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Summary 
 

The general rationale of this thesis is to compare the physiological and behavioural flexibilities 

of a small mammal with a large and ecologically variable distribution with those of a comparable species 

with a comparatively small and homogeneous distribution. The Stripe-faced Dunnart (Sminthopsis 

macroura) is distributed across most of the northern half of Australia, covering arid and semi arid 

woodlands, shrublands and savannah and tussock grasslands. The Ooldea Dunnart (S. ooldea) is 

comparable in many ways, fulfilling a similar ecological niche, but is restricted to a smaller Centralian 

distribution of exclusively hyper-arid woodlands and tussock grasslands. Where the species co-occur at 

Lake Mason Station (27.586 ºS, 119.519 ºE) in the eastern Murchison region of Western Australia it 

appears that S. ooldea were trapped more often in sandplain sites with dense vegetation and high 

terrestrial invertebrate diversity. Sminthopsis macroura were more trapable in hilly and rocky sites, 

suggesting that other factors determine their habitat choice. Tentatively it seems that S. ooldea may 

favour less variable microclimates, and I examine if they may not be so physiologically tolerant as S. 

macroura. 

 

To investigate their basic metabolic physiology, thermoregulatory tolerances and energy 

requirements, S. macroura and S. ooldea were exposed to acute Tas of 10, 25, 30 and 35 °C and flow-

through respirometry used to measure metabolic rate and evaporative water loss. Sminthopsis macroura 

is a strong thermoregulator across a broad range of ambient conditions, whereas S. ooldea is thermolabile 

and does not regulate its body temperature tightly below the thermoneutral zone (TNZ). Therefore, S. 

macroura has a steeper slope to the metabolic profile as Ta declines, and at any Ta below the TNZ 

requires more energy per unit of body mass than S. ooldea, and has a higher EWL at the lower critical Ta. 

By adopting a thermolabile tolerance to mild hypothermia, S. ooldea reduces its energetic requirements 

at low Ta, and reduces water lost in thermoregulation. A strong propensity to thermoregulate may allow 

S. macroura to exploit a broad range of climatic envelopes, albeit at the cost of a higher energetic and 

water requirement. Since S. ooldea does not expend as much energy and water on thermoregulation it is 

better adapted to the very low productivity, “hyper-arid” conditions of its Centralian distribution. This 

suggests that it has physiological adaptations analogous to its most highly derived, arid-adapted 

morphology of any Sminthopsis. Furthermore, following two-week acclimation to temperature regimes 

of 12 - 22 °C, 18 - 28 °C, and 25 - 35 °C, S. macroura showed flexibility in all aspects of 

thermoregulation (energetic and water), presumably allowing the species to match its energy and water 

requirements to a broad range of climatic conditions. Sminthopsis ooldea seems to have an inflexible 

energetic and water balance, and does not expend either water or, to a lesser extent, metabolic energy in 

thermoregulation, matching only a fairly stable climate envelope. Given that homeothermy is an 

expensive strategy, especially in desert ecosystems, it may be that the Hirtipes group of the Sminthopsini 

(including S. ooldea) have a thermally labile heterothermic adaptation, while the Macroura group 

(including S. macroura) do not depart from conventional homeothermy. Such studies, however, may not 

be broadly applicable on a macrophysiological scale since the question of the adaptive importance of 

phenotypic flexibility does not necessarily imply greater reproductive success. Broader interest in the 
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physiology of the Sminthopsini may provide great insight into the costs and benefits of homeothermy in 

low productivity ecosystems. 

 

To understand the component that evaporative water loss represents of the water budget and its 

role in thermoregulation, the ambient relative humidity (RH) was manipulated in a flow-through 

respirometry system across Tas of 10, 25, 30 and 35 °C. Sminthopsis macroura thermoregulated well at 

all acute combinations of Ta and incurrent RH. Increasing incurrent RH decreased total evaporative water 

loss (TEWL) of S. macroura, especially at low Ta. Reducing insensible water loss did not effect standard 

metabolic rate (SMR), however, and insensible heat loss was a negligible component of thermoregulation 

at low Ta. As an effect of consistent levels of metabolic water production (MWP), and reduced TEWL, 

relative water economy (RWE) of S. macroura increased with increasing ambient RH, to the point where 

the point of relative water economy (PRWE) occured at conditions that probably closely approximate 

those of an inhabited burrow (20 ºC, 75 % RH). The thermolability of S. ooldea blurs the edges of the 

expected metabolic costs of low Ta and low RH. There was no evidence that TEWL was reduced by 

increased incurrent RH, but SMR and Tb increased with increased ambient RH, suggesting a behavioural 

failure to reach truly resting levels. This imparted artificially high EWL, and also increased RWE by 

artificially raising MWP. I conclude that S. macroura manage their energy budget and thermoregulate at 

the expense of elevated TEWL, but increase RWE by offsetting high TEWL with increased MWP. The 

high humidity of their burrow is probably important in maintaining their water and energy balance. 

Sminthopsis ooldea utilise a thermolabile strategy to reduce their energetic requirements, and also their 

TEWL, at the expense of RWE (not offsetting TEWL with increased MWP). Furthermore, reducing 

insensible water loss by increased ambient RH does not increase the PRWE, suggesting that 

microclimatic refuges may not be as important in managing their energy or water budgets. 

 
To evaluate the role that social aggregation plays in the energy budget and thermoregulation of 

both species, I first needed to quantify the tendency of both species towards aggregation, and then to 

quantify the energetic savings accrued by huddling. Colonies of six male S. macroura and six male S. 

ooldea were held in custom-built arenas of 1400 cm2 at a population density of 4.3 dunnarts.m-2, and 

exposed to a series of ambient temperature regimes for 14 days each in the order of 18 - 28 °C, 5 - 15 °C, 

12 - 22 °C and 25 - 35 °C. I conclude that S. ooldea shows no social behavioural response to 

environmental temperature, but that S. macroura aggregate to offset the energetic impost of low Ta. 

There appeared, however, to be a maximum group size of three, beyond which more individuals were not 

tolerated, and additional huddle groups must form. Such a plastic response of social aggregation in 

response to increasing environmental “harshness” (in this case energetic cost) conforms to the models of 

“facultative” sociality. This pathway for the evolution of coloniality may be especially applicable in 

temporally variable habitats, where the long-term survival of all individuals may be more important than 

an immediate reproductive fitness gain, given that breeding conditions are rare (a situation which occurs 

in much of the Australian arid zone). During respirometry trials at Ta = 10 ºC, S. macroura huddled in 

pairs, and as triplets, but S. ooldea were never observed to huddle. Metabolic rate of S. macroura was 

reduced significantly from individuals to triplets, but TEWL was not; wet thermal conductance, however, 

decreased with increasing group size. Metabolic rate and TEWL of S. ooldea was not reduced from 

isolated individuals to triplets and wet thermal conductance of S. ooldea did not decrease with increased 
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numbers of individuals in the metabolic chamber. In agreement with my expectations for a non-social 

species, S. ooldea makes no energetic saving when more individuals are added to the metabolic chamber. 

Under identical conditions, S. macroura makes savings in its energy requirements approaching 27% in 

pairs, but only 3% in triplets, when compared to isolated individuals tested in the same conditions. My 

findings for pairs of S. macroura support the concept that huddling can broaden the TNZ of small 

mammals. In ecological terms this implied flexibility could be an adaptation that allows S. macroura to 

inhabit broad climatic ranges. Given that S. ooldea inhabit a quantitatively “harsher” distribution it is 

counterintuitive that they do not make savings by huddling. It may be that predictable low levels of 

resource availability have allowed S. ooldea to adapt to those levels physiologically, but that assembling 

in groups becomes a competitive constraint. 

 

 The persistent theme of my findings is that S. macroura uses a number of physiological and 

social behavioural adaptations to stay within the energetic constraints of thermoregulation over a broad 

range of conditions, allowing it to inhabit a broad distribution. Sminthopsis ooldea is much less adapted, 

but employs a thermolabile approach to tailor its energetic requirements to specific climatic regimes. 

Hyper-arid ecosystems tend to be marginal habitats for S. macroura, where they persist at low population 

densities, whereas S. ooldea tends to dominate these ecosystems, and where they co-occur they appear to 

marginalise S. macroura to poorer habitats. This raises the question of the value of tight 

thermoregulation in hyper-arid regions. A broad literature review reveals that thermolability is actually 

quite widespread amongst small mammals in arid regions, and that the energetic savings accrued under 

conditions analogous to those of a hyper-arid climate actually match generalised low-productivity 

ecosystems. It is possible that thermolability represents a partial regression to poikilothermy, one of the 

strongest adaptive traits in arid ecosystems. 
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By the Numbers 
This thesis represents: 

 9,163 km of road travelled; 
 2, 704 hours of video records; 
 2, 040 Gb of storage space; 
 768 body temperature measurements; 
 186 MBq of 86Rb; 
 176 metabolic traces; and 
 1, 457 days of my life that I will never get back. 

 
now just give me the damned PhD! 
 
Year 1: 

You don’t know me, you don’t own me, 
Cause I’m aware 
And I’m still here, patiently waiting for you to disappear. 
Is this my cross to bear? 
I’m still here, reluctantly waiting for you to interfere. 
This is my cross to bear. 

Cross to Bear – Staind 
Year 2: 

One thing I don’t know why, 
It doesn’t even matter how hard you try. 
Keep that in mind, I designed this rhyme, 
To remind myself how, 
I tried so hard, and got so far, 
But in the end it doesn’t even matter. 

In the End – Linkin Park 
Year 3: 

I was just guessing, 
At numbers and figures, 
Pulling your puzzles apart. 
Nobody said it was easy, 
Oh it's such a shame for us to part, 
Nobody said it was easy, 
No one ever said it would be so hard. 
I'm going back to the start. 

The Scientist – Coldplay 
Year 4: 

I am myself 
Like you somehow 
I'll ride the wave 
Where it takes me 
I'll hold the pain 
Release me 

Release – Pearl Jam 

What have I become? 
My sweetest friend 
Everyone I know 
Goes away in the end 
You could have it all 
My empire of dirt 
I will let you down 
I will make you hurt 
If I could start again 
A million miles away 
I would keep myself 
I would find a way 

Hurt – Nine Inch Nails 
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Chapter 1: Introduction 

 

The distribution of species often reflects limitations of their ability to cope with biotic or abiotic 

conditions in particular ecosystems. There is ample evidence of the interplay between resource 

availability and physiological tolerance, the simplest being that species cannot persist in areas where 

environmental demands exceed the physiological tolerance (Spicer and Gaston, 1999; Gaston, 2009). In 

simpler terms this means that where animals are not well-adapted to find food, water, and maintain 

homeostasis and a balanced energy and water budget, individuals will not survive, or at the very least 

will not breed and maintain a steady state population. Other aspects that have broadly been found to limit 

the distribution of species are their responses to temperature both in terms of individual tolerance, 10 

resilience and flexibility (Somero, 2005 and references therein; Somero, 2010; Kearney et al., 2011) and 

reproductive capacity (Kearny and Porter, 2004; Mitchell et al, 2008), as well as aspects of energetics 

and water loss and behavioural mechanisms to avoid environmental stressors (Nevo, 1999; Bradshaw, 

2003; Kearney et al., 2011). Natural selection leads to local adaptation of advantageous traits under 

specific environmental conditions (Ohlberger et al., 2008). Therefore, local adaptation plays a crucial 

role in generating phenotypic and population divergence in sympatry (Turelli et al., 2001). Two closely-

related species should be similar in ecology and adaptation. Where such species have distinct differences 

in the size of their geographical range, the two species will have few diverging adaptations that limit one 

species to narrow environmental tolerances, but broaden the tolerance of the other (Orr and Smith, 1998). 

If our current understanding of two species does not show substantial differences between them, but they 20 

reliably inhabit different distributions or habitats, then there must be a small number of inconspicuous 

differences between them. These differences must limit the distribution of one species while expanding 

that of the other species. 

 

Comparative physiologists have traditionally investigated the phenotypes that may adapt 

organisms to different ecosystems through controlled laboratory measurement of a species’ tolerance and 

then correlated the calculated limits of tolerance with other environmental variables measured within the 

species’ geographic distribution (Bozinovic and Rosenmann, 1988; Downs and Perrin, 1994; Geiser and 

Ferguson, 2001). Investigations of that kind are not very informative about the survival mechanisms of a 

particular species when multiple species respond to similar environmental limitations in apparently 30 

similar ways, thus providing no evidence of discernible differences in their limitations or abilities. Such a 

situation is usually explained by species-exclusion, which is well documented in ecology (Begon et al., 

1996), where the adaptation of one species imparts greater reproductive fitness than its competitor, 

allowing it to out-compete and exclude the competing species . However, species-exclusion does not 

explain satisfactorily cases where species are sympatric over some parts of their distributions, but 

allopatric over others, and where the distribution of one species extends far beyond the limits of its 

sympatric congeneric. Such a distributional pattern raises questions that may not necessarily be resolved 

solely through laboratory-based research. They require a holistic research methodology to gather 

information on interacting effects that may expand or limit the physiological capacity of a species. These 

should ideally be measured in situ to yield as much information as possible about the biology as it 40 

interacts with the environments of the species. Such a research approach is, however, often difficult and 
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unreliable, so alternative approaches in the laboratory should replicate nature as much as possible, and 

should be designed to measure multiple aspects of adaptation simultaneously to detect interacting 

adaptive responses.  

 

The holistic perspective is an emerging paradigm of biological research which has developed, 

for example, from the physiological ecology field of the 1950s into modern ecophysiology which aims to 

study animals in their natural habitat, incorporating natural variation, and in consideration of other 

potentially adaptive responses to their environment (see Bradshaw (2003) for review). It has potential to 

provide insights into ongoing processes of evolution from closely related taxa within similar 50 

environments where there have not been obvious intercessions such as the emergence of mountain ranges 

or rivers that divide extant populations. The nature of the holistic experimental process requires baseline 

data collected under controlled circumstances to then be compared against data collected in the field, 

where external factors can be measured and compared against the controlled values of the laboratory. 

 

Biology of Sminthopsis 

A preliminary examination of the basic biology (including geographical distribution) of three 

species of Western Australian dunnarts, the Stripe-faced Dunnart (Sminthopsis macroura), the Fat-tailed 

Dunnart (Sminthopsis crassicaudata) and the Ooldea dunnart (Smithopsis ooldea) is outlined in Table 

1.1, where S. crassicaudata is included for purposes of comparison as a well-known and well-studied 60 

member of an otherwise poorly studied group. The distributions of the three species are quite obviously 

different (Figure 1.1), where S. macroura and S. crassicaudata have large distributions, covering most of 

the continent, but offset to the north and south (with S. macroura the more northerly species), whereas S. 

ooldea inhabits a small, exclusively arid central distribution. These three species are remarkably similar 

in size, mass, habits and ecology, which raises questions about their evolutionary divergence and 

sympatric distributions, and the size of their distributions and the tolerance to the different climate ranges 

that they experience (see Chapter 2). 

 

  The lack of study of the physiological responses to ambient temperature and thermoregulatory 

challenge (see review in Chapter 4) for S. ooldea makes it difficult to compare it to S. macroura, and 70 

limits the capacity to hypothesise why S. ooldea is geographically limited (Figure 1.1). The respective 

distributions of the three species are, however, climatically different (Figure 1.2), with S. ooldea found in 

generally more arid areas than S. macroura (even hyper-arid in the sense of Cooper and Withers, 2009 

and Withers and Cooper, 2009, inferred as areas with rainfall of less than 300mm, very high to extreme 

rainfall variability, and evaporation rate of greater than 3000 milimeters annually from Australian Bureau 

of Meteorology data). In these areas rainfall is low, interspersed by local, unpredictable high rainfall 

events, and average temperatures are approximately 5 °C lower than the southernmost point of the 

distribution of S. macroura in Western Australia. Archer (1981) noted that S. ooldea was the most arid-

dwelling of dunnarts, and that this species showed the most derived morphological adaptations to an arid 

lifestyle (although these adaptations were only vaguely referred to as aspects of body size or the relative 80 

sizes of body extremities in a thermoregulatory context), and this implies some form of specialisation in 

tolerance. A literature review did not reveal an obvious, extant adaptive difference between the species 

that may constrain them to their different distributions, suggesting that the current distributions may 
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Figure 1.2: Patterns of climate at sites where S. ooldea and S. macroura are present in Western 

Australia. Warburton in central to the Western Australian distribution of S. ooldea, and 

Telfer is central to the Western Australian distribution of S. macroura. Upper line = 

maximum temperature, lower line = minimum temperature, bars = rainfall. Data from 

B.o.M (2007). 

reflect a historical constraint associated with their evolution, or subtle differences in their energy budgets 

or water requirements. 

 

 

 

 
Figure 1.1: Geographical distributions of S. ooldea and S. macroura showing the smaller and more 

exclusively “hyper-arid” distribution of S. ooldea. From McKenzie et al. (2006). Star 

indicates study site described in my discussions of the species comparative ecology 

(Chapter 2). 
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Table 1.1: Comparison of the basic biology of three Western Australian Sminthopsis spp. References: 

Ewer (1968); Aslin (1983); Morton (1983a; 1983b). 90 

 S. crassicaudata S. macroura S. ooldea 

Head/body 

Length 
60 – 90 (75) mm 70 – 100 (85) mm 60 – 82 (72) mm 

Mass 10 – 20 (15) g 15 – 25 (20) g 8 – 17 (11) g 

Preferred 

Habitat 

Open vegetation including 

woodlands, low shrublands, 

tussock grasslands and 

gibber plains. 

Low shrubland and tussock 

grasslands on sandy or 

stony soils. 

Arid habitats, from 

woodlands, shrublands and 

hummock grasslands on 

sandy soils 

Habit 

Nocturnal, shelters in nests 

beneath logs, rocks or soil 

cracks. 

Nocturnal, shelters beneath 

logs, rocks or soil cracks. 

Presumed to use nests. 

Nocturnal, but broadly 

unknown. 

Ecological 

Niche 
Terrestrial insectivore Terrestrial insectivore Terrestrial insectivore 

Breeding 

Season 
Extended: July to February. Extended: July to February. 

Unresolved: Assumed 

October to January 

Sociality Facultative communal  

Solitary (observations in 

captivity; Dr. B. McAllen 

pers. comm.) 

Unknown 

 

The systematics of the Sminthopsini has recently been reviewed by Blacket et al. (1999). They 

identified four distinct sub-families, including a Macroura group (including S. macroura, S.virginiae, S. 

douglasi, and S. bindi), and a Hirtipes group (including S. hirtipes, S. psammophila, S. ooldea and S. 

youngsoni; Figure 1.3). Further, they concluded that divergence within the Hirtipes group took place 16.7 

million years ago during the mid-Miocene, and that the Macroura group broke away from the Murina 

group (incorporating the Hirtipes group) approximately 16.5 million years ago, although this timeline 

remains mysterious, since it implies the “ancestral” split between Macroura and Murina groups happened 

after the Murina group diversified. Martin (1994) reports that during this geological period there was a 

maximum diversity of forest in Australia, and further that rainforest covered much of the continent. 100 

These habitats are very different to the arid woodlands and grasslands where both S. ooldea and S. 

macroura are found today. By the Late Miocene (10.4 - 5 mya), however, northward drift of Australia 

(which began approximately 15 mya; Archer et al., 1991), and a drop in ocean temperatures (Veevers, 

1991; White, 1994) led to a general drying of the continent (McGowran and Li, 1994), where dominant 

cool, moist rainforests were increasingly replaced with more open, wet sclerophyllous forests. Martin 

(1994) and Archer et al. (1995) suggested that this drying may have occurred first in the central and 

western regions of the continent. If the extant distributions of these dunnarts reflect ancestral 

distributions, then presumably they have evolved disparate strategies to respond to the differences 

between the ecosystems where they arose, and the ecosystems where they now survive. These would 

have to incorporate tolerances to energetic limitation, coupled with low temperatures and highly variable 110 

temperature extremes, and low water availability coupled with high aridity and a large gradient between 

the water vapour pressure within the animal, and the outside atmosphere (increasing the propensity 
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towards evaporative water loss; see Chapters 4 

- 6 for discussion). Presumably the ancestors 

of S. macroura maintained broader tolerance 

than those of S. ooldea, which presumably 

specialised to the hyper-arid zone. 

 

Thus today S. ooldea and S. 

macroura have similar biology, which is at 120 

odds with their distinctly different 

geographical extent across Australia. Archer 

(1981) noted a propensity of Sminthopsis 

towards considerable geographical variation, 

particularly in species with broad habitat 

ranges, and logically each species may have 

idiosyncratic and divergent adaptations that 

restrict them to specific distributions in 

Western Australia. The most likely adaptations 

are flexible responses of physiology and 130 

behaviour. 

 

Aims 

My PhD research: 

1. Quantifies the ecophysiological context of S. 

ooldea and S. macroura in the small area of 

overlap between their distributions in 

Western Australia, and investigates whether 

there are differences in the environmental 

and climatic conditions of their broader distributions that could impart physiological limitations to 140 

either species; 

2. Quantifies the physiological responses of S. ooldea and S. macroura to varying ambient temperatures, 

and relative humidities, including their basal and summit metabolic rates, and their capacity to deploy 

physiological adaptations to acute energetic challenges, such as the use of torpor. Further research is 

undertaken to investigate the flexibility in aspects of metabolism following chronic exposure to 

different levels of energetic challenge; 

3. Investigates social aggregation and the behavioural responses of each species to varying ambient 

temperatures, and examines whether antagonistic and aggregative interactions change in response to 

chronic exposure to different levels of energetic challenge; and 

4. Quantifies the energetic value of social aggregation and huddling in the face of acute energetic 150 

challenge, and determines how much of an impact this could have on the energy budget of each 

species. 

 

 
Figure 1.3: Strict consensus phylogeny of the 

Sminthopsini based upon three 

minimum-length trees (2548 steps), 

showing S. ooldea to represent a 

separate Subfamily of the 

Sminthopsini to the S. macroura 

group. From Blacket et al. (1999).  
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From the current literature, only S. crassicaudata and S. macroura among the Sminthopsini have 

been measured sufficiently to provide any strong sense of their physiological responses to ambient 

temperatures and relative humidity. With the inclusion of a single study of S. psammophila (Cooper and 

Withers, 2009), it seems that dunnarts as a rule respond similarly across a broad range of 

thermoregulatory challenges. From its smaller and more exclusively arid-zone distribution, however, S. 

ooldea might display less phenotypically flexible physiological responses, and be less physiological 

resilient to chronic, if not acute, experimental temperature and humidity than S. macroura, such that: 160 

 S. macroura will have higher thermoregulatory flexibility in response to ambient temperatures 

and food availability or quality, and higher flexibility in evaporative water loss and water use 

“efficiency” in response to ambient temperature and aridity than will S. ooldea. 

 Torpor is expected to be an important response of S. macroura to low ambient temperature, 

nutritional (i.e. energy) availability and increased aridity, while S. ooldea is expected to have a 

lower propensity to utilise torpor, as a result of adaptation of its energy and water budgets to 

lower productivity ecosystems (thereby imparting greater resilience to energetic challenge). 

 S. macroura is expected to have lower field metabolic rates and water turnovers than S. ooldea, 

implying that S. macroura utilises torpor more deeply or more regularly than S. ooldea in their 

natural habitats. 170 

 

It is also possible that differing social behaviour may provide a substantial avenue to tolerate and 

exploit climatic and ecological niches with harsh energetic challenges in these species. Some hypotheses 

can be made about the interactions of social behaviour and physiology and the relative importance of 

adaptive responses of each type: 

 Communal groups of S. ooldea are expected to establish well in captivity on the basis of their 

gregarious behaviour in pit traps (personal observation), and to fluctuate in size in response to 

changes in ambient temperature, relative humidity and availability of food as a result of the 

energetic advantages of huddling. 

 Sminthopsis macroura are not expected to show communality or sociality, even under adverse 180 

regimes of ambient temperature, aridity, or nutritional privation, based upon the observations of 

Dr. B. McAllen (summarised in Table 1.1). 

 A propensity towards aggregative behaviour should impart a quantifiable reduction in metabolic 

rate when groups of S. ooldea are exposed to acute low Ta, which should make substantial 

savings in their energy budget. It may be this interaction of physiology and behaviour which 

allows them to exploit such a specialised arid habitat. 

 By extension, S. ooldea is expected to spend considerable proportions of its time sheltering in 

groups in the field, while S. macroura is expected to be solitary, and sociality is expected to be 

reflected in the patterns of home range overlap in the field, where S. ooldea is expected to have 

smaller home ranges, with much overlapping, and S. macroura is expected to have larger home 190 

ranges with very little or no overlap. 

 

This thesis is divided into several chapters which approach the questions raised above 

experimentally, controlling different variables to measure the responses of the species to temperature and 

humidity regimes. Chapter 2 is a field study of free-ranging dunnarts of both species intended to provide 
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basic biology, compare their home ranges, movements, social overlap and field metabolic rate (FMR) 

with measures of climate, food and water availability and habitat structure made in the field, although 

measurements of FMR were unsuccessful. An addendum is enclosed in the Appendix of this thesis, 

outlining a technical study of the use of radioactive 86Rb to measure the FMR of both species of dunnart. 

Although not directly responsible for answering the questions raised here, this research represents the 200 

refinement of a novel technique to measure FMR. In it I quantify for the first time the ideal measurement 

period for this technique in small mammals, and also generate a general regression of 86Rb biological 

turnovers to metabolic rate. Chapter 2 also explores the climatic and ecological differences between the 

broader distributions of the two species from a desktop study using remotely collected data, to see 

whether the differences at a single field site in Western Australia correlate with more generalised 

ecophysiological limitations of either species. Chapter 3 is a comparative study of the propensity of each 

species to aggregate into huddles under a temperature range that spans those found in their natural 

environment. Measures of both propensity to huddle and aggressive interactions thought to disrupt social 

aggregation are considered. Chapters 4, 5 and 6 investigate aspects of physiological flexibility and how 

the dunnarts may moderate their energetic requirements as a response to chronic temperature regimes, 210 

and how this influences or is affected by their evaporative water loss, water use efficiency and changes in 

relative humidity. All standard aspects of respiratory metabolism are considered, including metabolic rate 

(V̇  O2, V̇  CO2), evaporative water loss (EWL), body temperature (Tb) and thermal conductance (Cwet and 

Cdry). These are compared at the thermoneutral zone (TNZ) for basal metabolic rate (BMR) and across a 

range of temperatures to build a resting metabolic profile, and also in highly conductive helox 

atmospheres (19.1% O2 in He) for summit metabolic rate (SuMR). Chapter 7 quantifies the energetic 

gains made by huddling as investigated in Chapter 3, by measuring the metabolic output of several group 

sizes at the lowest temperature tolerances measured in Chapter 4, and comparing the physiological 

variables of grouped animals to those of isolated individuals. The experimental approach in the laboratory 

is intended to understand the magnitude of phenotypic plasticity of physiology and behaviour that each 220 

species displays, while the field component is aimed at investigating how useful these flexible 

adaptations may be in an ecological context. 

 

A broader discussion is included where I make a holistic interpretation of the results in terms of the 

ecophysiology and evolution of the Sminthopsini in Australia, and how the group has adapted to modern 

climatic conditions that are far removed from the habitats in which they are thought to have first evolved. 

I discuss how behaviour and physiology can form an interacting adaptive process that can buffer some 

species from the challenges imparted by an arid environment, and how these could lead to the persistence 

of species that are otherwise not physiologically well-adapted to the habitats in which they are now 

found.  230 

 

1.1 Generalised Methodology 

 

Inasmuch as this dissertation represents the aggregation of several smaller research studies that 

are designed for separate publication, there are several methodological approaches that are common 

across all sections. These have been summarised here to avoid repetition in each chapter of the 

dissertation. 
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Animal Capture and Housing 

Stripe-faced Dunnarts (S. macroura) were captured from various sources across Western 240 

Australia, while Ooldea dunnarts (S. ooldea) were captured exclusively at Lorna Glen Station (26.227 °S, 

121.5597 °E). Details of capture are outlined in Table 1.2. The dunnarts were transferred to the 

University of Western Australia Crawley campus within a week of capture. They were housed in 

individual boxes approximately 40×50×30cm deep, on a bed of wood shavings in a controlled 

temperature room (CTR). Standard maintenance conditions were a 12:12 lighting regime at a temperature 

(Ta) regime of 18-28 °C. The dunnarts were maintained on a diet of approximately 1g of minced red meat 

(most often kangaroo), a similar portion of canned cat food and three mealworms (Tenebrio molitor 

larvae) per day. Modifications of this protocol are described where apposite in each chapter. 

 

Respirometry Protocols 250 

Flow-through respirometry was used in many parts of this project, and was undertaken 

according to recommendations of Withers (2001). Three systems were constructed (see schematic Figure 

1.4), with compressed air flow through a metabolic chamber regulated at approximately 437 mL min-1 

(STP; approx. 500 mL min-1 ATP) by an Aalborg GFC-17 (Aalborg, New York USA), a Brooks 5871-A 

(Brooks Instrument, Hatfield PA, USA) and an MKS 1159B (MKS Flow Measurement & Control 

Products, Andover MA, USA) mass flow controller, passed through a cylindrical PVC chamber 

(270×250 mm; approximately 150 cc) maintained at a constant temperature. Relative humidity of the 

excurrent air stream was measured by Vaisala HMP 35B and HMI 33 probes (Vaisala Oyj, Helsinki, 

Finland), which incidentally measured Ta within the system. Excurrent air was then dried by a Drierite 

column (anhydrous calcium sulfate; W. A. Hammond Drierite Co. Ltd.), and passed through Servomex 260 

570A oxygen analysers (Servomex, Jarvis Brook, Crowborough, East Sussex, U.K.) and Kobold (Kobold 

Instruments, Pittsburg, PA USA) and Hartman and Braun (ABB, Zurich, Switzerland) CO2 analysers, 

recording O2 and CO2 partial pressures respectively, or a David Bishop 280 Combo gas analyser (David 

Bishop Instruments Ltd., Warwickshire, U.K.) which measured both O2 and CO2. The gas analysers were 

calibrated to zero using pure N2, and atmospheric air (20.95 % O2) and a custom-made gas mix (5.31 % 

CO2; BOC gases) used to calibrate the span. The flow controllers were calibrated to 500mL.min-1 using a 

stopwatch to time the movement of a known volume of air using a volumetric rotometer. All the data 

were collected using a Thurlby 1905A and 1906 (Thurlby Thandar Instruments, Huntingdon, U.K.), 

Brymen TBM859CF (Brymen Technology Corporation) and Protek 506 (Protek Test and Measurement, 

Englewood, NJ, U.S.A.) digital multimeters, or a PICO DSL11 data acquisition board (Pico Technology, 270 

St Neots, Cambridgeshire, U.K.) and recorded using custom-written Visual Basic v6.0 software (Figure 

1.4). Incurrent air was not dried (averaging approximately 7% RH), and CO2 was not removed from the 

excurrent air stream prior to O2 measurement. 

 

Baseline readings of background FIO2 and FICO2 were established for 60 minutes before and 

after trials were conducted. The dunnarts were food-deprived overnight prior to trials (>12 hours) to 

ensure that they were all post-absorptive during measurement. Metabolic rate (MR) was measured until a 

30 minute steady recording was obtained, during a minimum experimental duration of 8 hours. Body 

temperature was measured to ± 0.1 °C at the end of the trials using a Radiospares 206-3722 meter by  
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Table 1.2: Locations and dates of capture of each individual used in this study. Sites are Lorna Glen 280 

Station (26.22839 ºS, 121.5256 ºE), Yalgoo (28.34 ºS, 116.6781 ºE), Mileura Station 

(26.37121 ºS, 117.335 ºE) and excess from an extant experimental colony held at UWA, 

wild-captured at unknown origin. 

S. macroura Date Location  S. ooldea Date Location 

IPT16 25/02 2008 Yalgoo  Sool1 28/04 2009 Lorna Glen 

IPT13 25/02 2008 Yalgoo  Sool2 28/04 2009 Lorna Glen 

IPT10 25/02 2008 UWA  Sool3 28/04 2009 Lorna Glen 

IPT14 25/02 2008 UWA  Sool4 28/04 2009 Lorna Glen 

IPT12 25/02 2008 UWA  Sool5 28/04 2009 Lorna Glen 

Smac8 25/02 2008 UWA  Sool6 28/04 2009 Lorna Glen 

#1 6/02 2008 Yalgoo  Sool7 28/04 2009 Lorna Glen 

IPT4 6/02 2008 Yalgoo  Sool8 28/04 2009 Lorna Glen 

IPT2 6/02 2008 Yalgoo  Sool9 28/04 2009 Lorna Glen 

IPT9 6/02 2008 Yalgoo  Sool10 28/04 2009 Lorna Glen 

IPT3 6/02 2008 Yalgoo  Sool11 28/04 2009 Lorna Glen 

IPT6 6/02 2008 Yalgoo  Sool12 28/04 2009 Lorna Glen 

IPT8 6/02 2008 Yalgoo  Sool14 28/11 2009 Lorna Glen 

MOUSE 04 6/02 2008 Yalgoo  Sool15 28/11 2009 Lorna Glen 

SMAC 0001 6/02 2008 Yalgoo  Sool16 28/11 2009 Lorna Glen 

Smac9 20/04 2009 Mileura  Sool17 28/11 2009 Lorna Glen 

Smac10 20/04 2009 Mileura  Sool18 28/11 2009 Lorna Glen 

Smac11 20/04 2009 Mileura  Sool19 28/11 2009 Lorna Glen 

Smac12 20/04 2009 Mileura  Sool20 28/11 2009 Lorna Glen 

Smac13 20/04 2009 Mileura  Sool21 28/11 2009 Lorna Glen 

Smac14 20/04 2009 Mileura  Sool22 28/11 2009 Lorna Glen 

Smac15 11/11 2010 Lorna Glen  Sool23 28/11 2009 Lorna Glen 

Smac16 11/11 2010 Lorna Glen     

Smac17 11/11 2010 Lorna Glen     

Smac18 11/11 2010 Lorna Glen     

 

inserting a thermocouple 1.5 cm into the rectum within one minute of removing the dunnart from the 

chamber. These methods precluded the measurement of Tb during torpor or normothermia if it occurred 

prior to the end of the experiment. Metabolic traces were analysed by a custom-written Visual Basic 

program to determine the minimum 20-minute average for V̇   O2 and V̇   CO2 at each Ta. All calculations 

and calibration of the metabolic system are after Withers (2001). Wet thermal conductance was 

calculated as Cwet = V̇  O2 / (Tb-Ta), measured in mLO2.g-1.h-1.ºC-1, and converted to J.g-1.h-1.ºC-1 by 290 

multiplying the V̇   O2 by 20.1 J.L-1O2. 
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Figure 1.4: Schematic of the flow-through respirometry system. Arrows represent direction of airflow, 

controlled by the flow controller to the metabolic chamber contained in a controlled 

temperature room (CTR), from the metabolic chamber through a Vaisala relative humidity 

probe, a Drierite drying column, and an O2 then CO2 gas analyser. Electronic data signals 

(dashed lines) were interfaced with the PC running a data collection program via the 

voltmeters or a PICO data acquisition board (not shown). 

 300 

Statistics. 

Both linear and nonlinear regression analyses were used extensively to construct relationships 

between variables in these studies. Repeated-measures analysis of variance (ANOVA) was used to 

investigate the reliability of successive measures of many of the variables, and where the data set could 

not sustain the rigour of this test due to missing repeats, standard two way ANOVAs were used, often 

including Student Newman Kuels post-hoc testing. All statistical analyses were conducted using 

statistiXL v.1.7 (StatistiXL, Nedlands, Western Australia). Values are given as mean ± SE, and 

regressions lines are presented with 95% confidence intervals. 

 

Research Approvals 310 

All animal procedures conformed to guidelines of the National Health and Medical Research 

Council (2004) and were approved by the Animal Ethics Committee of The University of Western 

Australia under permits RA/3/100/654, RA/3/100/704 and RA/3/100/868. Use of radioisotopes was 

approved by the Radiation Council of Western Australia, under approval 08/01/01. 
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Sunrise, Lorna Glen Station, 2008. Sean Tomlinson all rights reserved. 
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Chapter 2: Ecophysiological Context of Sminthopsis in Western 

Australia 

Summary 
The aim of this chapter is to provide an ecophysiological context for S. macroura, S. 

crassicaudata and S. ooldea in the areas in Western Australia where the distributions of these dunnarts 

coincide. Six trapping sites were opened at Lake Mason Station (27.586 ºS, 119.519 ºE) in the eastern 

Murchison region of Western Australia during the austral winter, (912 pit trap nights) and summer (864 

pit trap nights). Field metabolic rate was proposed to be measured using the 86Rb technique, and adult 

dunnarts were proposed to be fitted with Holohil BD-2 radio transmitters to record movements, home 330 

ranges and preferred microclimates of sheltering sites. General trap success was low and trap success for 

the three target species was lowest in winter, with only four individuals captured (0.4 % trap success), 

one each of S. macroura and S. crassicaudata and two S. ooldea. Trap success for the target species was 

also low during summer with a single S. crassicaudata, three S. macroura, and three S. ooldea captured 

(0.8 % trap success). There were no recaptures. Based upon correlation of historical trapping data with 

ecological measures taken during 2008, it appears that S. ooldea occur more in sandplain sites with dense 

vegetation and high terrestrial invertebrate diversity, whereas S. crassicaudata were more common in 

lower quality habitats and S. macroura in hilly and rocky sites. Tentatively, it seems that S. ooldea may 

favour less variable microclimates, but are more temporally persistent than S. macroura and S. 

crassicaudata which occur across more variable microclimates, but are more prone to population 340 

fluctuations. 
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2.1 Introduction 
 

One of the objectives of comparative physiology is to study how animals relate to their 

environment (Withers, 1992) and how animals adjust to the adversities of these environments (Schmidt-

Nielsen, 1983). Most studies are undertaken in a laboratory setting, however the interpretation of 

laboratory measurements is often made difficult by a lack of quantified ecological context into which the 

responses measured in the laboratory can be fitted. A seminal review by Bradshaw (2003) suggested that 350 

some of the variables important as an ecological context in which to study physiology include 

photoperiod, rainfall, temperature, and water and energy (food) availability. Further, the impact that these 

external conditions have upon the physiology of the animal can be modified by the behaviour of the 

animal and the natural variability of the environment, and as such it is important to measure ecological 

variables across time and space at different scales. At a large scale, Bradshaw (2003) noted that there is 

an important component of genetic differences between intraspecific populations that is often overlooked 

in broader comparative work, where repeated validations of a species are expected to conform to values 

measured for conspecific populations. Furthermore, Bradshaw (2003) argued that the importance of 

many polymorphisms within a population is lost when sub-samples of the wild population are transferred 

to unnaturally uniform conditions of climate and nutrition, an argument which brings us full-circle to the 360 

importance of quantifying the natural context of a species’ local population, and comparing this to 

laboratory findings.  

 

An important component of the environment that will have fitness implications for animals is 

energy availability and how the animals manage their energy budget within the bounds of that 

availability. Animal energetics is a branch of physiology concerned with how much energy animals 

require to carry out the functions of life, how they achieve this, and how they manage their energy 

requirements in relation to the resources available to them in their environment (Schmidt-Nielsen, 1983; 

Withers, 1992). A standard measure of how much energy animals require is their metabolic rate, most 

often measured as O2 consumption or CO2 production (Schmidt-Nielsen, 1983; Withers, 1992), and 370 

informative data can be gathered in a laboratory context to elucidate responses to a range of controlled, 

quantified, but ultimately unnaturally invariant conditions (see subsequent Chapters). There has, 

however, been increasing interest in studying animals’ physiological responses in their natural 

environments, and with natural and uncontrolled environmental variability (Bradshaw, 2003), i.e. field 

metabolic rate (FMR) related to the environment in which the animals live. For example, in a recent 

review of the thermal biology of carnivorous marsupials, Geiser (2003) noted that most of the 

physiological data for both S. crassicaudata and S. macroura are derived from laboratory investigations, 

with almost no field work, or work with other species of Sminthopsis. As he notes, laboratory data allow 

for strong interspecific comparison, but generally focus on only one aspect of energy expenditure, free of 

any costs of thermoregulation, digestion, locomotion, reproduction and many of the intrinsic behaviours 380 

that animals engage in while in an ecological setting. Torpor is well studied in the laboratory, and plays 

an important role in the energy budget of Sminthopsis (Godfrey, 1968; Geiser and Baudinette, 1985; 

Holloway and Geiser, 1995; Song and Geiser, 1997; Song et al., 1998; Cooper et al., 2005), but little is 

known about how species use torpor in the field. Frey (1991) suggested that torpor by free-ranging S. 

crassicaudata imparted energy savings similar to that predicted from laboratory findings. The same 
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study also concluded, however, that this species did not use torpor often, but accrued significant energy 

savings through nesting, huddling, basking, and microclimatic habitat through choice of shelters. All 

these responses are aspects of an ecological context that cannot easily be replicated in the laboratory, but 

which substantially alter the interpretation of laboratory data. Clearly further study is required to 

establish the relative importance of physiological and behavioural responses to energy challenge in 390 

Sminthopsis, and Geiser (2003) suggested that more work on the thermoenergetics of free-ranging 

individuals is needed to assess physiological adaptations in the wild.  

 

The primary aim of this chapter was to present some contextual information on the ecosystems 

in which these two species can be found, and more specifically from within the small geographical range 

where they co-occur. I aim to quantify physical parameters of the broader ecosystem such as climate, 

vegetation structure, and soil substrate coupled with some standard measures of small mammal 

ecophysiology, such as indices of energy availability and prey diversity, movements, and home ranges to 

compare between the species. I also aim to provide a context in which to interpret the physiological 

responses of these species where their distributions overlap in Western Australia, and to determine 400 

whether there are ecological differences between the species in the context of their physiology. Given 

that the aim of this Chapter was merely to explore the ecological differences between the species in 

Western Australia, I do not have any specific hypotheses on how I expect these differences to manifest, 

but I do expect substantial differences in the ecological physiology of these species because they are 

sympatric, so presumably there must be some isolating mechanisms. 

 

A secondary aim of this Chapter was to measure the energetic requirements of each species 

while free-ranging in their natural habitat, and to determine their home range area, which could then be 

compared to the data of prey availability and diversity, and microclimatic conditions preferred by the 

dunnarts. Due to the costs of established techniques to measure FMR, this study was intended as a field 410 

trial of the 86Rb technique to measure FMR (see laboratory validations in Appendix 1). My first 

hypothesis was that low FMR for either species (indicative of the use of torpor) was expected to coincide 

with conditions of high thermoregulatory challenge of coincident low ambient temperatures and low food 

availability or quality. Therefore, FMR would vary seasonally, being lower in winter when insect prey is 

less abundant, and conditions are much colder. My second hypothesis was that differences between the 

species’ FMRs may correlate with behavioural adaptations to environmental conditions, such as 

communal habits, and home range size and overlap, or with differences in the microhabitats where they 

live.  

 

2.2 Methods 420 

 

Field Location and Trapping Technique 

Trapping was undertaken on Lake Mason Station (27.586 ºS, 119.519 ºE) in the eastern 

Murchison region of Western Australia (Figure 2.1). The site is a Department of Environment and 

Conservation (DEC) Western Australia conservation reserve and research station with a series of 

permanent pit trapping sites. Each trap site consisted of two 30 m drift lines of aluminium flywire, 

usually established in parallel approximately 50 m apart. Six pit traps, consisting of three 20 L plastic 
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buckets and three 300 mm sections of PVC drainage pipe subtended each drift line. Six trapping sites 

were opened during the austral winter, between July 1 and 19, 2008 (912 pit trap nights) and summer, 

between December 1 and 15, 2008 (864 pit trap nights). Since dunnarts are most readily trapped in pits, 430 

no other form of trap was employed during the winter survey. During summer, however, Elliot traps 

were also used; they were baited with tinned cat food and checked daily. Historical data from the site 

(Mark Cowan, DEC WA) show that both species occur at the site, and in reasonable numbers (Table 

2.1). Pit sites 6, 9, 10, 15, 19 and 20 were opened based upon these previous data, and the descriptions of 

these habitats can be found in Table 2.1, and photographs in Plate 1.1. 

 

Table 2.1: Previous trap success for the two study species at Lake Mason Station; data provided by Mark 

Cowan (DEC WA). Grey cells represent trap sites that could not be located for my study. Site 

24 appears to have been disturbed by a gravel pit, and could not be located, nor could sites 7 

and 18, although these were also obvious sites to target S. macroura. 440 

Site Vegetation Soil Type Sminthopsis 
ooldea 

Sminthopsis 
macroura 

6 
Sparse tall Mulga (Acacia aneura) 
shrubland over open Mulga shrubland 
over sparse mixed herbs 

Quartz hill slope to 
crest 2 28 

7    13 

9 
Open Melaleuca and Mulga tall 
shrubland over open saltbush (dominated 
by Halosarcia) shrubland 

Red sand plain 3  

10 
Sparse tall mulga and chenopod 
shrubland (dominated by Maireana) over 
open Halosarcia low shrubland 

Red clay sand 
bordering the Lake 
Mason saltpan 

 6 

14    7 

15 Moderately dense Mulga tall shrubland 
over sparse mixed dwarf shrubs 

Banded ironstone 
hillside and crest 
over red clay 
subsoils 

 18 

18    14 

19 

Moderately dense Eucaplytus woodland 
over open mixed shrubland over 
moderately dense spinifex (Triodia sp.) 
hummock grassland 

Red sand plain 3  

20 

Sparse Acacia tall woodland over Mulga 
tall shrubland over mixed low shrubland 
over spinifex hummock grassland and 
mixed herbs 

Red gravely sand 
bordering a 
hardpan 

 3 

23    12 
24    7 
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Figure 2.1: Location of trapping sites at Lake Mason Station. The station boundaries are outlined, 

prescribing the different vegetation types identified by the DEC. 

 



S.
 T

om
lin

so
n 

C
om

pa
ra

tiv
e 

Ec
op

hy
sio

lo
gy

 o
f S

m
in

th
op

si
s s

pp
. 

 Ph
D

 
 

17
 

Pl
at

e 
2.

1:
 T

ra
pp

in
g 

sit
es

 a
t L

ak
e 

M
as

on
 (J

ul
y 

20
08

). 

  

Si
te

 6
 

Si
te

 9
 

Si
te

 1
0 

Si
te

 1
5 

Si
te

 1
9 

Si
te

 2
0 



S. Tomlinson Comparative Ecophysiology of Sminthopsis spp.  PhD 
 

18 

 

Climate and Ecosystem Measures 

Temperature and relative humidity were measured at sites 10 and 15 in both trapping seasons by 

deploying HOBO data loggers encased in plastic containers that were positioned open to the east-west 

orientation. The containers were fastened at approximately waist height (~100 cm) in full sun, but with 450 

reflective aluminium foil covers to shield them from direct radiation; they collected data every 15 

minutes. The data loggers were calibrated using the temperature controller unit in the respirometry 

system for an hour at 10, 20 30 and 40 °C for an hour each. Regional data were recorded by the Bureau 

of Meteorology at the Yeellirrie Weather Station (Station 12090, 27.28 °S, 120.09 °E), approximately 60 

km north-west of the trapping sites. Microclimate measures of dunnart sheltering points were to be made 

by tracking dunnarts to refuges using radio-telemetry and deploying iButtons set to record ambient 

temperature once every 15 mins, but the lack of dunnart recoveries made this impossible (see below). 

 

Vegetation measures were made at each trapping site using 20 m square vegetation survey plots 

established by DEC (Figure 2.1). It was proposed to repeat these measures within preferred microhabitats 460 

as suggested by relative utilisation by radio-tagged dunnarts to make comparisons of preferred 

microhabitats with trapping sites, but the lack of dunnart recoveries precluded this. At each trapping site 

a description of the vegetation type was made, the number of strata in each habitat, the percentage cover 

of each stratum and the longest and shortest straight-line distances between five randomly selected plants 

in each stratum. Measures of food availability were made by collecting all invertebrate by-catch in the 

pits. These were weighed fresh each day (henceforth discussed as wet masses), and then preserved in 

100% ethanol. Upon return to Perth, they were dried and sorted by order and each group was weighed for 

each site for each season. 

 

Isotope Turnover and FMR Estimation 470 

FMR was to be measured using the 86Rb technique, which I validated by laboratory trials 

(Appendix 1). The dunnarts were injected with 0.1 mL of 0.5 MBq of 86RbCl (Perkin Elmer, Brisbane 

Australia), marked with a unique number dyed into the tail using KMnO4 solution and allowed to 

equilibrate for two hours. Following this equilibration period, a minimum of three 60sec whole body 

counts of 86Rb gamma emissions were made using a Nucleonics PSR8 portable gamma counter 

(Nucleonics, Edinburgh, United Kingdom), averaged and accepted if the coefficient of variation was 

<1% to establish  ES enrichment level, and the dunnarts were released at site of capture and allowed to 

range freely. Upon recapture the dunnarts were to be identified by number and recounted to establish the 

recapture level of 86Rb. There were, however, no recaptures. 

 480 

Distribution Level Differences 

 Geographical patterns of climate across the distributions of the three Sminthopsis species (Aslin, 

1983; Morton, 1983a; 1983b; McKenzie et al., 2006) were investigated using Esri ArcView 2.3 and 

ArcGIS 8 to extract the proportion of land area composed of different categories of average highest 

maximum (Ta max, ºC) and average lowest minimum (Ta min, ºC) temperatures, average annual rainfall 

(mm) and rainfall variability (mm) between years and the Gentilli (1971) aridity index which combined 

monthly average rainfall with monthly average temperature. These coverages have previously been used 
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for biogeographical studies of Australian mammals, and are described fully in Tomlinson and Withers 

(2008). These measures of climate were chosen, however, on the basis of their known importance to 

animal physiology and their capacities to limit animal distributions (e.g. McNab, 1970; Lovegrove, 2000; 490 

2003; Withers et al., 2006). 

 

Statistics 

To ascertain the relationships between sites, the ecological variables of these sites were 

summarised using separate principal components analyses (PCA) of historical records of dunnart 

community, contemporary vegetation measures and contemporary terrestrial invertebrate community.  I 

then tested whether the dunnart community structure could be interpreted on the basis of the ecological 

variables in two ways; first descriminant analyses on the basis of vegetation measures, terrestrial 

invertebrate biodiversity measures and both combined and second by comparing the dunnart community 

structure to the other ecological variables using canonical correlation. Differences in proportional 500 

composition of the distributions were tested by comparing the relative frequencies within each climatic 

variable using Kolmogorov-Smirnov tests. Data are presented as mean ± S.E with sample size (n). 

 

2.3 Results 
 

Trap Success and Capture Rate 

General trap success was low during the winter trapping period, with only 13 individuals 

representing 11 species of vertebrate captured (a trap success of 1.4 %; Table 2.2). Trap success for the 

three target species, S. macroura, S. crassicaudata and S. ooldea was much lower, with only four 

individuals captured (0.4 % trap success), one each of S. macroura and S. crassicaudata and two S. 510 

ooldea. None of the dunnarts captured was large enough to be fitted with a radio transmitter (all were 

less than 15 g). There were no recaptures. General trap success during the summer period was 

substantially higher, with 174 individuals representing 42 vertebrates (20.1% trap success; Table 2.2). 

