

events for which there is no direct test, and which must therefore be tested indirectly (Hayes 

and Garland 1995). 

Hayes and Garland (1995) summarise two phylogenetically based "comparative" studies on 

the aerobic capacity hypothesis. One study supports the hypothesis across fifteen species of 

hylid frogs (Walton 1993), whereas a mammalian study rejects the hypothesis (Sparti 1992). 
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In a recent study, Bennett et al. (2000) found no support for a "rival" hypothesis to the 

aerobic capacity model. It is clear from the present study, and others (Pough and Andrews 

1984, Thompson and Withers 1997c) that the aerobic capacity hypothesis for the evolution 

of endothermy is not a completely robust dogma, but is an interesting and fruitful source of 

stimulation. As Bennett (1991) summarises "Thus, this association [between Vo2max and 

SMR] remains a generality, without a firm, mechanistic explanation or intraspecific 

correlational basis" (p. 16). The varanid data in this study adds to the generality of 

interspecific not intraspecific correlations between Sl\tiR. and Vo2max. 

3.4.8 The effect of habitat-type on metabolism in varanids 

Thompson and Withers (1997c) and Thompson (1997) suggested that elevated Vo 2max in 

arboreal varanids is an adaptation to energetically expensive climbing. However, the 

relatively low Vo 2max of V. scalaris (Christian et al. 1996a, this study) and the very low 

Vo2max of V. glebopalma, an excellent climber (pers. obs.), question the generality of this 

hypothesis. Similarly, V. mitchelli which is partly arboreal, has a low Vo2max. Consideration 

of all the varanid data revealed a significant effect of habitat on Vo2max, and inspection of 

Figure 3.8 suggests that terrestrial and arboreal species may have higher Vo 2max than 

saxicoline or aquatic species, although there were no significant differences in post-hoc tests. 

The analysis is complicated by possible interactions between foraging mode and habitat

type, since all saxicoline species are sedentary. If all sedentary species are removed from the 

analysis there are no significant differences in Vo2max between species from different habitat 

types (F2,t3 = 3.09, P = 0.083). 

Similar comparison of the SMR data reveals that within active foraging species, SMR is 

lower in semi-aquatic species than terrestrial species CF2,16 = 5.74, P = 0.014; F2,16 = 3.98, P 



~C~ha~pt~er~3~·~Is~m~et~w~o~lis~m~i~n~va~rn~n~id~s~di~ffe~re~n~tt~o~ot~he~r~li~za~rd~s?~. ________________________________ 97 

= 0.041) for 25 and 35°C respectively. Additionally, at 25°C the SMR for semi-aquatic 

species is lower than arboreal species. What is the reason for this lower SMR in semi-aquatic 

species? Low SMR in reptiles is traditionally associated with habitats of low productivity 

(e.g. Mautz 1979, Mautz and Nagy 2000) or as an adaptation to water conservation in xeric 

environments (Snyder 1971a). Either of these explanations seems unlikely. All of the aquatic 

varanids in this study are tropical. Metabolic depression during the dry season has been 

recently demonstrated in several species of tropical agamids (Christian et al. 1996b, 

Christian et al. 1999a) and a tropical varanid, V. sca/aris (Christian et al. 1996a). The semi

aquatic species here were measured at different times of the year. Data were collected from 

V. mitchelli during the "build-up" to the wet season (late November-early December), a time 

when metabolism is not depressed in those species with seasonal variation in metabolism (K.. 

A. Christian pers. comm.). The data on V. indicus were collected in August when metabolic 

depression, if present, would be expected to occur. However, V. mertensi, the only aquatic 

species for which wet and dry SMR have been measured, does not exhibit metabolic 

depression (Christian et al. 1996c). Christian et al. (1999b) report that this latter finding 

suggests that the environmental fa-ctor(s) responsible for metabolic depression may be 

associated with seasonal limitations in food and/or water, factors that would not be expected 

to act in the aquatic habitat. The low SMR in semi-aquatic species is therefore not related to 

seasonal metabolic patterns. 

What, then, is the ecological significance of the low SMRs in aquatic varanids? Of the three 

principal types of locomotion, swimming is energetically cheaper than flying or running, 

although these comparisons are made between fish, birds and land mammals respectively 

(Schmidt-Nielsen 1972b). This pattern is reflected in animals that routinely swim and walk 

(Gleeson 1979b, Baudinette et al. 2000). Although all four species fall below the general 

regression line for Vo2max in goannas, the semi-aquatic varanids are not significantly lower 

than other "habitat-types" in Vo 2max. , although the effect is more pronounced when only 
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active foragers are considered. It is possible that these semi-aquatic goannas have reduced 

metabolic rates either as a by-product of, as an adaptation to, an aquatic lifestyle. The semi

aquatic goannas are not closely related and have apparently evolved an aquatic lifestyle 

independently. A possible scenario for the evolutionary decrease in metabolism in semi

aquatic species is: a species becomes more aquatic in lifestyle, and therefore utilises less of 

the aerobic scope of terrestrial or arboreal species due to the relative efficiency of swimming. 

Because the maximal metabolism is no longer being utilised, it is eventually reduced, with 

an associated decrease in SMR. This possible scenario relies on the presence of (as yet 

unidentified) mechanistic links between standard and maximal metabolic rates as 

hypothesised by Bennett and Ruben (1979), and that these links operate both ways between 

standard and maximal metabolism. As mentioned, the physiological mechanisms that might 

link SMR and Vo 2max have not been determined (Hayes and Garland 1995, Bennett 1991), 

and the aerobic capacity hypothesis seems unlikely to prove the sole explanation for the 

evolution of endothermy (Hayes and Garland 1995). As Bennett (1991) concludes 

"Unifactorial explanations for the evolution of any complex character are almost certainly 

incomplete" (p. 16). Therefore any theory, such as the above example for the semi-aquatic 

goannas, based on the unproven aerobic capacity hypothesis itself, must certainly be viewed 

with a healthy dose of skepticism. Nevertheless, the apparently low metabolism of these 

varanids deserves further investigation. 

3.4.9 The respiratory exchange ratio during exercise 

One of the clear differences between this study and that of Thompson and Withers ( 1997 c), 

although not statistically tested, is the much lower RERs here. Respiratory exchange ratios 

are inherently variable in crocodiles at rest, and may reach very low values (;::;: 0.5 Grigg 

1978), but during SMR in varanids average approximately 0.75 (Thompson and Withers 

1997c). Varanids and other lizards commonly have high RERs during exercise, indicative of 
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a large anaerobic response. Values between 1 and 1.5 during exercise are commonly reported 

(Thompson and Withers 1997c, Mitchell et al. 1981b, John-Alder and Bennett 1981, Gleeson 

1980). 

High Vco2 may reflect the increased metabolic production of C02, the increased respiratory 

excretion of C02 as a result of hyperventilation, or increased respiratory excretion of C02 as 

a means of buffering anaerobically formed lactic acid (John-Alder and Bennett 1981). 

Gleeson and Bennett (1982) measured much higher RERs during high intensity non

sustainable exercise compared to sustainable activity. They suggest that the commencement 

of exercise is generally supplemented by anaerobic metabolism but throughout steady state 

exercise RERs tend to decrease back to resting levels. Very high RERs (up to 2.0) suggest 

burst activity, and rapid exhaustion that may set in even before Vo 2rnax is obtained. 

Within the present study, Varanus gil/eni had particularly low RER (0.59), especially when 

compared to the only published value (2.2, from a sample size of 2, Thompson and Withers 

1997c). Varanus gouldii is the only species measured here whose RER has previously been 

measured (Thompson and Withers 1997c). Again, my value (0.88) is lower than the 

published value (1.39). Grigg (1978) showed that reptilian RER may be very low as some 

C02 is excreted as ammonium bicarbonate. In this case, RER is not necessarily a good 

indicator of the type of substrate being metabolised. The likely explanation for low RERs in 

this study compared to Thompson and Withers (1997c) relates to slight differences in the 

methods. Struggling and breath holding during the masking procedure can lead to very high 

Vco2 (pers. obs.). In this study, lizards were allowed to rest quietly on the treadmill, during 

which time metabolism and ventilation was examined (see Chapter 4). This resulted in RERs 

close to resting values immediately prior to the run (i.e. 0.7- 0.8). Although Thompson and 

Withers (1997c) did not analyse the initial 30 sec of each run, they apparently did not rest 

lizards before each run, leading to relatively high Vco2 during the run. This explanation is 
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further supported by the observation that there is a lag in the excretion of C02 during an 

exercise bout, as RER increases after the cessation of exercise (unpublished observations, 

Chapter4). 

3.4.10 Factorial Scope 

The factorial scope, like any ratio, is sensitive to change in both its denominator and 

numerator and must be carefully examined. As these data on factorial scope in varanids 

attests, the species with the highest factorial scope is not necessarily the species with the 

highest Yo 2max. The species in this study showed no relationship between factorial scope 

and body mass; however, previous varanid studies have described a significant regression 

with a negative slope between log factorial scope and log mass (Thompson and Withers 

1997c). The latter suggests that the mass exponent for Yo 2max is significantly lower than that 

for SMR, and as mass increases, the difference between Yo zmax and SMR decreases. 

Although the interpretation of factorial scope must be tempered with caution, it is an index 

that is widely used and deserves further analysis. 

I have examined factorial scope in two ways. The literal definition of factorial scope implies 

that SMR and Yo 2max are measured on the same individual. However, allometry is a great 

tool for showing general patterns, and therefore, one could compare the allometric 

relationships of SMR and Yo 2max over a broad range of species. I have used both approaches 

to examine factorial scope in lizards. In practice, very few studies have reported SMR and 

Yo 2max measured only in the same individuals (n = 2 for lizards). Therefore, I have tabulated 

the factorial scopes for species in which both SMR and Yo 2max have been measured, and 

compared this approach to scaling relationships which use all available data. 
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Factorial scopes at 35°C for all lizard species whose Vo 2max and SMR have been measured 

(32 species, including 2 sub-species) are tabulated in Table 3 .12. This process was 

complicated because the mass varied between measurements for about half of the species. 

Therefore I use intraspecific allometric relationships where available to correct for different 

masses. The majority of these "corrections" were made by adjusting the SMR data to the 

equivalent mass at which Vo 2max was measured by using, for example, the regression 

equations for intraspecific scaling in SMR in Table 3.3. Less often, the Vo 2max was adjusted 

to the same mass as SMR by using the intraspecific scaling regressions of Vo 2max and mass, 

for example in Table 3.5. These adjusted values are summarised in Table 3.12, in which the 

last column indicates how data were corrected to allow calculation of the factorial scope. If 

intraspecific allometric equations were not available, I corrected for body mass differences 

by dividing whole animal oxygen consumption by body mass raised to an appropriate mass 

exponent, b, as per Garland et al. (1987).The derivation of an "appropriate" scaling exponent 

was problematic. Andrews and Pough (1985) report wide variation and a mean intraspecific 

b of 0.67 for SMR, however, there are comparatively few studies that have also examined 

intraspecific scaling of Vo 2max. Some studies have shown greater bin exercising lizards than 

at SMR (Garland and Else 1987), others have shown the reverse (Thompson and Withers 

1997a), and others show no difference (Garland 1984, this study for V. indicus and V. 

spenceri). Using these studies, and the results presented here (pooled slopes for intraspecific 

scaling of Vo 2max in ten species is 0.88), I arrive at an estimated slope of 0.88 for Vo2max 

within a lizard species. However, using the slopes 0.67 for SMR and 0.88 for Vo 2max 

provided results that seemed ridiculous, for example a factorial scope of 1.06 in Tiliqua 

rugosa. Therefore, I have used the same slope (0.88) for both SMR and Vo 2max in these 

calculations. It is pertinent to note that many studies routinely fail to report allometric 

equations and provide only mass specific data which can be open to ambiguity in 

interpretation (Packard and Boardman 1987). 
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Table 3.12. Calculation ofthe factorial aerobic scope in 20 species ofvaranid lizards and 12 species oflizards 
from other families at 35°C. The "whole animal" metabolic rates (mL/h) were corrected to the same mass using 

intraspecific allometric equations for either SMR or Vo2max. If the allometry was not known, mass corrected 

rates (mL h"1 I mass0
·
88

) were used instead (Garland et al. 1987). The "Adjustment to:" column indicates which 

data were adjusted, whole animal SMR or Vo Zmax , or if mass corrected rates (0.88) were used instead. The units 

for mass corrected data are mL 0 2 g·o.ss h"1
• The mass provided for the mass corrected data is the mass at which 

SMR was measured. 

Species Mass SMR Vozmax Factorial Adjustment 
(g) (mLh"1

) 
(mL h"1

) 
Aerobic to: 
Sco e 

Varanus acanthurus 73.6 8.3 170.0 20.5 SMR 

Varanus baritiji 69.1 3.7 81.0 22.1 SMR 
Varanus brevicauda 17.5 2.9 56.0 19.4 SMR 
Varanus caudolineatus 15.0 2.4 94.0 39.6 SMR 

Varanus eremius 40.0 6.7 92.0 13.8 "SMR 

Varanus exanthematicus 1025.0 117.7 1292.0 11.0 SMR 

Varanus gilleni 20.0 3.6 61.9 17.3 Max 

Varanus glebopalma 225.0 14.6 !"84.0 12.6 SMR 
Varanus gouldiiflavirufus 402.0 43.0 459.0 10.7 SMR 

Varanus gouldii gouldii 1086.0 114.0 1661.3 14.6 Max 

Varanus indicus 997.0 82.7 796.0 9.6 SMR 
Varanus mertensi 904.0 72.0 786.4 10.9 Max 

Varanus mitchelli 116.0 12.7 105.0 8.3 SMR 

Varanus panoptes panoptes 931.0 126.0 1248.0 9.9 SMR 

Varanus panoptes rubidus 2240.0 222.0 2364.0 10.7 SMR 

Varanus rosenbergi 1503.0 215.5 1860.0 8.6 SMR 

Varanus scalaris 89.0 13.7 115.1 8.4 Max 

Varanus spenceri 2500.0 222.9 2209.0 9.9 SMR 

Varanus storrii 50.1 8.6 89.0 10.3 SMR 

Varanus tristis 103.0 15.9 310.0 19.5 SMR 

Callisaurus draconoides 17.2 2.6 14.9 5.8 Not required 

Chlamydosaurus kingii 500 0.16 1.69 10.7 0.88 
Cnemidophorus murinus 55.2 7.2 76.6 10.7 SMR 

Cnemidophorus tigris 22.5 0.28 4.83 17.3 0.88 
Coleonyx variegatus 4.2 0.41 1.42 3.5 0.88 
Ctenophorus nucha/is 20.0 3.2 57.0 17.9 Max 

Ctenosaura simi/is 500.0 62.4 823.8 13.2 Not required 

Dipsosaurus dorsalis 51.3 0.23 2.29 10.0 0.88 
Gambelia wislizenii 38.4 0.29 3.88 13.3 0.88 
Heloderma horridum 1191.0 50.9 1517.6 29.8 Max 

Heloderma suspectum 513.0 26.7 747.4 28.0 Max 

Tiliqua rugosa 540 0.32 1.28 4.0 0.88 

The factorial scopes generated in Table 3.12 are calculated for 35°C and differ slightly from 

those in Table 3.7 because temperature affects Vo 2max and SMR differently (Bennett 1982). 

There is substantial variation within the varanids, ranging from 8.3 for V. mitchelli to nearly 

40 in V. caudolineatus. The factorial scope is significantly, negatively related to body mass 

in varanids, according to the regression equation: log factorial scope = 1.471 (± 0.106) -
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0.151 (± 0.043) x log M (F = 12.17, P = 0.003). This relationship is plotted and the 

untransformed regression equation is provided in Figure 3.10. In the non-varanid "other 

lizards" the factorial scope ranged from 3.5 in the gecko Coleonyx variegatus to 30 in the 

helodermatid Heloderma horridum. The relationship between log factorial scope and log 

mass in "other lizards" is not significant (F = 4.59, P = 0.058). The average factorial scope in 

"other lizards" is 13.7. Analysis of covariance between the regressions is not possible due to 

heterogeneity of slopes (F1,29 = 7.17, P = 0.012). 
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Figure 3.10 Factorial aerobic scope at 35°C in lizards. The data are divided into (.A) varanids and <•> "other 
lizards". The linear regression equations, relating aerobic scope to body mass (g) are included, but note that the 
regression equation for "other lizards" is not significant, and is included for comparison only. 

Given that the preceding analysis is difficult to interpret, I have compared allometric 

equations for SMR and Vozmax in the varanids and the "other lizards". These equations are 
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(varanids) SMR3s = 0.206 M0
'
890

, Vo 2max = 5.420 M0
'
761

; ("other lizards") SMR35 = 0.270 

M0
'
800

, Vo 2max = 2.037 M0
'
891

]. However, comparison of the mass exponents of SMR and 

Vo 2max in these two groups revealed heterogeneity of slopes (varanids- F1,42 = 5.09, P = 

0.030, "other lizards" - F1,77 = 3.973, P = 0.050). This confirms the previous fmding, and 

suggests negative scaling of factorial scope in varanids and positive scaling in "other 

lizards". Therefore, the two groups will be examined separately in a comparison with other 

animals. 

I used the allometric equations from the previous paragraph to calculate the factorial scope 

for hypothetical 10, 100, and 1000 g varanids and "other lizards" in Table 3.13. Data on 

mammals are also included for comparison. Small varanids have the highest factorial scope 

of any group. The estimates of the factorial aerobic scope in lizards have increased since the 

review of Bennett (1982). This is due to changes in both the denominator and numerator. For 

larger lizards, the predominance of treadmill exercise in later measurements, compared to 

Bennett's (1982) data which were mainly collected by electric shocks, may account for 

greater Vo 2max. Allied to this increase in Vo 2max, there is a decrease in SMR in these latter 

measurements compared to Bennett (1982), thus further widening the difference in factorial 

scope. This may be due to more rigorous methodology, or may suggest an increase in the 

proportion of reclusive species, which have lower SMR (see Section 3.3.5). 

Examination of Table 3.13 suggests two important points. First, over the mass range 100-

1000 g, varanids and "other lizards" have similar factorial scopes. As mass decreases below 

100 g, goannas tend to have higher factorial scopes. As mass increases up to 1000 g, the 

"other lizards" increase the factorial scopes above the varanids. Note however, that these are 
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Table 3. 13. Calculation of factorial aerobic scope for animals of hypothetical masses 10, 100 and 1000 g. These 
masses were incorporated into regression equations relating metabolism (either SMR- standard metabolic rate, 
or Max- maximal metabolic rate) and body mass. The factorial scope was calculated as the maximal metabolic 
rate divided by the standard metabolic rate. 

Mass (g) 
Taxa Variable n Reference: 10 100 1000 

Varanids SMR 24 This study 1.6 12.5 96.9 
Max 21 This study 31.2 180.6 1043.8 

Scope 19.5 14.5 10.8 

"Other Lizards" SMR 51 This study 1.7 10.8 68.1 
Max 29 This study 15.9 123.5 962.2 

Scope 9.3 11.5 14.1 

Lizards SMR 14 Bennett 1982 2.7 16.3 98.4 
Max 13 Bennett 1982 16.8 96.7 556.4 

Scope 6.2 5.9 5.7 

Reptiles SMR 21 Bennett 1982 2.6 14.7 84.8 
Max 20 Bennett 1982 17.6 90.4 463.8 

Scope 6.9 6.1 5.5 

Marsupials SMR 13 Hinds et al.1993 15.3 82.8 449.0 
Max 9 Hinds et a1.1993 136.3 1038.4 7913.5 

Scope 8.9 12.5 17.6 

Eutherian SMR >15 Stah11967 21.02 121.0 696.0 
Mammals Max 55 Taylor et al. 120.0 849.2 6012.0 

Scope 1981 5.5 7.0 8.8 

Eutherian SMR 56 Lechner 1978 19.3 102.7 548.0 
Mammals Max 17 Lechner 1978 142.6 679.6 3237.8 

Scope 7.4 6.6 5.9 

generalised equations that cannot be statistically tested. This is an interesting result, given 

earlier findings in this chapter of no difference in SMR or Vo 2max between varanids and 

"other lizards". The importance of including/excluding very small "other lizards" (i.e. :::;; 

12.7g) in the comparisons is shown here. Inclusion of the very small "other lizards" includes 

species with relatively low Vo 2max. This increases the scaling exponent so that "other 

lizards" b is significantly greater than the varanid b. Excluding the very small "other lizards" 

results in two scaling relationships that do not differ in either slope (P = 0.319) or intercept 

(P = 0.064). This statistic is relatively close to significance, and will obviously be revised as 

more data become available. 
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The second item of interest from Table 3.13 is the large increase in estimates of the factorial 

scope in lizards compared to the earlier values of Bennett (1982). This reflects the growing 

amount of literature confirming comparatively high factorial aerobic scope in lizards (e.g. 

Garland 1984, John-Alder and Bennett 1981, Garland 1993, Becket al. 1995, Thompson and 

Withers 1997c). As mentioned earlier, the probable explanation for this discrepancy is 

methodological, or it may simply represent an increase in the proportion of lizards with high 

Vo 2rnax or low SMR. Regardless, the factorial aerobic scope oflizards is at least 10, which is 

as high or greater than a "typical" mammal. 



4 The vagaries of varanid ventilation 
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SUMMARY 

Ventilation and metabolism during treadmill exerctse m nine species of varanids were 

measured to examme two conflicting hypotheses regarding ventilation in lizards during 

exercise. The mechanical constraint hypothesis, as enunciated by Carrier, predicts 

hypoventilation during exercise because the same muscle group is used in both locomotion 

and ventilation. More recent studies, however, have shown that varanids are not subject to 

the constraint. In fact, the available evidence, based on a single species, is that varanids 

hyperventilate during exercise. Averaged across the nine species, metabolism increased five 

times during exercise compared to pre-exercise values. I found that these species neither 

hypo ventilate nor hyperventilate during exercise. The ventilation increased by 5.5 times on 

average. The ratio of ventilation to metabolism during exercise remained constant relative to 

pre-exercise, indicating a close matching of ventilation with-metabolism. This was confirmed 

by constant alveolar partial pressure of 0 2 compared to pre-exercise values in three species 

of large varanids. The breathing pattern during exercise was compared to pre-exercise 

values. The increase in ventilation rate measured during exercise was facilitated by increases 

in both frequency and tidal volume. The increase in f was achieved by shortening of the 

duration of expiration and the pause between breaths. Changes in the tidal volume were a 

result of increasing the rate of inspiration, rather than the duration. Intraspecific and 

interspecific allometry of ventilation was examined, and allowed comparison with other 

species. 
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4.1 INTRODUCTION 

4.1.1 Ventilation in animals, an introduction to terminology 

Reptiles were the first vertebrates to rely primarily on pulmonary ventilation to fulfil their 

gas exchange requirements (Abe 1993). Although much of the terminology used to describe 

ventilation in reptiles is common to studies of mammalian ventilation, the breathing patterns 

and ventilatory parameters of reptiles vary widely from those of mammals. Reptilian 

ventilation rates, like metabolic rates, are typically much lower than similarly sized 

mammals (Glass and Wood 1983). Reptilian breathing commences with expiration and is 

rapidly followed by inspiration; unlike adult mammals, the reptilian lung remains inflated 

between breaths. Expiration, like inspiration, is an active process in reptiles (Wang et al. 

1998c). 

Ventilation rate ("VE, usually mL BTPS min"1
) in both mammals and reptiles is calculated as 

the product of the frequency (j) and the volume of each breath, the tidal volume ( VT ). 

However, many reptiles breathe sporadically, with breathing during ventilatory periods 

(VPs) and breath holding during non-ventilatory periods (NVPs). Thus, the duration of the 

NVP ( TNVP ), and the VP ( TVP) are routinely reported in studies of reptilian ventilation 

(Glass and Wood 1983). The duration of inspiration (Tr) and expiration (T'E in reptiles, TE 

in mammals which are continuous breathers; note that TE equals the sum of T'E and TNVP) 

and the total time of the respiratory cycle ( TTOT , equal to the sum of Tr, T'E (and TNVP, if 

present)) measure the timing components of the breathing pattern (Boggs and Tenney 1984). 

The instantaneous breathing frequency during a VP ( f' ), measured as 60 sees I TToT , is 

often reported instead ofjin arrhythmic breathers (Milsom 1984). 
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The volume rate of air actually exchanging gases, the alveolar ventilation rate ('VA), is less 

than VE because dead space volumes (anatomical and physiological) are also ventilated 

during normal breathing. The v A may be calculated as the v~ minus the dead space 

ventilation rate, Vo. Alternatively, VA may be calculated by measuring the partial pressure 

ofOz or COz in the alveolus, PA
02 

and PAco
2 

respectively. These methods are discussed in 

detail later, but rely on the measurement of "end-tidal" partial pressures in expired air, which 

accurately reflect the partial pressures in the alveoli. Alveolar ventilation is measured 

because it determines intrapulmonary gas pressures, and therefore sets the upper limit of the 

partial pressure gradient that drives the diffusion of oxygen across the lung. For this reason, 

VA is ofparamount significance (Glass and Wood 1983). 

4.1.2 Ventilation at rest in reptiles 

Variability is one of the few constants reported in studies of reptilian breathing patterns and 

ventilation (e.g. Courtice 1981). Recent experiments have indicated that reptiles are 

particularly sensitive to disturbance or stress, and much of the variability described in earlier 

studies (e.g. triphasic ventilatory patterns (Jammes and Grimaud 1976) or unrepeatable 

measurements (Naifeh et al. 1970)) has been ascribed to stressful measurement techniques 

(Glass and Wood 1983, Wang et al. 1998c). Studies using voluntary dives in aquatic reptiles 

(Lutcavage and Lutz 1991, Munns et al. 1998), or open flow "barometric" methods (Frappell 

and Daniels 1991a), or masks with minimal inconvenience (Crafter et al. 1995) have reduced 

much of the extreme variation initially considered part of the make-up of ventilation in 

reptiles. 

Although reptilian breathing patterns are many and varied, there are two commonly 

described breathing patterns (Glass and Wood 1983, Wang et al. 1998c). Arrhythmic bouts 

of breaths may be separated by comparatively long periods of breath holding (mainly aquatic 
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species of turtles (Burggren 1972, Jackson et al. 1974), the snake Acrochordus {Glass and 

Johansen 1976) and crocodilians (Glass and Johansen 1979, Gans and Clark 1976, Wang and 

Warburton 1995, Munns et al. 1998)). Alternatively, single breaths may be relatively evenly 

spaced between periods of breath holds (mainly terrestrial species e.g. terrestrial turtles 

(Glass et al. 1978), and lizards (Frappell and Daniels 1991a, Crafter et al. 1995). The latter 

also best represents the breathing patterns of varanids (Bennett 1973b). While the two 

patterns described above are commonly encountered, there are many variations to these 

paradigms. 

Reptiles have relatively simple and compliant lungs, and most of the work of breathing is 

required to overcome elastic forces in the chest wall (Perry and Duncker 1978, Milsom and 

Vitalis 1984). Milsom and co-workers have examined reptilian breathing patterns in terms of 

the mechanical work of breathing, addressing the relationship between frequency and tidal 

volume. Observed breathing patterns at rest match the predictions of an energetically 

efficient breathing pattern in a gecko (Milsom 1984) and a turtle (Vitalis and Milsom 1986a). 

These studies show that continuous breathing is not required to meet the metabolic demands 

of such animals. In these arrhythmic breathers, the most energetically efficient breathing 

pattern is a series of breaths of a certain VT and f' during VPs, separated by NVPs. Based 

on energetic considerations, increased ventilation is most efficiently achieved by increasing 

the f' (Milsom 1988). In contrast, Wang and Warburton {1995) proposed an optimal 

breathing pattern in alligators based on increased VT with constant f'. 

Changes in breathing pattern in response to different stimuli promote understanding of the 

regulation of ventilation. Differing 0 2 or C02 levels have been examined extensively in 

relation to ventilatory control (reviewed in Wang et al. 1998c); however, this chapter will 

examine changes in ventilation due to the increased metabolic demands of exercise. First, the 



~C~ha~p~ter~4~.~v~~wti~la~tio~n~b~efl~or~e.~d~un~·n~g~an~d~a~ftcr~ex~er~c~ise~i~n~va~m~n~id~li~za~ro~s~-------------------------111 

influence of altered metabolic demand due to temperature change will be briefly introduced, 

partly because there are relatively few studies examining ventilation and exercise in lizards. 

4.1.3 Temperature effects on ventilation in reptiles 

The effect of temperature on VE in reptiles is a focus of research effort. An increase in 

temperature increases the respiratory 'drive', which denotes the requirements of the 

respiratory system. Ventilation rate increases in response to increased temperature,· generally 

as a consequence of increasing overallf(or f') rather than VT (Abe 1993). Lizards follow 

the general reptilian pattern of increasing/by reducing TNVP (Bennett 1973b, Bickler and 

Anderson 1986, Crafter et al. 1995, Frappell and Daniels 1991a, Wood et al. 1977a). 

The effects of temperature on ventilation are complicated by changes in acid-base balance. 

In virtually all ectothermic vertebrates, VE has a low thermal sensitivity when compared to 

V02 (Glass and Wood 1983, Glass and Soncini 1995, Wang et al. 1994, Funk and Milsom 

1987). For a given rise in temperature, Vo2 increases more than VE. The ratio of VE to 

V
02 

is known as the air convection requirement (ACR) and is a measure of the ventilation 

volume rate ("supply") required to match the oxygen consumption rate ("demand"). (This 

ratio gives an indication of how efficiently oxygen is extracted from the lungs - a low ACR 

for a given inspired oxygen concentration indicates efficient oxygen extraction.) The relative 

hypoventilation as temperature increases leads to an increase in alveolar partial pressure of 

C02 (PAco ), which itself results in an increase in the arterial pressure of C02 ( Paco ). 
2 2 

Increasing Paco causes a decrease in arterial pH (pHa ), given constant HC03- (Abe 1993, 
2 

but see Stinner and Wardle 1988, Stinner et al. 1996). The decrease in VE/Vo 2 , and the 

increase in PAco as temperature increases will result in lower PA 0 , which will also cause 
2 2 
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a decrease in Pa 0 , potentially decreasing the 0 2 content of arterial blood, Ca 0 (Kinney et 
2 2 

al. 1977). The effects of a decreased Ca 0 will be offset somewhat by the right shift in the 
2 

oxyhaemoglobin dissociation curve with an increase in temperature (Wood et al. 1981). 

There are two mam hypotheses to account for the decrease in pHa with increasing 

temperature: the relative alkalinity concept ofRahn (1966) (cited in Glass and Wood 1983) 

and the alphastat hypothesis of Reeves (1972, 1977). There is a large body of work relating 

to these concepts, and for further detail, the reader is referred to the work of Stinner (1982), 

Stinner and Wardle (1988), Stinner et al. (1996), Davies et al. 1982, Jackson et al. 1974, 

Wang et al. 1998a, Wang et al. 1998b and Glass and Soncini (1995). Neither of these 

hypotheses have been conclusively accepted or rejected (Glass and Wood 1983, Wang et al. 

1998c). 

Varanid lizards are a startling exception to the ectothermic pattern of decreased ACR with 

increased temperature. A constant VE/Vo 2 in three varanid species (Bennett 1973b, Wood 

et al. 1977a, Bickler and Anderson 1986) accounts for a relatively constant pHa as 

temperature increases (Wood et al. 1981). Varanids therefore can be differentiated from 

other ectotherms by a matching of VE with Vo 2 , and an increase in Pa 0 , as temperature 
2 

increases (Wood et al. 1977a). The advantages of this pattern are that ventilation is adjusted 

to oxygen demand and may be matched to the increased flow rate of pulmonary blood, and 

ventilation is not "wasted" at low Vo 2 (Wood et al. 1981, Wood et al. 1977b). 

4.1.4 The effect of exercise on ventilation in reptiles 

The increase in ventilation rate in response to exercise in mammals is generally in excess of 

the oxygen consumption rate (Weibel 1984). The VA may actually increase relatively more 
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than the VE due to reduced Vo as a result of greater increases in the VT than inf(Weibel 

1984). However, the effect of exercise on ventilation in reptiles, especially lizards, is 

particularly controversial. Initial studies used electric shock or handling stress to elicit 

increases in metabolism (Dmi'el 1972, Bennett 1973a,b, Cragg 1978). These studies showed 

that VE increases from stimulation, due mainly to increased VT with a relatively constant! 