Trap success for the target species, however, remained low, with a single S. crassicaudata, three S. 

macroura, and three S. ooldea captured (0.8 % trap success). As with the winter trapping period, there 

were no recaptures. 

 

Historical trapping records for Lake Mason (Mark Cowan, DEC WA, unpublished data) suggest 

that there was strong dissimilarity in the dunnart communities at the trapping sites surveyed in 2008. 

PCA of these historical data suggests strong dominance of dunnart communities by two principal 520 

components, which are dominated by S. crassicaudata and S. ooldea respectively, and both are 

negatively dominated by S. macroura captures (Table 2.3). Casewise PCA scores suggest that Sites 10 

and 20 (Lake Mason lake bed and a granitic hardpan, respectively) were dominated by S. crassicaudata, 

Sites 9 and 19 (Spinifex sandplains) were dominated by S. ooldea and Site 15 and 6 (ironstone hills and 

granite hills respectively) were dominated by S. macroura. Plotting the casewise PCA scores suggests 

that the trapping sites cluster distinctly based on historical dunnart communities (Figure 2.2). 
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Table 2.2: Captures by species, site and season during the trapping survey periods at Lake Mason 

Station. Left-hand columns at each site represent summer captures, and right-hand columns 

are winter captures. 530 

Sites 6 9 10 15 19 20 
s w s w s w s w s w s w 

Amphibians             
Cyclorana platycephala   1          
Neobatrachus aquilonius           1  

Reptiles             
Diplodactylus conspicilatus         4    
Diplodactylus granariensis     1        
Diplodactylus pulcher 20          6  
Gehyra variegata   2      1    
Heteronotia binoeii 1  3  1  1      
Lucassium squarrosum 7    4        
Nephurus vertebralis   5          
Rhyncoedura ornata 1  16 1 1      1  
Strophurus elderi         2    
Strophurus strophurus   6    1      
Cryptocepahlus plagiocephalus      1       
Ctenotus atlas          1   
Ctenotus grandis         1    
Ctenotus helenae         3    
Ctenotus leonhardii   4  2  2    2  
Ctenotus pantherinus         4    
Ctenotus piankaii         1    
Ctenotus quattordecimllineatus         2    
Ctenotus saxatillis          1   
Egernia depressa 1            
Egernia striata         1    
Eremioscincus richardsoni   2    3      
Lerista desertorum   4  1        
Lerista macropisthopus         2  1  
Lerista mueleri     1        
Menetia greyi 2 1   1 1 1    1  
Ctenophorus isolepis   1          
Pogona minor   2    1      
Varanus caudolineatus 1          4  
Varanus gouldii   1          
Brachyurophis fasciolatus   1          
Brachyurophis semifasciatus   2      1    
Parasuta monachus   1          
Pseudonaja modesta 1        1    
Ramphotyphlops hamatus   1  2    4  2  
Ramphotyphlops waitii         1    
Simoselaps bertholdii   2 1   1      

Mammals             
Mus musculus     1        
Ningaui rideii         7 1   
Sminthopsis crassicaudata     1       1 
Sminthopsis longicaudata       1 1     
Sminthopsis macroura 1 1   1      1  
Sminthopsis ooldea   2 1    1   1  
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Table 2.3: PCA of dunnart communities at Lake Mason, based upon historical trapping surveys. 

Principal components are dominated by two eigenvectors. PC 1 indicates a strong presence of 

S. crassicaudata, while PC 2 indicates a strong preference for S. ooldea. 

Explained Variance (Eigenvalues) 
Value PC 1 PC 2 

Eigenvalue 1.689 1.153 
% of Variability 56.307 38.450 
Cumulative % accounted 56.307 94.757 
Component Loadings 

Variable PC 1 PC 2 
S. macroura -0.393 -0.902 
S. crassicaudata 0.959 0.100 
S. ooldea -0.784 0.574 
Casewise PCA Scores 

Site PC 1 Site PC 2 
6 (rock) -1.308 6 (rock) -1.233 

19 (sand) -0.971 15 (rock) -1.186 
9 (sand) -0.714 10 (lake) -0.098 
15 (rock) -0.233 20 (hardpan) 0.146 
10 (lake) 1.508 19 (sand) 1.169 

20 (hardpan) 1.719 9 (sand) 1.201 
 

Table 2.4: Mass of insect by-catch gathered from pit trapping sites at Lake Mason Station in 2008 

for 912 pit trap nights in winter and 864 pit trap nights in summer. Subsequent measures 

of terrestrial invertebrate biodiversity are calculated at the ordinal level. These are 

assumed to reflect diversity of food sources open to dunnart predation. 

Site 

Winter Mass 

(g) 

Summer Mass 

(g) 

Biodiversity Indices 

Winter Summer 

Wet Dry Wet Dry S H’ J’ S H’ J’ 

6 2.5  0.7 99.5  61.8  5 0.87 0.54 9 1.61 0.73 
15 7.2 2.3 60.2  26.2 6 1.33 0.74 10 1.98 0.86 
9 2.6 0.6 128.8  47.7 5 0.92 0.57 10 1.79 0.78 

19 10.1 1.6 61.6  32.2 10 1.32 0.57 11 1.75 0.73 
10 6.5 1.2 31.9  18.7 6 1.25 0.70 8 1.45 0.70 
20 3.1 0.9 118.8 62.8 5 1.47 0.91 8 1.26 0.61 

 540 

Food Availability 

Insect bycatch at each trapping grid in winter was only 5.30 ± 1.30 g (total), which was 0.006 ± 

0.001 g  per trap night of insect wet biomass available across the sites, but with very high variability, 

ranging from 2.5 g (0.003 g.trap night-1) at Site 6 to 10.1 g (0.011 g.trap night-1) at Site 19 (Table 2.4). 

Summer was a much more productive invertebrate trapping period, with an average mass of 82.3 ± 15.3 

g (0.0950 ± 0.0180 g.trap night-1) of wet biomass across all sites, again with quite high variability 

ranging from 31.9 g (0.070 g.trap night-1) at Site 15 to 128.8g (0.149 g.trap night-1) at Site 9 (Table 2.4). 

PCA suggested no strongly dominant principal components, where PC1 only explains 32.6% of the total 

variability, and none of the components were strongly related to any of the invertebrates measured (Table 

2.5). PC1 is heavily dominated by food availability (mass), while PC2 is dominated most heavily by 550 
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invertebrate biodiversity. Casewise PCA scores suggest that Sites 10 and 20 (Lake Mason lake bed and a 

granitic hardpan, respectively) were both heavily dominated by a negative weighting of PC2, but had 

opposite weightings of PC1 (Figure 2.2), Sites 9 and 19 (Spinifex sandplains) were dominated by heavily 

positive PC2 scores, but were equivocal in regards to PC1 (Figure 2.2), and Site 15 and 6 (ironstone hills 

and granite hills respectively) were not dominated by either principal component (Figure 2.2). Therefore, 

I consider my limitations largely on the basis of winter biomass records, considering that summer seems 

to be a very good season for dunnarts (Figure 2.3). 

 

Table 2.5: PCA of food availability and vegetation structure of trapping sites at Lake Mason Station, 

showing poor explanatory power for these variables. 560 

Explained Variance (Food Availability)  Explained Variance (Vegetation) 
Value PC 1 PC 2  Value PC 1 PC 2 

Eigenvalue 6.52 4.9  Eigenvalue 5.28 3.35 
% of Variability 32.6 24.9  % of Variability 37.7 23.9 
Cumulative % accounted 32.6 57.5  Cumulative % accounted 37.7 61.6 

Component Loadings (Food Availability)  Component Loadings (Vegetation) 
Variable PC 1 PC 2  Variable PC 1 PC 2 

Ants 0.329 -0.069  number of  strata 0.875 0.412 
Beetles 0.902 0.065  % cover (S1) 0.780 -0.539 
Centipede 0.468 0.627  % cover (S2) 0.228 0.687 
Cockroaches -0.309 -0.423  % cover (S3) -0.620 -0.157 
Dragonflies -0.850 0.152  % cover (S4) 0.940 -0.284 
Earwigs -0.448 -0.426  maximum distance S1 -0.923 0.325 
Flies -0.192 -0.484  maximum distance S2 -0.525 0.172 
Grasshoppers -0.631 -0.001  maximum distance S3 0.159 -0.730 
Hymenopterans (non-ant) -0.104 0.778  maximum distance S4 0.700 0.313 
Isopods -0.645 0.604  minimum distance S1 0.907 0.259 
Larvae 0.243 0.528  minimum distance S2 0.334 0.337 
Silverfish 0.552 0.251  minimum distance S3 0.058 0.987 
Spiders -0.575 0.238  minimum distance S4 0.014 0.301 
Total dry mass 0.870 0.157  Substrate type 0.090 -0.544 
Water 0.392 0.664     
Wet Mass 0.745 0.494     
S -0.819 0.095     
H' -0.453 0.830     
J' -0.215 0.909     

 

None of the measurements of food or water availability that I took correlated very well with the 

observed patterns of dunnart abundance. There was more pre-formed water available at Sites 10 and 19 

(by subtracting wet mass from dry mass; Table 2.4), both of which were dominated by spiders in winter 

(Table 2.6). Dominance by any particular group of terrestrial invertebrates was heavily influenced by 

summer availability in the favour of beetles (Table 2.6), but there was little to suggest taxonomic patterns 

based upon invertebrate biomass in winter. Standard biodiversity indices (SW, SR and Evenness), also 

suggested that Sites 9, 15 and 19 were the most biodiverse; these tended to have S. ooldea, whereas more 

marginal ecosystems were associated with S. crassicaudata. Discriminant analysis did not suggest that 

any of the elements of the summarised terrestrial invertebrate community (dry mass, wet mass, water 570 

availability, S. H’ or J’) correctly classified the observed patterns in the dunnart community at each 

trapping site.  
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Figure 2.2: PCA plots of capture sites on the basis of historical dunnart captures (A), contemporary 

terrestrial invertebrate community composition (based on biomass; B) and 

contemporary vegetation measures (C). Triangles represent rocky sites (6 & 15), circles 

represent sandplains (9 & 19) and squares represent the lake and hardpan (10 & 20). 

The trapping sites appeared to cluster distinctly on the basis of dunnart community, but 

not on the basis of any other measures. 
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Table 2.6: Seasonal patterns of the terrestrial invertebrate communities at each site. Percentages 

represent the proportion of the total mass of invertebrates captured in the pit trapping lines in 

that season (S = summer, W = winter, A = annual). Sites 6 & 15 were rocky sites, sites 9 & 19 

were sandy sites, and sites 10 & 20 were the lakebed and hardpan sites. Black numbers 

indicate the most dominant group, while grey numbers indicte marginal captures. 580 
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6 
S 2.0 0.0 5.8 6.4 10.1 0.0 0.0 0.1 0.1 0.0 6.1 0.0 64.9 0.0 4.4 

W 30.0 0.0 30.0 30.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0 0.0 5.0 0.0 0.0 

A 2.6 0.0 6.3 6.9 9.9 0.0 0.0 0.1 0.1 0.0 6.1 0.0 63.7 0.0 4.3 

15 
S 0.2 1.5 16.4 23.6 0.8 0.0 0.0 1.9 0.0 0.0 6.8 0.0 29.8 9.7 9.3 

W 10.5 0.0 9.2 22.4 0.0 0.0 1.2 0.0 0.0 0.0 0.0 0.0 2.6 54.0 0.0 

A 1.5 1.3 15.5 23.4 0.7 0.0 0.2 1.7 0.0 0.0 5.9 0.0 26.3 15.3 8.1 

9 
S 0.1 0.9 4.1 4.1 24.6 0.0 0.0 0.7 1.8 0.0 2.4 0.0 45.4 0.0 15.8 
W 43.7 13.1 21.8 17.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.9 0.0 0.0 

A 1.0 1.1 4.5 4.4 24.1 0.0 0.0 0.7 1.8 0.0 2.4 0.0 44.6 0.0 15.5 

19 
S 0.3 0.4 0.1 2.9 23.1 0.0 0.0 3.0 0.1 0.1 21.0 0.0 48.7 0.1 0.0 
W 2.5 2.7 13.7 35.5 0.0 0.0 2.5 2.5 5.5 0.0 8.2 0.0 24.6 2.5 0.0 

A 0.4 0.5 0.8 4.5 22.0 0.0 0.1 3.0 0.4 0.1 20.3 0.0 47.5 0.3 0.0 

10 
S 0.3 0.0 3.8 28.5 1.7 0.0 0.0 0.0 0.0 0.0 4.2 0.0 60.8 0.3 0.3 

W 2.2 0.0 25.8 64.5 0.0 2.2 0.0 0.0 0.0 0.0 0.0 0.0 2.2 3.2 0.0 
A 0.5 0.0 6.0 32.0 1.6 0.2 0.0 0.0 0.0 0.0 3.8 0.0 55.1 0.6 0.3 

20 
S 0.1 0.3 13.3 2.9 5.4 0.0 0.0 0.0 0.1 0.0 3.2 0.0 74.8 0.0 0.0 

W 1.3 0.0 0.0 1.3 0.0 0.0 0.0 1.3 0.0 0.0 0.0 1.3 95.0 0.0 0.0 
A 0.1 0.3 13.0 2.9 5.3 0.0 0.0 0.0 0.1 0.0 3.1 0.0 75.2 0.0 0.0 

 

Ecology of Trapping Sites 

The ecology of the trapping sites, based upon their vegetation structure and soil type, did not 

offer clear-cut patterns by PCA (Figure 2.2), and no strongly dominant principal components, where PC1 

explained only 37.7% of the total variability, and none of the components were strongly related to any 

particular aspect of the vegetation structure. Despite this, discriminant analysis suggested that the 

minimum distances between vegetation strata three and four (the lower layers of the vegetation) and also 

the soil substrate were important in classifying the trapping sites on the basis of their dunnart 

communities (Table 2.7).  

 590 

Canonical correlation of dunnart captures with ecological variables did not relate any elements 

of terrestrial invertebrate biodiversity or vegetation structure with patterns of dunnart abundance at the 

trapping sites (Table 2.8), and no significant correlations were found (Pearson’s r = -0.026; p = 0.961). 

Plotting the canonical variates, however, still produced distinct clusters of sites by habitat (Figure 2.4), 

most probably relating to substrate type, and co-correlated vegetation structures, where S. ooldea is 

found on densely vegetated sands, S. macroura is found on sparsely vegetated rocky slopes and S. 

crassicaudata is equivocal in its habitat preferences.  
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Table 2.7: Discriminant analysis by vegetation structure measures, for dunnart communities at each 600 

trapping grid. Dunnart communities can be correctly modelled on the basis of minimum 

distances between vegetation in the lower two layers, and the substrate (other variables 

exceeded minimum tolerance by < 0.000001). 

Classification Function Coefficients 
Variable Fn 1 Fn 2 Fn 3 

minimum distance S3 199.482 204.065 314.526 
minimum distance S4 12.652 10.760 15.983 
Substrate 216.340 226.972 346.283 
Constant -223.367 -241.647 -562.599 

Classification Table 
Actual Group Predicted Group 

 S. macroura S. ooldea S. crassicaudata 
S. macroura 2 0 0 
S. ooldea 0 2 0 
S. crassicaudata 0 0 2 
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Figure 2.3: Seasonal factors at Lake Mason station. Dark green represents terrestrial invertebrate 

wet biomass (g), pale green represents dry invertebrate biomass (g), blue represents the 

difference between the two as preformed water availability (g) calculated from data 

gathered in the trapping seasons described here. Light red represents the average daily 

maximum temperatures and dark red the daily minimum temperatures (°C) for the area 

recorded by the Western Australia Bureau of Meteorology. Black bars represent S.E. 

where available. 
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Table 2.8: Canonical correlation of patterns of dunnart abundance explained by ecological measures, and 

the significance of the correlation of the variables. S1, S2, S3 and S4 are vegetation strata 

levels from ground level upwards, and distances were measured between individual plants in 

these strata  

Proportion of dunnart variance explained by ecological variates (vegetation and invertebrates) 
Variable CV 1 CV 2 CV 3 

S. macroura 0.153 0.284 0.250 

S. crassicaudata 0.597 0.802 0.630 

S. ooldea 0.279 0.321 0.258 

Average 0.343 0.469 0.379 
Correlation significance (p) 

 S. macroura S. crassicaudata S. ooldea 
Number  of strata 0.9006 0.5460 0.9187 

% cover (S1) 0.3629 0.7155 0.3799 
% cover (S2) 0.9879 0.6990 0.1987 
% cover (S3) 0.8682 0.9161 0.5752 
% cover (S4) 0.2986 0.9187 0.6225 

maximum distance (S1) 0.2955 0.9649 0.5876 
maximum distance (S2) 0.2204 0.2643 0.5985 
maximum distance (S3) 0.8767 0.2724 0.2011 
maximum distance (S4) 0.5705 0.9452 0.7166 
minimum distance (S1) 0.3578 0.3292 0.7525 
minimum distance (S2) 0.9008 0.0801 0.5922 
minimum distance (S3) 0.2318 0.7575 0.2211 
minimum distance (S4) 0.0717 0.5010 0.6343 

substrate 0.0984 0.1201 0.8243 

prey dry mass 0.7412 0.9029 0.7386 
water availability 0.3860 0.8008 0.3808 
prey wet mass 0.7575 0.9354 0.4702 

invertebrate richness (S) 0.5313 0.4503 0.7810 
invertebrate diversity (H') 0.5554 0.9969 0.4782 
invertebrate diversity (J') 0.5937 0.7673 0.3711 

 610 

Distributional Climatic Patterns 

 Climatic data are summarised in Table 2.9. The distribution of S. macroura was dominated by 

average maximum temperatures between 41 and 45 ºC (approx 60% of the area), and minimum 

temperatures between 4 and 9 ºC (approx 70% of the area). The largest proportion of S. macroura’s 

distribution had average annual rainfall between 200-400 mm (approx 50% of the area), but this was 

moderately variable, between 1.0 and 1.5 (approx 60% of the land area). 56% of the distribution fell 

within the Gentilli (1971) aridity index of 10, where lower values reflect higher aridity.  

 

The distribution of S. crassicaudata was dominated by average maximum temperatures between 

30 and 40 ºC (approx 78% of the area), and minimum temperatures between 0 and 12 ºC (approx 75% of 620 

the area). The largest proportion of the S. crassicaudata distribution hadd average annual rainfall  
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between 0-400 mm (approx 74% of the area), but this was highly variable, between 0.5 and 1.5 (approx 

83% of the area). 51% of the distribution fell within Gentilli (1971) aridity index of 10 and 20. 

 

The distribution of S. ooldea was dominated by average maximum temperatures between 36 and 

40 ºC (approximately 62%), and was dominated by minimum temperatures between 4 and 6 ºC (approx 

72% of the area). The largest proportion of the S. ooldea distribution had average annual rainfall between 

0-300 mm (approx 81% of the area), but this was highly variable, between 1.25 and 2.0 (approx 72% of 630 

the area). The entire distribution fell under Gentilli (1971) aridity index between 5 and 10. 

 

Kolmogorov-Smirnov tests found statistical differences between the minimum and maximum Ta 

and rainfall variability for the three species’ distributions (Table 2.10). Maximum Ta and rainfall 

variability were different between the distributions of S. macroura and S. ooldea. Both S. macroura and 

S. crassicaudata also had more variable temperature conditions across their distributions than S. ooldea, 

especially the minimum temperatures, when the dunnarts actively forage. Qualitatively, it appears that 

both S. macroura and S. crassicaudata had distributions that are more semi-arid than S. ooldea, which 

appears to be confined to areas of much lower and more variable rainfall and higher aridity, and the lack 

of statistical difference may result from the coarse nature of this spatial data set. The analysis conducted 640 

here, however, is difficult to generalise to ecophysiological differences, because it is hard to quantify the 

population dynamics and interactions of the different climatic regimes across the distribution. Spatial 

abundance information, showing that, for example, S. macroura are less abundant within the distribution 

of S. ooldea would allow for correlation of dunnart abundance with ecological factors, and comparison of 
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Figure 2.4: Plots of casewise canonical variates, showing that habitats cluster broadly together 

where matrices of dunnart abundance, vegetation patterns and invertebrate biodiversity 

are compared. Triangles represent rocky sites (6 & 15), circles represent sandplains (9 

& 19) and squares represent the lakebed and hardpan (10 & 20). 
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the two species’ preferences. This kind of spatial data, however, is not available. Given the area and 

remoteness of the distributions of the species that have been investigated here, however, it seems 

unlikely that such data will be generated soon. 

 

Table 2.9: The proportion of the distribution of Sminthopsis macroura, S. crassicaudata and S. ooldea 

composed of each category of climatic correlate studied. 650 

Climatic Correlate Category S. crassicaudata S. macroura S. ooldea 

Ta Max 
(ºC) 

15-20 0.04 0 0 
21-24 0.04 0 0 
25-27 0.04 0 0 
28-30 0.05 0 0 
30-32 0.54 0.04 0.03 
33-35 0.11 0.25 0.26 
36-40 0.13 0.11 0.62 
41-45 0.04 0.60 0.08 

Ta Min 
(ºC) 

-5 to -3 0.08 0 0 
-3 to 0 0.09 0 0 

0-3 0.11 0.04 0.01 
4-6 0.35 0.38 0.72 
7-9 0.19 0.32 0.24 

10-12 0.10 0.22 0.03 
13-15 0.08 0.05 0 

Rainfall 
(mm) 

0-200 0.20 0.13 0.34 
200-300 0.33 0.29 0.47 
300-400 0.21 0.21 0.17 
400-500 0.11 0.15 0.02 
500-600 0.01 0.10 0 
600-800 0.07 0.12 0 

1000-1200 0.07 0 0 
1600-2000 0.01 0 0 

Rainfall Variability 
(mm) 

0-0.5 0.11 0 0 
0.5-075 0.20 0.07 0 
0.75-1 0.21 0.23 0.05 
1-1.25 0.21 0.30 0.22 

1.25-1.5 0.22 0.30 0.33 
1.5-2 0.05 0.11 0.39 

Aridity Index 

5 0.16 0.07 0.36 
10 0.30 0.56 0.64 
20 0.21 0.28 0 
30 0.14 0.08 0 
40 0.10 0.01 0 
50 0.09 0 0 
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Table 2.10: Kolmogorov-Smirnov comparisons of proportional composition of the distributions of S. 

crassicaudata, S. macroura and S. ooldea. 

Climatic Correlate Sp1 Sp2 D Dcrit n p 

Ta Max 
(ºC) 

S. crassicaudata S. ooldea 0.794 0.454 8 <0.05 
S. macroura S. ooldea 0.512 0.454 8 <0.05 

S. crassicaudata S. macroura 0.787 0.454 8 <0.05 

Ta Min 
(ºC) 

S. crassicaudata S. ooldea 0.615 0.483 7 <0.05 
S. macroura S. ooldea 0.400 0.483 7 N.S. 

S. crassicaudata S. macroura 0.591 0.483 7 <0.05 

Rainfall 
(mm) 

S. crassicaudata S. ooldea 0.282 0.454 8 N.S. 
S. macroura S. ooldea 0.394 0.454 8 N.S. 

S. crassicaudata S. macroura 0.399 0.454 8 N.S. 

Rainfall Variability 
(mm) 

S. crassicaudata S. ooldea 0.682 0.519 6 <0.05 
S. macroura S. ooldea 0.622 0.519 6 <0.05 

S. crassicaudata S. macroura 0.452 0.519 6 N.S. 

Aridity Index 
S. crassicaudata S. ooldea 0.536 0.519 6 <0.05 

S. macroura S. ooldea 0.363 0.519 6 N.S. 
S. crassicaudata S. macroura 0.392 0.519 6 N.S. 

 

2.4 Discussion 
 

Low capture rates at Lake Mason suggest that all three species are adapted to low population 

density, and that this density operates on a temporal scale of very low survival and success during time of 

low productivity, (although this has not been the case at Lake Mason for 2008 to 2009, where average 660 

annual rainfall = 249.0 mL, 2009-2009 rainfall = 278.9 mL, 112% of average; from Australian Bureau of 

Meteorology data), possibly followed by rapid population expansion during more productive times 

(presumably following unpredictable rainfall events). The ecological adaptation of the species is clearly a 

complex phenomenon. Since high numbers of both species were, however, perennially available during 

the period of this study at Lorna Glen Station, approximately 250km north of Lake Mason Station, where 

the S. ooldea for this study were captured, along with persistent reproductive records of both species, and 

generally richer terrestrial vertebrate biodiversity, I presume that both species occur in similar 

habitats.Lorna Glen has also been subject to drought (average annual rainfall = 259.3 mL, 2008-2009 

rainfall = 211.2, 81% of average; from Australian Bureau of Meteorology data), but the terrestrial 

vertebrate fauna there have not declined in the way that they have at Lake Mason, and the dunnart 670 

populations at Lorna Glen are still stable and productive (DEC internal monitoring data). Lorna Glen, 

however, has been subject to much more rigorous management activity, particularly removal of 

introduced grazing pressure and feral cat control, and it may be this that has facilitated the persistence of 

the fauna. I speculate that, at an ecological scale, the persistence of Sminthopsis species is not just 

affected by the climate of the site, but by its management history at specific sites. 

 

An analysis of historical dunnart captures suggests that the dunnart communities at Lake Mason 

station separate on the basis of some element of the different ecosystems. It appears that S. ooldea were 

trapped more often in sandplain sites, which support high terrestrial invertebrate diversity, whereas S. 

crassicaudata were trapped more in lower quality habitats around the salt lake and the hardpan, and S. 680 

macroura in rocky habitats (suggesting that factors other than those that I measured determine their 
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habitat preferences). Descriminant analysis and canonical correlation suggest that soil type and 

vegetation structure at the lowest vegetation levels correlate with the dunnart community structure. 

 

The density of the lower levels of the vegetation and the type of substrate correlate with the 

patterns of dunnart diversity at the trapping sites, suggesting that they could influence the suitability of 

these habitats for dunnarts. Red sandplains appear to be the most likely habitats for dunnarts to live in, 

with the most dense ground vegetation for refuges and cover, and may provide the most stable micro-

environments. Although Jury et al. (1991) found sand to have high thermal conductivity, loamy soils  

(characteristic of vegetated areas) are thermally stable at depths of 20 cm. Further, the shelter afforded by 690 

the cover would reduce the incident heat during summer, and provide insulation to reduce heat loss 

during colder phases of winter. Finally, sandy substrates are easier to burrow into, and probably support 

more abandoned burrows that dunnarts could inhabit, given that that dunnarts generally do not have the 

development of the pectoral girdle and forelimbs that are usually associated with strongly digging 

species. These sandy sites are correlated with the highest historical capture rates of S. ooldea, which 

might be suggestive of very specific thermal or hygric requirements in the species. The lakebed and 

hardpan sites are conceptually the next most challenging habitats for dunnarts to exploit, being more 

open habitats, with soils that are denser and harder to burrow, where Site 10 was on the heavy clays of 

the lake bed, and Site 20 was subtended by a hardpan, suggesting that these micro-environments may 

offer less thermal insulation, and the subsoils tend to be strongly hygroscopic, reducing humidity in soil-700 

confined air spaces such as burrows (Jury et al., 1991) offering generally harsher refuges. These had the 

highest historical capture rates of S. crassicaudata, which may be more adaptable than S. ooldea. The 

“harshest” microenvironments, with the most open vegetation and soils that are the hardest to dig in, with 

heavy clay subsoils that are probably very hygrically variable (Jury et al., 1991) are associated with the 

highest historical captures of S. macroura, suggesting that it is the most resilient to environmental 

variability. 

 

Placing these correlations into an ecophysiological context is difficult without the attendant data 

that would have resulted from FMR measurement and microhabitat selection information measured by 

recording movement patterns of the dunnarts. It is not clear whether energetics or water availability 710 

should be more limiting to dunnart microhabitat selection. Analysis of all available measures of resource 

availability, however, suggest that winter is the most trying season for dunnarts, with low food biomass 

and low water availability, coupled with extreme temperatures (Figure 2.3). High invertebrate 

biodiversity suggests a broad range of prey species that may be abundant for a greater spectrum of the 

year, increasing food availability in these microhabitats. Thus, it could be inferred that S. ooldea have 

high food requirements, while S. crassicaudata do not. It is not clear, however, whether S. crassicaudata 

are marginalised by losing out in competitive interactions with other species, or whether they actually 

prefer the less diverse habitats where they were found. Further, without conclusive ecophysiological data 

it is impossible to conclude whether the differences between the species are driven by energy 

requirements of high FMR and high levels of foraging activity to support these requirements, or by 720 

reduced FMR by physiological (e.g. torpor) or behavioural (e.g. social aggregation) means, by water 

requirements, or by factors other than those targeted by this study. 
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 At a distributional level, from the very coarse spatial analyses conducted here, S. ooldea was 

found in much more arid environments, where rainfall is lower, and rainfall variability is higher (both 

associated with physiological characteristics such as BMR; White et al., 2007), suggesting that the 

resources available in these ecosystems would be at generally very low levels for much of the time. 

Sminthopsis macroura and S. crassicaudata, although extending into these arid areas, had distributions 

that were generally much more semi-arid to mesic, suggestive perhaps of seasonally high productivity 

(White et al., 2007; and references therein). From the perspective of ambient temperatures, however, S. 730 

macroura and S. crassicaudata were found in areas with much more variable temperatures, and much 

lower minimum temperatures that S. ooldea. From the perspectives of animal energetics (to be discussed 

in the rest of the thesis), this may not be such a challenge to them as the hyper-arid (sensu Archer, 1981; 

Withers and Cooper, 2009) distribution of S. ooldea, because the thermoregulatory challenge of low Ta is 

offset by generally higher ecosystem productivity and energy availability. Despite the higher minimum 

temperatures, the distribution of S. ooldea may be a challenge to a small endotherm because of low levels 

of energy availability. 

 

Limitations of Interpretation 

The low correlation between matched data matrices (both environmental and invertebrate 740 

communities) is not surprising. The measures that I took might not be representative of the situation 

during the historical trapping period, because they are one-sample “snap shots” of the ecosystem in 2008. 

The trapping data are the cumulative work of several years of trapping. The measures of the ecosystem 

described here were taken at a time when very few dunnarts were captured, and thus correlations with 

past trap success were always likely to be weak. If the same analyses had been conducted on vegetation 

structure measured within microhabitats specifically selected by the dunnarts, and trapped at the same 

time as the environmental measures were taken, as was planned in the original study design, it may have 

yielded stronger results by increasing the temporal correlation of the data used for comparison. The 

interpretation of broad-scale distributional differences (sensu macrophysiology, Chown et al., 2004; 

Chown and Gaston, 2008) is made even more difficult because of the subtleties of physiological, 750 

behavioural and morphological adaptations, phylogenetic history and fine-scale variation in the climate 

and environment. These interactions would be much clearer operating from a mechanistic model 

(Kearney and Porter, 2004; Chown and Gaston, 2008; Kearney et al., 2008; Kearney and Porter, 2009), 

but this becomes a circular argument, since these mechanistic models must be informed on the basis of 

comparative studies. Despite this, it can still be seen from my data that S. macroura and S. crassicaudata 

occur over a much more variable range of environments than S. ooldea. 
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 760 

 

 

 
The ubiquitous Beetle: the people’s car, but not a 4wd exploration vehicle. Lake Mason Station, 2008. 
Sean Tomlinson all rights reserved.
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Chapter 3: Communal Behaviour as a Response to Environmental 

Challenge in Sminthopsis 

Summary 
Colonies of six male Stripe-faced Dunnarts (S. macroura) and six male Ooldea Dunnarts (S. 

ooldea) were held in custom-built arenas of 1400 cm2 (at a population density of 4.3 dunnarts.m-2), and 770 

exposed to a series of ambient temperature regimes for 14 days each, in the order of 18 - 28 °C, 5 - 15 

°C, 12 - 22 °C and 25 - 35 °C. Each morning it was noted which dunnarts were nesting together, and how 

many dunnarts were nesting communally, as well as body (Tb) and nesting box temperatures. The arena 

was video-recorded each night for the 12 h of darkness, plus 30 min of the light phase at either end.  The 

amount of activity time each night differed with environmental regime, where S. macroura showed low 

activity below the acclimation of 18 – 28 °C, and high activity at temperatures above this. Sminthopsis 

ooldea showed a similar pattern, but was less resilient to low Ta, and could only be tested at the 25 – 35 

°C, and the 18 – 28 °C regimes. Both species showed higher rates of aggressive interaction on the first 

night of each environmental regime, but following this there was low and constant aggression with 

further days of socialising. Against expectations, individuals from neither species showed particular 780 

fidelity to the boxes to which they were introduced. The average number of S. macroura in each nesting 

box showed no trend along the Ta gradient, but the proportion of S. macroura found in huddles increased 

significantly with decreasing Ta. There were no trends towards aggregation in S. ooldea at low Tas. I 

conclude that S. ooldea shows no social behavioural response to environmental temperature, but that S. 

macroura do use aggregation to offset the energetic cost of low Ta. There was, however, a maximum 

group size of three, beyond which more individuals were not tolerated, and additional groups must be 

formed. Such a plastic response of social aggregation in response to increasing environmental 

“harshness” (in this specific case in the form of energetic cost) appears to conform to the model of 

“facultative” sociality, where dominant individuals endure a small decrease in fitness compared to a large 

cost of ejecting unwanted group members. Subordinate individuals join the group and stay to increase the 790 

probability of their own survival above that of a solitary individual. In the specific case of the dunnarts in 

the artificial situation here, the costs for dominant dunnarts excluding subordinates from their nest boxes 

presumably becomes increasingly prohibitive as their energy budget becomes more restricted at lower 

temperatures, and the benefits of huddling accrue to all individuals. This pathway for the evolution of 

coloniality may be especially applicable in temporally variable habitats, where the long-term survival of 

all individuals, including dominants, may be more important than an immediate fitness gain (i.e. 

maximising survival is a better evolutionary strategy than maximising reproduction), given that breeding 

conditions are rare. This is a situation that occurs in much of the Australian arid zone. 

 

800 
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3.1 Introduction 
 

 An important consideration in the study of the physiology of carnivorous marsupials is the 

impact of behavioural adaptations on minimising energy requirements (Geiser, 2003). Many species 

utilise shelters in tree hollows, burrows, logs and soil crevices as resting places (Morton, 1983a; 1983b), 

which presumably reduces the energy costs of thermoregulation. They often build nests within these 

shelters that can further reduce energy expenditure (Geiser, 2003). Of more immediate interest to the 

present study is the tendency of small mammals to huddle, a behaviour that can conserve energy by 

reducing the thermal conductance of individuals within the group (Canals, 1997; Geiser, 2003). As such, 

huddling influences the individual metabolic response to temperature and a saving in daily energy 810 

expenditure has frequently been found for huddling endotherms (Vogt and Lynch, 1982; Ruf, et al., 

1991; Davenport, 1992; Scantlebury, et al., 2006). These savings can equate to up to a third of the daily 

energy budget (Vogt and Lynch, 1982; Karasov, 1983; Davenport, 1992). Hart (1971) suggested that 

huddling improves survival in the cold proportionate to the size of the group, and Séguy and Perret 

(2004) found that group size changed seasonally, presumably reflecting the potential energetic savings in 

different conditions and other constraints on the adoption of such behaviours. 

 

The physiological benefits of huddling are not, however, limited to energetic considerations. 

Huddling has also been found to reduce evaporative water loss (EWL) in Naked Mole Rats (Withers and 

Jarvis, 1980; Yahav and Buffenstein, 1991), and other rodents (Scantlebury et al., 2006); although 820 

studies of groups other than rodents are limited (Fleming, 1985). This reduction of EWL can be quite 

significant, given that Yahav and Buffenstein (1991) found a reduction of 31% in EWL in a huddle of 

eight individuals compared to huddled pairs, and Withers and Jarvis (1980) found even greater savings of 

over 60% in quads over isolated individuals, and 50% in quads compared to pairs. MacMillen and 

Grubbs (1976) suggested that nocturnal rodents that take daily refuge in burrows may balance water loss 

when they are active against reduced losses when sheltering in burrows. Such tradeoffs are especially 

likely if huddling in a confined burrow raises the relative humidity and Ta within the burrow to a point 

where EWL becomes negligible. As such, it is important to consider the social and behavioural aspects 

of a species’ ecology in conjunction with studies of their physiological attributes (see Chapters 4 - 6). 

 830 

The stripe-faced dunnart (Sminthopsis macroura) and the ooldea dunnart (S. ooldea) are similar 

in size, body mass, habits and ecology (Aslin, 1983; Morton, 1983). Although aspects of energetics of S. 

macroura have been studied extensively in the laboratory (Dawson and Hulbert, 1970; Geiser and 

Baudinette, 1987; Holloway and Geiser, 1995), basal metabolic rate (BMR) and patterns of 

thermoregulatory response across a range of ambient temperatures are yet to be measured for S. ooldea, 

and both species are measured in Chapter 4. Torpor has been studied extensively for the Fat-tailed 

Dunnart (S. crassicaudata; Godfrey, 1968; Geiser and Baudinette, 1987; Frey, 1991), and S. macroura 

(Geiser and Baudinette, 1985; 1987; Song et al., 1995; Song and Geiser, 1997; Song et al., 1998) but 

never for S. ooldea. Even though the data for S. macroura are limited, they suggest similar patterns of 

torpor as S. crassicaudata (Geiser and Baudinette, 1987; Geiser, 2003). Archer (1981) noted, however, a 840 

propensity of Sminthopsis towards considerable geographical variation in morphology, particularly in 

species with broad habitat ranges. Logically, species with a broad distribution face a greater variety of 
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climatic challenges, and should have diverse responses, whereas species with a narrow distribution may 

have limited phenotypic variability. Furthermore, morphological variation adapting species to different 

ecosystems should logically indicate other adaptations (physiological and behavioural).  

 

 Morton (1978a; b) suggested that S. crassicaudata had behavioural adaptations to the arid zone, 

perhaps even more so than physiological adaptations. They commonly form groups of two to eight 

individuals when resting in burrows in autumn and winter (surface Ta approx. 4 ºC). Frey (1991) also 

found that S. crassicaudata often shared nests with up to six other individuals, and that the average group 850 

size was highly variable (3.8 ± 2.3 individuals). Although both studies suggest that social grouping by S. 

crassicaudata is not obligate, Morton's (1978a) data suggest that very rarely is the entire population 

solitary. The apparent rarity of solitary S. crassicaudata suggests that aggregation may be a facultative 

response to some external condition, most likely ambient temperature, since the number of individuals in 

a huddle is larger at low ambient temperatures (Morton, 1978a). Other than these few studies describing 

some social behaviours for S. crassicaudata, the genus has not been examined concerning the 

phylogenetic distribution of sociality. From experience in maintaining captive breeding colonies, Dr. 

Bronwyn McAllen (University of Sydney, pers comm) suggests that individuals of S. macroura react 

aggressively if they are not housed separately (except when breeding), and that antagonistic encounters 

are dangerous to the individuals involved. Given the relative importance of such behaviours to S. 860 

crassicaudata, it is surprising that a broader conspecific investigation of such behaviours is obscured by 

the lack of reliable information concerning the sociality and propensity towards facultative communality 

for other Sminthopsis species.  

 

Given the recent increase in understanding of the importance of interactions between 

physiological and behavioural adaptations (Geiser, 2003 and references therein), I set out to investigate 

the behavioural responses of two Sminthopsis spp. to a range of different environmental conditions. 

Combined with physiological measurements made under the same range of environmental conditions 

(Chapters 4 - 6), I hope to describe the relative importance of physiological and behavioural adaptations 

in different dunnart species. In this Chapter I present the results of a laboratory study of the propensity to 870 

use non-antagonistic social interaction for two species of small marsupial insectivore, S. macroura and S. 

ooldea, proposed to ameliorate the energetic cost of reduced environmental temperatures or reduced food 

availability. This question has two parts, the decrease in aggressive interactions and the increase in social 

aggregation, a combination of which is required for a useful social behavioural response to 

environmental challenges. I hypothesise that group size will increase as temperature decreases and 

conversely that rates of aggressive encounter, and/or the aggression levels associated with these 

encounters should decline with decreasing Ta. Also, if energy is a limiting factor for dunnarts, then they 

should reduce their active behaviours in cold acclimation regimes. As a further consideration to the 

effects of temperature alone, Karasov (1983) suggested that seasonal variation in climate is a general 

problem for many endotherms, such that an annual low in the ratio of rate of energy supply to rate of 880 

energy demand occurs in winter. In short, food availability and quality decreases during periods when the 

energetic requirements imposed by low Ta increases, a scenario that is well supported by field data from 

environments where the two species studied here occur in sympatry (see Chapter 2). Given the 

interrelationship between ambient temperature, energetics, and food availability or nutritional quality, it 
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is postulated that group size may increase at low food availability or under low food quality conditions, 

even in relatively warm climatic regimes (i.e. near or above the thermoneutral zone). Consequently, this 

study examines the effects of acclimation to chronic Ta and food availability on the propensity towards 

social aggregation in two dunnarts, S. macroura and S. ooldea. 

 

3.2 Methods 890 

 

Animal Housing 

 The dunnarts were sourced as described in the general methods outlined in the Introduction, but 

the housing for this specific aspect of research required some modification. Ideally two experimental 

“colonies” consisting of six individuals would have been established for each species. It proved 

impossible to obtain and maintain a large enough group of S. macroura to do this, and only one colony 

was established for this species. The colonies of each species were housed in communal arenas of 1400 

cm2, where each individual had a separate housing compartment (42 × 32 × 30 cm), surrounding a central 

socialisation area. All areas were open to access by all dunnarts (Figure 3.1). Each individual box 

contained one cardboard nesting box, (12×4.5×3.5cm) filled with shredded paper. The central area 900 

contained a single cardboard nesting box (12×17×3.5cm) filled with shredded paper. Each nest box was 

fitted on the bottom interior, towards the closed end, with either a DS1922L or DS1921L iButton data 

logger (Maxim Integrated Products) to measure the temperature within each box every minute. One 

nesting box had a DS1923 iButton that logged temperature and relative humidity every two minutes. 

Food and water were provided at multiple sources (i.e. within each housing compartment) to prevent any 

dunnart being excluded by competition from access to food. To identify individuals, and because of the 

potentially unreliable and stressful nature of the “grab and stab” technique for repeated measuring of Tb 

(Williams et al., 2009), I attempted to implant all dunnarts with unique temperature-sensitive BioMedic 

Data Systems IPTT-100 microchips; however the small size of the dunnarts made rejection of the PITs a 

severe shortcoming of the protocol, and this protocol was abandoned for replicate colonies. In these 910 

subsequent groups, individuals were marked with a unique pattern dyed onto their tails with KMnO4 

solution, and body temperatures were measured using a rectal thermocouple, incorporating the errors 

discussed by Williams et al. (2009). 

 

Environmental Regimes 

 The dunnarts were exposed to a series of ambient temperature acclimation regimes for 14 days 

each. Temperature regimes consisted of a 12 hour minimum, followed by 10 °C elevation to a 12 hour 

maximum. The regimes used were 18 - 28 °C, 5 - 15 °C, 12 - 22 °C and 25 - 35 °C with the maintenance 

diet described in the Introduction. All four regimes were used for S. macroura; however, S. ooldea were 

found to be far less resilient to the presumably combined challenges of low ambient temperature and 920 

competition for resources, and some individuals were not able to persist under the 12 - 22 °C acclimation 

regime. Subsequent trials below this threshold were abandoned for S. ooldea, both in behavioural and 

physiological studies (see subsequent Chapters).  
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A two-week socialisation trial was begun for S. macroura with an 18-28 °C temperature regime, 

with food availability reduced to only 50% of normal. However the dunnarts were found to rapidly lose 

body mass to an unsustainable level. When food availability was increased to 80% the dunnarts stabilised 

body mass, but the trial was aborted after seven days when one individual died unexpectedly and was 930 

then cannibalised opportunistically by other colony members. Food limitation acclimations were not 

subsequently pursued for ethical reasons.  

 

Experimental Procedures 

The dunnarts were introduced and confined to their individual boxes for one night to acclimate 

and recognise their “home box” (in case such refuges are important retreats in antagonistic situations). 

The communal arena was then opened, and the dunnarts allowed to socialise freely. Each day I noted 

 
Figure 3.1: Schematic diagram of the socialisation arena. Each box around the perimeter represents an 

individual housing box, the interior face of which could be opened or closed, restricting 

the dunnarts to individual boxes, or open sociality. The small box in the centre represents 

the communal nesting box, and a smaller individual box was located in each individual 

housing box. 
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which dunnarts were nesting together, and how many dunnarts were nesting communally, within the first 

hour of light. Also, body temperatures (Tb) were recorded, and the nesting boxes were removed for this 

period and the temperature data were downloaded from the iButtons. Although these procedures 940 

disturbed the colonies, they were completed within 90 min, and the dunnarts were otherwise not 

disturbed. All interactions were video recorded each night for the 12 h of darkness, plus 30 min of the 

light phase at either end, using a XH7768 Webcam (Dick Smith Electronics), lit by a dim 7W globe. 

 

Statistical Analysis 

Each aggressive interaction in the video records was given an arbitrary rating of aggression. 

These fell into six categories: eviction (1), stand-off (1), short chase (2), long chase (3), tussle (4) and 

unprovoked attack (5), in order of increasing aggression. The average of this arbitrary classification 

represents the aggression score per unit time (i.e per night, or per acclimation). The level of aggressive 

interaction was integrated by summing the number of encounters and averaging over the amount of time 950 

that the dunnarts were active each night, to yield a rate of aggressive encounters per hour, hereafter 

referred to as the encounter rate. Since the first night was regularly associated with a higher encounter 

rate than subsequent nights of acclimation treatments, separate analyses were conducted excluding the 

first night. Encounter rates and aggression scores were compared using the mean of the replicate colonies 

for each species on each night of exposure using ANOVA. This assumed independence of each record, 

but given that individuals of colonies changed between different acclimation treatments (due to natural 

attrition), this was considered to be the least erroneous statistical approach, and, as discussed by Cohen 

(2008), the use of full-factorial ANOVA is generally more conservative than RM-ANOVA, especially as 

it should overestimate the residual error (which would decrease the power) if there was a consistent 

pattern for the individuals. Aggregational responses to Ta regimes were quantified in three ways; the 960 

number of individuals in each box each morning is hereafter referred to as huddle size, and the number of 

groups (ranging from a possible six individuals to a single huddle of all six individuals). Given that the 

entire colony could be aggregated in multiple huddles, however, the proportion of the colony that was 

not alone was also calculated (hereafter referred to as the percentage huddled). The average huddle size, 

average number of groups, and average percentage huddled were compared across Ta regimes within 

species and between species using ANOVA. 

 

3.3 Results 
 

General Behavioural Responses 970 

 Typically S. macroura were active for the first half of the night, after which most of the 

individuals retired to their nesting boxes (Figure 3.2). The activity period each night (the time from first 

general emergence to last observed general activity of multiple individuals) differed between acclimation 

regimes, with high activity at high Tas, and low activity at low Tas (F3,44 = 5.80; p = 0.002; SNK post-hoc    

5 – 15 °C c.f. 12 – 22 °C p = 0.746, 18 – 28 °C c.f. 25 – 35 °C p = 0.510; Table 3.1). Sminthopsis 

macroura were only found in their designated boxes in 16.3 ± 2.2% (expected by random allocation = 

16.7%; χ2
3 = 0.81, p = 0.842) of all attendance checks across all environmental conditions (260 box 

mornings in total). Sminthopsis ooldea were much less regular in their activity, with many bouts of low 

level activity occurring throughout the night, but with a higher encounter rate (suggesting general 
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activity) later in the night (Figure 3.2), and with fewer periods where all dunnarts were evidently active 980 

together. There were significantly longer activity periods with warmer acclimation regimes for S. ooldea 

(F1,24 = 19.26, p = 1.96 × 10-4; Table 3.1). Sminthopsis ooldea used their designated boxes on only 17.1 ± 

0.2% (expected = 16.7%; χ2
3 = 6.01, p = 0.111) of occasions (330 box mornings in total). Individuals of 

both species showed no particular compunction about moving freely and invading any nesting box that 

was available. However, S. macroura did appear to mark nest boxes that were in use because boxes with 

S. macroura nesting inside invariably had a fresh faecal marker, either just inside the opening, or on top 

of the box. 

 

 
 990 

Aggressive Responses and Familiarity 

 Sminthopsis macroura showed higher encounter rates on the first night of each environmental 

regime than on subsequent nights (Table 3.1); the lack of replication of these environmental regimes, 

however, prevented statistical analysis. Replicate studies are ongoing, but the data are not presented as 

part of this thesis. The first night encounter rate for S. macroura was higher in warmer acclimations. The 

arbitrary aggression score was significantly lower for the 12-22 ºC acclimation regime, compared to the 

18-28 ºC and 25-35 ºC acclimation regimes (F3,41 = 5.29, p = 0.0004; SNK post-hoc 12 – 22 °C c.f. 18 – 

28 °C p = 0.005, 12 – 22 °C c.f. 25 – 35 °C p = 0.008), but none of the other comparisons are 

significantly different. There was a significant decrease in encounter rate with increased time spent 

socialising after the first night under the warmest acclimation regime for S. macroura (F1,8 = 11.6; p = 1000 

0.009). This acclimation, however, was one where a single individual routinely escaped and reinvaded

 
Figure 3.2: Average incidences of aggression in each quarter hour of video taken per night as an 

index of activity. Black circles are aggressive interactions of S. macroura, showing a 

decline in activity at approximately 7 hours of video. White circles are interactions of 

S. ooldea, showing increasing activity later in the night. The grey area is the dark 

phase of video, with a half hour of light before and after. 



S.
 T

om
lin

so
n 

C
om

pa
ra

tiv
e 

Ec
op

hy
sio

lo
gy

 o
f S

m
in

th
op

si
s s

pp
. 

 
Ph

D
 

40
 

T
ab

le
 3

.1
: S

um
m

ar
y 

of
 m

ea
su

re
s 

of
 b

eh
av

io
ur

al
 a

nd
 p

hy
si

ol
og

ic
al

 r
es

po
ns

es
 to

 th
e 

te
m

pe
ra

tu
re

 re
gi

m
es

 m
ea

su
re

d 
in

 th
is

 s
tu

dy
 fo

r S
. m

ac
ro

ur
a 

an
d 

S.
 o

ol
de

a.
 M

os
t d

at
a 

fa
ll 

in
to

 

tw
o 

ca
te

go
rie

s, 
w

ith
 lo

w
 a

ct
iv

ity
, l

ow
 a

gg
re

ss
io

n 
an

d 
an

 in
cr

ea
si

ng
 p

ro
po

rti
on

 o
f t

he
 c

ol
on

y 
hu

dd
lin

g 
as

 T
a d

ec
re

as
ed

. T
or

po
r u

se
 a

ls
o 

in
cr

ea
se

d 
at

 lo
w

 T
a. 

D
at

a 
ar

e 
m

ea
n 

± 
S.

E.
 

 
S.

 m
ac

ro
ur

a 
S.

 o
ol

de
a 

T
a R

eg
im

e 
(°

C
) 

5 
– 

15
 

12
 –

 2
2 

18
 –

 2
8 

25
 –

 3
5 

18
 –

 2
8 

25
 –

 3
5 

A
ct

iv
ity

 T
im

e 
(V

id
eo

 H
ou

rs
)  

5.
4 

± 
2.

54
 

5.
0 

± 
2.

89
 

8.
9 

± 
3.

48
 

8.
1 

± 
1.

78
 

7.
3 

± 
0.

46
 

10
.0

 ±
 0

.4
2 

1st
 N

ig
ht

 A
gg

re
ss

io
n 

(In
te

ra
ct

io
ns

.h
r-1

) 
12

.9
 

9 
28

.1
 

30
.6

 
8.

07
 ±

 1
.8

2 
45

.6
± 

44
.3

6 
Su

bs
eq

ue
nt

 1
3 

N
ig

ht
 M

ea
n 

(In
te

ra
ct

io
ns

.h
r-1

) 
4.

6 
± 

0.
88

 
3.

3 
± 

0.
35

 
16

.7
 ±

 4
.4

9 
16

.3
 ±

 2
.7

0 
2.

3±
 0

.3
2 

12
.9

± 
1.

57
 

H
ud

dl
e 

Si
ze

 
1.

5 
1.

3 
1.

3 
1 

1.
0 

± 
0.

01
 

1.
1 

 ±
 0

.0
3 

Pe
rc

en
ta

ge
 H

ud
dl

ed
 

34
.8

 
12

.8
 

16
.7

 
0 

9.
0 

± 
2.

41
 

16
.3

  ±
 4

.1
3 

N
um

be
r o

f T
or

po
r B

ou
ts

 
11

 
29

 
9 

7 
7 

0 
Pr

op
or

tio
n 

of
 T

or
po

r U
se

 (%
 D

un
na

rt 
N

ig
ht

s)
 

14
.1

 
37

.2
 

11
.5

 
9.

0 
9.

0 
0 

 
 



S. Tomlinson Comparative Ecophysiology of Sminthopsis spp.  PhD 

41 

the social arena. During periods when this dunnart (“Mouse04”) was inside the arena, it was frequently 

observed instigating aggressive interactions, and nights where it was present had higher encounter rates 

than nights when it was absent. The significant decrease in encounter rate over the trial may represent his 

removal, for ethical reasons, towards the end of the trial. 1010 

 

Sminthopsis ooldea showed significantly higher encounter rates on the first night of each 

environmental regime than on subsequent nights (t (18-28 °C)11 = 17.9, p = 1.71 ×10-9; t (25-35 °C)11 = 

17.9, p = 3.56×10-10). The first night’s aggression ratings for the sociality trials for S. ooldea were higher 

for the 25-35 °C regime than the 18-28 °C regime (Table 3.1). The aggression score for subsequent 

nights was not significantly different between temperature regimes (F1,22 = 0.01, p = 0.910). There was 

no significant change in encounter rate with increased time spent socialising after the first night under 

either acclimation regime for S. ooldea (F1,8 = 11.6; p = 0.009). 

 

Aggressive Responses and Ambient Temperature 1020 

Sminthopsis macroura showed two distinct levels of aggression between cooler and warmer 

regimes (Table 3.1), being significantly different below and above the acclimation of 18-28 °C (F3,41 = 

7.85, p = 3×10-4; SNK post-hoc 5 – 15 °C c.f. 12 – 22 °C p = 0.730, 18 – 28 °C c.f. 25 – 35 °C p = 

0.914). Sminthopsis oldea also showed an increase in average encounter rate, from Ta = 18-28 °C to Ta = 

25-35 °C (Table 3.1), with a lower aggression at the 18-28 °C acclimation (F1,22 = 43.41, p = 1.26×10-6). 

Graphically, the relationship between encounter rate and Ta regime is non-linear, with a distinct 

“stepped” increase between one regime and the next, although these points were different between 

species (Figure 3.3). At the two Ta regimes where I obtained data for both species, S. macroura had 

higher encounter rates than S. ooldea only at 18-28 °C (SNK post-hoc S. ooldea 18-28 °C c.f. S. 

macroura 18-28 °C p = 0.003, S. ooldea 18-28 °C c.f. S. macroura 25-35 °C p = 0.002). Average 1030 

aggression scores were significantly higher for S. macroura at both comparable Ta regimes (F,3,40 = 7.70, 

p = 3.54×10-4; SNK post-hoc S. macroura 18-28  °C c.f. S. ooldea 18-28 °C p = 0.002, S. macroura 25-

35  °C c.f. S. ooldea 25-35 °C p = 0.007). 

 

Huddle Size and Ambient Temperature 

 Ambient temperature significantly influenced huddle size of S. macroura (F3,58 = 3.32, p = 

0.03), reflecting the fact that these dunnarts never aggregated at Ta of 25-35 °C. The percentage of S. 

macroura huddled increased significantly with a decline in Ta (Table 3.1; arc-sine transform, F1,42 = 

27.91, p = 4.2×10-6). For S. ooldea there was no difference in huddle size (Table 3.1; F1,24 = 2.07, p = 

0.16) or percentage huddled (Table 3.1; arc-sine transform, F1,24 = 2.30, p = 0.14) with Ta. 1040 

 

Torpor and Ta Differential 

 The average temperature differential between the nesting boxes and the ambient (CTR) air (i.e. 

Tnest-Ta) increased with the size of the huddle in the box from 10.8 °C for individual S. macroura to 12.4 

°C for pairs and 13.7 °C for triples under the 5 - 15 °C regime, 9.8 °C for individuals to 12.6 °C for pairs 

under the 12 – 22 °C regime and 7.3 °C for individuals to 8.1 °C for pairs under the 18 – 28 °C regime 

(Figure 3.4). Although significantly different (F3,72 = 6.09, p = 0.001), SNK post-hoc testing suggested  
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 1050 

no differences based upon huddle size within Ta regimes. When all Ta differentials were combined by 

group size, however, there was a significant increase from 6.9 for singles to 10.8 for pairs and 13.7 for 

triples (F2,100 = 9.841, p = 0.0001). 

 

Sminthopsis ooldea showed no clear patterns in Ta differentials between huddles of different 

size under different regimes. The mean differential for single dunnarts under the 18-28 °C regime was 

5.84 ± 0.27 °C, and 5.90 ± 0.39 °C for pairs, while the mean differential for single dunnarts under the 25-

35 °C regime was 4.54 ± 0.24 °C, and 2.69 ± 0.42 °C for pairs. Although significantly different (F3,72 = 

6.09, p = 0.001), the only differences  suggested by SNK post-hoc testing were between single dunnarts 

at the two regimes (p = 0.001), and between pairs under the warm regime and singles under the cooler 1060 

regime (p = 0.017), and it should be noted that there were reliable data for only six paired huddles. 

Further, when all Ta differentials were combined on the basis of group size, there was no effect of group 

size across all regimes (t74 = 0.68, p = 0.50). The Ta differentials for S macroura were significantly 

higher than those for S. ooldea under comparable Ta regimes (F3,143 = 3.70, p = 0.01), reflecting the fact 

that S. ooldea do not huddle. The Ta differentials of single individuals were not statistically different 

between species (SNK post-hoc p = 0.139). 

 
Figure 3.3: Rates of aggression for different Ta acclimation regime for S. macroura (●) and S. 

ooldea (○), showing a step-wise increase in encounters above the lower limit of the 

thermoneutral zone (as quantified in Chapter 4). Values are means ± S.E. 
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The total number of torpor bouts observed for S. macroura over the 14 day period was highest 

at the 12-22 ºC regime, and similar at the other three regimes (Table 3.1). The total number of torpor 

bouts observed for S. ooldea over a 14 day period was also higher at the lower regime (Table 3.1). 1070 

 

3.4 Discussion 
 

There are differences in the dunnarts’ social behaviours at different Ta regimes, both within and 

between species. Both species showed low activity at low Ta regimes, and reduced their levels of 

aggressive interaction per hour of activity at low Ta regimes. Both species had higher rates of aggressive 

interaction on the first night of each environmental regime, but following this there was low and constant 

aggression with further days of socialising. There was no pattern in the average huddle size of S. 

macroura with Ta, but the proportion of S. macroura found in huddles increased significantly at low Ta. 

There were no trends towards aggregation in S. ooldea at low Tas. Sminthopsis macroura shows 1080 

substantial tendency towards using social behavioural responses to Ta, while S. ooldea does not.  

 

There has been recent interest in the integration of behavioural and physiological means that 

small mammals use to manage energy budgets in environments that impart a thermoregulatory challenge 

(mostly in winter), both at the interspecific (eg Anderson and Jetz, 2005; Humphries et al., 2005) and 

intraspecific (eg Zub et al., 2009)) levels. Anderson and Jetz (2005) describe a metabolic niche as the 

theoretical hyperspace where an animal can exist by balancing its physiological capacity against the 

requirements of the environmental niche (geographical position, local ecosystem productivity, and 

temperature) and the animal’s biology (life history stage and breeding state) and phylogeny. Zub et al. 

(2009) suggested that small endotherms are probably particularly sensitive to thermoregulatory challenge 1090 

disrupting their energy budgets; it therefore seems probable that they would be unable to sustain the 

required high energy expense due to physiological limits of their metabolic niche. Initially, the rationale 

behind the present Chapter was posed on the basis of the tendency for small mammals to conserve 

energy by huddling in energetically challenging conditions (Vogt and Lynch, 1982; Ruf, et al., 1991; 

Davenport, 1992; Canals, 1997; Geiser, 2003; Scantlebury, et al., 2006), and I did find different patterns 

of aggregation between the two Sminthopsis species studied (discussed further below). The first logical 

behavioural response to energetic challenge, however, is not to engage in behaviourally-elaborate 

adaptive behaviour (such as huddling), but to reduce the expense of all behaviours by being less active. 

At least two studies have shown that animals decrease activity time at lower Tas (Humphries et al., 2005; 

Zub et al., 2009). This is also the first obvious difference in the behavioural patterns of both species 1100 

studied here at the different Ta regimes: both reduced the duration of activity in cooler (more 

energetically challenging) conditions. The dunnarts studied here (10-20 g), being smaller than the 100 g 

weasels studied by Zub et al. (2009) presumably have less flexible energy budgets. Also, both 

Sminthopsis species live in much harsher habitats (similar winter minima, but higher maxima, lower food 

availability and less sheltering microhabitats) than those described by Zub et al. (2009) for their weasels. 

The energetic arguments put forward by Zub et al. (2009) and Anderson and Jetz (2005), therefore, are 

probably even more applicable to Sminthopsis spp. 
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The integrated management of an energy budget for the dunnarts studied here is complex, with 

changes in physiological function (e.g. heterothermy), and behaviour to reduce energy expenditure 

(reduced activity, selection of energetically advantageous microhabitats such as the nest boxes in my 

study). The behavioural responses, however, became very flexible, where, in addition to generally 

reducing activity, the dunnarts also decreased aggressive interactions (which are presumably 

 
Figure 3.4: Comparison of the differential between nest-box temperature and ambient temperature for 

normothermic and torpid S. macroura, showed that increases in “huddle” size yielded 

increased nest temperature (and presumably reduced energetic costs to huddle members). 

None of these differences were significant within Ta regimes, however. White bars 

represent solitary individuals, grey bars represent pairs and the black bar represents the 

single triple observed for each condition. Values are mean ± S.E. 
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energetically expensive). Since the aggression rate was calculated as the number of encounters per hour 

of activity, these effects are not just caused by a general reduction of activity. Although it appears to be 

the behavioural component of this budgeting that becomes more complex, each species showed 

differences in additional moderating responses. Sminthopsis macroura increased propensity towards 

huddling and both species increased the use of torpor, a secondary physiological response to energy 1120 

limitation. Sminthopsis ooldea, the species with the smaller geographical distribution, and implicitly 

narrower adaptational range, did not show strong evidence of a complex energy budget, and seemed to be 

heavily reliant upon physiological, as opposed to behavioural responses, to chronic temperature regimes, 

which may include heterothermy, thermolability (Chapter 4), or a combination of these responses.  

 

Aggression, Aggregation and Social Structures 

Whitehead (2008) devotes considerable discussion to the definition of groups vs. aggregations. 

Essentially he says that groups are “spatiotemporal clusters of individuals that actively converge on or 

maintain proximity with other animals”, whereas aggregations are clusters that gather together for some 

non-social factor. Groups therefore have some kind of underlying social dynamic, whereas aggregations 1130 

are temporary. My dunnarts, since the number, size, and composition of huddles was not persistent 

within any given trial periods (i.e. the same individuals failed to aggregate for large proportions of the 

14-night experimental regimes), seem to fit the temporary aggregation model, gathering for mutual 

benefit of reduced thermoregulatory cost. Despite this, there were some underlying social behaviours. 

Aggression was high on the first night, then moderated, suggesting the rapid establishment of a 

hierarchy, and the ritualisation of aggression that reduces potentially damaging encounters, as was 

observed by Ewer (1968) for S. crassicaudata. Anecdotally, it appeared during the trials that some 

alliances formed repeatedly and more reliably than others, especially for S. macroura, and S. macroura 

was often observed to interact non-aggressively, suggestive of Whitehead's (2008) definition of a social 

group. Dunnarts thus appear to represent a half-way point between the two definitions. Given the 1140 

phylogeny of dunnarts suggested by Blacket et al. (1999) and that a tendency towards sociality has now 

been suggested for two members of the Macroura group (S. macroura, this study and S. crassicaudata by 

Ewer (1968)), but not at all for S. ooldea (Hirtipes group). Given the importance of physiological 

adaptation to increased aridity by some subgroups (see Chapters 4 - 6 for discussion), sociality may be a 

recently-evolved specialisation of some subgroups to the same stimulus. Despite a well-established 

ethological paradigm of social behaviour, summarised by Whitehead's (2008) categorical descriptions of 

groups and aggregations, recent studies (eg Humphries et al., 2005; Zub et al., 2009) and the present 

study would suggest that energetics may be a more fundamental driver towards behavioural modification 

(and perhaps evolution of social behaviours) than previously considered.  

 1150 

Interactions of “Sociality” and Torpor 

Social aggregation might be favoured by the thermoregulatory advantages of huddling, as has 

been suggested previously (Hart, 1971; Vogt and Lynch, 1982; Ruf et al., 1991; Davenport, 1992; Séguy 

and Perret, 2004; Scantlebury et al., 2006). The increased differentials between Tnest and Ta with 

increasing huddle size indicate that the inside of the nesting boxes was increasingly warmer than outside, 

especially at low Ta regimes (Figure 3.4). Thus, there should be a net decrease in the energy expenditure 

by any individual dunnart to the nest environmental conditions, but the significance to the individual 
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relies upon the individuals in the social system being sufficiently energy limited that they begin to make 

modifications to their lifestyle (behaviourally or physiologically) to accommodate this. The propensity of 

the dunnarts studied to use torpor suggests that they are limited enough in their energy budgets to also 1160 

undertake modification of their social biology to moderate the impacts of energetic challenge. Given that 

torpor is widely viewed as an adaptive reduction of body temperature (Tb) at low ambient temperature 

(Ta) to conserve energy (e.g. Wang, 1989; Geiser, 2004; Tomlinson et al., 2007), then greater propensity 

towards torpor is suggestive of a limitation to the energy budget of an animal. Sminthopsis macroura 

used torpor more at the 12 – 22 °C regime than at any other regime. The 12 – 22 °C regime coincides 

with the minimum temperature where torpid S. macroura begin to defend their body temperature 

(Chapter 4; Geiser and Baudinette, 1985), or in other words, their lower Tb limit and greatest energy 

conservation. Below this temperature, S. macroura are reluctant to enter torpor (Geiser and Baudinette, 

1985), possibly because of increased chance of failing to rewarm, but huddling would reduce the 

thermoregulatory cost without increased risks. Below the 12 – 22 °C regime the proportion of the colony 1170 

in huddles more than doubled from 12.8 % at the 12 - 22 °C to 34.8 % at the 5 - 15 °C acclimation. 

Sminthopsis macroura appear to use social aggregation to offset thermoregulatory costs of low Ta, and 

do so in preference to using torpor when Ta falls below their tolerance limits. 

 

While torpor was often observed for S. ooldea at low Ta in the respirometry trials (Chapter 4), 

the data for torpor use in the sociality arena is equivocal. Detection of torpor bouts was based upon 

recordings of nest-box temperature, and the approach of an occupied nestbox to Ta (Willis et al., 2005), 

but Tnest of boxes known to be inhabited by S. ooldea was often not discernibly different to Ta. This 

suggests two equally plausible scenarios. One is detection error, where S. ooldea may not have nested 

directly on top of the iButtons (being smaller than S. macroura). Alternatively, given the noted 1180 

thermolability of this species, where they were often hypothermic, even at relatively warm temperatures 

above the range of experimental minima applied here (up to 30 ºC, discussed extensively in Chapter 4), it 

is likely that the dunnarts were often thermolabile to some extent. Further, their inability to persist in the 

face of lower Tas combined with social stresses suggests that their physiological intolerance is 

exacerbated, not ameliorated, by enforced social interaction at high densities. By comparing the Tnest - Ta 

differentials of different group sizes and different Ta regimes, S. ooldea does not appear to accrue any 

clear benefits of huddling, and do not regularly huddle. They may make substantial gains by torpor, bouts 

of which have proven difficult to identify in this study. 

  

It must be noted, however, that the data used to make inferences on the savings accrued by 1190 

huddling, both in normothermic and torpid dunnarts, are indirect inferences of Tb based on Tnest - Ta 

differentials. Although such measures have proven useful in the past (Willis et al., 2005) they are highly 

dependent upon the placement of the data collection device (the iButton) in relation to the animal in the 

nest box. Further, Tnest - Ta differentials are by no means a direct, quantitative measure of the actual 

energy cost for the dunnarts. Substantial energetic gains may theoretically be made within the nest box 

by the manipulation of the evaporative heat loss and thermal conductance in high and low humidity 

environments (Chapter 6), or through the thermolability evidenced by S. ooldea in studies of their 

metabolic rates (Chapters 4 - 6). Not controlling for the effects of thermoregulatory flexibility accrued by 

reducing evaporative heat loss and metabolic heat production may conceal any differences that could be 
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found by measurements of Tnest - Ta differentials here. Although not statistically supported, the trends 1200 

revealed in Figure 3.4 for normothermic dunnarts suggest an interaction between physiological and 

behavioural responses to energetic challenge for S. macroura, where larger huddles increase Tnest 

proportionately, thus reducing the energetic cost of thermoregulation for any individual in that huddle. 

My data do not suggest that social behavioural responses are important to S. ooldea, nor that huddling 

increases Tnest, but it is difficult to identify whether this is a detection error, or an obligate dependence 

upon hypothermia in this species. 

 

Sociality in Sminthopsis from an Ecophysiological Perspective 

Based on my results, I conclude that S. macroura are not an obligately solitary or social species 

but they use aggregation to offset the energetic impost of low Ta.  Comparatively, although S. ooldea did 1210 

occasionally form huddles, I conclude that they appear to be “asocial”, if not actually “antisocial”, and 

prefer not to interact with other dunnarts, but rather rely upon torpor to offset the energetic cost of low 

Ta. For S. macroura there were two significant types of behavioural response, aggression and huddling. 

Although there was a significant decrease in activity below the thermoneutral zone, there was also a 

significant decrease in aggression per hour of activity at low temperatures, and a commensurate increase 

in the proportion of the colony likely to be in a huddle at low temperatures. There appeared, however, to 

be a maximum group size of three, beyond which more individuals were not tolerated. This suggests that, 

although there are energetic drivers towards huddling at low Ta, there are also substantial behavioural 

drivers separating individuals. Such a plastic response of social aggregation in response to increasing 

environmental “harshness” (Ta in this specific case) appears to conform to the models of “facultative” 1220 

sociality proposed by Slobodchikoff (1984). Under a Slobochikoff model, dominant individuals are 

hypothesised to endure a small drop in fitness by aggregating compared to a larger drop in fitness 

resulting from the costs of ejecting group members. Subordinate individuals join the group and stay to 

increase the probability of their own survival above that of a solitary individual. In the specific case of S. 

macroura, the costs for dominant dunnarts excluding subordinates from their nest boxes becomes 

increasingly prohibitive as their energy budget becomes more restricted at lower temperatures, and the 

benefits of huddling accrue to all individuals. Of course this does not take into account an inclusive 

fitness gain, because there was no reproductive outcome in the experiments. However it could be inferred 

that in a natural, mixed sex population there may be gains for all individuals that survive through seasons 

which are not conducive to reproduction for a chance to breed later (although the selection pressures 1230 

during a breeding season may be different from those imposed during non-breeding periods). This 

pathway for the evolution of coloniality may be especially applicable in temporally variable habitats, 

which appears to describe much of the Australian arid zone (Morton et al., 1995; Jenkins et al., 2005). In 

these conditions, given that breeding conditions are rare, the long-term survival of all individuals, 

including dominants, may be more important than an immediate fitness gain.  

 

Although S. macroura appears to engage in a facultative aggregation, and may even be a truly 

social species, the important question now is what limits the tendency towards aggregation. Given that 

energy savings that can accrue to individuals in a euthermic huddle (Withers and Jarvis, 1980; Vogt and 

Lynch, 1982; Karasov, 1983; Yahav and Buffenstein, 1991; Canals, 1997; Scantlebury et al., 2006; 1240 

Gilbert et al., 2007) or using synchronous torpor (Ruf et al., 1991; Séguy and Perret, 2004), there must 
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also be substantial drivers towards social aggression that could over-ride selection for huddling. The 

majority of research investigating social aggression is within an evolutionary biology paradigm, focusing 

upon inclusive fitness gains in terms of successful reproductive outcomes. As described above, in an 

experimental design such as that applied here, where groups of a single sex are not given any opportunity 

to breed and measures of reproductive success are not an element of the results, successful reproductive 

outcomes and inclusive fitness gains do not seem intuitively informative to the interpretation of the data. 

It is possible, however, that the social aggression observed here is instinctive for dunnarts, and may be 

important to the mating systems of free-ranging dunnarts in natural situations. In short, there may be 

hard-wired responses where male dunnarts will always show competitive aggression to other males, and 1250 

reproductive aggression towards females (sensu Ewer, 1968), and this is only reduced enough to 

facilitate huddling under extreme duress.  

 

Limitations of Interpretation 

The measurement of a colony as the experimental unit over the period of 13 nights under four 

nominal temperature acclimation regimes is a repeated-measures design, which should be analysed by 

RMANOVA. To maintain enough degrees of freedom to run such analysis, where 13 repeat nights were 

involved, a total of at least 14 independent colonies of each species would have been required. That scale 

of design would require 168 dunnarts of both species, and a little over 4¼ years of experimental work. 

Such a design was prohibitive. Assuming independence of repeated measures, however, makes the 1260 

statistical interpretation less reliable than RMANOVA. Nevertheless, the fact that I found significant 

differences, and that these were marked, suggests to me that I have identified a “real” phenomenon that 

would be corroborated by the more correct experimental design and analysis by RMANOVA (as 

discussed by Cohen, 2008). 

 

The most obvious theoretical limitation to the interpretation of this work is the same one that 

can be levelled at any laboratory-based research: it represents only an approximation of the natural 

world, and in some aspects it is not a particularly accurate approximation. Given that previous work has 

suggested that social aggression (and possibly aggregation as well) is heavily influenced by population 

density (Robinson and Kruuk, 2007; Young et al., 2008), then the results of my study must be considered 1270 

in the light of the artificially high population densities maintained in the sociality arena. The effective 

population density in the arenas was 4.3 dunnarts.m-2 which is well above the natural population 

densities of 4.7 × 10-5 dunnarts.m-2 (0.475 dunnarts.ha-1) discussed by Morton (1978a) for S. 

crassicaudata. This could effectively confound the interpretation in two opposite directions. The most 

obvious is that it could increase the propensity towards aggregation merely by giving the dunnarts greater 

opportunity to aggregate. If, under natural circumstances, the dunnarts are isolated enough that they 

rarely encounter each other, then they may never aggregate and huddle in a natural environment, despite 

the energetic benefits to be accrued. It is entirely possible that many of the behavioural avenues to reduce 

energy expense may not be available to free-ranging individuals. Morton (1978a; 1978b), however, 

found large proportions of natural, free-ranging populations of S. crassicaudata huddled together under 1280 

cold conditions, suggesting that the lower population density in a natural environment is not a barrier to 

social response. More difficult to refute is the possibility that the elevated population densities may have 

led to increased aggressive interactions amongst individuals. Unfortunately, the kind of data required to 
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properly interpret and understand the social system of either species of dunnart is based upon real field 

movements and home range overlap (much as suggested by Berteaux et al. (1996) who highlighted the 

importance that laboratory results must be validated under natural conditions). My attempts to pursue 

such a validation were frustrated by unforseen difficulties in capturing animals at field sites (Chapter 2). 

 

Another limitation of the laboratory analogues upon which this study depends is suggested by 

the difficulties that the dunnarts had in surviving macro-environmental regimes that are well within the 1290 

bounds of those recorded within their natural distributions. Although the best efforts were made to 

provide thermal shelters and nests (cardboard boxes and shredded paper), and to insulate the ground 

surfaces (aspen shaving ground layer), the dunnarts would normally nest below the ground, which 

provides substantial insulation even at very shallow depths (Fitton and Brooks, 1931; Turnage, 1939; 

Lacey et al., 2000). This could not be simulated, and the failure to sustain the colonies at some low Ta 

regimes suggests that the insulation provided by below-ground shelter (or some other factor) may be 

critically important to the management of their energy budgets.  

 

The assumption that seasonal aggregations are driven by thermoregulatory benefits of reduced 

thermal conductance on an individual basis has been challenged recently. Berteaux et al. (1996) found 1300 

that increasing group size of meadow voles (Microtus pennsylvanicus) under natural conditions did not 

decrease their FMR, nor increase their survival rate as is predicted from laboratory studies, despite very 

low environmental temperatures and deep snow cover, and they make the call to re-evaluate the role of 

physical benefits as the driving force behind winter aggregations. Within similar seasonal energy 

budgets, however, it is conceivable that resource allocation changed, and that energy that would have 

been spent on thermoregulation was devoted to other activities. Despite this, Berteaux et al. (1996) 

encourage alternative benefits of winter grouping, such as decreased predation risk or social transmission 

of information; inferring the possible role of such benefits for dunnarts is, however, complicated by the 

lack of information of their social behaviour and home range overlap in the field. 

 1310 

Future Research Suggestions 

 Based on the number of factors that may influence animal behaviour (such as my diverse source 

populations described in Chapter 1), and the diversity of behaviours that I observed, there are many 

avenues of future research into behavioural adaptations of dasyurids (also suggested by Geiser, 2003). 

Specifically, research into different heritable behavioural responses that may represent learned inherited 

responses to different conditions (memes, sensu Dawkins, 1989) in natural populations could be 

rewarding. Such flexible behavioural responses are often termed “behavioural syndromes” (e.g. Sih et 

al., 2004; Stapley and Keogh, 2005; Wilson and Stevens, 2005), and are particularly informative where 

such behavioural syndromes can be linked to population genetic differences and neurochemistry (sensu 

Wang, 1995). I postulate shifting behavioural syndromes to be one of the characteristics that allows S. 1320 

macroura to persist across its distribution as an ecological or climatic generalist, which may 

speculatively impart robustness under climate change scenarios. Also, in boom-bust or variable 

environments such as that described by Slobodchikoff (1984) the current focus of “evolutionary biology” 

upon direct and immediate inclusive fitness gains in reproductive output may not be apposite. It would be 

potentially rewarding to investigate the social biology of multiple taxa in a phylogenetic sense, to try to 
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interpret and understand exactly what role their social biology has on their persistence and physiological 

capacity to mitigate environmental challenges (as suggested by Geiser, 2003). 

 

 

 1330 
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Chapter 4: Comparative Thermoregulatory Physiology of Sminthopsis 

macroura and Sminthopsis ooldea 

Summary 
Six S. macroura and eight S. ooldea were exposed to acute Tas of 10, 25, 30 and 35 °C, and 

flow-through respirometry was used to measure metabolic rate and evaporative water loss (EWL) to 

quantify the differences in their thermoregulatory patterns. Sminthopsis macroura showed a strong 

propensity to maintain Tb across the Ta range, while S. ooldea was more thermolabile. The metabolic rate 

of both S. macroura and S. ooldea decreased from Ta = 10 °C to BMR at Ta = 30 °C. Mass adjusted 1340 

BMR was the same for the two species, but there was no common regression of the metabolic profile 

below the thermoneutral zone (TNZ), suggesting that there are differences in their energetic responses to 

low Ta, probably related to their different thermoregulatory responses. Total EWL and evaporative heat 

loss (EHL) increased significantly at Ta = 10 and 35 °C compared to the TNZ for S. macroura, but 

showed no variability across the Ta range for S. ooldea. Evaporative water loss at Ta = 35 °C became a 

significant avenue of thermoregulatory heat loss in both species, suggesting that this is at or beyond the 

higher end of the TNZ. There were no significant differences between the species in mass-corrected total 

EWL (or EHL), but an increased water loss at low Ta for S. macroura appears to be an insensible result 

of increased MHP. Sminthopsis macroura is a strong thermoregulator across a broad range of ambient 

conditions, whereas S. ooldea is thermolabile and does not regulate its body temperature tightly around a 1350 

mean value in conditions below the TNZ. Therefore, S. macroura has a steeper slope to its metabolic 

profile as Ta declines, and at any Ta below the TNZ requires more energy per unit of body mass than S. 

ooldea, and has a higher EWL at the lower critical Ta. By adopting a broad tolerance to mild 

hypothermia S. ooldea reduces its energetic requirements at low Ta, and reduces water lost in 

thermoregulation. A strong propensity to thermoregulate may allow S. macroura to exploit a broad range 

of climatic envelopes, albeit at the cost of a higher energetic and water requirement. Since S. ooldea does 

not expend as much energy and water on thermoregulation it is probably better adapted to the very low 

productivity, “hyper-arid” conditions of its Centralian distribution.  

 

1360 
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4.1 Introduction 
  

The Sminthopsini are an understudied group of marsupials in regards to their physiology. 

Cooper and Withers (2009) note that the majority of data have been collected from only four species, 

especially the Fat-tailed Dunnart (Sminthopsis crassicaudata), and the Stripe-faced Dunnart (Sminthopsis 

macroura), but also the Common Dunnart (Sminthopsis murina) and the Kultarr (Antechinomys laniger; 

see Withers et al., 2006). Cooper and Withers (2009) added the Sandhill Dunnart (Sminthopsis 

psammophila) to the data set. Blacket et al. (1999) describe 18 species of Sminthopsis (and three species 

of Ningaui) in the Sminthopsini, however, so the basic thermoregulatory physiology (including 

metabolic rates and evaporative water loss) remains undescribed for the majority of Sminthopsis species. 1370 

Furthermore, both of the two species that have been well studied have  broad distributions (Morton, 

1983a; 1983b; McKenzie et al., 2006) and represent a single sub-family of the Sminthopsini (Blacket et 

al., 1999). Given that Archer (1981) notes the Sminthopsini to be highly variable morphologically, it is 

of interest whether diversity in physiological attributes matches their morphological diversity and the 

climatic variability of their distributions. 

 

Sminthopsis macroura and S. ooldea represent two subfamilies of dunnart (Archer, 1981; 

Blacket et al., 1999); S. macroura has an extensive geographical distribution across Australia (McKenzie 

et al., 2006), whereas S. ooldea has a limited distribution in the arid zone of the conjoined borders of 

Western Australia, South Australia and the Northern Territory (Aslin, 1983). The considerable 1380 

environmental variation across the geographic distribution of S. macroura would suggest that this species 

is highly adaptable, whereas S. ooldea may be more specifically adapted to the “hyper-arid” 

environments of the Australian centre (sensu Archer, 1981; Withers and Cooper, 2009). Given that these 

species are similar in ecology, habit, habitat preferences and even size and body mass (Ewer, 1968; 

Aslin, 1983; Morton, 1983a; 1983b), and that the basic metabolism of S. ooldea has yet to be measured, I 

am interested here in whether differences in geographical distribution are associated with differences in 

basic thermoregulatory physiology. In later Chapters I extend my investigations into the capacity of these 

two species to alter aspects of their physiology in response to chronically altered temperature regimes. 

 

Arid-zone species generally have a lower basal metabolic rate (BMR) and evaporative water 1390 

loss (EWL) than species from more mesic environments (McNab and Morrison, 1963; Hart, 1971; 

Bradley and Yousef, 1972; Noll-Banholzer, 1979; MacMillen, 1983; Degen, 1997; Williams et al., 2002; 

Lovegrove, 2003; Ostrowski et al., 2006). Relative water economy (RWE; the ratio between metabolic 

water production (MWP) and EWL) also tends to be higher in arid-zone species than in those from more 

mesic environments (MacMillen and Hinds, 1983; Hinds and MacMillen, 1986; MacMillen, 1990; 

MacMillen and Baudinette, 1993). The few published studies of RWE and its relationship with habitat 

for marsupials (Cooper et al., 2005; 2009) suggest that this is an aspect of physiology that needs further 

exploration. Both metabolic heat production (MHP), a by-product of metabolic rate, and evaporative heat 

loss (EHL), as determined by evaporative water loss are balanced against each other in endotherms for 

thermoregulation, or the maintenance of body temperature at an optimal level (Lawrence, 2005). Thus, 1400 

where water is a more limiting factor than energy, the imperative to regulate Tb may cost more water 

than can be spared, and the energy budget and water budget may be in conflict.  
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I present here the first physiological data for S. ooldea, and compare it with the well-described 

physiology of S. macroura to examine whether the physiology of a species with a small, “hyper-arid” 

distribution is different and more specialised than a “climate generalist” (Angilletta, 2009) with a broad 

distribution. I also investigate the physiology of torpor at acute low Ta exposures and summit metabolic 

rate (SuMR) for both species. These results reflect the standard physiology for each species, to be 

compared with the capacity of each species for up- or down-regulation of aspects of their energetic and 

water balance by thermal acclimation, as will be addressed in subsequent Chapters.  1410 

 

4.2 Methods 
 

Animal Housing and Maintenance 

 The dunnarts of both species were maintained as described in the Introduction. They were 

maintained at a temperature regime consisting of 12 hour night at 18 °C, followed by 28 °C day for 12 

hours. This regime was selected as a “standard” because it overlaps the maintenance conditions described 

by other studies to which these data may be compared (Geiser and Baudinette, 1985; Song et al., 1995; 

Song and Geiser, 1997; Song et al., 1998; Cooper et al., 2005; Withers and Cooper, 2009). The dunnarts 

were maintained in a social arena for the duration of acclimation, and were allowed to socialise freely 1420 

(see Chapter 3 for more discussion), but during the period of respirometry experiments the individuals 

were housed separately for food deprivation prior to measurement. 

 

Respirometry  

Flow-through respirometry was used to measure metabolism as described in the Introduction, by 

eight hour exposures each to acute Ta trials of 10, 25, 30 and 35 ºC. Estimation of basic physiological 

parameters was made using custom-written Visual Basic v6.0 software that calculated standard metabolic 

rate (SMR) in V̇  O2 and V̇  CO2 and EWL according to the guidelines of Withers (2001), by averaging the 

lowest and most stable 20 minute period. 

 1430 

Statistical Analysis 

Effects of Ta on physiological variables were examined by linear regression and ANOVA, with 

Student-Newman-Keuls (SNK) post hoc tests. Although I initially intended to use repeated measures 

ANOVA, natural attrition of individuals during the study period precluded this. Given that a repeated 

measures design is aimed at reducing variance in the data, the use of full-factorial ANOVA is generally 

more conservative than RM-ANOVA, especially as it should overestimate the residual error (which 

decreases the power) if there were a consistent pattern for the individuals (see Cohen, 2008). Thus the 

likelihood of Type-I Error is reduced at the expense of decreased statistical power, but it does inflate the 

error degree of freedom, and increases the likelihood of Type-II Error. Torpor data were compared to 

normothermia data by ANOVA. Occurrence of torpor appeared to be random amongst individuals, as not 1440 

all individuals had the same responses at all experimental Tas. Normothermic metabolism was compared 

between between species by allometrically-correcting the values using the body mass raised to the 

exponent of 0.75 after Withers et al. (2006) and comparing the regressions for slope and intercept of 

metabolic rate (V̇  O2 and V̇  CO2) below the thermoneutral zone (TNZ). The strength of thermoregulation 
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was tested using linear regression to test for a relationship between Tb and Ta, and a Bartlett’s test of 

variance used to test whether Tb became more variable at different Tas. Values are presented as mean ± 

S.E with sample size. 

 

4.3 Results 
 1450 

 Body mass averaged across all respirometry trials over the five experimental temperature 

treatments was 16.0 ± 0.5 g for S. macroura (n = 6 individuals, N = 24 repeats) and 10.6 ± 0.3 g for S. 

ooldea (n = 8 individuals, N = 32 repeats). There was no significant difference between body mass of S. 

macroura (F3,24 = 0.500, p = 0.735) or of S. ooldea (F3,28 = 0.390, p = 0.761) at different acute Ta 

treatments. Sminthopsis macroura were significantly heavier than S. ooldea (t39.5 = 7.55, p < 0.001). 

 

Body Temperature & Basal Metabolic Rate 

Normothermic body temperatures (Tb) of S. macroura did not change significantly between Ta = 

10 °C and Ta = 35 °C, approximately 33.7 ºC (F3,19 = 1.80; p = 0.181; Table 4.1). The standard metabolic 

rate of S. macroura decreased from Ta = 10 °C to basal metabolic rate (BMR) at Ta = 30 °C (which is 1460 

presumed to be within the thermoneutral zone, since metabolism was slightly elevated at Ta = 35 °C; 

Table 4.1). The relationship of metabolic rate with Ta below 30 °C was statistically significant (F1,16 = 

58.3, p = 1.0 × 10-6; Figure 4.1), with a regression of V̇  CO2= 8.61 (± 0.826) – 0.27 (± 0.035) × Ta. The 

normothermic respiratory exchange ratio (RER) of S. macroura did not change significantly with Ta 

(F3,20 = 1.07, p = 0.385), and averaged 0.75 ± 0.04 across all experimental Ta treatments (n = 24). 

 

Normothermic Tb varied significantly for S. ooldea (F3,17 = 10.6, p = 3.60 × 10-4; Table 4.1), 

with a strong propensity towards torpor at low Tas (see below) that reduced the number of normothermic 

measures under these conditions. They had tight homeothermy at Ta = 35 °C, with a higher Tb and lower 

variance than at any Ta lower than 30 °C (c.f. Ta =10 °C p = 0.005, c.f. Ta =25 °C p = 0.004, c.f. Ta =30 1470 

°C p = 0.020). There was a decrease in resting metabolism similar to that of S. macroura from Ta = 10 °C 

to Ta = 30 °C, and there was no difference in metabolic rate between Ta = 30 °C and Ta = 35 °C                  

(t(V̇   CO2)5.04 = 0.811, p = 0.454; t(V̇   O2)10 = 0.831, p = 0.425; Table 4.1) which is assumed to be the basal 

metabolic rate (BMR) within the thermoneutral zone (TNZ). There was a significant relationship 

between metabolic rate and Ta (F1,18 = 10.1, p = 0.005; Figure 4.1), with a regression of V̇   CO2 = 5.71     

(± 1.081) – 0.14 (± 0.045) × Ta. Like S. macrourra, S. ooldea also showed no significant changes in 

normothermic RER between acute ambient temperatures exposures (F3,22 = 0.441, p = 0.726) averaging 

0.72 ± 0.04 (n = 28). 

 

Body temperature within the TNZ was the same for the two species (S. macroura = 35.05 ± 1480 

0.87; S. ooldea = 36.32 ± 0.31; t6.29 = 1.37, p = 0.219, unequal variance) and there was no significant 

regression between the Tb of S. macroura and Ta (F1,21 = 0.663, p = 0.452; Tb = 32.9 (± 1.2) + 0.04 (± 

0.04) Ta). On the other hand S. ooldea showed a significant decrease in Tb with Ta (F1,28 = 17.2, p = 

0.0003; Tb = 26.2 (± 1.7) + 0.27 (± 0.06) Ta). Comparison of Tb residuals between species across all Ta 

treatments shows unequal variance in the Tb residuals between S. macroura and S. ooldea (F29,22 = 4.20, 

p = 0.0005). The Tb residual variance of S. macroura was 2.4, and represented only a 7% coefficient of 
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variation. For S. ooldea the residual variance was 10.1, representing a 30% coefficient of variation. 

Further, the levels of residual variance in S. macroura were consistent across Ta treatments (BC = 1.23, p 

= 0.744), but were significantly negatively related to Ta for S. ooldea (BC = 26.1, p = 9.13 × 10-6). The 

significant influence of Ta upon Tb of S. ooldea, and the influence of Ta upon the levels of residual 1490 

variance together are taken to indicate thermolability in S.ooldea compared to tight homeothermy in S. 

macroura. 

Table 4.1: Thermoregulatory variables of S. macroura and S. ooldea at four acute temperatures. Data are 

mean ± S.E (n). Reduced n at low Ta result from individual torpor bouts without arousal early 

in a trial. * calculated as 20.1 × V̇   O2 (mL.g-1.h-1) ** calculated as 2.4 × EWL (mg.g-1.h-1) 

  10 ºC 25 ºC 30 ºC 35 ºC Significance 

S.
 m

ac
ro

ur
a 

 

Body mass 
(g) 16.9 ± 0.71 16.9 ± 1.73 14.9 ± 1.29 15.7 ± 1.26 N.S. 

Tb 
(ºC) 33.5 ± 0.87 32.9 ± 0.58 33.4 ± 0.55 35.0 ± 0.87 N.S. 

V̇   O2  
(mL.g-1.h-1) 6.24 ± 0.53 2.35 ± 0.27 1.45 ± 0.26 1.47 ± 0.27 7.0 × 10-7 

V̇   CO2 
(mL.g-1.h-1) 5.58 ± 0.55 1.88 ± 0.51 1.05 ± 0.28 0.95 ± 0.17 1.0 × 10-6 

RER 0.89 ± 0.04 0.75 ± 0.10 0.71 ± 0.08 0.65 ± 0.05 N.S. 
MHP * 

(J.g-1.h-1) 128 ± 9.18 47.3 ± 5.39 29.2 ± 5.23 29.6 ± 5.40 7.0 × 10-7 

EWL 
(mg.g-1.h-1) 6.47 ± 0.75 3.59 ± 1.08 3.58 ± 0.46 6.35 ± 0.71 0.012 

Cwet 
(J.g-1.h-1) 5.69 ± 0.47 6.31 ± 1.09 11.8 ± 4.37 20.4 ± 4.92 0.011 

Cdry 
(J.g-1.h-1) 5.04 ± 0.44 5.09 ± 0.72 8.23 ± 3.11 12.9 ± 5.31 N.S. 

EHL ** 
(J.g-1.h-1) 15.5 ± 1.81 8.61 ± 2.60 8.59 ± 1.09 15.2 ± 1.71 0.012 

MHP/EHL 
(%) 14.1 ± 2.04 16.9 ± 3.78 34.3 ± 6.94 57.5 ± 9.24 0.0005 

n 6 6 6 6  

S.
 o

ol
de

a 
 

Body mass 
(g) 10.7 ± 0.47 10.5 ± 0.67 10.9 ± 0.87 11.0 ± 0.64 N.S. 

Tb 
(ºC) 31.9 ± 2.18 30.8 ± 1.17 33.8 ± 0.48 36.5 ± 0.30 3.60 × 10-4 

V̇   O2  
(mL.g-1.h-1) 5.12 ± 1.39 3.36 ± 0.67 1.78 ± 0.33 1.75 ± 0.19 0.019 

V̇   CO2 
(mL.g-1.h-1) 4.02 ± 1.02 2.69 ± 0.58 1.20 ± 0.19 1.05 ± 0.12 0.005 

RER 0.81 ± 0.06 0.78 ± 0.10 0.69 ± 0.06 0.66 ± 0.11 N.S. 
MHP * 

(J.g-1.h-1) 102 ± 27.86 67.6 ± 13.50 35.9 ± 6.63 35.2 ± 3.90 0.019 

EWL 
(mg.g-1.h-1) 5.87 ± 1.75 5.89 ± 1.84 4.80 ± 1.52 7.46 ± 1.30 N.S. 

Cwet 
(J.g-1.h-1) 3.86 ± 0.74 5.58 ± 0.27 10.8 ± 1.16 35.2 ± 10.15 N.S. 

Cdry 
(J.g-1.h-1) 3.27 ± 0.60 4.88 ± 0.26 7.13 ± 0.77 17.7 ± 7.08 N.S. 

EHL ** 
(J.g-1.h-1) 14.1 ± 4.20 14.1 ± 4.41 11.5 ± 3.65 17.9 ± 3.12 N.S. 

MHP/EHL 
(%) 14.4 ± 1.85 19.5 ± 3.56 31.7 ± 6.48 51.2 ± 6.36 0.001 

n 6 7 6 7  
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There was no significant difference between the two species in mass-corrected BMR for V̇   O2 

(S. macroura = 3.04 ± 0.47 mLO2.g-0.75.h-1; S. ooldea = 4.27 ± 0.48 mLO2.g-0.75.h-1; t12 = 1.80, p = 0.097) 1500 

or V̇  CO2 (S. macroura = 1.85 ± 0.31 mLCO2.g-0.75.h-1; S. ooldea = 1.91 ± 0.22 mLCO2.g-0.75.h-1; t12 = 

0.160, p = 0.877). There was no common regression between the two species’ mass-corrected standard 

metabolic rates (in mLCO2.g-0.75.h-1) and Ta (F1,34 = 7.46, p = 0.010) below the TNZ, suggesting that, 

although their basal requirements are comparable, aspects of their energetics and thermoregulation were 

different across the temperatures tested. Mass-corrected metabolic rates, following Q10 correction to a Tb 

of 35 ºC, maintain significant relationships to Ta in both species (S. macroura F1,21 = 60.2, p = 1.3 × 10-7; 

S. ooldea F1,28 = 22.1, p = 0.00006), but fails to correct the species disparity, with both regressions 

statistically different (F1,49 = 9.40, p = 0.004). 

 

 
Figure 4.1: Metabolic rates of S. macroura (circles) and S. ooldea (squares). 
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Evaporative Water Loss & Thermal Conductance 1510 

Total EWL varied significantly for S. macroura between Ta treatments (F3,20 = 4.69, p = 0.012; 

Table 4.1; Figure 4.2). Wet thermal conductance (Cwet) varied significantly with Ta (F3,17 = 5.11, p = 

0.011), with post-hoc tests revealing that Cwet was higher at 35 ºC than at any other temperatures (c.f. 10 

°C p = 0.013; 25 °C p = 0.012; 30 °C p = 0.069; Table 4.1; Figure 4.3). Dry thermal conductance (Cdry) 

was also uniform and stable between Ta = 10 and 30 °C, but increased in magnitude and variance at Ta = 

35 °C, although not significantly so (F3,16 = 2.86, p = 0.070). The proportion that EHL represents of total 

MHP changed significantly with Ta (F3,20 = 10.5, p = 0.0002), with the proportion increasing with Ta. 

This suggests that there is high evaporative water loss at low Ta, but that this is commensurate with the 

high MHP, so it is probably insensible (respiratory) EHL, whereas at high Ta there is comparably high 

water loss, but that this is associated with low MHP, and so is probably a thermoregulatory avenue of 1520 

heat loss.  

 

Total EWL did not change for S. ooldea from Ta = 10 °C to Ta = 35 °C (F3,24 = 0.548, p = 0.654; 

Table 4.1; Figure 4.2). The species had a similarly stable Cwet and Cdry between Ta = 10 and 30 °C (Table 

4.1; Figure 4.4) but increased in magnitude and variance at Ta = 35 °C, although not significantly so 

(F(Cwet)3,17 = 2.82, p = 0.070; F(Cdry)3,17 = 1.03, p = 0.403). The proportion that EHL represented of total 

MHP changed significantly between Ta (F3,24 = 13.2, p = 0.00003), with the proportion at Ta = 35 °C 

consistently higher than the proportion at all other Tas (c.f. 10 °C p = 0.00005; 25 °C p = 0.0002; 30 °C p 

= 0.0003). Evaporative water loss at this point becomes a significant avenue of thermoregulatory heat 

loss, suggesting that this is at or beyond the higher limit of the TNZ. 1530 

 

There was no significant difference between the species in mass-corrected total EWL 

(mgH2O.g-0.68.h-1 after Withers et al., 2006) by two-factor ANOVA (F7,44 = 1.54, p = 0.180), and no Ta or 

Ta*species interaction effects (F(Ta)3,48 = 2.59, p = 0.065; F(Ta*spp.)3,48 = 1.00, p = 0.401). Mass-

corrected Cwet (mlO2.g-0.57.h-1.°C-1 following Withers et al. (2006) for the species below Ta = 35 ºC were 

not different (t29 = 0.029, p = 0.977). Mass-corrected Cdry (mlO2.g-0.57.h-1.°C-1) for the species below Ta = 

35 ºC were statistically different ( t17.758 = 2.31, p = 0.033), with a higher Cdry for S. macroura (14.4 ± 

3.32 mlO2.g-0.57.h-1.°C-1) than S. ooldea (6.55 ± 0.78 mlO2.g-0.57.h-1.°C-1).  

 

Torpor 1540 

 All metabolic data collected during periods of torpor are summarised in Table 4.2. Torpor, 

defined by Geiser (2004) as Tb < 30 C, with metabolic rates approaching BMR and endogenous arousal 

(Tomlinson et al., 2007), was observed three times (50% of trials) for S. macroura at Ta = 10 °C. Torpid 

metabolic rate (TMR) averaged 2.28 ± 0.78 mLO2.g-1.h-1 and 1.66 ± 0.95 mLCO2.g-1.h-1 During bouts of 

torpor, Tb was 18.0 °C, but this was based on a single individual because torpor most often occurred in 

the middle of a trial and the dunnarts often aroused before their Tb was measured. Evaporative water loss 

for torpid S. macroura was 3.08 ± 0.65 mg.g-1.h-1, and EHL was 6.40 ± 1.13 J.g-1.h-1 (27.28 ± 5.21 % of 

torpid MHP). The proportion of heat production dissipated by evaporation was not significantly different 

from the 14.13 ± 2.04 % for euthermic dunnarts at Ta = 10 ºC (t2.06 = 0.792, p = 0.511). 

 1550 
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Figure 4.3: Thermal conductance of S. macroura (circles) and S. ooldea (squares) between Ta = 10 

and 35 °C, showing no significant differences across Ta, but with an increase and higher 

variance above Ta = 35 °C. White symbols represent wet conductance (Cwet) and grey 

symbols represent dry conductance (Cdry). Values are shown as mean ± S.E. 