However, Jackson and Prange (1979) measured an increased/with constant VT in active 

and nesting green sea turtles. They noted that the turtles were not able to exercise and 

breathe simultaneously, possibly because the same muscles were involved in both activities. 

Nevertheless, overall VE increased at a greater rate than V02 , so that a relative 

hyperventilation and increased ACR prevailed. 

Data on lizards have also shown several contradictory patterns. Mitchell et al. (1981a, 

198Ib) calculated the effective alveolar ventilation rate Vetr (theoretically similar to VA) 

from the alveolar ventilation equation during rest and exercise: 

(Equation 4.1) 

where R is the gas constant 0.3713 mL kPa (mL sTPD °KY1 (equivalent to 2.785 mL Torr (mL 

srPD °KY1
, and Tis absolute temperature COK). Mitchell et al. (198la) measured Pac02 , and 

assumed no diffusion limitation for C02, so that Pac02 equalled PAco
2

• In Iguana iguana 

and Varanus exanthematicus, the ACR increased with exercise, and this relative 

hyperventilation gave rise to an increase in PA 02 , as calculated from the PAco
2 

according to 

the alveolar gas equation: 

[ ]
PAco 

PA0 =Pt0 - 1-(1-RER)Ft0 --
2 

2 2 2 RER 
(Equation 4.2) 

where Pr02 and Fr 02 are the partial pressure and fractional concentration respectively, of 

inspired 0 2, RER is the respiratory exchange ratio, and PAco
2 

is the ideal alveolar partial 
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pressure of C02, considered equivalent to Paco (Mitchell et al. 1981a). The Pa 0 remams 
2 2 

relatively constant despite an increase in PA 0 during exercise, suggesting (but not 
2 

conclusively demonstrating) a diffusion limitation at the lung (see Chapter 5 for a discussion 

of pulmonary diffusing capacity in lizards). As Wang et al. (1998c) note, the value of Pa 0 2 

may be affected by intracardiac shunts, and measurement of the pulmonary venous return 

blood would avoid this potentially complicating factor. 

4.1.4.1 The mechanical constraint hypothesis 

Carrier (1987a) measured ventilation across the nostrils with a flow probe during rest and 

exercise in Iguana iguana and Varanus exanthematicus. Although this method may be 

criticised because it ignores the oral component to ventilation (see Chapter 2), Carrier 

(1987a) found a decrease in VE as locomotory speed increased, mainly due to reduced VT. 

Ventilation peaks at, or below, the maximal aerobic speed (MAS), and decreases as speed 

increases. This hypoventilation at h1gh speeds is replaced by hyperventilation during post-

exercise recovery. Carrier (1987a,b) inferred an axial constraint (i.e. mechanical constraint) 

to simultaneous ventilation and locomotion in lizards, as had been suggested in sea turtles 

(Jackson and Prange 1979). Further studies (Carrier 1989, 1990, Ritter 1995, 1996) indicate 

that the hypaxial muscles contribute to both ventilation and locomotion but cannot be used 

simultaneously for both functions. Similarly, some of the intercostal muscles in mammals 

may have greater roles in locomotion than in ventilation (Carrier 1996). 

The mechanical constraint hypothesis is at odds with Mitchell et al.'s {1981a) findings of 

effective pulmonary ventilation in the same lizard species. Wang et al. {1997) described yet 

another pattern of ventilation and oxygen uptake in these species. The VT remained 

unchanged throughout exercise in both species. However, in V. exanthematicus an increase 
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inf caused an increase in ventilation rate VE. The VE increased relatively more than V
02 

during exercise, so that the ACR increased. During recovery from exercise, both V
02 

and 

VE decreased compared to exercising values. In contrast, V02 and VE were highest in the 

recovery stage in Iguana iguana, and during exercise were inversely related to treadmill 

speed. The ACR remained relatively constant throughout exercise. The erratic breathing 

patterns during exercise, and reductions in VE and Vo2 as speed increased in Iguana iguana 

are consistent with a mechanical constraint for locomotion and ventilation. However, the 

results for V. e.xanthematicus are inconsistent with the model for mechanical constraint; 

therefore the conclusions of Carrier (1987a) must be questioned, at least for V. 

e.xanthematicus (Wang et al. 1997, Wang et al. 1998c). 

Owercowicz et al. ( 1999) recently addressed the dichotomy of a mechanical constraint in an 

iguanid but not varanid. They used video radiography to examine ventilation during exercise 

and reported "gular pumping" in the varanid but not in the iguanid. During a normal breath, 

additional air may be pumped to the lungs by compression of the gular cavity, in several 

such "gular pumps". This additional air was significant in terms of gas exchange because 

VE, V02 and the length of the exercise period were reduced when the gular pump was 

impaired. This circumvention of the mechanical constraint has been shown in a range of 

lizard species during (Owercowicz et al. 1999, Brainerd 1999) and after exercise (Brainerd 

and Owercowicz 1996). Although very little is known about the gular pump, it has only been 

shown in species with high aerobic capacities, and is considered an adaptation to greater 

locomotor endurance (Owercowicz et al. 1999). 

Given the controversial fmding of mechanical constraints in exercising lizards (Carrier 

1987a), a refutation in a varanid (Wang et al. 1997) and the recent description of a gular 

pump (Owercowicz et al. 1999), examination of ventilation during locomotion in other 
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varanid species is particularly timely. In this chapter I have measured the supply (ventilation) 

and the demand (metabolism) of 0 2 transport during treadmill exercise in nine species of 

varanids in light of the mechanical constraint hypothesis. I have further examined the supply 

of 0 2 by examining the components of ventilation if and Vr) and the breathing pattern 

during exercise. Throughout this chapter, I make three fundamental comparisons, based 

mainly on the theory of mechanical constraint: (1) the start of exercise is compared to pre

exercise to test for a mechanical constraint during exercise; (2) the end of exercise is 

compared to the start of exercise to determine if exhaustion is related to the onset of a 

mechanical constraint, or other obvious factors; and (3) exhaustion is compared to post 

exercise recovery to offer insights into a physiological state in which metabolism is elevated, 

but there is no possibility of a mechanical constraint from locomotion. 

4.2 MATERIALS AND METHODS 

Ventilation was measured in conjunction with V 
02 

and V co
2 

during the exercise 

experiments described in Chapter 3, with the exception that ventilation was not measured in 

V. storrii. The experimental protocol for treadmill exercise, species descriptions and 

maintenance are described in Chapter 3. The materials and methods for this chapter will 

describe the respiratory mask and circuit, the variables measured, and the analysis of the 

data. 

4.2.1 Respiratory circuit and mask 

I used a sealed mask with an open style respiratory circuit to measure VE, V
02

, V co
2 

and 

end-tidal concentration of 0 2 in lizards before, during and after exercise. The methods 

associated with exercising lizards are included in Chapter 3; the following describes the 

respiratory circuit, mask and calculations associated with these measurements. 
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The mouthpiece (a plastic T-shaped tubing connector) was encased in a protective layer of 

soft silastic tubing to prevent damage to the lizard's mouth. The size of the T-piece was 

adjusted for the different sized gapes of different individuals and species. The T -piece was 

sealed onto the lizard's head with quick setting dental impression gum (Impregum, ESPE, 

Germany). Any leaks in the mask were easily detected by drift in the ventilation trace during 

non ventilatory periods and were plugged with additional Impregum. The mouths of larger 

lizards (> 1 kg) were taped shut over the mask before sealing with Impregum, because early 

trials with the mask showed that some of these lizards removed the mask by simply opening 

their mouths. The mass of the mask (T-piece and lmpregum) was never more than 4 % of 

body mass. 

The respiratory circuit used for lizards(> 500g) is summarised in Figure 4.1. The dimensions 

were scaled down for smaller lizards, to ensure that the weight of the mask and tubing did 

not impede locomotor performance. Briefly, the circuit comprised a pneumotachometer 

connected to a spirometer, a mask and two downstream sampling lines for analysis of 

expired gases. One of the excurrent sampling lines measured the end-tidal fractional 

concentration of each breath ("breath-by-breath circuit") and the other measured the overall 

fractional concentration of oxygen and carbon dioxide ("overall circuit"). 

The "overall" circuit connected the mask to a constant-flow pump (Reciprotor, Denmark). 

Just upstream of the pump, the air was dried (Drierite, W. A. Hammond, USA), and the flow 

rate was then measured with a Top-Track flowmeter (Sierra Instruments, USA). A voltage 

regulator (Iskra, Yugoslavia) attached to the pump controlled flow rate. Flows ranged from 

60 mL min"1 (for a 12 g V. gilleni) to 1900 mL min"1 (for a 2400 g V. indicus). Downstream 

of the pump, the air was sub-sampled to measure the expired fractional concentrations of Oz 

and C02• First, the air was dried (Drierite), analysed for 0 2 (Applied Electrochemistry Dual 
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Cell, S-3A/11, Ametek, USA) and then analysed for [C02] (Fuji, Japan). The air was drawn 

through the subsampling circuit by the analyser's pump at a lower flow rate than that used in 

the mask circuit. 

The "breath-by-breath" circuit allowed measurement of the end-tidal fractional concentration 

of 02, FET0 • Expired gases were sampled directly from the mask, via a shortened 12 gauge 
2 

stainless steel needle inserted into the mask, and connected to the cell of the 0 2 analyser 

(Applied Electrochemistry Dual Cell, S-3A/ll, Ametek, USA). After 0 2 analysis, the 

"breath-by-breath" flow rate was measured (Top-Track, Sierra Instruments, USA), and the 

circuit joined with the "overall" circuit. The flow rate for the "breath-by-breath" circuit was 

controlled by adding a resistance (clamp) in the "overall" circuit just upstream of the 

junction of the two circuits. The flow rates on the "breath-by-breath" circuit were typically 

10% ofthe "overall" circuit. 

The smaller species were not examined on a "breath-by-breath" basis because of difficulties 

obtaining end-tidal plateaus in the 0 2 trace with the much smaller volumes expired by the 

smaller species. To ensure end-tidal plateaus in 0 2, the average flow rate of expired gas 

(which was calculated as VTIT'E) had to exceed the flow rate of the sampling circuit, and (2) 

the duration of expiration had to exceed the response time of the 0 2 analyser. The 99 % 

response time of this circuit was calculated as 4.6 x the time constants (tau) (Frappell et al. 

1989). Tau is calculated by measuring the slope of the washout curve, and in the flows used 

in sub-sample circuit ranged from 0.8 to 2.0 sees. End-tidal plateaus were only measured in 

the larger specimens (>500 g) of V. gouldii, V. indicus, and V. spenceri. 

A pneumotachometer (ADinstruments, Sydney, Australia) linear over 0- 1 L min'1 (lizards 

< 500 g) and 0 - 10 L min'1 (lizards > 500 g) served as the air inlet for the erttire circuit. 

Airflow across the pneumotachometer was measured by a differential pressure transducer 
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(Spirometer Model #ML140, Sydney, Australia) which electronically offset the airflow 

through the circuit to zero. Changes in airflow across the pneumotachometer due to 

ventilation were integrated to yield volumes during data collection in MacLab software 

(ADinstruments, Sydney Australia). The pressure transducer was calibrated at the mask by 

injecting and withdrawing known volumes of air at different frequencies through the circuit. 

The calibration volumes were highly repeatable and always linear over the volumes and 

frequencies examined. 

The ventilation trace was subject to drift, as evident in the examples of ventilation traces 

(Figure 4.4, Figure 4.5, Figure 4.6). This was caused by inconsistencies in the flow rate of air 

moving across the pneumotachometer, itself caused by variable flow from the circuit pump. 

The spirometer is electronically offset to register zero flow rate at a constant flow rate of air 

across the pneumotachometer, e.g. 1000 mL min-1
• When the lizard breathes, the flow rate of 

air through the pneumotachometer changes from 1000 mL min-', and the spirometer records 

the change in flow rate, and this signal is integrated to determine volume of air. Thus, if the 

pump does not supply constant flow, the spirometer measures this different flow rate, and the 

trace drifts. 

4.2.2 Data collection and analysis 

The output of the analysers, the differential pressure transducer, and overall flow rate were 

recorded on MacLab (8e, ADinstruments, Sydney, Australia) at 100Hz. The overall 02, C02 

and flow rates were calculated in MacLab software, as per Chapter 3. The following time 

periods for metabolic and ventilatory parameters were examined: 15 min of quiet rest ("pre

exercise"), a 2 min section of exercise starting after the first minute of exercise ("ex 1-3 

min"), and the final 2 min before the cessation of exercise ("exh-2 min"). Recovery after 

exercise ("post-ex 1-3") was examined in a 2 min sample commencing one minute after the 
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cessation of exercise. It is important to note that ventilation and metabolism were matched to 

the same time periods despite a lag on the "overall" metabolism circuit which ranged from 

15 to 40 sees, depending on flow rates. After each run the lags were measured by breathing 

into the mask and measuring the full response time on the 0 2 and C02 analysers. The 

metabolism data were subsequently analysed from the section corresponding with the 

instantaneous ventilation measurements. The "breath-by-breath" 0 2 trace also lagged slightly 

(0- 2 sees) behind the ventilation trace, depending on flow rates. 

4.2.3 Calculations 

4.2.3.1 Metabolic rate 

The expired fractional concentrations measured from the overall metabolic circuit, and flow 

rate CVexc) were averaged over each time period. Oxygen consumption (V02 ) and carbon 

dioxide production ( V co
2 

) were calculated according to equations AS and AS respectively of 

Frappell et al. (1992): 

. . I (FIIoz - FIEoz J . . . I (FIEcoz - FIIcoz J . 
V 02 = V exc 

1 
{EquatiOn 4.3) and V co

2 
= V exc 

1 
(EquatiOn 4.4) 

1- F 102 1 - F Ico
2 

where Y1exc and F1 are the flow rates and fractional concentrations of dry, C02 free (Eq. 4.3) 

and dry, 0 2 free (Eq. 4.4) excurrent air. The C02 and 0 2 are removed mathematically, given 

that F 1o2 equals F0 J(1- Fc0 J, F1co 2 equals Fco/(1- F0 J, and V1exc equals 

Vexc(1- FEcoJ in Eq. 4.3, and V'exc equals Vexc(1- FE 0 J in Eq. 4.4. See the appendix of 

Frappell et al. (1992) for the derivations of these equations. The respiratory exchange ratio 

(RER) was calculated as V co
2 

I Y02 • 
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4.2.3.2 Alveolar partial pressure of oxygen, PA02 

End tidal 0 2 concentrations were determined from plateaus in the "breath-by-breath" trace 

that lasted more than 0.1 sees (i.e.lO collected points). The alveolar partial pressure of 

oxygen ( PA 02 , kPa) is calculated by assuming that the expired gas is saturated with water 

vapour at body temperature. The partial pressure of 0 2 is therefore calculated by the 

multiplying the end-tidal concentration by the difference in barometric pressure ( Ps = 101 .3 

kPa) and saturated water vapour pressure at 36°C (PH2o, assuming expired gas was 

saturated with water, equals 6.3 kPa at 36°C): 

(Equation 4.5). 

4.2.3.3 Alveolar ventilation rate, VA 

The alveolar partial pressure of oxygen (PA 02 , kPa) was determined by rearrangement of the 

standard alveolar ventilation equation (i.e. Eq. 4.2, viz): 

(Equation 4.6) 

where Pr02 is the partial pressure of 0 2 in inspired air, R is the ideal gas constant [0.3713 

mL kPa (mL sTPD °K)"1
], T is the absolute temperature (°K). The alveolar ventilation rate 

( 'lA, mL ami min"1
) was determined by rearrangement of Equation 4.6: 

(Equation 4.7). 



~Ch~awpt~er~4~.v~e~nwtil~at~io~n~be~fu~re~.~du~nm·n~ga~n~d~aft~e~re~x~er~ci~se~in~v~a~rn~ni~d~liz~a~ro~s __________________________ 123 

4.2.3.4 Breatlti11g pattern a11d ve11tilatio11 

The ventilation traces were digitised in a graphics tablet for determination of ventilatory 

variables. The ventilatory variables were calculated for each breath in each time period, and 

the average value calculated. It is standard procedure in ventilatory studies to compare the 

mean of a number of breaths. The breathing pattern was described in terms of inspiratory, 

expiratory, and total time per breath (TI, T'E, TToTrespectively), the duration of the pause 

(TP ), frequency (f = l!TToT ), tidal volume (VT) ventilation rate CVE = VT x f), mean 

inspiratory flow ( VT/TI) and the ratio of inspiratory to total time ( TI/TToT ). The derivation 

of these variables is shown in Figure 4.2. The VT was corrected for drift in the ventilation 

trace by measuring the rate of drift between the start of expiration and the end of inspiration, 

and then calculating the effect of that rate of drift over the time of inspiration, TI. The dead 

space ventilation rate ('Vo) was calculated from measurements of '\.fA and VE: 

(Equation 4.8). 

T TOT 

Time 

Figure 4.2 A stylised breathing pattern showing the derivation of the v;ntilatory variables. 
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4.2.3.5 Statistics 

The effect of exercise on metabolism and ventilation was examined for all parameters by 

comparing repeated measures analysis of variance (RMANOV A) with different exercise 

states as the repeated measure. The RMANOV A was performed on each species. Post-hoc 

Dunn-Bonferroni contrasts with modified t-tests were performed to test for within subjects 

effects (Huitema 1980). Three contrasts were specified prior to analysis, comparisons 

between: pre-exercise and the start of exercise, the start of exercise and the end of exercise, 

and the end of exercise and the start of recovery. The Dunn-Bonferroni post-hoc is protected 

against type I errors by dividing the normal significance level (0.05) by the number of 

contrasts to provide a new significance level, in this case P = 0.0513 = 0.017. Intraspecific 

(only Varanus spenceri) and interspecific allometries were calculated using least squares 

regressions on log-log axes, as per Chapter 3. 

4.3 RESULTS 

4.3.1 Critique of methods: mask evaluation 

Figure 4.3 shows a typical trace generated using the sealed mask for a short period after the 

application of the mask, including several non ventilatory periods This figure incorporates 

the "overall" traces (for determination of V02 and V co
2

) with the "breath-by-breath" trace 

for determination of PA
02

, and the ventilation trace. In the ventilation trace, the scale 

markers on theY-axis mark 5 mL increments, but the units associated with the markers are 

relative, and not absolute. 
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Figure 4.3 A "typical trace" illustrating the data collected with the sealed mask in a Varanus indicus, mass 720g. 
The "overall" traces show baseline 0 2 and C02 concentrations (A, B) for 30 sees prior to sampling the expired 
gases of the lizard. The following four minutes show a peak in metabolic rate decreasing as the lizard calmed 
following the masking procedure. The three spikes in the 0 2 trace correspond to short non ventilatory periods, 
which were present in some individuals of some species. The breath-by-breath 0 2 (C) and ventilation trace (D) 
are measured over 15 sees only. In this example, the end-tidal 0 2 is approximately 17.5 %, thefis 12.5 and the 
Vr is 15 mL. Note, however that actual "pre-exercise" measurements were made after 30 min quiet rest when the 
oxygen consumption trace had reached a plateau. Also, the breath 0 2 trace lags slightly behind the ventilation 
trace. 
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It was important to ensure that locomotor performance was not deleteriously affected by the 

sealed mask or tubing associated with the mask. I have compared the Vo zmax using this 

sealed mask to other values for Vo2max obtained with a clear, lightweight acetate "open" 

style mask. Data for "open" masks (K. A. Christian, raw data from Christian and Conley 

1994) were compared by single factor ANCOVA (Systat v 5.0) with sealed masks for V. 

gouldii and V. mertensi. Other species were tested in different ways. Although Vo2max in V. 

scalaris has been previously determined with an "open" mask, potential seasonal differences 

(Christian et al. 1996a) necessitated the comparison of lizards at the same time. Therefore, 

groups of V. scalaris were exercised with both mask t)ipes; the groups were run on two 

separate days in quasi-random order. Because there are no published measurements on V. 

spenceri, a sub-sample were similarly exercised using both masks, although these trials were 

separated by one month. The statistical comparisons for V. scalaris and V. spenceri were 

made using paired t-tests (Systat v 5.0) on whole animal Vo2max. 

Table 4.1 Comparison of mass specific Vozmax measured in an "open" style and sealed mask. Four varanids 

species were compared. Note that mass specific values are presented for ease of comparison; analysis was 
conducted on whole animal values. The open mask data for V. gouldii and V. mertensi (Christian and Conley 
1994) have been converted to 36°C from 35°C using a Q10 of 2.4. There were no significant differences in 

Vo2max between the mask types; the type of statistical test, F values and Probabilities are also included. 

Open Mask Sealed Mask 
Species n Mass Vo2max n Mass Vozmax Test F p 

(kg) (mL kg'1min'1} 
(kg) 

(mL kg'1min'1} 

V. gouldii 6 1.09 26.69± 2.40 12 1.21 25.46± 1.61 ANCOVA 0.335 0.571 
V. mertensi 7 0.90 16.78± 0.97 10 1.39 17.05± 0.51 ANCOVA 1.097 0.313 
V. scalaris 6 0.09 24.58± 3.18 6 0.09 22.47± 3.05 Paired t-test 0.967 
V. spenceri 7 1.63 18.12± 2.38 7 1.63 19.90± 3.70 Paired t-test 0.427 

The Vo2max measured with a sealed mask was not different to that measured with an open 

mask in any species, indicating that the mask did not interfere with normal treadmill 

locomotion or respiration {Table 4.1 ). 
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4.3.2 Ventilation and metabolism before, during and after exercise 

Ventilation and metabolism were simultaneously measured in mne species of varanids 

during treadmill exercise. The sample sizes, mass range and mean mass of these species are 

included in Table 4.2. All V. gilleni and a few individuals of other species would not rest 

quietly on the treadmill before exercise, and thus are excluded from the "pre-ex" category. 

Table 4.2 Species for which measurements of metabolism and ventilation were made, including the mass 
range, mean mass and sample sizes pre-exercise compared to exercise. 

Sample Sizes (n) 

Species Mass Range (g) Mean Mass Pre-ex Exercise 
( ) 

V. baritji 34-124 79.0 4 4 
V. gil/eni 12-49 29.3 0 6 
V. glebopalma 44-444 255.4 7 7 
V. gouldii 393-2080 1235.6 8 8 
V. indicus 345-2415 1113.8 4 8 
V. mertensi 845-2069 1387.5 6 6 
V. mitchelli 55-184 115.5 6 6 
V. scalaris 37-170 99.2 8 9 
V. spenceri adults 716-1541 1064.2 6 6 
V. spenceri hatchlings 27-39 31.8 6 6 

4.3.2.1 Metabolic rate before, durillg alld after exercise 

The pre-exercise metabolic rate ranged from 2.4 mL kg-1 min-1 in V. baritji to 7.3 mL kg-1 

min-1 in the similarly sized V. mitchelli. Metabolic rate increased at the start of exercise 

averaging about five times the pre-exercise values. This was a significant increase in all 

species (Table 4.3). In each species, the V02 peaked during the start of exercise. Within the 

exercise time period, the V02 tended to decrease at the end of exercise; this decrease was 

significant in three species. The V02 continued to decrease after the cessation of exercise, 

and was significantly reduced in four species. The V. gilleni are conspicuous for their 

spectacularly high Vo 2rnax -more than twice the nearest species on a mass specific basis. 

Most species reached Vo zrnax at between 15 and 20 mL kg-1 min-1
• 
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Table 4.3 Mass specific Vo2 ± 1 SE (mL STPD kg"1 min'1) before ("Pre-ex"), during ("Ex1-3", "Exh-2") and 

after exercise ("Post-ex"). Sample size, masses as per Table 4.2. Three post-hoc contrasts were specified prior to 
analysis: the effect of exercise (column 1 vs 2), effects within exercise (column 2 vs 3), and the cessation of 
exercise (column 3 vs 4). Asterisks mark significant differences in the latter column ofthese comparisons. 

Vo2 (mL kg-tmin-I) 

Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 2.34 ± 0.44 16.38*± 1.96 15.51 ± 2.14 9.46*± 1.53 
V. gilleni 47.94 ± 5.50 44.64 ± 5.73 24.21 *± 2.71 
V. glebopalma 6.73 ± 0.95 15.43*± 1.41 13.49*± 1.21 12.35 ± 1.10 
V. gouldii 4.09 ± 1.10 23.58*± 2.36 20.93 ± 1.88 13.18 ± 1.99 
V. indicus 4.47 ± 0.78 16.01 *± 1.77 14.24*± 1.94 13.10 ± 1.10 
V. mertensi 3.47 ± 0.30 15.14*± 1.66 14.77 ± 1.64 11.62 ± 1.22 
V. mitchelli 7.30 ± 1.33 15.81*± 1.34 13.94 ± 0.91 13.72 ± 0.83 
V. scalaris 6.90 ± 0.95 22.40*± 0.87 20.05*± 1.49 14.22*± 1.11 
V. spenceriaduhs 2.88 ± 0.67 20.90*± 2.04 19.93 ± 1.24 16.13*± 1.44 
V. spenceri hatchlings 7.15 ± 1.16 27.68*± 1.67 18.88 ± 2.06 15.38 ± 0.75 

4.3.2.2 Ventilation rate before, during and after exercise 

The average ventilation rate, VE, measured throughout exercise is presented in Table 4.4. 

Ventilation increased over five times on average from pre-exercise values; this increase was 

significant in most species. During exercise, ventilation was generally higher at the start of 

exercise compared to the end; these were significantly different in two species only. 

Ventilation remained constant post-exercise, except in V. glebopalma, which increased VE 

during post-exercise recovery compared to the end of exercise. The highest mass specific 

ventilation rates were measured in V. gilleni and hatchling V. spenceri. The largest species, 

V. mertensi, had the lowest rate throughout exercise. 

Table 4.4 Mass specific ventilation VE ± 1 SE (mL BTPS kg'1 min-1
) before ("Pre-ex"), during ("Ex1-3", "Exh-2") 

and after exercise ("Post-ex"). Sample size, masses as per Table 4.2. Analyses, superscripts, as per Table 4.3. 

VE (mL kg'1 min'1) 

Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 76.0± 31.2 433.7 ± 103.2 408.5± 95.1 353.9 ± 87.5 
V. gilleni 878.4 ± 112.0 779.3± 108.8 633.3 ± 64.4 
V. glebopalma 275.2± 56.0 540.2*± 111.8 506.7± 130.9 701.3*± 95.4 
V. gouldii 152.2± 51.9 491.1 *± 128.2 493.4± 137.1 367.9 ± 66.9 
V. indicus 216.8± 77.0 740.4 ± 78.8 648.7± 65.6 545.5 ± 83.1 
V. mertensi 67.3± 9.7 300.8*± 51.7 356.3± 73.2 370.7 ± 68.9 
V. mitchelli 196.6± 32.3 438.3*± 72.8 394.8± 41.7 464.6± 80.5 
V. scalaris 228.5± 43.8 694.7*± 100.1 591.3*± 104.2 533.2± 100.4 
V. spenceri adults 72.3± 13.5 465.9*± 100.9 459.6 ± 69.2 454.7± 64.6 
V. spenceri hatchlings 208.6± 28.9 912.9*± 69.4 629.4*± 105.8 681.9± 96.9 
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The air convection requirement (or VdV02 ) during exercise is summarised in Table 4.5. 

This tended to remain constant despite the onset of exercise, and also throughout exercise, 

with significant elevations post-exercise in three species. The lowest ACRs are found in the 

highly aerobic species V. gilleni and V. gouldii; however the next lowest is the less aerobic 

V. mertensi. The mangrove goanna, V. indicus, has the highest ACR at around 60 during 

exercise. 

Table 4.5 VFlVo2 (mL BTPS min'1 I mL STPD min'1) before ("Pre-ex"), during ("Exl-3", "Exh-2") and after 

exercise ("Post-ex"). Sample size, masses as per Table 4.2. Analyses, superscripts, as per Table 4.3. 

VEfVoz 
Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 35.88± 12.49 25.54± 3.09 25.41± 2.51 36.84 ± 5.68 
V. gilleni 19.18± 2.96 17.93± 2.44 27.59*± 4.33 
V. glebopalma 55.19± 18.53 35.62± 7.89 36.82± 7.42 58.35*± 8.92 
V. gouldii 31.63± 22.21 19.64± 3.67 21.99± 4.99 28.77 ± 4.21 
V. indicus 48.53± 19.39 59.67± 8.74 60.26± 8.45 45.69 ± 2.88 
V. mertensi 20.01± 2.59 22.50± 5.78 27.89± 7.39 34.69 ± 8.64 
V. mitchelli 28.24± 3.61 27.58± 4.62 26.15± 1.78 33.11 ± 4.52 
V. scalaris 30.98± 6.08 31.28± 4.78 30.04± 5.80 38.21 ± 7.14 
V. spenceri adults 27.65± 4.29 25.94± 4.31 24.76± 3.23 31.32 ± 5.79 
V. spenceri hatchlings 31.13± 2.89 35.80± 2.12 32.19± 2.87 49.61 *± 2.73 

4.3.2.3 Breathi11g patterns before exercise 

The breathing patterns exhibited before exercise covered the broad spectrum of "typical" 

reptilian ventilation. Only a few individuals breathed continuously, under these 

circumstances the f is similar to f'. The pre-exercise breathing patterns have not been 

examined in terms ofVPs and NVPs because of the inherent variability in breathing patterns 

where metabolic rate is not standardised. Observations during analysis for f and VT indicate 

that the most common breathing pattern was a breathing bout of between three and six 

breaths, followed by a short NVP which lasted the equivalent time of one or two breaths, 

which was followed by another breathing bout. Some examples of these breathing patterns 

are included in Figure 4.4. 



~C~ha~p~tcr~4~.v~~~ti~la~ti~on~b~e~fu~r~e.~d~u~rin~g~a~n~d~a~ft~er~e~x~cr~ci~se~i~n~v~arn~n~i~d~li~za~r~dsL-_____________________________ 130 

5 A v. s:aanst/6, 124g 

4 

- 3 __J 

5 2 

> 
0 

-1+-------.------.-------.-------.------,-------. 
5 B V. irdaJS# 10, ?47 
0 

-5 -__J -10 
E ......... > -15 

-aJ 

-25 

~+------------,------------r-----------,-------

3 c. V.~#12, 183g 

2 

-__J 

5 0 

> -1 

-2 

~+-------~-------r------~------~~------~----~ 
1 

D. V.l:aitji # 3, 101g 

-__J 

5 0 

> 

-1+-------.------.-------.-------.------,-------. 
0 9) 12) 100 

lirre(s) 

Figure 4.4 A three minute sample of pre-exercise breathing patterns including VT (mL) in four species of 
varanids. Note that the scale markers on the Y-axis are included to show relative variation in VT rather than 
absolute values. 
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Figure 4.5 A three minute sample of breathing patterns during exercise including VT (mL) in four species of 
varanids. Note that the scale markers on theY-axis are included to show relative variation in VT rather than 
absolute values. 
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species ofvaranids. Note that the scale markers on theY-axis are included to show relative variation in Vr rather 
than absolute values. 
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4.3.2.4 Ventilation, breathing pattern and timing of ventilation during exercise 

Examples of ventilation traces during and after exercise are included in Figure 4.5 and 

Figure 4.6 respectively. The breathing pattern was virtually continuous during exercise. 

After exercise, breathing patterns were remarkably consistent within an individual, and 

generally consisted of a few breaths in a breathing bout, followed by a short NVP, and 

another breathing bout. 

The elevated VE measured during exercise could be achieved by either increasing/ or VT. 

Examination of Table 4.6 and Table 4.7 suggests that increases in both f and VT are 

responsible for changes in VE. The f increased at the onset of exercise in four species (V. 

baritji, V. gouldii, V. mitchelli and adult V. spenceri). Hatchling V. spenceri were the only 

lizards to significantly increase the VT from pre-exercise v~lues. This finding would suggest 

that, in general, f is more important than VT in elevating VE during exercise in varanids. 

However, I have plotted the changes in both VT and f during exercise compared to pre

exercise values at both the beginning (Ex 1-3) and end (Exh) of exercise (Figure 4.7). I have 

also included the comparison of post-exercise (Post-ex) VT and f relative to pre-exercise 

values. When the change in VT is plotted on theY-axis against the change in/ on the X

axis, most of the points fall above the line of equality, indicating that for a given increase in 

f, the VT increases relatively more. Twenty-one of the 27 data points fall above this line. It 

is apparent that within a species, there are similar patterns for different exercise states, as 

shown by the clustering of the species in Figure 4.7. The data for two species (V. gouldii and 

adult V. spenceri) comprise the majority of data points that fall below the line of equality. 