 
Figure 4.2: Evaporative water loss of S. macroura (circles) and S. ooldea (squares) between Ta = 10 

and 30 °C, showing increases for both species at high temperatures, but different 

patterns of EWL below the TNZ of Ta = 30 °C. Values are shown as means ± S.E. 
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Sminthopsis ooldea had a greater proclivity for torpor than S. macroura, with episodes of torpor 

observed at both Ta = 10 °C and 25 °C. There were even some indications of torpor at Ta = 30 °C, 

although Tb was higher than 30 °C, violating the definitions of Geiser (2004) and Tomlinson et al. 

(2007). The number of records of torpor for S. ooldea was five (62.5% of trials) at both Ta = 10 °C and 

Ta = 25 °C. Torpid metabolic rate (TMR) decreased significantly with Ta (t(V̇   O2)8 = 3.05, p = 0.016;       1560 

t(V̇   CO2)8 = 2.52, p = 0.036). Torpid Tb of S. ooldea was also significantly lower at lower Ta (t8 = 12.5,    

p = 1.6 × 10-6). Torpid EWL was not significantly influenced by Ta (t8 = 2.12, p = 0.067). Evaporative 

heat loss was 39.9 ± 9.42 % of torpid MHP, and was not a significantly different proportion than for 

euthermic dunnarts (14.4 ± 1.85 %) at Ta = 10 ºC (t4.06 = 2.17, p = 0.096). 

 

At Ta = 10 °C, the only acute temperature exposure that induced torpor in both species, there 

was no significant difference between their mass corrected (mass-0.75) torpid metabolic rate (TMR)       

(t(V̇   O2)2.13 = 2.38, p = 0.140; t(V̇  CO2)2.01 = 1.64, p = 0.243). There was not a sufficient sample size to 

statistically compare torpid Tb. Torpid EWL at Ta = 10 °C was significantly different between the two 

species (t6 = 2.95, p = 0.026), with S. macroura losing more water, but the proportion of MHP 1570 

represented by EHL was not different (t4.26 = 1.11, p = 0.331), suggesting that S. macoura may have been 

experiencing insensible water loss as a result of metabolic defence of the torpid lower critical Tb. Low 

sample sizes precluded the calculation of meaningful PRWE for torpid dunnarts. 

 

Table 4.2: Average metabolic rates and Tb for dunnarts in torpor. 

 
Ta 
ºC 

Mass 
g 

V̇   O2 
mL.g-1.h-1 

V̇   CO2 
mL.g-1.h-1 

EWL 
mg.g-1.h-1 n Tb 

ºC n 

S. macroura  10 17.0 ± 1.1 2.28 ± 0.78 1.66 ± 0.95 3.08 ± 0.65 2 18.00 ± 0.00 1 

S. ooldea 10 9.3 ± 0.4 0.47 ± 0.16 0.13 ± 0.05 1.38 ± 0.38 5 13.76 ± 0.62 5 
25 9.8 ± 0.3 1.28 ± 0.22 0.34 ± 0.07 2.67 ± 0.47 5 26.60 ± 0.82 5 

 

4.4 Discussion 
 

 The wider context of this chapter was to examine whether the general physiology of a species 

restricted to a small, “hyper-arid” distribution is different (e.g. more specialised) than that of a broadly-1580 

distributed “climate generalist”, and whether maintaining water balance may increase energetic costs 

where water is the more limiting factor. The rationale was that species with narrow distributions should 

be well adapted to the specific conditions that occur within their distribution, but that species from broad 

distributions are likely to have evolved in response to different climatic regimes. The measures of 

metabolic capacity that I have recorded here support this hypothesis to some extent, where S. macroura 

(from a distribution spanning continental Australia) thermoregulate well by using metabolic heat 

production to maintain body temperatures at a stable level across a broad range of acute Ta exposures. 

What is an interesting and unexpected outcome of this study is that, while S. macroura are distinctly 

heterothermic, where they are either euthermic or torpid under thermoregulatory challenge (and 

presumed energetic limitation), S. ooldea (from a narrow, central Australian distribution) are 1590 

thermolabile in a distinct additional way, often lowering their body temperatures without showing any of 

the behavioural characteristics of torpor (inanimate and in a curled posture), and hence have much 
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greater variance around their normothermic metabolic measures, making more generalised reductions of 

energy and water loss than bouts of torpor in response to acute low Ta conditions. 

  

Comparison of Basal Metabolism 

The BMR reported here for S. macroura is 101% of the BMR reported by Hinds et al. (1993), 

112% of that reported by Cooper et al. (2005), and 151% of that reported by Geiser and Baudinette 

(1987). The new value is not statistically different from that reported by Cooper et al. (2005) (t22 = 0.294, 

p = 0.771), but is higher than that of Geiser and Baudinette (1987) (t10 = 2.37, p = 0.039). The BMR 1600 

reported here is 120.5% of the value predicted using the dasyurid allometric equation to account for mass 

effects (allometrically predicted BMR = 1.21 mLO2.g-1.h−1as per Withers et al. (2006), Cooper and 

Withers (2009) and Cooper and Withers (2010), with the calculations of Hayes and Shonkwiler (2006), 

to “anti-log” the log-transformed values predicted by the allometric equation). Overall, the metabolic 

data presented here for S. macroura are in close agreement with previous findings, and do not suggest a 

substantial difference between eastern and western populations. 

  

The maintenance conditions, however, are not truly comparable between the present study and 

that of Geiser and Baudinette (1987), who maintained their dunnarts outside and conducted their 

experiments over two years, where the dunnarts were exposed to full seasonal fluctuations and 1610 

photoperiods, and monthly average minimum temperatures ranged across approximately 5 °C and 

maximum temperatures across 15 °C, while I used 18 – 28 ºC. Further, although they calculated V̇   O2 

over a 15 min average, their trials ran for approximately 20h, compared to my 8h, potentially biasing 

their data due to longer starvation periods (or biasing my own, where my dunnarts may not be truly basal 

compared to theirs). Another potentially confounding factor is that Geiser and Baudinette (1987) 

obtained their dunnarts from captive colonies. Geiser and Ferguson (2001) suggested that captive-bred 

animals may have higher metabolic rates and less capacity for torpor, so it is possible that the dunnarts 

measured by Geiser and Baudinette (1987) did not reflect the situation for wild-type populations, 

although the direction of the potential error (based on Geiser and Ferguson, 2001) would suggest that 

Geiser and Baudinette (1987) over-estimated BMR, rather than underestimating it. Furthermore, Cooper 1620 

et al. (2005) sourced their dunnarts from a captive breeding colony, which should have presented the 

same problems of captive acclimatisation, but their results closely resemble mine. Methodological 

comparisons with Hinds et al. (1993) are made difficult due to their sketchy descriptions of the sources 

of S. macroura, their maintenance, and the duration and temperatures of BMR measurement, and their 

low sample sizes (n = 3). Overall, my metabolic data for S. macroura are in close agreement with 

previous findings, and do not suggest a substantial difference between eastern and western populations. 

 

The BMR reported here for S. ooldea is the first published value for the species and is 131.3% 

of the value (mass independent BMR = 1.33 mLO2.g-0.74.h−1) expected from the general relationship 

between body mass and BMR for marsupials (Hayes and Shonkwiler, 2006; Withers et al., 2006; Cooper 1630 

and Withers, 2009; Cooper and Withers, 2010). The BMR of neither S. macroura nor S. ooldea shows 

evidence of reduction below the general dasyurid expectations, and in fact both exceed the expected 

values. The marsupial allometry data used to generate the general relationship between body mass and 

BMR is dominated by dasurids at the low body mass scale (approximately 50% of records) and, as 
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discussed by Withers et al. (2004) and Cooper and Withers (2009), the dasyurid dataset presumably 

already incorporates some aridity-related reduction in BMR, due to the prevalence of habitat aridity for 

most dasyurids. An explanation for the higher BMR than expected for S. ooldea remains unclear at this 

stage. 

 

There is no significant difference between the mass-corrected BMR that I measured for S. 1640 

macroura and S. ooldea. Below the lower critical temperature the pattern of SMR across Ta suggests that 

there is no common relationship of the two species at similar Ta (Figure 4.4). Nominally such differences 

would be attributed to differences in thermal conductance, where smaller species have higher surface 

area relative to volume, and so lose proportionally more heat, and thus have steeper slopes to the 

metabolic regression below TNZ, but I did not find any difference in mass-corrected Cwet between the 

two species. In the case of the two species of dunnarts compared here, however, there is a more striking 

difference, which is the marked thermal lability of S. ooldea to acute exposures to temperatures below 

the TNZ. While S. ooldea was capable of “relaxing” its thermoregulatory requirements, and entered 

torpor more often than S. macroura, S. macroura was a strict thermoregulator, and only entered torpor 

rarely. Furthermore, where it was often difficult to detect differences between differences between the 1650 

extremes of the thermolabile range of S. ooldea visually, S. macroura showed all the behavioural 

hallmarks of torpor discussed by Tomlinson et al. (2007) and were either torpid or euthermic, without the 

active thermolabile state between evidenced by S. ooldea. 

 

Evaporative Water Loss and Relative Water Economy 

Total allometrically-corrected EWL within TNZ for S. macroura (7.00 mg H2O.g-0.68.h−1) was 62.6% of 

the value predicted using the slope of the dasyurid allometric equation to account for mass effects 

(Withers et al., 2006; Cooper and Withers, 2009; 2010) with anti-log calculations of Hayes and 

Shonkwiler (2006), while the allometrically-corrected EWL within the TNZ for S. ooldea (8.65 mg 

H2O.g-0.68.h−1) was 103.9% of the allometric prediction. The EWL within the TNZ for S. macroura was 1660 

148% of the value reported by Cooper et al. (2005); EWL was consistently higher across all comparable 

Tas. The difference between the prediction and the values that I measured is significantly different to zero 

for S. macroura (t5 = 3.76, p = 0.013), but not for S. ooldea (t7 = 0.049, p = 0.962), suggesting that S. 

macroura has more efficient evaporative water loss components than expected, but that S. ooldea is less 

conservative of evaporative loss pathways. The Cwet within the TNZ that I measured for S. macroura 

(mass-corrected EWL converted to 38.36 J.g-0.57.h−1) is 150.2% of the value predicted using the dasyurid 

allometric equation to account for mass effects, as per Withers et al. (2006), Cooper and Withers (2009), 

and Cooper and Withers (2010) and calculations of Hayes and Shonkwiler (2006), while the Cwet within 

the TNZ  that I measured for S. ooldea (mass-corrected EWL converted to 39.75 J.g-0.57.h−1) is 247.6% of 

the allometric prediction. The difference between the prediction and the values that I measured is not 1670 

significantly different to zero for either S. macroura (t5 = 0.977, p = 0.373), or S. ooldea (t7 = 2.13, p = 

0.070). 
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The different patterns of metabolic rates that can be tentatively ascribed to the thermolability of 

S. ooldea have marked implications for water balance when compared to a more standard 

thermoregulator and heterotherm like S. macroura. The increase in EWL for S. macroura at either end of 

the Ta gradient appears to be related to thermoregulation. At high Ta S. macroura uses evaporation to lose 1680 

excess body heat. At the lower Ta the increase in water loss is proportional to the increase in MHP, and is 

presumably not an adaptive avenue of thermoregulation but instead an insensible result of increased 

ventilation. These differences, however, impart levels of EHL that are negligible proportions of overall 

MHP at low Ta (Table 4.1). By adopting tolerance to mild hypothermia and allowing Tb to approach Ta, 

S. ooldea reduces its insensible water loss associated with increased MHP.  

 

Metabolic water production (MWP; mg H2O.mL O2
-1), calculated using the measured RER by 

the equation: MWP = 0.326 × RER + 0.337 after Withers (1992) and Cooper and Withers (2009) and 

calculations of P. Withers (pers comm.), was used to estimate the relative water economy (RWE; 

MWP/EWL) and the point of relative water economy (PRWE) at the Ta where RWE = 1. Although 1690 

neither species reached their PRWE within the experimental Ta range tested here, the extrapolated PRWE 

for Sminthopsis macroura was -8.7 ºC (Figure 4.5), and had steeper slope to RWE over the experimental 

 
Figure 4.4: Mass-corrected metabolic rates of S. macroura (circles) and S. ooldea (squares), 

showing the regression of metabolic rate against Ta. Although BMR is comparable 

between species, the slope of the line is shallower for S. ooldea, imparting lower energy 

requirements below the TNZ. Values are means ± S.E. 
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Ta range than S. ooldea, which had a PRWE of -15.0 ºC (Figure 4.5). There was no significant difference 

between these regressions, however.  

 

 
 
The point of relative water economy, where MWP = EWL, has been suggested to be an index of 

a species' adaptation to limited water availability that is useful for inter-specific comparison, with a 

higher PRWE being more favourable in arid environments (MacMillen and Hinds, 1983; MacMillen, 1700 

1990). By comparison with other small marsupials, which have PRWE well above Ta = 10 ºC (Cooper 

and Withers, 2009; Cooper et al., 2009; Withers and Cooper, 2009), and where the most arid-distributed 

species, S. psammophila has the highest PRWE (Cooper and Withers, 2009), both species measure here 

had a PRWE well below Ta = 10 °C. My RWE data for S. macroura show the expected relationship of 

increasing RWE with decreasing Ta, wheres Cooper et al. (2005) found RWE > 1 at all Ta, and did not 

see any relationship. The lower PRWE for S. ooldea than S. macroura, however, contrasts with 

metabolic data presented here, suggesting adaptation to low-productivity ecosystems, and discussed by 

Archer (1981) that S. ooldea is very well adapted to aridity. Furthermore, my data conform much more 

closely to the values expected for a small insectivore on the basis of analysis of Hinds and MacMillen 

(1986) corrected by Cooper and Withers (2009), where the predicted PRWE is -2.1 ºC for S. macroura 1710 

(Tb = 33.8 ºC, mass = 16.1g, Kmwe = 0.32), suggesting that this species is not well arid-adapted, but not 

for S. ooldea where predicted PRWE is 11.9 ºC (Tb = 34.6 ºC, mass = 10.8g, Kmwe = 0.34), suggesting 

strong adaptation to arid environments. I suggest that S. macroura is not well adapted to arid conditions 

by virtue of its RWE, especially when compared to the steeper slope and higher PRWE of S. 

psammophila (Cooper and Withers, 2009). The marked thermolability of S. ooldea, while imparting 

energetic advantages, markedly reduces the water economy of the species because the MWP is more 

 
Figure 4.5: Relative water economy of S. macroura (circles) and S. ooldea (squares), showing 

the regression of RWE against Ta. Grey dashed lines are the projections to the PRWE (-8.7 ºC for S. 

macroura and -15.0 ºC for S. ooldea). Values are mean ± S.E. 
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reduced than the EWL (part of which is cutaneous). Therefore, although Archer (1981) suggests that S. 

ooldea is the most arid-adapted dunnart, and Cooper and Withers (2009) suggest that this should increase 

its RWE, the interaction of energetics and thermoregulation with EWL has apparently confounded this. I 

support the suggestion by Cooper and Withers (2009) that more data for RWE and PRWE are needed to 1720 

investigate the diversity of water economies and determine environmental correlates and mechanisms of 

water economy. 

 

Torpor for Energy and Water Conservation 

Use of torpor by S. macroura reduced the metabolic rate to approximately 43% of the resting 

levels at Ta = 10 ºC (Tb = 18.0 ± 0.00 ºC), a saving similar to the 37% reported previously for this species 

(Cooper et al., 2005). The savings are somewhat attenuated because S. macroura appear to defend the 

torpid set Tb at Ta = 10 ºC (Geiser and Baudinette, 1985), resulting in an increase in torpid metabolic rate. 

For S. ooldea, however, torpor provided much greater savings, reducing the metabolic rate to 

approximately 5% of resting levels at Ta = 10 ºC (Tb = 13.8 ± 0.62 ºC). If they do not regulate Tb at a 1730 

lower critical Ta during torpor, which may be a logical extension of their normothermic thermolability, 

then this would potentially contribute to substantial reductions of metabolism. Entry into torpor should 

also result in a decrease in the RWE of S. macroura and S. ooldea, as was found for the Sand-hill 

Dunnart (S. psammophila) by Cooper and Withers (2009), because EWL (particularly cutaneous) does 

not decrease as much as MWP does. Unlike Cooper and Withers (2009) for S. psammophila, I could not 

obtain substantial data from either of my study species across a broad enough Ta range to make a suitable 

comparison.  

 

The data that I have collected here on the metabolic and water loss profiles of two species of 

dunnart in Western Australia reveal markedly different strategies between the two species in response to 1740 

acute exposures across a broad temperature gradient. Sminthopsis macroura is a strong thermoregulator 

across a broad range of ambient conditions, and is also a classical heterotherm, using torpor under 

energetic limitation imposed by starvation and low Ta. Sminthopsis ooldea is thermolabile and does not 

regulate its body temperature tightly around a mean value in conditions below the TNZ. Consequently, 

although it does enter a state of classical torpor, the distinction between euthermic and torpid states is 

much less clear than for S. macroura. This difference in propensity for thermoregulation contributes 

substantially to managing the energy budgets of the species between acute Ta conditions, where S. 

macroura has a steeper slope to the metabolic profile as Ta declines, and at any Ta below the TNZ 

requires more energy per unit of body mass than S. ooldea. Propensity towards thermoregulation also has 

implications for the water balance of the two species. Although both species have comparable increases 1750 

in EWL above basal levels when down-regulating Tb above the TNZ, S. macroura has a higher EWL at 

the lower critical Ta. This is presumably largely a result of insensible water loss resulting from the 

increased ventilation required to maintain high MHP. By adopting a broadly thermolabile approach, S. 

ooldea reduces water lost (either sensibly or insensibly) in thermoregulation (i.e. there is no significant 

increase in EWL related to the maintenance of Tb at high and low Ta that is evident in the pattern of EWL 

of S. macroura). 
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The physiological differences between S. macroura and S. ooldea presumably impact upon the 

distributions to which the dunnarts are adapted. A strong propensity to thermoregulate may allow S. 

macroura to exploit a broad range of climatic envelopes, at the cost of a higher energetic and water 1760 

requirement. Since S. ooldea does not expend as much energy and water on thermoregulation it is better 

adapted to the very low productivity, “hyper-arid” (sensu Withers and Cooper, 2009) conditions of its 

Centralian distribution. This supports the findings of Archer (1981) that it has the most derived, arid-

adapted morphology of any Sminthopsis. 

 

 

 

 

 

 1770 
Stars and campfire in the Great Victoria Desert, 2010, where both S. macroura and S. ooldea overlap. 

Sean Tomlinson all rights reserved. 
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Chapter 5: Comparative Thermoregulatory Physiology and Plasticity 

in Sminthopsis 

Summary 
Six S. macroura and eight S. ooldea were acclimated for two weeks to ambient temperature 

regimes of 12 - 22 °C, 18 - 28 °C, and 25 - 35 °C, and then measured for standard, basal, and summit 

metabolic rate using flow-through respirometry. Sminthopsis macroura maintained a stable body 

temperature under all experimental Ta and metabolic rate decreased with increasing Ta under all 

acclimation regimes. The TNZ shifted from 30 °C under the 18-28 °C and 12-22 °C acclimation regimes 1780 

to 35 °C under the 25-35 °C acclimation regime. BMR was not statistically different between the three 

acclimation regimes in respect to V̇  CO2. SuMR increased significantly with decreasing acclimation 

regimes. TEWL increased at Ta = 35 ºC, compared to lower Ta, in all acclimation regimes, but the 

increase in TEWL at Ta = 10 ºC shown in cool acclimations did not occur at the 25-35 ºC regime. 

Sminthopsis ooldea had variable Tb between experimental Ta in all acclimation regimes, and displayed a 

decrease in metabolic rate with increasing Ta in all acclimation regimes, but no acclimational shift in 

TNZ, which occurred between Ta = 30 °C and 35 °C. Neither BMR nor or SuMR was affected by the 

three acclimation regimes. TEWL did not change across Ta or with acclimation regime and relative water 

economy showed the same pattern of increasing economy with decreasing Ta under all three acclimation 

regimes. I conclude that S. macroura showed flexibility in many aspects of thermoregulation (involving 1790 

energy and water balance), presumably allowing the species to match its energy and water requirements 

to a broad range of climatic conditions. Sminthopsis ooldea seems to have an inflexible energetic and 

water balance, and only minimally expends either resource on ineffective thermoregulation, matching 

only a fairly stable climate envelope. Given that homeothermy is an expensive strategy to adopt, 

especially in desert ecosystems, it may be that the Hirtipes group of the Sminthopsini, represented by S. 

ooldea,  have a thermally labile heterothermic adaptation, while the Macroura group, represented by S. 

macroura, do not depart from conventional homeothermy. The macrophysiological implications of these 

findings are unclear, since phenotypic flexibility does not necessarily imply greater reproductive success. 

 

1800 
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5.1 Introduction 
 

Flexibility of thermoregulatory responses allows animals to adjust physiological capacities to 

environmental demands. For example, birds and mammals enhance heat or cold resistance seasonally 

(acclimatisation) or in response to experimentally applied, short-term thermal challenges (acclimation as 

short as two weeks; Nespolo et al., 2001; Soobramoney et al., 2003). Dawson (2003) suggested that 

higher ambient temperatures (either in the laboratory, or due to seasonal warming) can lead to down-

regulation of metabolic capacity, in birds, including changes in thermogenic capacity that can be 

measured as basal metabolic rate (BMR) or summit metabolic rate (SuMR) (Bozinovic et al., 1990; 

Nespolo et al., 2001). Nespolo et al. (2001) suggest, however, that SuMR provides the most accurate 1810 

assessment of acclimation and thermoregulatory plasticity because it incorporates BMR with shivering 

and non-shivering thermogenesis, all of which can be up-regulated in response to continued exposure to 

low temperatures. As such, SuMR provides an omnibus measure of thermoregulatory response capacity. 

 

Thermoregulation for an endotherm involves a shifting balance between metabolic rate 

(dependent on chronic levels of energy availability) and ambient conditions (Schmidt-Nielsen, 1983), 

and heat balance (which is a balance between metabolic heat production, MHP and avenues of heat loss, 

the most generally effective being evaporative heat loss, EHL). Thus, if external temperatures are low 

and food is not a limiting resource, then the overall energy budget of a species is not adversely affected 

by the increased costs of thermoregulation. Conversely, if food resources are restricted, but the costs of 1820 

maintaining constant body temperature are low resulting from moderate environmental conditions, then 

once more the energy budget is not adversely affected. An interesting aspect of physiological acclimation 

yet to be investigated is whether animals can shift their thermogenic capacity independently of ambient 

temperatures in response to changes in food resources. In theory a species with chronically limited food 

resources should reduce its energetic requirements (i.e. down-regulate metabolism) even when 

maintained under moderate environmental temperatures. 

 

Metabolic rate is no longer considered to substantially represent thermoregulation in isolation 

(Cooper and Withers, 2008; 2009; Cooper et al., 2009; Withers and Cooper, 2009; Chapter 4), and 

evaporative heat loss (EHL) is a major thermoregulatory effector during high temperature exposure 1830 

(Angilletta et al., 2010), while elevated EHL at low temperature exposures, consequential of poor 

recuperative heat and water exchange in the respiratory tract, can be a significant contributor to thermal 

balance when ventilation increases to satisfy increased oxygen demand. Therefore, thermal acclimation 

may not only influence metabolic rate but may also impact on the water budget. Recent studies have also 

shown a flexibility in EWL in birds (Williams and Tieleman, 2000), and large mammals (Ostrowski et 

al., 2006), which has implications for the water use efficiency (WUE, broadly analogous to relative water 

economy, RWE, the amount of water lost relative to levels of metabolic water production, as discussed 

by Cooper and Withers, 2008; 2009; Cooper et al., 2009; Withers and Cooper, 2009 and Chapters 4 & 5), 

especially in species adapted to arid habitats with variable and unpredictable conditions (Lee and 

Schmidt-Nielsen, 1971; Menon, et al., 1989, Williams and Tieleman, 2000). Where MHP may not be 1840 

evidently up- or down-regulated in response to chronic temperature exposures, more subtle changes in 

EHL and the proportions of heat lost relative to MHP, the relative water economy (RWE), may provide 
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substantial savings in the whole energy budget. The current paucity of data on the precise roles of the 

interactions between water loss and energetics make predictions of the effect of thermal acclimation upon 

these aspects of physiology difficult to make, but their importance to the basic physiology suggests that 

they should be incorporated into such studies. 

 

Discussions concerning up- or down-regulation of metabolism can be used in isolation to infer 

acclimatory responses in homeothermic species. In heterotherms, however, energetic plasticity may also 

include changes in the propensity towards torpor in response to environmental conditions. Although 1850 

some species enter torpor only under thermal challenges of low temperatures, food restriction or both 

(Hudson, 1978; Wang, 1989; Withers et al., 1990; Malan, 1996), the propensity of a species to enter 

torpor following acclimation to different environmental conditions has been investigated only recently 

(Munn et al., 2010). Given that torpor is viewed as an adaptation that reduces energy expenditure directly 

related to thermoregulation (Grigg and Beard, 2000; Nicol and Anderson, 1996), a heterotherm 

acclimated to low temperatures might not utilise torpor as often as one acclimated to high temperatures 

when placed in physiologically challenging conditions if they have acclimatory compensation 

mechanisms. In short, torpor use may be reduced as a response to cold in cold-acclimated heterotherms. 

 

Phenotypic plasticity (or flexibility sensu Piersma and Drent, 2003) is thought to allow 1860 

organisms to respond to environmental variability on an ecological scale (Nespolo et al., 2001), whereby 

aspects of physiology are optimised within the broader phenotype for a given set of environmental 

circumstances (Lewontin, 1969; Feder, 1987). For example, resting metabolic rate may be up- or down-

regulated at the same incident ambient temperature to facilitate a broader thermoregulatory response 

based on the environmental norm to which the animal is thermally acclimated. Homeothermic species 

may be limited in how flexible their physiological responses are when exposed to chronic variations in 

temperature or food. Heterothermic species are intrinsically more flexible in their responses (Geiser and 

Turbill, 2009), but may still be limited in how flexible their basal physiology is and in how their use of 

torpor can be altered in response to chronically reduced energy availability, either by length and depth of 

bouts, or by their intensity of torpor use (Munn et al., 2010). In the context of thermoregulation, 1870 

however, a reduced energy budget at comparable ambient conditions implies increased thermoregulatory 

challenge by virtue of an attempt to maintain constant body temperature with less free energy (see above 

for discussion). Furthermore, where two closely related species diverge in their distributions, especially 

where many aspects of their biology are very similar, differences in their thermogenic plasticity may be 

important drivers of this divergence. 

 

Sminthopsis macroura and S. ooldea represent two subfamilies of dunnart (Archer, 1981; 

Blacket et al., 1999), one species, S. macroura, with an extensive geographical distribution across 

Australia (McKenzie et al., 2006), the other quite limited in its extent to the arid environments around 

the Western Australian, South Australian and Northern Territory conjoined borders (Aslin, 1983). The 1880 

considerable environmental variation across the geographic distribution of S. macroura would suggest 

that the species is highly adaptable, whereas S. ooldea may be more specifically adapted to the “hyper-

arid” environments of the Australian centre (sensu Archer, 1981; Withers and Cooper, 2009). These 

species are similar in ecology, habit, habitat preferences and even size and mass (Ewer, 1968; Aslin, 
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1983; Morton, 1983a; 1983b), but have substantially different basic energetic patterns. Sminthopsis 

macroura appears to be a strong thermoregulator and classical heterotherm (i.e. they enter deep, but 

regulated, spontaneous torpor), but S. ooldea is thermolabile and appears to undergo mild hypothermia as 

well as using torpor (Chapter 4). 

 

I am, therefore, interested in whether differences in their distribution reflect differences in their 1890 

capacity to acclimate to changes in ambient temperatures and food availability (i.e. to respond in the long 

term rather than tolerate in the short term). For the purposes of this aspect of my physiological 

acclimation research, “phenotypic plasticity” is taken to be the variability of BMR, MHP, SuMR, and 

propensity towards torpor, as well as EWL, EHL and RWE following acclimation to different ambient 

temperature or food availability regimes. I postulate that both aspects of metabolism (BMR and SuMR) 

of the two dunnarts studied here should display plasticity resulting from acclimation, but this plasticity 

may differ between species. As a component of thermoregulation, EWL (and hence EHL) should be 

reduced at low Ta following chronic cold acclimation to reduce insensible heat and energy loss, and thus 

increase RWE. I expect S. macroura, having such a broad distribution, covering a range of climatic 

conditions, and also being a very strong thermoregulator (Chapter 3), to display high variability, 1900 

essentially tailoring the thermoregulatory energy budget to chronic Ta regimes; and S. ooldea to be less 

variable in SuMR and BMR in response to acclimation to a range of chronic Ta regimes. Given the 

interrelationship between ambient temperature, energetics and food availability, it is also postulated that 

metabolism and water loss should be similarly down-regulated in each species in response to food 

shortages as with temperature acclimation. Based on the discussions of Geiser (2004) on the role of 

heterothermy in arid-adapted mammals, and the refutation of some of the hypotheses stated in the 

Introduction (Chapter 1) by data presented in Chapter 4, S. macroura and S. ooldea are both expected to 

display high propensity towards torpor in response to thermal challenge (i.e. coincidental low 

temperatures and low nutritional regimes), but S. ooldea is expected to enter a deeper state of torpor on 

the basis of its relatively smaller size and lesser thermoregulatory efficacy, and its tendency towards 1910 

unregulated torpor (Chapter 4). This propensity toward torpor should increase in warmer acclimated 

dunnarts of both species when exposed to low ambient temperatures. 

 

5.2 Methods 
 

Acclimation Regimes 

 The dunnarts were acclimated for two weeks each to a series of ambient temperature and food 

availability regimes prior to experimental measurements of their metabolic rates under these differing 

regimes. Temperature regimes consisted of 12 hour low Ta, followed by 10 °C elevation to a higher Ta. 

These acclimation regimes were in the order of 18 - 28 °C, 5 - 15 °C, 12 - 22 °C and 25 - 35 °C. Two 1920 

food-availability acclimations were also conducted for the 18 - 28 °C temperature range; a high food 

availability condition was the maintenance diet, and a low food availability condition, was half of the 

maintenance diet. Initial trials of the low food availability acclimation that began with S. macroura were 

discontinued within a week of the acclimation, as the dunnarts were unable to maintain body mass at 

either 50% or 75% of the maintenance diet. Acclimation to low resources was not investigated further. 

The dunnarts were maintained in social arenas for the duration of acclimation, and were allowed to 
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socialise freely (see Chapter 3 for more discussion). During the period of respirometry experiments the 

individuals were housed separately for food deprivation prior to respirometry. 

 

Respirometry  1930 

Flow-through respirometry was used to measure metabolism as described in the generalised 

methods in Chapter 1, where SMR was measured at Ta of 10, 25 30, and 35 ºC. Summit metabolism was 

measured by flow-through respirometry in a helox atmosphere (19.1% O2 in He, BOC Ltd. custom mix) 

at Ta = 10 °C (Rosenmann and Morrison, 1974; Smith and Dawson, 1985; Geiser et al., 1996; Thomas et 

al., 1998; Holloway and Geiser, 2001; Geiser et al., 2003). Baseline readings of air and helox were taken 

for 20 minutes before and after the trial. Dunnarts were exposed to helox for 20 minutes, or until their 

metabolism declined, reflecting incipient hypothermia, at which time they were removed and Tb 

measured. Estimation of SuMR was made using custom-written Visual Basic v6.0 software, by 

measuring the peak V̇  O2and V̇  CO2immediately following the introduction of the dunnart to the system, 

and also by averaging the metabolic rate over the first two and five minutes of the trial. 1940 

 

Statistical Analysis 

The effect of Ta on physiological variables was examined by linear regression and ANOVA, 

with Student-Newman-Keuls (SNK) post hoc tests. Although I initially intended to use repeated 

measures ANOVA, natural attrition of individuals during the study period precluded this. Given that a 

repeated measures design is aimed at reducing the variance of the data set, the use of full-factorial 

ANOVA is generally more conservative than RM-ANOVA (see Cohen, 2008), and thus the likelihood of 

Type-I Error is reduced at the expense of decreased statistical power and increased likelihood of Type-II 

Error. The maintenance of normothermic Tb was tested by linear regression against Ta, and additionally 

checked by testing the equality of variances of the Tb residuals between the Ta treatments using a 1950 

Bartlett’s test. The residuals were analysed because variability around the means is a small proportional 

to the signal (Tb), and this was optimised by comparing residuals with a mean of zero. Torpor data were 

compared to normothermia data by ANOVA. Occurrence of torpor appeared to be random amongst 

individuals as not all individuals had the same responses at all experimental Tas. Consequently, repeated-

measures ANOVA was not possible. Comparisons of normothermic metabolism between acclimation 

regimes were made within species by comparing the regressions for slope and intercept of metabolic rate 

(V̇   O2and V̇   CO2) below the thermoneutral zone (TNZ). Normothermic responses of each species were 

examined by comparing regressions below the TNZ. Comparisons of summit metabolism, propensity 

towards torpor, and torpid metabolism between acclimation regimes were made by linear regression by 

comparing these regressions for slope and intercept. Values are presented as mean ± S.E, numbers are 1960 

given as n = population size (i.e. the number of individuals) and N = sample size (i.e. the total number of 

measurements). 

 

5.3 Results 
 

Body Mass and Acclimation 

 Body mass averaged across all respirometry trials between all acclimation regimes was 17.1 ± 

0.29 g for S. macroura (n = 6, N = 24) and 11.1 ± 0.13 g for S. ooldea (n = 8, N = 32). There was no 
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significant change in body mass of S. macroura at different acute Ta treatments within the 12-22 °C 

regime (F4,25 = 0.190, p = 0.942), the 18-28 °C regime (F4,24 = 0.500, p = 0.735) or the 25-35 °C regime 1970 

(F4,24 = 1.16, p = 0.355). Body mass was, however, significantly higher during the 25-35 °C regime than 

the other two acclimation regimes (F2,87 = 17.8, p = 3.36 × 10-7; Table 5.2). There were no significant 

changes in body masses of S. ooldea within the 18-28 °C regime (F3,28 = 0.390, p = 0.761), the 12-22°C 

regime (F3,28 = 2.04, p = 0.131), or the 25-35 °C regime (F3,28 = 0.480, p = 0.698), but they were heavier 

for the 12-22 °C regime than the other two (F2,93 = 4.87, p = 0.00980; Table 5.2). 

 

Body Temperatures & Basal Metabolic Rate 

The pattern of thermoregulation of S. macroura reported in Chapter 4 was maintained under 

each acclimation regime, where average Tb was the same (33.8 ± 0.2 ºC) between all acclimation regimes 

(F2,55 = 0.593; p = 0.556; Table 5.1; Figure 5.1), and under all ambient temperatures between acclimation 1980 

regimes (F6,55 = 1.07; p = 0.391). There was no difference between the levels of variance of the Tb 

residuals at different Ta treatments (BC = 19.5, p = 0.053). Sminthopsis ooldea maintained the 

thermolabile pattern identified in Chapter 4 across chronic acclimation regimes, where average Tb for S. 

ooldea, showed significant variation with Ta (Figure 5.1) and there were significant effects of 

acclimation regime (F11,70 = 4.02; p = 1.47 × 10-4; F(Acc.)2,79 = 3.44; p = 0.0377), and ambient 

temperatures alone (F(Ta)3,72 = 8.16; p = 9.77 × 10-5). Low acute Ta caused lower Tb in all acclimation 

regimes, and Tb tended to be lower in response to warmer acclimation regimes. There were significantly 

different variances of the Tb residuals at different Ta treatments between acute Ta treatments and the 

acclimations (BC = 64.9, p = 1.12× 10-9).  

 1990 

At all acclimation regimes S. macroura showed the metabolic response to Ta described in 

Chapter 4 of decreasing metabolic rate from Ta = 10 °C to basal metabolic rate (BMR). Under the 18-28 

°C and 12-22 °C acclimation regimes, BMR was at Ta = 30 °C, which is presumed to be within the 

thermoneutral zone (TNZ) since metabolism was slightly elevated at Ta = 35 °C (Table 5.1). Under the 

25-35 °C acclimation regime, however, BMR was lower and at Ta = 35 °C. Although S. macroura 

maintained mass and body condition at the 5-15 °C acclimation regime with the standard food regime, 

they did not with food deprivation, and so the acclimation regime was abandoned and interpreted as the 

extreme lower capacity for the species (i.e. their survival limit under laboratory conditions). Mass-

corrected (g0.75) BMR was not statistically different between the three acclimation regimes in respect to V̇   

O2 (F2,15 = 2.14, p = 0.153) or V̇   CO2 (F2,15 = 1.57, p = 0.240). Despite the shift in TNZ under the warmest 2000 

acclimation regime, the metabolic profile was not statistically different over the three acclimation 

regimes (slope F2,46 = 2.54, p = 0.0890; Intercept F2,48 = 0.691, p = 0.506; Figure 5.2), with a common 

regression of V̇   CO2= 7.734 – 0.224 × Ta.  
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Table 5.1: Thermoregulatory variables for S. macroura and S. ooldea at the three different acclimation 

regimes tested. Data are mean ± S.E. Reduced n values at low Ta are the result of individuals 

entering torpor early in a trial and not arousing for the 8h duration. P is the probability of 

significant differences occurring between acute Ta treatments within each acclimation regime 

(significant differences occurred where p < 0.05). 

S. macroura 10 ºC 25 ºC 30 ºC 35 ºC p 

Tb  
(ºC) 

12- 22 ºC 32.67 ± 1.20 31.50 ± 0.43 34.33 ± 0.49 35.67 ± 0.21 0.00006 
18 – 28 ºC 31.87 ± 2.62 32.92 ± 0.58 33.38 ± 0.55 35.05 ± 0.87 0.181 
25 – 35 ºC 33.40 ± 1.36 32.33 ± 0.21 35.00 ± 0.63 35.50 ± 0.34 0.016 

V̇   O2 
(ml.g-1.h-1) 

12- 22 ºC 7.07 ± 1.01 2.41 ± 0.51 1.43 ± 0.29 2.06 ± 0.32 7.81 × 10-6 
18 – 28 ºC 6.24 ± 0.53 2.35 ± 0.27 1.45 ± 0.26 1.47 ± 0.27 6.96 × 10-7 
25 – 35 ºC 5.75 ± 0.85 2.98 ± 0.60 1.60 ± 0.26 0.80 ± 0.14 0.0003 

V̇   CO2 
(ml.g-1.h-1) 

12- 22 ºC 6.49 ± 0.88 2.12 ± 0.62 1.25 ± 0.34 1.48 ± 0.35 2.58 × 10-5 
18 – 28 ºC 5.58 ± 0.55 1.88 ± 0.51 1.05 ± 0.28 0.95 ± 0.17 1.01 × 10-6 
25 – 35 ºC 4.63 ± 0.70 2.35 ± 0.64 1.43 ± 0.40 0.58 ± 0.14 0.002 

RER 
12- 22 ºC 0.92 ± 0.01 0.83 ± 0.13 0.84 ± 0.13 0.75 ± 0.15 0.85 
18 – 28 ºC 0.89 ± 0.04 0.75 ± 0.10 0.71 ± 0.08 0.65 ± 0.05 0.385 
25 – 35 ºC 0.81 ± 0.05 0.74 ± 0.07 0.83 ± 0.14 0.70 ± 0.07 0.708 

EWL 
(mg.g-1.h-

1) 

12- 22 ºC 8.30 ± 1.71 3.72 ± 0.89 5.68 ± 1.52 8.70 ± 0.82 0.029 
18 – 28 ºC 6.47 ± 0.75 3.59 ± 1.08 3.58 ± 0.46 6.35 ± 0.71 0.018 
25 – 35 ºC 5.68 ± 0.77 5.37 ± 1.46 6.02 ± 1.63 6.89 ± 1.07 0.851 

Cwet 
(J.g-1.h-1) 

12- 22 ºC 7.20 ± 1.24 7.61 ± 1.70 6.76 ± 1.43 35.14 ± 7.18 0.000152 
18 – 28 ºC 5.69 ± 0.47 6.31 ± 1.09 11.76 ± 4.37 20.39 ± 4.92 0.032 
25 – 35 ºC 1.42 ± 3.35 8.24 ± 1.60 6.62 ± 1.39 18.86 ± 3.83 1.92 × 10-5 

Cdry 
(J.g-1.h-1) 

12- 22 ºC 6.15 ± 0.98 5.83 ± 1.43 3.86 ± 1.23 16.87 ± 4.48 0.011 
18 – 28 ºC 5.04 ± 0.44 5.09 ± 0.72 8.23 ± 3.11 12.92 ± 5.31 0.089 
25 – 35 ºC 1.21 ± 2.95 6.45 ± 1.20 3.61 ± 0.56 6.26 ± 3.28 0.049 

EHL/MHP 
12- 22 ºC 0.15 ± 0.01 0.30 ± 0.09 0.59 ± 0.09 0.88 ± 0.17 0.003 
18 – 28 ºC 0.14 ± 0.01 0.60 ± 0.25 0.60 ± 0.12 0.87 ± 0.10 0.031 
25 – 35 ºC 0.15 ± 0.01 0.27 ± 0.02 0.54 ± 0.05 2.04 ± 0.71 0.005 

RWE 
12- 22 ºC 0.57 ± 0.06 0.34± 0.06 0.17± 0.02 0.13 ± 0.01 2.31 × 10-6 
18 – 28 ºC 0.58 ± 0.07 0.44 ± 0.06 0.20 ± 0.02 0.13 ± 0.02 1.21 × 10-5 
25 – 35 ºC 0.61 ± 0.03 0.37 ± 0.04 0.18 ± 0.01 0.08 ± 0.02 8.72 × 10-12 

N 
12- 22 ºC 4 6 6 6   
18 – 28 ºC 5 6 6 6   
25 – 35 ºC 6 6 6 6   
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S. ooldea 10 ºC 25 ºC 30 ºC 35 ºC p 

Tb 
(ºC) 

12- 22 ºC 33.32 ± 0.70 33.60 ± 0.53 32.68 ± 0.60 35.93 ± 0.31  0.001 
18 – 28 ºC 33.93 ± 0.99 31.70 ± 1.30 33.83 ± 0.48 36.49 ± 0.30  0.0003 
25 – 35 ºC 32.13 ± 0.92 35.00 ± 0.48 32.61 ± 0.44 35.54 ± 0.45  0.0002 

V̇   O2 
(ml.g-1.h-1) 

12- 22 ºC 6.96 ± 0.91 3.55 ± 0.43 1.63 ± 0.23 1.91 ± 0.10 2.48 × 10-7  
18 – 28 ºC 5.12 ± 1.39 3.36 ± 0.67 1.78 ± 0.33 1.75 ± 0.19 0.011  
25 – 35 ºC 7.64 ± 0.59 4.01 ± 0.48 1.99 ± 0.51 1.78 ± 0.23 1.00 × 10-7  

V̇   CO2 
(ml.g-1.h-1) 

12- 22 ºC 5.62 ± 0.66 2.57 ± 0.39 0.81 ± 0.07 1.20 ± 0.15 1.23 × 10-8  
18 – 28 ºC 4.02 ± 1.02 2.69 ± 0.58 1.20 ± 0.19 1.05 ± 0.12 0.003 
25 – 35 ºC 6.28 ± 0.53 3.32 ± 0.40 1.08 ± 0.26 1.18 ± 0.13 1.80 × 10-7  

RER 
12- 22 ºC 0.82 ± 0.02 0.72 ± 0.07 0.58 ± 0.10 0.66 ± 0.09  0.472 
18 – 28 ºC 0.81 ± 0.06 0.78 ± 0.10 0.69 ± 0.06 0.66 ± 0.11  0.726 
25 – 35 ºC 0.82 ± 0.04 0.84 ± 0.05 0.69 ± 0.13 0.73 ± 0.09  0.841 

EWL 
(mg.g-1.h-

1) 

12- 22 ºC 5.55 ± 1.38 6.19 ± 1.65 4.22 ± 0.33 7.77 ± 0.50  0.180 
18 – 28 ºC 5.87 ± 1.75 5.89 ± 1.84 4.80 ± 1.52 7.46 ± 1.30  0.298 
25 – 35 ºC 6.05 ± 0.77 6.23 ± 0.73 4.96 ± 0.93 7.24 ± 0.87  0.660 

Cwet 
(J.g-1.h-1) 

12- 22 ºC 5.98 ± 0.86 8.98 ± 1.45 16.85 ± 4.12 39.34 ± 7.67  0.0001 

18 – 28 ºC 3.86 ± 0.74 5.58 ± 0.27 10.85 ± 1.16 
35.22 ± 
10.15 0.036  

25 – 35 ºC 6.83 ± 0.46 7.94 ± 1.36 18.00 ± 7.79 29.49 ± 5.95 0.092  

Cdry 
(J.g-1.h-1) 

12- 22 ºC 5.41 ± 0.79 7.14 ± 1.23 11.97 ± 3.31 21.09 ± 4.97  0.010 
18 – 28 ºC 3.27 ± 0.60 4.88 ± 0.26 7.13 ± 0.77 17.73 ± 7.08 0.262  
25 – 35 ºC 6.16 ± 0.34 6.57 ± 1.36 12.67 ± 6.42 15.44 ± 5.69  0.602 

EHL/MHP 
12- 22 ºC 0.09 ± 0.02 0.20 ± 0.04 0.35 ± 0.04 0.49 ± 0.03 5.7 × 10-8 
18 – 28 ºC 0.14 ± 0.02 0.19 ± 0.04 0.32 ± 0.06 0.51 ± 0.06  0.0004 
25 – 35 ºC 0.10 ± 0.01 0.23 ± 0.07 0.37 ± 0.07 0.52 ± 0.06 0.001  

RWE 
12- 22 ºC 0.94 ± 0.14 0.45 ± 0.08 0.20 ± 0.02 0.13 ± 0.01 6.46 × 10-9 
18 – 28 ºC 0.54 ± 0.07 0.41 ± 0.06 0.28 ± 0.05 0.14 ± 0.02 3.93 × 10-6 
25 – 35 ºC 0.76 ± 0.07 0.44 ± 0.07 0.23 ± 0.04 0.14 ± 0.02 2.84 × 10-9 

N 
12- 22 ºC 7 8 7 7   
18 – 28 ºC 6 7 6 7   
25 – 35 ºC 7 8 8 8   

 2010 

Sminthopsis ooldea also maintained the pattern of decreasing metabolic rate from Ta = 10 °C to 

Ta = 30 °C that was established in Chapter 4. Under the 18-28 °C acclimation regime (described in 

Chapter 4) there was no difference in metabolic rate between Ta = 30 °C and Ta = 35 °C (t( V̇   CO2)5.04 = 

0.811, p = 0.454; t(V̇  O2)10 = 0.831, p = 0.425; Table 5.1) which is assumed to represent BMR in the 

thermoneutral zone (TNZ). Under the 12-22 °C acclimation regime, metabolic rate increased between Ta 

= 30 °C (TNZ) and 35 °C (Table 5.1). Under the 25-35 °C acclimation regime BMR at Ta = 30 °C, was 

not different from metabolism at Ta = 35 °C (t(V̇  CO2)11 = 0.181, p = 0.860; t(V̇  O2)11 = 0.327, p = 0.750; 

Table 5.1). The mass-corrected BMR (Ta = 30 °C) was not statistically different between the three 

acclimation regimes in respect to V̇   CO2 (F2,21 = 0.947, p = 0.404), or V̇   O2 (F2,21 = 0.253, p = 0.779). The 

metabolic response to Ta was not statistically different between the three acclimation regimes (Slope F2,55 2020 

= 2.252, p = 0.115; Intercept F2,57 = 0.286, p = 0.752; Figure 5.2b), with a common regression of V̇   CO2= 

8.62 – 0.24 × Ta. 

 

Normothermic respiratory exchange ratio (RER) of S. macroura did not change significantly 

between ambient temperatures within the 18 – 28 °C regime (F3,20 = 1.07, p = 0.385), the 12 – 22 °C 
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regime (F3,18 = 0.26, p = 0.850) or the 25 – 35 °C regime (F3,20 = 0.46, p = 0.708; see Tables 4.1 and 4.2 

for values). The RER, pooled by acclimation regime, was not significantly different (F2,67 = 0.25, p = 

0.780) and there was no interaction with Ta (F6,63 = 0.64, p = 0.697), averaging 0.79 ± 0.04. Sminthopsis 

ooldea also showed no significant differences in normothermic RER between ambient temperatures 

within the 18 – 28 °C (F3,22 = 0.441, p = 0.726),  12 – 22 °C (F3,25 = 0.865, p = 0.472) or 25 – 35 °C 2030 

regimes (F3,24 = 0.277, p = 0.841; see tables 2.1 and 2.2). RER pooled by acclimation regime showed no 

significant differences with respect to Ta (F11,71 = 0.938, p = 0.510), averaging 0.77 ±0.02. 

 

Table 5.2: Summary of metabolic physiology of S. macroura and S. ooldea at the three different 

acclimation regimes tested. Data are presented as means ± S.E.; sample sizes are presented in 

parentheses of (n, N). Asterisks denote significant differences between acclimation regimes. 

Ta Regime 
(°C) 12 – 22 18 - 28 25 - 35  

S. macroura  
Body Mass 
(g) 16.1 ± 0.4 (6, 24) 16.0 ± 0.5 (6, 24) 19.1 ± 0.3 (6, 24) * 

Tb 
(ºC) 33.7 ± 0.4 (6, 21) 33.8 ± 0.4 (6, 23) 34.1 ± 0.4 (6, 23)  

BMR 
(mL O2.g-1.h-1) 1.43 ± 0.29 (6) 1.57 ± 0.34 (6) 0.80 ± 0.14 (6)  

BMR 
(mL CO2.g-1.h-1) 1.25 ± 0.34 (6) 0.88 ± 0.18 (6) 0.58 ± 0.14 (6)  

MR Regression 
Slope -0.28 ± 0.04 (6, 18) -0.27 ± 0.03 (8, 18) -0.16 ± 0.04 (6, 18)  

MR Regression 
Intercept 9.35 ± 1.11 (6, 18) 8.61 ± 0.83 (8, 18) 6.45 ± 1.02 (6, 18)  

PRWE 
(ºC) -9.0 (6, 22) -8.7 (6, 23) -4.8 (6, 24)  

RWE Regression 
Slope -0.02 ± 0.003 (6, 22) -0.02 ± 0.003 (6, 23) -0.02 ± 0.002 (6, 24)  

S. ooldea  
Body Mass 
(g) 11.6 ± 0.1 (8, 32) 10.6 ± 0.3 (8, 32) 11.0 ± 0.2 (8, 32) * 

Tb 
(ºC) 33.9 ± 0.3 (8, 30) 34.6 ± 0.4 (8, 21) 33.9 ± 0.4 (8, 25)  

BMR 
(mL O2.g-1.h-1) 1.39 ± 0.29 (8) 1.72 ± 0.22 (8) 1.67 ± 0.23 (8)  

BMR 
(mL CO2.g-1.h-1) 0.77 ± 0.11 (8) 1.14 ± 0.10 (8) 1.24 ± 0.13 (8)  

MR Regression 
Slope -0.28 ± 0.08 (8, 22) -0.17 ± 0.05 (8, 18) -0.25 ± 0.03 (8, 22)  

MR Regression 
Intercept 9.47 ± 0.72 (8, 22) 6.91 ± 1.17 (8, 18) 9.08 ± 0.72 (8, 22)  

PRWE 
(ºC) 9.0 (8, 31) -15.0 (8, 28) 1.7 (8, 30) * 

RWE Regression 
Slope -0.03 ± 0.004 (8, 31) -0.02 ± 0.003 (8, 28) -0.03 ± 0.003 (8, 30) * 
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Evaporative Water Loss 

The pattern of variation in TEWL observed across the experimental Ta range for S. macroura in 

the 18-28 ºC regime (F3,20 = 4.69, p = 0.0120; Table 5.2; Figure 5.3; Chapter 4) was maintained at the 12-

22 ºC acclimation regime (F3,18 = 3.76, p = 0.029) but not the 25-35 ºC regime (F 3,20 = 0.263, p = 0.851). 