The adult V. spenceri are conspicuous for their reliance on large incr~ases in f to increase 

VE during exercise. 
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Table 4.6/ ± 1 SE (min'1) before ("Pre-ex"), during ("Exl-3", "Exh-2") and after exercise ("Post-ex"). Sample 
size, masses as per Table 4.2. Analyses, superscripts, as per Table 4.3. 

/(min'!) 
Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 8.92± 1.77 16.15*± 1.48 13.47 ± 1.77 12.80± 1.54 
V. gilleni 18.55 ± 2.08 18.78 ± 1.95 16.55± 1.95 
V. glebopalma 16.21± 5.53 16.00 ± 1.82 13.80*± 1.77 17.26± 3.19 
V. gouldii 7.81± 1.10 18.21*± 2.76 17.46 ± 2.26 9.83± 1.32 
V. indicus 17.69± 6.42 23.65 ± 2.70 22.16 ± 2.92 12.51± 1.22 
V. mertensi 4.75± 0.52 9.81 ± 1.87 10.48 ± 1.25 10.43± 0.78 
V. mitchelli 7.85± 1.11 13.58*± 1.98 9.38 ± 0.96 8.41± 0.52 
V. scalaris 17.31± 6.33 18.95 ± 1.58 15.92*± 1.33 14.78± 2.11 
V. spenceri adults 2.91± 0.33 15.92*± 1.62 15.24 ± 3.18 11.11± 1.29 
V. spenceri hatchlings 14.58± 0.80 19.38 ± 1.70 15.63 ± 1.49 14.08± 1.02 

Table 4. 7 VT kg'1 ± 1 SE (rnL) before ("Pre-ex"), during ("Exl-3", "Exh-2") and after exercise ("Post-ex"). 
Sample size, masses as per Table 4.2. Analyses, superscripts, as per Table 4.3. 

VT kg'1 (mL) 
Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 9.09± 2.76 27.73 ± 3.92 32.06± 5.36 26.81± 4.78 
V. gilleni 59.23 ± 9.24 48.84± 5.97 48.59± 7.93 
V. glebopalma 21.91± 3.75 37.11 ± 6.03 36.88± 5.72 47.38± 6.95 
V. gouldii 19.89± 4.62 32.21 ± 7.51 30.65± 6.27 41.15± 6.39 
V. indicus 13.18± 4.46 37.68 ± 4.78 36.58± 5.37 46.65± 8.03 
V. mertensi 15.07± 2.09 35.90 ± 7.50 39.97± 8.66 37.45± 6.46 
V. mitchelli 27.37± 4.76 38.40 ± 7.14 44.37± 4.92 57.33± 11.19 
V. scalaris 20.72± 3.64 40.96*± 5.20 38.35± 5.95 41.86± 8.23 
V. spenceri adults 25.40± 2.98 34.51 ± 6.95 40.68± 8.40 45.30± 8.23 
V. spenceri hatchlings 15.42± 2.24 51.72*± 5.90 45.58± 4.88 51.23± 7.63 

Given that both VT and falter with the onset of exercise, it is pertinent to examine how the 

respiratory timing variables alter to allow such changes. The time for expiration ( T'E) 

generally decreased at the onset of exercise, although this was significant in only three 

species (Table 4.8). The T'E was constant throughout exercise, but tended to increase 

following exercise. Generally, the inspiratory time ( T1 , Table 4.9) followed a very similar 

pattern to the T'E . There was a slight decrease at the onset of exercise, although this was 

significant in V. scalaris and adult V. spenceri only. The T1 was constant throughout 

exercise, but tended to increase following exercise. 
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Figure 4.7 Tidal volume during exercise (expressed as a proportion of pre-exercise values) plotted 
against frequency during exercise, also expressed as a proportion of pre-exercise values. Three time 
periods are shown (• Exl-3, • Exh-2, and .t. Post-Ex 1-3) in eight species of varanids, including 
hatchling and adult V. spenceri. The average response± 1 SE is also plotted (u). Labels are the first 
four letters of the species. 

I compared the T'E and Tr at the start of exercise in the nine varanid species, including 

hatchling and adult V. spenceri. Both of these variables were significantly related to mass, 

and there is no difference between the slopes of regressions relating mean T1 and T'E with 

body mass (ANCOVA, slopes test, F1,17 = 0.08, P = 0.79; pooled slope= 0.077). However, 

the time of expiration is lower than inspiratory time (ANCOVA, F1,18 = 35.3, P = 0.000). 

Table 4.8 T'E ± 1 SE (s) before ("Pre-ex"), during ("Exl-3", "Exh-2") and after exercise ("Post-ex"). Sample 
size, masses as per Table 4.2. Analyses, superscripts, as per Table 4.3. 

T'E (s) 
Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 1.30± 0.09 0.96 ± 0.04 0.92± 0.09 1.23*± 0.09 
V. gilleni 0.72 ± 0.04 0.73± 0.05 0.82 ± 0.04 
V. glebopalma 1.16± 0.19 1.00 ± 0.08 0.96± 0.10 1.16*± 0.13 
V. gouldii 1.79± 0.08 0.90*± 0.09 0.94± 0.06 1.66*± 0.10 
V. indicus 1.36± 0.21 0.83 ± 0.04 0.91± 0.06 2.01 ± 0.20 
V. mertensi 1.88± 0.20 1.40 ± 0.28 1.27± 0.12 1.65*± 0.18 
V. mitchelli 1.43± 0.16 0.86*± 0.05 0.92± 0.06 1.62*± 0.12 
V. scalaris 1.07± 0.12 0.79 ± 0.05 0.78± 0.05 1.04*± 0.10 
V. spenceri adults 2.12± 0.23 1.06*± 0.09 1.33± 0.30 1.61 ± 0.30 
V. spenceri hatchlings 0.87± 0.05 0.88 ± 0.08 0.95± 0.05 1.14 ± 0.09 
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Table 4.9 Tr ± I SE (s) before ("Pre-ex"), during ("Exl-3", "Exh-2") and after exercise ("Post-ex"). Sample 
size, masses as per Table 4.2. Analyses, superscripts, as per Table 4.3. 

Tr (s) 
Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 1.48± 0.07 1.26 ± 0.08 1.29± 0.13 1.94 ±0.16 
V. gilleni 1.12 ± 0.07 1.13± 0.09 1.26 ± 0.06 
V. glebopalma 1.51± 0.23 1.31 ± 0.07 1.29± 0.07 1.55 ± 0.20 
V. gouldii 2.50± 0.22 1.84 ± 0.57 1.41± 0.14 2.63*± 0.17 
V. indicus 1.60± 0.25 1.24 ± 0.09 1.18± 0.08 2.48 ± 0.27 
V. mertensi 1.68± 0.32 1.80 ± 0.27 1.70± 0.26 1.99 ±0.15 
V. mitche/li 1.86± 0.18 1.19*± 0.08 1.27± 0.05 2.38*± 0.20 
V. scalaris 1.71± 0.20 1.10 ± 0.08 1.09± 0.07 1.57*± 0.16 
V. spenceri adults 3.49± 0.31 1.53*± 0.27 1.54± 0.23 2.21*±0.17 
V. spenceri hatchlings 1.07± 0.05 1.37 ± 0.09 1.34± 0.07 1.49 ± 0.12 

The pause between end of inspiration and the start of expiration {TP) decreased at the start 

of exercise (Table 4.1 0). At the end of exercise, the TP had significantly increased in two 

species, but did not change after the cessation of exercise. The total length of each breath, 

TTOT , will in tum be influenced by the TP , and follows a similar pattern at the onset of 

exercise (Table 4.11). The TToT increased at the end of exercise in only one species, and 

remained constant following exercis_e. 

Table 4.10 TP ±I SE (s) before ("Pre-ex"), during ("Exl-3", "Exh-2") and after exercise ("Post-ex"). Sample 
size, masses as per Table 4.2. Analyses, superscripts, as per Table 4.3. 

TP (s) 
Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 6.81± 1.69 1.87 ± 0.29 3.09 ± 0.46 2.48± 0.74 
V. gilleni 2.40 ± 0.38 2.50 ± 0.55 3.21± 0.71 
V. glebopalma 3.93± 1.35 2.36 ± 0.50 3.34 ± 0.65 1.96± 0.58 
V. gouldii 6.19± 1.54 2.11 *± 0.70 2.84 ± 0.94 2.25± 0.78 
V. indicus 2.31± 1.32 1.08 ± 0.18 1.38 ± 0.25 0.86± 0.23 
V. mertensi 13.82± 2.16 4.74*± 0.84 4.16 ± 0.80 3.20± 0.44 
V. mitchelli 6.05± 1.18 3.42*± 0.84 4.75 ± 0.91 3.34± 0.51 
V. scalaris 3.87± 2.04 1.88 ± 0.32 2.54*± 0.47 2.22± 0.65 
V. spenceri adults 24.33± 3.56 2.20*± 0.26 3.58 ± 1.17 2.60± 0.44 
V. spenceri hatchlings 3.86± 0.35 1.39*± 0.18 2.11*± 0.28 2.27± 0.36 
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Table 4.1 I TTOT ± I SE (s) before ("Pre-ex"), during ("Exi-3", "Exh-2") and after exercise ("Post-ex"). Sample 
size, masses as per Table 4.2. Analyses, superscripts, as per Table 4.3. 

TTOT (s) 
Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 9.59± 1.80 4.09 ± 0.29 4.93 ± 0.55 4.71± 0.50 
V. gil/eni 4.24 ± 0.45 4.36 ± 0.61 5.29± 0.75 
V. glebopalma 6.59± 1.47 4.66 ± 0.53 5.59 ± 0.61 4.67± 0.82 
V. gouldii 10.48± 1.65 4.86 ± 1.17 5.19 ± 1.03 8.06± 1.70 
V. indicus 5.27± 1.67 3.14 ± 0.27 3.48 ± 0.36 5.35± 0.48 
V. mertensi 16.66± 2.19 9.40 ± 1.90 8.20 ± 1.21 7.80± 1.01 
V. mitchelli 9.34± 1.50 5.47*± 0.90 6.93 ± 0.89 7.34± 0.45 
V. scalaris 6.66± 2.02 3.77 ± 0.28 4.41*± 0.39 4.83± 0.58 
V. spenceri adults 29.93± 3.64 4.79*± 0.53 6.45 ± 1.64 6.41± 0.83 
V. spenceri hatchlings 5.80± 0.31 3.63*± 0.29 4.38 ± 0.26 4.89± 0.38 

These descriptions of breaths may be best visualised by plotting an "average" breath at each 

stage of exercise. Rather than plot each species, I have calculated average values from all 

individuals to show overall trends in breathing pattern during exercise in goannas. The main 

difference between breaths at rest and exercise in Figure 4.8 is a doubling of VT with 

slightly shorter T'E and Tr . The increase in VT is achieved by increasing the rate of 

inspiration VT/Tr, rather than the length of time spent in inspiration. The large decrease in 

Tr during exercise is not graphically represented in Figure 4.8. The slopes of inspiration are 

quite similar at each of the three exercise stages, but the comparison between post-exercise 

and pre-exercise is the most compelling because the inspiration times are exactly aligned, 

but VT is twice as great post-exercise. The slope of expiration offers a very similar 

comparison. 

Examination of Figure 4.8, Table 4.9 and Table 4.11 indicates that the Tr remains relatively 

constant before and during exercise, whereas the TTOr decreases at the start of exercise. 

Consequently, the Tr/TTor ratio increases at the onset of exercise and is relatively constant 

thereafter (Table 4.12). In Table 4.13, VT/Tr, the mean inspiratory velocity, also confirms 
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the patterns identified in Figure 4.8. The ratio increases at the start of exercise, driven mainly 

by an increase in VT with relatively constant T1, and remains constant thereafter. 
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Figure 4.8 The breathing pattern of goannas in response to exercise. Data are averages from all species at /... pre
exercise, cr the start and v end of exercise, and u post-exercise ± 1 SE. 

Table 4.12 TI/TTOT ± 1 SE (s s·1
, i.e. dimensionless) before ("Pre-ex"), during ("Exl-3", "Exh-2") and after 

exercise ("Post-ex"). Sample size, masses as per Table 4.2. Analyses, superscripts, as per Table 4.3. 

TI/TTOT 
Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 0.20± 0.03 0.32*± 0.03 0.26 ± 0.03 0.36 ± 0.05 
V. gilleni 0.30 ± 0.02 0.31 ± 0.03 0.30 ± 0.02 
V. glebopalma 0.31± 0.05 0.31 ± 0.03 0.27 ± 0.03 0.38*± 0.03 
V. gouldii 0.30± 0.04 0.40*± 0.04 0.37 ± 0.04 0.41 ± 0.06 
V. indicus 0.39± 0.08 0.43 ± 0.02 0.38 ± 0.02 0.47 ± 0.01 
V. mertensi 0.13± 0.03 0.26*± 0.03 0.27 ± 0.04 0.32 ± 0.02 
V. mitchelli 0.22± 0.01 0.25 ± 0.03 0.20 ± 0.03 0.33 ± 0.03 
V. scalaris 0.38± 0.05 0.32 ± 0.03 0.28*± 0.03 0.37*± 0.05 
V. spenceri adults 0.16± O.Dl 0.35*± 0.03 0.32 ± 0.04 0.38 ± 0.03 
V. spenceri hatchlings 0.25± 0.02 0.41*± 0.02 0.34*± 0.03 0.33 ± 0.02 
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Table 4.13 VT/Tr ± 1 SE (mL kg"1 s"1
) before ("Pre-ex"), during ("Exl-3", "Exh-2") and after exercise ("Post

ex"). Sample size, masses as per Table 4.2. Analyses, superscripts, as per Table 4.3. 

VT/Tr (mL kg"1 s" 1
) 

Species Pre-ex Ex1-3 Exh-2 Post-ex 

V. baritji 9.09± 2.76 27.73± 3.92 38.43± 4.49 36.75± 8.36 
V. gil/eni 59.23± 9.24 48.84± 5.97 48.59± 7.93 
V. glebopalrna 21.91± 3.75 37.11± 6.03 36.88± 5.72 47.38± 6.95 
V. gouldii 15.56± 2.84 32.23± 7.51 30.67± 6.27 41.21± 6.42 
V. indicus 14.86± 3.22 42.36± 3.27 40.43± 3.81 51.50± 6.39 
V. rnertensi 14.95± 2.24 35.81± 7.52 39.91± 8.70 37.37± 6.49 
V. rnitchelli 27.37± 4.76 38.40± 7.14 44.37± 4.92 57.33± 11.19 
V. scalaris 20.72± 3.64 40.96± 5.20 38.35± 5.95 41.86±'8.23 
V. spenceri adults 25.40± 2.98 39.51± 5.93 45.98± 7.98 49.60± 8.60 
V. spenceri hatchlings 15.44± 2.41 51.72± 6.37 40.75± 6.20 49.02± 6.73 

4.3.3 Intraspecific allometry of metabolism and ventilation in Varanus spenceri 

The intraspecific allometry of metabolism and ventilation in V. spenceri during exercise was 

examined over a 50-fold mass difference in 12 individuals. I compared ventilation and 

metabolism measured from the start of second minute until the end of the third minute of 

exercise (i.e. "Ex 1-3"). The allometric equations and regression statistics relating 

ventilatory and metabolic variables with body mass are presented in Table 4.14. The 

intraspecific mass exponent of Vo 2max for V. spenceri here (0.92), is not different to that 

previously determined with a higher sample size and wider mass range for the same species, 

(0.87, Chapter 3) (t = 0.93 < tcrit = 2.23) and is no different to the average intraspecific mass 

exponent for lizards (0.88, Chapter 3). 

The ventilation rate during maximal exercise, VEmax, scales with mass raised to the 0.81 

power. This was significantly lower than the scaling of Vo 2max (homogeneity of slopes test 

in ANCOVA, F1,2t =4.66, P = 0.045). Therefore VEmax /Vo 2max decreases with body mass 

with a slope equal to -0.11. Comparison of the pre-exercise V dV02 , however, reveals no 
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relationship with body mass (data not presented; mass exponent of VE/V02 is -0.028, 

which is not significantly different from zero). 

The scaling relationships ofthefand VT ultimately determine the scaling of ventilation. The 

VT scales with mass to 0.89, which is the same as the mass exponent as Vo 2max, and not 

different to unity. The f does not scale significantly with mass. The timing variables are 

weakly positively correlated with body mass. The inspiratory drive, VT/Tr, scales with mass 

similarly to metabolism, and the Tr/TToT ratio scales negatively with body mass. 

Table 4.14 Intraspecific aiiometry for metabolism, ventilation and respiratory variables during maximal exercise 
in V. spenceri (n = 12). The equations are of the form logy= log a+ b log M, where M is body mass in g. Values 
are± 1 SE; regression statistics are also presented. The mass exponents (b) were tested against unity (i.e. a slope 

of 1) with t-tests (Equation 17.1 of Zar 1996) and compared to the scaling of Vo2max (0.92) by slopes testing in 

ANCOV A. Superscripts denote: A slope not different from unity, 8 slope not different from 0.92. Note, the units 
of metabolism are log mL min·1

, not mL h'1 as for Chapter 3. Respiratory times are presented in logs, volumes in 
log mL, and frequency in log min-1

• 

Variable log a a b r F p 

V (mLmin-1
) -1.44± 0.07 0.04 0.928 ± 0.03 0.99 859.3 0.000 

02max 

VEmax (mL rnin"1
) 

0.28± 0.09 1.89 0.81 ± 0.07 0.98 405.2 0.000 

VT (mL breath-1
) -1.18± 0.18 0.07 0.89AB± 0.08 0.93 140.5 0.000 

f (min-t) 1.47± 0.19 29.51 -0.06± 0.08 0.22 2.8 0.128 
Tr (s) 0.04± 0.16 1.10 0.06± 0.07 0.07 0.8 0.402 

T'E (s) -0.26± 0.08 0.55 0.11± 0.04 0.49 9.6 0.011 
TP (s) -0.18± 0.26 0.66 0.21± 0.11 0.26 3.6 0.089 
TE (s) 0.07± 0.21 1.17 0.19± 0.09 0.29 4.2 0.068 
TTOT (s) 0.34± 0.19 2.19 0.15± 0.08 0.24 3.1 0.109 
VT/Tr(mL s-1

) -1.21± 0.15 0.06 0.868± 0.05 0.95 185.1 0.000 

Tr!TTOT -0.29± 0.08 0.51 -0.07± 0.03 0.34 5.2 0.046 

VEmax/Vo 2~ 1.72± 0.10 52.24 -0.11± 0.04 0.41 6.3 0.033 

Although other species may be examined allometrically, these comparisons suffer from low 

sample sizes and mass ranges. However, given the interesting finding of the VE max I Yo zmax 

decreasing with body mass, this ratio was examined in the other species. The VEmax /Vo 2max 

was not significantly related to body mass in any other species (linear regression, P > 0.05). 
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4.3.4 Interspecific allometry of metabolism and ventilation 

The interspecific allometric relationships between metabolism and respiratory variables and 

body mass during maximal exercise are summarised in Table 4.15. These relationships were 

calculated using mean values for adults of each species. As with intraspecific comparisons, 

the data were derived from the first exercise period, "Ex 1-3". In interspecific allometry the 

Vo2max scales with mass raised to 0.87, not different from the value of0.85 for these species 

in Chapter 3, and not different from unity. The VEmax also scales with mass to the 0.87 

power which is not different from unity. The closeness of the exponents for VEmax and 

Vo 2max results in a VEmax /Vo 2max ratio which is independent of body mass. The VT scales 

with mass raised to the 0.93 power, which is not different from unity. Thefis independent of 

mass, and therefore ventilation scales similarly to the VT. The timing variables are generally 

not related to body mass, although as with intraspecific comparisons, the VT/TI relationship 

increases in proportion to metabolic rate. 

Table 4.15 Interspecific allometric equations relating respiratory variables and mass in nine species of maximally 
exercising varanids. Only data from adult V. spenceri were included in this analysis. The equations are of the 
form logy= log a+ b log M, where M is body mass in g. Values are± 1 SE; regression statistics are also 
presented. The mass exponents, b, were tested against a slope of unity with t-tests (Equation 17.1 of Zar 1996) 

and against the measured the Vo2max exponent (0.87) with slopes comparison in ANCOV A. Superscripts 

denote: A slope not different from unity, 8 slope not different from 0.87. Note, units of metabolism are log mL 
min'1, not mL h'1 as for Chapter 3. Respiratory times are presented in logs, volumes in log mL, and frequency in 
logmin'1• 

Variable log a a b i F p 

V0 (mL min'1) -1.40± 0.19 0.04 0.87AB± 0.08 0.95 131.08 0.00 
2m ax 

VEmax (mL min'1) 0.07± 0.21 1.18 0.87AB± 0.08 0.94 108.55 0.00 

VT (mL breath'1) -1.19± 0.12 0.07 0.91AB± 0.05 0.98 346.05 0.00 
f (min'1) 1.28± 0.16 18.94 -0.03± 0.06 0.02 0.18 0.69 
T1 (s) -0.13± 0.08 0.74 0.11± 0.03 0.65 12.81 0.01 

T'E (s) -0.23± 0.10 0.59 0.08± 0.04 0.38 4.30 0.08 

TP (s) 0.37± 0.27 2.35 -0.01± 0.11 0.00 0.00 0.95 

TTOT (s) 0.51± 0.19 3.25 0.07± 0.07 0.10 0.77 0.41 

vTrri(mL s'1) -1.10± 0.16 0.08 0.82B± 0.06 0.96 172.63 0.00 

T1rrTOT -0.62± 0.11 0.24 0.05± 0.04 0.19 1.69 0.23 

VEmax /Vo 2max 1.32± 0.22 20.82 0.05± 0.09 0.05 0.35 0.57 
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4.3.5 Alveolar ventilation, VA and dead space ventilation (Vo) during exercise 

Measurements of the end-tidal fractional concentration of oxygen ( FETo ) permitted 
2 

calculation of the alveolar partial pressure of 0 2, PA 02 in three goanna species during 

exercise (Table 4. 16). The PA02 did not change throughout exercise, and averaged 17 kPa 

(123 Torr) in V. indicus, 13 kPa (98 Torr) in V. gou/dii and 10 kPa (75 Torr) in V. spenceri. 

The PA 02 , V02 and V co2 are used to calculate the alveolar ventilation rate, VA, using 

Equation 4.6. The VA increased significantly from pre-exercise values in V. indicus and V. 

gou/dii, but not in V. spenceri (Dunn-Bonferroni planned contrast, P = 0.035 > 0.017). The 

VA remained constant after exercise. There is the suggestion of a reduction in dead space 

ventilation (Vo) during exercise, as the ratio of alveolar ventilation to overall ventilation 

(VA I VE) tended to increase at the onset of exercise (a significant increase in V. spenceri). 

Table 4.16 The calculation of alveolar partial pressure (PA 0 ) and ventilation rate (VA) by measuring end-
- 2 

tidal 0 2 concentration, V02 , V co2 . Mean values (±I SE) in three varanid species before, during and after 

exercise are presented. The air convection requirement ( V E /V02 ) and the ratio of VA to total ventilation 

( V E ) are also shown. Dead space ( V o ) ventilation is calculated as V E - VA . The VA was significantly 
elevated at the start of exercise compared to pre-exercise in V. indicus and V. gouldii (asterisks). 

State Mass n VdVo2 PAo2 VA VAlVE Vo 
(g) 

(kPa) (mLsTPS kg"1 (mLsTPS kg·! 
rnin-1} rnin"1} 

V. indicus 
Pre-Ex 1060 282 3 54.6± 34.2 15.0± 0.6 99.9 ± 20.7 0.64 ± 0.17 0.46± 0.27 
Ex(1-3) 1351 291 6 59.7± 8.2 16.8± 0.3 581.7*± 103.4 0.67 ± 0.09 0.22± 0.04 
Exhaust 1351 291 6 63.2± 9.7 17.0± 0.2 532.9 ± 90.6 0.71 ± 0.10 0.18± 0.06 
Post-Ex 1351 291 6 47.0± 3.3 17.0±0.1 516.0 ± 47.1 0.86 ± 0.07 0.14± 0.07 

V. gouldii 
Pre-Ex 1542 233 4 61.2± 7.4 13.9± 1.2 50.6 ± 16.0 0.41 ± 0.15 0.38± 0.10 
Ex(1-3) 1542 233 4 26.5± 3.4 12.9± 2.6 527.1 *± 193.4 0.86 ± 0.23 0.17± 0.14 
Exhaust 1542 233 4 33.5± 4.6 11.5± 2.1 439.5 ± 141.8 0.62 ± 0.18 0.29± 0.13 
Post-Ex 1542 233 4 29.6± 4.5 14.2± 1.0 349.3 ± 86.4 0.83 ± 0.17 0.15± 0.12 

V. spenceri 
Pre-Ex 1151 143 4 27.0± 30.1 7.7± 1.4 25.7 ± 5.0 0.36 ± 0.06 0.57± 0.07 
Ex(1-3) 1151 143 4 22.2± 104.9 11.5± 1.2 274.2 ± 8.9 0.63*± 0.05 0.33± 0.03 
Exhaust 1151 143 4 21.6± 88.1 10.8± 0.7 273.8 ± 19.3 0.65 ± 0.06 0.30± 0.05 
Post-Ex 1151 143 4 28.8± 47.0 9.9± 1.4 219.1 ± 25.7 0.56 ± 0.13 0.43± 0.17 
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This relationship is presented as an increase in VA I VE with V02 (Figure 4.9). However, 

the VA will increase with V02 because the two are directly related to each other (the 

alveolar ventilation equation, Eq 4.6). The PA 02 offers a better comparison because (1) the 

P A 02 determines the VA , and (2) the P A 02 is measured independently of V 02 • Comparison 

of PA 02 with V02 shows no relationship between the two (Figure 4.10, regression n =53, F 

= 0.074, p = 0.787). 
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Figure 4.9 The VA I VE plotted against mass specific oxygen consumption in different exercise stages: (e) 
before exercise, (•) the start of exercise, (A) at exhaustion and ( +) during post-exercise recovery. Three species 
are presented: (A) V. indicus, (B) V. gouldii (C) V. spenceri. 
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Figure 4.10 Alveolar partial pressure of oxygen ( PA02 ) in varanids plotted against oxygen consumption at 

different exercise stages: <•) before exercise, c•) the start of exercise, (A.) at exhaustion and(+) during post
exercise recovery. Pooled data from V. indicus, V. gouldii and V. spenceri are presented. 

4.4 DISCUSSION 

4.4.1 Evaluation of mask and sampling circuit 

In companson to SMR or Vo 2max, VE has been little studied in lizards. It has been 

measured directly in only a few varanid species (Bennett 1973b, Wood et al. 1977b, Bickler 

and Anderson 1986, Wang et al. 1997) and other lizards (Crafter et al. 1995, Wang et al. 

1997) during rest or exercise. Note that true "resting levels" of ventilation may not be easily 

obtained because direct measurement involves measuring pressure changes from a sealed 

mask across a pressure transducer. 
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The paucity of ventilation data can be attributed to the difficulty of its measurement. The 

direct method (i.e. this study, with mask and pneumatacograph) is technically easier than the 

indirect "barometric" method which is less accurate when used on ectotherms, and is not 

applicable in studies of activity (Frappell and Daniels 1991a, b; reviewed in Mortola and 

Frappell 1998). However, the direct method requires a sealed mask that must be lightweight 

but hardy, not impede locomotion or add resistance, and must provide an air-tight seal. 

Many of the masks that have been used to measure VE in lizards have not included the 

mouth within the mask (Hopkins et al. 1995, Wang et al. 1997, Crafter et al. 1995). As 

shown in Chapter 2, this method risks underestimating the VE or V02 because a significant 

portion of gases are expired through the mouth during exercise. (Note that this criticism may 

not be levelled at Carrier (1987a) who measured inspiratory airflows, and there is no data 

available on inspiratory pathways in lizards. Lizards may well inspire nasally and expire oro

nasally, as is the apparent case in humans). 

The similarity in Vo 2max between the different masks indicates that the sealed mask did not 

disrupt normal breathing or impede locomotory performance. The mask comparison also 

serves as an interesting test of the gular pump described by Owercowicz et al. (1999). In 

gular pumping, normal inspiration expands both the lungs and the gular cavity. At end 

inspiration the lungs are not fully inflated, and during the normal breath hold, the 

hyobranchial apparatus is depressed and additional air is pumped into the lungs. Ventilation, 

Vo2max, and endurance decreased significantly when the gular pump was disabled by 

propping the mouth open during exercise. It is proposed that the gular pump overcomes the 

mechanical constraints ofbreathing and walking simultaneously (Owercowicz et al. 1999). 

Although the present study was performed prior to the findings ofOwercowicz et al. (1999), 

they provide a similar test of the disabling of a gular pump. The mouthpiece of the sealed 
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mask might impede a gular pump because the buccal cavity could no longer be sealed. The 

open mask would act as a control because a gular pump would not be impaired with this 

mask. Under the scenario proposed by Owercowicz et al. (1999), the Vo2max of the sealed 

mask should be significantly lower than that of the open mask. The finding of no difference 

between the two masks therefore suggests that the gular pump may not be present in these 

species, or if present, (i) impairment of the gular pump does not reduce Vo zmax , or (ii) the 

sealed mask did not disable effective operation of the gular pump. 

Owercowicz et al. (1999) described the gular pump in several distantly related lizard species. 

The most parsimonious interpretation of this fmding is that the gular pump is a primitive 

character, which has been lost in those species lacking an effective gular pump. Indeed, the 

gular pump may be a very primitive character, given the importance of buccal pump 

(analogous to gular pump in lizards) breathing in amphibians and air breathing fishes 

(Brainerd 1999). Phylogenetic evidence indicates that of all varanids, the Australian goannas 

in this study and the African V. exanthematicus (which possesses the pump) are the least 

closely related (Fuller et al. 1998). Therefore, it is possible that the two clades of goannas 

found in Australia (Varanus and Odatria) have lost the use of the gular pump. 

The second possible explanation for no reduction in Vo2max in lizards exercising with their 

mouth forced open, is that the gular pump was not disabled by the sealed mask. Examination 

of the ventilation and breath-by-breath 0 2 traces suggests that the gular pump may not be 

entirely disabled by the mask and circuit utilised here. During these experiments, small 

indentations ("blips") were sometimes noticed on these traces during exercise in some 

individuals from the larger species used here, mainly V. gouldii, V. spenceri and V. indicus. 

A sample trace from a V. indicus is presented in Figure 4.11. Because these very small 

"blips" were recorded during exercise, they were interpreted as small movements of air 

caused perhaps by movement of the legs or undulation of the body. These observations were 
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the basis behind the study of Frappell and Mortola (1998) which found no effect of 

locomotion mimicking body movement on gas exchange in two species of lizards. Similar 

observations are reported by Wang et al. (1997) who remarked· that "many of the small 

breaths (which presumably do not contribute to gas exchange) are not included" (in the 

analysis) (p. 2633). These "small breaths" may well be related to the gular pump, suggesting 

that the sealed mask did not disable the pump. Apparently some of the air from the gular 

pump has been forced out of the mask, where it is measured as a small dip on the ventilation 

trace. Why these should also appear on the breath 0 2 trace is not clear, because theoretically 

the air from the gular pump would have the same concentration of gases as the inspired air. 
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Figure 4.11 Sample breath-by-breath 0 2 (upper trace, primary Y-axis, % 0 2) and ventilation (lower trace, 
secondary Y-axis, mL), illustrating the small "blips" on the traces which are interpreted as use of the gular pump. 
Arrows mark potential gular pumps on both traces. The traces are presented as they were recorded, therefore 
there is a short (1.5 sees) lag on the breath 0 2• Note that there are two small "blips" evident on the breath 0 2 trace 
(time= 88 sees) which are not apparent on the ventilation trace. These data were collected during exercise in V. 
indicus # 10, mass 720g. 



~C~ha~pt~er~4~.V~rn~til~~~io~n~be~fu~r~e.~duilln~·n~g~~~d~a~fte~r~ex~e~~~ise~i~n~w~rn~n~iduh~·za~rd~s~-------------------------148 

One possible interpretation which would explain the lower oxygen concentration of the 

"blips" compared to inspired air, and may offer insights into the way the gular pump 

functions to increase Vo zmax , is that the pump acts principally to mix air already in the lung. 

In reptilian lungs, the respiratory surface area is much more heterogeneously distributed than 

in mammalian lungs (Perry and Duncker 1978, Perry 1990). This may potentially lead to 

"convection dominated" gas exchange (Perry 1998), where regions of high gas exchange in 

the lung require air convection to mix air and offset the stratification of pulmonary gases. 

This has been shown in carpet pythons, where lung sacs effectively mix pulmonary gases 

and allow gas exchange during inspiration and expiration (Donnelly and Woolcock 1977, 

1978), analogous to the "bellows" mechanisms of avian respiration (Schmidt-Nielsen 1990). 

Hopkins et al. (1995) found that the mixing of intrapulmonary gases was incomplete during 

rest in V. exanthematicus; however mixing improved during exercise. It is not known if the 

gular pump is responsible for this improvement during exercise, however, another possibility 

(lateral bending of the trunk) can be ruled out (Frappell and Mortola 1998). 

-
Although the exact movement of gases during gular pumping is not known, air is forced into 

the lungs from the gular cavity by contraction of the hyobranchial apparatus (Owercowicz et 

al. 1999). This increases the intrapulmonary pressure, which is maintained with the glottis 

closed. It is apparent that several gular pumps are performed per breath, facilitated by 

opening of the glottis. It is conceivable that small volumes of pulmonary gases might flow 

back into the gular cavity when the glottis opens the pressurised airways. The escape of 

pulmonary air into the gular cavity would explain the indentations in the "breath-by-breath" 

0 2 trace. Although this explanation is speculative, the use of the gular pump in varanids 

clearly deserves further attention. 
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4.4.2 Metabolism and ventilation pre-exercise in goannas 

Breathing patterns in reptiles are particularly sensitive to the external environment and 

associated stresses (Glass and Wood 1983). Although stress levels are difficult to quantify, it 

is apparent that Y02 decreases as lizards become more "relaxed" (Wood et al. 1977a). Under 

certain conditions (low temperature, probable sleep) small varanids apparently become very 

relaxed; non ventilatory periods become so long (> 2 hours) that ventilation and/or 

metabolism would not exceed baseline values (Thompson and Withers 1997b). Therefore, 

metabolism data may be useful in gauging how stressed, or relaxed, a reptile is. 

The Y02 of awake, inactive (i.e. "resting") lizards is generally 1.4 times greater than 

sleeping lizards (standard metabolic rate, SMR) (Andrews and Pough 1985). I compared the 

metabolic rates measured pre-exercise in this study with those measured under SMR 

conditions in Chapter 3, for the same species corrected to the same temperature. The pre-

exercise Y0 was summarised by the following regression: pre-ex Y0 (mL min-t) = 0.0091 
2 2 

M 0
·
87 (n = 8, r = 0.87, F =41.4, P = 0.001). This was significantly higher (ANCOVA, Ft,t4 = 

27.13, P = 0.000) than the equivalent regression for SMR at 35°C in these same species: 

SMR (mL min-t) = 0.0031 M 0
"
88 (n = 8, r = 0.94, F = 129, P = 0.000). Therefore, the Y02 

measured pre-exercise is approximately three times as great as the SMR, which suggests that 

it is also about twice the metabolism of an inactive lizard at ''rest". 

The comparatively high metabolic rates during the pre-exercise sampling period complicates 

quantitative comparison of breathing patterns of other lizards "at rest". In broad terms, it is 

apparent (Figure 4.4) that both of the "classic" reptilian breathing patterns - breathing bouts 

with long NVPs, or single breaths separated by breath holds - are exhibited pre-exercise. 

However, the TNVP in those individuals exhibiting the former pattern was typically only one 

or two times the TToT . Although there are no comparable data on other varanids, the TNVP 
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of these species are low compared to other lizards (Frappell and Daniels 1991a, Crafter et aL 

1995) and other reptiles (Glass et aL 1978, Glass and Johansen 1979). 

The low TNVP during pre-exercise is likely a function of the comparatively high metabolic 

rates caused by the stress of handling and masking prior to sampling. In lizards and turtles it 

is more energetically efficient to alter TNVP than VT when ventilation changes (Milsom and 

Vitalis 1984, Vitalis and Milsom 1986b, Milsom 1988). Studies on varanids (Thompson and 

Withers 1997b), agamid lizards (Frappell and Daniels 1991a, Crafter et aL 1995) and 

crocodiles (Munns et aL 1998) have shown that the TNVP decreases as temperature (and 

metabolic rate) increases, supporting Milsom's fmdings. However, Milsom's work was 

performed by artificially increasing ventilation rates on anaesthetised specimens. It is not 

clear if the energetics of breathing would differ if different demands alter the ventilation rate 

(e.g. temperature versus activity). Wang and Warburton (1995) measured different breathing 

patterns associated with different ventilatory stimulants (hypoxic and hypercapnic gas 

mixtures), a relatively common finding (Wang et aL 1998c). Whether or not different 

metabolic stimulants (e.g. temperature or level of stress) differently affect breathing pattern 

is not known, however, the most likely explanation is that as metabolic rate increases, either 

through temperature or stress, the VE also increases via greater f, which is itself a fimction 

of reductions in TNVP . 

4.4.3 Breathing pattern during exercise 

There are few comparable studies in which the breathing pattern has been examined during 

exercise in reptiles. Early studies reported elevated VE mainly brought about by increased 

VT withfheld constant (Dmi'el 1972, Bennett 1973b, Cragg 1978). However, the stimulus 

for activity in these experiments was electric shocks or agitation within a respiratory 

chamber. These methods are now considered outdated and not as representative of "normal" 
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locomotion as treadmill exercise (Seeherman et al. 1981, John-Alder et al. 1986, Garland 

1993). Jackson and Prange {1979) found that VT was held constant, and/ increased during 

locomotion and nesting in green sea turtles. Activity in leatherback turtles caused a greater 

relative increase infthan VT, while nesting caused rapid, shallow panting {Paladino et al. 

1996). In lizards locomoting at low speeds (0.15 m s"1
), an increase in VE compared to pre

exercise is achieved by different mechanisms: VT increases andfis constant in 1 iguana, 

while VT is constant and f increases in V. exanthematicus (Carrier 1987a). Although 

problems in calibrating the flow probe may have underestimated VE and VT in V. 

exanthematicus (Wang et al. 1997), another study of V. exanthematicus shows constant VT 

and increased/during exercise (Hopkins et al. 1995). 

In the present study, both patterns of increasing ventilation rate were observed, although 

more species increased f during exercise than VT. Howe-ver, Figure 4.7 suggests that in 

terms of percentage increase from rest, VT increases more thanf Comparisons of the timing 

of ventilation before and during exercise (Table 4. 17) again confirms the inherent variation 

in ventilatory patterns. In general, the inspiration time remained constant, and expiration 

time decreased due to exercise indicating that expiration is an active process. The duration of 

the ventilatory pause decreased in response to exercise, leading to reduced total breath time, 

TToT . However, a single individual of three species, V. glebopalma, V. indicus, and V. 

scalaris breathed continuously pre-exercise (i.e. TP = 0.04 s). During exercise, the TP 

increased to over one second, resulting in extremely high ratios of exercise to pre-exercise. If 

these three individuals are removed, the pattern of reduced TP is consistent across all 

species. So, increased/is achieved by shortening the TTOT (through reduced TP and T'E) 

and increased VT is achieved with constant Tr, such that the velocity of inspiration, VT/Tr 

approximately doubled {Table 4. 17). 
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4.4.4 Do goannas hypoventilate during exercise? The mechanical constraint 
hypothesis 

4.4.4.1 Ventilation and metabolism during exercise compared to pre-exercise 

The question of how exercise influences ventilation and metabolism may be visualised 

easiest by examining the ratio of exercise to pre-exercise values, while recognising that the 

pre-exercise values do not represent true "rest". 

Table 4.17 Metabolism, ventilation and ventilatory timing variables presented as ratios of exercise values (from 
Ex 1-3 min) divided by pre-exercise values. Values are the mean ratios for each species, sample sizes are 
included in Table 4.2. Asterisks signify significant difference from resting values (statistics taken from original 
tables). 

Species Voz VE \rdvo, VT f' TI T'E TP TTOT 

V. baritji 8.0* 9.6 1.6 4.3 2.0* 0.9 0.7 0.3 0.5 
V. gilleni 
V. glebopalma 2.8* 2.3* 0.8 2.1 1.5 1.0 1.0 3.2 1.0 
V. gouldii 8.3* 4.9* 0.7 2.5 3.0* 0.8 0.5* 0.6* 0.6 
V. indicus 4.2* 7.7 1.6 3.2 2.1 0.8 0.6 11.2 0.9 
V. mertensi 4.4* 5.3* 1.4 2.5 2.2 1.1 0.8 0.4* 0.6 
V. mitchelli 2.6* 2.5* 1.0 1.5 1.8* 0.7* 0.6* 0.6* 0.6* 
V. scalaris 2.9* 3.8* 1.3 4.1* 1.5 0.7 0.8 3.2 0.9 
V. spenceri adults 9.0* 8.4* 1.0 1.6 5.7* 0.5* 0.5* 0.1* 0.2* 
V. spencerihatcbJings 3.9* 4.8* 1.3 3.7* 1.4 1.3 1.0 0.4* 0.6* 

Average 5.1 5.5 1.2 2.8 2.3 0.9 0.7 2.2 0.7 

Exercise resulted in significantly elevated V0 in every comparison, and VE increased in 
2 

most comparisons (Table 4.17). Non significant differences in VE m V. baritji and V. 

indicus reflect small sample sizes (n = 4) and variation especially in the pre-exercise period. 

Averaged across all species, the VE tended to increase at a similar rate to the V02 (5.5 and 

5.1 times resting rates respectively). As a consequence, the VE/Vo, did not alter 

significantly, but on average was slightly higher during exercise. These results indicate a 

very slight hyperventilation on average, and that supply ( VE) is adequate to match demand 
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( V 02 ) during exercise in varanid lizards. This finding supports previous calculations 

(Mitchell et al. 1981a) and measurements (Hopkins et al. 1995, Wang et al. 1997) of 

adequate supply of 0 2 during exercise in varanids and contradicts the mechanical constraint 

hypothesis, as proposed originally by Carrier (1987a). 

However, there are several important caveats to the constraint hypothesis that must be 

addressed. It is apparent that the speed at which exercise is conducted is crucial to the 

argument, and resolution of this question may revolve around semantics such as what are 

"high" and "low" treadmill speeds. In these experiments I measured the V0 at steadily 
2 

increasing speeds, until the V02 reached a plateau, at the maximal aerobic speed (MAS). 

Therefore the MAS is selected to ensure maximal aerobic respiration. These MASs ranged 

from 0.11 m s-1 (11 g V. gilleni) to 0.44 m s-1 (5300 g V. spenceri) (0.40 - 1.6 Ian h-1
). The 

MAS increased with body mass (M), the relationship can be best described by: MAS (m s-1
) 

= 0.12 M o.1
6 (n = 66, r2 = 0.54, F = 63.2, P << 0.001). However, Carrier's (1987a) 

experiments concentrated on maximum speeds well in excess of the MAS, up to 5 m s-1 (18 

Ian h-1
). These speeds are so much higher than maximal sustainable speeds, that the value in 

comparing this ventilation data with that obtained at sustainable speeds must be questioned. 

As Bennett (1994) notes, human runners routinely breath-hold during short sprints at 

maximal, unsustainable speeds, relying principally on anaerobic respiration. 

Another aspect to Carrier's hypothesis, which deserves further attention, is the possibility 

that reptiles are adapted for intermittent exercise. Reliance on this form of exercise (i.e. short 

bursts of locomotion at speeds greater than the treadmill speed, followed by brief rests) 

supports the mechanical constraint hypothesis, or may indicate an energetic advantage 

(Edwards and Gleeson 2001 ). In this scenario, ventilation between periods of locomotion is 

sufficient to allow adequate oxygenation of the blood and the continuation of exercise 

(Wang et al. 1998c). This locomotory mode increases endurance time in crabs (Weinstein 
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and Full 1992), lizards (Weinstein and Full 1999), toads (Seymour 1973), and marine 

mammals (Williams et al. 2000), and was observed in some lizards in this study, especially 

the V. scalaris. However, breathing during locomotion was also clearly observed in many 

species. To show this, the contact of the front left foot with the treadmill surface was 

manually marked under normal experimental conditions with a simple circuit closer attached 

to the MacLab. The ventilation and breath 0 2 were also recorded in these experiments but 

were not visible to the observer. A sample trace from such experiments is presented in 

Figure 4.12. It is clear that breathing occurs concurrently with locomotion in this example, 

which is representative of several examples from V. gouldii, V. mertensi and V. spenceri. 

Breath 0 2 

20 \ 
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'#. 

18 
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Figure 4.12 Breath 0 2 (upper trace, primary Y-axis, % 0 2), locomotion (middle trace, stride frequency) and 
ventilation (lower trace, secondary Y-axis, mL) measured in V. gouldii # 6, 1057g. The vertical lines in the 
middle of the figure mark contact of the left front foot with the treadmill surface. Upward pointing arrows mark 
indentations in both traces probably associated with gular pumping, as per Figure 4.11. The tread speed was 0.3 8 
ms·1• 
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So, intermittent exercise may occur, but it was no more common in these experiments than 

continuous exercise. Training lizards to run at treadmill speed could theoretically address the 

issue of intermittent exercise. However, the risk of deleterious effects on the exercise 

performance and health oflizards (Garland et al. 1987) was not worth the potential gain. 

Wang et al. (1997) also presented evidence contradicting the mechanical constraint 

hypothesis in varanids. They found that VE increased with treadmill speed up to and 

including the MAS, and remained elevated compared to pre-exercise values at higher speeds 

in V. exanthematicus. In contrast, VE in an iguanid Iguana iguana tended to decrease as 

treadmill speed increased, and was not significantly higher than pre-exercise values at higher 

speeds. These results offer support for the constraint hypothesis in the iguanid, but not the 

varanid. Also, the maximal ventilation rates achieved by both species during exercise are 

very similar; when mass is considered the VErnax may even be larger in the iguanid. 

However, the important point is that the ventilation rate peaked at very slow speeds in 

Iguana and decreased with increasing speed, whereas the peak occurred at the MAS in V. 

exanthematicus. It is therefore apparent that the iguanid is physically capable of high rates of 

ventilation, but only at very slow speeds, or during recovery following exercise. Wang et al. 

(1997) conclude that the original measurements of Carrier (1987a) were erroneous for V. 

exanthematicus and there is no support for the constraint hypothesis in varanids. 

Wang et al.'s (1997) conclusions are mirrored in the recent description of gular pumping 

(Owercowicz et al. 1999). The gular pump was critical in augmenting "normal" ventilation 

at increasing speeds during exercise in V. exanthematicus but was absent in Iguana iguana. 

Owercowicz et al. (1999) conclude that varanids have circumvented the mechanical 

constraint by gular pumping. When the gular pump was disabled in V. exanthematicus, the 

VE and V02 were both reduced during exercise, and reached maximal values during post-

exercise recovery. The elevated post-exercise VE is required to repay the oxygen debt 
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incurred as a result of anaerobic metabolism during exercise, when VE was not adequate to 

supply the demand (V02 ). The post-exercise peak is significant because this is the exact 

pattern of VE and V0 exhibited during and post-exercise in I iguana (Wang et al. 1997, 
2 

Carrier 1987a). 

4.4.4.2 Insights from allometry 

In V. spenceri pre-exercise, VE and V02 scale similarly with body mass (data previously not 

presented, mass exponents 0.70 and 0.73 respectively). The VE/V02 consequently is 

unrelated to body mass (regression: n = 12, F = 0.29, P = 0.60). However, during exercise, 

the VEmax /Vo 2max is negatively related to body mass (-0.15) predicting a reduction in the 

maximal ventilation rate, VEmax, relative to maximal oxygen consumption, Vo 2max, as mass 

increases. 

However, when VE is plotted against V02 (intraspecific comparison of V. spenceri, Figure 

4.13 A) a slightly different pattern is revealed. The slopes of the regressions for pre-exercise 

and exercise are similar (ANCOV A, F 1,20 = 0.30, P = 0.59) and the intercepts are not 

significantly different (F1,21 = 3.68, P = 0.070). This suggests that for a given 0 2 

consumption, the ventilation rate is constant, irrespective of metabolic state. 

Interspecific comparisons reveal a very tight matching between VE, V02 and body mass. 

The interspecific pre-exercise scaling exponents for VE (0.77 ± 0.17) and V02 (0.87 ± 0.14) 

are not different from each other (data previously not presented, comparison of slopes in 

ANCOVA, F1,13 = 0.23, P = 0.64) and VE/V02 is not related to body mass (regression, P = 

0.39). Similarly, during exercise, the scaling exponents are not different from each other 
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(0.87 in both cases). Therefore in interspecific comparisons, both VE and V
02 

are closely 

matched with body mass before and during exercise. 
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Figure 4.13 The ventilation rate VE (mL min'1) plotted against the metabolic rate Vo2 (mL min'1) in (A) 

intraspecific comparison of V. spenceri and (B) interspecific comparison of nine varanid species in the present 
study. Pre-exercise (e) and maximal exercise C•) are plotted in (A); post-exercise(+) is also plotted in (B). 

Comparison of the interspecific relationship between VE and V02 in Figure 4.13 B reflects 

the intraspecific comparison. Data from post-exercise recovery are added to include another 

physiological state. The slopes of the three regressions (pre-exercise, exercise, and post-

exercise) do not differ (F1,23 == 0.10, P == 0.91); neither do the intercepts (F1,24 ==0.56, P == 

0.58). This again confirms that the ventilation rate is closely matched to metabolic rate, even 

in different physiological states. 
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4.4.4.3 Comparison of other stages of exercise 

Although this discussion has so far concentrated on examining the effects of the onset of 

exercise, by examining pre-exercise and the start of exercise, patterns in V E jV02 during the 

course of exercise, and during post-exercise recovery are also of interest (Table 4.18). I have 

compared the start of exercise and the end of exercise throughout this chapter, to test for any 

metabolic or ventilatory indicators of exhaustion. It is apparent that V02 tends to decrease at 

the cessation of exercise, significantly lower than at the start of exercise in three species, and 

on average 0.9 times the V02 at the start of exercise. The decrease in V02 is matched by a 

decrease in VE, thus the VE/V02 remains constant between the start and end of exercise. It 

is apparent that the decrease in VE is achieved by a slight reduction inf, and a relatively 

constant VT. The general pattern therefore is that fatigue and exhaustion do not cause an 

abrupt alteration to breathing pattern or gas exchange, on average, lizards tend to breathe a 

little less frequently at the end of exercise. 

Table 4.18 Metabolism and ventilation presented as ratios comparing the start and end of exercise (exhaustion I 
Exl-3) and post-exercise recovery divided by exhaustion. Values are the mean ratios for each species; sample 
sizes are included in Table 4.2. Asterisks mark significant differences (statistics taken from original tables). 

Exhaustion I Ex 1-3 Post-Exercise I Exhaustion 
Species Yo VE VE/V0 VT !' Yoz VE VE/V0 VT !' 

2 

V. baritji 0.9 0.9 1.0 1.5 0.8 0.6* 0.9 1.4 0.9 1.0 
V. gilleni 0.9 0.9 1.0 0.9 1.0 0.6* 0.9* 1.6* 1.0 0.9 
V. glebopalma 0.9* 0.9 1.1 1.0 0.9* 0.9 1.7* 1.8* 1.4 1.2 
V. gouldii 0.9 1.0 1.1 1.0 1.0 0.7 1.0 1.7 1.7 0.6 
V. indicus 0.9* 0.9 1.0 0.9 0.9 1.0 0.9 0.9 1.4* 0.6 
V. mertensi 1.0 1.2 1.2 1.1 1.2 0.8 1.1 1.4 1.0 1.1 
V. mitchelli 0.9 0.9 0.7 1.1 0.8 1.0 1.4 1.4 1.6 0.9 
V. scalaris 0.9* 0.8* 0.9 0.9 0.8* 0.7* 1.0 1.4 1.2 0.9 
V. spenceri adults 1.0 1.0 1.0 1.2 0.8 0.8* 1.0 1.3 1.1 0.9 
V. spenceri hatchlings 0.8 0.7* 0.9 0.9 0.8 0.8 0.9* 1.4* 1.1 0.9 

Average 0.9 0.9 1.0 1.1 0.9 0.8 1.1 1.4 1.2 0.9 
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The comparison of V E /V02 between the cessation of exercise and post-exercise recovery is 

an ideal test of the mechanical constraint hypothesis, because metabolic rate (demand) 

potentially remains elevated post-exercise, however the possibility of a constraint has been 

removed (Carrier 1987a). However, the metabolic rate during post-exercise recovery was 

significantly reduced in four species and averaged 0.8 of exhaustion values. Apart from one 

species (V. glebopalma) which elevated VE post-exercise, VE either decreased (two 

species) or remained constant (seven species). There is no support for the mechanical 

constraint hypothesis which proposes a peak in VE and V02 post-exercise. However, it is 

apparent that the ventilation rate decreases at a slower rate than the oxygen consumption 

rate, because the VE/V02 tended to increase during post-exercise compared to exhaustion 

(Table 4.18). In one species (V. g/ebopalma) the post-exercise increase in VE was 

significant (1.7 times the exhaustion value), however, the V02 was constant (0.9 times 

exhaustion). This result suggests a reliance on anaerobic exercise in this species, but does 

not support the mechanical constraint hypothesis because metabolism peaked at the start of 

exercise. 

4.4.5 Do goannas hyperventilate during exercise? 

Having just concluded that goannas do not hypoventilate during exercise it may seem a little 

incongruous to suddenly ask the opposite question: Do goannas hyperventilate during 

exercise? However, previous studies have suggested a hyperventilation. Wang et al. (1997) 

measured a marked hyperventilation (i.e. VE/V02 increases) during exercise compared to 

both pre- and post-exercise values in V. exanthematicus. The VEmax increased 7.5 times 

compared to pre-exercise, whereas the Vo 2max only increased 3.2 times. In contrast, none of 

the nine species examined here showed any change in V E /V 02 either at the onset of 

exercise, or within exercise. 
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Why is V E /V02 elevated during exercise in V. exanthema ficus and not these species? 

Although comparison of ratios between studies is complicated by the very nature of ratios, in 

absolute terms, the V E /V02 before and after exercise is similar between studies at around 

30- 35. During exercise the V. exanthematicus ratio virtually doubles, but remains constant 

in the present study. A large V E /V02 in V. exanthematicus compared to these species could 

be a factor of either a high VE or low V02 • This can be examined by incorporating the V. 

exanthematicus data into interspecific relationships derived from this study, as per Figure 

4.14. The data of Wang et al. 1997 (calculated for median masses) and Hopkins et al. (1995) 

(a 1 kg "guesstimate") has been plotted alongside the regression equations for pre-exercise 

and exercise from Figure 4.13 B. Most of the additional data from other studies 

,.-.., 
..-

I c 
E 
(/') 
a. 
1-
lD 

..J 
E -w 
> 

1000 

100 

10 

0.1 10 

Vo 2 (ml STPD min-1
) 

100 

Figure 4.14 Ventilation rate (mL rnin'1) plotted against metabolic rate (mL rnin'1). Interspecific regressions and 
95% confidence intervals generated from data in Figure 4.13 B are included from pre-exercise and exercise. 
Additional lizard data from V exanthematicus (closed symbols) and Iguana iguana (open symbols) during pre
exercise (circles) and exercise (squares) from Hopkins eta!. (1995, marked with arrows) and Wang et al. 1997. 
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fall above the 95% confidence limits, indicating hyperventilation relative to the V02 . 

Although the VE relative to V02 is the most important comparison in Figure 4.14, the low 

absolute values in the data from Hopkins et al. (1995) (marked with arrows) cannot be 

ignored. Rather, perhaps they should be ignored- their mass specific Vo2max is equivalent 

to the pre-exercise values of this study and Wang et al. (1997) for similar sized animals. 

Although VE is the more commonly measured variable, it is VA that actually determines 

PA02 (Glass and Wood 1983). The effective alveolar ventilation (termed "effective" because 

it refers to the ventilation that is effective in gas exchange) in V. exanthematicus, Iguana 

iguana and V. salvator increased with V02 , leading to a theoretical increase in PA02 

(Mitchell et al. 1981a, Gleeson and Bennett 1982). However, as Wang et al. (1997) note, the 

-
calculation of effective alveolar ventilation is based on the assumption that arterial and 

alveolar Pco2 are at equilibrium. Reptiles possess many traits which complicate these 

assumptions: R-L intracardiac shunts, intrapulmonary shunts, ventilation-perfusion 

mismatches, and diffusion limitations in reptiles would all increase the alveolar Pco 2 , and 

potentially underestimate the effective alveolar ventilation. Any changes in these traits 

during exercise would further complicate the comparisons. 

The calculation of P Ao
2 

through measurement of end-tidal oxygen concentration used in 

this study is a comparatively simple method that provides less ambiguous data. The PA 02 

remained constant between pre-exercise and the start of exercise, and throughout exercise in 

the three species examined (Figure 4.9). In conjunction with a constant VE/V02 , it is 

apparent that these species of varanids do not hyperventilate during exercise. 
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Further evidence is provided by the partial pressures of blood gases in three varanid species. 

In V. gouldii, V. mertensi and V. spenceri, the calculated PA 02 (from the arterial partial 

pressure of carbon dioxide using the alveolar gas equation and assuming no diffusion 

limitation to C02) also remains constant during exercise (Frappell, Schultz and Christian, 

unpubl. obs.). Therefore, there are two independent observations of constant PA 02 during 

exercise, indicating a close matching of VE and V02 in these species of varanids. Also, the 

PA02 calculated from blood gases closely matches the PA 02 calculated from end-tidal 

oxygen concentration. This supports the contention that the 0 2 levels of each breath recorded 

with the "breath-by-breath" circuit is actually end-tidal 0 2• 

There are several plausible interpretations to this paradigm. First, the data may be examined 

within the context of acid-base regulation. In general, the increase in metabolic production 

of C02 during exercise demands increased excretion of C02, otherwise buffering of the 

resultant increase in hydrogen ions is required to prevent potentially dangerous decreases in 

the pH. In V exanthematicus a relative hyperventilation during aerobic exercise also causes a 

decrease in the arterial Pco 2 and a mild alkalosis (Mitchell et al. 198lb). Anaerobic 

metabolism occurs at higher exercise intensities and the resulting increase in lactic acid and 

hydrogen ions offers another challenge to homeostasis. In V. exanthematicus this challenge 

is met by further hyperventilation, so that the hydrogen ion concentration remains relatively 

constant, and arterial Pco 2 also decreases (Mitchell et al. 1981b). It is apparent that lizards 

can adequately regulate their acid-base status during exercise through ventilatory 

adjustments (Mitchell et al. 1981a), but the exact mechanism by which it is regulated is 

unclear (Mitchell and Gleeson 1985). 

Another possible explanation for the relative hyperventilation in V. exanthematicus during 

exercise revolves around the metabolic response to captivity in reptiles. Hopkins et al. 
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(1995) speculated that the low Vo 2max measured in their V. exanthematicus (3.3 mL kg-1 

min-1
) was attributable to "detraining" associated with long term captivity. The Vo 2max m 

Wang et al. (1997) is higher (12.6 mL ki1 min-1) than Hopkins et al.'s (1995) value, but still 

lower than the 21 mL kg-1 min-1 measured by Gleeson et al. (1981), especially considering 

the larger mass in the latter study. (Note, however, that all three studies used commercially 

acquired specimens). There are some data on how the exercise performance of reptiles 

responds to captivity. It is apparent that, in contrast to mammals, daily training does not 

augment Vo 2max or endurance capacity of lizards (Garland et al. 1987, Gleeson 1979a, 

Conley et al. 1995). De-training, or forced sedentary behaviour, decreased the SMR and 

Vo2max during short-term captivity (eight weeks) (Garland et al. 1987). Bennett and John-

Alder (1984) also found that Vo 2max, endurance and maximal aerobic speed decreased 

during long-term captivity (12-18 months) in a teiid lizard.-Although other studies (Gleeson 

1979a, Conley et al. 1995, John-Alder 1984) have shown no change in sedentary groups, it is 

apparent that changes in exercise performance occur in some species due to short and long

term captivity. Associated with changes due to long-term captivity are potential differences 

between wild and domestic forms of the same species. Garland et al. (1995) measured 

greater sprint speeds in wild house mice compared to domesticated forms. How captive bred 

lizards - assuming commercial dealers are sourcing their animals this way - fit into this 

paradigm is uncertain, but deserves further exploration, given the increasing use of 

commercially obtained lizards in physiological studies. 

Bennett (1973b, using electric shocks) interpreted the lower VdV02 in V. gouldii than the 

iguanid Sauromalus hispidus (VE/V02 of 40 vs 75) as being indicative of poor extraction 

of Oz from the iguanid lung. Further, the V E /V02 tended to decrease as a consequence of 

activity in V. gouldii, suggesting better 0 2 extraction. Although this interpretation is not 

strictly true -because extraction efficiency must be determined by measuring blood gases in 
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the pulmonary venous blood - it is possible that hyperventilation may be effective in 

overcoming limitation in either pulmonary diffusion or oxygen loading, and thus may 

represent a mechanism to overcome low extraction (T. Wang, pers. comm.). Indeed, in V. 

e.xanthematicus the arterial partial pressure of oxygen, Pa 0 , did not increase despite 
2 

increases in PA 0 (Mitchell et al. 1981a). The increase in (PA 0 - Pa 0 ) during exercise 
2 2 2 

could potentially be caused by one of three explanations: (1) a diffusion limitation across the 

lung, (2) a spatial mismatch between pulmonary ventilation and perfusion, and (3) shunting 

of de-oxygenated blood from the venous circulation into the arterial circulation (Mitchell et 

al. 1981a, Hopkins et al. 1995). This topic is further addressed in the following chapter. 



5 Pulmonary diffusing capacity during exercise in lizards 
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SUMMARY 

The hyperventilation, but constant arterial Po 2 , measured during exercise in the African 

varanid Varanus exanthematicus has been interpreted as an 0 2 diffusion limitation. A 

diffusion limitation is one of several possible explanations for heterogeneity between the 

partial pressures of alveolar gas and pulmonary venous return blood. An intrapulmonary 

shunt or an inequality between the ventilation and perfusion of the lung would also explain 

differences between the Po 2 of pulmonary venous return blood and lung gas. fu this study I 

used a novel technique to measure the resting lung volume and pulmonary diffusing capacity 

for carbon monoxide {DLco) in five species of lizards (four varanids and an agamid) before, 

and during treadmill exercise. The lizard species were selected on the basis of variation in 

body mass, aerobic ability, and lung type (varanids - complex, multichambered lungs; 

agamid- simple, single chambered lung). Lizards were masked and allowed to rebreathe the 

gas mixture using their normal breathing pattern. Lung volumes scaled with mass raised to 

the 0.82 power, and were not different between species. Of the five different species, there 

were four distinct patterns observed in the response of DLco to exercise. The goanna, V. 

spenceri, significantly increased DLco during exercise, whereas DLco was elevated in V. 

mertensi during pre-exercise, and remained constant during exercise. The other goannas ( V. 

gouldii, V. scalaris) increased DLco slightly during exercise (1.4 and 1.9 times pre-exercise 

values respectively). The DLco in the agamid, Chlamydosaurus kingii, showed no response 

to exercise, and was significantly lower than the varanids. The DLco during exercise was 

very similar in the three large varanids, despite variation in their aerobic ability. This 

suggests a limitation to the pulmonary diffusing capacity has been reached, and higher rates 

of gas exchange must be met with higher partial pressure gradients. 
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5.1 INTRODUCTION 

5.1.1 Pulmonary diffusion 

The movement of oxygen and carbon dioxide across the lung is conventionally considered to 

be a passive (i.e. diffusive) process (West 1974). Pick's law of diffusion applied at the 

pulmonary capillary states: 

· SA Vx =-xKxx (PA-Pc)x 
d 

(Equation 5.1) 

where Vx is the volume rate of diffusive flow of gas x, SA is the surface area of tissue, dis 

tissue thickness, K is Krogh's diffusion constant (proportional to the solubility divided by 

the square root of the molecular mass) and ( P A - Pc) is the partial pressure gradient of gas x 

between the alveolus (A) and the mixed capillary blood (c). Pick's law can be further 

simplified to combine the physical features of the lung (SA, d) and the chemical features of 

the gas (circa Bohr 1909): 

Vx = DLx X (PA- Pc)x (Equation 5 .2) 

where DLx is the diffusing capacity of the lung (L) for gas x. Rearranging Eq. 5.2, the 

diffusing capacity of a gas is calculated as the volume rate of diffusion divided by the partial 

pressure gradient. The diffusing capacity of a structure may also be termed its 

"conductance", i.e. the ease with which diffusion occurs. There are two techniques for 

estimating DL : the morphometric method, and the physiological method. 