There was increased TEWL at Ta = 35 ºC in all acclimation regimes. At Ta = 10 ºC TEWL increased 

relative to higher Ta during the cooler regimes, but did not under the 25-35 ºC regime (Figure 5.3). The 

pattern of stable wet thermal conductance (Cwet) and dry thermal conductance (Cdry) between Ta = 10 ºC 

and 30 ºC, with an increase at Ta = 35 ºC was consistent between the acclimation regimes. There was no 

significant effect of acclimation regime on Cwet, (F11,49 = 8.36, p = 5.05 × 10-8; F(Acc.)2,58 = 1.21, p = 

0.308; F(Ta)3,57 = 20.2, p = 1.31 × 10-8; F(Acc.× Ta)6,54 = 1.59, p = 0.169) or Cdry (F11,49 = 3.48, p = 0.001; 2050 

F(Acc.)2,58 = 1.31, p = 0.278; F(Ta)3,57 = 6.89, p = 0.001; F(Acc.× Ta)6,54 = 1.37, p = 0.244), but there 

were significant increases in both at Ta = 35  ºC during all acclimation regimes (Figure 5.4). Relative 

water economy showed the same pattern of increasing economy with decreasing Ta under all three 

acclimation regimes as has been reported for the 18-28 ºC regime (Figure 5.5; Chapter 4). The RWE 

Figure 5.1: Body temperature of S. macroura (black symbols) and S. ooldea (white symbols), 

showing the Ta regression for the 18-28 °C acclimation regime (round symbols), for 

comparison with the 12-22 °C (triangular symbols) and 25-35 °C (square symbols) 

acclimation regimes. Data are presented as mean ± S.E., and the regression is significant 

for S. ooldea (p = 0.0002) and not so for S. macroura (p = 0.425). The dashed line is Ta = 

Tb. 
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profile was not statistically different for the three acclimation regimes (Slope F2,64 = 0.542, p = 0.584; 

Intercept F2,66 = 0.375, p = 0.688; Figure 5.5), with a common regression of RWE = 0.85 – 0.02 × Ta. 

The extrapolated PRWE was similar between all three acclimation regimes, averaging -6.8 ± 1.2 ºC 

(Table 5.2). 

 

The constant TEWL between Ta = 10 °C to Ta = 35 °C (F3,24 = 0.548, p = 0.654; Table 5.2; 2060 

Figure 5.3) described for Sminthopsis ooldea in Chapter 4 was evident across all three acclimation 

regimes (F(12-22  °C)3,26 = 1.759, p = 0.180; F(25-35  °C)3,25 = 1.296, p = 0.298; Table 5.2; Figure 5.3). 

The pattern of stable wet thermal conductance (Cwet) and dry thermal conductance (Cdry) between Ta = 10 

ºC and 30 ºC, with an increase at Ta = 35 ºC was consistent between the acclimation regimes. There was 

no significant effect of acclimation regime on Cwet (F11,62 = 4.074, p = 0.0002; F(Acc.)2,71 = 0.342, p = 

0.711; F(Ta)3,70 = 12.955, p = 1.13 × 10-6; F(Acc.× Ta)6,67 = 0.277, p = 0.946) or Cdry (F11,62 = 1.499, p = 

0.155; F(Acc.)2,71 = 0.368, p = 0.694; F(Ta)3,70 = 4.443, p = 0.007; F(Acc.× Ta)6,67 = 0.180, p = 0.981). 

Relative water economy showed the same pattern of increasing economy with decreasing Ta for all three 

acclimation regimes as was reported for the 18-28 ºC regime (Chapter 4). The RWE profile was 

statistically different between the three acclimation regimes (Slope F2,83 = 7.221, p = 0.001; Figure 5.5), 2070 

and each acclimation regime had a statistically significant RWE profile: 

 

12 – 22 ºC: (F1,29 = 65.4, p = 6.46 × 10-9): RWE = 1.32 ± 0.12 – 0.03  ± 0.004 × Ta 

 
Figure 5.2: Metabolic rates of different acclimation regimes, showing the Ta regression (± 95% CI) 

of V̇   O2 and V̇   CO2 for the 18-28 °C acclimation regime (round symbols), for comparison 

with the 12-22 °C (triangular symbols) and 25-35 °C (square symbols) acclimation 

regimes. 
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18 – 28 ºC: (F1,26 = 33.9, p = 3.93 × 10-6): RWE = 0.75 ± 0.08 – 0.02  ± 0.003 × Ta 

25 – 35 ºC: (F1,28 = 72.8, p = 2.84 × 10-9): RWE = 1.04 ± 0.08 – 0.03  ± 0.003 × Ta 

 

The extrapolated PRWE was different between all three acclimation regimes, ranging from -15.0 to 9.0 

ºC (Table 5.2). There was no sequential pattern to the difference in PRWE between acclimatiom regimes, 

where the PRWE of the 25-35 ºC regime was intermediate between the 18-28 ºC (lowest PRWE) and 12-

22 ºC (highest PRWE) regimes. 2080 

 

Summit Metabolic Rate 

There was a general decrease in SuMR of S. macroura with an increase in the acclimation 

temperature, from 9.50 ± 1.85 mlCO2.g-1.h-1 and 17.01 ± 3.90 mlO2.g-1.h-1 at the 12 – 22 ºC acclimation 

regime to 8.07 ± 0.36 mlCO2.g-1.h-1 and 9.53 ± 1.21 mlO2.g-1.h-1 at the 25 – 35 ºC acclimation regime. 

The measures of SuMR were log-transformed to normalise their unequal variances, and there was a no 

difference in the summit V̇   CO2 of S. macroura across the acclimation regimes (F1,16 = 0.240, p = 0.631). 

Summit V̇  O2 showed a significant decline from the coolest acclimation regime to the warmest (F1,16 = 

4.77, p = 0.044; Table 5.3; Figure 5.6). There was no change in SuMR across the acclimation regimes for 

S. ooldea (F(CO2)2,18 = 0.905, p = 0.422; F(O2)2,18 = 0.796, p = 0.466; Table 5.3; Figure 5.6). Body 2090 

temperature decreased slightly below normothermic under helox for all of the acclimation regimes (Tb (S. 

macroura) = 27.3 ± 0.54 °C, Tb12-22 = 27.5 ± 1.15 °C, Tb18-28 = 27.5 ± 1.02 °C, Tb25-35 = 26.8 ± 0.75 °C; Tb (S. 

ooldea) = 29.9 ± 0.91 °C, Tb12-22 = 30.6 ± 2.08 °C, Tb18-28 = 30.3 ± 1.26°C, Tb25-35 = 28.7 ± 2.67 °C). The 

RER for S. macroura was 0.78 ± 0.07, with no effect of acclimation regime (F2,15 = 0.557, p = 0.584), but 

was 0.69 ± 0.07 for S. ooldea, with a significant increase at the 25 – 35 ºC acclimation regime (F2,18 = 

4.21, p = 0.032) 
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Figure 5.3: Total evaporative water loss of S. macroura and S. ooldea under different acclimation 

regimes, showing a consistent pattern of increased EWL at high and low Ta for the 18-

28 °C acclimation regime (round symbols), 12-22 °C (triangular symbols) and 25-35 °C 

(square symbols) acclimation regimes for S. macroura, but relatively consistent values 

across the experimental range in all acclimation regimes for S. ooldea. Values are mean 

± S.E. 
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Factorial thermogenic scope (i.e. the summit metabolic rate divided by the BMR) of S. 

macroura (Table 5.3), did not differ between acclimation regimes (F(CO2)2,15 = 0.314, p = 0.735; 

F(O2)2,15 = 0.631, p = 0.546), averaging 15.2 (range 13.4 – 18.2) for V̇   CO2 and 12.7 (range 10.2 – 14.3) 

for V̇  O2. Factorial thermogenic scope was significantly higher in a helox atmosphere than in air at Ta = 10 

ºC across all acclimation regimes in regards to V̇   CO2 (T27.97 = 2.06, p = 0.048), and V̇   O2 (T28.51 = 3.21, p 

= 0.003), where thermogenic scope in helox almost doubles that in air (V̇  CO2 = 8.83; range 7.25 – 

10.810; V̇   O2 = 6.64; range 5.21 – 8.43). Thermogenic scope of S. ooldea was variable (Table 5.3), but 

not significantly different between acclimation regimes (F(CO2)2,16 = 0.381, p = 0.690; F(O2)2,14 = 0.240, 

p = 0.789) averaging 10.08 (range 8.58 – 10.12) for V̇  CO2 and 7.23 (range 6.36 – 7.31) for V̇  O2. 

Thermogenic scope averaged 8.11 (range 6.84 – 9.07) for V̇   CO2 and 4.95 (range 3.80 – 5.69) for V̇   O2 in 2110 

air, and was not significantly lower than in a helox atmosphere at Ta = 10 ºC across all acclimation 

regimes for V̇   CO2 (T35 = 0.818, p = 0.419), or V̇   O2 (T35 = 1.637, p = 0.111). The thermogenic scope of S. 

macroura (15.21; range 13.41 – 18.16) in helox at Ta = 10 ºC was almost double that of S. ooldea (10.08; 

range 8.58 – 10.12), perhaps reflecting a difference in their propensities to thermoregulate in the face of 

thermal challenge.  

 
Figure 5.4: Wet thermal conductance of S. macroura and S. ooldea under different acclimation 

regimes, showing relatively consistent values between Ta = 10 and 30 °C, but increases 

and higher variance at Ta = 30 °C. 18-28 °C acclimation regime (round symbols), 12-

22 °C (triangular symbols) and 25-35 °C (square symbols) acclimation regimes. 

Values are mean ± S.E. 
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Figure 5.5: Relative water economy profiles of S. macroura and S. ooldea under different 

acclimation regimes, showing a consistent pattern for S. macroura between Ta = 10 and 

30 °C, for the 18-28 °C acclimation regime (round symbols), 12-22 °C (triangular 

symbols) and 25-35 °C (square symbols) acclimation regimes, but significantly variable 

responses for S. ooldea. Values are shown as means ± S.E. 
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Figure 5.6: Maximum metabolism in V̇  CO2 (white symbols) and V̇  O2 (black symbols) at each 

acclimation regime, showing a significant decline in maximum V̇  O2, but no change in   

V̇      CO2for S. macroura, with increasing acclimation Ta, and no changes in either SuMR   

V̇  CO2 or V̇  O2 for S. ooldea across acclimation regimes. Horizontal axis represents the 

average daily Ta of each acclimation regimes from maximum to minimum. 
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Table 5.3: Summit metabolic rates and thermogenic scope for dunnarts in helox and air atmospheres. 

Thermogenic scope (Scope) is the summit metabolic rate divided by BMR. RER is the 

amount of CO2 produced pre unit of O2 consumed. Values are mean ± S.E. (n). 

Acclimation Regime  12-22 ºC 18-28 ºC 25-35 ºC 
Sminthopsis macroura 

max V̇   CO2 (mL.g-1.h-1) 9.50 ± 1.85 (6) 8.86 ± 0.90 (6) 8.07 ± 0.36 (6) 

Scope 
Helox 13.41 ± 5.47 (6) 14.07 ± 4.25 (6) 18.16 ± 3.91 (6) 
Air 7.25 ± 2.74 (4) 8.44 ± 1.99 (4) 10.80 ± 3.45 (4) 

max V̇   O2 (mL.g-1.h-1) 17.01 ± 3.90 (6) 13.63 ± 1.82 (6) 9.53 ± 1.21 (6) 

Scope Helox 13.59 ± 2.67 (6) 10.17 ± 1.79 (6) 14.31 ± 3.60 (6) 
Air 6.27 ± 1.81 (4) 5.21 ± 1.26 (4) 8.43 ± 2.07 (4) 

RER 0.71 ± 0.16 (6) 0.74 ± 0.14 (6) 0.89 ± 0.07 (6) 
Sminthopsis ooldea 

max V̇   CO2 (mL.g-1.h-1) 6.33 ± 0.75 (8) 7.56 ± 0.86 (6) 7.77 ± 0.95 (7) 

Scope Helox 8.58 ± 1.63 (8) 11.53 ± 3.53 (4) 10.12 ± 2.29 (7) 
Air 8.42 ± 1.11 (8) 6.84 ± 3.70 (4) 9.07 ± 2.37 (7) 

max V̇   O2 (mL.g-1.h-1) 10.09 ± 1.06 (8) 11.35 ± 1.04 (6) 9.58 ± 0.76 (7) 

Scope Helox 7.31 ± 1.43 (8) 8.03 ± 2.12 (4) 6.36 ± 1.42 (7) 
Air 5.69 ± 1.43 (8) 3.80 ± 1.40 (4) 5.37 ± 1.44 (7) 

RER 0.61 ± 0.04 (8) 0.66 ± 0.03 (6) 0.81 ± 0.07 (7) 
 

Propensity for Torpor 

 Torpor with apparently endogenous arousal was only observed for S. macroura during exposure to 

Ta = 10 °C metabolic trials. The number of records of torpor for S. macroura at Ta = 10 °C increased 

from two (33% of trials) in the 12-22 °C acclimation regime to three (50% of trials) in the 18-28 °C 

acclimation regime. In the 25-35 °C acclimation regime, however, no instances of torpor were recorded, 

and one of hypothermic decline (slow decline of metabolism due to failure to thermoregulate). 2130 

Sminthopsis ooldea had a much greater propensity for torpor, entering torpor at both Ta = 10 °C and 25 

°C, and bordered closely upon it, showing Tb of close to 30 ºC, even under Ta = 30 °C trials (although 

this hypometabolic state cannot strictly be considered torpor because the Tb is higher than 30  °C, 

violating the definitions of Geiser, 2004 and Tomlinson et al., 2007, as discussed in Chapter 4). The 

number of records of torpor for S. ooldea remained fairly constant at four (50% of trials) at both Ta = 10 

°C and Ta = 25 °C for the 12-22 °C acclimation regime, and five (62.5% of trials) at both Ta = 10 °C and 

Ta = 25 °C for the 18-28 °C and 25-35 °C acclimation regimes. The nature of torpor in these dunnarts 

was to enter torpor and arouse again before the completion of a metabolic trial, and as such the effects of 

low sample sizes are further exacerbated by difficulties in collecting all the pertinent data (TMR, EWL 

and Tb). The low sample sizes that I obtained do not support statistical analysis of the effects of 2140 

acclimation upon torpor.  

 

5.4 Discussion 
 

 The wider context of this chapter was to test whether a species with a broad distribution (S. 

macroura) had more flexible physiological responses to chronic Ta acclimation regimes than a species 

with a narrow distribution (S. ooldea). The rationale was that species with a narrow distribution should 

have undergone little selection for physiological flexibility in response to climatic variability, but that 
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species from broad distributions are likely to have evolved flexibility to different climatic regimes. 

Energetically, S. macroura (from a distribution spanning continental Australia) were robust to a broad 2150 

range of acute Ta conditions, thermoregulated well, and were flexible in their thermoregulatory responses 

following acclimation to a broad range of chronic temperature regimes. They up-regulated SuMR and 

shifted their TNZ in response to chronic low temperatures, and had lower TMR at lower temperature 

regimes (although quantitatively they did not use torpor more often). Sminthopsis ooldea (from a narrow, 

central Australian distribution), on the other hand, were poorer thermoregulators, entered torpor more 

often than S. macroura, and showed no acclimational flexibility in their metabolic responses (including 

torpor). This supports my hypothesis to some extent, in terms of energetics and thermoregulation. Further 

to this, aspects of water loss were flexible for S. macroura in response to chronic thermal acclimation, 

where they became more water economical in their thermoregulation (reducing EHL at high and low Ta) 

after warm acclimation (25 – 35 ºC acclimation regime). This had the overall effect that, although S. 2160 

macroura thermoregulated strongly across the same experimental Ta range in all acclimation regimes, 

they became much more water economical when acclimated to warm conditions, and their PRWE 

subsequently increased. Aspects of water loss of S. ooldea were not flexible in response to chronic 

thermal acclimation, and they did not become evidently more water economical in response to warm-

acclimation. Overall, I suggest that the propensity to thermoregulate imparts resilience to climatic 

variability, which is expanded by flexibility in water loss and energetics, and that, while thermolability 

provides a general reduction of energetic requirement, it is at the expense of water economy. 

 

Metabolic Acclimation 

 The basic metabolic responses to acute Ta exposures reported here are comparable to previous 2170 

discussions for both species (Geiser and Baudinette, 1987; Hinds et al., 1993; Cooper et al., 2005; 

Chapter 4), but the specific values were flexible following chronic thermal acclimation. The similarity of 

Tb for S. macroura across acute Ta exposures, and between chronic Ta acclimation regimes and the 

similar Tb variances over all experimental treatments is taken as evidence of robust thermoregulation (as 

discussed in Chapter 4). The variable Tbs of S. ooldea, and the different variances between experimental 

Tas indicates substantial thermolability. At high acclimation Tas, although the BMR of S. macroura had 

not changed, it was at a higher TNZ, meaning that, at comparable Tas below the TNZ, the warmer 

acclimated S. macroura had higher metabolic rates than cooler-acclimated S. macroura. Sminthopsis 

ooldea, however, showed no flexibility in its metabolic responses to chronic Ta regimes. The species 

also, however, has much less proclivity towards thermoregulation, which imparts energetic and water 2180 

efficiency to a narrow range of conditions (as discussed below). My results suggest that S. macroura up-

regulate their metabolic physiology in response to acclimation to low Ta regimes, but that S. ooldea are 

constrained in their physiological responses to chronic Ta conditions. 

 

In other animal groups the responses of metabolism to thermal acclimation have been shown to 

differ. Heteromyine rodents up-regulate metabolism in response to acclimation (Hill, 1983; Russell and 

Chappell, 2007), as do most bird species (McKechnie, 2008), and the results for S. macroura concur with 

these expectations. Studies of small marsupials, however, have found a failure to acclimate (Smith and 

Dawson, 1984; Dawson and Olson, 1988; Withers and Hulbert, 1988), as I found with S. ooldea. 

Inconsistency in acclimatory responses between species in responses of BMR to Ta acclimation has been 2190 



S. Tomlinson Comparative Ecophysiology of Sminthopsis spp.  PhD 

 84 

recognised for some time (Hart, 1971; Heldmaier et al., 1986; Dawson and Olson, 1988; Koteja, 1996; 

Rose et al., 1999; Russell and Chappell, 2007). This may, however, sometimes represent a definitional 

problem, since BMR can be defined as the lowest measured metabolic rate, or as the metabolic rate at the 

Ta that should fall within the TNZ. In a standard study of Ta effects on metabolism, the former is 

obviously used, but where BMR may shift following thermal acclimation, the latter could indicate an up- 

or down-regulation of BMR, where in reality the entire metabolic response merely moves along the Ta 

gradient. It is unclear how BMR and TNZ have been defined and compared in previous publications. 

Basal metabolic rate, however, might not indicate thermogenic capacity, which may be better considered 

by SuMR (see below). 

 2200 

 The most obvious critique of the conclusion that S. macroura are more physiologically flexible 

than S. ooldea (and that S. ooldea are not flexible) relate to possible effects of acclimation period and 

intensity. Choice of a fortnight-long acclimation in the laboratory was based on results from several other 

studies that have suggested that this is a suitable duration for physiological acclimation (Nespolo et al., 

2001; Soobramoney et al., 2003). Other studies, particularly of similar small marsupials, used up to six 

week periods (Reynolds and Hulbert, 1982; Smith and Dawson, 1984; 1985; Dawson and Olson, 1988; 

Withers and Hulbert, 1988). For a species such as both dunnarts studied here from arid environments, 

seasonal changes occur over approximately 2-4 month periods (Australian Bureau of Meteorology data), 

so an acclimation period of two weeks may not be long enough to elicit a full seasonal acclimation. 

Further, the breadth of acclimations may not be wide enough to trigger the fullest extent of acclimation 2210 

(i.e. they may not be intense enough challenges, regardless of the length of acclimation period). This 

seems unlikely, however, given that the range of acclimations encompasses the full extent of climatic 

conditions within their natural distributions, and that, at least at the lowest acclimation regime (5 – 15 

°C) they were unable to withstand preparation for metabolism trials. 

 

There is some ambiguity in regards to acclimation of SuMR. Summit metabolism of S. ooldea 

did not change in response to thermal acclimation. Sminthopsis macroura showed evidence of 

acclimation for summit V̇   O2 but not summit V̇   CO2. In consideration of the differences in thermogenic 

scope between the species, where S. macroura raised their thermogenic response by almost double in a 

helox atmosphere but S. ooldea did not have any change, I conclude that S. macroura adjusted SuMR as 2220 

an acclimatory response, but that S. ooldea did not. The thermogenic scopes calculated here for both 

species are quite similar to the scopes of 8-10 times SMR in air reported by Smith and Dawson (1985) 

for kowari, but much greater than the 2.6 times that Geiser et al. (1996) report for S. macroura in air, and 

the 5.1 times in helox; however my low Ta helox trials were conducted at 10 ºC, while those trialled by 

Geiser et al. (1996) were at 18  ºC. The acclimation patterns of SuMR (for V̇   O2) concur with the patterns 

of acclimation for SMR. A lack of acclimation capacity for S. ooldea is in disagreement with many other 

findings that have found that peak metabolism is decreased in magnitude (Dawson and Olson, 1988; 

Withers and Hulbert, 1988; Chappell and Hammond, 2004; Rezende, et al., 2004; Russell and Chappell, 

2007) or duration (Smith and Dawson, 1985) for warm-acclimated animals, and seems to stem from the 

differences in thermoregulation between the two species. Sminthopsis macroura seems to be more reliant 2230 

on plasticity of SuMR in the face of chronic exposure to different thermal environments, as an element of 

its thermoregulation. The thermolability of S. ooldea may contribute to the lower thermogenic scopes, 
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and conservative SuMRs measured here, and it would be of interest to assess the thermoregulation of the 

kowari studied by Smith and Dawson, 1985). 

 

Acclimation of EWL and RWE 

While the metabolic rates of S. macroura were flexible in response to cold acclimation, EWL at 

the ends of the Ta gradient (Ta = 10 and 35 ºC) decreased with warm-acclimation, resulting in a higher 

water economy. Sminthopsis ooldea, on the other hand, showed no flexibility of EWL in response to 

acute Ta exposures or acclimation. I could not partition avenues of water loss, and therefore I am limited 2240 

in interpreting similar levels of EWL at different conditions. For example, it is likely for S. macroura 

that comparable levels of EWL (hence EHL) at 35 and 10 ºC represent a thermoregulatory evaporative 

response to regulate Tb at Ta = 35 ºC, but that increased EWL at Ta = 10 ºC represents a largely insensible 

pulmonary loss resulting from increased ventilatory requirements for metabolism to regulate Tb. Thus, 

the lack of change in EWL of S. ooldea at low Ta is presumed also to reflect the more broadly 

thermolabile response of this species to a Ta gradient. This is, however, speculative and it is difficult to 

partition total evaporative water loss (TEWL); this is highly variable in birds, from 2% transcutaneous 

water loss (Menon et al., 1989) to approximate half (Lee and Schmidt-Nielsen, 1971; Wolf and 

Walsberg, 1996), and few studies have been conducted for mammals. Although I speculate that S. 

macroura tend towards reduced water loss on the basis of changed patterns of TEWL following warm 2250 

acclimation, there was no difference in the PRWE between acclimation regimes. 

 

The TEWL that I measured for S. macroura within the TNZ was not significantly different from 

that predicted allometrically from Withers et al. (2006) under the 12 – 22 °C regime (T5 = 1.256, p = 

0.264), the 18 – 28 °C regime (T5 = 0.636, p = 0.553) or the 25 – 35 °C regime (T5 = 1.523, p = 0.188). 

Similarly, while S. ooldea appeared to show differences in the PRWE between acclimation regimes, the 

TEWL within the TNZ was not different from those predicted by Withers et al. (2006) during any of the 

acclimation regimes (T(12-22 °C)7 = 0.052, p = 0.960; T(18-28 °C)7 = 0.339, p = 0.745; T(25-35 °C)7 = 

0.782, p = 0.460. The lack of sequential pattern in the RWE and PRWE differences between acclimations 

for S. ooldea suggests that this difference is an artefact of the dunnarts not having resting physiological 2260 

states, which inherently increases MWP, while not necessarily influencing EWL. In short, I do not 

conclude that the changes in RWE and PRWE of S. ooldea are meaningful. 

 

Torpor & Acclimation 

 The propensity towards torpor decreased with increasing acclimation temperatures for S. 

macroura. Acclimation to higher Tas may shift the torpor regulation point upwards; as such, the dunnarts 

would no longer have a lower critical point of Ta = 10 ºC (established by Geiser and Baudinette, 1985, 

and in Chapter 4), and may not attempt torpor as often under these conditions. This is borne out by the 

fact that one warm-acclimated individual, which abandoned thermoregulation late in a trial (after 5½ 

hours) had a gradual decline of metabolic rate unlike the rapid, controlled decrease characteristic of 2270 

torpor (a similar distinction between hypothermia and torpor has been observed for Australian rodents; 

Tomlinson et al., 2007). I presume that this individual would have died if the trial had not been 

terminated. Four out of six S. macroura acclimated to 18-28 °C regime had a similar hypothermic 

decline at Ta = 5 °C, although they used torpor at 10 °C. For this reason Ta = 5 °C trials were abandoned 
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and these data were not included in my analysis because 5 °C was presumably below the tolerance range 

of S. macroura. Sminthopsis ooldea, however, seemed to have no differences in their patterns of torpor 

use with acclimation regime. They did, however, anecdotally have a higher TMR for the 12-22 °C 

regime, which may be analogous to the higher BMRs that I had expected (but did not observe) under the 

same acclimation. Given that their normothermic SMR and BMR did not change with chronic thermal 

challenges, and their reliance on torpor and heterothermy at Tas which nominally approach the TNZ of 2280 

most small mammals (i.e. Ta = 30 ºC; Tomlinson et al., 2007, and references therein), it seems that broad 

thermolability and torpor are the only thermoregulatory responses of S. ooldea to cold challenge.  

 

 The lack of an effect of acclimation on torpor as a response to acute, severe cold raises some 

interesting questions. Heterothermy has long been viewed as an energetically advantageous adaptation 

(Nicol and Anderson, 1996; Grigg and Beard, 2000). Yet, under conditions where heterothermy should 

be most advantageous (i.e. where the differences between the ambient Ta, and the acclimation 

temperature are greatest) S. macroura do not use torpor. Ecologically it may be that a seasonally warm-

acclimatised dunnart does not experience conditions that require the use of torpor. 

 2290 

Ecophysiological and Evolutionary Interpretations 

 The ecophysiological implications of my acclimation data can only be speculatively generalised 

to possible acclimatisation because of the semantic distinction between “acclimation” and 

“acclimatisation” discussed by McKechnie (2008) and Piersma and Drent (2003). Acclimation is a short-

term experimental change in physiology, but acclimatisation is a natural, seasonally-driven shift. This 

has the implication that, while acclimation may reveal physiological flexibility, this flexibility may not 

necessarily apply to the actual ecology or adaptability of the animal; especially since small mammals do 

not display the same magnitude of seasonal reductions in metabolic energy shown by acclimatized 

mammals, probably resulting from an interaction of changes in body mass and changes in mass-specific 

metabolic activity (Lovegrove, 2005). Essentially, in line with the conclusions of McKechnie (2008) and 2300 

Piersma and Drent (2003), my studies have to be considered as “short-term thermal acclimation in 

artificial environments”. Under such a scenario, acclimation effects in this study represent the capacity of 

the species to endure a broad range of thermal environments (niches), rather than a capacity to survive 

seasonal variation (i.e. they do not ipso facto imply adaptability to a broad range of conditions). I tested 

how tolerant each species was to stable, chronic temperature regimes, not to longer-term variation around 

a seasonal or annual mean. Therefore, species that exhibit phenotypic flexibility in response to chronic 

acclimation could be expected to inhabit broad, variable geographical distributions. This is the pattern for 

the dunnarts studied here; S. macroura, which showed flexibility in BMR, SuMR and thermoregulatory 

TEWL and has a broad continental distribution, whereas S. ooldea showed less flexibility, exhibiting the 

same poor thermoregulatory response at all acclimation regimes, and has a comparatively small 2310 

distribution that falls within a fairly predictable and restricted climatic envelope. 

 

 Climate envelopes (as discussed by Kearney and Porter (2009) with regards to modelling), are 

essentially n-dimensional spaces defined by ecological parameters such as temperature, rainfall, 

humidity, or other factors of the environment and interaction terms of these responses. Although the 

discussion of “climate envelope” has implications that range widely beyond this study, there are some 
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specific uses in my study. Identifying the limits of a species’ phenotypic flexibility raises questions as to 

how effective it is to model distributions by incorporating such physiological flexibility using programs 

such as nichemapper (Kearney and Porter, 2004; 2009), or bioclim (Nix, 1986). From my data I have two 

conclusions. First, attempts to model the realised niches of many species may be incomplete because the 2320 

physiological flexibility has not been taken into account. Second, the variability that I, and others (see 

Smith and Dawson, 1985; Dawson and Olson, 1988; Withers and Hulbert, 1988; Chappell and 

Hammond, 2004; Rezende, et al., 2004; Russell and Chappell, 2007), have found for congeneric species 

suggests that a species’ phenotypic flexibility is not readily predictable. It is possible, however, that my 

data may not be broadly applicable on a macrophysiological scale (sensu Chown et al., 2004; Chown and 

Gaston, 2008) in which this Chapter of my thesis was initially posed because physiological flexibility 

does not necessarily imply greater capacity for successful reproduction (i.e. there is no implicit inclusive 

fitness gain). In essence, the selection pressures in a “boom-bust” ecosystem that result in an ability to 

withstand and adapt physiologically to variable niches on a short term basis may be different to the 

selection pressures for a sustainable breeding population, as my type of study does not necessarily 2330 

measure the capacity to breed (and thereby establish persistent populations) under such conditions.  It is 

counterintuitive to me that any individual that survives seasons that are not conducive to reproduction, 

and makes it to a suitable breeding season, would not contribute its genes to the next generation; but it is 

possible that different selection pressures operate in the breeding season. This would mean that different 

co-evolved gene complexes have higher heritability than the genotypes that allow survival in harsh 

conditions. As such, the inconsistency in acclimation responses reported in my study, and others, may be 

an evolutionary signal caused by adaptations to reproductive success rather than one caused by 

ecophysiological adaptation (i.e. reproductive success is a stronger selective force than physiological 

persistence). 

 2340 

 Given that the Sminthopsini are highly variable in their morphology on the basis of habitat and 

climate (where S. ooldea exhibits the most derived characters associated with an arid environment; 

Archer, 1981), finding different responses of these two species to acclimation to chronic temperature 

regimes is not unexpected. Further, many of the other studies of acclimation in dasyurid marsupials that 

have shown similar inconsistency as mine (Smith and Dawson, 1984; Dawson and Olson, 1988; Withers 

and Hulbert, 1988); Geiser et al. (1996) probably suffer from the paucity of physiological data in the 

group, in that assumptions concerning the “normal” physiological response of the group have been made 

based upon studies of a small subset of the taxa, the responses of which may be unique. Aside from S. 

macroura and S.  crassicaudata (Godfrey, 1968; Morton, 1978; Geiser and Baudinette, 1985; Nagy et 

al., 1988; Frey, 1991; Holloway and Geiser, 1995; Song and Geiser,(1997; Song et al., 1998; Zosky, 2350 

2002; Zosky and O'Shea, 2003; Cooper et al., 2005), very few sminthopsine taxa have been studied in 

physiological terms. Sminthopsis macroura and S. ooldea also represent different subgroups of the 

Sminthopsini phylogeny (Blacket et al., 1999). It may be that responses to the realised ecological niche 

of these taxa differ along phylogenetic lines. If so, other members of the Hirtipes group may be similarly 

thermally labile and dependent upon torpor as S. ooldea, while members of the Macroura group (e.g. S. 

crassicaudata and S. macroura) are not so dependent on using torpor or departing from strict 

homeothermy. Tendencies in small desert mammals towards thermolability and flexible metabolic 

regulation of body temperature have long been recognised (Kayser, 1961; 1965; Hammel et al., 1968; 
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Hart, 1971; Hudson et al., 1972; Withers and Cooper, 2009), and have most often been considered in the 

light of a deviation from a homeothermic “norm”. The converse question, which has not yet been raised 2360 

in the literature is: why maintain homeothermy in energy-limited, low productivity, desert ecosystem? 

Homeothermy is an expensive strategy, especially in desert ecosystems, because the times of greatest 

thermoregulatory challenge (i.e. low seasonal Ta), are often when energetic supply of the ecosystem is at 

its lowest (Frey, 1991; Chapter 2 this thesis). It seems more effective, under such circumstances, to 

regulate Tb and thus energetic demand, on the basis of Ta (or in short, to adopt heterothermy). Given that, 

at the time when dunnarts first arose in the mid Miocene (approximately 16 million years ago, Blacket et 

al., 1999), Australia was dominated by warm temperate forests (Martin, 1994), dunnarts evolved in 

habitats that presumably well supported homeothermy. As the continent cooled and dried, it may be that 

only the Macroura subgroup of dunnarts has maintained a predilection for homeothermy, but that by 

chance this group includes more widespread species that have been the most studied for physiological 2370 

responses. These species of dunnart have evolved other diverse strategies to offset the costs of 

homeothermy beyond well-established daily or seasonal heterothermy, two of which I have studied in 

this thesis, sociality (Chapter 3) and phenotypic flexibility; and presumably other adaptive responses are 

equally important (e.g. basking, as discussed by Warnecke et al., 2008). The other phylogenetic groups, 

including the Hirtipes group represented by S. ooldea in my study, have presumably adopted an effective 

response, which is to expand tolerance to thermal lability and have a greater use of torpor. Following the 

conclusions of Garland and Adolph (1994) that two-species comparisons suggest associations that can 

only be “proved” by multi-specific phylogenetic replication, broader interest in the physiology of a wider 

range of the Sminthopsini may provide great insight into the costs and benefits of maintaining 

homeothermy in ecosystems of varying productivity. 2380 

 

 
Sunset at Lorna Glen Station, 2008, at one of the capture sites of S. ooldea. Sean Tomlinson all rights 

reserved. 



S. Tomlinson Comparative Ecophysiology of Sminthopsis spp.  PhD 
 

89 

Chapter 6: The Role of Ambient Humidity in Evaporative Water Loss 

and Thermoregulation by Sminthopsis 

 

Summary 
Six S. macroura and eight S. ooldea were measured for standard, basal, and summit metabolic rate 

using flow-through respirometry in experimentally manipulated atmospheric humdities of 0, 50 and 75 2390 

%. Within the standard 18 - 28 °C acclimation regime S. macroura appears to thermoregulate well at all 

acute exposures of coincident Ta and incurrent RH. Increasing incurrent RH decreases TEWL of S. 

macroura, especially at low Ta, where insensible water loss is high, but plays no part in active 

thermoregulation. Reducing insensible water loss significantly increases RWE and PRWE of the species; 

reducing insensible water loss does not affect RMR, however, suggesting that insensible heat loss is a 

negligible component of thermoregulation at low Ta. As an effect of consistent levels of MWP, and 

reduced TEWL, RWE of S. macroura increases with increasing ambient RH, to the point where the 

PRWE occurs at conditions that probably most closely approximate those of an inhabited burrow (20 ºC, 

75 % RH). Sminthopsis ooldea showed thermolability which blurs the edges of the expected metabolic 

costs of low Ta and low RH. There is no evidence that TEWL was reduced by increased incurrent RH, 2400 

but RMR and Tb increased with increased ambient RH, suggestive of a non-beneficial behavioural 

response (activity) to high RH, and a failure to reach truly resting levels. This imparts artificially high 

EWL, and also increases RWE by artificially raising MWP. I conclude that S. macroura manage their 

energy budget and thermoregulate at the expense of elevated TEWL, but this increases RWE by 

offsetting high TEWL with increased MWP, and the high humidity of their burrow is probably important 

for water and energy balance in a strongly thermoregulating species. As has been discussed previously, I 

conclude that S. ooldea utilise a thermolabile strategy to reduce their energetic requirements; this reduces 

their TEWL, at the expense of RWE (where the reduction in MWP is not offset by and equivalent 

reduction in TEWL). Furthermore, reducing insensible water loss by increased ambient RH does not 

increase the PRWE, suggesting that microclimatic refuges may not be important in managing the energy 2410 

or water budgets. 
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6.1 Introduction 
 

Evaporative water loss (TEWL) is an important aspect of a terrestrial animal’s physiology, as it is 

a substantial component of the water budget and it is also the primary means of dissipating body heat at 

high ambient temperature (Ta) (Cooper and Withers, 2008). TEWL is in turn determined by factors that 

influence cutaneous and/or respiratory water loss, including ambient water vapour pressure (WVP) and 

Ta. The principal environmental factor determining EWL is the water vapour pressure deficit (WVP) 

between an animal and ambient air (Christian, 1978). High ambient relative humidity, RH (small WVP) 2420 

retards TEWL, whereas low RH (large WVP) enhances TEWL (Lasiewski et al., 1966; Proctor and 

Studier, 1970). Thus animals should have higher TEWL under drier ambient conditions. This 

relationship between TEWL and ambient WVP is generally inverse and linear for small animals 

including birds (Lasiewski et al., 1966), rodents (Baudinette, 1972; Christian, 1978; Edwards and 

Haines, 1978) and bats (Proctor and Studier, 1970; Webb et al., 1995). 

 

There are few comparative data available on the responses of water loss and RWE under different 

ambient temperature and humidity conditions, but there has been some suggestion that responses of 

water loss to different temperatures can be quite radically different between closely-related species 

(Withers and Cooper, unpublished data). Sminthopsis macroura and S. ooldea represent two subfamilies 2430 

of dunnart (Archer, 1981; Blacket et al., 1999); the former has an extensive geographical distribution 

across Australia (McKenzie et al., 2006), and has substantial ability to thermoregulate across a broad 

range of chronic and acute temperature conditions (Chapters 4 & 5); the latter is quite limited in its 

distribution to the arid centre including the Western Australian, South Australian and Northern Territory 

conjoined borders (McKenzie et al., 2006), and has a lesser capacity to thermoregulate, being markedly 

thermolabile (Chapter 4 & 5). Based on responses in dry air reported in Chapter 4, where TEWL 

increased significantly as a result of thermoregulation at Ta = 10 and 35 °C for S. macroura, I expect S. 

macroura to decrease EWL and increase RWE with increasing RH at comparable Ta; this may be 

reflective of its northerly, broad distribution where extreme aridity is rare, especially at coincident low 

Ta, where respiratory water loss is increased. Sminthopsis ooldea, which show no patterns of 2440 

thermoregulatory TEWL in dry air (Chapter 4), is less likely to show any different patterns of EWL or 

RWE due to the physiological lability of the species (Chapters 4 & 5) and the low variability of ambient 

conditions implied by its Centralian distribution. There is also a theoretical influence of ambient RH on 

metabolic rate, as reduced evaporative heat loss due to high RH and low WVP will decrease wet thermal 

conductance (Cwet) and thus might reduce metabolic heat production and/or increase body temperature 

(Tb) and dry thermal conductance (Cdry) (Cooper and Withers, 2008). There is, however, little evidence 

for endotherms of a relationship between RH and metabolic rate (MR) and/or Tb below TNZ (Proctor and 

Studier, 1970; Baudinette, 1972; Ewing and Studier, 1973; Kay, 1975; Cooper and Withers, 2008). 

 

The relative water economy (RWE), or the amount of water lost relative to levels of metabolic 2450 

water production, has been recently discussed in regard to its importance to the energy and water budgets 

by Cooper and Withers, 2008; 2009, Cooper et al., 2009, Withers and Cooper, 2009, and Chapters 4 & 

5). Recent studies have also shown flexibility in water turnover and water use efficiency (WUE, broadly 

analogous to RWE) especially in species adapted to arid habitats with variable and unpredictable 
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conditions (Lee and Schmidt-Nielsen, 1971, Menon, et al., 1989, Williams and Tieleman, 2000). This 

study aims to investigate differences in the evaporative water loss pathways of the two species, and 

whether the strong homeostatic regulation of S. macroura (Chapter 4 & 5) extends to managing the 

respiratory components of a water budget across a broad climatic range, and whether the energetic 

adaptation to low-productivity ecosystems proposed for S. ooldea (Chapter 4 & 5) is beneficial or 

limiting in managing the water budget, and whether adaptations to limit water loss are flexible across a 2460 

range of thermal acclimation regimes. 

 

6.2 Methods 

 
Acclimation Regimes 

 One group of six S. macroura and another of eight S. ooldea were acclimated to the “standard” 

18 – 28 °C temperature regime described in Chapter 4. The group of six S. macroura was further 

acclimated to an identical series of ambient temperature regimes as described in Chapter 5 for 14 days 

prior to experimental investigations. Temperature regimes consisted of 12 hour minima, followed by 10 

°C elevation to a 12 hour maxima. These regimes were measured in the order of 18 - 28 °C, 5 - 15 °C, 12 2470 

- 22 °C and 25 - 35 °C. 

 
Water Loss Respirometry Procedure 

Flow-through respirometry was used to measure metabolic responses and EWL as outlined in 

the generalised methods of Chapter 1. The ambient relative humidity of the incurrent air stream was also 

manipulated independently of Ta treatments to nominal values of approximately 0, 50 and 75 % RH with 

a humidifier, which passed incurrent air through a porous air stone submerged in water. Incurrent RH 

was determined by controlling the temperature of the water, hence water vapour pressure (calculated 

after Parrish and Putnam (1977). RH manipulations were made in increasing order for Ta treatments of 

10, 25, 30 and 35 °C (in random order). 2480 

 

Statistical Analysis 

The maintenance of normothermic Tb was tested by linear regression of Tb over the Ta range, 

and further checked by testing the equality of variances of the Tb residuals between the Ta treatments 

using a Bartlett’s test. Since incurrent RH did not result in directly comparable chamber humidities, the 

effect of incurrent RH upon metabolic rates was analysed for measured RH (excurrent) by regression and 

compared between treatments for slope and intercept. The effects of incurrent RH upon EWL were non-

linear, and these were compared using deviation a priori contrasts to compare expected reductions of 

EWL at high incurrent RH with “dry” controls. Some data were excluded from the EWL analysis, 

especially at low Ta, where the dunnarts had managed to saturate the chamber early in the trace, and 2490 

never settled into a resting state and RH remained high. This resulted in the exclusion of a single point 

each at Ta = 10 °C and 35 °C, three data points at Ta = 25 °C for S. macroura, and four data points, all at 

Ta = 25 °C for S. ooldea. 
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6.3 Results 
 

Environmental Variables 

 There was no significant relationship between the experimental Ta of the trials and the incurrent 

humidities of these trials (F1,130 = 0.767, p = 0.3828). Relative humidity within the chamber was, 

however, significantly correlated with both Ta (F1,130 = 13.3, p = 0.0004) and incurrent RH (F1,130 = 823, 2500 

p = 4.42 × 10-58). Of the two significant interactions, the strongest association was with incurrent RH (R2 

= 0.86). 

 

Comparisons Within the 18-28 ºC Acclimation 

All data are summarised in Table 6.1. Body mass for the 18-28 °C regime was 17.5 ± 0.28 g for 

S. macroura, and showed no significant differences between incurrent humidity treatments (F11,59 = 1.83, 

p = 0.070); mean body mass was 11.4 ± 0.16 g for S. ooldea, but significant differences between the 

three incurrent humidities (F11,68 = 2.715, p = 0.0058; F(RH)2,77 = 9.823, p = 0.0002), indicate that the S. 

ooldea were lighter for the dry trials (Table 6.1). 

 2510 
Within the ‘standard’ acclimation regime (18-28 ºC), evaporative water loss was not 

significantly different between different humidites across Ta exposures for either S. macroura 

(F(global)11,49 = 0.897, p = 0.5496) or S. ooldea (F(global)11,61 = 0.440, p = 0.9315). Average EWL for S. 

macroura was 4.87 ± 0.70 mg.g-1.h-1 at Ta = 10 °C, 4.15 ± 0.75 mg.g-1.h-1 at Ta = 25 °C, 4.08 ± 0.82 

mg.g-1.h-1 at Ta = 30 °C and 6.07 ± 0.44 mg.g-1.h-1 at Ta = 35 °C (Figure 6.1). Average EWL for S. ooldea 

was 7.00 ± 0.81 mg.g-1.h-1 at Ta = 10 °C, 7.10 ± 1.45 mg.g-1.h-1 at Ta = 25 °C, 6.49 ± 0.96 mg.g-1.h-1 at Ta 

= 30 °C and 8.10 ± 0.82 mg.g-1.h-1 at Ta = 35 °C (Figure 6.1). Within temperature exposures, across 

chamber humidities, there was a significant effect of ambient humidity on EWL at only Ta = 10 ºC for S. 

macroura (F(10 °C, 50 %)1,8 = 2.526, p = 0.151; F(10 °C, 75 %)1,8 = 8.444, p = 0.020; F(25 °C, 50 %)1,12 

= 0.474, p = 0.504; F(25 °C, 75 %)1,12 = 0.136, p = 0.718; F(30 °C, 50 %)1,15 = 0.082, p = 0.779; F(30 °C, 2520 

75 %)1,15 = 0.179, p = 0.678; F(35 °C, 50 %)1,14 = 0.096, p = 0.761; F(35 °C, 75 %)1,14 = 0.192, p = 

0.668). For S. ooldea there were no effects of incurrent RH on TEWL within temperature treatments 

((F(10 °C, 50 %)1,15 = 1.749, p = 0.206; F(10 °C, 75 %)1,15 = 0.437, p = 0.518; F(25 °C, 50 %)1,12 = 

0.362, p = 0.558; F(25 °C, 75 %)1,12 = 0.218, p = 0.648; F(30 °C, 50 %)1,17 = 1.263, p = 0.277; F(30 °C, 

75 %)1,17 = 1.750, p = 0.203; F(35 °C, 50 %)1,17 = 0.017, p = 0.898; F(35 °C, 75 %)1,17 = 1.448, p = 

0.245). 

 

The Tb of S. macroura averaged 33.7 ± 0.4 °C from 10 – 30 °C, but showed a significant 

increase at Ta = 35 °C (F11,57 = 2.128; p = 0.0325; F(Ta)3,65 = 6.181; p = 0.001), and no effect of incurrent 

RH (F(RH)2,66 = 0.061; p = 0.941; Figure 3.1). There was no difference between the levels of variance of 2530 

the Tb residuals at different Ta treatments (BC = 1.94, p = 0.584), suggesting, as established in Chapters 4 

and 5, that S. macroura has a strong propensity towards thermoregulation.  
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Table 6.1: Summary of physiological variables for Sminthopsis macroura and S. ooldea at all Ta and 

incurrent RH treatments (18-28 ºC acclimation regime). Values are mean ± S.E. (n). 

Ta  
(ºC) 

RH  
(%) 

Mass 
(g) 

V̇   O2  
(mL.g-1.h-1) 

V̇   CO2  
(mL.g-1.h-1) 

Tb 
(ºC) 

TEWL 
(mg.g-1.h-1) 

S. macroura 

10 

0 16.72 ± 0.60 
(6) 

6.24 ± 0.53 
(6) 

5.58 ± 0.55 
(6) 

33.5 ± 0.87 
(4) 

6.47 ± 0.75 
(5) 

50 17.87 ± 0.85 
(6) 

8.71 ± 2.26 
(5) 

6.56 ± 1.42 
(5) 

34.1 ± 0.78 
(5) 

4.39 ± 1.52 
(3) 

75 18.70 ± 0.48 
(6) 

6.15 ± 1.36 
(6) 

5.14 ± 0.65 
(6) 

32.9 ± 0.53 
(6) 

2.67 ± 0.30 
(3) 

25 

0 16.92 ± 1.73 
(6) 

1.79 ± 0.51 
(6) 

1.41 ± 0.64 
(6) 

32.9 ± 0.58 
(6) 

3.59 ± 1.08 
(6) 

50 17.75 ± 0.72 
(6) 

1.55 ± 0.24 
(6) 

1.57 ± 0.27 
(6) 

32.6 ± 0.83 
(6) 

5.09 ± 0.93 
(3) 

75 18.00 ± 0.69 
(6) 

2.19 ± 0.88 
(6) 

1.93 ± 0.88 
(6) 

33.5 ± 0.76 
(6) 

4.25 ± 1.57 
(6) 

30 

0 14.95 ± 1.29 
(6) 

1.57 ± 0.34 
(6) 

0.88 ± 0.18 
(6) 

33.4 ± 0.55 
(6) 

3.58 ± 0.46 
(6) 

50 17.83 ± 0.61 
(6) 

1.46 ± 0.11 
(6) 

1.23 ± 0.25 
(6) 

33.6 ± 0.59 
(6) 

4.18 ± 1.63 
(6) 

75 18.75 ± 0.47 
(6) 

1.88 ± 0.45 
(6) 

1.47 ± 0.29 
(6) 

34.3 ± 0.49 
(6) 

4.47 ± 1.96 
(6) 

35 

0 15.67 ± 1.26 
(6) 

1.54 ± 0.26 
(6) 

0.95 ± 0.17 
(6) 

35.1 ± 0.87 
(6) 

6.35 ± 0.71 
(6) 

50 17.53 ± 0.69 
(6) 

1.42 ± 0.15 
(6) 

0.92 ± 0.13 
(6) 

35.4 ± 0.27 
(6) 

6.00 ± 1.06 
(6) 

75 19.20 ± 0.61 
(5) 

1.21 ± 0.10 
(5) 

0.99 ± 0.19 
(5) 

35.0 ± 0.32 
(6) 

5.83 ± 0.46 
(6) 

S. ooldea 

10 

0 10.11 ± 0.52 
(8) 

5.12 ± 1.39 
(6) 

4.02 ± 1.02 
(6) 

33.8 ± 0.7 
(3) 

5.87 ± 1.75 
(6) 

50 11.42 ± 0.29 
(6) 

6.59 ± 0.64 
(6) 

5.17 ± 0.53 
(6) 

34.1 ± 0.78 
(5) 

8.41 ± 0.75 
(6) 

75 11.73 ± 0.19 
(6) 

8.25 ± 0.35 
(6) 

6.32 ± 0.37 
(6) 

32.9 ± 0.53 
(5) 

7.14 ± 1.39 
(6) 

25 

0 10.44 ± 0.49 
(8) 

3.36 ± 0.67 
(6) 

2.69 ± 0.58 
(6) 

32.9 ± 0.58 
(2) 

5.89 ± 1.84 
(6) 

50 11.65 ± 0.21 
(6) 

4.57 ± 1.23 
(5) 

3.32 ± 0.94 
(5) 

32.6 ± 0.83 
(5) 

8.06 ± 3.70 
(5) 

75 11.07 ± 0.24 
(6) 

4.58 ± 0.65 
(4) 

3.69 ± 0.48 
(4) 

33.5 ± 0.76 
(5) 

7.69 ± 2.02 
(4) 

30 

0 10.88 ± 0.87 
(8) 

2.08 ± 0.35 
(8) 

1.16 ± 0.20 
(8) 

33.4 ± 0.55 
(8) 

5.92 ± 1.64 
(8) 

50 11.90 ± 0.16 
(6) 

3.39 ± 0.92 
(6) 

2.34 ± 0.58 
(6) 

33.6 ± 0.59 
(6) 

7.39 ± 2.14 
(6) 

75 12.07 ± 0.18 
(6) 

2.87 ± 0.42 
(6) 

1.94 ± 0.23 
(6) 

34.3 ± 0.49 
(6) 

7.85 ± 1.20 
(6) 

35 

0 10.99 ± 0.64 
(8) 

1.75 ± 0.19 
(8) 

1.05 ± 0.12 
(8) 

35.1 ± 0.87 
(8) 

7.46 ± 1.30 
(8) 

50 12.50 ± 0.33 
(6) 

2.43 ± 0.40 
(6) 

1.54 ± 0.19 
(6) 

35.4 ± 0.27 
(6) 

7.20 ± 1.06 
(6) 

75 12.72 ± 0.31 
(6) 

2.34 ± 0.30 
(6) 

1.57 ± 0.11 
(6) 

35.0 ± 0.32 
(6) 

9.85 ± 1.85 
(6) 

 

Sminthopsis ooldea had an average Tb of 34.8 ± 0.2 °C, but displayed significant thermolability 

(F11,53 = 4.89, p = 3.5 × 10-6), which was found to be attributable to Ta (F3,61 = 15.77, p = 1.9 × 10-7), and 2540 

not to incurrent RH (F2,62 = 1.76, p = 0.1826), where Tb below the thermoneutral Ta = 35 °C was lower in 

all incurrent humidities. As established in Chapter 4 & 5, S. ooldea was broadly thermolabile, with 
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significant differences in the 

variance of the Tb residuals at 

different Ta treatments (BC = 40.64, 

p = 7.78 × 10-9). 

 

For all incurrent humidity 

conditions, S. macroura had a 

decrease in metabolism from Ta = 2550 

10 °C to Ta = 35 °C. There was no 

significant difference in the 

metabolic rate Ta regressions for 

the three humidity treatments 

(Figure 6.2) in slope (F(O2)2,60 = 

1.83, p = 0.169; F(CO2)2,60 = 0.918, 

p = 0.405) or intercept (F(O2)2,62 = 

0.959, p = 0.389; F(CO2)2,62 = 1.10, 

p = 0.339). Sminthopsis ooldea had 

a decrease in metabolism from Ta = 2560 

10 °C to Ta = 35 °C, but the 

metabolic rate Ta regressions for     

V̇ O2 were significantly different 

(F2,67 = 3.24, p = 0.0455; Figure 

6.2) between the three humidities; 

there was a common slope (F2,67 = 

2.96, p = 0.0589) with no common 

intercept (F2,69 = 5.32, p = 0.0071) 

for V̇   CO2. 

 2570 

 The wet conductance 

(Cwet) of S. macroura was not 

significantly different between the 

three incurrent RH trials (F11,56 = 

11.275, p = 3.390 × 10-6, F(RH)2,6 = 0.152, p = 0.8594), but was significantly different across Tas 

(F(Ta)3,64 = 21.490, p = 8.715 × 10-9), where Cwet increased from  6.26 ± 0.76 J.g-1.h-1 at Ta = 10 °C to 

5.55 ± 1.21, 9.91 ± 1.93 and 43.74 ± 8.41 J.g-1.h-1 at Ta = 25, 30 and 35 °C respectively (Figure 6.3). 

There was also no significant effect of incurrent RH on dry conductance (F11,46 = 4.587, p = 1.100 × 10-4, 

F(RH)2,55 = 0.505, p = 0.6067), but there was an effect of Ta; Cdry increased from 5.93 ± 0.76 to 4.10 ± 

1.04, 6.72 ± 1.57 and 23.91 ± 4.61 J.g-1.h-1 at Ta = 10, 25, 30 and 35 °C respectively (F(Ta)3,54 = 16.173, p 2580 

= 2.573 × 10-7; Figure 6.3). The wet conductance of S. ooldea was not significantly different between the 

three incurrent RH trials (F11,61 = 2.858, p = 0.0055, F(RH)2,70 = 0.233, p = 0.7926), but was significantly 

different across Ta (F(Ta)3,69 = 7.524, p = 2.996 × 10-4), where Cwet increased from  6.41 ± 0.53 J.g-1.h-1 at 

Ta = 10 °C to  10.43 ± 2.24, 12.95 ± 1.68 and  28.27 ± 4.90 J.g-1.h-1 at Ta = 25, 30 and 35 °C respectively  

 
Figure 6.1: Evaporative water loss profiles of Sminthopsis 

macroura, showing no effect on EWL of 

increasing incurrent ambient humidity; and S. 

ooldea showing no patterns of EWL against 

ambient incurrent humidity. Circles represent dry 

incurrent air, squares represent 50% incurrent 

humidity, and triangles represent 75% incurrent 

humidity. Points represent means ± S.E. 
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Figure 6.2: Metabolic profiles of S. macroura showing an increase in V̇ CO2 with decreasing 

temperature, but no significant effect of increasing humidity conditions at equivalent 

temperatures; and S. ooldea, showing an increase in V̇  CO2 with decreasing temperature, 

but also a significantly steeper increase with increasing humidity conditions. Circles 

represent dry incurrent air, squares represent 50% incurrent humidity, and triangles 

represent 75% incurrent humidity. Dashed lines represent the 95% C.I. for the regression 

of dry air, points represent means ± S.E. 
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(Figure 6.3). There was no 

significant effect of incurrent RH 

or Ta on dry conductance (F11,61 

= 1.339, p = 0.2319), averaging 2590 

5.57 ± 0.48, 8.78 ± 1.89, 9.36 ± 

1.30 and 15.01 ± 3.02 J.g-1.h-1 at 

Ta = 10, 25, 30 and 35 °C 

respectively (Figure 6.3), 

suggesting that my trial 

conditions never approached the 

top end of the thermoneutral 

zone. There was, however, a 

non-significant tendency for the 

Cdry to be elevated at coincident 2600 

low Ta and high incurrent RH 

(Table 6.2), possibly suggesting 

that the dunnarts were unsettled 

under these conditions. 

 

The patterns of 

decreasing relative water 

efficiency (RWE) with increased 

Ta were consistent between 

incurrent RH treatments for S. 2610 

macroura, with significant 

regressions in dry air (F1,21 = 

32.310, p = 0.00001), 50% 

incurrent RH (F1,16 = 32.221, p = 

0.00003) and 75% incurrent RH 

(F1,18 = 47.861, p = 0.000002; 

Figure 6.4). There were, 

however, significant differences 

between the regressions 

(F(slope)2,55 = 10.131, p = 2620 

0.0002), and post-hoc tests 

indicated that the relationship at 75% incurrent RH was significantly different (c.f. dry air p = 0.0001; c.f. 

50% p = 0.047), but that dry air and 50% incurrent RH were not significantly different (p = 0.164). 

Sminthopsis macroura became increasingly water economical with increased incurrent RH, with the 

calculated point of relative water economy (PRWE) occurring at -6.6 °C for dry air, 10.9 °C at 50% 

incurrent RH, and 18.6 °C at 75% incurrent RH. Sminthopsis ooldea also showed conservation of 

decreasing relative water efficiency (RWE) with increased Ta, with significant regressions for dry air 

(F1,26 = 34.274, p = 3.6 × 10-6), 50% incurrent RH (F1,21 = 22.031, p = 0.0001) and 75% incurrent RH 

 
Figure 6.3: Wet (black symbols) and dry (white symbols) 

conductance profiles of Sminthopsis macroura, 

showing a significant increase in magnitude and 

variability of conductance with increasing Ta, but 

no affect of incurrent ambient humidity; and S. 

ooldea showing showing a significant increase in 

magnitude and variability of conductance with 

increasing Ta, but no affect of incurrent ambient 

humidity. Circles represent dry incurrent air, 

squares represent 50% incurrent humidity, and 

triangles represent 75% incurrent humidity. Points 

represent means ± S.E. 
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(F1,20 = 50.942, p = 6.5 × 10-7; Figure 6.4), and significant differences between the regressions 

(F(slope)2,67 = 8.000, p = 0.001). Post-hoc tests indicated that the relationship at 75% incurrent RH was 2630 

significantly different (c.f. dry air p = 0.008; c.f. 50% p = 0.001), but that dry air and 50% incurrent RH 

were not significantly different (p = 0.630). There was no pattern of increasing efficiency with increasing 

incurrent RH for S. ooldea.  

 

 
 

Response of Sminthopsis macroura to Temperature Acclimation 

 All data are summarised in Tables 6.3 - 6.5. There were no significant differences between body 

masses of S. macroura between any of the acclimation regimes, incurrent humidity or Ta treatments 

(F35,169 = 0.922, p = 0.5973). For the 12-22 °C regime body mass was 17.31 ± 0.26 g, 17.47 ± 0.28 g for 2640 

the 18-28 °C regime, and 18.89 ± 0.52 g for the 25-35 °C regime. 

 

Evaporative water loss showed no significant effects of acclimation, but maintained the pattern 

of Ta and incurrent RH effects described for the 18 – 28 ºC acclimation regime described above (F35,154 = 

2.602; p = 3.23 × 10-5; F(Ta)3,186 = 7.547; p = 9.60 × 10-5; F(RH)2,187 = 13.700; p = 3.34 × 10-6), where 

there was higher EWL at Ta = 10 °C and 35 °C, but reduced EWL at the two high incurrent humidity 

 
Figure 6.4: Relative water economy of S. macroura (white symbols) and S. ooldea (black symbols) in 

three different incurrent RH regimes, dry air (circles), 50% RH (squares) and 75% RH 

(triangles). Dashed horizontal line represents the RWE = 1 horizon, dashed lines represent 

the extrapolated RWE relationship, showing PRWE (where RWE = 1). S. macroura 

shows increasing RWE with increasing incurrent RH, but S. ooldea shows significant 

differences between RH treatments, but no consistent pattern of change. Sminthopsis 

ooldea has lower RWE than S. macroura under all experimental conditions. Values are 

mean ± S.E. 
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conditions across all Ta treatments (Table 6.3). Average EWL was lower at high humidities at all Ta 

treatments (Table 6.3; Figure 6.5). The PRWE increased with increasing humidity, from -12.0 ºC in dry 

air to -9.9 ºC in 50% RH and 20.5 ºC in 75% RH.  

 2650 

Table 6.2: Thermal conductance of Sminthopsis macroura and S. ooldea at all ambient temperatures and 

humidities, showing no patterns in Cdry for S. macroura or S. ooldea in relation to incurrent 

RH. 

Ta (ºC) RH (%) Cwet (J.g-1.h-1) Cdry  (J.g-1.h-1) RWE (n) 
  S. macroura 

10 

0 

5.84 ± 0.47 5.20 ± 0.46 0.63 ± 0.06 4 
25 4.98 ± 1.57 3.76 ± 1.26 0.35 ± 0.10 6 
30 11.81 ± 4.53 8.28 ± 3.27 0.24 ± 0.06 6 
35 29.34 ± 13.29 29.38 ± 13.45 0.14 ± 0.02 5 
10 

50 

7.39 ± 1.93 7.09 ± 1.94 1.04 ± 0.21 5 
25 5.12 ± 1.12 3.02 ± 0.59 0.22 ± 0.07 3 
30 9.45 ± 3.33 6.28 ± 3.23 0.33 ± 0.09 6 
35 47.05 ± 19.37 19.88 ± 7.20 0.14 ± 0.02 4 
10 

75 

5.61 ± 1.09 5.45 ± 1.05 1.57 ± 0.31 6 
25 6.22 ± 2.50 4.85 ± 2.19 0.36 ± 0.06 6 
30 8.19 ± 1.11 5.36 ± 0.78 0.35 ± 0.11 6 
35 46.11 ± 6.43 19.81 ± 4.48 0.13 ± 0.02 3 

  S. ooldea 
10 

0 

4.13 ± 0.79 3.54 ± 0.62 0.54 ± 0.07 3 
25 5.90 ± 0.59 5.21 ± 0.58 0.41 ± 0.06 2 
30 15.24 ± 3.76 11.52 ± 2.92 0.29 ± 0.05 8 
35 37.04 ± 10.14 19.55 ± 6.85 0.14 ± 0.02 8 
10 

50 

6.42 ± 0.82 5.46 ± 0.76 0.48 ± 0.05 5 
25 11.24 ± 4.60 9.42 ± 3.93 0.31 ± 0.07 4 
30 11.50 ± 2.37 8.61 ± 1.69 0.29 ± 0.04 6 
35 20.42 ± 3.38 12.68 ± 2.08 0.19 ± 0.02 6 
10 

75 

7.77 ± 0.30 6.91 ± 0.30 0.78 ± 0.11 5 
25 12.37 ± 2.94 10.31 ± 2.45 0.42 ± 0.10 3 
30 11.36 ± 1.23 7.21 ± 0.66 0.21 ± 0.03 6 
35 24.41 ± 8.04 11.30 ± 3.76 0.15 ± 0.02 6 

 

Table 6.3:  EWL (mg.g-1.h-1) of Sminthopsis macroura at all ambient temperatures and humidities for 

the three acclimation regimes, showing no appreciable patterns of acclimation of EWL, or 

effects of incurrent RH. Values are mean ± S.E. (n). 

Ta  °C RH (%) 12 – 22 °C 18 – 28 °C 25 – 35 °C 
10 

0 

8.30 ± 1.71 (4) 6.47 ± 0.75 (5) 5.68 ± 0.77 (6) 
25 4.47 ± 1.03 (6) 3.59 ± 1.08 (6) 5.37 ± 1.46 (6) 
30 4.99 ± 1.65 (6) 3.58 ± 0.46 (6) 6.01 ± 1.63 (6) 
35 8.70 ± 0.82 (6) 6.35 ± 0.71 (6) 6.89 ± 1.06 (6) 
10 

50 

5.86 ± 1.75 (5) 4.39 ± 1.52 (3) 6.81 ± 1.32 (5) 
25 2.93 ± 0.38 (6) 5.09 ± 0.93 (3) 3.25 ± 0.77 (5) 
30 2.20 ± 0.59 (6) 4.18 ± 1.63 (6) 2.28 ± 0.53 (5) 
35 5.09 ± 0.57 (6) 6.00 ± 1.06 (6) 3.00 ± 0.61 (5) 
10 

75 

2.91 ± 0.49 (4) 2.67 ± 0.30 (3) 4.80 ± 1.56 (5) 
25 1.78 ± 0.50 (6) 4.25 ± 1.57 (6) 2.37 ± 0.28 (5) 
30 2.83 ± 0.45 (6) 4.47 ± 1.96 (6) 2.21 ± 0.30 (5) 
35 6.38 ± 1.15 (6) 5.83 ± 0.45 (5) 1.88 ± 0.46 (3) 
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Body temperatures (Tb) of S. macroura showed significant effects of acclimation regime, Ta and 

incurrent RH, and no significant interactions of these factors (F35,162 = 3.458; p = 5.00 × 10-8; F(Acc.)2,195 

= 5.094; p = 0.0071; F(Ta)3,194 = 20.616; p = 2.29 × 10-11; F(RH)2,195 = 5.331; p = 0.0057), where they 2660 

had a higher Tb at the 25 – 35 °C acclimation, higher Tb above 30 °C, and higher Tb under the two high 

incurrent humidity conditions (Table 6.3). 

 

Metabolic rate (both V̇  O2and V̇   CO2) of S. macroura showed no significant effects of acclimation 

regime, incurrent RH or other interactions but were significantly influenced by Ta (F(V̇   O2)35,163 = 9.232; 

p = 5.81 × 10-24; F(Ta)3,195 = 97.215; p = 4.06 × 10-36; F(V̇   CO2)35,163 = 10.720; p = 3.15 × 10-27; F(Ta)3,195 

= 112.129; p = 1.98 × 10-39), where they displayed an equivalent reduction of metabolic rate across the Ta 

gradient, which ended between Ta = 30 and 35 °C (Figure 6.6). There were also significant effects of the 

Ta*Acclimation Regime interaction (F(V̇   O2)6,192 = 2.382; p = 0.031; F(V̇  CO2) 6,192 = 3.197; p = 0.005), 

suggesting that the metabolic rates are different at equivalent Ta between acclimation regimes. 2670 

 

Both wet and dry conductances showed no significant effects of incurrent RH or acclimation, 

but significant effects of Ta (F(Cwet)35,148 = 4.691; p = 1.59 × 10-11; F(Ta)3,180 = 43.345; p = 3.66 × 10-20; 

F(Cdry)35,166 = 3.105; p = 1.05 × 10-6; F(Ta)3,178 = 28.397; p = 1.59 × 10-14), where they displayed an 

equivalent values across the Ta gradient, but increased in magnitude and variability between Ta = 30 and 

35 °C (Figure 6.7; Table 6.5).  

 

6.4 Discussion 

 
 The wider context of this chapter was to test the effects of ambient RH upon the two dunnart 2680 

species’ water budgets. Given that studies conducted in Chapters 4 and 5 found that S. macroura had a 

strong predilection for homeostasis whereas S. ooldea was much more thermolabile when exposed to 

thermoregulatory challenge, I expected S. macroura to decrease EWL and increase RWE with increasing 

RH at comparable acute Ta and possibly to decrease metabolic rates at comparable Ta with increasing 

RH; S. ooldea was not expected to show any patterns of EWL or RWE due to its physiological lability. 

To some extent these expectations were met, in that S. macroura decreased TEWL at high incurrent RH, 

but only at low Ta, where insensible water loss is presumably high. This, when combined with strong 

thermoregulation, and no changes in metabolic activity (i.e. no reduction of MWP) increased the RWE 

and PRWE of the species. At high Ta, when ΔWVP should be reduced by high incurrent RH, EWL is not 

evidently reduced, and nor is Cwet. S. macroura did not become hyperthermic under these conditions, 2690 

which perhaps is evidence that the high humidity of their burrow provides an environment that both 

reduces EHL and EWL, and insulates them from variable environmental temperatures, reducing both 

water loss and energetic costs in a strongly thermoregulating species. The responses of TEWL, Tb, RMR 

and RWE were all consistent between cold and warm acclimation, suggesting that S. macroura regulates 

energy and water budgets under all conditions. Sminthopsis ooldea, on the other hand, showed no 

evidence that TEWL was reduced by increased incurrent RH, but showed significantly increased 

metabolic rates with increased incurrent RH and persistent thermolability in response to exposures of 

coincident Ta and incurrent RH. Thus, increased metabolic rate would infer increased MWP, EHL, and 

RWE. Therefore, the increase in EWL at 75 % incurrent RH is likely an artefact of some activity, and so 
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the increased RWE is also an 2700 

artefact. Thus, in the context of the 

overall physiology of the species, it 

appears that adaptation to energetic 

requirements and adaptations of the 

water budget may work to different 

selection pressures, and that 

adaptation to extreme low-

productivity ecosystems (i.e. by S. 

ooldea) may favour energetic 

advantages over increased RWE, 2710 

but that a homeostatic approach to 

thermoregulation and the water 

budget (i.e. by S. macroura) has 

higher basal energetic 

requirements. 

 
Environmental Variables 

 The statistical 

independence of Ta and incurrent 

RH is a gratifying outcome, since 2720 

both variables were controlled 

independently of each other. 

Unfortunately, however, due to the 

higher capacity of air for water 

vapour at higher Tas (Schmidt-

Nielsen, 1983; Withers, 1992), the 

water vapour pressure in the 

chamber is co-correlated with both 

Ta and incurrent RH. Despite 

changes in the incurrent humidity, 2730 

it is the actual chamber 

environment that imparts the 

physiological stressors to which 

animals respond. Therefore, 

although many of the comparisons 

here are made on the basis of the 

incurrent humidity treatments, 

since these were the 

methodological treatment groups, their “real” effects act through the continuum of realised 

chamber humidities that bias low  temperatures to having high RH.  2740 

 
Figure 6.5: Evaporative water loss profiles of Sminthopsis 

macroura under a) the 12 – 22 °C acclimation 

regime; b) the 18 – 28°C acclimation regime; and 

c) the 25 – 35 °C acclimation regime,  showing a 

non-significant trend for decreased EWL at 

increasing incurrent ambient humidity, and a 

shifting response of EWL to Ta on the basis of 

acclimation. Circles represent dry incurrent air, 

squares represent 50% incurrent humidity, and 

triangles represent 75% incurrent humidity. 

Points represent means ± S.E. 
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Table 6.4: Summary metabolic variables of S. macroura at all ambient temperatures and humidities 

trialled between the three temperature acclimation regimes. Values are mean ± S.E. (n). 

Ta 
(ºC) 

RH 
(%) 

Mass 
(g) 

V̇   O2 
(mL.g-1.h-) 

V̇   CO2 
(mL.g-1.h-) 

Tb 
(ºC) 

12-22 ºC 
10 

 
0 

16.0 ± 1.1 (6) 7.07 ± 1.01 (4) 6.49 ± 0.88 (4) 31.0 ± 1.9 (4) 
25 16.9 ± 1.2 (6) 2.41 ± 0.51 (6) 2.12 ± 0.62 (6) 31.5 ± 0.4 (6) 
30 15.6 ± 1.0 (6) 1.43 ± 0.29 (6) 1.25 ± 0.34 (6) 34.3 ± 0.5 (6) 
35 16.1 ± 0.9 (6) 2.06 ± 0.32 (6) 1.48 ± 0.35 (6) 35.7 ± 0.2 (6) 
10 

50 

18.1 ± 0.7 (6) 5.55 ± 1.86 (6) 4.21 ± 1.22 (5) 34.0 ± 0.3 (4) 
25 19.0 ± 0.8 (6) 2.59 ± 0.33 (6) 1.80 ± 0.24 (6) 34.2 ± 0.6 (6) 
30 17.2 ± 0.4 (6) 1.24 ± 0.11 (6) 0.92 ± 0.15 (6) 34.8 ± 0.5 (6) 
35 17.2 ± 0.7 (6) 1.25 ± 0.24 (6) 0.97 ± 0.25 (6) 35.2 ± 0.4 (6) 
10 

75 

18.2 ± 1.0 (6) 6.44 ± 0.66 (6) 4.94 ± 0.51 (6) 33.8 ± 0.6 (6) 
25 18.8 ± 0.8 (6) 1.87 ± 0.39 (6) 1.37 ± 0.21 (6) 33.5 ± 0.6 (6) 
30 17.3 ± 0.5 (6) 1.50 ± 0.29 (6) 1.05 ± 0.19 (6) 33.6 ± 0.7 (6) 
35 17.5 ± 0.8 (6) 2.15 ± 0.36 (6) 1.56 ± 0.28 (6) 35.7 ± 0.5 (6) 

18-28 ºC 
10 

0 

16.7 ± 0.6 (6) 6.24 ± 0.53 (5) 5.58 ± 0.55 (5) 33.5 ± 0.9 (4) 
25 16.9 ± 1.7 (6) 1.79 ± 0.51 (6) 1.41 ± 0.64 (6) 32.9 ± 0.6 (6) 
30 15.0 ± 1.3 (6) 1.57 ± 0.34 (6) 0.88 ± 0.18 (6) 33.4 ± 0.6 (6) 
35 15.7 ± 1.3 (6) 1.54 ± 0.26 (6) 0.95 ± 0.17 (6) 35.1 ± 0.9 (6) 
10 

50 

17.9 ± 0.9 (6) 8.71 ± 2.26 (6) 6.56 ± 1.42 (5) 34.1 ± 0.8 (5) 
25 17.8 ± 0.7 (6) 1.55 ± 0.24 (6) 1.57 ± 0.27 (3) 32.6 ± 0.8 (6) 
30 17.8 ± 0.6 (6) 1.46 ± 0.11 (6) 1.23 ± 0.25 (6) 33.6 ± 0.6 (6) 
35 17.5 ± 0.7 (6) 1.42 ± 0.15 (6) 0.92 ± 0.13 (6) 35.4 ± 0.3 (6) 
10 

75 

18.7 ± 0.5 (6) 6.15 ± 1.36 (6) 5.14 ± 0.65 (6) 32.9 ± 0.5 (6) 
25 18.0 ± 0.7 (6) 2.19 ± 0.88 (6) 1.93 ± 0.88 (6) 33.5 ± 0.8 (6) 
30 18.8 ± 0.5 (6) 1.88 ± 0.45 (6) 1.47 ± 0.29 (6) 34.3 ± 0.5 (6) 
35 19.2 ± 0.6 (5) 1.21 ± 0.10 (5) 0.99 ± 0.19 (5) 35.0 ± 0.3 (5) 

25-35 ºC 
10 

0 

19.0 ± 0.4 (6) 5.75 ± 0.85 (6) 4.63 ± 0.70 (6) 33.4 ± 1.4 (5) 
25 20.1 ± 0.9 (6) 2.98 ± 0.60 (6) 2.35 ± 0.64 (6) 32.3 ± 0.2 (6) 
30 19.5 ± 0.6 (6) 1.60 ± 0.26 (5) 1.43 ± 0.40 (6) 35.2 ± 0.6 (6) 
35 18.7 ± 0.6 (6) 0.80 ± 0.14 (5) 0.58 ± 0.14 (6) 35.5 ± 0.3 (6) 
10 

50 

18.9 ± 2.8 (5) 4.61 ± 0.57 (5) 3.35 ± 0.41 (5) 34.2 ± 0.7 (5) 
25 19.1 ± 3.0 (5) 3.05 ± 0.81 (5) 2.09 ± 0.55 (5) 34.9 ± 0.5 (5) 
30 18.7 ± 2.3 (5) 1.70 ± 0.32 (5) 1.18 ± 0.29 (5) 34.5 ± 0.3 (5) 
35 18.6 ± 1.9 (5) 1.01 ± 0.14 (5) 0.74 ± 0.10 (5) 35.9 ± 0.6 (5) 
10 

75 

18.5 ± 2.4 (5) 5.83 ± 0.68 (5) 3.92 ± 0.42 (5) 34.0 ± 0.5 (4) 
25 18.3 ± 2.8 (5) 3.29 ± 0.24 (5) 2.38 ± 0.14 (5) 34.9 ± 0.5 (5) 
35 18.6 ± 1.9 (5) 1.29 ± 0.16 (5) 1.05 ± 0.15 (5) 35.9 ± 0.6 (5) 
35 17.6 ± 3.3 (3) 1.44 ± 0.44 (5) 1.08 ± 0.35 (5) 35.0 ± 0.2 (5) 

 

As a result, analysis of realised humidities was precluded by the bias for higher chamber RH at lower Ta, 

and a lack of low RH conditions for comparison. This uncontrolled variability in chamber RH probably 

contributes quite substantially to the inability to detect statistically many of the expected RH effects that 

appear in my dataset only as strong trends. Future work proposing similar treatments of Ta and RH 

should consider this error, and make efforts to reduce its impacts. This could be done by increasing the 

flow rate at treatments that will result in high RH/Ta correlation biases, however this should be carefully 

considered with respect to the impacts that this will have on the fractional excurrent gas balances (as per 2750 

Withers, 2001), and whether increased air flow through the chamber will significantly increase 
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convectional heat loss. Furthermore, the reduced WVP implied by increased incurrent RH (or high 

chamber RH) should be the biophysical mechanism that reduces TEWL, and this should be proportional 

to ambient RH, but this is not the case with the data gathered here, or the data presented by Cooper and 

Withers (2008) for brushtail possums (Trichosurus vulpecular). As Cooper and Withers (2008) discuss, 

there are evidently aspects of the biological water loss pathway, such as skin temperature, or the 

temperature of exhalant air that modify these expectations in directions that are not currently understood. 

 

 2760 

Figure 6.6: Metabolic profiles of Sminthopsis 

macroura for the a) 12 – 22 °C, b) 

18 – 28 °C, and c) 25 – 35 °C 

acclimation regimes. Circles 

represent dry incurrent air, squares 

represent 50% incurrent humidity, 

and triangles represent 75% 

incurrent humidity. Dashed lines 

represent the 95% C.I. for the 

regression of dry air, points 

represent means ± S.E. 

 
Figure 6.7: Wet (black symbols) and dry 

(white symbols) conductance 

profiles of Sminthopsis macroura 

for the a) 12 – 22 °C, b) 18 – 

28°C,  and c) 25 – 35 °C 

acclimation regimes. Circles 

represent dry incurrent air, 

squares represent 50% incurrent 

humidity, and triangles represent 

75% incurrent humidity. Points 

represent means ± S.E. 
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Table 6.5: Thermal conductance of Sminthopsis macroura at all ambient temperatures and humidities for 

the three acclimation regimes. 

Ta (ºC) RH (%) Cwet (J.g-1.h-1) Cdry (J.g-1.h-1)  
12-22 ºC 

10 

0 

7.64 ± 1.43 6.59 ± 1.18 (4) 
25 7.87 ± 1.67 6.09 ± 1.43 (6) 
30 6.99 ± 1.37 4.09 ± 1.21 (6) 
35 36.94 ± 7.83 18.67 ± 5.32 (6) 
10 

50 

6.50 ± 2.12 5.75 ± 1.94 (4) 
25 5.73 ± 1.01 4.88 ± 1.00 (6) 
30 6.03 ± 0.73 4.81 ± 0.92 (6) 
35 22.75 ± 5.17 13.98 ± 4.74 (4) 
10 

75 

6.40 ± 0.68 6.18 ± 0.71 (6) 
25 4.63 ± 1.29 4.09 ± 1.17 (6) 
30 11.57 ± 3.36 9.69 ± 3.18 (6) 
35 41.24 ± 18.14 21.25 ± 7.47 (6) 

18-28 ºC 
10 

0 

5.84 ± 0.47 5.20 ± 0.46 (4) 
25 4.98 ± 1.57 3.76 ± 1.26 (6) 
30 11.81 ± 4.53 8.28 ± 3.27 (6) 
35 36.96 ± 15.40 29.38 ± 13.45 (3) 
10 

50 

7.39 ± 1.93 7.09 ± 1.94 (5) 
25 5.12 ± 1.12 3.02 ± 0.59 (3) 
30 9.45 ± 3.33 6.28 ± 3.23 (6) 
35 47.05 ± 19.37 19.88 ± 7.20 (4) 
10 

75 

5.61 ± 1.09 5.45 ± 1.05 (6) 
25 6.22 ± 2.50 4.85 ± 2.19 (6) 
30 8.19 ± 1.11 5.36 ± 0.78 (6) 
35 46.11 ± 6.43 23.80 ± 2.86 (3) 

25-35 ºC 
10 

0 

4.98 ± 0.66 4.39 ± 0.57 (5) 
25 8.87 ± 1.42 7.08 ± 1.06 (6) 
30 6.86 ± 1.32 3.85 ± 0.53 (6) 
35 22.56 ± 6.82 11.81 ± 7.16 (4) 
10 

50 

6.65 ± 1.44 5.86 ± 1.28 (5) 
25 6.54 ± 1.67 5.76 ± 1.51 (5) 
30 8.04 ± 1.75 6.80 ± 1.49 (5) 
35 13.26 ± 4.63 9.58 ± 4.26 (4) 
10 

75 

5.14 ± 0.60 4.75 ± 0.51 (4) 
25 7.41 ± 0.96 6.84 ± 0.97 (5) 
30 6.21 ± 0.96 5.30 ± 0.94 (5) 
35 34.39 ± 10.49 21.78 ± 11.11 (4) 

 

 Within the distributions of these dunnarts some of the treatment groups that have resulted from 

the co-variation of Ta and RH are ecologically unreasonable. Sminthopsis ooldea, for example, is adapted 

to a “hyperarid” (sensu Withers and Cooper, 2009) distribution. The climate averages (B.o.M, 2007) 

across their distributions suggest that a nocturnally-active species will often encounter conditions of low 

Ta and low RH, and if active for any reason during the day, high Ta and low RH. Further, since they 

reside in sub-soil shelters, subsoil environment modelling of Fitton and Brooks (1931) and Turnage 

(1939) suggests that they will encounter conditions of moderate environmental Ta and RH. When the 2770 

animal is in residence within the insulated environment of the burrow the resulting conditions will be 

relatively high Ta and RH. Conditions such as an average chamber humidity of 90% at Ta = 10 °C are 
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probably quite outside their evolutionary experience, and may impart a substantial strain on their 

physiology. Sminthopsis macroura, on the other hand, being a more widely distributed species, 

encompasses broader conditions where low Ta and high humidity more likely co-occur for a nocturnally 

active species, although their burrow environments are probably still conservative of high Ta and high 

RH. The physical conditions to which they have been exposed in this study are not so widely divergent 

from what may be considered “reasonable” for the species. Therefore, my trials may not have thermally 

challenged the physiology of S. macroura as much as they could be inferred to have done to S. ooldea 

because S. macroura (from analysis in Chapter 2) are potentially adapted to higher RH climates. 2780 

 

Species Differences 

 Sminthopsis macroura thermoregulated effectively, maintaining Tb between 33 and 35 °C across 

all Tas, with the implicit increased metabolic costs at low Ta, and increased insensible water loss. 

Increased ambient RH decreased TEWL, but (although increased insensible water loss may imply 

increased insensible heat loss, and greater thermoregulatory cost) there was no evidence of a reduction of 

metabolic rate with increased ambient RH. This is consistent with the findings of Chapter 4 that, 

although there is high insensible water loss at low Ta, it represents a negligible cost compared to the 

overall costs of thermoregulation. As an effect of this, therefore, consistent levels of MWP, and reduced 

levels of (presumed insensible) TEWL increase the RWE of S. macroura with increasing ambient RH, to 2790 

the point where the PRWE occurs at conditions that probably most closely approximate those of an 

inhabited burrow (20 ºC, 75 % RH; Chapter 2). By comparing the TEWL responses described here with 

the energetic responses of preceding Chapters, it is evident that, under all conditions of temperature and 

ambient RH, S. macroura manage their energy budget and thermoregulate at the expense of elevated 

TEWL, but increase RWE by offsetting high TEWL with increased MWP, and the high humidity of their 

burrow is probably important for water and energy balance in strongly thermoregulating species. 

 

 Sminthopsis ooldea was more variable in its thermoregulation, blurring the edges of the expected 

metabolic costs of low Ta and low RH. There was no difference in TEWL between Ta or incurrent RH, 

implying no change in insensible heat loss, and no changes in metabolic requirement. The increased 2800 

metabolic activity at high incurrent RH, combined with a non-significant trend to increase Cdry with 

increasing incurrent humidity, suggests that the dunnarts are not truly at rest within the metabolic 

chamber, which would account for the significant positive associations of Tb and metabolic rate at low 

Ta, independent of an increase in TEWL, evaporative heat loss and Cwet. Activity in the chamber should 

also increase MWP and TEWL, thus creating an artificial consistency of EWL across all incurrent RH 

treatments. Furthermore, this would imply increased RWE by raising MWP, resulting in artificially high 

PRWE. The most parsimonious explanation of my data is a non-adaptive behavioural response to 

coincident low Ta and high RH (which, as discussed above, is not within the evolutionary experience of 

S. ooldea). By comparing the TEWL responses described here with the energetic responses of preceding 

Chapters, it is evident that, under all conditions of temperature and ambient RH, S. ooldea utilise a 2810 

thermolabile strategy to reduce their energetic requirements, also reducing their TEWL, at the expense of 

RWE (not offsetting TEWL with increased MWP). Furthermore, reducing insensible water loss by S. 

macroura at low Ta under increasing ambient RH does not increase the PRWE, suggesting that 

microclimatic refuges may not be important in managing the energy or water budgets. 
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An important finding that is consistent for both species, however, is that neither species shows 

the expected decrease in TEWL at increasing relative humidity that is suggested by water vapour physics 

(Parrish and Putnam, 1977).  Although TEWL decreases proportionally to increased ambient RH for S. 

macroura, this only occurs at low Ta and is not a consistent effect between all temperatures, and S. 

ooldea shows no changes in water and heat loss, despite the insensible transfer implied by the 2820 

environment. My results support previous similar findings for brushtail possums (Trichosurus vulpecula; 

Cooper and Withers, 2008). Although I clearly have not measured data that can explain what is 

maintaining this homeostatic mechanism, the implied flexibility of the physiological response of S. 

macroura (especially when considered in conjunction with their capacity to acclimate, as discussed 

below) contrasts markedly with the very limited responses of S. ooldea described in this and the 

preceding chapters, where there was no evident response to varying climatic conditions to optimise their 

energetic requirements. I would contend that this physiological flexibility contributes strongly to the 

differences in geographical distributions between the two species, where the more flexible S. macroura 

have dispersed more widely across a range of climates and habitats, but S. ooldea only effectively 

“match” the conditions of their smaller, hyper-arid distribution. 2830 

 

Effects of Acclimation 

The data suggest that S. macroura are highly flexible in their responses to environmental 

conditions. Previous work on the acclimation of this species (Chapters 4 & 5) has found that BMR 

changes in response to chronic thermal acclimation, and that Tb is consistent across all chronic and acute 

Ta conditions by up- or down-regulating the energy expenditure required for thermoregulation. Thermal 

acclimation in dry air had no influence on TEWL, nor on RWE. The effects of acclimation when 

combined with increased ambient RH, however, alter the responses of S. macroura to some extent. Body 

temperature became a flexible physiological response, where Tb was higher in the warm acclimation 

(suggesting that the dunnarts shift their preferred Tb upwards), and higher at higher Tas (suggesting that 2840 

they became hyperthermic at Ta = 30 and 35 °C). Hyperthermia was noted at Ta = 35 °C under all 

acclimations, and at Ta = 30 °C only under the 12-22 °C acclimation, where they were cold-adapted.  

Such a capacity to shift the maintenance body temperature has been found in previous studies of 

acclimation and acclimatisation in small mammals (Hill, 1983; Shido, et al., 1989; Geiser, et al., 2003). 

Hypothermia, however, was never noted, suggesting that thermoregulation is still an imperative for S. 

macroura under different acclimation and ambient RH conditions, but that losing heat at high Ta is the 

greater challenge than resisting cold (in contrast to the discussion of Bartholomew, 1964), especially 

when EHL is restricted by high ambient RH. Furthermore, maintaining normothermic Tb imparts lower 

costs, and is managed more effectively at high Ta, and high ambient RH. Across all chronic Ta regimes in 

Chapter 4, S. macroura regulated Tb at the expense of TEWL, with implicit high water loss at high and 2850 

low Ta (using EHL to reduce Tb at high Ta, and losing excess water when MR increases to maintain Tb 

and low Ta). Against expectations of Chapter 5, when RH and chronic thermal acclimation are co-variate, 

BMR is evidently no longer flexible (and presumably minimal) no matter the chronic or acute 

environmental conditions to which they are exposed (as suggested by Lewontin, 1969; Feder, 1987; 

Williams and Tieleman, 2000). This contradicts the findings of many previous studies of acclimation and 

acclimatisation, which have suggested that the energetic demands of many mammals (Hill, 1983; Russell 
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and Chappell, 2007) and birds (Williams and Tieleman, 2000; McKechnie, 2008) are malleable in 

response to chronic thermal challenge. This inconsistency between the responses of BMR to chronic Ta 

acclimations has been recognised for some time (Hart, 1971; Heldmaier, et al., 1986; Dawson and Olson, 

1988; Koteja, 1996; Rose, et al., 1999; Russell and Chappell, 2007), and I tentatively suggest that BMR 2860 

may be maintained by offsetting the up- or down-regulation required to maintain the energy budget 

against EHL components of thermoregulation. This suggestion must, however, be considered in the light 

of the statistical interactions of experimental factors in my design, which may have reduced my statistical 

power below the capacity to detect differences in BMR. 

 

 
Mulga at sunset, Lorna Glen Station 2010. Sean Tomlinson all rights reserved 



S. Tomlinson Comparative Ecophysiology of Sminthopsis spp.  PhD 

107 

Chapter 7: Energetic Savings of Huddling at Acute Low 

Temperatures in Sminthopsis 

Summary 2870 

Two replicate social groups of either three male S. macroura and three male S. ooldea were 

established for a week, and the metabolic rates of groups of one, two or three individuals were measured 

by flow-through respirometry at Ta = 10 ºC. There was no qualitative evidence of fighting or wounding 

during the week of pre-socialisation prior to respirometry measurements, and body mass of both species 

was maintained during this period. During respirometry trials S. macroura huddled in pairs and as triplets 

where given the oppotunity, but S. ooldea were never observed to huddle. Body temperature was the 

same regardless of group size. The metabolic rate of S. macroura was reduced significantly from 

individuals to triplets. Evaporative water loss and wet thermal conductance of S. macroura decreased as 

group size increased. The metabolic rate of S. ooldea was not affected by group size. There was no effect 

of group size on evaporative water loss or wet thermal conductance of S. ooldea. Consistent with many 2880 

other findings for non-social species, S. ooldea made no energetic saving when more individuals were 

added to the metabolic chamber. Under identical conditions, S. macroura made energy savings 

approaching 27% in pairs, and 3% in triplets, when compared to isolated individuals tested in the same 

conditions. These savings are similar to those found in other species of small mammals. In ecological 

terms this implied flexibility could be an adaptation that allows S. macroura to inhabit broad climatic 

ranges. Given that S. ooldea live in a quantitatively “harsher” habitat it is counterintuitive that they do 

not make savings by huddling. It may be that predictable low levels of resource availability have allowed 

S. ooldea to adapt to those levels physiologically, but that assembling in groups entails too much of a 

competitive constraint. 

 2890 
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7.1 Introduction 
 

There is a well-established tendency of small mammals to huddle to conserve energy at low 

ambient temperature (Ta) by reducing the thermal conductance of individuals within the group (Canals, 

1997; Geiser, 2003). Huddling, therefore, influences the metabolic response to temperature and a saving 

in daily energy expenditure has frequently been found for huddling animals (Vogt and Lynch, 1982; Ruf, 

et al., 1991; Davenport, 1992; Scantlebury, et al., 2006), equivalent to up to a third of the daily energy 

budget (Vogt and Lynch, 1982; Karasov, 1983; Davenport, 1992). Hart (1971) suggested that huddling 

improves survival in the cold proportionate to the size of the group involved, and Séguy and Perret 2900 

(2004) found that group size changes seasonally. Huddling has also been found to reduce evaporative 

water loss (EWL) in Naked Mole Rats (Withers and Jarvis, 1980; Yahav and Buffenstein, 1991), and 

other rodents (Scantlebury et al., 2006) but such studies of groups other than rodents are limited 

(Fleming, 1985). This reduction of EWL can be quite significant, given that Yahav and Buffenstein 

(1991) found a reduction of 31% of EWL by a huddle of eight individuals compared to huddled pairs. 

Thus, it is important to consider the social and behavioural aspects of a species’ ecology in conjunction 

with studies of their physiological adaptations.  

 

Sminthopsis macroura and S. ooldea are similar in size, body mass, habits and ecology (Aslin, 

1983; Morton, 1983). This thesis, and previous studies (Dawson and Hulbert, 1970; Geiser and 2910 

Baudinette, 1987; Holloway and Geiser, 1995) have established the basal metabolic rates (BMR) and 

patterns of thermoregulatory response across a range of ambient temperatures for S. macroura and S. 

ooldea, showing broad thermolability by S. ooldea compared to the tighter thermoregulation of S. 

macroura, and suggesting that in many ways S. macroura is the more broadly adaptable of the two 

species. Torpor has been studied extensively for S. macroura (Geiser and Baudinette, 1985; 1987; Song 

et al., 1995; Song and Geiser, 1997; Song et al., 1998) and for the first time during the present study, for 

S. ooldea. The existing data suggest similar patterns of torpor use by the species of dunnart that have 

been examined so far (Geiser and Baudinette, 1987; Geiser, 2003), suggesting that, while useful in 

allowing dunnarts to persist through conditions of energetic challenge, torpor is quantitatively equally 

useful in expanding the ecological flexibility of both species.  2920 

 

 Morton (1978a; b) suggested that S. crassicaudata has behavioural adaptations to the arid zone, 

and commonly forms groups of two to eight individuals in autumn and winter. In support of these 

findings, Frey (1991) found that S. crassicaudata often shared nests (with up to six individuals per nest), 

but that the average group size was highly variable (3.8 ± 2.3 individuals). Both studies suggest that 

grouping in S. crassicaudata is not obligate, but the entire population is very rarely solitary. The apparent 

rarity of solitary for S. crassicaudata suggests that aggregation may be a facultative response to some 

external condition, most likely ambient temperature, since the number of individuals in a huddle is 

inversely correlated with ambient temperature (Morton, 1978a). My thesis represents the first study of 

social behaviours and aggregation in other Sminthopsis species. In Chapter 3 I suggested that S. 2930 

macroura had a reduction of antagonistic behaviours within groups of males exposed to chronic low 

ambient temperature regimes, and a commensurate increase in propensity towards nest sharing and 

huddling. Sminthopsis ooldea, however, had no such use of sociable amelioration of chronic thermal 
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challenges, and further had a lower tolerance of chronic thermal challenge, at least within the confines of 

a controlled laboratory environment (Chapter 3).  

 

The aim of this study was to quantify the potential energetic savings for each dunnart species 

when huddled during acute exposures to low temperatures. I postulate that S. macroura will huddle to 

reduce their individual energetic requirements of thermoregulation when exposed to low temperatures in 

groups, but that S. ooldea will not. It is possible that increased group size will actually increase the 2940 

individual metabolic requirement of S. ooldea if they never reach a resting state in an enforced social 

environment. Where huddling groups do form, I expect a decrease in individual EWL commensurate to 

the reduction of energetic requirements. 

 

7.2 Methods 
 

Pre-sociality Animal Housing  

For each species, two experimental “colonies” of three males were housed in conjoined pairs of 

compartments (42 × 32 × 30 cm) for a week prior to respirometry testing. The paired units contained four 

nesting boxes stuffed with shredded paper, and food and water were provided at multiple sources ad 2950 

libitum to avoid any competitive exclusion. As in the studies of sociality in Chapter 3, individuals were 

marked with a unique pattern dyed onto their tails with KMnO4 solution. The dunnarts were all 

maintained under the ‘standard’ acclimation regime, a 12 hour minimum of 18 °C, followed by a 12 hour 

maximum of 28 °C, with a 12:12 lighting schedule. Although the activities of the dunnarts were not 

recorded during this phase of preparation, observations were made regularly of their physical state, and 

body mass measurements were made at the start and the end of the week of preparation. 

 

Respirometry Procedure 

Flow-through respirometry was used to measure metabolism as described in the introduction, at 

nominal Ta = 10 °C for four hours per trial. The metabolic chamber used was larger than that described 2960 

for individual trials (Chapters 4 - 6) to allow for multiple individuals; it measured 70 × 222 mm. Instead 

of PVC tubing, a glass cylinder was used to allow observation of the dunnarts’ behaviours during the 

four hour metabolic trials using a Dick Smith Electronics XH7768 digital webcam to ensure that the trial 

could be interrupted if there were excessive antagonistic interactions.  Estimation of group RMR was 

made using custom-written VisualBasic software, averaging the lowest 20 minutes of all respirometry 

values (V̇  O2, V̇  CO2 and EWL) within each trace. As with standard, individual respirometry trials 

described in other chapters of this thesis, body mass was measured for all individuals before and after 

trials, and Tb was measured rectally to ± 0.1 ºC for each individual after the trials using a Radiospares 

206-3722 thermocouple reader. 

 2970 

Statistical Analysis 

The effect of group size on metabolic rate, EWL, and wet conductance were compared by 

repeated a priori contrasts within a generalised linear model using a custom-written MS Excel macro (P. 

Withers). Changes in body mass and Tb between group sizes were compared using RM-ANOVA. All 

data are presented as mean ± S.E. (with sample size, n). 
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7.3 Results 
 Body mass did not differ significantly between group size trials for either S. macroura (single= 

18.6 ± 0.26g; paired = 18.4 ± 0.26g; tripled = 18.5 ± 0.49g; F2,15 = 0.088, p = 0.916) or S. ooldea (single 

= 14.6 ± 0.21g; paired = 13.3 ± 0.42g; tripled = 13.3 ± 0.44g; F2,4 = 3.991, p = 0.111). Body temperatures 2980 

upon extraction from the respirometry system were also the same between different-sized groups (S. 

macroura 32.3 ± 0.3 ºC, F2,15 = 2.236, p = 0.141; S. ooldea 32.5 ± 0.7 ºC, F215 = 0.558, p = 0.584). 

 

Evidence of Sociality During Pre-acclimation 

  There was no qualitative evidence of fighting or wounding during the daily observations of 

dunnart health in the pre-socialisation period. Average body mass during the week was 18.1 ± 0.4 g for S. 

macroura and 13.3 ± 0.4 g for S. ooldea. The average mass difference between the end and start of the 

week was +0.7 g for S. macroura and +1.3 g for S. ooldea, which did not constitute a significant 

difference for either S. macroura (paired t5 = 1.26, p = 0.262) or S. ooldea (paired t5 = 1.93, p = 0.112). 

 2990 

Social Interactions in the Metabolic Chamber 

 Antagonistic behaviours were observed for the early part of the trials, but the dunnarts usually 

settled down within the first hour of experimentation, reflected by a stabilisation of the metabolic traces. 

Although it was planned that trials would be aborted prematurely if excess antagonistic interactions were 

observed, this did not eventuate. Pairs of S. macroura huddled during every trial, and showed very little 

antagonism. In trials as triplets, S. macroura huddled but were more disturbed than as pairs, and often 

shuffled, groomed and occasionally interacted aggressively. Sminthopsis ooldea were never observed to 

huddle in groups during trials (either as pairs or triplets), but showed very little antagonism following the 

first hour or so of trials. 