5.1.1.1 Measuring pulmonary diffusing capacity -Morphometric method 

Weibel (1970/1971) pioneered the development of the morphometric technique which 

estimates diffusing capacity based on direct measurements of alveolar and capillary surface 

area, harmonic mean barrier thickness of tissue and blood plasma, and capillary blood 
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volume. The pathway of 0 2 from alveolar air to the binding site in haemoglobin is separated 

into three discrete sections in series: lung tissue (t), plasma (p) and erythrocyte (e). The 

DL02 is calculated as the sum of the resistances of these three sections: 

1 1 1 1 
--=--+--+--
DLOz Dtoz DPoz DeDz 

(Equation 5.3) 

where DL
02 

= total diffusing capacity of the lung, Dt
02 

= anatomical component of the 

diffusing capacity of lung tissue, Dp
02 

= diffusing capacity of the plasma, De
02 

= diffusing 

capacity of the erythrocyte (Weibel 1970/1971, Forster and Crandall 1976, Perry 1989). 

Each conductance is calculated as the product of area and specific permeability divided by 

thiclmess (Forster and Crandal11976). In mammals, the erythrocyte was considered the site 

of highest resistance to diffusion (Roughton and Forster 1957, Weibel et al. 1987). However, 

more recent research has reduced estimates for the reaction time of 0 2 with haemoglobin in 

the erythrocyte, thereby implicating the gas-blood barrier as the principal site of resistance to 

diffusion (Yamaguchi et al. 1985, Yamaguchi et al. 1989). 

The morphometric technique has yielded reliable results in mammals (Weibel and Taylor 

1987) but has proved difficult in reptiles, due to the heterogeneous distribution of the 

parenchyma (Perry 1989). Generalisations are therefore problematic; additionally reptiles, 

unlike mammals or birds, possess substantial variation in the degree of partitioning and the 

type and structure of parenchyma within the lung (Perry and Duncker 1978, Perry 1983, 

Perry 1990). Morphological studies have shown that reptiles have large, highly compliant 

lungs but with only 10- 20% of the respiratory surface area of a similarly sized mammal 

(Perry 1983). This may indicate the importance of non-respiratory lung function (Tenney 

and Tenney 1970), such as vocalisation (Gans and Maderson 1973), threat and display 

behaviour (Bels et al. 1995, Perry and Duncker 1978), buoyancy (Jackson 1971) or to 

prevent extrication from retreats (pers. obs.). 
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Combined with low respiratory surface area, reptiles possess a thick air-blood barrier which 

significantly lowers the anatomical diffusion factors (ADF) below that of mammals (Perry 

1983). The ADF is an index of the gas exchange ability of the lung irrespective of diffusion 

into blood and binding with haemoglobin, and is used to calculate Dt
02 

(Perry 1978). 

Interestingly, there seems to be little correlation between the structural type of lung and the 

ADF or the Dt
02

• Lacerta (single chambered) and Varanus (multichambered) have very 

similar ADF and Dt
02 

values; however Lacerta has small lungs with a high surface area to 

volume ratio and a thin air-blood barrier, and Varanus has large lungs with a moderately low 

surface area to volume ratio and a thicker air-blood barrier (Perry 1983, Table 1 Perry 1989). 

5.1.1.2 Measuring pulmonary diffusing capacity- Physiological method 

The pulmonary diffusing capacity may also be measured by the uptake of a gas across the 

pulmonary capillary (Forster and Crandall 1976). Generally, carbon monoxide (CO) is the 

gas used in these experiments because its transfer across the lung is almost entirely diffusion 

limited due to blood's very high capacitance coefficient for CO (West 1974). Whilst 

measurement of02 is possible (Adaro et al. 1973, Glass and Johansen 1982) the technique is 

technically difficult and requires measurement of pulmonary perfusion and blood gases. 

Bohr's equation for gas exchange (Eq. 5.2) may be modified when CO gas is breathed, 

because the solubility of CO is so high in blood, that the Pcco remains low enough to be 

ignored: 

(Equation 5.4). 

An obvious next question is how does the DLco relate to the main variable of interest, 

DL02 ? Given the different solubilities and molecular masses of the gases, the relationship 
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was first described as DL02 = 1.23 x DLco (Bohr 1909, cited in Roughton and Forster 

1957). Despite some debate, this remains the current dogma (Meyer et al. 1981, Glass 1989). 

Crawford et al. (1976) and Perry (1998) used Bohr's (1909) conversion to calculate DL02 in 

reptiles. Note that this conversion would be erroneous in the face of large diffusion

perfusion inhomogeneities, since 0 2 would be much more affected than CO due to its lower 

solubility in blood (Savoy et al. 1980). 

5.1.2 Pulmonary diffusing capacity in reptiles 

The lack of research on pulmonary diffusing capacity in reptiles is somewhat surprising, 

given interpretations of limitation to pulmonary diffusion in the attainment of Vo 2max in 

reptiles (e.g. Mitchell et al. 1981a, Powell 1994). The five reptilian species studied (two 

lizards and three turtles) have found DLco values between 10- 25% of mammalian values 

(Crawford et al. 1976, Gatz et al. 1987, Glass et al. 1981, Glass and Johansen 1982, 

Lutcavage et al. 1987). The limited reptilian data set suggests that DLco scales isometrically 

with mass (i.e. mass exponent is 1), and that more aerobic species have higher DLco (Glass 

1993). The measurements made on reptiles could be criticised because they have either been 

made during anaesthesia, or during artificial rebreathing. The relevance of these 

measurements could be questioned on the basis of this criticism alone, however, as outlined 

at the beginning of the Discussion, such experimental parameters have the potential to 

dramatically affect the DLco . Given criticism of a data set which is only very small, further 

examination of DLco in reptiles seems very timely. 
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5.1.2.1 The allometry of pulmonary diffusion 

In mammals, morphometric DL02 has repeatedly been shown to scale isometrically with 

body mass (Weibel 1972, Gehr et al. 1981), as does physiologically determined DLco in 

resting animals (Stahl1967, Weibel et al. 1983, Longworth 1993, Karas et al. 1987). Gehret 

al. (1981) measured mass exponents of 0.79 and 0.99 for Vo 2max and morphometrically 

determined DL02 respectively, in wild and domesticated mammals. Therefore, smaller 

mammals have a higher Vo 2max relative to diffusing capacity than large animals, suggesting 

that diffusion limitation to oxygen transport is much more likely in very small animals. 

Examination of Eq. 5 .2, V x = DLx x (P A - Pc )x , indicates that the pressure head for diffusion 

• o.79 1 
(PA

02 
-Pc-

02
) must scale with mass raised to- 0.20 (i.e. V /D0.99 ), suggesting that small 

animals either raise PAor decrease Pc in comparison to larger animals. Longworth (1993) 

added more data points to the findings of Gehr et al. 1981, and found that the slopes of 

Vo2~x and DL02 were not differe~t, and therefore (PA
02 

-Pc-
02

) did not scale significantly 

with mass. However, Longworth's (1993) study has not been embraced in the literature and 

popular opinion remains that small animals have a relatively high Vo 2max per unit 

DL02 compared to large animals (Jones 1998). 

5.1.3 Ideal gas exchange- theory 

In "ideal" 0 2 transfer between lung and blood, the partial pressure of 0 2 in the blood leaving 

the lung (the pulmonary venous return PPv) is the same as that within the gas exchanger 

(PA). Generally, ideal conditions refers to (a) diffusion equilibrium between lung and blood 

gases, and (b) homogeneity of spatial distributions of ventilation, blood flow and diffusing 

capacity (Powell 1994). Studies on resting reptiles (e.g. Seymour 1978, Burggren and 

Shelton 1979, Hicks and White 1992) have shown relatively large differences between 
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PA0 and PPv0 ranging from 1.33 to 5.34 kPa (10 to 40 Torr). This suggests that the 
2 2 

reptilian gas exchanger is inferior to the mammalian, which typically has a L1(PA 0 -PPv0 ) 
2 2 

of0.4- 1.07 kPa (3-8 Torr) in resting mammals (Piiper 1989, Piiper 1993). There are three 

possible explanations for a large Ll( PA 0 - PPv0 ): (1) diffusion limitation, (2) 
2 2 

intrapulmonary shunt, and (3) ventilation perfusion CV/Q) inequality (Glass and Wood 

1983, Wang et al. 1998c). 

5.1.3.1 Disparity betweell alveolus and pulmonary venous retum I- Diffusioll limitation 

In diffusion limitation, for example, thickening of the alveolar - capillary membrane, blood 

in the pulmonary capillary will not reach equilibrium with alveolar air, thus PA 0 > PPv0 . 
2 2 

A diffusion limitation may also be caused by the unequal distribution of pulmonary diffusing 

capacity (D) and pulmonary blood flow ( QpuJ ), i.e. diffusion-perfusion inhomogeneity 

(Piiper and Schede 1981, 1983, Piiper 1992). This is analogous to ventilation-perfusion 

(V/Q) mismatching, in that its effects are a decrease in gas exchange efficiency. The 

"equilibrium coefficient" calculates the degree of diffusion-perfusion inhomogeneity as 

pulmonary diffusion capacity relative to the product of pulmonary blood flow Qpw and the 

capacitance coefficient of the blood {3o 2 (Piiper 1988, 1989, Piiper et al. 1971). According 

to Piiper's model of gas exchange, if this ratio is high (>3) then uptake of oxygen is purely 

perfusion limited; if it is low ( <0.1) a diffusion limitation is present. It is pertinent to note 

that these ratios will change in different parts of the reptilian lung, since it has been shown 

that thickness of the alveolar-capillary membrane varies throughout the lung (Perry's work). 

Another complicating factor is the "stratification" of partial pressures in a typical reptilian 

lung due its heterogeneous parenchyma distribution (Donnelly and Woolcock 1978, Perry 

1998, Wang et al. 1998c). Mitchell et al. (1981a) invoke a diffusion limitation as an 
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explanation of increasing an elevated PA0 and constant Pa 0 during exercise in an iguanid 
2 2 

and a varanid. Although this suggests that intracardiac shunting either decreases, or at least 

remains constant during exercise (Mitchell et al. 1981a), the measurement of systemic 

arterial blood cannot rule out possible alterations in shunting patterns (Wang et al. 1998c). 

5.1.3.2 Disparity between alveolus and pulmonary venous retum II- Shunts 

Intrapulmonary shunts ( QIPs) are a considerable component of total pulmonary blood flow 

( Qpul) in resting reptiles (Seymour 1978 16%, Seymour 1983 10-20%, Hopkins et al. 1995 

5%, Hopkins et al. 1996 17%) compared to mammals in which they are virtually absent 

(Powell 1994). In intrapulmonary shunts, deoxygenated blood is shunted away from the 

lungs and is later mixed with the oxygenated blood, reducing the Po 2 of pulmonary venous 

return blood and potentially (depending on the resulting position on the oxy-haemoglobin 

dissociation curve) reducing the 0 2 content of arterial blood. It is important to consider that 

to test for the intrapulmonary shimt, the pulmonary venous return should be sampled, 

preferably in the left atrium (Hopkins et al. 1995). Examination of the arterial blood (as per 

mammalian studies) includes any intracardiac shunting, which occurs due to the undivided 

reptilian ventricle. The presence of an intrapulmonary shunt is confirmed by the 

maintenance of low oxygen content in pulmonary venous return (Cpv02) even in hyperoxia 

(West 1974). 

5.1.3.3 Disparity between alveolus and pulmmwry venous return III- V A!Q inequality 

Ventilation - perfusion ( V A!Q ) inequalities may occur as a result of spatial or temporal 

mismatching of ventilation and perfusion and will result in a reduction in the rate of gas 

exchange across the lung (West 1974). Reptiles have similar V A!Q inequalities to mammals 
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(Powell 1994, Hopkins et al. 1995), although the concept is complicated in reptiles 

considering the intrinsically irregular nature of both ventilation and perfusion (Glass and 

Wood 1983). Once again, reptilian idiosyncrasies such as stratification within the lungs, and 

cardiac shunts must also be considered (Wang et al. 1998c). 

5.1.3.4 Disparity between alveolus and pulmonary venous return IV- Resolution oftlte 
components of 6.( PA0 - PPv0 ) by MIGET 

2 2 

Although all three of the above may contribute to a high 6.(PA 0 -PPv0 ) it is possible to 
2 2 

measure the relative contribution of each using the multiple inert gas elimination technique 

(MIGET) (Wagner et al. 1974). The MIGET quantifies the proportion of the intrapulmonary 

shunt and VAIQ heterogeneity with respect to total A(PA0 -PPv0 ), and the pulmonary 
2 2 

diffusion limitation is considered to make up the remainder. In mammals, the 6.(PA0 -
2 

PPv0 ) is low at rest but generally increases significantly during exercise (Powell 1993, 
2 

1994). In most cases the increase in the 6.(PA 0 -PPv0 ) may be attributable to increased 
2 2 

diffusion limitation (Wagner et al. 1986, 1989). In reptiles, the MIGET determined that 

V/Q heterogeneity was responsible for almost half of a very large (6.27 kPa, 47 Torr) 

6.(PA0 -PPv0 ) in the simple lungs ofthe tegu lizard, Tupinambis nigropunctatus (Hlastala 
2 2 

et al. 1985, Powell 1993). Probable intra-cardiac (R-L) shunting and diffusion limitation 

accounted for the remainder. Powell and Gray (1989) measured V AIQ heterogeneity of 

mammalian proportions (i.e. small, 0.67 kPa, 5 Torr) in the more complex lungs of Alligator 

mississipiensis. The majority (0.67- 2.0 kPa, 5 -15 Torr) of the remaining 6.(PA0 -PPv0 ) 
2 2 

was attributable to a gas phase diffusion limitation, indicating stratification of gases in the 

alligator (Powell and Gray 1989, Powell1993). Hopkins et al. (1996) measured a decrease in 

6.(PA0 -PPv0 ), which was related to reduced VAIQ heterogeneity, when Qpui increased. 
2 2 
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The diffusion limitation and intrapulmonary shunt tended to increase as the V A!Q 

component decreased. All of the above were calculated on anaesthetised, artificially 

ventilated reptiles. However, Hopkins et al. (1995) compared rest and exercise in Varanus 

exanthematicus. Relative to resting values, the intrapulmonary shunt decreased, V / Q 

mismatching remained constant, and the pulmonary diffusion limitation increased during 

exercise. The pulmonary diffusion limitation accounted for 40% of Ll(PA 0 -PPv0 ). The 
2 2 

Varanus compensated for a diffusion limitation during exercise by increasing PA 0 , 
2 

decreasing venous admixture, and virtually eliminating the intrapulmonary shunt. 

5.1.4 Aims 

Although a diffusion limitation has been invoked as a cause of differences between the Po2 

of alveolar air and arterial blood (Mitchell et al. 1981a), pulmonary diffusing capacity has 

never been measured during exercise in a reptile. Evidence suggests that an increased 

diffusion limitation accounts for nearly half of the Ll{ PA0 - PPv0 ) in a varanid (Hopkins et 
2 2 

al. (1995). Thus, there is compelling evidence that diffusion limitation is an important 

determinant of 0 2 transport in lizards, especially during exercise. In this chapter I have 

therefore measured the pulmonary diffusing capacity in five species oflizards (four varanids 

and an agamid) before and during exercise using a novel technique. The measurement of 

DLco also allows the determination of resting lung volume. I have examined the results with 

respect to allometric relationships, different lung structure and a comparison of reptilian and 

mammalian anatomy and physiology. 
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5.2 MATERIALS AND METHODS 

The methods used in these experiments are modified from those of Depledge (1985), 

Crawford et al. (1976), and Glass et al. (1981), who used an artificial rebreathing technique 

to determine carbon monoxide diffusing capacity by the clearance technique. In these 

experiments I used a "natural rebreathing" technique in which unaesthetised lizards 

rebreathed the gas mixture of their own volition. This technique avoids the possible 

disruptions to pulmonary perfusion of artificial rebreathing (Johansen et al. 1977), and the 

effects of anaesthesia (Takezawa et al. 1980). The major inconvenience of this technique is 

that non ventilatory periods can cause lengthy delays in gas mixing in the alveolus which 

would potentially underestimate the DLco if they were undetected. 

5.2.1.1 A11imal history a11d lzusba11dry 

Lung volume and DLco were determined on wild caught specimens of Varanus spenceri (n 

= 5), V. scalaris (n = 6), V. gouldii (n = 5), V. mertensi (n = 5) and the frillneck lizard, 

Chlamydosaurus kingii (n = 6). The V. spenceri were captured on the Barkly Tablelands, 

Northern Territory; all other species were captured near Darwin, NT, Australia. The varanids 

were maintained in captivity under natural light and temperature regimes, and fed on mice, 

for several weeks prior to measurement. The frillnecks were kept in cloth bags in the 

laboratory for the few days of the experiment. 

5.2.1.2 Mask a11d circuit 

Prior to experiments, the tip of either a 1 mL (< 1 kg lizards) or 2 mL (> lkg lizards) syringe 

was placed in the lizard's mouth, and the mouth and nares were sealed with dental 

impression gum (Impregum, ESPE, Germany). The bore of the syringe tip was increased to 
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decrease the resistance of the mask, and then the mask was attached to a three-way tap, 

which was connected to room air and to the sampling circuit, via a T -piece (inside diameter 

3 mm). During this resting period, before measurements began, lizards breathed room air 

through the three-way tap. 

The sampling circuit consisted of three components: a mask, a helium - carbon monoxide 

analyser (PK Morgan, Chatham Kent, England) downstream of the mask, and a loosely 

inflated balloon just upstream of the mask. The expired gases were dried (Drierite, W. A. 

Hammond, USA) and scrubbed of C02 (Dragersorb, Drager 800, Germany) before entering 

analyser. The analyser pump provided flow at 1000 mL min"1
• The rubber balloon (700 mL 

capacity) acted as a reservoir of gas, reducing resistance to inspiration and expiration. The 

circuit was completed by joining the balloon and the outlet of the analyser. The three 

components of the circuit (mask, analyser, and balloon) were connected with 3 mm inner 

diameter tubing. 

5.2.1.3 Experime11tal protocol 

Before the lizard was connected to the circuit, the circuit was filled with the He/CO gas mix. 

The fractional concentrations of the gases in this mixture were: 0.0028 (CO), 0.138 (He), 

0.2093 (02) and 0.650 (N2). The system volume (Vsys) was then calculated by adding 60 mL 

of room air and calculating the dilution of He according to the equation: 

FHe2 
Vsys == X Vadded 

FHel-FHe2 
(Equation 5.5) 

where FHei and FHe2 are the fractional concentrations of helium before and after addition of 

a known volume of room air, Vadded (modified from Crawford et al. 1976, Glass et al. 1981). 

Lizards were acclimated to 36°C overnight, and the experiments were conducted in a 

controlled temperature room at 36°C. The lizards were masked and allowed to rest quietly 



~C~ha~pt~crw5~·~Pu~lm~o~n~ary~di~ffi~us~in~g~ca~p~ac~itr~tlli·n~li~zalliro~s---------------------------------------177 

on the treadmill for fifteen minutes before measurements began. The lizard's ventilation was 

carefully monitored by observing the costal movements, and, at the end of expiration, the 

lizards were switched over to the He-CO rebreathing circuit via the three-way tap. The 

lizards were allowed to rebreathe the gas mixture until a plateau was reached on the helium 

trace indicating complete mixing in the alveoli. On several occasions the He trace did not 

reach a plateau - this indicated a leak in the system (i.e. the mask) and the data were 

discarded and the experiment repeated another day. Lizards rebreathed the He-CO gas 

mixture for between 5 and 9 min while resting quietly on the treadmill. These are 

comparatively long rebreathing times (cf Meyer et al. 1981), but were necessary to ensure 

that the gases were completely mixed in the alveolus due to low frequency of breathing in 

reptiles before exercise. 

After the rebreathing period, the lizard was removed from the system, and allowed to rest 

quietly at 36°C. After several hours, the lizard was re-masked, and connected to the circuit 

as before. Immediately after the re-measurement of lung volume, the treadmill was started 

and the lizard commenced locomotion. Treadmill speeds were at maximal aerobic speed, as 

determined previously (Chapter 3 for the varanids, K. A. Christian unpubl. for C. kingii). 

Exercise continued until exhaustion or the He trace had clearly reached a plateau, whichever 

came sooner. The lizard was removed from the circuit at the cessation of exercise. 

5.2.1.4 Calculations, data analysis 

The outputs of the He- CO analyser were recorded on a PC with an AID board (DT 2081/A, 

Data Translation) and HPVee software (Hewlett Packard) at a sampling rate of 10Hz. The 

data were later analysed in Excel v 7 .0. Resting lung volume ( VLR) was calculated 

according to the dilution of helium, using a slightly modified version ofEq 5.5, i.e.: 



~ch~a~pt~er~5~.Pwu~lm~o~n~arr~di~ffi~us~in~g~ca~p~ac~itr~tlli·n~li~za~roas ________________________________________ l78 

FHe2 
VLR = xVsys 

FHet-FHe2 
(Equation 5.6) 

where FHet and FHe2 are the fractional concentrations of helium before and after the 

addition of an unknown volume ( VLR ), and Vsys is the system volume, as calculated by 

equation 5.5. This calculation is possible due to the extremely low solubility of He in blood 

(9.378 x 10-4 mL kPa"1 = 0.0095 mL atm·1 (Glass et al. 1981)). It is pertinent to note that 

these estimates of resting lung volume are the equivalent of the functional residual capacity 

in mammals, i.e. the lung volume measured at the end of expiration in mammals (Weibel 

1984). In the past, other reptilian studies have calculated lung volume during non-ventilatory 

periods when the reptilian lung is full (e.g. Crawford et al. 1976). That method requires 

knowledge of tidal volume to calculate the resting lung volume. 

The first minute of the sampling trace was characterised by large peaks and troughs in both 

gases, decreasing in amplitude with time (see Figure 5.1). The DLco was calculated 

following rearrangement of Krogh's original equation for pulmonary diffusion (see 

Crawford et al. 1976, Glass et al. f981): 

(Equation 5.7) 

where PB is the barometric pressure, PH 2 o is the partial pressure of saturated air at 36°C, t 

is time (s). The REL Fco(t) is calculated by incorporating helium dilution: 

FCO(t) X FHeinit RELFco(t) =-...:....:..._ __ _ 
FCOinit X FHe(t) 

(Equation 5.8) 

where the Fco(t) is the fractional concentration of CO at time t, FHeinit is the fractional 

concentration of baseline (i.e. initial) helium, Fcoinit is the fractional concentration of 

baseline CO, and FHe(t) is the is the fractional concentration of helium at timet. 
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Crawford et al. (1976) found that DLco decreased as rebreathing time increased. This 

unlikely finding could be caused by the build up of CO in venous blood (CO "back

pressure", leading to reduced DLco over time) or incomplete mixing of the test gases in the 

alveolus, leading to spuriously high initial readings (Glass et al. 1981). It is not clear what 

caused the differences; it is equally unclear which is the "true" DLco (Crawford et al. 1976, 

cf Glass et al. 1981). To ensure that these problems were avoided, DLco in this study was 

calculated and compared during three time periods: averaged over the entire run, first minute 

of run and final minute. 

Analysis of covariance (ANCOV A) on log transformed data was used for interspecific 

comparisons of VLR and DLco before or during exercise (Systat, v 5.0). Tukey's post-hoc 

tests were used to compare species effects. The effect of e~ercise on DLco , and comparison 

of DLco at the start and end of re-breathing was tested by paired t-tests. Effects were 

considered significant at P < 0.05. 

5.3 RESULTS 

The pulmonary diffusion capacity for CO and resting lung volume was measured in at least 

five individuals of each species before, and during exercise. A typical trace generated from 

one such experiment in a V. spenceri pre-exercise is presented in Figure 5.1. The raw data is 

plotted in the upper figure (1). This shows the initial 60 mL dilution used to determine the 

system volume (point A), the dilution caused by rebreathing (B), and steady rebreathing of 

the gas mixture resulting in a decline in [CO] and a plateau in the helium trace (C). The 

lower figure (Figure 5.1 (II)) shows the calculation of DLco as the slope of the decline in 

[CO] relative to the [He]. 
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Figure 5.1 Sample trace illustrating the measurement of DLco . (1). The raw data showing the decline in the 

carbon monoxide (upper) and helium (lower) traces following the introduction of 60 mL dilution for system 
volume calculation (point A), the dilution of the system when the animal started rebreathing the gas mixture 
(point B), and steady breathing and gas mixing (point C). (II). The calculation of the decline in CO relative to 
helium over the same time period. The RELF'co is calculated according to Eq. 5.8. The slope of this relationship, 
shown by the accompanying linear regression, is used in Eq 5.7. 
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5.3.1 Measurement of error 

Multiple measurements (n = 6) were made on a single lizard (Varanus gouldii #4, mass =2.0 

kg) to determine errors associated with the estimates of VLR and DLco. As Table 5.1 shows, 

the experimental variation in these measurements is relatively high, with coefficients of 

variation of 24 % and 30 % for VLR and DLco respectively. 

Table 5.1 Results ofrepeated measurements (n=6) ofVLR (mL kg"1
) and DLco (mL kg"1 kPa"1

) 

in a Varanus gouldii at pre-exercise, mass 2.0 kg. 

Statistic 

Mean 
Standard Deviation 
Standard Error 
Coefficient of Variation 

84.38 
20.33 
7.69 
24.1 

0.352 
0.104 
0.039 
29.4 

5.3.2 Comparison of DLco at different times during the rebreathing period 

Pulmonary diffusion (in mL kg"1 min"1 kPa-1
) during the first minute of measurement 

(DLco<I)) was compared to the final minute (DLco<t)) by paired Student's t-test (Table 5.2). 

Smaller sample sizes between pre-exercise and exercise and between Table 5.2 and Table 

5.3 are the result of sampling periods less than 2 min long which could not be divided into 

those categories. Generally, the two measurements are in close agreement; however, DLco<t) 

was lower in the V. scalaris during pre-exercise but not exercise. This suggests a reduction 

in DLco due to CO back-pressure, which may be due to the small size and hence blood 

volume of this species, although the effect is not seen during exercise. 
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Table 5.2 Comparison of mean pulmonary diffusing capacity (mL kg·1 min·1 kPa-1) during the first 
( DLco(l)) and final ( DLco(f)) minute of measurements ± 1 SE. Each species was compared during pre-
exercise and exercise by a paired Students t-test. Note sample sizes differ from Table 5.3 because the 
sampling period was not long enough to allow independent comparison of the first and final minutes, and was 
not conducted. Asterisks signify significant differences. 

Species State n DLcoO> DLco<f) p 

(mL kg·1 min·1 kPa-1) {mL kg·1 min·1 kPa· 1 ~ 

C.kingii pre-ex 6 0.48± 0.08 0.54± 0.08 0.45 
C.kingii exercise 5 0.53± 0.19 0.62± 0.16 0.53 

V. gouldii pre-ex 5 0.36± 0.07 0.38± 0.04 0.90 
V. gouldii exercise 5 0.91± 0.23 0.92± 0.18 0.97 

V. mertensi pre-ex 5 0.97± 0.08 1.00± 0.11 0.85 
V. mertensi exercise 3 0.86± 0.07 0.65± 0.14 0.17 

V.scalaris pre-ex 6 1.13± 0.05 0.96*± 0.07 0.04 
V.scalaris exercise 6 1.43± 0.14 1.43± 0.13 0.99 

V. spenceri pre-ex 4 0.23± 0.05 0.26± 0.04 0.17 
V. spenceri exercise 5 0.80± 0.10 0.99± 0.18 0.22 

5.3.3 Resting lung volume, pulmonary diffusing capacity, and oxygen consumption 
during pre-exercise and exercise 

Resting lung volume ( VLR) is presented as the average of the measurements made during 

pre-exercise and immediately prior to exercise (Table 5.3), based on the finding that no 

difference existed between the two measurements (paired t-tests, P > 0.2). fu the latter case, 

although the end fractional concentration of helium is obtained during exercise, the lung 

volume that dilutes the circuit is from a resting lizard. One noticeable difference between the 

measurements was that the helium reached equilibrium more quickly during exercise, most 

likely due to increased ventilation rate and better mixing of pulmonary gases. The VLR were 

strongly correlated to body mass, but there were no differences among species after 

accounting for mass (ANCOVA, F4,25 = 2.46, P = 0.077). 
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Table 5.3 Pulmonary variables measured with the physiological method. Mean (± 1 SE) lizard mass (kg), resting 
lung volume (VLR, mL kg"1

), DLco (mL kg"1 min·1 kPa"1
) and Vo2 (mL kg"1 min-1

) in pre-exercise and during 
exercise in lizards. Mass specific data are included for ease of comparison. The asterisk indicates a significant 
increase in DLco during exercise. 

Species n Mass VLR DLcopre-ex DL CO exercise 
(kg) (mLkg"1

) 
(mL kg"1 min"1 kPa"1

) (mL kg"1 min·1 kPa-1) 

C.kingii 6 0.48± 0.07 138.7± 15.22 0.47± 0.01 0.47± 0.08 
V. gouldii 5 1.34± 0.32 136.8± 14.05 0.46± 0.01 0.87± 0.18 
V. mertensi 5 1.21± 0.2 92.2± 13.88 0.87± O.Dl 0.90± 0.14 
V. scalaris 6 0.09± 0.02 156.4± 13.36 1.04± 0.01 1.46± 0.16 
V. spenceri 5 1.44± 0.65 89.4± 10.55 0.23± 0.01 0.87*± 0.17 

The Dtco for lizards before and after exercise is summarised in Table 5.3. Interspecific 

comparisons pre-exercise revealed significant variation (ANCOVA, F4, 25 == 19.6, P = 0.000). 

The DLco is greater in V. mertensi than all other "large" lizards: C. kingii, V. gouldii, V. 

spenceri, and is lower in V. spenceri than all other lizards. Significant variation during 

exercise (ANCOVA, F4, 25 == 7.1, P == 0.001) was attributable to C. kingii which were 

significantly lower than all the varanids. Only one species ( V. spenceri) showed a significant 

increase in DLco during exercise (paired t-test, P == 0.02, asterisk in Table 5.3). The Dtco 

tended to increase in V. gouldii (1.9 times) and V. scalaris (1.4 times) but these were not 

significant (P = 0.072 and 0.077 respectively). 

5.3.4 Allometry of VtR and Dtco 

The allometric relationships between Dtco before and during exercise, resting lung volume, 

and body mass are plotted in Figure 5.2 and tabled in Table 5.4. Least squares regressions 

were used to derive power equations (y ==aM h, where a is the mass coefficient, M is mass 

in kg, and b is the mass exponent). Estimates of DLco in two other lizard species were 

corrected to 36°C using a Q10 of 1.27 in the range 26 to 36°C (from Glass et al. 1981) and 

are also included for comparative purposes. The mass exponents of Dtco in lizards do not 
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scale differently between pre-exercise and exercise (ANCOVA, slopes test, F1, 9 = 0.23, P = 

0.648) and there is no difference between the intercepts (F1,10 = 2.21, P = 0.171). 

Table 5.4 The allometry of resting lung volume ( VLR , mL) and pulmonary diffusing capacity for CO ( DLco , 

mL min-1 kPa"1
) during pre-exercise and exercise in lizards. Allometric equations of the form y =aM b, or logy 

= log a+ b log M. Errors are ± 1 SE, regression statistics are also supplied. 

Variable 

VLR 
(mL) 

DLcopre-ex 

(mL min-1 kPa"1
) 

DL CO exercise 
(mL rnin"1 kPa"1

) 

~ 
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v. sc 

Mass Range log a a 
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Figure 5.2 The allometry of VLR (mL, closed triangles A.) and DLco (mL min-1 kPa-1
) before exercise (closed 

circles e) and during exercise (closed squares •) in lizards from the present study. Allometric equations from 
least squares regression are fitted to the data. Additional data from V. exanthematicus and Tupinambis teguixin 
(Wood eta!. 1977b, Glass eta!. 1981) are included as open symbols. Data points are labelled with the first three 
letters ofthe species. 
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Physiologically determined lung volume scales with mass raised to the 0.82 power. I have 

collated other lizard data on physiologically determined resting lung volume (see Table 5.5). 

However, the other two lizard studies give such different estimates even in the same species 

-Wood et al. (1977b) is some 5 times greater than Glass et al. (1981) [see open symbols in 

Figure 5.2]- that it seems inappropriate to use either in the regression. These data points are 

therefore plotted in Figure 5.2 but are not used in the generation of allometric curves. Note, 

however, that Wood et al.'s (1977b) estimate of VLR (94 mL) would fit almost exactly on 

the regression line. Morphometrically determined lung volumes for other lizards are also 

included in Table 5.5. These appear roughly twice the physiological measurements, although 

both represent end-expiration lung volume, the equivalent to FRC in mammals. Note that 

Table 5.5 includes some measurements of lung volume made at end inspiration, and 

therefore is a measurement of the VLR and tidal volume ( VT ). The VLR has been 

determined by subtracting VT for each species. Turtles feature prominently in this data set 

due mainly to efforts to compartmentalise oxygen storage in diving reptiles (e.g. Lutcavage 

et al. 1991). 

5.4 DISCUSSION 

5.4.1 Critique of methods 

This is the first study to measure DLco in reptiles under the lizard's own breathing patterns, 

facilitating the measurement of DLco during exercise. Other studies have imposed artificial 

rebreathing over normal non-ventilatory periods (e.g. Crawford et al. 1976), which has the 

potential to produce erroneous results, because of the correlation between pulmonary 

ventilation and pulmonary perfusion in intermittently breathing reptiles (Burggren et al. 

1977, Shelton and Boutilier 1982). In general, non-ventilatory periods in reptiles are 
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Table 5.5 Summary of reptilian pulmonary function data "at rest", including physiological and morphometric 

estimates of VLR , and physiological pulmonary diffusing capacity corrected to 36°C ( DLco 36 ·c). Note, some 

lung volumes were measured at end inspiration (i.e the VT + VLR column). For comparative purposes all such 
lung volumes have been corrected for tidal volume ( VT ), by subtracting tidal volume from end inspiratory lung 
volume. The method (M,P) refers to either the morphometric or physiological method of measurement of lung 
volume. Body temperature (Tb) refers to the original body temperature during measurement, data corrected to 
36°C using a Q10 of 1. 7 from Glass et al. 1981. Two columns of citations are presented: the first cites the source 
of data on VLR or DLco , the second cites the source of data on VT. Citations for VT are (1) Hopkins et al. 

1995, (2) Wood et al. 1977b, (3) Dejours 1981, (4) Jackson et al. 1974, (5) Paladino et al. 1996. 

Species Mass Met- VT + VT VLR DLco36. c Tb Citation Citation 
hod VLR (VLR, DLco) (VT) 

Kg mL kg"1 mL kg"1 mL kg"1 mLkg"1 oc 
min"1 kPa"1 

Caretta caretta 9.5 p 83 45 38 1.479 25 Lutcavage et 
al. 1987 

Chelonia 70.0 p 57 0.420 25 Gatz et al. 
mydas 1987 
Chlamydosau- 0.48 p 139 0.472 36 This study 
rus kingii 
Dermochelys 342.0 p 64 17.51 47 Lutcavage et 5 
coriacea al. 1991 
Pseudemys 1.55 p 160 15.7 0.420 23 Crawford et al. 4 
scripta elegans 1976 
Testudo graeca 0.98 p 171 0.863 23 Crawford et al. 

1976 
Tupinambis 2.20 p 20 4.2 16 0.383 25 Glass et al. 3 
teguixin 1981 
Varanus 2.20 p 36 19.5 17 0.563 36 Glass et al. 1,2 
exanthematicus 1981 
Varanus 1.21 p 92 0.869 36 This study 
mertensi 
Varanus 1.10 p 85 35 Wood et al. 
exanthematicus 1977b 
Varanus 1.34 p 137 0.455 36 This study 
gouldii 
Varanus 0.09 p 156 1.036 36 This study 
scalaris 
Varanus 1.44 p 89 0.227 36 This study 
spenceri 
Chaemaeleo 0.02 M 246 Perry and 
chamaeleon Duncker 1978 
Crocodylus 3.59 M 20 Perry 1990 
niloticus 
Gekko gecko 0.11 M 77 Perry and 

Duncker 1978 
Lacerta viridis 0.03 M 51 Perry and 

Duncker 1978 
Tupinambis 0.70 M 44 Perry and 
teguixin Duncker 1978 
Varanus 0.25 M 160 Perry and 
exanthematicus Duncker 1978 

Mammal 0.10 M 13 Perry and 
Duncker 1978 
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accompanied by an increase in pulmonary resistance, and a R-L intracardiac shunt leading to 

a reduction in the pulmonary blood flow rate, Qpw (Shelton and Burggren 1976, Glass and 

Wood 1983, Heisler et al. 1983). However, during ventilatory periods, the Qpw also 

increases, and the V AIQ is much more closely matched during ventilatory periods (Hicks 

and Wang 1996, Hopkins et al. 1996). This matching leads to more efficient gas exchange 

and increased diffusion of 0 2 across the lung (Hopkins et al. 1996). Under these 

circumstances the measured DLco would be an overestimate of DLco from. a reptile at 

"rest". 

Therefore, it seemed appropriate to attempt a natural rebreathing technique. One potential 

problem with this methodology is that the natural breathing pattern of reptiles often consists 

of long non-ventilatory periods interspersed with shQrter ventilatory periods. If a non

ventilatory period is so long that the P Aco drops much below inspired Pco then there is the 

potential to underestimate the true DLco due to a decreased pressure head driving diffusion 

across the alveolus. In practice, long NVPs (> 20 sees) were not recorded in these 

experiments, perhaps due to the high experimental temperatures (36°C) leading to high 

metabolic rates, even during the pre-exercise time period. 

A related potential problem is incomplete mixing oftest gases in the alveolus due to shallow 

or infrequent breathing. As shown in Figure 5.1, these possible problems were avoided 

because the lizards breathed frequently, even during pre-exercise measurements, and 

because the traces were not analysed until the majority of mixing had taken place, i.e. 60 -

90 sees after commencement of rebreathing. 

The errors associated with the measurements of DLco and VLR are high, however, this 

appears to be an intrinsic feature of such experiments (Wood et al. 1977b, Crawford et al. 
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1976, Glass et al. 1981). Intra-individual comparisons should reduce errors associated with 

biological variation as much as possible, but temporal variation within an individual, due 

perhaps to variable pulmonary perfusion or intrapulmonary shunts, cannot be ruled out 

without further invasive measurements. However, differing behavioural responses are 

difficult to control, especially during the pre-exercise rest period. It was apparent that the V. 

spenceri rested calmly before exercise, whereas the V. mertensi occupied the other end of the 

behavioural spectrum, and attempted to scratch off the mask, or walk off the treadmill. This 

behavioural discrepancy is a common problem in interpreting data from "resting" reptiles 

and is virtually impossible to control in procedures like this that are even minutely invasive. 

However, behavioural differences should be minimised during maximal exercise when 

animals should be in comparable physiological states. 

The comparison of rebreathing times was an important test of the experimental methods, 

given the confusion surrounding the results of Crawford et al. ( 197 6). Of ten tests comparing 

DLco in the first and final minutes (five species at pre-exercise and exercise), only one 

showed any difference between the two measurements. This illustrates two points. First, 

even if mixing of test gases is incomplete early in the rebreathing period, the two gases 

apparently behave similarly. Therefore, comparison of CO decay relative to helium will 

account for any incomplete mixing. Secondly, the finding of constant DLco throughout the 

rebreathing period eliminates the possibility of CO back-pressure reducing DLco towards 

the end of the rebreathing period. There may be limitations to this technique in the 

measurement of small animals, as the V. scalaris data show; however, these are limitations 

which affect any determination of DLco in small animals and are not peculiar to this 

technique. Because blood volumes are smaller, CO builds up relatively more quickly in 

smaller animals. A build up of CO in pulmonary venous blood will reduce the pressure head 

for diffusion across the lung according to Pick's Law, and the DLco would therefore 

decrease as rebreathing time increases in small animals. There is a case for using the first 
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minute DLco instead of a mean value for V. scalaris at pre-exercise, however, this does not 

markedly affect the comparison of the effects of exercise or the interspecific comparison. 

5.4.2 The resting lung volume VLR 

In general, reptiles have larger lung volumes than mammals (Perry 1998). For example, in 

morphometric measurements the gecko Gekko gecko has a resting lung volume almost six 

times that of a similarly sized mammal (Perry and Duncker 1978). Within reptiles, there is a 

vast array of lung designs. The structure of lizard lungs varies from simple, single 

chambered sacs with homogeneous distribution of parenchyma (e.g. Chamaeleonidae, 

Agamidae) through to multichambered organs with heterogeneously distributed parenchyma 

(e.g. Varanidae). However, it is apparent that lung volumes do not vary with different 

structural types (Perry 1998). The results of this study support this generalisation, as the 

agamid Chlamydosaurus kingii had similar lung volumes to the varanids. One advantage of 

a large lung is that it can act as a store of air, allowing the long NVPs characteristic of 

reptilian breathing patterns (Milsom 1990). In this respect, it is apparent that this advantage 

is common to all reptiles, and is not a specialisation associated with pulmonary oxygen 

storage in diving reptiles (Seymour 1989). The VLR of the semi-aquatic species Varanus 

mertensi are typical of the other species in this study. 

The large volumes of reptile lungs do not translate ipso facto into efficient gas exchangers, 

because, as Fick's law of diffusion shows (Eq 5.1), diffusion across the lung is related to 

surface area and diffusion distance. The respiratory surface area of reptiles is only 10 to 20 

% that of similarly sized mammals (Perry 1998). The high ratio of lung volume to 

respiratory surface area has been interpreted as indicative of the importance of the lung's 

other functions in reptiles: as a buoyancy organ, vocalisation, in defensive postural displays 

and to help prevent extrication from contained spaces (Tenney and Tenney 1970, Perry and 
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Duncker 1978). Given that the volume of reptile lungs may be more associated with non

respiratory functions, it is a little surprising to find that VLR in the frillneck lizard C. kingii 

was the same as other species, as its life history does not obviously incorporate any of the 

non-respiratory traits of the other lizards in this study. The frillneck is a common, medium 

sized (400 - 500 g) arboreal lizard. Unlike V. mertensi it is not aquatic; unlike either V. 

spenceri or V. gouldii it does not vocalise in defence, nor does it inflate itself in display or to 

prevent extrication from its habitat like V. spenceri, V. gouldii or V. scalaris (pers obs). 

Although there is no obvious non-respiratory function of the large lung volume typical of 

lizards, there are possible energetic advantages to a large lung. The respiratory system of C. 

kingii is highly compliant, even for reptiles (Frappell and Mortola 1998). Therefore the low 

inflationary pressures suggest an especially low cost of breathing in this species. 

Morphometrically determined pulmonary volumes scale isometrically with body mass in 

mammals (Stahl1967, Lechner 1978, Gehret al. 1981) and amphibians (Tenney and Tenney 

1970). However, Tenney and Tenney (1970) reported that morphometrically determined 

maximal lung volume scaled with -mass raised to 0.75 power in reptiles. Perry (1998) tables 

a summary of total lung volume (i.e. equivalent to maximal lung volume, although measured 

with different inflation pressures) in seven species of reptiles (his Table 1.3). Examination of 

these data reveal a scaling exponent of 1.04, which is not different from 1 (t = 0.26 < tent= 

2.45) but also not significantly different from 0.75 (t = 2.04 <tent= 2.45). The large scatter 

and relatively small sample size of the available data suggest more information is required to 

flesh out the relationship of morphometrically measured lung volume. 

Comparison of physiologically and morphometrically determined resting lung volumes is 

shown in Table 5.6. I have included four different combinations of data analysed: all data 

(morphometric and physiological), physiological only, physiological without Glass et al. 

(1981), and morphometric data only. The data from Glass et al. (1981) were removed 

because their measurements are closer to an estimate of residual volume (volume that cannot 
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be expelled from the lungs). Whilst this level of analysis may appear somewhat over 

zealous, several patterns emerge. First, morphometrically measured VLR is about twice that 

of physiological measurements. Second, removal of data from Glass et al. (1981) does not 

change the mass exponent, but reduces variation substantially. Third, the mass exponent 

relating physiologically determined lung volume in reptiles (excluding Glass et al. 1981) is 

significantly lower than 1 but cannot be distinguished from 0.81, which is the interspecific 

scaling exponent for maximal metabolism. 

Table 5.6 Comparison of the physiological and morphometric methods of measurement of VLR in reptiles, 
using data from Table 5.5. Four different groups have been analysed separately: all data grouped together, 
physiological data only, the physiological data not including Glass et al. (1981) and morphometric data only. 
Allometric equations including mass coefficients, mass exponents, and regression statistics are supplied. The 
slopes were tested against a slope of 1 (i.e. isometric scaling) and a slope of 0.81 (scaling exponent of maximal 
metabolism from Chapter 3). Note, Tenney and Tenney (1971) provide arguments why the scaling exponent for 
maximal exercise should be examined. NS - not statistically different, SD- statistically different. 

Method of VLR n Log a a b r F p Slope Slope 
measurement versus versus 

1.0 0.81 

Morphometric + 17 1.82± 0.08 66.60 0.85± 0.07 0.90 132.3 0.000 NS NS 
Physiological 
combined 
Physiological only 11 1.86± 0.11 72.97 0.86± 0.11 0.88 65.9 0.000 NS NS 

Physiological only 9 2.00± 0.05 101.0 0.84± 0.04 0.98 413.9 0.000 SD NS 
excluding Glass et al. 
(1981) 
Morphometric only 6 1.61± 0.17 41.08 0.67± 0.16 0.52 4.4 0.105 NS NS 

Tenney and Tenney (1970) found that lung mass in mammals, amphibians and reptiles 

scaled directly with body mass. However, in reptiles, as also shown here, mass specific lung 

volume tended to decrease as mass increases. Therefore larger reptiles have less dense lungs 

(density is calculated as volume divided by mass). Whether the scaling of lung volume can 

be causally related to metabolic rate is not known. Given the wide range in other anatomical 

factors that also determine oxygen transport across the lung (e.g. surface area of lung, 

distribution of parenchyma, thickness of the blood-gas barrier), and the non-respiratory 
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functions of the reptilian lung, such a causative relationship would be extremely difficult to 

prove. 

5.4.3 Pulmonary diffusing capacity in lizards at pre-exercise and exercise 

5.4.3.1 The effect of exercise 

The five lizard species examined in this study can be divided into four groups on the basis of 

the response of DLco to exercise. In V. mertensi the DLco was high compared to other 

species pre-exercise, and did not alter during exercise. In C. kingii the DLco was low pre

exercise, and remained low during exercise. In V. spenceri the DLco was low prior to 

exercise, and increased significantly during exercise. The remaining two species (V. gouldii, 

V. sca/aris) tended to increase DLco during exercise compared to pre-exercise. Although 

the latter two species did not significantly increase DLco, there was a clear tendency (values 

1.9 and 1.4 times the pre-exercise values, two tailed t-tests P = 0.072 and 0.077 

respectively). 

The four groups, in particular the first three, offer an interesting comparison of DLco which 

may be related to size, lung morphometry, species differences and activity levels. Given the 

fact that there was a variable behavioural response to the mask and experimental technique, 

it is likely that differences between species before exercise are more associated with 

behaviour than physiology. The DLco data support this assertion, assuming that (a) the lack 

of restfulness correlates to a higher metabolic rate, and (b) a higher metabolic rate increases 

the DLco . The V. mertensi were clearly the least "rested" of the species here, and the V. 

spenceri were clearly the most calm during the pre-exercise measurement. The similarity of 
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DLco during exercise in the two species suggests that the V. mertensi were highly stressed 

during the pre-exercise period. 

The tight clumping of the DLco during exercise in the three large varanids (Figure 5 .2) in 

the present study offers a good argument for the attainment of a maximal rate of diffusion, 

which is constant for these species. The three species are representative of the wide range in 

Vo 2max in the varanids (Chapter 3). On a mass specific basis, the Vo 2max in these species 

ranges from 25.5 mL kg-1 min-1 (V. gou/dii), 18.0 mL ki1 min-1 (V. spenceri) to 15.8 mL kg-

1 min-1 (V. mertensi) (data derived from Chapter 3). Although stereological measurements of 

the respiratory surface area have not been made on these species, varanids possess 

multichambered lungs, so on a gross scale all three species would possess similar lungs 

(Perry and Duncker 1978, Perry 1998). Therefore, these three species have similar mass, 

gross lung morphology, and maximal pulmonary diffusing capacity but widely divergent 

maximal oxygen consumption. The similarity in DLco during exercise between species of 

differing aerobic abilities suggests the attainment of a maximal conductance in all species. 

Re-examination of Equation 52 ( D ~;) suggests that if D is constant between species, 

the species which possess high V (i.e. high Vo zmax) must also have high M>, i.e. ( P A- Pc ). 

This finding contrasts to the mammalian paradigm. Weibel et al. (1987) compared two pairs 

of aerobic and sedentary species. In both cases, about half of the greater Vo2max was 

attributable to increases in DL02 (morphometrically determined), and the remainder was 

ascribed to an increased pressure head (M>). 

An increase in the pressure head for diffusion could be achieved by either increasing P A or 

decreasing the Pc . Evidence collected in Chapter 4 suggests that the PA0 is not elevated in 
2 

more aerobic species ( V. gou/dii and V. spenceri) compared to a less aerobic species ( V. 
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indicus) during exercise. If anything, the former two species are slightly lower than the latter 

species (i.e. 12.9, 11.5 kPa respectively versus 16.8 kPa, from Table 4.16). This suggests a 

large reduction in the Pc . 

It is difficult to make generalisations about the smallest species V. scalaris, because possible 

allometric relationships are poorly known. The scaling exponent for all five species studied 

during exercise is 0.83 ± 0.18, which is not different from either 1 or 0.75 (t = 0.91, 0.44 

respectively, tent = 2. 78). If the four varanid species are considered on their own, the mass 

exponent becomes 0.79 ± 0.01 which is significantly lower than 1 (t = 19.3 > 3.18). 

However, this statistical significance is not surprising with three similarly sized large species 

and a single very small species at either end of a regression, and a resulting r2 of 0.999. 

Obviously more species are required to flesh out the relationship to compare it to the 

mammalian paradigm, in which morphometric and physiological DL02 scales isometrically 

with body mass (Stahl1967, Weibel et al. 1983, Karas et al. 1987). 

The frillneck lizard, C. kingii, is an interesting comparison to the varanids because there is 

no recruitment of DLco during exercise, and the exercise DLco is lower than in the 

varanids. This species has only moderate aerobic ability (a Vo 2max of 15 mL kg"1min·I, 

Christian and Bedford 1995) similar lung volumes, and, based on other agamids, a simple, 

single chambered lung (Perry 1998, P. Frappell, pers. comm.). The low DLco in this species 

during exercise could potentially be caused by any of the three mechanisms outlined in the 

introduction that contribute to a partial pressure difference between alveolus and pulmonary 

venous return. There is a paucity of data relating to the topic of (PA0 - PPv0 ) differences 
2 2 

during exercise in animals, let alone reptiles. At rest in the tegu lizard, the majority of the 

(PA0 - PPv0 ) difference was attributable to V AIQ heterogeneity (Hlastala 1985, Powell 
2 2 

1993). This may be a significant finding in relation to the frillneck, because of the likely 
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similarity in overall lung structure. During exercise in mammals, the general trend is that the 

proportion of (P A 0 - PPv0 ) attributed to diffusion limitation increases such that it may 
2 2 

become quantitatively the most important component to overall A(P A 0 - PPv0 ) (Wagner 
2 2 

et al. 1986, 1989, Powell 1993, Hopkins et al. 1994). Hopkins et al. (1996) simulated some 

of the effects of exercise by increasing pulmonary perfusion, resulting in reduction of the 

V A!Q heterogeneity. There was a slight increase in intrapulmonary shunt and significant 

diffusion limitation. In contrast, in exercising Varanus exanthematicus the V A!Q 

heterogeneity worsened, the intrapulmonary shunt decreased and diffusion limitation 

increased from pre-exercise values (Hopkins et al. 1995). Thus the available evidence is 

patchy and ambiguous, but diffusion limitation and/or worsening of V A!Q heterogeneity 

appear more likely than intrapulmonary shunting to determine the A(PA 0 - PPv0 ) • 
2 2 

5.4.3.2 Other comparisolls 

As Weibel (1984) notes, the measurement of the physiological diffusing capacity during 

maximal exercise is of far greater interest than resting measurements. This is because DLco 

is a capacity, and determination of the lower limits mean little unless the upper limits are 

known. Therefore, in terms of setting maximal limits to gas transfer, the measurement of 

pulmonary diffusion must be undertaken during exercise. Unfortunately, due undoubtedly to 

methodological difficulties, there are no comparative data on pulmonary diffusion capacity 

in reptiles. Therefore, comparisons with other vertebrates, and reptiles at rest will be made. 

In mammals, the DLco increases two-fold on average during exercise (Meyer et al. 1981, 

Glass 1989). The present study finds a similar result in reptiles: a 1.7 fold increase across 

five species during exercise (including V. mertensi which presumably had elevated pre-

exercise values, and C. kingii which showed an invariant DLco ). In mammals, the increase 
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in DLco with exercise is related to an increase in pulmonary blood flow and the pulmonary 

capillary blood volume (Forster and Crandall 1976). Reptiles show increased pulmonary 

perfusion in response to an increase in temperature (Wood et al. 1977b), during activity 

(Butler et al. 1984, West et al. 1992) and in response to adrenaline (Hicks 1994, Hopkins et 

al. 1996). However, whether this helps (Hopkins et al. 1996) or hinders (Hopkins et al. 

1995) gas exchange in reptiles remains to be determined. 

Measurements of pulmonary diffusing capacity in mammals are generally ten times reptilian 

values (Glass 1989, 1993). These differences reflect the metabolic paradigms of ectotherms 

and endotherms. The morphometric measurements of diffusing capacity also suggest a ten

fold difference between mammals and reptiles, due to increased respiratory surface area and 

decreased barrier thickness in mammals (Perry 1978, Perry and Duncker 1978, Perry 1989). 

However, comparison of the different techniques within both reptiles and mammals shows 

that the morphometric diffusing capacity is between 15 and 25 times as great as 

physiological estimates (Perry 1989). The difference between the two is reduced when 

physiological diffusing capacity during exercise is considered, which is the appropriate 

comparison because the morphometric method estimates a theoretical maximum (Weibel 

1984). The remaining difference is thought to represent a safety factor in the anatomy of the 

mammalian lung (Weibel 1984, Taylor et al. 1987). Morphometric measures in reptiles are 

further complicated because many of the variables, such as the reaction rate of oxygen and 

whole blood, and diffusion distances within capillary blood plasma, are poorly known (Perry 

1989). 

Comparison of the pre-exercise data from this study with other studies is potentially 

complicated by different methods. In addition to this complication, the analysis of "resting" 

values is basically an academic exercise in allometry, given that exercise values should take 
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Figure 5.3 The interspecific scaling of pulmonary diffusing capacity for CO (mL min-1 kPa-1
) with body mass 

(kg) in 11 reptiles species at "rest". Five lizard species were measured at 36°C (this study), all other species were 
adjusted to 36°C with a Q10 of 1.27: Caretta caretta (Lutcavage et al. 1987), Chelonia mydas (Gatz eta!. 1987), 
Trachemys scripta, Testudo graeca (Crawford et al. 1976), Tupinambis teguixin, Varanus exanthematicus_(Glass 
eta!. 1981). 

precedence over resting values when examining physiologically determined diffusing 

capacity (Weibel 1984). Considering these two caveats, the data from other studies (two 

lizards, two freshwater turtles and two marine turtles, collated in Table 5.5) were corrected 

for temperature differences (Q 10 = 1.27 in V. exanthematicus between 25 and 35°C [Glass et 

al. 1981]) and plotted against body mass (Figure 5.3). The whole animal DLco (mL min-1 

kPa-1
) derived from Table 5.5 is plotted in Figure 5.3. The resulting regression has a mass 

exponent of 0.95 ± 0.11. Although this slope is not significantly different from both 1.0 (t = 

0.43 < tcrit = 2.28), and 0.81 (t =1.35), there is stronger support for an isometric scaling, due 

to the closeness of the scaling exponent to 1, and the well known mammalian relationship. If 

the varanids are removed from the regression, the resulting equation has a slightly higher 

slope: DLco = 0.57 Mt.02
• The varanid only regression is: DLco = 0.53 M 0

"
73

• (Note, I 
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generated a similar regression for varanids in an earlier section on exercise DLco ). 

Comparison of the regressions for varanids and other reptiles shows no difference in either 

slope (ANCOVA, F1,8 = 1.18, P = 0.31) or intercept (F1,9 = 0.13, P = 0.73). 

In summary, within reptiles there is little variation in resting DLco, which is perhaps not 

surprising given that the majority of species tested have similar, multi-chambered lungs, and 

there is inherent variability in metabolic responses to the resting state. The scaling 

relationship between resting DLco and mass for all reptiles is approximately isometric, as 

seen in morphometrically and physiological DLco in mammals. It is not possible to test the 

exercise DLco in varanids against other species because there are no comparable data. Of 

the lizards studied here during exercise, the agamid C. kingii showed no recruitment of 

pulmonary diffusing capacity which may be related to its relatively simple lung. The most 

likely explanation for this finding is a worsening of V AIQ heterogeneity and/or a diffusion 

limitation. Among the varanids, V. spenceri increased DLco significantly; V. gouldii and V. 

scalaris increased slightly DLco during exercise, and V. mertensi had consistently elevated 

DLco throughout. During exercise, DLco was similar in the three large varanids, suggesting 

that a diffusion limitation had been reached in both highly aerobic and poorly aerobic 

species. 



6 Haematology and rheology of varanid lizards at rest and 

following exercise 
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SUMMARY 

I measured the viscosity oflizard blood (i.e. rheology) in a cone plate viscometer and related 

this to maximal oxygen uptake in four varanids (Varanus gouldii, V. mertensi, V. scalaris, V. 

spenceri) and two agamids (Chlamydosaurus kingii and Lophognathus temporalis). The 

effect of exercise was examined on rheological and haematological parameters in these 

species. Unlike some other animals, lizards do not show recruitment of red blood cells 

during exercise; in fact, there were very few differences in the haematological data collected 

from pre~ and post-exercise lizards. Likewise, there were few correlations between oxygen 

transport parameters of the blood and the aerobic abilities of the lizards studied here. 

However, mean cell volume and V0 max were negatively correlated, a pattern previously 
2 

noted across broader phylogenetic boundaries. Haemoglobin values were somewhat lower 

than anticipated based on reptilian studies, leading to low mean cell haemoglobin 

concentration. This may be related to the relatively high temperature at which measurements 

were made. 

This is the first study to measure the viscosity oflizard blood in a cone plate viscometer. The 

behaviour of this blood is classically non-Newtonian with high shear rate dependence; in 

addition, reconstituted blood viscosity increased exponentially with haematocrit. In 

comparison to other reptiles, lizard blood viscosity is low. There is no apparent correlation 

between whole blood viscosity and aerobic ability. Variation between viscosity of whole 

blood and reconstituted blood indicates some contamination of the reconstituted blood, 

placing doubt over the determinations of optimal haematocrit. The shear rate dependence of 

blood viscosity is examined in light of studies in other animals. 
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6.1 INTRODUCTION 

6.1.1 General 

In virtually all vertebrates, oxygen (02) is transported through the bloodstream primarily 

bound to haemoglobin (Hb) molecules within the red blood cell (RBC). The amount of 0 2 

that can bind to the blood increases with haemoglobin concentration ([Hb ]). The rate of 

transfer of oxygen through the bloodstream, or oxygen consumption {'V02 ), is defined by 

Pick's law as the product of the flow rate of blood ( Q) and the difference in 0 2 

concentration between arterial (Ca 0 ) and mixed venous (Cv0 ) blood. Fick's law is thus 
2 2 

written: 

(Equation 6.1) 

The problem of supplying enough 0 2 to tissue cells can be addressed by either increasing Q 

or the arterial - venous oxygen content difference. An increase in Q can be approximated in 

accordance to Poiseuille-Hagen's equation for flow ofliquids in tubes (Guyton 1986): 

(Equation 6.2) 

where M> is the pressure difference between two points in a tube of a given length (1) and 

radius (r) and 71 is the viscosity of the liquid. Clearly, without changing the morphometric 

structure of the cardiovascular system, and with M> constant, one way of increasing flow 

rates of 0 2 is to decrease the viscosity of blood. 

Alternatively, (Cao
2 

- Cvo
2

) can be increased. The Hb molecule is normally very effective 

at transporting and off-loading 0 2• The off-loading of 0 2 (i.e. the reduction in C-y02 ) can.be 

further aided by changes in the affinity of Hb for 0 2 (reviewed in Weber and Wells 1989). 
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Otherwise, an increase in the oxygen content of the blood (i.e. Cao
2

) can be obtained either 

by increasing the concentration of Hb in each RBC (this is the mean corpuscular 

haemoglobin concentration, MCHC) or by increasing the number ofRBCs in the blood. The 

percentage volume of erythrocytes per unit volume of blood is lmown as the haematocrit, 

Hct, which will obviously increase if the number ofRBCs increases. 

Although an increase in Hct (caused by an increase in the number ofRBCs) leads to a linear 

increase in 0 2 carrying capacity of the blood, it also exponentially increases the viscosity of 

the blood, and thus potentially reduces the flow rate. Consequently, there is a trade-off 

between haematocrit and viscosity. If haematocrit is too low (anaemia), 0 2 transport is 

compromised because there are fewer RBCs to bind 0 2; and if haematocrit is too high 

(polycythemia) the blood becomes too viscous to circulate through the bloodstream. The 

haematocrit at which 0 2 transport is maximized is Imo\vn as the "optimal haematocrit" 

(Crowell and Smith 1967). This chapter will investigate "optimal haematocrit theory" in 

lizards and compare basic haematology data between species, to determine if blood 

parameters are involved in species differences in aerobic scope. 

6.1.2 Blood Viscosity 

Due to its heterogeneous make-up - a mix of blood cells and the proteins and electrolytes 

that comprise the plasma- blood does not flow in a simple way. Rather, blood is considered 

to be "non-Newtonian" because, unlike water, as flow rates decrease it tends to become 

more viscous. The extent of non-Newtonian behaviour in blood is lmown as its shear rate 

dependence. In a cone-plate viscometer, the shear rate (sec'1) is the ratio of the cone 

rotational speed and the gap width between cone and plate. Viscosity decreases at higher 

shear rates. The magnitude of shear rate dependence is lower in more active fish species, 

which minimises blood viscosity in the (low-flow) venous system and also reduces blood 

viscosity during exercise, when shear rates of the circulation increase (Graham and Fletcher 
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1985, Fletcher and Haedrich 1987, Wells and Baldwin 1990). Other variables that affect 

blood viscosity include: haematocrit, plasma protein concentration, red cell deforrnability, 

and temperature (Birchard 1997). 

The relationship between blood viscosity and shear rate has been quantified for many 

species and can model the different flow rates encountered in vivo in the circulatory system. 

In a variety of animals (though Hb-free ice fish are an exception, Wells et al. 1990) a 

decrease in shear rate causes an exponential increase in the blood viscosity (Rand et al. 

1964, Crowell and Smith 1967, Hedrick et al. 1986, Wells and Forster 1989, Wells et al. 

1991a). At low shear rates, the reversible aggregating properties of the RBCs (which are due 

to bridging between adjacent cells by large plasma protein molecules) determine blood 

viscosity, though this relationship is controversial (Fedde and Wood 1993, Wood and Fedde 

1997; cf Gustafsson et al. 1981). At high shear rates, the deforrnability of the RBC most 

affects blood viscosity (Arnin and Sirs 1985, Fletcher and Haedrich 1987, Fedde and Wood 

1993 ). The deforrnability of the RBC is, itself, a function of the flexibility of the membrane 

and the viscosity of the internal cellular fluid, which in tum could feasibly be influenced by 

the presence of a nucleus (Chien et al. 1971, Chien 1975). However, nucleation of the RBC 

in reptiles does not apparently affect blood viscosity when compared to enucleate RBCs 

(Wells et al. 1991a). 