 3000 

Effects of Multiple Individuals Upon Respiratory Physiology 

Average metabolic rate for S. macroura was 5.74 ± 0.61 mLO2.g-1.h-1 and 3.61 ± 0.29 mLCO2.g-

1.h-1 for individuals and 4.19 ± 0.36 mLO2.g-1.h-1 and 3.26 ± 0.19 mLCO2.g-1.h-1 for pairs, and 5.54 ± 

0.08 mLO2.g-1.h-1 and 3.72 ± 0.19 mLCO2.g-1.h-1 for triplets (Figure 7.1). The V̇   O2 of S. macroura was 

reduced significantly from isolated individuals to pairs (t5 = 2.758, p = 0.040), but increased from pairs to 

triplets (t5 = 4.693, p = 0.005); there were no differences in V̇  CO2 (t(singles:pairs)5 = 1.133, p = 0.308, 

t(pairs:triples)5 = 1.806, p = 0.130). The metabolic rate of S. ooldea ws independent of group size for       

V̇   O2 (t(singles:pairs)5 = 0.634, p = 0.554, t(pairs:triples)5 = 1.841, p = 0.125) and V̇   CO2 (t(singles:pairs)5 

= 1.472, p = 0.201, t(pairs:triples)5 = 2.423, p = 0.060; Figure 7.1), and averaged 6.74 ± 0.49 mLO2.g-1.h-

1 and 5.18 ± 0.28 mLCO2.g-1.h-1. Respiratory exchange ratio (RER) differed with group size for S. 3010 

macroura, where RER was higher in pairs (F2,21 = 14.7, p = 1.03 × 10-4), but not for S. ooldea (0.79 ± 

0.02, F2,21 = 0.275, p = 0.762). All data are summarised in Table 7.1. 

 

Evaporative water loss of S. macroura was higher for isolated individuals than triplets 

(t(singles:group)5 = 3.39, p = 0.019, t(pairs:triples)5 = 8.70, p = 0.0003; Figure 7.2). Wet thermal 

conductance of S. macroura initially decreased with increasing group size (t(singles:group)5 = 1.15, p = 

0.300, t(pairs:triples)5 = 3.037, p = 0.029; Figure 7.2) averaging 4.94 ± 0.51 J.g-1.h-1ºC-1 for single 
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individuals, and 3.93 ± 0.36 J.g-1.h-1ºC-1 for pairs, but increased to 4.92 ± 0.18 J.g-1.h-1ºC-1 for triples. 

Relative water economy (RWE) increased with increasing group size (F2,21 = 11.133, p = 0.001), from 

0.40 ± 0.19 for singles to 0.53 ± 0.13 for pairs to 1.34 ± 0.40 for triples. The point of relative water 3020 

economy (PRWE, where RWE = 1) could not be calculated from a single acute Ta, but PRWE is below 

10 ºC for singles, and above 10 ºC for triplets. The excurrent relative humidity was not significantly 

different from isolated individuals to triplets (single = 86.6 ± 20.7 %, pairs = 88.8 ± 5.00 %, triplets = 

93.6 ± 12.4 %; F2,11 = 0.170, p = 0.845). Evaporative water loss of S. ooldea was not affected by group 

size (t(singles:group)5 = 0.752, p = 0.486, t(pairs:triples)5 = 1.170, p = 0.294; Figure 7.2), averaging 8.16 

± 0.74 mg.g-1.h-1. Wet thermal conductance of S. ooldea also showed no patterns with increasing group 

size (t(singles:group)5 = 0.872, p = 0.423, t(pairs:triples)5 = 1.731, p = 0.144; Figure 7.2), averaging 6.00 

± 0.36 J.g-1.h-1ºC-1. Relative water economy (RWE) did not change with increasing group size (F2,21 = 

0.097, p = 0.908), and averaged 0.54 ±0.05. The point of relative water economy (PRWE, where RWE = 

1) could not be calculated from a single acute Ta, but is less than 10 ºC. The excurrent relative humidity 3030 

was not significantly different from isolated individuals to triplets (single = 57.0 ± 11.1 %, pairs = 80.6 ± 

22.1 %, triplets = 70.2 ± 29.7 %; F2,11 = 0.170, p = 0.845). All data are summarised in Table 7.1. 

 

7.4 Discussion 
  

The observations of the pre-socialisation period are in general agreement with the findings of the 

sociality study of this thesis (Chapter 3). Smithopsis macroura were sociable during the pre-socialisation 

period, and huddled overnight in pairs, although triplets were not observed. Sminthopsis ooldea was 

never observed to huddle during the pre-socialisation, as would be expected from the anti-social nature of 

the species (Chapter 3). High impacts of aggressive interactions (e.g. wounds) were not expected during 3040 

the maintenance of these social groups. Thus, any differences between the species tendencies within the 

respirometry system were unlikely to be attributable to the increased aggression expected of naïve 

animals first introduced to each other. This difference between the species has the expected energetic 

implications for both species, where S. macroura reduced its energetic requirements at low Ta by 

huddling, but S. ooldea did not. 

 

 Effects of Multiple Individuals Upon Metabolism 

The metabolic rates of S. ooldea did not decrease when more individuals were added to the 

metabolic chamber. This is in agreement with my expectations for this species, since they are not 

sociable (Chapter 3), and during the pre-socialisation regime for this study, and respirometry trials they 3050 

were not observed to huddle. During the trials S. macroura huddled in response to low temperatures and 

their metabolic rates were reduced with increasing numbers of individuals within the metabolic chamber. 

Huddling by three individuals was qualitatively disrupted more often by antagonistic interactions than in 

pairs, and is reflected by the increase in V̇   O2 for triplets. This supports the proposition made in Chapter 3 

that there is an upper limit of three individuals to the effective size of huddles that S. macroura will form. 
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 3060 

The savings in energy requirements made by S. macroura approached 27% in pairs, but only 

3% in triplets, when compared to isolated individuals tested in the same conditions. Although the energy 

savings made by huddling are dependent on many interspecifially differing factors, such as animal size, 

number of animals, proximity to one another, insulation of the sleeping quarters, and especially 

temperature differentials, there are some generalisation that are eveident in the literature. A saving of 

27% is similar to those found in other species of marsupial and small mammals in general. In the 

Dasyuridae very little work has been done to quantify the effects of huddling in adult animals, and Geiser 

(2003) discusses it in reference to only two species, S. crassicaudata and juvenile Antechinus stuartii.  

For S. crassicaudata, Morton (1978b) suggests that huddling reduces energy usage per individual, but 

presented no quantified evidence of metabolic reduction resulting from huddling, either in groups of S. 3070 

crassicaudata, or in mixed huddles of S. crassicaudata and Mus musculus (Morton, 1978b). Frey (1991), 

however, found that huddled S. crassicaudata reduced their metabolic rates by approximately 20%. A 

more recent study of Phascogale tapoatafa has suggested that they may make thermoregulatory savings 

by huddling, but did not quantify this (Rhind, 2003). Given the paucity of data on the phylogenetic 

arrangements of sociality within the Dasyuridae, as discussed in detail in Chapter 3, and given the 

apparent savings that can be made by dasyurids when given the opportunity to huddle, further 

investigation into the social behaviours of this family will probably be rewarding in identifying the 

adaptive nature and the ecological benefits of sociality to these various species. 
 

More broadly amongst marsupials, Russell (1984), noted that work on social biology has 3080 

covered the Tarsipedidae, and the Dasyuridae, but that quite a lot of research has been devoted to the 

benefits of huddling amongst the Petauridae, a group noted by Russell (1984) to be particularly sociable.  

 
Figure 7.1: V̇   O2 and V̇  CO2 of S. macroura and 

S. ooldea in groups of increasing 
size, showing a reduction in V̇ O2 in 
pairs by S. macroura, but no 
reduction by S. ooldea. * indicates 
significant difference. 

 
Figure 7.2: EWL and Cwet of S. macroura and 

S. ooldea in groups of increasing 
size, showing a decrease in EWL 
with increasing huddle size by S. 
macroura but no reduction by S. 
ooldea. * indicates significant 
difference. 
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Fleming (1980) found that Petaurus breviceps accrued reductions in RMR of approximately 55% in 

groups of four when compared to individual animals at 10 ºC, and these savings were fairly consistent at 

Ta = 5 ºC. A subsequent study of Acrobates pygmaeus (Fleming, 1985a), however, found that groups of 

four did not substantially reduce the energetic requirements at Ta =10 ºC, being only 86 % of the V̇   O2 of 

single individuals, but that a group of eight huddling gliders accrued savings of approximate 40% (RMR 

= 60 % of isolated individuals). Recent studies of the pygmy possum (Namekata and Geiser, 2009) have 

found that huddling in pairs at Ta = 15 ºC accrues savings of 40%, and when extrapolated to Ta = 10 ºC, 

these savings are estimated at approximately 43%. Despite the general consistency of savings amongst 3090 

huddling marsupials, which support the savings that I found for S. macroura, there is an exception in the 

form of Burramys parvus, which, although found to huddle by Fleming (1985b), did not huddle tightly 

and therefore showed only a slight reduction of MR due to huddling, similar to the responses that I 

observed for S. ooldea. 

 

Placental mammals tend to make similar savings by huddling that marsupials do, in the order of 

30% (Vogt and Lynch, 1982; Karasov, 1983; Davenport, 1992). Striped grass mice (Rhabdomys pumilio) 

reduce their V̇   O2 at Ta = 10 ºC by approximately 27% in pairs, and 22% in huddles of three (although the 

data presented by Scantlebury et al. (2006) does not suggest these differences to be significant). In 

Peromyscus leucopus Vogt and Lynch (1982) found an average saving of 16% by huddling in threes at 3100 

Ta = 13 ºC, and approximately 24% when huddles of three were provided with a nest, and Glaser and 

Lustick (1975) found savings of approximately 27% by P. leucopus huddled in pairs at Ta = 5 ºC. 

Reithrodontomys megalotis at Ta = 12 ºC make savings of approximate 20% by huddling in threes 

(Pearson, 1960), and Microtus arvalis make substantial savings at Ta = 20 ºC in groups of up to seven 

individuals (Grodzinski et al., 1977), although the specific savings are difficult to discern on the basis of 

their complex co-correlated design. In an Australian context, Baudinette (1972) found an 18% saving in  

V̇  O2 for huddled Notomys alexis. Despite these generalisations, Withers and Jarvis (1980) in studying 

naked mole rats found that at Ta = 15 ºC only made savings of approximately 16%, but that groups of 

four made much more substantial reductions of 78% of the metabolic rates of isolated individuals, which 

is in stark contrast to Yahav and Buffenstein (1991), who found a “generally poikilothermic” response 3110 

(i.e. V̇   O2 increased with increasing Ta) below about Ta = 30 ºC, despite increasing the size of huddles in 

the metabolic chamber. Either way, it is clear that, as both Yahav and Buffenstein (1991) and Withers 

and Jarvis (1980) discuss, the naked mole rat, by virtue of its lack of pelage, fossorial lifestyle, and 

eusocial behavioural biology is a unique consideration. 
 

Huddling in cold environments has often been suggested to be a behavioural means of reducing 

the individual thermal conductance by small mammals, thereby reducing heat loss and the cost of 

homeothermy (Pearson, 1960; Muul, 1968; Baudinette, 1972; Glaser and Lustick, 1975; Grodzinski et 

al., 1977). These studies have demonstrated that huddling reduces the mass-specific thermal conductance 

through a decrease in the surface-to-volume ratio, which reduces radiant and free-convective losses, 3120 

along with conductive heat exchanges with warm adjacent bodies. Essentially, a huddle of small animals 

minimises their thermal conductance to that equivalent of a much larger animal. Despite some studies 

that did not detect changes in thermal conductance in other huddled marsupials (Fleming, 1980), the 
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majority have done so. The reduced levels of wet conductance shown by huddling S. macroura here 

support such findings.  

 

My trials were specifically shortened to reduce the likelihood that the dunnarts would enter 

torpor in the chamber, and thus confuse the amount of energy conserved by huddling with the amount 

saved by torpor. Body temperatures of huddling S. macroura do not suggest that any of the individuals 

entered torpor, but some did appear on the verge of it, with Tb around 30 ºC. Group torpor, and 3130 

specifically synchronous group torpor has been suggested as an especially efficient way of saving energy 

for small, social mammals (Buffenstein, 1985; Ruf et al., 1991) because the savings accrued by torpor 

and huddling are compounded, while the cost of arousal, often viewed as an intrinsic limitation to torpor 

(Ellison and Skinner, 1992), is defrayed across multiple individuals. Although my relatively short trials 

were specifically aimed at not allowing the dunnarts to enter torpor in an effort to increase the signal to 

noise ratio, S. macroura did show tendencies towards torpor, even in groups, with several individuals 

reducing Tb to approximately 30 ºC. Although group torpor has not been reported in marsupials, despite 

at least some specific attempts to induce it (Fleming, 1980; 1985a), the selective pressures required to 

produce such “physiological altruism” and the evolutionary implications (such as its substantial 

susceptibility to “cheating” by rewarming after other individuals have, and thus taking advantage of their 3140 

energetic expense) of such a strategy suggest very interesting avenues of future research.  

 
Effects of Multiple Individuals Upon EWL 

 As with effects of huddling on metabolic rate, since S. ooldea did not huddle, there was no net 

change in EWL and no increase in RWE of the species with increased numbers of individuals in the 

metabolic chamber. Furthermore, although increasing the number of individuals in the chamber should 

have increased the ambient humidity, it did not do so, and thus did not have any effect on the EWL 

characteristics. Sminthopsis macroura on the other hand, had substantial reductions of EWL and 

increased RWE with increased numbers of individuals within the metabolic chamber, including triplets. 

Given that the excurrent relative humidity did not change with increasing group size, it is likely that 3150 

these effects represent a true physiological response of huddling, rather than a side effect of the 

hygrophysical conditions of increases in ambient humidity (see Chapter 5 for more detailed discussion). 

The mechanistic cause remains elusive, since the most obvious effector would be an increase in ambient 

RH and reduced ΔWVP within the huddle. This should, however, result in increased excurrent RH, 

which it did not. This suggests that the elevated humidity is a localised phenomenon, perhaps resulting 

from the position of individuals within the huddle. Although our video recording was not of high enough 

resolution to determine this, we conclude that this ‘local RH effect’ was probably the dominant cause of 

reduced EWL. 

 

Savings in EWL by huddling have been discussed previously, but not in as much detail as 3160 

energetic savings, and as noted by Fleming (1985a), not for many groups other than rodents. Scantlebury 

et al. (2006) noted that reducing the group size of free-ranging Rhabdomys pumilio significantly reduced 

the water economy (water use as a factor of energy expenditure) of individuals in that group, but did not 

provide a mechanistic analysis of EWL across a temperature gradient such that could be directly 

compared to my data. Withers and Jarvis (1980) found that huddling naked mole rats (Heterocephalus 
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glaber), rather than reducing EWL substantially at relatively low Ta of 20 º C, actually increased it 

moderately (approximately 20% in pairs, but only 7% in groups of four), while Yahav and Buffenstein 

(1991) found that huddling had a negligible effect on EWL at low Ta; but as discussed above, this species 

is unique in many ways, and probably does not make a good comparison with Sminthopsis, or any other 

mammal. 3170 

 

Ecological Interpretations 

At Ta = 15 ºC the metabolic rates of a group of four P. breviceps were indistinguishable from 

the BMR (Ta = 30 ºC) of individuals of the species (Fleming, 1980). My findings for pairs of S. 

macroura lend support to suggestions that huddling can markedly broaden the TNZ of small mammals 

(doubling it in the case of P. breviceps), although to quantify this exactly for S. macoura huddles would 

need to be tested across a broad range of Ta, rather than the acute low measured here. In ecological terms, 

this behavioural flexibility, in addition to the physiological flexibility of the species discussed prior to 

this (Chapter 4), could be an adaptation that allows S. macroura to inhabit its broad climatic ranges. 

Presumably S. crassicaudata accrues similar advantages from its tendency towards sociality and 3180 

huddling (Ewer, 1968; Morton, 1978a; b) as S. macroura, and so its behaviours also facilitate a broad 

distribution. Dunnarts and other dasyurids with small distributions, based on this line of reasoning, 

should not be capable of making substantial savings by huddling and social behaviours. There is, 

however, a danger in considering these adaptations in isolation, especially in the light of the strong 

phylogenetic signals for physiological adaptations to energetic limitation in the Dasyuridae (Geiser, 

2003), and the call of Geiser (2003) to investigate more thoroughly the behavioural adaptations of 

carnivorous marsupials. 

 

The evolution of social aggregation, as a pathway to sociality, has been suggested when animals 

inhabit harsh environments with limited or widely dispersed energy resources (Emlen, 1997; Cockburn, 3190 

1998). Group living may thus enable such animals to find sufficient food in the environment to meet 

their requirements (Alexander, 1974; Macdonald, 1980; Johnson et al., 2000) while energy costs are 

minimized (Fleming, 1980; 1985a; 1985b; Ostner, 2002; Rhind, 2003). Furthermore, the reduction of 

thermoregulatory requirements by huddling has been suggested as a possible evolutionary driver towards 

sociality (Beauchamp, 1999). In the case of S. macroura a tendency to forage in groups has not been 

noted, but it is not impossible that they may do so. More likely, however, individuals forage alone and 

return to communal shelter points to nest, and the huddles that form are not tight social “groups”, but 

looser “aggregations” coming together for mutual thermoregulatory benefit (in the sense of Whitehead, 

2008 and Slobodchikoff, 1984).  Presumably S. crassicaudata shows similar loose aggregations, and 

individuals forage alone, although Morton (1978a) did not explicitly discuss this. From an ecological 3200 

perspective, given that S. ooldea lives in a quantitatively “harsher” distribution of lower and more 

variable rainfall, and presumably low ecosystem productivity (Chapter 2), it seem counterintuitive that 

they do not make savings by huddling, whereas species from more semi-arid distributions do. It may be, 

however, that predictable low levels of resource availability have allowed S. ooldea to adapt to those 

levels physiologically, but that assembling in groups places too much of a competitive constraint on this 

equivalence, whereas huddling allows S. macroura and S. crassicaudata to persist through harsh seasons 
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in habitats where ecosystem productivity is probably dependent upon seasonal or unpredictable rainfall 

events. 

 

The ecological interpretation of these findings is somewhat constrained by the paucity of 3210 

knowledge on the social ecology of both the species studied. As discussed in Chapter 3, it is not currently 

known what sizes of home ranges either species has in natural conditions, nor how far a free-ranging 

dunnart may move. Furthermore, the population densities of both S. macroura and S. ooldea maintained 

during the pre-socialising period of this study, and in the sociality study of Chapter 3, are substantially 

higher than those that are anecdotally reported for natural populations. The tendency of S. macroura to 

huddle in the laboratory, and make the kinds of savings in energy and water that they did in these trials 

may, therefore, not translate to an adaptive response in natural populations. 

 

 
Sunrise at Yalgoo, 2007. Sean Tomlinson all rights reserved 3220 
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Chapter 8: Discussion and Conclusions 

 

The physiological and behavioural questions addressed by this thesis were based upon disparate 

geographical distributions by two superficially similar congeneric marsupial insectivores, Sminthopsis 

ooldea and S. macroura. The rationale was that, where two similar species show substantial geographical 

differences, then these differences must reflect some differences in their environmental tolerances. Given 

the apparent conservatism of general physiological responses to thermoregulatory challenge across the 

genus Sminthopsis (Godfrey, 1968; Morton, 1978; Geiser and Baudinette, 1985; Nagy et al., 1988; Frey, 

1991; Holloway and Geiser, 1995; Song and Geiser, 1997; Song et al., 1998; Cooper et al., 2005; Cooper 

and Withers, 2009), I proposed that the tolerance of either of the two species here could reflect mediation 3230 

of broader ecological influences by phenotypic flexibility of social behaviour, thermoregulation or 

energetics. 

 

There are differences between the ecological preferences of S. ooldea and S. macroura, but 

these seem contrary in the context of this overarching thesis question. At a small scale at Lake Mason 

Station, where the two species are sympatric in Western Australia, S. ooldea is found in denser 

vegetation on sandy soils, an environment that is qualitatively much less challenging, with higher and 

more diverse terrestrial invertebrates and presumably more insulative subsoils that are much easier to 

burrow into, and maybe a more diverse range of burrows constructed by other fauna. The rocky habitats 

favoured by S. macroura, on the other hand, are much less “inviting”, with very open vegetation, rocky 3240 

soil surfaces and hard clay subsoils. At a distributional scale, however, S. ooldea is one of the few 

dasyurids that has a uniquely hyper-arid distribution (sensu Cooper and Withers, 2009; Withers and 

Cooper, 2009), an ecotype that is very different from the rainforests postulated to have dominated the 

Australian landscape when the Sminthopsini arose during the Miocene (Martin. 1994; Blacket et al., 

1999). Given that Archer (1981) notes that S. ooldea has the most derived morphology adapting it to 

aridity of any Sminthopsis species, it is a fair speculation that its physiology and behaviour should also 

adapt it to habitats far more challenging than those of S. macroura. 

 

Low capture rates at Lake Mason suggest that neither species is well-adapted to the arid zone, or 

at least that their adaptation operates on a temporal scale of very low survival and success during time of 3250 

low productivity, (although this has not been the case at Lake Mason for 2008 to 2009, where average 

annual rainfall = 249.0 mL, 2009-2009 rainfall = 278.9, 112% of average; from Australian Bureau of 

Meteorology data), possibly followed by rapid population expansion during more productive times 

(presumably following unpredictable rainfall). This is not supported, however, by the continuing high 

numbers of both species (and generally richer terrestrial vertebrate biodiversity) at Lorna Glen Station, 

approximately 250km north of Lake Mason Station, where the S. ooldea for this study were captured. 

Lorna Glen has also been subject to drought (average annual rainfall = 259.3 mL, 2008-2009 rainfall = 

211.2, 81% of average; from Australian Bureau of Meteorology data), but the terrestrial vertebrate fauna 

there have not suffered the decline that they have at Lake Mason, and the dunnart populations at Lorna 

Glen are still stable and productive (DEC internal monitoring data). Lorna Glen, however, has been 3260 

subject to much more rigorous management activity, particularly removal of introduced grazing pressure 
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and feral cat control, and it may be this that has facilitated the persistence of the fauna. I speculate that, at 

an ecological scale, the persistence of Sminthopsis species is not just affected by the climate of the site, 

but by its management history at specific sites. 

 

The findings of the separate parts of this thesis aimed at exploring some flexibilities that may 

allow a broad ranging species to adapt to a range of habitats or limit a species to a relatively small 

geographic distribution show some unexpected but consistent patterns of flexibility for S. macroura and 

inflexibility for S. ooldea. I found that S. ooldea lacked any social behavioural responses, apparently 

preferring to ignore or avoid conspecifics under all conditions, but where this could not be managed, 3270 

resorting to antagonistic interactions which did not change in frequency or intensity with continued 

exposure to each other or the climatic regimes. As a result, when groups of S. ooldea were placed in a 

respirometry chamber at Ta = 10 ºC, they did not huddle, and there was no net energy saving for 

individuals. Sminthopsis macroura had far more complicated social behaviours, and interacted 

antagonistically and non-antagonistically to conspecifics; the level and intensity of interactions was up- 

and down-regulated with continued familiarity within the group, and with chronic thermal challenge of 

different temperature regimes. Accordingly, when exposed to acute low temperature treatments in 

groups, S. macroura formed huddles more reliably than S. ooldea and accrued a net energy saving. The 

species with the broadest distribution (S. macroura) also had the most flexible behavioural responses to 

chronic thermal challenge. 3280 

 

I found differences between the two dunnarts in their thermoregulatory responses to chronic and 

acute temperature regimes. Sminthopsis macroura was able to withstand greater chronic fluctuations in 

Ta conditions than S. ooldea. The most striking difference in their responses to ambient temperatures, 

however, is that S. macroura is a very strong thermoregulator; it tightly defends a body temperature 

across a range of acute temperature exposures, acclimates its basal energy requirements to maintain this 

optimal Tb under a broad range of chronic temperature regimes, and enters into torpor when the energetic 

challenges of low Ta and low energetic availability coincide. One of the unexpected novel findings of my 

research was the tendency of S. ooldea towards thermolability that does not reflect established patterns of 

thermoregulation, torpor or more equivocal patterns of facultative hypothermia Furthermore, because 3290 

thermoregulation does not seem to be a crucial physiological trait for the species, S. ooldea did not 

change any aspects of their energetics and metabolic responses to chronic or acute Ta regimes. 

 

My attempts to replicate natural climate patterns in the laboratory suggested, however, that there is a 

crucial element to the resilience of both species that I could not replicate, and that is the shelter provided 

by the burrow. The temperature regimes that I exposed social groups to reflected the temperatures which 

both species may experience naturally in the wild, even at the lowest regime (5-15 °C), and in all cases I 

provided analogues of nests, potential nest mates and ad lib food, but could not provide a burrow. 

Neither species proved particularly resilient to the chronic thermal challenge imposed by lower 

temperature acclimation regimes, despite the fact that these temperatures are within the average annual 3300 

temperature variations experienced in the Western Australian distributions of both species. Data 

collected by Judy Dunlop (DEC Technical Officer) shows that boodie (Bettongia lesueur) warrens at 

Lorna Glen station, where the S. ooldea were captured, and S. macroura also have a sustainable 
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population, provide significant insulation against surface temperatures, maintaining much less variable 

temperature regimes seasonally (Figure 8.1). This concurs with discussions of Walsberg (2000; and 

references therein), that nocturnality allows animals to evade high daytime temperatures, and that 

subterranean burrows provide cool, humid retreats for desert animals during daylight hours. Following 

discussions of Bartholomew (1964) and Bradshaw (1986), that argue the importance of temporal 

avoidance of the rigours of the semi-arid and arid zone for ectotherms that are otherwise not well-

adapted, quantifying the important role of the burrow in an ecophysiological context would probably go 3310 

a long way to understanding how each species adapts to the arid zone. 

 

 
 

In general terms these data suggest some novel lines of research to pursue on the physiology and 

behaviour of the Sminthopsini, and small mammals in general. The first and most striking difference in 

the physiology of these two species concerns their patterns of thermoregulation, and raises questions as 

to the costs and benefits of a thermoregulatory strategy, especially in low productivity ecosystems. In this 

discussion I review the current literature on the evolution and costs and benefits of homeothermy, and 

collate the responses of small mammals from arid ecosystems around the world; Tentatively, I suggest 3320 

that the pattern of thermolability that I observed for S. ooldea might represent an energetically 

conservative strategy that is advantageous in low productivity arid ecosystems. Furthermore, I review the 

current understanding of the role of thermoregulation on the water budget of a species, and discuss the 
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Figure 8.1: Hourly temperature records averaged from three sites at the ground surface (blue), 

1.5m above the surface in the shade (red) and 1.5m below the surface of a Boodie 

(Bettongia leseuri) warren at Lorna Glen station, showing that, although average 

temperatures are not obviously different inside the warren, the extremes and variance 

of that average are lower, suggesting that the warren provides substantial shelter. 

Presumably Sminthopsis spp burrows are similarly sheltering refugia. Data collected 

by Judy Dunlop (DEC; Murdoch University). 
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potential impacts of the two thermoregulatory strategies that I observed on the water budgets of the two 

species. I also make specific speculations concerning the arrangement of thermoregulatory strategies 

within the Sminthopsini, and suggest these as future lines of research for this group. The difference 

between the thermoregulatory strategies of the two dunnarts species may be related to their different 

physiological flexibilities, and I discuss these effects on their functional and realised niches, and compare 

and contrast the generalist approach of S. macroura with the specialist responses of S. ooldea. My data 

also raise questions relating to the importance and distribution of social behavioural adaptations to 3330 

energetic challenges within the Sminthopsini. I discuss the possible evolutionary pathways of social 

behaviours, and the possible conflicts between selection for reduced social aggression, and reproductive 

dominance in low productivity ecosystems. I also make specific speculations concerning the arrangement 

of social behaviours within the Sminthopsini, and suggest these as future lines of research for this group. 

 

8.1 Homeothermy and Thermoregulation in Low Productivity Ecosystems 
 

There are various differences between the two dunnart species in their thermoregulatory 

responses to chronic and acute temperature regimes. Sminthopsis macroura is able to withstand greater 

chronic fluctuations in Ta conditions than S. ooldea. The strong thermoregulation that I observed for S. 3340 

macroura (summarised above) is as expected under the current understanding that homeothermy is a 

fixed pleisiomorphic aspect of mammalian physiology (even in so ancient a lineage as marsupials; 

Dawson, 1973; Whittow, 1973), and that torpor is a derived form of heterothermy (Hudson, 1973; 

Whittow, 1973) that involves a resetting of the biological thermostat for Tb regulation (discussion by 

Grigg and Beard, 2000, and Grigg et al., 2004, that homeothermy may have arisen from heterothermy 

notwithstanding, since, as discussed below, thermoregulation is now generally considered to be a 

byproduct of selection for high aerobic capacity). The novel pattern of thermolability that I observed of 

S. ooldea does not reflect established patterns of torpor (Hudson, 1978; Wang, 1989), or more equivocal 

patterns of facultative hypothermia (Downs and Perrin, 1996; Tomlinson et al., 2007). Considering the 

pleisiomorphy of thermoregulation in mammals, I would speculate that thermolability may represent a 3350 

novel adaptation to reduce the energy budget to levels that can be supported by the low levels of 

resources available in arid ecosystems. 

 

Tendencies in small desert mammals towards thermolability and flexible metabolic regulation 

of body temperature have long been recognised (Kayser, 1961; 1965; Hammel et al., 1968; Hart, 1971; 

Hudson et al., 1972), and most often been considered in the light of a deviation from a homeothermic 

“norm”. Thermolability in small mammals implies both increases in Tb above the TNZ and decreases 

below the TNZ (Walsberg, 2000). Hyperthermia, as reported for Antelope Ground Squirrels (A. 

leucurus), where it tolerates substantial rises in Tb for short periods before retiring to cooler 

microhabitats to rapidly dissipate the accumulated heat (Hudson, 1960; Bartholomew and Hudson, 1961; 3360 

Bartholomew, 1964; Chappell and Bartholomew, 1981; Walsberg, 2000) would principally be a water-

saving mechanism, where the evaporative heat loss component is reduced by tolerance of higher Tb. As 

Walsberg (2000) notes, however, depression of Tb at low Ta would also provide energetic savings. A 

truly thermolabile approach might be expected to incorporate both these elements without compromising 

the responsiveness of the animal (as torpor and facultative hypothermia do). Such thermolability may be 
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more common amongst arid-adapted mammals than previously recognised. Thermolability in arid-zone 

fossorial and semi-fossorial mammals, namely the naked mole rat (Buffenstein and Yahav, 1991), and 

the Namib golden mole (Seymour et al., 1998), the Fat-mouse (Ellison, 1995)  and the marsupial mole 

(Withers et al., 2000) were generally first considered as adaptations to fossoriality, not to energetics in 

low productivity ecosystems. Withers et al. (2000), although not discussing extensively the relationship 3370 

of Tb with Ta, nor the energetic advantages of thermolability, first suggested that the thermolability of 

these taxa may be an adaptation for energy conservation in arid environments rather than being a thermal 

adaptation to fossoriality per se. Cooper and Withers (2009) found a weak effect of Ta on Tb for S. 

psammophila which was not beyond phylogenetically predicted norms, and Withers and Cooper (2009) 

found that little red kalutas (Dasykaluta rosamondae) allow Tb to vary significantly above and below the 

TNZ (much in the way that S. ooldea did in my study). Accumulating evidence reveals thermolability to 

be a common trait among small mammals in low productivity, arid environments. 

 

Endothermy vs. Ecothermy 

Increased resting metabolic rate (e.g. of endotherms) has been hypothesised to be associated 3380 

with selection for: 

(1) thermal niche expansion (Bakken and Gates, 1975; Crompton et al., 1978; Block et al., 

1993); 

(2) homeothermy (stable body temperature regulation) and increased metabolic efficiency 

(presumably resulting from reduced thermal conductance by insulation; Heinrich, 1977; Avery, 1979); 

(3) homeothermy in the face of decreasing body size (McNab, 1978); 

(4) postural changes that enhance exercise performance (Heath, 1968; Carrier, 1987); 

(5) increased brain size (Hulbert, 1980); and 

(6) increased aerobic capacity during exercise (Regal, 1978; Bennett and Ruben, 1979) 

 3390 

Review by Hayes and Garland (1995) describes these hypotheses as falling into two categories: 

those that emphasise endothermy as the principal outcome of the evolutionary process (i.e. selection 

explicitly favoured animals that regulated their body temperature), and those that consider endothermy a 

favourable side-effect of other selective pressures. The most favoured of these theories, the aerobic 

capacity hypothesis (e.g. Ruben, 1995) suggests  that the initial evolution of endothermy had little to do 

with obtaining constant Tb and high energy costs, but that these were just co-evolved benefits of selection 

for highly active taxa. Despite the reasons for its evolution, however, endothermy has some well-

supported advantages in extant animals. As noted by Walsberg (2000), constancy of Tb is usually viewed 

as advantageous because of the strong temperature dependence of the biochemical reactions upon which 

life processes depend. Homeothermy therefore allows the selection of a biochemically optimal 3400 

temperature and the overall co-ordination of biological systems, but as noted by Bennett and Ruben 

(1979), these selective factors are not necessarily significant or even advantageous in all environmental 

circumstances. The standard argument for the adaptive value of homeothermy in small mammals 

(Dawson, 1973) is that active ectotherms are generally limited in the activity patterns to diurnality, when 

external heat can be absorbed to raise the temperature of the animal’s biochemistry to functional levels. 

This argument is countered by the fact that many ectothermic groups specialise in nocturnal activity, not 

least the geckoes, many snakes and may invertebrates, and Bartholomew (1964) suggests that 
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homeostasis for small mammals in deserts implies much greater efforts at keeping cool rather getting hot. 

In desert ecosystems, homeothermy is even more expensive for small mammals, because it implies that 

at the times of greatest thermoregulatory challenge (i.e. low seasonal Ta means), the energetic supply of 3410 

the ecosystem is often also at its lowest (Frey, 1991; Chapter 2 this thesis). In such conditions, especially 

for very small endotherms, it is common that energetic demand outstrips supply. 
 

Following from consideration of the difficulties and costs of endothermy in low-productivity 

ecosystems, the converse question that has not yet been raised in the literature is: why maintain 

homeothermy in desert ecosystems? Homeothermy is an expensive strategy (Bennett and Ruben, 1979) 

because of the constant efflux of heat out of the body, and for small animals with attendant high surface 

area to volume ratios this energy “leak” is particularly high. As Whittow (1973) noted, 

thermoconformers tend to have lower metabolic rates than thermoregulators, presumably with 

concomitantly low resource requirements. There are, then, advantages to ectothermy in low-productivity 3420 

ecosystems. The principal ones discussed by Pough (1980) are related to the low basal costs of an 

inefficient aerobic system, which imparts reliance upon anaerobic metabolism during exercise, and 

implies limitations on the duration of exertion possible. Thus, mammals are supposed to maintain higher 

aerobic metabolism to allow for higher levels of absolute energy production (and hence activity; the 

aerobic capacity model; Ruben, 1995), a state that Pough (1980) notes is not compatible with low-energy 

conditions, where ectothermy allows for rapid, short-duration, anaerobic high energy activity, while 

maintaining low-levels of aerobic resource requirement. Traits that are adaptive to desert ecosystems, 

however, are common to all reptiles, leading Bradshaw (1986) to suggest that reptiles are “pre-adapted” 

to deserts, principally by their low metabolic rates, and concomitant low levels of resource utilisation, 

ecothermy, water conserving uric acid excretion, and behavioural avoidance of specifically lethal 3430 

environmental conditions (by seeking thermal refuges). Many of these traits would seem to be equally 

adaptive to small marsupials in energetically limited, arid ecosystems. Mammal taxa that are most arid-

adapted could in theory experience substantial selection to revert to pre-existing physiological 

adaptations, analogous to the morphological reversions discussed by West-Eberhard (2003 Chapter 12). 

This may be what is represented by the broadly thermolabile responses observed in many small desert 

mammals. Whittow (1973), however, canvasses a range of potential evolutionary scenarios that imply an 

inability to completely revert to poikilothermy, but he also noted that the evolution of thermoregulation 

is a story of “plasticity almost to functional opportunism”. Strict homeotherms can manipulate their 

thermoregulatory set points (up or down regulation in the face of chronic conditions). Thermolabile taxa 

don’t need to, and can match their energetic requirements to environmental availability. Species that 3440 

attempt to maintain homeothermy are required to find more sophisticated ways of buffering their energy 

budget in low productivity arid systems (such as behavioural flexibility). 

 

Given the obvious benefits of reduced energetic requirements in low-productivity ecosystems, 

and the high energetic costs of endothermy, then absolute reductions of energetic cost by reduced 

thermoregulatory load should be beneficial in arid environments. This is especially the case for the 

mammalian taxa that dominate the central Australian fauna, where over 85% of all native terrestrial 

mammal species are below 100g, and 84% of the arid-zone dasyurids are 20g or less and 42% are less 

than 10g (Menkhorst and Knight, 2001; Strahan, 2004 and references therein). Although Millar and 
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Hickling, 1990; 1992) and Tomlinson and Withers (2008) note that small body sizes are favoured in 3450 

areas of predictable low-levels of resource availability because of their low absolute energy requirement, 

small body size implies high energy demand per gram, and Pough (1980) notes that body sizes less than 

about 5 g are not feasible for endotherms because their energy demands approach an infinite asymptote. 

From recalculation with contemporary data (Figure 8.2) this limit is actually approximately 3 g (with the 

exception of marsupials, although this may represent paucity of BMR data for small marsupials), and 

many of the central Australian mammals approach this body size limit. Furthermore, Bennett and Ruben 

(1979) note that endothermy was well-established by the early Mesozoic, during very thermally equable 

conditions, and all small mammals, in adapting to arid, or other low-productivity environments would 

already bear this trait. Thus, it might be expected that there would be many physiological modifications 

of the energy budget to accommodate this in Australian mammals, and that these should also occur in 3460 

other arid-zone small mammals around the world. Of the studies of arid-zone small mammals described 

in the literature, the vast majority fail to consider the constancy or otherwise of Tb in more than a passing 

fashion. Only six openly describe the taxa as “thermolabile” (Gettinger, 1975; Buffenstein and Yahav, 

1991; Ellison, 1995; Seymour et al., 1998; Withers et al., 2000; Withers and Cooper, 2009), and some 

describe mammals tolerating hyperthermia above the TNZ without evidence of broader “thermolability” 

Gettinger (1975). When Tb data are extracted from these papers, however, many of the taxa are found to 

have significant relationships (i.e. thermolability) between Tb and Ta (Table 8.1). From published data 

sets it is largely impossible to test for homogeneity of variances for Tb at various Tas, since summary data 

are most often published, on which it is difficult to examine for variances. Most importantly, it can be 

speculated from Table 8.1 that tendencies towards thermolability may occur along phylogenetic lines; it 3470 

is rare for the rodents, but more common for marsupials (particularly the dasyurids) and Insectivora. I 

tentatively suggest that this may be a response to dietary specialisations, whereby granivorous rodents 

with a high energy diet are more capable of maintaining homeothermy than the dasyurids and 

insectivorids, which have comparably low-energy diets. Thus, although it has not been explicitly studied, 

review of the existing data suggests that more careful investigation of thermolability, and its 

phylogenetic signal, will be rewarding. 

 

Energetic Implications of Thermoregulation 

Ectothermy has been generally recognised as more energy-efficient than endothermy, with 

much lower basal energetic requirements per unit of body mass. Bennett and Ruben (1979) calculate that 3480 

at a temperature of 20 °C, an ectotherm utilises only 2 - 3 % of the energy required by an endotherm and, 

at 10°C, only half that, assuming endothermic thermoneutrality and a Q10 of 2.5. Thermoregulation 

represents a large component of an endothermic energy budget (McNab, 1963; Angiletta, 2010; Boyles 

et al.; 2011a; 2011b, Brigham et al., 2011). The generalisations made by Bennett and Ruben (1979), 

Pough (1980) and Walsberg (2000) were more fully and quantitatively explored by Withers and Cooper 

(2009) in regards to D. rosamondae, where they speculated that thermolability may be an important 

energy and water conservation strategy in a habitat characterised by extreme environmental conditions, 

with temporal and seasonal fluctuations in  
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Table 8.1: Review of published data describing thermoregulation across a Ta range for small mammals, 3490 

and relationships of significant variation in Tb. Asterisks denote significant Ta: Tb 

relationships suggestive of thermolability. 

Species Tb to Ta regression Slope  Reference 

Rodentia     

Akodon azarae F7,67 = 1.03; p > 0.4 -  Antinuchi and Busch (2000) 

Akodon azarae F1,5 = 149; p = 6.44 × 

10-4 

0.381 
* 

Dalby and Heath (1976) 

Calomys venustus F1,25 = 7.34; p = 0.012 0.047 ? Caviedes-Vidal et al. (1990) 

below TNZ F1,21 = 0.124; p = 0.728 0.008   

Desmodillus auricularis F1,4 = 1.13; p = 0.347 -0.015  Downs and Perrin (1994) 

Heterocephalus glaber F1,49 = 7400; p = 4 × 10-

55 

1.00 
* 

Buffenstein and Yahav 

(1991) 

Mus minutoides State regression without 

statistics 

0.100 
? 

Downs and Perrin (1996) 

Mus musculus F1,29 = 0.660; p = 0.420 -0.021  Tomlinson et al. (2007) 

Notomys alexis F1,4 = 0.0410; p = 0.850 0.006  MacMillen and Lee (1970) 

Notomys cervinus F1,4 = 1.48; p = 0.290 0.037  MacMillen and Lee (1970) 

Peromyscus leucopus F1,48 = 23.5; p = 

0.00001 

0.249 
* 

Morrison and Ryser (1959) 

Pseudomys hermannsburgensis F1,67 = 0.931; p = 0.340 0.020  Tomlinson et al. (2007) 

Reithrodontomys megalotis F1,40 = 0.008; p = 0.931 0.002  Thompson (1985) 

Steatomys pratensis F1,21 = 0.888; p = 0.357 0.036  Ellison (1995) 

Tatera leucogaster F1,4 = 1.08; p = 0.250 -0.012  Downs and Perrin (1994) 

Thomomys talpoides F1,95 = 46.9; p = 7.40 × 

10-10 

0.053 
* 

Gettinger (1975) 

below TNZ F1,63 = 10.1; p = 0.002 0.015   

Insectivora     

Chrysochloris asiatica F1,46 = 261; p = 1.30 × 

10-20 

0.290 
* 

Bennett and Spinks (1995) 

Crocidura rusula F1,2 = 4.67; p = 0.163 0.187  Mover et al. (1986) 

Eremitalpa namibensis F1,48 = 48.0; p = 9.50 × 

10-9 

0.628 
* 

Seymour et al. (1998) 

Erinaceus europaeus F1,56 = 53.5; p = 1.0 × 

10-9 

0.105 
? 

Shkolnik and Schmidt-

Nielsen (1976) 

below TNZ F1,23 = 1.50; p = 0.234 -0.10   

Geogale aurita F1,38 = 1069; p = 1.90 × 

10-29 

0.874 
* 

Stephenson and Racey 

(1993) 

Hemiechinus auritus F1,51 = 53.4; p = 1.80 × 

10-9 

0.105 
? 

Shkolnik and Schmidt-

Nielsen (1976) 

below TNZ F1,16 = 0.744; p = 0.401 0.009   
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Species Tb to Ta regression Slope  Reference 

Hylomys suillus F1,39 = 1.09; p = 0.302 0.016  Genoud and Ruedi (1996) 

Microgale dobsoni F1,39 = 7.12; p = 0.011 0.565 
* 

Stephenson and Racey 

(1993) 

Microgale talazaci F1,29 = 0.271; p = 0.606 -0.084 
 

Stephenson and Racey 

(1993) 

Neurotrichus gibbsii F1,47 = 47.7; p = 1.10 × 

10-8 

0.103 
* 

Campbell and Hochachka 

(2000) 

Paraechinus aethiopicus F1,40 = 29.8; p = 2.70 × 

10-6 

0.077 
? 

Shkolnik and Schmidt-

Nielsen (1976) 

below TNZ F1,24 = 1.08; p = 0.308 -0.012   

Marsupialia     

Antechinomys laniger F1,21 = 2.36; p = 0.139 0.044  Geiser (1986) 

Dasykaluta rosamondae F1,6 = 62.8; p = 0.0002 0.262 * Withers and Cooper (2009) 

Dasyuroides byrnei F1,41 = 3.08; p = 0.087 0.033 
 

Geiser and Baudinette 

(1987) 

Isoodon aurantius F1,22 = 26.2; p = 

0.00004 

0.195 
? 

Withers (1992) 

below TNZ F1,16 = 3.79; p = 0.069 0.075   

Micoureus paraguyensis F1,26 = 11.5; p < 0.001  * Cooper et al. (2010) 

Notoryctes caurinus F1,6 = 35.0; p = 0.001 0.586 * Withers et al. (2000) 

Planigale gilesii F3,4 = 7.40; p = 0.026 0.086 * Warnecke et al. (2010) 

Sminthopsis crassicaudata F1,84 = 2.03; p = 0.158 0.020 
 

Geiser and Baudinette 

(1987) 

Sminthopsis macroura F1,21 = 0.663; p = 0.425 0.036  This study 

Sminthopsis ooldea F1,28 = 17.2; p = 0.0003 0.249 * This study 

Sminthopsis psammophila F1,18 = 4.60, p = 0.046 0.062  Cooper and Withers (2009) 

 

availability of prey and water. The savings projected by Withers and Cooper (2009) for D. rosamondae 

(14% energy saving by reducing Tb to 33.5 ºC, if Q10  = 2.5; Guppy and Withers, 1999) and up to 37% by 

hypothermia below the TNZ) are in relatively close agreement to the savings that I calculated for 

hypothermic S. ooldea at Ta = 10 ºC (approximately 20% when incorporating “thermolabile” metabolic 

rates with normothermic metabolic rates).  

 

Savings suggested by Withers and Cooper (2009) and Chapters 4 - 6 of this thesis suggest that 3500 

the taxa where thermolability has been well documented should fall below the metabolic thresholds 

described in Figure 8.2. All placental mammals and all marsupials studied that have been found to be 

thermolabile, with the exception of S. ooldea fall below the expected threshold. This might be because, 

as discussed by Withers et al. (2006), the dasyurid phylogeny incorporates a majority of small, arid-

adapted taxa that probably incorporate adaptations to reduce energetic requirements. There may also be a 

general reduction in absolute energy requirements analogous to the cost of heat production accrued by 
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endotherms noted by Bennett and Ruben (1979); this higher rate of heat production exists even when the 

differences in body temperature between ectotherms and endotherms are eliminated (Bennett and Ruben, 

1979). The BMRs of thermolabile species (by definition measured at rest within the thermoneutral zone, 

where there is no energy expended on thermoregulation) do not give any indication of the ecological 3510 

adaptive advantage of thermolability, because they are measured in unnaturally idealised conditions. The 

advantages of reduced energetic costs from greater tolerance to thermolability should be most evident 

outside the thermoneutral zone, where the thermoregulatory load of RMR can be compared. 

 

Torpor is an important consideration for the energetic implications of thermoregulation. As suggested by 

Wang (1989) and Ruben (1995), avian and mammalian heterothermy (including hibernation, torpor, and 

aestivation) represent tightly controlled, adaptive responses to seasonal cold or aridity. Regardless of the 

plesiomorphic nature of heterothermy currently in vogue (Malan, 1996; Lovegrove, et al., 1999; 

McKechnie and Lovegrove, 2002; McKechnie and Mzilikazi, 2011; Lovegrove, in press), torpor still 

constitutes very specific modifications of thermoregulation that involve a sophisticated resetting of the 3520 

thermoregulatory threshold; they are not a regression to a more primitive, ectothermic pattern of 

metabolism and body temperature control. Thermolability, as has been identified in a number of small 

mammalian taxa (Table 8.1) is a distinctly different energetic strategy from these patterns of 

heterothermy. As an energetic adaptation to high thermoregulatory challenge, small mammals can make 

savings of up to 30% by using daily torpor (Wang, 1989; Geiser, 2004), but this comes at a cost of 

unresponsiveness when torpid, and energy-expensive arousal, which implies an increase in metabolic 

rate, often perceived as an unavoidable drawback of torpor (Ellison and Skinner, 1992; Geiser, 2004), 

and also implies a behavioural cost, in that torpid animals are, by definition, incapacitated. They are 

inactive, and fall to deeply resting states (Tomlinson et al., 2007), in which they are unable to forage or 

avoid predators. The energetic savings suggested for thermolabile animals at similar low ambient 3530 

temperatures are comparable to the established savings from using torpor, but are constant, as opposed to 

relatively short (i.e. often less than one circadian cycle) bouts of torpor, and are made without the severe 

incapacitations implicit in established patterns of heterothermy. In ecological niches where low levels of 

energy are constantly available, such as hyper-arid regions, the “heterothermic” nature of heterothermy 

may imply a greater ecological cost than remaining active and able to forage, but reducing the energetic 

load of constant thermoregulation. Finally, two things must be noted in comparing thermolability and 

heterothermy; the first is that species which show thermolability across a broad Ta range usually also 

have the capacity for torpor at low Ta as well, and it may be that the energetic challenges of hyper-arid 

niches require the use of both strategies to survive. Secondly, however, the evolutionary relaxation of 

strict thermoregulation (if that is what thermolability represents) might be a more complicated 3540 

apomorphy to adopt than the well-established patterns of heterothermy, and future phylogenetic analysis 

of the occurrence of the two strategies may be informative. 

 

Thermoregulatory Effects on TEWL  

Further, Withers and Cooper (2009) calculated substantial EWL savings imparted by tolerance 

of hyperthermia at Tas above the TNZ for D. rosamondae. My data for S. ooldea don’t suggest any EWL 

savings imparted by thermolability, but the high TNZ of this species meant that the experimental 

protocols didn’t extend it to tolerating hyperthermia. The pronounced tolerance of hypothermia in 
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S.ooldea caused a significant reduction in the RWE of the species. This is a consequence of the 

calculation of RWE, where TEWL is offset by MWP, which decreases with a reduction of metabolic 3550 

rate, while the cutaneous component of TEWL does not. Unavoidably, then, the energetic savings made 

by hypothermic thermolability should imply reduced water economy, a situation that also occurs during 

torpor bouts (i.e. in heterotherms this is a short-term occurrence, but may be perennial in thermolabile 

taxa). In the broader picture of species that show pronounced thermolability these very low PRWEs are 

not the norm (Table 8.2), suggesting that there are other aspects influencing RWE than just MWP and 

TEWL. It must be noted, however, that data on EWL from which RWE may be calculated are sparser 

than metabolic rate data, and the projections to the PRWE (RWE = 1) generally involve extrapolations 

from much higher Tas, with all the implicit errors of such extrapolation. With such theoretical advantages 

to thermolability (converging towards discussion of reptilian “preadaptation” to arid environments sensu 

Bradshaw (1986), it is hardly surprising that an increasing number of small mammals are being shown to 3560 

adapt to aridity by the use of marked thermolability. 

 

Table 8.2: PRWE (Ta where RWE = 1) from published literature for taxa that show significant 

thermoalbility (Table 8.1), indicating substantial variability between species. (*) indicates 

values calculated from published EWL data sets; all other PRWE were calculated by the 

authors. 