At any shear rate, blood viscosity is the sum of the viscosity of the plasma and the blood 

cells. The viscosity of plasma separated from whole blood ranges from between 10-20% of 

total blood viscosity for rainbow trout (Fletcher and Haedrich 1987), a larger component in 

tuna (Brill and Jones 1994), between 35% and 44% for lizards (at different temperatures, 

Snyder 1971b) and over 50% for crocodiles (Wells et al. 1991a). The concentration of 

plasma proteins may partly account for the viscosity of plasma (Brill and Jones 1994) and 

has been linked to the very high viscosities in elephant seals (Hedrick et al. 1986). High 
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plasma viscosity is associated with high concentrations of blood lipids and lipoproteins in 

humans (Koenig et al. 1992). 

Red blood cells are the principal blood cells and are responsible for the majority of the total 

blood viscosity. The relationship between RBC dimensions and the flow behaviour of blood 

is "unclear and controversial" (Wells and Baldwin 1990). Chien et al. (1971) found that 

erythrocyte volume is a poor predictor of blood viscosity. Similarly, erythrocyte shape has 

little effect on viscosity (Stone et al. 1968, Snyder 1973, Brill and Jones 1994); though there 

are a few exceptions (those cited in Stone et al. 1968, Wells and Baldwin 1994). Wells and 

Baldwin (1994) attribute lower viscosities in juvenile turtle blood compared to adults to the 

much smaller cells of the juveniles. However, Fedde et al. (1996) showed that the age of the 

RBC is important in dictating blood viscosity. Hatchling turtle blood will have only young 

RBCs that may be more elastic and less viscous than the adult blood, which will have a mix 

of old and young RBCs. 

Blood viscosity also varies with body temperature, as seen in many animals ranging from 

fish (Brill and Jones 1994, Wells and Baldwin 1990), frogs (Weathers 1976) and lizards 

(Snyder 1971b). In every case an increase in blood temperature causes a decrease in blood 

viscosity. As previously mentioned, haematocrit is another important determinant of blood 

viscosity. An increase in Hct causes blood viscosity to increase, as shown in a wide variety 

of animals (Snyder 197lb, Wells and Forster 1989, Stone et al. 1968, Wells et al. 1990). 

However, in hypoxic rats an increase in haematocrit actually decreases blood viscosity 

through the generation of new RBCs that tend to have lower viscosities than older cells 

(Fedde et al. 1996). 
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6.1.3 Haematology, rheology and exercise 

Studies of exercising animals have shown several interesting haematological phenomena. 

Haematocrit increases during exercise in fish and horses due to splenic contraction and 

removal of fluids from the circulation (Wells and Weber 1990, citations in Fedde and Wood 

1993). However, this increase in haematocrit does not deleteriously affect oxygen transport 

by increasing blood viscosity. Horses increase haematocrit to 70% during exercise but avoid 

high blood viscosity because shear rates are very high; consequently viscosity may be 

similar to resting values (Fedde and Wood 1993). Also, adrenaline released by trout during 

exercise decreases the blood viscosity and non-Newtonian behaviour of blood, even though 

haematocrit is elevated (Wells et al. 1991b). 

In addition, an increase in haematocrit does not necessarily increase the 0 2 carrying capacity 

of the blood because Hct may increase without an increase in the number of red blood cells. 

Fish exposed to exercise and hypoxic stress exhibited elevated haematocrit and blood 

viscosity. However, MCHC decreased, indicating that swelling of the erythrocytes, rather 

than an increase in RBC numbers, caused the increase in haematocrit (Wells and Weber 

1991). Though the increase in viscosity is detrimental in terms of 0 2 transport, the 

erythrocyte swelling in fish is accompanied by a rise in cellular pH which may increase the 

affinity of Hb for 0 2 (Wells and Weber 1991). Additionally, trout erythrocytes swell and 

increase haematocrit when treated with adrenaline (Ferguson et al. 1989). Viscosity actually 

drops and the shear dependence is also reduced (Wells et al. 1991b). The decrease in blood 

viscosity may be caused by the release of catecholamines during stress in fish (Wells et al. 

1991b). 
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6.1.4 Haematology and aerobism 

Generally, within all vertebrates, there is a negative correlation between RBC number and 

size (Hawkey et al. 1991). It is hypothesised that this maintains a relatively constant 

haematocrit (Hawkey et al. 1991), ensuring adequate 0 2 supply if MCHC is constant 

between different sized RBCs. Endothermic vertebrates (mammals, birds) have larger 

numbers of small RBCs than ectotherms (reptiles and amphibians) (Hawkey et al. 1991). It 

has been postulated that the large RBC is an evolutionarily primitive character (Hawkey et 

al. 1991 ), however many amphibians have larger RBCs than fish, which contradicts this 

hypothesis (Snyder and Sheafor 1999). The size and number of RBCs have also been 

interpreted as the basis for the evolutionary development of the pulmonary vascular supply 

(Snyder and Sheafor 1999). 

Given the importance of haematological parameters m the transport of oxygen, and 

differences in RBC dimensions between vertebrates of different aerobic ability, there have 

been many attempts to relate haematology and aerobic ability (Bennett 1973b, Brill and 

Jones 1994, Chien et al. 1971, Dawson and Poulson 1962, Lutcavage et al. 1992, Popel et al. 

1994, Pough 1980, Ruiz et al. 1993, Wells and Baldwin 1990). Most of these studies have 

failed to elucidate unifying principles. However, active fish species possess more, smaller 

erythrocytes with higher MCHC compared to less active species (Wells and Baldwin 1990). 

These authors suggest that these are important determinants of oxygen transport in fish. 

Popel et al. (1994) showed a direct correlation between aerobic scope and red cell 

aggregation and blood viscosity at low shear rates (0.277 s-1
) in mammals. Although there is 

no simple relationship between erythrocyte dimensions and aerobism, there are other 

possible variables such as MCHC, which deserve more attention. 
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6.1.5 Haematology and rheology of reptile blood 

Apparently, blood viscosity has only been measured in four reptile species, the desert iguana 

Dipsosaurus dorsalis (Snyder 1971 b), the skink Egernia cunninghami (Maclean et al. 197 5), 

the estuarine crocodile Crocodylus porosus (Wells et al. 1991a) and the green turtle 

Chelonia mydas (Wells and Baldwin 1994). Two of those studies found close agreement 

between theoretical optimal and actual haematocrit (Snyder 1971 b, Wells and Baldwin 

1994). Crocodiles have lower haematocrit than predicted, in contrast to mammalian divers in 

which haematocrit is elevated above optimal values. Elevated haematocrit maximizes 

oxygen storage capacity at the expense of blood flow (Hedrick et al. 1986, Wickham et al. 

1989). The lower than predicted haematocrit in crocodiles may be related to low aerobic 

capabilities and the combined effects of periodic breathing and cardiovascular shunts (Wells 

et al. 1991a). The viscosity of lizard blood is less sensitive to changes in temperature than 

mammalian blood (Snyder 1971 b), and in the short term, adjustments in haematocrit can 

offset any effects of a change in temperature (Maclean et al. 1975). 

As previously mentioned, reptiles have fewer, larger RBCs than mammals or birds. In 

addition, Hb concentration, haematocrit and MCHC are lower in reptiles (Hawkey et al. 

1991, Pough 1980). Reptiles, in turn, tend to have greater numbers of small RBCs compared 

to anurans (Ruiz et al. 1993). Yet there is still great variation in the size and shape of 

reptilian erythrocytes; there is as much variation among the lizards as among the whole of 

the reptilian class (Saint-Girons 1970). The few varanids studied have relatively small RBCs 

(Saint-Girons 1970). 

Pough (1980) reviewed the blood oxygen transport capabilities of reptiles. There is 

significant variation between reptilian orders in haematocrit, though no differences in [Hb] 

concentration or in 0 2 capacity, indicating that elevated haematocrit does not necessarily 

equate to elevated 0 2 transport (Pough 1980). Bennett et al. (1984) found higher haematocrit 
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in a more aerobic species of lacertid lizard compared to a closely related sedentary species. 

There is also significant intraspecific and ontogenetic variability in reptile species, adding 

uncertainty to generalizations about reptile blood {Pough 1969, 1977a, b, Maclean et al. 

1975). 

6.1.6 Aims 

This chapter seeks to build on the paucity of reptilian data in the field of rheology, and 

examine haematological parameters in relation to oxygen transport. More specifically the 

aims are: 

• to measure blood viscosity in lizards, and to compare the shear rate dependence in 

species of different aerobic capability, 

• to calculate the optimal haematocrit, and discuss the validity of the concept in lizards, 

• to measure MCHC in lizards, and compare with aerobic ability, 

• to examine the effects of exercise on the haematology and rheology of lizards. For 

example, are red blood cells recruited from the spleen as they are in fish and horses? 

Does blood viscosity alter as a consequence of exercise? 

• to compare overall haematology and rheology in lizards of different aerobic ability. 

6.2 MATERIALS AND METHODS 

6.2.1 Measurements and Calculations 

I measured haematocrit, haemoglobin concentration, red blood cell counts and blood 

viscosity in four varanid and two agamid species. A 600 111 blood sample was taken by acute 

sampling of the caudal vein with a 25-27 G heparinized 2 mL syringe. If blood was not 

taken in 30 sees, the trial was abandoned for another day. Two 14 111 microhaematocrit tubes 
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were then filled with blood and centrifuged at 1200g for five minutes in order to determine 

Hct. Whole blood (1 0 J..tl) was added to 5 mL of haemoglobin reagent (Boehringer 

Mannheim, Catalog No. 124729) and absorption measured after one hour incubation in a 

light spectrometer (Hitachi) to measure Hb concentration ([Hb ]). A 1 :200 dilution was 

made by adding 20 J..tl of blood to 4 mL of 0.9% saline solution and mixing by gentle 

inversion. Red blood cells were counted from five subsamples of this solution in an 

Improved Neubauer Counting Chamber, and the total number ofRBCs per J..tl blood (#RBC) 

is calculated by multiplying by 201, the dilution factor. Following Wells and Baldwin 

(1994), I calculated mean cell volume (MVC) from. fractional Hct/#RBC, and mean 

corpuscular haemoglobin concentration (MCHC) from [Hb ]/fractional Hct. 

A cone plate viscometer with a cone angle of 8° measured viscosity of 500 J..tl blood samples 

(LVTD CP/11, Brookfield Engineering Laboratories, USA) with the sample cup held 

constant at 36 ± 0.1 oc by a water bath (LTDG6, Grant Instruments, Cambridge, England). 

The viscometer measures the torque required to rotate a cone through a medium. The cone 

apex lies parallel to a flat plate in the sample cup, and the two are a fixed distance apart, 

separated by the (blood) sample. Essentially the cone plate viscometer measures the 

resistance to flow provided by the medium. Calibration of the viscometer was confirmed 

prior to use by using standards (5.1, 9.1 mPa s, note 1 mPa s equals 1 centopoise, cP) 

provided by the manufacturer . The viscometer reading required several minutes to stabilize, 

after which viscosity of blood was measured at a range of shear rates, from 450 s-1
, 225 s-1

, 

90 s-1
, 45 s-1

, 22.5 s-1 to 11.3 s-1 in units of mPa s. The shear rates were re-tested in the same 

order, and the average values used. Measurements were spot-checked at a number of 

different shear rates to confirm that the blood viscosity was stable, and not affected by 

coagulation or red blood cell settling. I was careful to avoid introducing bubbles with the 

sample into the sample chamber, which led to obviously high blood viscosities. All blood 

measurements were completed within 90 min of the blood sampling. 
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Most blood is non-Newtonian. The extent of its non-Newtonian behaviour, the shear rate 

dependency (SRD) can be calculated according to the viscosity ratio: 

(Equation 6.3) 

where rh and 77H are the blood viscosities at shear rates of 4.5 and 90 s·1 respectively (Wells 

and Forster 1989). For comparison of species in this study, the lowest shear rate measured, 

11.3 s·1
, was used instead of 4.5 s·1 as 77L. The SRD was calculated for each individual and 

mean values for each species are reported here. 

To determine optimal Ret, blood was pooled from a number of individuals and the blood 

briefly centrifuged at 1200g. Plasma and red blood cells were separated and a range (0- 60 

%) of haematocrits were reconstituted and analysed in the viscometer, as above. Plasma 

-
viscosity (0 % Ret) was also measured. Oxygen transport capacity (OTC) was calculated as 

the product of haemoglobin concentration ([Hb]) and the binding capacity of haemoglobin, 

divided by the viscosity (at shear rate 90 s'1) (Hedrick et al. 1986). In the absence of data for 

reptiles, previous researchers (Dawson and Poulson 1962, Wells et al. 1991a) have used the 

binding capacity of mammalian blood, which is 1.34 mL 0 2/g Hb (Guyton 1986). 

To compare the effects of exercise, samples were taken from animals before exercise, and 

following 5 min exercise on a treadmill. With larger animals (> 300g), the same animal was 

used pre- and post-exercise, however, with smaller species there was the risk of inducing 

hypovolaemia, so different individuals were used. The larger species were Varanus gouldii 

(n = 8), Varanus mertensi (n = 9), and Chlamydosaurus kingii (n = 8). The smaller species 

were Varanus scalaris (n = 1 0) and Lophognathus temporalis (n = 11 ). Small juveniles of a 

fourth varanid, V. spenceri were housed in captivity and exercised a month after the resting 

data was obtained to avoid hypovolaemia. All other animals used in the study were freshly 
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caught from the field near Darwin, NT, Australia, including smaller sample sizes of three 

other varanid species measured at rest: V. indicus, V. baritji, and V. glebopalma. 

6.2.2 Statistics 

Values are presented as mean ± standard error of the mean. Species differences in the 

haematological parameters during pre- or post- exercise were tested by one-way ANOV A 

and Tukey HSD post-hoc testing (Systat v3.0). I examined the effect of exercise on each 

species using Student's t-tests (Excel, v.7.0) (paired comparison for V. gouldii, C. kingii, V. 

spenceri, unpaired comparison for L. temporalis, V. scalaris, and V. mertensi). Additionally, 

I regressed intraspecific haematology data against body mass to determine any relationships 

with mass. 

Rheological comparisons of whole blood between species before and following exercise 

were made at a shear rate of 90 s"1
• Although previous studies have shown a strong 

relationship between Hct and viscosity (see Introduction), comparisons between the two are 

equivocal here. Blood viscosity at 90 s·1 was significantly related to Hct in post-exercise 

measurements, but not pre-exercise. (Significance was determined by a significant P value 

for the covariate (Hct) in an ANCOV A, with species as the factor). One-way ANOV A was 

used instead to analyse pre-exercise blood viscosity. Comparison of all shear rates at both 

exercise states reveals that ANCOV A would be appropriate in four of the 12 possible tests. 

I used allometric equations to calculate the Vo 2rnax of the species studied here (Table 6.1). 

The allometric equations relating Vo2rnax to body mass in the agamids were derived from 

Christian and Bedford (1995) for Chlamydosaurus kingii and unpublished data (K. A. 

Christian) for Lophognathus temporalis. The varanid allometry was obtained from Chapter 3 

of this thesis. For each lizard, body mass was placed into the allometric equation given in 
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Table 6.1, and the mean Vo 2max was calculated for each species. Because different 

individuals were used in pre- and post-exercise comparisons in the smaller species (L. 

temporalis, V. sca/aris) the Vo 2max of each group have been separately calculated. 

Table 6.1 Intraspecific allometric equations relating maximal metabolic rate with body mass in lizards. The 

equations are of the form y =aM b, where M is body mass (g), y is Vo2max in mL h"1
, a is the mass coefficient, 

and b is the mass exponent. The sample size, n, refers to the original data set on which the allometry was 

calculated. The mean mass specific Vo2max (mL g·1 h"1
) was calculated for both pre- and post-exercise groups 

by inserting the body mass of each individual into the species equation, dividing by body mass, and averaging 
these mass specific rates. The allometric equations were derived from Christian and Bedford (1995) for C. kingii, 
K. A. Christian (unpublished) on L. temporalis and Table 3.6 of this thesis for the varanids. 

Species n Allometric equation Vo2max mL g·I h.J Vo 2max mL g"1 h"1 

(Ere-ex grouE) (Eost-ex grouE} 

Chlamydosaurus kingii 250 y = 2.93 M0
'
80 0.88 0.88 

Lophognathus temporalis 11 y=5.39~'54 0.82 0.91 
Varanus gouldii 12 y = 4.37 M0

·
85 1.53 1.53 

Varanus mertensi 12 y=O.l7MI.24 0.92 0.92 
Varanus spenceri 24 y = 2.75 M0

'
87 1.29 1.31 

Varanus scalaris 15 y = 3.63 M0
·
77 1.49 1.49 

Blood viscosity measurements post-exercise (at 90 s·1) for all species were corrected to the 

same haematocrit by calculating the adjusted least squares means from the above ANCOV A. 

Pre-exercise blood viscosity was not corrected for differences in Hct, because they were not 

significantly related to each other. Regressions were then performed on blood viscosity 

(dependent) against Vo 2max (independent) to determine possible relationships (Excel v 7.0). 

Other haematological parameters (e.g. MCV, SRD, MCHC) were similarly regressed against 

Vo 2max. The significance level was set at 0.05 throughout statistical analysis. 
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6.3 RESULTS 

6.3.1 Interspecific differences in haematology 

Haematological data from lizards pre-and post exercise are summarised in Table 6.2 and 

Table 6.3 respectively. There were several significant differences among species in the 

haematology at both exercise states. Species that are different from each other in any of the 

Table 6.2 The summary ofhaematological values in lizards before exercise. Value are means± 1 SE. Column 
headings as per text: "Hct" haematocrit, "[Hb]" haemoglobin concentration, "#RBC" number of red blood cells, 
"MCV" mean cell volume, "MCHC" mean corpuscular haemoglobin concentration. In each column, species 
marked with A are different from those marked with 8 and species marked with c are different from those marked 
with 0 , following analysis of variance and Tukey post-hoc testing. The last three species listed were not included 
in the statistical comparisons due to small sample size. 

Species n Mass Ret [Hb] #RBC MCV MCHC 
(g) (%) (g/dl) {X 106/f:!Q (fl) (g/dl) 

C. kingii 8 452 ± 92 40.0 ± 3.5 A 6.2 ± 0.3 A 1.04 ± 0.1 383 ± 12 A 15.9 ± 0.8 A 
L. temporalis 5 59±3 35.6 ± 3.1 5.6 ± 0.6 A 0.92 ± 0.1 391 ± 19 A 15.6 ± 1.0 A 
V. gouldii 8 1138 ± 103 33.1 ± 1.8 6.7 ± 0.5 1.13 ± 0.1 298 ± 12 BD 20.3 ± 1.2 
V. mertensi 9 1250±185 33.5 ± 1.0 8.1 ± 0.4 B 0.96 ± 0.1 356±18c 24.3 ± 1.2 DC 

V. scalaris 6 95 ± 12 28.1 ± 2.0 B 5.5 ± 0.6 A 1.10 ± 0.1 257 ± 10 BD 19.4 ± 1.0 D 

V. spenceri 7 169 ± 84 28.1 ± 2.1 B 6.2 ± 0.4 A 0.99 ± 0.1 286 ± 19 BD 22.3 ± 1.1 B 

V. glebopalma 1 222 30.3 8.1 1.25 243 26.7 

V. baritji 1 54 21.8 4.4 1.15 189 20.1 
V. indicus 2 690 31.7 8.2 1.27 251 26.0 

Table 6.3 The summary ofhaematological values in lizards post-exercise. Values are means± 1 SE. Column 
heading and labels (A·8) as per Table 6.2. 

Species n Mass Ret Hb #RBC MCV MCHC 
(g) (%) (g/dl) (X 106/~1} (fl) (g/dl) 

C. kingii 7 468 ± 87 34.1 ± 1.0 6.8 ± 0.1 0.96± 0.0 357±18 20.0 ± 0.7 A 
L. temporalis 6 46±2 35.3 ± 1.0 A 5.7±0.3A 1.05 ± 0.0 339±14 16.1 ± 0.9 A 
V. gouldii 6 1121±64 30.6 ± 1.6 5.8 ± 0.4 A 1.10 ± 0.1 282±19 19.3 ± 1.9 A 
V. mertensi 6 1349 ± 300 30.9 ± 1.0 7.8±0.1 B 0.88 ± 0.1 356±16 25.4 ± 0.4 B 

V. scalaris 5 93 ± 15 30.2 ± 1.6 6.0 ± 0.6 A 1.15 ± 0.1 275±34 19.1 ± 2.3 A 
V. spenceri 7 180 ±87 27.9 ± 2.4 B 5.4 ± 0.5 A 0.98 ± 0.1 291±22 19.2 ± 0.6 A 
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variables are assigned a super-script (A or B) or (C or D) in Table 6.2 and Table 6.3. Before 

exercise, C. kingii had higher haematocrits than either V. scalaris or V. spenceri (Tukey's 

HSD post-hoc test, P < 0.05), and V. mertensi had greater haemoglobin concentrations than 

all other species except V. gouldii. These differences reflect the low values of the MCHC in 

the agamids, which are significantly lower than in V. mertensi. There were no differences in 

#RBC (P = 0.29). All of the varanids except V. mertensi had smaller red blood cells (i.e. 

MCV) than the agamids. Within the varanids, V. mertensi had the largest red blood cells. 

Generally, post-exercise haematology reflects pre-exercise comparisons. Little difference 

existed between lizards except for high [Hb] in V. mertensi and haematocrit was higher in L. 

temporalis than in V. spenceri. There was a significant difference between species in MCV 

(P = 0.015), although no differences were resolved in post-hoc testing (P > 0.095). V. 

mertensi also had higher MCHC than all other species, due to its higher [Hb]. 

6.3.2 Haematology, pre- vs post-exercise 

In comparing exercise states, there were no significant differences in either haematocrit, 

haemoglobin concentration, red blood cell count, or mean cell volume, suggesting that 

exercise does not affect haematology of lizards. However, mean corpuscular haemoglobin 

concentration, an index of the haemoglobin concentration divided by the haematocrit, did 

vary in one species. In C. kingii, a large (though not significant) decrease in haematocrit 

with a slight increase in haemoglobin concentration caused a significant elevation (paired t

test, P = 0.003) in calculated values ofMCHC following exercise. 
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6.3.3 Allometry of haematology 

The haematology data were examined for intraspecific and interspecific allometric 

relationships by regressing haematology variables against body mass. In intraspecific 

comparisons, there were 30 such regressions for pre-exercise (six species, five variables), 

and 30 regressions for post-exercise. Of these, only three relationships were significant. In 

resting Lophognathus, haematocrit decreased with body mass (regression: n = 5, r2 = 0.87, F 

= 19.57, P = 0.021). In Varanus scalaris post-exercise, the #RBC decreased significantly 

with body mass (n = 5, y2 = 0.79, F = 11.60, P = 0.042). In Chlamydosaurus, MCHC 

decreased significantly with body mass (n = 7, y2 = 0.73,·F = 13.76, P = 0.014). Interspecific 

comparisons were made using species' means. None of the five haematology variables were 

significantly related with body mass from pre-exercise (nine species) or post-exercise (six 

species). 

6.3.4 Haematology and maximal oxygen consumption in lizards 

Examination of Table 6.1 reveals that mass specific Vo2rnax varies almost two fold in the 

lizards in this study. Comparison of the species means of the haematological variables 

against the mean Vo 2rnax revealed a significant negative correlation for MCV (pre-exercise) 

against Vo 2rnax (regression, n = 6, r2 = 0.759, F = 12.62, P = 0.024), and for MCV (post

exercise) against Vo 2max (regression, n = 6, r2 = 0.870, F = 26.68, P = 0.007). Species with 

higher Vo 2rnax therefore tend to have lower cell volumes. None of the other haematological 

parameters (Hct, [Hb], MCHC, #RBC) were significantly related to Vo 2max (P > 0.1). 
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6.3.5 Rheology of whole blood 

The viscosity of whole blood samples at different shear rates is plotted in Figure 6.1 (pre-

exercise) and Figure 6.2 (post-exercise). These figures show marked non-Newtonian 

behaviour, with an exponential increase in viscosity as shear rate decreases. On average, the 

lizard blood increased it viscosity three-fold as shear rate decreased from 450 to 11.3 s·1
• It is 

important to note that these viscosity measurements were made on whole blood samples, and 

the haematocrit, which may be an important determinant of viscosity, does vary among 

species both at exercise states. 

Table 6.4 The effect of exercise on whole blood viscosity and shear rate dependence in lizards. Values are means 
± 1 SE. Blood viscosity measured at a shear rate of 90 s·1

• There were no significant differences in blood 
viscosity measured after exercise compared to pre-exercise. There were significant differences in blood viscosity 
among species before exercise which were not elucidated by post-hoc tests. Post-exercise blood viscosity in V. 
gouldii (8) was greater than in L. temporalis (A). 

Species n Vozmax Viscosity SRD n Viscosity SRD 
(pre- (mL g·l h"l) (mPa s), (pre-ex) (post- (mPa s), (post-
ex) (pre-ex) exercise) (post- exercise) 

exercise) 

C. kingii 8 0.88 3.52 ± 0.2 0.80± 0.09 7 4.68 ±0.77 1.16 ± 0.23 
L. temporalis 5 0.82 3.55 ± 0.7 0.87 ± 0.34 6 3.26 ± 0.19A 0.74 ± 0.14 
V. gou/dii 8 1.53 5.36 ± 0.8 2.00 ± 0.63 6 4.66 ± 0.478 1.46 ± 0.32 
V. mertensi 9 0.92 5.02 ± 0.3 1.18 ± 0.14 0 
V. scalaris 6 1.29 3.60± 0.2 1.40 ± 0.38 3 3.40 ± 0.29 0.72 ± 0.16 
V. spenceri 5 1.49 3.23 ± 0.3 1.28 ± 0.29 4 3.26 ± 0.37 1.20 ± 0.25 

Comparison of whole blood viscosity pre-exercise indicated a significant difference among 

species (ANOVA, F5, 34 = 1.52, P = 0.024), although these differences were not elucidated by 

post-hoc testing (P > 0.07). Comparison of post-exercise viscosity by ANCOV A (with Ret 

as covariate) indicated a significant difference among species (F4,21 = 3.21, P= 0.021). 

Varanus gouldii blood was more viscous than L. temporalis blood. Because there was no 

effect of exercise on haematocrit, viscosity was compared between exercise states by 

Student's t-test of whole blood viscosity data. There were no effects of exercise on blood 

viscosity in any of the five species (paired comparisons: V. gouldii P = 0.15, C. kingii P = 

0.08, V. spenceri P = 0.52; unpaired comparisons: V. scalaris P = 0.62, L. temporalis P = 
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0.68). Blood viscosity data were not collected from Varanus mertensi post-exercise. 

6.3.6 Blood viscosity, shear rate dependence and maximal oxygen consumption in 
lizards 

The rheological properties of blood (viscosity at 90 s-1
, shear rate dependence) were 

compared to maximum oxygen consumption in these lizards in the same way as per the 

haematology methods (Section 6.3.4). Blood viscosity was not related to Vo2max 

(regressions, pre-exercise: n = 6, r2 = 0.07, F = 0.30, P = 0.611; post-exercise: n=5, r = 0.03, 

F = 0.01, P = 0.934). The shear rate dependence measured before exercise was significantly, 

positively related to Vozmax (n = 6, r2 = 0.69, F = 9.02, P = 0.040). There was no such 

relationship post-exercise (n = 5, r2 = 0.24, F = 0.96, P = 0.400). 

6.3.7 Rheology of reconstituted blood 

Pooled blood in four species (V. gouldii, V. mertensi, C. kingii, and V. spenceri) was 

reconstituted to provide Hcts ranging from 0 % (plasma) to 60 %, in approximate 10 % 

increments. Figure 6.3 A-D shows the conventional pattern of an exponential increase in 

viscosity as haematocrit increases at any shear rate, and increasing viscosity as shear rate 

decreases. In most cases, at high shear rates (> 90 s-1
) and high haematocrits (> 40%), the 

viscosity of the blood was out of the viscometer's range (0-5.1 mPa s at 450 s-1
) and could 

not be measured. However, C. kingii (Figure 6.3 C) is a notable exception, with 

comparatively low blood viscosity and low shear rate dependence, especially at low 

haematocrit. 

This is confirmed in Figure 6.4, which plots blood viscosity against haematocrit, and the 

accompanying exponential relationships, for each species at a single shear rate (90 s-1
). 

Although this data may be plotted at a higher shear rate (450 s-1
) (due to the reduced 
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variation at high shear rates, e.g. Withers et al. 1991), in this study the blood viscosity at 

high Rcts and high shear rates was out of the range of the viscometer in some samples. 

Other studies have also used a shear rate of 90 s·1 (e.g. Wells and Baldwin 1994). The 

exponential relationship between blood viscosity and Ret may be described by the equation: 

(Equation 6.4) 

where r}bl is the viscosity ofblood, 11p1 is the viscosity of plasma, e is the base of the natural 

logarithm and K1 is a constant. This equation may be linearised by taking the natural 

logarithms: ln 11bl = ln llP' + (K1 x Ret). The regression equations for these relationships are: 

• C. kingii ln 11b= 0.352 + 0.0344 Ret (n =12, r = 0.785, F = 36.57, P = 0.0001). 

• V. gouldii ln 11b= 1.861 + 0.0211 Ret (n = 8, r = 0.95, F = 103.4, P << 0.0001) 

• V. mertensi ln 11b= 1.866 + 0.0194 Ret (n = 17, r2 == 0.83, F = 74.83, P << 0.0001) 

• V. spenceri ln 11b= 2.048 + 0.0177 Ret (n = 6, r2 = 0.87, F = 27.41, P = 0.006). 

The low plasma viscosity of C. kingii compared to the varanids, and the similarity of varanid 

plasma, is apparent in Figure 6.5. The viscosity of the frillneck plasma was virtually 

independent of the shear rate, (i.e. low shear rate dependence), whereas the varanid plasma 

exhibited comparatively high shear rate dependence. 
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6.3.8 Optimal haematocrit in lizards 

The optimal haematocrit is calculated by plotting oxygen transport capacity (amount of 

oxygen carried divided by blood viscosity at a shear rate of 90 s"1
) against a range of 

reconstituted haematocrits. These plots are presented in Figure 6.6 A-D, with second order 

polynomials fitted to the data. These curves predict similar optimal haematocrits for the 

different species: 34% for V. gouldii, 36% for V. mertensi, 37% for C. kingii, and 36% V. 

spenceri. These optimal haematocrits (Hcto) are marked on the x-axis with a closed arrow. 

The actual haematocrit, measured in resting animals, is marked on the polynomial curve 

with an open arrow. The optimal and actual haematocrits are in close agreement (a few 

percentage points) for V. gouldii, V. mertensi and C. kingii; however, the actual haematocrit 

is some eight percentage points lower than the Hct0 in V. spenceri. The oxygen transport 

capacity at optimal haematocrit is similar in the varanids, 0.70 mL 0 2 dl"1mPa"1 s·I, but 

substantially lower than the frillneck, 2.15 mL 0 2 dl"1mPa"1 s"1
• 

6.4 DISCUSSION 

6.4.1 Haematology in lizards 

6.4.1.1 Correlations between ltaematology and Vo max 
' l 

This study sought to compare the effects of rest and exercise on oxygen transport and to 

identify correlations between maximal oxygen consumption and blood oxygen transport in 

lizards. Such a relationship has been shown on a broad taxonomic level, with reptiles having 

lower blood oxygen capacity and lower haematological values (lower haematocrit, lower 

[Hb] and fewer, larger erythrocytes) than the more aerobic mammals and birds (Hawkey et 

al. 1991, Pough 1980). Few studies have shown a correlation between haematological 
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oxygen transport capacity is the product of haemoglobin concentration and the binding capacity of haemoglobin, 
divided by the viscosity at a shear rate of 90 s·1
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parameters and aerobic capabilities within the reptiles, possibly because of the intraspecific 

variation due to temperature effects, altitude, ontogeny or parasites (Pough 1980, Bennett 

1973b, Bennett 1982). However, it must be noted that only a few studies have examined 

closely related species; such comparisons reduce variation among species due to phylogeny 

and are more likely to reflect adaptive differences between species (Bennett et al. 1984). One 

such study showed elevated haematocrit in a more aerobic species of lizard (Bennett et al. 

1984). 

The species used in this study can be grouped according to maximal metabolic rate, 

irrespective of body size, into two groups: more aerobic (V. gouldii, V. spenceri, V. scalaris) 

and less aerobic (V. mertensi, C. kingii, L. temporalis). However, in terms of the oxygen 

transport characteristics of their blood, there is no such simple correlation. For example, 

haematocrit and [Hb] were higher in the less aerobic species (C. kingii and V. mertensi 

respectively) and lower in the more aerobic species. The number of red blood cells did not 

differ between groups. 

The haematological parameter with the most striking relationship with Vo 2rnax is 

undoubtedly mean cell volume, which is negatively correlated with Vo2rnax. The MCV 

varies significantly both across broad phylogenetic divisions (Hawkey et al. 1991) and 

within phyla, in both tropical fish (Wells and Baldwin 1990) and lizards (this study). This 

could be explained in terms of the microvascular architecture of the tissue capillaries (Pough 

1980, Snyder and Sheafor 1999). Differences in the microvascular architecture are linked to 

oxygen transport capabilities in broad comparisons of reptiles and mammals. The capillary 

diameter is wider, and the capillaries are less tightly packed in less aerobic species (i.e. 

reptiles) (Pough 1980). The capillary surface area for gas exchange is larger in highly 

aerobic species, and more capillaries of smaller diameter are packed into the muscle tissue. 

These capillaries are about 25% narrower than the RBC, forcing the RBC to deform to the 
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capillary width, thereby reducing diffusion distance. Consequently, decreases in MCV have 

matched the decrease in capillary radius in highly aerobic species, ensuring deformation of 

the RBC and exchange efficiency between RBCs and tissue cells (Snyder and Sheafor 1999). 

Snyder and Shaefor's (1999) theory is based on the observation that the evolution of a 

pulmonary circulation in amphibians took place with a single ventricle. The pulmonary 

circuit demands low pressure, otherwise pulmonary oedama may occur. A low vascular 

resistance is required if high flow rates are to be achieved at low pressures. The low vascular 

resistance would be necessarily achieved by having as wide blood vessels as possible, 

especially at the capillary level. The RBCs therefore increased in size in the air breathing 

amphibians, to keep diffusion distance from the RBC to the tissue cell to a minimum. Snyder 

and Shaefor (1999) propose that large RBCs would be especially important in allowing 

adequate 0 2 transfer at low flow rates in early air breathing amphibians, given relatively 

inefficient circulatory systems. 

The theory of large RBCs and the -evolution of a pulmonary circulation is consistent with 

observations on RBC size in amphibians (Snyder and Sheafor 1999). Very large RBCs have 

been found in air breathing frogs compared to skin breathers, and in those species which 

have minimised lung function by preserving gills. This dichotomy is apparent in even closely 

related species, suggesting that the RBC size and microvascular structure is an evolutionarily 

plastic system. The lizard data from this study support this suggestion; however, the driving 

force behind this adaptation may be the 0 2 requirements of the muscle tissue during exercise. 

Generally, aerobic species have greater densities of smaller diameter tissue capillaries 

(Pough 1980), and the RBCs may be reduced in size in these aerobic species of lizards to 

ensure passage through the capillary, and a minimum diffusion distance. This theory could 

be further investigated by morphometric examination of the microvascular system of these 

lizards, including capillary surface area, capillary length density, mean diffusion distance 

and capillary volume (Mathieu et al. 1983, Weibel1984, Taylor et al. 1989). 
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The other haematological index of interest is MCHC. The MCHC is high in aerobic fish 

(Wells and Baldwin 1990, Brill and Jones 1994), a pattern that contradicts the findings of 

Chien et al. (1971) across a broad taxonomic range. In blood from resting and exercising 

lizards, there was no significant regression between MCHC and aerobic ability. Agamid 

lizards tended to have lower MCHC than the varanid lizards at rest, and this may reflect 

phylogenetic differences, rather than physiological adaptations, since MCHC was 

significantly higher in the other "less aerobic" species, V. mertensi. 

Additionally, crocodiles and skinks, two poorly aerobic reptilian groups, have greater 

MCHC than the highly aerobic lizards in this study, 26.2, 32 g dr1 respectively (Wells et al. 

1991a, Maclean et al. 1975). Therefore, in reptiles, MCHC is not a good predictor of aerobic 

scope. However, this study reaffirms the notion that diving reptiles have elevated MCHC 

(Wells et al. 1991a), as the aquatic V. mertensi had significantly elevated MCHC, also a 

feature of diving mammals (Kooyman et al. 1981). High MCHC increases blood oxygen 

carrying capacity and enables aerobic diving without the build up of anaerobic by-products 

(Lutz and Bentley 1985, Lutcavage et al. 1992, Grigg et al. 1985). 

6.4.1.2 Comparison of pre- and post-exercise 

In general, there were few changes in haematology in any species as a result of exercise. 

There was no increase in either RBC count, or haematocrit, indicating that, unlike fish and 

horses, there is no splenic contraction and concomitant increase in haematocrit during 

exercise. The spleen in reptiles is much reduced in size, and apparent importance, in 

comparison to mammals (Tanaka 1998) and would appear from this study not to act as a 

store for erythrocytes. 
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The increase in MCHC following exercise in C. kingii, with no significant changes in either 

[Hb] or Hct, indicates RBC shrinkage (Wells and Weber 1991). The mechanisms causing 

this change are unclear. Examination of the MCHC data in C. kingii reveals no relationship 

to body mass at rest (n = 8, r2 = 0.05, F = 0.344, P = 0.579) but a significant, negative 

relationship post exercise (n = 7, r = 0.73, F = 13.77, P = 0.014). [Note this significant 

regression is also discussed in Section 6.4.1.4]. This was the only species to show this 

relationship. A plot of the data indicates that the disparity between rest and post-exercise 

MCHC increases as body mass decreases. This suggests that the increase in MCHC is 

attributable to an effect of the sampling procedure, and a potential hypovolaemia in smaller 

lizards. This is possible, given that there is a substantial, though not significant, decrease in 

Hct from rest (40 %) to post-exercise (34%) (paired t-test, P = 0.07). This might suggest that 

the "cut-off' mass for paired comparisons between rest and post-exercise was too low, and 

the risk of hypovolaemia was too high a price for the increased statistical power gained by 

using paired comparisons. However, theory would predict a much smaller change in Hct due 

to blood sampling in small lizards. Thorson (1968) has shown that blood is 6 % of body 

mass in terrestrial lizards. A 300 g Chlamydosaurus therefore has 18 mL blood volume. At 

an Hct of 40 %, the removal of 0.6 mL whole blood would remove 0.24 mL of erythrocytes. 

Assuming that all of the sample volume was replaced by plasma, the resulting Hct would be 

calculated as (
17

.4 x 0.4) ml RBC = 38.6%. Therefore, it seems unlikely that the sampling 
18 ml blood 

procedure affected the results, and it is not lmown what caused this effect. 

Although acute blood samples were taken from resting animals, the time to take these 

samples could feasibly affect the haematology and rheology of these lizards, as has been 

shown in fish, comparing cannulated and acutely sampled blood (Wells and Weber 1991). 

However, comparison of haematocrit and haemoglobin concentrations from cannulated 

individuals of these species (Frappell, Schultz and Christian, in prep.) does not support this 

hypothesis. In addition, the mechanisms that alter haematocrit and viscosity in fish and 
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horses in response to sampling stress (splenic contraction, adrenaline) do not apparently act 

in lizards, even after 5 min exercise. 

6.4.1.3 Haematology compared to other species of lizard 

fu absolute terms, most of the haematocrit values reported here are higher than the lizard 

average of29% (Thorson 1968, Pough 1980), and most of the haemoglobin values are lower 

than the average value of 8.8 and 7.8 g/dl reported in Pough (1980) and Snyder and Sheafor 

(1999). The high haematocrits could conceivably be due to the comparatively high 

temperatures used in this study (body temperature equal to 36°C), given that Maclean et al. 

(1975) have shown that cooler Egernia have lower haematocrit. However, this does not 

explain the relatively low [Hb] in this study, because Maclean et al. (1975) also found a 

decrease in [Hb] with decreasing Hct and temperature. 

Using exactly the same procedure as this study, Christian and Bedford (1995) measured an 

average [Hb] of approximately 9 g/dl in C. kingii at room temperature; Ruiz et al. (1993) 

measured a variety of species at approximately 7.8 g Hb/dl. Hawkey et al.'s (1991) average 

for reptiles is 8.5 Hb/dl, and adult sea turtles average 8.6 Hb/dl (Wells and Baldwin 1994). 

However, [Hb] concentrations in blood of the same species from other experiments 

(Frappell, Schultz and Christian in prep.) are also fairly low: V. spenceri 5 g/dl, V. mertensi 

7.5 g/dl, V. gouldii 4.8 g/dl and C. kingii 7.7 g/dl. The low [Hb] could possibly be explained 

by a different temperature effect than that outlined in Maclean et al. (1975). Maclean et al. 

(1975) found a reversible decrease in haematocrit and haemoglobin of approximately 22% 

as temperature dropped acutely from 32 to 20°C, which occurred despite a decrease in 

plasma volume, indicating the sequestration of large numbers of red blood cells. However, if 

the haematocrit increase measured as temperature increased was caused by erythrocyte 

swelling, rather than recruitment of red blood cells, there would be no increase in 
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haemoglobin concentration, and MCHC would be low, as they are in this study. (The mean 

for 24 species of squamate reptiles is 32.3 ± 5 g/dl (Snyder and Shaefor 1999), higher than 

any species studied here). It therefore seems possible that the haematocrit, [Hb] and MCHC 

values for the species studied here may differ from other studies as a result of higher 

temperatures. This possibility requires further investigation into the effects of temperature on 

the haematology of reptiles. 

Mean cell volumes are of a similar magnitude to those of reptiles in other studies. The mean 

MCV for all reptiles is 398 fl (Hawkey et al. 1991); measurements for sea turtles range from 

746 fl (adults) to 344 fl (hatchlings), and lizards average 228 fl (Ruiz et al. 1993). Christian 

and Bedford's (1995) measurement of erythrocyte volume in C. kingii at 290 fl is smaller 

than the 383 fl in this study, probably reflecting differences in methods. The MCV has 

apparently not been measured in many species of reptiles. Given its strong relationship to 

aerobic ability in this study, it warrants further investigation. 

6.4.1.4 Allometry of haematology in lizards 

In general, allometric relationships between haematological values have been rarely 

demonstrated in reptiles or other animals (Peters 1983, Duguy 1970, Ruiz et al. 1993). The 

results of this study support this paradigm. In intraspecific allometries, only three from a 

possible 60 comparisons were significantly related to body mass. There was no apparent 

common thread linking these three significant regressions; all three were from different 

species, were different haematological values, and were divided between rest and post

exercise. These significant regressions may represent type I (or alpha) errors, i.e. the 

rejection of a null hypothesis when it is, in fact, true (Zar 1996). The probability of 

committing a type I error is 5 %. This is the actual proportion of significant regressions in 

these anlayses (3/60), adding strength to this argument. 
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The interspecific allometric comparisons reflected the intraspecific comparisons. None of the 

haematological parameters were significantly related to body mass. The [Hb] from resting 

lizards was the closest of these parameters to significance (regression: n = 9, r2 = 0.374, F = 

4.19, P = 0.080). It has been suggested that [Hb] is positively correlated with body mass in 

reptiles and amphibians (Gain and Jackson 1965). fu contrast, Ruiz et al. (1993) found no 

such correlation in 27 species of lizards. The data here for nine lizard species although not 

significant, do show an upward trend. However, the overall evidence for a relationship 

between [Hb] and mass is weak. The relationship may be shown with very large sample 

sizes, but the biological significance of such a finding would be questionable. 

fu summary of the haematology study, despite significant differences in haematology values, 

most values are unrelated to maximal oxygen uptake or body mass. These findings reflect 

those of Ruiz et al. (1993), who compared haematological values in lizards at different 

altitudes. They found that lizards, unlike amphibians, show no adaptation in haematology 

values to high altitude, compared to lowland species, or populations of the same species. 

Similarly, it appears that lizards show no special adaptations to elevated oxygen 

consumption, either in aerobic species, or in small individuals with high mass specific 

oxygen consumption. The MCV is the only haematological parameter which is correlated to 

aerobic ability in lizards. This probably reflects a decrease in the diameter of capillaries in 

the tissue of more active species, which itself is related to an increase in the capillary surface 

area per unit volume of tissue (Pough 1980, Snyder and Sheafor 1999). 

6.4.2 Rheology in lizards 

Lizard blood, like most other animal blood, is non-Newtonian. Viscosity increases as shear 

rate decreases. However, at high shear rates, blood viscosity is virtually independent of shear 
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rate, as has been shown in many other studies (Wells et al. 1991a, Fedde and Wood 1993, 

Rand et al. 1964). Plasma was also highly shear rate dependent, except in C.kingii. 

Reconstituted blood also showed the classic pattern of increasing viscosity with haematocrit. 

At shear rates < 225 s·1, the relationship between viscosity and haematocrit was best 

described by an exponential curve (e.g. Figure 6.4); however, blood viscosity between 225 

and 450 s·1 was out of the range of the viscometer at most high haematocrits (see Figure 6.3 

A-D). 

6.4.2.1 Whole blood viscosity in lizards 

Whole blood viscosity did not correlate with aerobic ability, suggesting that in lizards at 

least, blood viscosity is not a limiting factor in oxygen transport. For example, the two most 

aerobic species have the most widely varying blood viscosities, 5.36 mPa sand 3.23 mPa sat 

90s·1
• In fact, blood viscosity of all of these lizards is relatively low, although there are very 

few comparable data from reptiles, and the confounding effects of differences in haematocrit 

and temperature must be taken into account. In fish, viscosity decreases by approximately 

0.1 mPa s per oc increase in temperature (Brill and Jones 1994). Lizard blood is less 

temperature sensitive, presumably as an adaptation to much greater temperature fluctuations, 

changing only 0.025 mPa s per oc (Snyder 1971b, Maclean et al. 1975). Using the latter, it is 

possible to compare the results of this study and those of Wells et al. (1991a) on crocodiles, 

and Wells and Baldwin (1994) on sea turtles. Crocodiles have a low blood viscosity of 

approximately 4 mPa s at 30°C, 19 % haematocrit and a shear rate of 90 s·1 (Wells et al. 

1991a). At 36°C, the blood viscosity of these lizards and the crocodile would be very 

similar; however, the much lower haematocrit in the crocodile and the exponential increase 

of blood viscosity with haematocrit in the crocodile suggests that lizards would have lower 

viscosities at similar haematocrits. Similarly, sea turtles would have a predicted blood 

viscosity of 7.5 mPa s at 36°C and shear rate 90 s·t, much higher than lizards, especially 
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considering the lower haematocrit of the turtles (27%). Viscosity oflizard blood (average of 

all species 3.28 mPa s) is similar to rabbit blood (2.8 mPa s) at 450 s-1
, given similar 

temperatures (37°C) and haematocrits (35%), and much lower than the elephant seal, 8.9 

mPa sand 65% haematocrit {Hedrick et al. 1986). 

None of the measured variables are good predictors of blood viscosity. Even the well

documented effects of haematocrit are apparently overridden by interspecific differences. 

For example, in pre-exercise lizards, the species with highest and lowest haematocrit have 

similar blood viscosities. As mentioned in the methods, the whole blood viscosity data were 

analysed by analysis of covariance with species as the factor and Hct as the covariate, at rest 

and post-exercise, at six shear rates. The Hct was a significant covariate in only four of these 

12 comparisons, indicating Hct was not as important in determining blood viscosity as 

expected. Similarly, although all twelve intraspecific regressions (i.e. six species, 2 exercise 

states) between whole blood viscosity and Hct had positive slopes, they were not 

significantly different from a slope of zero (P > 0.07). 

This result could be explained by either: a small range over which Hct was measured, or it 

may suggest an uncoupling of the relationship between blood viscosity and Hct. It is difficult 

to know if the variation in Hct encountered in the whole blood is sufficient to significantly 

affect blood viscosity. The range in Hcts at rest is greatest in C. kingii (27-52 %) and lowest 

in V. mertensi (29-39 %). The range in Hcts post-exercise is greatest in V. spenceri (20-35 

%) and lowest in C. kingii (31-38 %). Other studies on reptiles have not addressed this issue 

because they have concentrated on viscosity of reconstituted blood, over widely varying 

haematocrits (e.g. Snyder 1971b, Wells and Baldwin 1994, Wells et al. 1991). Regressions 

between blood viscosity and Hct for the reconstituted Hcts over a much wider range (0-60 

%) are significant for all species (P < 0.02). If these results are proof of the relationship 

between blood viscosity and Hct for whole blood, it must be shown that whole blood and 
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reconstituted blood behave similarly m the viscometer. As the next section outlines, 

however, this appears unlikely. 

6.4.2.2 Comparison of whole blood and reconstituted blood viscosity 

Comparison of the viscosity of whole blood and reconstituted blood is possible using the 

exponential relationship between viscosity and Hct for reconstituted blood for each species 

(Figure 6.4). If the average values of Hct at rest (from Table 6.2) are substituted into the 

exponential equations relating reconstituted blood viscosity and Hct, the result is an estimate 

of the reconstituted blood viscosity corrected to the Hct at rest. This can be compared to the 

whole blood viscosity measured at rest (Table 6.4). As Table 6.5 shows, viscosity of the 

reconstituted blood is more than twice that of the whole blood, though they are from the 

same species and corrected to the same haematocrits. This suggests that some part of the 

preparation of the reconstituted blood samples has elevated blood viscosity. 

Table 6.5 Comparison of whole blood viscosity with reconstituted blood viscosity corrected to the same 
haematocrit. Note that the viscosity of reconstituted blood has been calculated from the exponential equation 
relating viscosity and haematocrit (derived from data in Figure 6.4 for 90s·', unpublished observations for 22.5 s· 
1
) corrected to the same Hct as measured at rest from whole blood. Whole blood viscosity data are derived from 

Table 6.4. Two shear rates (90 s· 1 and 22.5 s"1
) are presented. 

Species rest Viscosity (y) of Measured whole Calculated viscosity of 
Ret reconstituted blood as a blood viscosity at reconstituted blood 

function of Ret (x) rest Ret (mPa s) 

Shear Rate = 90 s·1 

C. kingii 40.0 y = 1.42eo.034x 3.52 ± 0.2 5.63 
V. gouldii 33.0 Y = 6.47eo.Ol9x 5.36 ± 0.8 12.26 
V. mertensi 33.5 y = 6.43eo.oztx 5.02 ± 0.3 13.04 
V. spenceri 28.1 y = 7 _75eo.otsx 3.23 ± 0.3 12.75 
Shear Rate = 22.5 s·1 

C. kingii 40.0 y = 1.74eo.04ox 5.08 ± 0.4 8.67 
V. gou/dii 33.0 y = 2 1.29eo.otzx 11.64 ± 3.0 32.91 
V. mertensi 33.5 y = 21.56eo.Ol6x 7.72 ± 1.0 36.24 
V. spenceri 28.1 y = 21.41eO.Ol7x 5.61 ± 0.4 34.52 

The large difference between whole blood viscosity and reconstituted blood viscosity is 

surprising. Some studies have not measured whole blood viscosity before examining 

reconstituted blood (e.g. Weathers 1976, Brill and Jones 1994). However, on close 
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inspection of other published work, unexplained differences in viscosity between whole 

blood and reconstituted blood do occur. Reconstituted crocodile blood was two thirds as 

viscous as whole blood (2.5 mPa s vs 3.75 mPa s, Wells et al. 1991a) and reconstituted blood 

was almost one third that of whole blood in adult turtles (3 mPa s vs 8 mPa s, Wells and 

Baldwin 1994), and fish, Pagothenia (3 mPa s vs 8.5 mPa s, Wells et al. 1990). These 

findings are in the opposite direction to the differences between reconstituted and whole 

blood in this study. Other studies (Hedrick et al. 1986) have found no differences between 

blood viscosity of whole blood and reconstituted blood, when compared at the same Ret. 

It is not clear why the two should differ, but it is apparently caused by either the soft 

centrifugation of the blood, or the remixing of different haematocrits. It should be noted that 

the blood was only used once for each prepared haematocrit and then discarded. Regardless, 

in pilot studies, repeated measurements of the same sample showed little variation. One 

possibility is that centrifugation forced some of the highly viscous nuclear contents into the 

plasma, causing a large increase in the plasma viscosity (R. M. G. Wells, pers. comm.). 

However, the short centrifugation times and low forces used should have precluded this 

possibility. It is possible that contact with air may have caused hemolysis of the blood 

(Pough 1976). Although blood was treated with heparin to avoid blood clotting and samples 

were carefully inspected, undetected hemolysis may explain the discrepancies here. The 

effect is not an immunological response between blood from different animals, because the 

reconstituted blood of V. spenceri collected from one large animal (mass = 5000g) showed 

the same effect as the samples from other species which were pooled from two or more 

individuals. Also, the patterns here do not conform to that expected for an immunological 

reaction, as outlined in Hillman et al. (1985). 

The likely cause of an elevated blood viscosity in reconstituted blood is an elev~ted plasma 

viscosity. This further implicates blood clotting. Comparison of Figure 6.5 and Table 6.5 

shows that, for the varanids at least, about three quarters of the viscosity of reconstituted 
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blood at 90 s-1 can be attributed to the plasma. The viscosity of the plasma of these varanids 

is two times greater than the viscosity of whole blood samples at Hcts ranging from 28 to 34. 

The viscosity of C. kingii plasma is one half of the whole blood viscosity at an Hct of 40, a 

much more intelligible result. It is for this reason that the oxygen transport capacity (OTC) is 

much higher in the frillneck lizard compared to the varanids, given that OTC is inversely 

proportional to viscosity. 

The above findings place doubts on the calculation of the optimal Hct, because it is likely 

that the reconstituted blood data are flawed. Is there anything to be salvaged from the 

optimal Hct question? The frillneck data show two major patterns: the reconstituted blood 

viscosity is the closest to the predicted viscosity (5.6 mPa s vs 3.5 mPa s at 90 s-1
), and the 

plasma viscosity is about one-half the whole blood viscosity at 40 % Hct. Other reptile 

studies have measured plasma viscosity as 39 % of the reconstituted blood viscosity at a 

"natural" Hct of 32 % (in Dipsosaurns dorsalis at 40°C, Snyder 1971b), and 58 % of the 

whole blood viscosity at an Hct of 19% (in Crocodylus porosus at 30°C, Wells et al. 1991a), 

and a similar value in Chelonia mydas at 25°C and an Hct of 27 % (Wells and Baldwin 

1994). Therefore, there is some evidence to suggest that the C. kingii plasma data are close to 

the expected values, but it is apparent that the varanid data are flawed. 

It seems pertinent to address causes and solutions to the problems encountered here. First, it 

should be noted that it is not necessarily standard practice to measure and report whole blood 

viscosity. Many studies do (e.g. Wells et al. 1991a, Wells and Baldwin 1994, Fletcher and 

Haedrich 1987), while some do not (Weathers 1976, Brill and Jones 1994). It seems common 

sense to measure both whole blood viscosity and reconstituted blood viscosity, so that any 

differences between the two are obvious. As this study has shown, one cannot presume that 

manipulation of the blood (centrifugation, mixing from different individuals, reconstitution 

of varying Hct levels) has no effect on the behaviour of the blood in a viscometer. 
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Secondly, the difference in reconstituted blood is apparently mainly caused by changes in the 

plasma viscosity. Possible, though unlikely, explanations include immunological responses 

to mixing blood from different individuals, or the leaking of highly viscous nuclear contents 

into the plasma. One remedy for the latter possibility would be to follow the methods of 

Snyder {1971b). He let the blood settle naturally due to gravity, and removed plasma and red 

blood cells with this "less harsh treatment of the cells than the standard centrifuge 

techniques" (p. 1667). Despite this, the centrifuge technique is routinely practised at present. 

The more likely cause of problems in reconstituted blood is undetected hemolysis in the 

plasma. Heparin is traditionally used to prevent clotting, and has been successfully used to 

prevent clotting in catheterised lizards of these species over several days (pers. obs.). The 

final concentration of heparin is difficult to calculate -exactly, because syringes were 

heparinized by drawing heparin into and out of the syringe. An alternative method for 

preparing blood of different Hcts is isovolemic erythrocythemia, i.e. constant volume blood 

doping, where donor blood of increasingly greater Hcts progressively replaces blood volume 

(amphibians: Hillman et al. 1985, Withers et al. 1991 fish: Gallaugher et al. 1995). The 

obvious advantage to this technique is that blood is not centrifuged to make up samples for 

viscosity measurement; however the donor cells are centrifuged before loading into the 

experimental animal which may counteract this advantage. A potential disadvantage is that 

any immunological response would presumably be stronger in vivo rather than in vitro; 

although note that immunological responses have not been detected (Hillman et al. 1985). In 

summary, there are no obvious faults in the methodology employed here, which are standard 

techniques that have been successfully used in many other studies. The results from this 

study emphasise the importance of measuring and reporting blood viscosity data from whole 

blood and reconstituted blood, which is not necessarily standard practice. 
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6.4.3 Shear rate dependence in whole blood 

The main factors contributing to blood viscosity in whole blood at a given temperature and 

shear rate are: plasma viscosity, blood cell concentration, blood cell deformability and cell 

aggregation (Fletcher and Haedrich 1987). These factors vary in importance at different 

shear rates. At low shear rates, the aggregating properties of the blood cells are the primary 

determinants of blood viscosity. As shear rates increase, the deformation of blood cells 

increases, leading to a decrease in blood viscosity (Chien 1975). The increase in viscosity as 

shear rate decreases is a reflection of the non-Newtonian nature of blood. Most other 

homogeneous fluids, such as water or salt solutions are Newtonian, and viscosity does not 

vary with shear rate. Lizard blood is markedly non-Newtonian, and has a high shear rate 

dependence (Figure 6.1). 

In this study, the lizard blood behaved similarly to most other studied bloods, and 

approaches Newtonian behaviour at high shear rates, with little change in blood viscosity 

between 225 and 450 s·1
• It is likely that if shear rate increased further, blood viscosity would 

be little affected. As Fedde and Wood (1993) point out, the relative constancy of blood 

viscosity at high shear rates is advantageous for those species with very high circulatory flow 

rates, since the work associated with pumping blood due to blood viscosity remains constant 

despite increases in flow rate. By utilising very high circulatory shear rates (2000 s·1
) horses 

and greyhounds can greatly increase oxygen transport in the blood by increasing flow rates, 

yet the cost of pumping the blood remains constant. 

The shear rate dependence is low in aerobic species of fish (Fletcher and Haedrich 1987). 

However, as shown in Table 6.4, the SRD in resting lizards increases as aerobic ability 

increases. The functional significance of the relationship in fishes is not understood, though 

it is hypothesised that it is an adaptation to oxygen delivery (Fletcher and Haedrich 1987). 

Fish with low shear rate dependence would be exposed to little variation in blood viscosity 
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within the circulatory system. This, in association with a reduced contribution of the venous 

system (low shear rates) to overall resistance to flow, is thought to enhance 0 2 transport in 

active fish (Fletcher and Haedrich 1987). 

An increase in shear rate dependence in more aerobic species suggests an elevated blood 

viscosity at low shear rates. Examination of Poiseuille-Hagen's equation for fluid flow in 

tubes (Equation 6.2) suggests that there are two possible mechanisms to counteract an 

increase in blood viscosity in the low shear rate circuit (the venous circulation): .either an 

increase in pressure or vessel dimensions. However, it seems unlikely that the latter would 

occur, as Snyder and Sheafor (1999) contend that blood cells have become smaller in more 

aerobic species to match a decrease in capillary dimensions. Whether higher blood pressures 

are found in more aerobic species as a consequence of the interrelationship between rheology 

and haematology is not known, but is worthy of further inve_stigation. 



7 Synthesis 
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The structure of the oxygen transport cascade lends itself to the study of each of the major 

stages of oxygen transport because these stages can be easily conceptualised as discrete 

units. Each of the chapters of this thesis was similarly designed as a discrete, stand-alone 

unit, and therefore will not be recapitulated in a general discussion. However, the linkages 

between the different stages of the 0 2 cascade are also clear, and any change in any stage has 

repercussions for overall 0 2 transport. This short synthesis will attempt to combine the 

overall effects of exercise on 0 2 transport in goannas and other lizards. 

First, there is significant variation in the metabolic response to exercise within the varanids. 

Certain species (V. gilleni, V. gouldii) are predisposed to a greater maximal oxygen 

consumption rate than others. Whether this is a result of phylogenetic affinity or is a derived 

character may soon be answered when an appropriate phylogeny becomes available, but 

other studies on reptiles (Pough and Andrews 1985) suggest ecological and behavioural 

factors outweigh phylogenetic relationships in determining metabolic rate in reptiles. In the 

present study, significant variation in Vo2rnax was related to habitat preference. The 

underlying mechanisms behind these differences are unknown, but are likely related to a 

shift in lifestyle which has greater or lesser demands on aerobic activity. In the case of 

habitat preference, it is apparent that most saxicoline species tend to be sedentary (e.g. V. 

g/ebopalma, V. acanthurus), whereas terrestrial and arboreal species are active foragers. 

Given that these two foraging modes would routinely make vastly different demands on their 

aerobic abilities, could different Vo 2rnax be explained by a "de-training" effect in sedentary 

species, or a training response in active foragers? The available evidence from laboratory 

studies offers some evidence for a "de-training" response because some lizards have shown 

reduction in Vo 2rnax due to captivity (Garland et al. 1987, Bennett and John-Alder 1984), 

and no ability to increase Vo 2max with training (Garland et al. 1987, Conley et al. 1995). 
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Examination within the varanids allow comparisons of oxygen transport in closely related 

species that differ widely in their maximal oxygen consumption rate. Comparison of the first 

two stages of oxygen transport - ventilation and pulmonary diffusing capacity - suggest 

similar paradigms at these different stages. During exercise the ratio of ventilation rate to 

oxygen consumption rate is constant across all species with the exception of V. indicus, 

which has a higher V E /V02 than all of the species. Ignoring the V. indicus pattern for the 

moment, a constant V E/V02 between species suggests that for a given volume rate of air 

ventilated into the lungs, a certain amount of 02 is consumed. The average V E /V02 of the 

varanids in this study is approximately 30: 1. The relative constancy of this pattern despite 

three fold differences in the mass specific Yo zmax suggests a uniform approach relating 

ventilation to oxygen consumption, and similar anatomical structures facilitating the 

transport of 0 2• In this case, the hardware for 0 2 transport - the gas exchange units of the 

lung (including potential shunts and heterogeneities) - have a constant diffusing capacity 

even between species of variable Vo zmax . If Bohr's equation for gas diffusion rate ( V ) 

across a barrier of conductance (or diffusing capacity) (D) with a pressure head of & is 

rewritten as L\P = V , it is apparent that for a constant diffusing capacity and the high V 
D 

that is the feature of aerobic species, the & must also increase. The M is the pressure 

difference between alveolar air and mean capillary blood. The measurement of a constant 

VE/V02 between highly and poorly aerobic species, would suggest that the alveolar Po 2 

remains constant in the more aerobic species, and indeed, this is the case comparing the three 

species in which it was measured. Combining these findings together suggests that to 

maintain a high M at the gas exchanger, aerobic species must reduce their systemic venous 

Po2 • Therefore, the highly aerobic species reduce the "venous reserve", the oxygen carried 

in the systemic venous circulation. 
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The advantages to evolutionary fitness of possessing a large Vo2rnax are easy to 

conceptualise in terms of prey capture, predator avoidance, maintenance of territories, or 

perhaps even mating success. So, the question could be asked, "Why is there such variation 

in Vo 2rnax within the goanna family, and why is Vozmax not uniformly high?" High Vo 2rnax 

could possibly be a derived character that has only evolved on a few occasions in a few 

species. However, the relationship that is described by the aerobic capacity hypothesis 

suggests an energetic explanation - with increasing Vo zrnax comes greater maintenance costs, 

which must be met continuously, not just when enjoying the benefits of a high Vo 2max. 

One of the key questions examined here: "Is metabolism in varanids different from other 

lizards?" was answered in the negative. Standard and maximal metabolic rates varied as 

~uch within the varanids, as between varanids and other lizards. The historical basis for the 

contention of greater metabolism in the varanids is clear - early studies concentrated on 

species that happened to be highly aerobic, especially when considered in two-species 

comparisons. However, it is also clear that Vo 2max in the varanids is close to being 

significantly higher than other lizards (ANCOVA, F1,38 = 3.632, P = 0.062). This analysis is 

obviously not set in stone and represents a single snap-shot in time of the potential 

comparison that could be made and will change as more species are examined. However, if 

the current trend of finding significant variation within the varanids continues, the addition 

of more varanids into this comparison will likely tend to drive this statistic further from 

significance because the species that have not yet been studied tend to be less conspicuous 

and presumably less active. 
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