Species PRWE (ºC)  Reference 

Hylomys suillus -244.5 * Genoud and Ruedi (1996) 

Micoureus paraguyensis 11.3  Cooper et al. (2010) 

Planigale gilesii 19.1  Warnecke et al. (2010) 

Dasykaluta rosamondae 16.1  Withers and Cooper (2009) 

Sminthopsis ooldea -15.0  This study 

 

Ecological Implications of Thermolability 

Bennett and Ruben (1979), in noting that strict thermoregulation is not necessarily advantageous 

in all environmental circumstances, continue by noting that this is particularly true since energy devoted to 3570 

physiological thermoregulation could otherwise have been allocated to growth or reproduction (Golley, 1968; 

McNeill and Lawton, 1970), which would seem to be of much more direct importance to the reproductive 

success and fitness of an organism. However, if thermolability represents an energy saving adaptation, then in 

hyper-arid environments thermolabile species should be present in perennially higher abundances, and have 

better body condition indices (by standard measures) than thermoregulatory (or even heterothermic) species. 

Furthermore, in hyper-arid environments these taxa should show higher reproductive output by diverting 

energy that would otherwise be utilised for thermoregulation into reproductive activity. In the comparative 

case of S. macroura and S. ooldea there is certainly anecdotal evidence of this, in the DEC long-term trapping 

data at Lorna Glen Station, where S. macroura is always present at lower population levels than S. ooldea, and 

seems to show generally poorer condition and reproductive output. Quantifying these data could be 3580 
informative, especially since specific management of fauna that is “unique” to conservation reserves such as 

Lorna Glen may be potentially misdirected since these taxa may be more specifically adapted to local 

conditions than generalists 
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In the broader context of this thesis, however, it may be that successful thermoregulation and a suite 

of flexible adaptations aimed at maintaining an energy budget and a stable body temperature, or at the 

very least a “binary” heterothermic Tb strategy could allow S. macroura to respond to a broad range of 

 
 

ecophysiological niches, allowing the species to inhabit a broad distribution covering habitats from the 3590 

‘ancestral’ mesic forests to the fringes of the hyper-arid zone. Given that the only other Sminthopsis sp. 

with a comparably broad distribution, S. crassicaudata, is also a good thermoregulator with a very well-

developed torpor response, and that a number of other species have anecdotally been found to be more 

broadly thermolabile (Withers and Cooper, unpublished) it could be that this represents a phylogenetic 

adaptation, where one group has maintained a strict thermoregulation strategy, using torpor as an energy-

saving or emergency response, and other groups have assumed a more broadly thermolabile response, 

matching their energy expenditure to the precise conditions in which they find themselves. A broad study 

of the thermoregulatory responses of the Smithopsini, or even the Dasyuridae could be very informative 

of other potential avenues of the evolution of thermoregulation beyond the discussions by Whittow 

(1973) and references therein.  3600 

 
Figure 8.2: The relationship between energetic demand and body mass, as updated from Pough 

(1980), suggesting that a body mass of approximately 3g is the lower limit that can 

support endothermy, where energy requirements become impossible to support. Data is 

extracted from allometries by White and Seymour (2003), McKechnie and Wolf (2004) 

and Withers et al. (2006). Points represent established thermolabile species from Table 

8.2; marsupials (▲), placentals (●). 
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8.2 Physiology, physiological flexibility and expansion of realised niche 
 

The BMR of neither dunnart species was reduced below the expected values predicted by 

allometric regressions within the marsupials, lending support to the suggestion that neither species is 

energetically arid-adapted, and that they may persist in arid environments by evading the stress of aridity, 

rather than adapting to it. Some general modifications of an animal’s energy budget in response to 

ecosystem aridity are well established, including a general decrease in metabolic rate, for endotherms 

(Hart, 1971; Bradley and Yousef, 1972; Tieleman and Williams, 2000; Schleucher and Withers, 2001; 

Withers et al., 2006) and ectotherms (Putnam and Murphy, 1982; Bartholomew et al., 1985; Lighton and 3610 

Bartholomew, 1988; Peterson, 1990; Lighton, 1991; Davis et al., 2000). An equally plausible explanation 

for this discrepancy, however, is that proposed by Withers et al. (2006): that the marsupial and dasyurid 

allometries are dominated at the lower mass ranges by species that inhabit arid areas, which incorporates 

a bias of arid adaptation to the prediction. In other words, the allometric predictions already include the 

adaptive decrease in BMR as a response to aridity. Disentangling these effects of phylogeny, shared 

evolutionary history and ecological adaptation is beyond the scope of a simple comparative study, even a 

broad-based one such as this, and probably requires a formal phylogenetic approach (as identified by 

Garland and Adolph, 1994). The discussion of ‘pre-adaptation’ is a difficult one to conceptualise 

precisely, because it is never clear how far back in a phylogeny a ‘pre-adaptation’ should be traced. My 

discussions so far have been based upon Bradshaw's (1986) arguments that reptiles are pre-adapted to 3620 

deserts. Small mammalian insectivores, however, which represent the majority of the Dasyuridae 

(Strahan, 2004 and references therein) could also be ‘pre-adapted’ to deserts, having a diet with high pre-

formed water content, a heterothermic lifestyle to reduce energetic costs during seasonal hardship 

(Dawson, 1973), and synchronous reproduction and fast gestation (McAllan, 2003) to allow rapid 

population expansion during ‘good’ seasons. Despite these common pre-adaptations, there are 

physiological and thermoregulatory differences between the species which may relate to their ecology, 

their evolution or the combined effects of both, and a phylogenetic comparison of many dasyurids may 

put these differences into a better context than could be achieved in this study. 

 

Sminthopsis macroura showed evidence of regulating parameters of their energy budgets in 3630 

response to chronic exposures to different regimes (matching the energy budget to the environmental 

variability sensu Nespolo et al., 2001). Furthermore, because tight thermoregulation does not seem to be 

a crucial physiological adaptation for the species, S. ooldea did not change any aspects of their energetics 

and metabolic responses to chronic or acute Ta regimes. Insofar as torpor is viewed as an adaptation to 

tailor the energy budget by reducing the costs of thermoregulation, the intensity of torpor use (Munn et 

al., 2010), or the depth of torpor entered (Wang, 1989) should increase in warmer acclimated dunnarts of 

both species when exposed to low ambient temperatures, because the differential between the “norm” to 

which the energy budget is acclimated and the acute Ta exposure is increased, imparting greater 

thermoregulatory costs. Geiser's (2004) analysis of the importance of heterothermy in arid-adapted 

mammals suggests that both S. macroura and S. ooldea should have a high propensity towards torpor in 3640 

response to thermal challenge (i.e. incidental low temperatures coupled with low nutritional regimes), 

although I hypothesised that, of the two, S. ooldea would be less likely to use torpor. The hypothesised 
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importance of heterothermy was only partially supported. Sminthopsis macroura conformed to the 

hypothesised use of torpor, and showed some acclimatory changes in torpor use, using it more often in 

warmer acclimations. Sminthopsis ooldea, however, regularly entered torpor in response to acute 

thermoregulatory challenge, even when this challenge was very mild, but showed no evidence of up or 

down regulating the intensity or depth of torpor. The assumption of thermoconformance (or at least 

broad thermolability) would also impart a substantial reduction in energetic costs on a day-to-day basis 

whenever S. ooldea encountered acute or chronic energetic challenge, a saving which may be equivalent 

to those facilitated by short-term bouts of deep heterothermy.  3650 

 

There has been extensive discussion concerning modification of the homeothermic norm, and its 

role in expanding the realised niche of many taxa. The most obvious modification of homeothermy is the 

adoption of a two-state heterothermic strategy of torpor (Geiser, 2004; Wang, 1989) or perhaps 

facultative hypothermia (Downs and Perrin, 1996; Tomlinson et al., 2007). Geiser (2004) reviewed the 

energetic significance of such heterothermy in facilitating small mammals to expand into arid and semi-

arid zones, and Geiser and Turbill (2009) recently expanded this concept, suggesting that the implicit 

flexibility of heterothermy has insulated heterothermic taxa from extinction. Furthermore, many studies 

have begun to show that flexibility in the basal energy requirements (maybe or maybe not associated 

with heterothermy) allow endotherms to maintain an optimal operational Tb, but to reduce the energetic 3660 

requirements to match the productivity of their ecosystem. These are the implicit advantages of 

homeothermy, and apomorphically acquired heterothermy: they allow the species to be highly 

responsive, and with the addition of physiological flexibility the species can exploit a broader range of 

ecological niches. They effectively become “jacks of all trades”, but where there are substantial and 

perennial privations may be unable to master the ecosystem. 

 

The evolution of endothermy and selection for high and stable body temperature is hypothesised 

to have optimised thermally dependent rate processes and, thereby, to have facilitated niche expansion, 

(e.g. into cooler environments; Pough, 1980; Ruben, 1995). The attainment of this level of sustainable 

energy utilisation is theorised to have opened a much broader array of sustainable activity behaviours for 3670 

endothermic vertebrates (Bennett and Ruben, 1979). Further modification of thermoregulatory response 

is thought to allow organisms to match environmental variability on an ecological scale (Bozinovic et al., 

1990; Nespolo et al., 2001; Soobramoney et al., 2003), allowing the expansion into cooler or more arid 

microclimates, for example. However, there must be limits even to physiological flexibility, and where 

the ecosystem does not support the requirements of these limits, selection for physiological flexibility is 

not likely. The adaptive relaxation of thermoregulation (secondarily evolved thermolability as discussed 

here), on the other hand, implies a tight energetic adaptation to specific conditions. Thus adaptive 

thermolability should preclude physiological flexibility, as is seen by comparing the two dunnart species 

studied here. 

 3680 

8.3 Social Behaviours as Mediators of Physiological Challenge 
 

The other flexibilities that I specifically compared for the two dunnart species were behavioural, 

which were hypothesised to have an adaptive value, but not necessarily to reflect an inclusive fitness gain 
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in the broad sense of current research in behavioural ecology and evolution. As with the physiological 

investigations, I found differences between the two species’ social behaviours across a range of chronic 

temperature regimes. Sminthopsis ooldea lacked any social behavioural responses, apparently preferring 

to ignore or avoid conspecifics under all conditions, but where this could not be managed, resorting to 

antagonistic interactions which did not change in frequency or intensity with continued exposure to each 

other or the climatic regimes. As a result, during these trials S. ooldea did not huddle, and there was no 3690 

net energy saving for individuals when groups of S. ooldea were exposed to acute bouts of low 

temperature. Sminthopsis macroura had far more complicated social behaviours, and interacted 

antagonistically and non-antagonistically with conspecifics. The level and intensity of these interactions 

was up and down regulated with continued familiarity within the group, and with chronic thermal 

challenge of different regimes. Accordingly, when exposed to acute low temperature treatments in 

groups, S. macroura huddled more reliably than S. ooldea and accrued a net energy saving in pairs. 

 

In the light of the initial thesis question, it seems that the dunnart species with the broadest 

distribution also has the most flexible behavioural responses to chronic thermal challenge. Effects of 

huddling have been long studied in small mammals in desert ecosystems (e.g. Hart, 1971; Withers and 3700 

Jarvis, 1980; Vogt and Lynch, 1982; Karasov, 1983; Ruf et al., 1991; Yahav and Buffenstein, 1991; 

Davenport, 1992; Séguy and Perret, 2004; Scantlebury et al., 2006), and there are generalities of 

energetic savings to which huddles of increasing size for S. macroura conform. My unusual finding is 

that the dunnart species which inhabits an exclusively hyper-arid distribution, S. ooldea, is strictly 

asocial, implying either no selection for sociality or specific selection against it. Behavioural responses 

such as this, however, are much more difficult to place in an evolutionary context than the physiology 

discussed above. This is because physiological traits are unlikely to have inherent inclusive fitness 

impacts upon individuals beyond the capacity to survive or otherwise. Any animal that can survive to 

breed without reducing its chances of successful reproduction by competing or associating directly with 

other conspecifics will amplify the inclusive fitness benefits of the set of traits that do this. Therefore 3710 

physiological responses, which fit the animal to its environment in isolation, are unlikely to be disrupted 

on the basis of reproductive behaviours. Behavioural responses for survival, however, may have very 

different selective bases than behavioural responses for reproduction. Although Slobodchikoff (1984) 

argues that all individuals accrue inclusive fitness gains by aggregation during “harsh” seasons, these 

benefits could be offset rapidly by different levels of behavioural ecology and evolution during 

reproductive seasons (such as pre- or post-copulatory sperm competition, mate guarding, male-male 

competition, sexual selection and so forth). These potential conflicts of evolution, especially within the 

context of flexible behavioural syndromes, could be an interesting future line of inquiry. 

 

Contrasting patterns of selection also raise questions concerning the flexibility of the 3720 

aggregation response observed for S. macroura. By the definitions of Whitehead (2008), S. macroura 

does seem to form true social groups with persistent hierarchical structures, ritualised antagonistic 

behaviours (also noted for S. crassicaudata; Ewer, 1968) and non-aggressive interactions, where the 

intensity of social behaviour can be up- or down-regulated by chronic thermal regimes. Although I here 

postulate that this should be a hallmark of an energetically adaptive response, where costly behaviours 

are reduced while beneficial behaviours are encouraged, to my knowledge this has not been studied in 
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any taxonomic group before my work. The mechanisms, energetics and ecological and evolutionary 

importance of this should be explored more fully in other taxa. This is especially the case in the light of 

the above discussions of how indeterminate the evolutionary signals of such behavioural flexibilities 

might be. 3730 

 

The simplest arguments of a two species comparison are that physiological adaptations allow a 

species to adapt very well to a predictable subset of climatic conditions, and that physiological flexibility 

expands these conditions to a certain extent. Species that cannot rely upon their physiological adaptation, 

however, have to mediate their physiological limitation with other suitably flexible responses. Social 

behaviours have now been described for two species of Sminthopsis, S. macroura and S. crassicaudata 

(Ewer, 1968), both of which are also very widespread (Morton, 1983a; 1983b) and maintain substantial 

homeostatic physiological responses to environmental variability (they are good thermoregualtors and 

will use torpor to manage a limited energy budget; Godfrey, 1968; Morton, 1978a; Frey, 1991; Holloway 

and Geiser, 1995; Song and Geiser, 1997; Song et al., 1998; Cooper et al., 2005). A third species, S. 3740 

ooldea, is best described as asocial, also inhabits a small, exclusively hyper-arid distribution, and has 

specific and unique physiological adaptations to that habitat that may limit its adaptability outside these 

bounds. None of the other Sminthopsini and few of the Dasyuridae have been studied on this basis, and 

given the phylogenetic arrangement put forward by Blacket et al. (1999) a broader investigation would 

be informative. It may be that there is a similar phylogenetic arrangement of social behaviour to the one 

that I suggested for broad thermolability. Alternatively it’s possible that social behaviours have arisen 

only once in the Sminthopsini and that these have allowed the two species, S. macroura and S. 

crassicaudata, to expand to their present broadly continental distributions. 

 

8.4 Conclusions 3750 

 

The overarching theme of this dissertation has been that the capacity to exploit broad ecological 

ranges and distributions is facilitated by the ability to exploit flexibility of basal responses. Species with 

distributions covering many different biomes should have an inbuilt flexibility in their physiology or 

behaviour to expand the realised niche. Species with small distributions, especially distributions that 

encompass one very specific ecotype, are expected to have much more restricted responses. In comparing 

two species of small dasyurid, the ooldea dunnart (S. ooldea) and the stripe-faced dunnart (S. macroura) 

I had the opportunity to test this hypothesis by quantifying physiological and social-behavioural 

flexibility in the face of a range of climatic regimes that mimic the natural conditions across the 

distributions of both species. The broadly-distributed S. macroura had more flexible physiology than S. 3760 

ooldea, and changed its social behaviours in ways that S. ooldea did not, which quantifiably optimised its 

energy budget in response to chronic low temperature regimes. These differences must have ecological 

implications, but these are difficult to disentangle, because the ecological preferences and the 

ecophysiological implications were not readily apparent on the basis of field work conducted during this 

research, and there are obviously important influences outside the bounds of this research, not least of 

which is land use and management history. I suggest that further ecophysiological studies, especially 

with the advent of cheap and reliable techniques such as the 86Rb technique developed here, could be 
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important in better understanding how species are adapted to the distributional range of environments, 

and the factors of these environments that are important for their persistence.  

 3770 

The broad thesis, however, overlooked an important aspect of biogeography in Australia, and 

that is the widespread nature of the hyper-arid zone, and the extreme specialisations that may be required 

to exploit these habitats. Given that Australia has been cooling and drying for c.16 million years, and that 

Australia is an ancient and stable landscape, with a very isolated and unique fauna, the specific responses 

adapting Australian fauna to the hyper-arid regions may be unique. Some of the specific responses of S. 

ooldea suggest that further and more diverse studies of the evolution of small mammals in the Australian 

arid zone could be informative of the evolution of social behaviour and physiology as adaptive 

responses. These responses do not necessarily require phenotypic flexibility as it is currently defined, but 

may imply energetic advantages of looser regulation. 

 3780 

 
Breakaway country at Lorna Glen Station, habitat where S. macroura are often trapped. Sean Tomlinson 

all rights reserved. 
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Appendix: Validation of Radio-isotopic Rubidium Turnover as a 

Measure of Metabolism in a Dunnart Model (Sminthopsis spp.) 

Summary 
The doubly-labelled water method (DLW) is a widespread, and much validated technique for measuring 

field metabolic rate (FMR), but it has some substantial limitations. I conducted a laboratory validation 

comparing the turnover of isotopic rubidium (86Rb kb) and DLW depletion to V̇  CO2 measured by flow-

through respirometry in eight Sminthopsis macroura and S. ooldea. The dunnarts were enriched with 3790 

both DLW and 86Rb isotopes and maintained for at least 48 hours in a flow-through respirometry system 

with ad lib food and water. The dunnarts were housed at Ta = 20 °C and Ta = 30 °C to provide a two-

points of V̇   CO2 measurement to correlate with 86Rb kb. Following the measurement of metabolic rate at 

30 °C, the dunnarts were maintained at this thermoneutral temperature and disintegration counts taken 

daily until complete 86Rb washout had occurred. Analysis of the DWL samples could not be completed 

by external services in time for the submission of this thesis (another limitation of the DLW technique), 

and thus could not be compared to respirometry or 86Rb kb. There were significant correlations between V̇  

CO2 measured by flow-through respirometry and 86Rb kb (S. macroura, R2 = 0.81, p = 1.19 × 10-5; S. 

ooldea, R2 = 0.63, p = 3.84 × 10-4). The total body burden (qt) of 86Rb fell to within one order of 

magnitude of the lower detection limit by 20 days post-enrichment for dunnarts maintained at Ta = 30 °C. 3800 

Up to day 14 the method still provided useful estimates of metabolic rate. My data for Sminthopsis 

species conform to the patterns of previous studies between V̇  CO2 and 86Rb kb for marsupials, but analysis 

of all the data available suggests that there may be different relationships of 86Rb kb to V̇  CO2 for 

endotherms and ectotherms. I suggest that 86Rb turnover is a useful and reliable analogue by which to 

infer FMR, and that generalised correlations may differ between major groups (eg. amphibians, reptiles, 

marsupials, eutherians and birds). The advantages of the 86Rb technique over DLW to infer FMR include 

lower cost, lower equipment requirements and technical expertise, obviation of the need to obtain a blood 

sample to make measurements, and the longer time span during which effective measurements can be 

made. 86Rb kbs might also be useful in for estimating FMR for nectarivores or diving species where water 

turnover is high, or for amphibians or fossorial animals, where labelled isotopes may re-enter the animal 3810 

during the turnover period.  
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A.1 Introduction 
 

Field metabolic rate (FMR) is the metabolic rate of a free-living animal measured in natural 

conditions (Lawrence, 2005). The difference between FMR and laboratory-based measures of 

metabolism is that FMR is the actual energy use of the animal under normal free-living circumstances, as 

opposed to metabolic rate under prescribed basal or other conditions in the laboratory. Thus, FMR 

provides information on what the “real” animal does on a daily basis to manage its energy budget, 3820 

averaged over a relatively short period of time (e.g. days). Therefore, if a species has a lower FMR than 

would be expected for its size, then this suggests that it is reducing its energy requirements, perhaps by 

using torpor, or by behavioural means such as huddling or selection of its thermal environment. The 

measurement of FMR has direct relevance in the context of a species’ biology and the ecosystem in 

which the individuals live by virtue of being measured in situ in the ecosystem. This association is often 

lacking or speculative when inferred from laboratory measurements of RMR and BMR that are collected 

under controlled ideal or extreme conditions that rarely occur in a natural environment. The ecological 

interpretation of FMR, however, is subject to knowledge of the species’ physiology (such as torpor use) 

and behaviour (activity, huddling, movements and microhabitat selection) during field measurements. 

 3830 

The doubly-labelled water method (DLW; Lifson and McClintock, 1966) is a widespread and 

much validated technique for measuring FMR via CO2 production and water flux by the differential 

turnovers of stable isotopes of hydrogen (deuterium, 2H, or tritium, 3H) and oxygen (18O; Nagy, 1983; 

Speakman, 1997). Although this technique provided a revolution in the estimation of the energy 

requirements of free-ranging animals under natural environmental conditions, there are limitations to its 

application. Since the estimation of CO2 efflux depends upon subtracting the efflux of 18O as water 

(measured by the heavy H isotope) from overall 18O losses (CO2 and H2O), the method becomes 

problematic when applied to species with high water efflux relative to metabolic CO2 production, such as 

nectarivores (Bradshaw and Bradshaw, 2007), amphibians (Hillman et al., 2009), or diving species 

(Bevan et al., 1995). As a result, the DLW method works best in dry regions and can be inaccurate in the 3840 

case of animals living in very humid habitats or having an extremely high water turnover (Bradshaw and 

Bradshaw, 2007). Furthermore, Nagy (1983) notes that the most reliable FMR results must be gathered 

within one and two biological half-lives of the 18O isotope, which for large animals can be as much as a 

week to 10 days (Speakman, 1997), after which the isotope concentration falls too close to background 

levels for reliable estimation of turnover (Nagy, 1983). For small animals this temporal window is much 

shorter, being as little as 36h for the Honey possum, Tarsipes rostratus (Bradshaw and Bradshaw, 2007), 

which means that a large proportion of the measurement period is taken up by the capture and 

experimental procedures. Additionally, Bradshaw and Bradshaw (1999; 2007) have noted that the stress 

of taking repeated blood samples to measure isotope turnover may influence the metabolism of the 

subjects. Finally, the isotopes required are expensive to procure and analyse (Nagy, 1983; Speakman, 3850 

1997), and as noted by Speakman (1997), these costs can become prohibitive. 

 

An alternative method for the estimation of FMR is measuring elimination rates of radioactive 

isotopes, as first proposed by Odum and Golley (1963). Several isotopes have been investigated, 

including phosphorus-32 (32P; Wagner, 1970), caesium-137(137Ce), iron-59 (59Fe; Baker and Dunaway, 
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1975), sodium-22 (22Na), chromium-51 (51Cr), manganese-54 (54Mn), cobalt-60 (60Co), zinc-65 (65Zn), 

and rubidium-86 (86Rb; Peters et al., 1995; Peters, 1996). Of these, 86Rb has the highest correlation with  

V̇   CO2, with an R2 of 0.93 for the desert iguana Diposaurus dorsalis (Peters et al., 1995) and 0.864 for the 

Honey possum (Bradshaw and Bradshaw, 2007). Rubidium is an alkali metal that is close to potassium in 

the periodic table and appears to be handled by the body in a similar manner (Adam and Craik, 1989). 3860 

Measuring the turnover of 86Rb offers the advantages of low impost whole-body counting (as opposed to 

blood collection) and measurement over a longer time span, proving much less stressful for small 

animals than the DLW technique, at far less expense. Limitations of the technique are a paucity of 

validation data comparing 86Rb turnovers to CO2 production (Bradshaw and Bradshaw, 2007), and a lack 

of understanding of the mechanisms by which 86Rb is pooled and eliminated from the body. At present, 

general inferences about 86Rb turnover and FMR cannot be made and further validation studies are 

required to provide comparisons by which field metabolism can be estimated from 86Rb turnovers 

measured in the field for many more than the four species studied so far (Peters et al., 1995; Peters, 

1996; Bradshaw and Bradshaw, 2007). 

 3870 

Here I report a laboratory validation study aiming to establish comparative evidence for a 

relationship between V̇   CO2 and 86Rb turnovers for two species of small marsupial insectivore, S. ooldea 

and S. macroura. I expect that there will be a correlation between V̇   CO2 and biological turnover (kb) of 
86Rb, and also that this correlation should provide a predictive regression that can be used to infer FMR 

of free-ranging dunnarts based upon 86Rb turnover. This study was a prelude to field measurements of 

dunnarts, but this proved impossible because of difficulty in capturing these dunnarts at the field sites 

(see Chapter 2). 

 

A.2 Methods 
 3880 

Isotope Comparisons 

The dunnarts were captured and housed as described in Chapter 1. The experimental 

methodology closely followed a previous validation study of Bradshaw and Bradshaw (2007) for the use 

of 86Rb to estimate FMR of the Honey possum, with minor changes to be consistent with methods 

previously used to estimate FMR for S. crassicaudata (Nagy et al., 1988). Eight individuals each of S. 

ooldea and S. macroura were used in a two-sample DLW approach, using only background, initial 

(equilibration), and final isotope determinations to assess the turnover of 2H and 18O (Speakman, 1997). 

Prior to the experimental enrichments, two 20μL blood samples were taken from the infraorbital sinus 

(Halpern and Pacaud, 1951) using preheparinized capillary tubes, and flame-sealed in vacuum-evacuated 

Pasteur pipettes (Nagy, 1983; Speakman, 1997) for determination of background isotope levels 3890 

(Speakman and Racey, 1987: method D).  The dunnarts were then injected with 0.1 mL of a solution 

containing 0.5 MBq of 86RbCl (Perkin Elmer, Brisbane Australia) and 0.15 mL of 66% 18O and 50% 2H, 

to achieve approximate levels of 5 500 ppm in each individual (according to the calculations outlined by 

Speakman (1997). 

 

Two hours after injection, two 20μL equilibration blood samples were taken from the 

infraorbital sinus. Whole body counts of 86Rb gamma emissions, integrated over subsequent 60 second 
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periods, were made (minimum of three counts) until the coefficient of variation of the average count was 

<1%. Counts were made using a Nucleonics PSR8 portable gamma counter (Nucleonics, Edinburgh, 

United Kingdom) with a 5 × 5-cm sodium iodide (NaI) crystal. For whole-body counting, the dunnarts 3900 

were confined in an upright, seated position in a 5-cm-diameter plastic vial placed directly over the NaI 

crystal. The plastic vial was then covered with a lead shield so that the animals remained in the dark and 

the NaI crystal was sheltered from background radiation. Movement of the dunnarts was minimal once in 

darkness and reliable counting was achieved once the dunnarts assumed a stable upright sitting position.  

 

The dunnarts were then maintained for at least 48 hours in a flow-through respirometry system 

(see below) until a second 40μL ‘recapture’ blood sample was taken. Whole body counts of gamma 

radiation were repeated daily for the duration of the study. During flow-through respirometry 

measurements the dunnarts were exposed for two days to Ta = 20 °C and for two days to Ta = 30 °C, 

stimuli intended to alter metabolic rate and therefore V̇   CO2 to compare DLW and 86Rb kb in situations of 3910 

altered metabolic rate. It was expected based upon previous experiments (Chapter 4) and by work of 

Geiser and Baudinette (1985) and Song et al. (1995) that the dunnarts would be at BMR at 30 °C and 

have a higher metabolic rate at 20 °C, against which to correlate DLW and 86Rb kb with V̇  CO2. Following 

measurement of metabolic rate at 30 °C, the dunnarts were maintained at this thermoneutral temperature 

and disintegration counts were made daily until complete 86Rb washout had occurred to determine the 

ideal time span over which to measure metabolism by 86Rb kb. 

 

‘FMR’ and Turnover Calculations 

Blood samples were micro-distilled (Nagy, 1983; Speakman, 1997) by gently heating the 

vacuum-sealed samples for a period of several days on a Selby hotplate held at approximately 40 °C 3920 

fitted with a custom-made micro-distillation unit consisting of an aluminium mesh grid in direct contact 

with the heater element, subtending a steel box with one open side. Vacuum-sealed Pasteur pipettes 

placed in the resulting cavity, with the fine end outwards into air at room temperature provided a 

temperature gradient for the condensation of water vapour from the blood samples into the pipette tips. 

The proportions of 2H and 18O in each distillate sample were to be measured using a mass spectrometer 

by technicians at the Leibniz Institute for Zoo and Wildlife Research, Berlin, and the fractional turnovers 

of each isotope were calculated and used to estimate CO2 production as per Speakman (1997), however 

this analysis was not successfully completed, and data are not presented here. Analysis is ongoing, and 

will be presented in subsequent publication. 

  3930 

The recapture disintegration counts were corrected for isotopic decay because of the short half 

life (18.66 day) of 86Rb by dividing all ES counts by the exponential decay constant of 86Rb (e- k
p*t; 

Bradshaw and Bradshaw, 2007). The biological turnover (kb) of the isotope between equilibrium and 

‘recapture’ was calculated as: 

 

       kb = lnEC - lnRC 

t 
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where EC and RC are the corrected equilibrium and ‘recapture’ counts respectively and t is the elapsed 

time in days. The total body burden (qt) of the radionucleotide at time t can be described by: 3940 

 

        qt = q0e-(kb + kp)t 

 

where q0 is the initial total body burden of the dunnart, kb is the biological elimination rate constant for 

the radionucleotide, and kp is the physical radioactive decay constant of the radionucleotide (ln(2)/T½), 

where T½ is the physical half-time of the radionucleotide (18.66 days in the case of 86Rb). 

 

Respirometry  

Respirometry has long been recognised as the best indirect measure of metabolism (e.g. V̇   CO2 

and V̇  O2; Frappell, 2006). To provide further validation of the use of 86Rb turnovers to infer metabolic 3950 

rate, the 86Rb isotope turnovers were compared to the average daily metabolic rates (ADMR), 

simultaneously measured in a flow-through respirometry system according to recommendations of 

Withers (2001). Flow-through respirometry systems were as described in the Introduction. Following the 

isotope injection procedure outlined above, each dunnart was measured for two days in a flow-through 

respirometry system maintained at a constant temperature of either 30 °C or 20 °C. Baseline readings of 

background O2, CO2 and RH were established for 2 h before and after the trials were conducted. 

Importantly, during respirometry trials, food and water were available ad libitum, and the dunnarts were 

not post-absorptive. All results were averaged over 24 hours and so are representative of ADMR, and not 

BMR. 

 3960 

Statistics. 

Both linear and nonlinear regression analyses were used to compare the rates of change in body 

burdens of 86Rb with estimates of the FMR expressed as the daily rate of CO2 production using both the 

DLW method and flow-through respirometry. All statistical analyses were conducted using statistiXL 

v.1.7. Values are given as mean ± SE, and regressions were performed using metabolic rates of 

individuals as independent data points. 

 

A.3 Results 
 

Accuracy of 86Rb Biological Turnover 3970 

Biological elimination of 86Rb followed a pattern of exponential decay, influenced by the 

physical decay of the radioactive isotope and its biological elimination (Figure A.1). The lower detection 

limit of the Nucleonics scintillation counter corresponded to a total body burden (qt) of approximately 

0.008 MBq, which was reached by 20 days post-enrichment in both S. macroura and S. ooldea 

maintained at Ta = 30 °C (approximating thermoneutral conditions). At day 14 the average qt was 

approximately one order of magnitude higher than this (0.042 ± 0.003 MBq for S. macroura, 0.040 ± 

0.007 MBq for S. ooldea). Biological turnovers (kb) during the 14 day period averaged 0.121 ± 0.005 for 

S. macroura (n = 7) and 0.130 ± 0.015 for S. ooldea (n = 7). For both species this is similar to the 

average kb calculated during the two day respirometry period (see below). Helmert a priori contrasts for 

both species suggested that the turnovers for the first and second days were significantly higher than all 3980 
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subsequent days (TS. macroura(day 1) = 3.87, D.F. = 6, p = 0.008; TS. macroura(day 2) = 4.01, D.F. = 6, p = 

0.007; TS. ooldea(day 1)   = 2.77, D.F. = 5, p = 0.039; TS. ooldea(day 2)  = 3.56, D.F. = 5, p = 0.016). 

 

 
 

Average daily metabolic rate (ADMR) estimated in the animals “free-ranging” in their housing 

boxes during the 14-day washout period was 1.03 ± 0.02 LCO2.d-1 for S. macroura (n = 7) and 0.57 ± 

0.04 LCO2.d-1 for S. ooldea (n = 7). These do not represent significant divergences from the ADMR 

measured during the two day flow-through respirometry trials (t(S. macroura)12 = 2.12, p = 0.055; t(S. 

ooldea)11 = 0.668, p = 0.518; see below for values).  3990 

 

CO2 Production and 86Rb Biological Turnover 

Average V̇  CO2 for S. macroura measured by flow-through respirometry was 0.95 ± 0.04 

LCO2.d-1 at Ta = 30 °C (n = 7), and 1.34 ± 0.09 LCO2.d-1 at 20 °C (n = 7). There was a significant 

decrease in metabolism from 20 to 30 °C (t8 = 4.2, p = 0.0003). Average V̇   CO2 for S. ooldea measured 

by flow-through respirometry was 0.53 ± 0.04 LCO2.d-1 at 30 °C (n = 7), and 0.84 ± 0.04 LCO2.d-1 at Ta 

Figure A.1: Exponential decay relationship for 86Rb washout of dunnarts. Black circles are means ± 

S.E. for S. macroura and white circles are means ± S.E. for S. ooldea. Solid lines 

represent the line of best fit for the decrease in 86Rb for S macroura (lower) and S. 

ooldea (upper). The data are the percentage of initial enrichment remaining, 

incorporating both physical decay and biological elimination, and show the limit of 

time for which reliable measurements could be made, which is necessarily limited by 

the interaction of biological elimination and physical decay. The dashed line represents 

the physical rate of decay projected from the average activity of the injected dose. The 

grey area beyond day 14 represents the area when average qt was within one order of 

magnitude of the lower detection limit (dotted horizon), although the strength of the 

relationship suggests that removing these data sets is a very conservative approach. 
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= 20 °C (n = 8). There was a significant decrease in metabolism (t13 = 5.3, p = 0.0002, equal variance) 

from 20 to 30 °C. 

 

Biological turnover (kb) of 86Rb averaged over the 2-day respirometry period for S. macroura 4000 

was 0.14 ± 0.01 at Ta = 30 °C (n = 7), and 0.23 ± 0.02 at Ta = 20 °C (n = 7). Rubidium-86 turnovers were 

significantly higher at Ta = 20 °C than at Ta = 30 °C (t8 = 3.28, p = 0.011, unequal variance). Average 2-

day biological turnover (kb) of 86Rb for S. ooldea was significantly higher at Ta = 20 °C (0.27 ± 0.02, n = 

8) than at Ta = 30 °C (0.17 ± 0.01, n = 7; t13 = 4.03, p = 0.001, equal variance). 

 

Regression showed a significant relationship between V̇ CO2 measured by flow-through 

respirometry and 86Rb kb for S. macroura (linear R2 = 0.81, p = 1.00×10-5; Figure A.2) and S. ooldea 

(linear R2 = 0.63, p = 4.00×10-4; Figure A.2). The relationships between V̇   CO2 measured by respirometry 

and 86Rb kb were: 

 4010 

S. macroura V̇   CO2= 3.57(± 0.50) 86Rb + 0.60(± 0.08) 

S. ooldea V̇   CO2  = 2.42(± 0.51) 86Rb + 0.25(± 0.10) 

 

 

Figure A.2: Linear regression relationship of 2-day averaged 86Rb turnovers against V̇    CO2 measured 

by respirometry. Solid lines represent regression relationships and dashed lines represent 

the 95% confidence intervals for the regression. Black circles represent individual 

records for S. macroura, and white circles represent individual records for S. ooldea. 



S. Tomlinson Comparative Ecophysiology of Sminthopsis spp.  PhD 

142 

A.4 Discussion 
 

 The development of the doubly-labelled water technique for measuring FMR (Lifson et al., 

1955; Lifson and McClintock, 1966) is widely recognised as a revolution in ecophysiology (Speakman, 

1997; Bradshaw and Bradshaw, 2007), and represents the point where truly informative measures of the 

energetics of free-ranging animals began. Subsequent refinements and broad application of the technique 4020 

to a range of taxa, however, have elucidated the limitations of the technique (Bevan et al., 1995; 

Speakman, 1997; Bradshaw and Bradshaw, 2007), not least of which is its cost (Speakman, 1997; 

Bradshaw and Bradshaw, 2007). The aim of this study was to test the reliability of an alternative method 

for estimating FMR by making the first quantitative study of the correlation between 86Rb biological 

turnover and both established techniques measuring metabolic rate, reinforcing previous work that has 

only compared 86Rb kb with DLW or respirometry (Peters et al., 1995; Peters, 1996; Bradshaw and 

Bradshaw, 2007), and the first in the two dunnart species studied here, S. macroura and S. ooldea. 

 
86Rb as a Tool for Measuring FMR 

Few studies have investigated the correlation of 86Rb kb with conventional measures of 4030 

metabolism (Peters et al., 1995; Peters, 1996; Bradshaw and Bradshaw, 2007). Although the established 

convention in studies of FMR is to present total metabolism in terms of LCO2.d-1, physiological 

comparisons should not treat metabolic rates as being isometric with body mass (Packard and Boardman, 

1988), but should refer to mass to the appropriate exponent. Previous comparisons of 86Rb biological 

turnover to metabolic rate (expressed here as LCO2.kg-0.75.d-1, the scaling exponent suggested by Dodds 

et al., 2001; McNab, 2002; Savage et al., 2004; Figure A.3) yielded significantly different slopes 

between taxa (F2,33 = 31.2, p = 2.0 × 10-8), with a slope of 27.4 ± 5.2 for toads (Peters, 1996), 60.6 ± 4.5 

for lizards (Peters et al., 1995) and 593.4 ± 43.3 for marsupials (Bradshaw and Bradshaw, 2007). The 

Bradshaw and Bradshaw (2007) data set, however, appears to diverge into two groups, reflecting the best 

fit to the data as power curve, as opposed to a simpler linear regression. Given that the higher metabolic 4040 

rates reported by Bradshaw and Bradshaw (2007) are probably associated with high energy and food 

intake, and given that the liquid diet of the Honey possum probably biases the DLW method to over-

estimation of metabolism due to high water turnovers (Bradshaw and Bradshaw, 2007), it seems feasible 

that those data points might result from an overestimation of FMR and so do not scale linearly with 86Rb 

kbs. When those higher data points are removed and pooled into a data set with my data for the two 

Sminthopsis species there is a significant regression between V̇   CO2 and 86Rb kb for all marsupials tested 

(F1,35 = 45.4, p = 8.4 × 10-8; R2 = 0.56, p = 8.39 × 10-8; Figure A.3). This suggests that in fact 86Rb 

turnovers are a useful and reliable analogue by which to infer FMR.  

 

Our understanding of the 86Rb kb technique, and the precise physiology and biochemistry of 4050 
86Rb turnover, is currently quite poor and this imparts a few complications and untested assumptions at 

this stage. One of the technical limitations in inferring metabolic rates from 86Rb kb, which I have refined 

in this study is the requirement to validate the exact relationship of 86Rb kb to V̇  CO2 for individual 

species. Flow-through respirometry is recognised as the best and most direct method of measuring 

energy use by animals (Frappell, 2006) over relatively short durations. Techniques that measure average 

metabolic rates (such as isotope turnovers) tend to require long wash-out times, as shown in Figure A.1; 
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therefore, when respirometry is used to validate less direct measurements of V̇  CO2, there is an implicit 

requirement to increase the signal to noise ratio by making comparative measures over the longest period 

possible. Where comparisons were made in a pilot study of fasted S. macroura in smaller metabolic 

chambers, the mean V̇  CO2 values were essentially the same as the data collected using the larger 4060 

chambers and ad lib food availability (t23 = 1.94, p = 0.065), but their variability was much higher; the 
86Rb turnovers, however, were approximately half the values measured when the dunnarts were free to 

move and eat (t16.4 = 7.36, p = 1.6 × 10-6; Figure A.4). Hence, I suggest that 86Rb turnovers must be 

validated in such a way that the animals are able to feed and move freely. The postulation of long-term 

validations using unconstrained animals is ultimately quite sensible, given that the proposed use of 86Rb 

is as a tool to measure metabolism of free-ranging animals, and flow-through respirometry can provide 

an easy and straightforward avenue to validate 86Rb turnovers, obviating the need to use expensive, 

complicated and stressful DLW validations. 

 

A further aspect of the lack of understanding of the underlying physiological mechanism of 86Rb 4070 

kb is the variability in slope of all the regressions conducted for different taxa to date, including the 

Sminthopsis data presented here. These indicate that for some species 86Rb turns over more quickly than 

in others when V̇  CO2 increases. Although there is a significant regression between V̇  CO2 and 86Rb kb for 

all marsupials (Figure A.3), there is a significant difference between the reduced Honey possum 

regression (i.e. with the FMR overestimates removed) and the regressions of the two dunnarts studied 

here (F(slope)2,31 = 3.53, p = 0.041) suggesting that both dunnart species turn 86Rb over more quickly 

than Honey possums at comparable V̇  CO2. Honey possums do, however, have higher metabolism than 

expected for a marsupial of their size (Withers et al., 1990; Bradshaw and Bradshaw, 1999; Bradshaw 

and Bradshaw, 2007), so this might be influencing their 86Rb: V̇   CO2 relationship. 

 4080 

Furthermore the significantly different relationships between amphibian (Peters, 1996), reptile 

(Peters et al., 1995) and marsupials data sets raise questions concerning the generality of the technique. It 

will be interesting to see whether future studies indicate steeper slopes for eutherian mammals than 

marsupials, and whether the relationship is steeper again for birds, as may be expected by the 

phylogenetic increase in metabolic rates from amphibians to reptiles, marsupials, eutherians, ratites, 

passerine and non-passerine birds (Schmidt-Nielsen, 1983; Withers, 1992). Further studies are also 

required to understand the biochemistry of 86Rb kb, and how this may interact with V̇   CO2 to truly 

interpret the different slopes observed.  

 

The rate of 86Rb washout observed here supports the proposition made by Bradshaw and 4090 

Bradshaw (2007) that 86Rb washout is slower than labelled H and O isotopes and so allows a longer 

period between enrichment and recapture of labelled small animals than the DLW technique. In a 

previous study of FMR of Sminthopsis using DLW, the data collection was limited to a three day 

turnover period (Nagy et al., 1988). Such a short measurement period was used presumably because the 

rate of dissipation of the isotope meant that the animals had to be recaptured and sampled within three 

days, after which time the DLW enrichment fell to near the detectable limit. The 86Rb washout rates 

measured here suggest that FMR can be estimated successfully using 86Rb for as long as 14 days after 

enrichment. The significantly higher 86Rb kb in the first two days following enrichment may, however, 
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increase noise that needs longer washout periods to be suitably attenuated, suggesting that the longer the 

animals can be left free-ranging the more reliable will be the estimate of FMR. This has the added benefit 4100 

of limiting the effect of trapping protocols, and the amount of time that recaptured animals spend in traps 

relative to ranging freely on their metabolic activity beyond what is possible with the DLW technique. 

 
 

 

 
Figure A.3: Comparisons of previous correlations of 86Rb turnover with metabolism (converted here 

to V̇  CO2 in L.kg-0.75.d-1 from the original published data sets). A) correlations for the 

toad Bufo terrestris (white triangles, r2 = 0.67; Peters, 1996), lizard Diposaurus dorsalis 

(white squares, r2 = 0.93; Peters et al., 1995), honey possum Tarsipes rostratus (white 

diamonds, r2 = 0.95; Bradshaw and Bradshaw, 2007), S. macroura (black circles, r2 = 

0.81) and S. ooldea (black squares, r2 = 0.63). B) After the removal of the higher V̇  CO2 

values in the Bradshaw and Bradshaw (2007) data set, shown by the grey ellipse, the 

Honey possum relationship changed to r2 = 0.74. The overall endothermic relationship 

is V̇   CO2 = 65.5 86Rb + 9.6 (r2 = 0.56, p = 8.4 × 10-8), and the ectothermic relationship is 

V̇   CO2 = 55.2 86Rb – 0.6 (r2 = 0.86, p = 4.6 × 10-14). All published regressions used to 

compile this figure were significant. 
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The advantages of the 86Rb technique to infer FMR have been explored and enumerated quite 

extensively by Bradshaw and Bradshaw (2007), and include lower cost, lower equipment requirements 4110 

and technical expertise, obviation of the need to bleed the animals to make measurements, and the longer 

time span during which effective measurements can be made. My results provide much to support the 

advantages of the method; a comparative cost analysis of the two isotopic analyses conducted here 

(Table A.1), suggests 86Rb turnover measurement costs approximately 1/8 of the DLW technique used at 

the same time (thus obviating fluctuating isotope costs). Given that isotope and analysis costs are cited as 

prohibitive restrictions to measures of FMR in large species (Westerterp and Speakman, 2008; Zub et al., 

2009) I feel that 86Rb potentially provides a very useful tool for investigations of large species, although 

this does raise questions of dose-response requirements and the safety of high enrichments in that may be 

required to obtain measurements from large animals. Further, the need to bleed the dunnarts for DLW 

turnover determination can be a concern when the technique of post-orbital bleeding of small animals is 4120 

Figure A.4: Results of different validation protocols comparing 86Rb turnover with CO2 production 

for S. macroura. White circles represent 24-hour flow-through respirometry trials of 

animals confined to small metabolic chambers with no food (V̇  CO2= 5.18 86Rb + 0.68, r2 

= 0.1501). Black circles represent 48-hour trials of unrestricted dunnarts provided with 

ad lib food (V̇  CO2 = 3.57 86Rb + 0.47, r2 = 0.81). The noteworthy comparison is that V̇  

CO2 resulting from the two metabolic protocols is comparable (t23 = 1.94, p = 0.065; 

although the variance is higher within the confined data set), but the 86Rb kbs are 

significantly different (t16.4 = 7.36, p = 1.6 × 10-6), suggesting that informative 86Rb 

turnovers can only be achieved when the animals are free to move and feed for 

relatively long periods of time. 
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currently of such ethical concern. The 

further complications of correct and 

complete distillation of the blood 

make the DLW technique the more 

complicated of the two methods, even 

in the controlled conditions of a 

laboratory validation. I believe that 

my study shows that, where the 86Rb 

technique is to be used in the field, 

costs and ethical limitations of any 4130 

study can be much reduced by the use 

of flow-through respirometry in the 

laboratory to provide the requisite 

validation of the 86Rb kb to V̇   CO2 

relationship.  

 

There are several drawbacks and limitations associated with the 86Rb turnover technique, not 

least of which are the indirect method of estimation and the paucity of comparative data on the technique, 

and a total lack of understanding of the mechanism(s) of turnover. In the case that 86Rb is an analogue of 

K+ metabolism, however, general lines may not provide a specific enough correlation between V̇  CO2 and 4140 
86Rb turnover for any given species, since very little is known about normal potassium metabolism apart 

from pathological disorders (Greenberg et al., 1938; English, 1966). Without a general understanding of 

the role of K+ in metabolism, taxonomic generalities about 86Rb kb remain difficult to interpret. A second 

difficulty that remains to be overcome for the 86Rb technique is a limitation of size. Whole-body 

counting for animals much larger than the dunnarts studied here becomes impossible, or at the very least 

expensive and non-portable. Sub-sampling of a body pool, such as blood from larger animals, may 

provide an avenue to measure gamma emissions and infer total body burden of 86Rb, but at this stage 

such an approach has not been validated. Using blood sampling to estimate total body content will, 

however, require fairly specific knowledge of the body pools of the animal, including those of 86Rb or 

potassium. It is not known whether assuming a general body pool would be sufficient, and I recommend 4150 

that larger animals need to be studied and added to the phylogenetic comparison represented by Figure 

A.3 to truly refine the protocol. 

 

Future Research Avenues 

The speculations that this work has engendered raise several avenues of future research testing 

the assumptions and applications of 86Rb kb to estimate FMR. It may be possible to sidestep problems of 

high water turnover relative to V̇   CO2 in nectarivores (Weathers and Stiles, 1989; Williams, 1993; Powers 

and Conley, 1994; Geiser and Coburn, 1999; Voigt et al., 2006; Bradshaw and Bradshaw, 2007) or 

diving species (Bevan et al., 1995; Sparling et al., 2008) and amphibians (Hillman et al., 2009), or 

fossorial animals, where the atmosphere within a burrow may theoretically become DLW enriched, and 4160 

the isotopes may re-enter the animal. Taxa such as these should be studied. Species that are too large to 

conduct whole-body counting raise the problem of 86Rb distribution within the body, and whether sub-

Table A.1: Cost comparison of the two isotope 

techniques used in the laboratory validation of 86Rb turnover 

per species. There are no analysis costs associated with 86Rb 

turnovers once the detector is obtained, unlike the specialised 

analysis required for the DLW technique. All costs are 

provided in $AU at November 2008 exchange rates. 

 
Isotope Technique 

DLW 86Rb 

Isotope cost ($.sample-1) 41.67 17.92 

Analysis cost (per sample) 120 0 

Total analysis cost 6, 240 0 

Total Cost of Study 7, 240 960 

*N.B. these costs are calculated on the basis of external 
analysis of DLW, but in-house analysis of 86Rb, and do not 
factor in the costs of a Na-I gamma counter ($12,000). 
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sampling of blood from radio-labelled animals will provide a useful measure of total 86Rb kb. To test this 

problem the body pools of 86Rb should be assessed. This would also inform the questions associated with 

the rapid 86Rb washouts soon after enrichment 

and the most effective elimination routes 

(urinary or faecal). Finally, the assumption the 
86Rb is a K+ analogue should be tested, and 

dose-responses of 86Rb enrichment to body 

mass should be refined to give a more exact 4170 

protocol. 

 

Conclusion 

The compiled results of all 86Rb 

metabolism studies, including those on 

Sminthopsis presented here, suggest that 86Rb 

turnovers provide a reliable alternative for 

measuring FMR in free-ranging animals. There 

are several benefits to this technique, including 

a simpler and more humane measurement 4180 

procedure of whole body disintegration counts, 

which obviate the stress associated with blood 

sampling, a longer recapture period than the 

DLW technique, especially in small animals 

with high body water turnovers (where 

recapture of free-ranging animals can be 

difficult), and a much lower cost per animal 

than DLW. Current limitations to this technique 

are the lack of widespread use, a paucity of data 

allowing for generalised 86Rb turnover 4190 

associations with FMR in a range of taxa, and a 

lack of understanding of the biochemical 

interactions which underlies the technique. As 

such, repeated validations such as this one are 

required to assess the technique on a case-by-

case basis. Future work should include efforts to 

support the current assumption that 86Rb kb is 

related to potassium metabolism, and to 

investigate the body pools of 86Rb following 

enrichment to evaluate whether sub-sampling of 4200 

blood is useful in larger animals, and whether 

metabolically active tissues (such as muscle or 

liver) are disproportionately responsible for the 

sequestration and elimination of the isotope.

 
A sprung water tank: the perfect way to cool off at 
Lake Mason Station, summer 2008. Sean 
Tomlinson, all rights reserved 
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