
 

UWS Academic Portal

Physiological implications of climate change for a critically endangered Australian
marsupial
Cooper, Christine Elizabeth; Withers, Philip Carew; Turner, James Malcolm

Published in:
Australian Journal of Zoology

DOI:
10.1071/ZO20067

Published: 19/11/2021

Document Version
Peer reviewed version

Link to publication on the UWS Academic Portal

Citation for published version (APA):
Cooper, C. E., Withers, P. C., & Turner, J. M. (2021). Physiological implications of climate change for a critically
endangered Australian marsupial. Australian Journal of Zoology, 68(4), 200-211.
https://doi.org/10.1071/ZO20067

General rights
Copyright and moral rights for the publications made accessible in the UWS Academic Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

Take down policy
If you believe that this document breaches copyright please contact pure@uws.ac.uk providing details, and we will remove access to the
work immediately and investigate your claim.

Download date: 23 May 2023

https://doi.org/10.1071/ZO20067
https://uws.pure.elsevier.com/en/publications/3a0aaf5c-c32c-482d-9041-7f9732f8cfe8
https://doi.org/10.1071/ZO20067


1 
 

Physiological implications of climate change for a critically endangered Australian 1 

marsupial. 2 

 3 

Christine Elizabeth CooperA,B,*, Philip Carew WithersA,B, James Malcolm TurnerC 4 

 5 

ASchool of Molecular and Life Sciences, Curtin University, Perth, Western Australia 6 

BSchool of Biological Sciences, University of Western Australia, Perth, Western Australia 7 

CInstitute for Land, Water and Society, Charles Sturt University, Albury, New South Wales 8 

 9 

*Corresponding author 10 

Dr Christine Cooper 11 

School of Molecular and Life Science, Curtin University 12 

POBox U1987, Bentley, Western Australia, Australia 13 

Email: C.Cooper@curtin.edu.au 14 

Phone: +61 8 9266 7965 15 

Orchid: 0000-0001-6225-2324 16 

 17 

Running Title: Physiology of an endangered arboreal marsupial. 18 

 19 

Keywords: Evaporative water loss, metabolic rate; body temperature; thermoregulation, 20 

respirometry, relative water economy, western ringtail possum, heat wave, extreme weather. 21 

 22 

  23 

mailto:C.Cooper@curtin.edu.au


2 
 

Summary text for the Table of Contents 24 

Extreme weather events (e.g. heatwaves) limit where animals live by creating environmental 25 

conditions beyond their physiological resistance. The critically endangered western ringtail 26 

possum is sensitive to high temperatures, but is more tolerant of heat and aridity than other 27 

ringtail possum species. Understanding the possum’s physiological limitations will inform 28 

conservation planning by better predicting regions with climates favourable for future 29 

survival. 30 

 31 

  32 
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Abstract 33 

Extreme weather events (e.g. heatwaves and droughts) can expose animals to environmental 34 

conditions outside of their zones of physiological tolerance, and even resistance, and impact 35 

long-term viability of populations and species. We examined the thermal and hygric 36 

physiology of the critically-endangered western ringtail possum (Pseudocheirus 37 

occidentalis), a member of a family of marsupial folivores (Pseudocheiridae) that appear 38 

particularly vulnerable to environmental extremes. Basal metabolic rate and other standard 39 

physiological variables measured at an ambient temperature of 30°C conformed to values for 40 

other marsupials. At lower temperatures, body temperature decreased slightly, and metabolic 41 

rate increased significantly at 5°C. At higher temperatures, possums experienced mild 42 

hyperthermia and increased evaporative heat loss by licking rather than panting. Their point 43 

of relative water economy (-8.7°C) was more favourable than other pseudocheirid possums 44 

and the koala. We predict that western ringtail possums should tolerate low ambient 45 

temperatures well and be more physiologically tolerant of hot and dry conditions than 46 

common (Pseudocheirus peregrinus) and particularly green  (Pseudochirops archeri) ringtail 47 

possums, and koalas (Phascolarctos cinereus). Our physiological data can be incorporated 48 

into mechanistic species distribution models to test our hypothesis that western ringtail 49 

possums should physiologically tolerate the climate of habitat further inland than their current 50 

distribution, and withstand moderate impacts of climate change in the south-west of Western 51 

Australia. 52 

 53 

  54 
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List of Abbreviations 55 

BMR  basal metabolic rate 56 

BTPS  body temperature and pressure, saturated 57 

CRP  common ringtail possum 58 

Cdry  dry thermal conductance 59 

Cwet  wet thermal conductance 60 

EHL  evaporative heat loss 61 

EO2  oxygen extraction 62 

EWL  evaporative water loss 63 

fR  respiratory frequency 64 

GRP  green ringtail possum 65 

MHP  metabolic heat production 66 

MR  metabolic rate 67 

MWP  metabolic water production 68 

N  number of individuals 69 

n  number of measurements 70 

PRWE  point of relative water economy 71 

PSM  plant secondary metabolites 72 

RER  respiratory exchange ratio 73 

RH  relative humidity 74 

RWE  relative water economy 75 

SE  standard error 76 

STPD  standard temperature and pressure, dry 77 

Ta  ambient temperature 78 

Tb  body temperature 79 
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VCO2  carbon dioxide production 80 

VO2  oxygen consumption 81 

VI  minute volume 82 

VT  tidal volume 83 

WRP  western ringtail possum 84 

 85 

Introduction 86 

Climate is a major determinate of species distribution, and its effects on endotherms are 87 

reflected in its correlation with a considerable array of anatomical, behavioural and 88 

physiological specialisations (Lovegrove 2000; Withers et al. 2006; McNab 2012; Evans et 89 

al. 2015; Withers et al. 2016; Faurby and Araújo 2018; Morán‐Ordóñez et al. 2018; Madliger 90 

et al. 2018; Williams and Blois 2018; Bergman et al. 2019). In particular, relationships 91 

between ambient temperature (Ta) and physiological traits such as thermoregulatory 92 

performance, and energy and water expenditure, can be evolutionarily labile in response to 93 

environmental selection pressures (Bozinovic et al. 2011). However, within any climatic 94 

zone, environmental conditions vary on temporal and spatial scales, and so endotherms are 95 

challenged to maintain homeostasis under fluctuating environmental conditions (Bozinovic et 96 

al., 2011; Cooper et al. 2019; Turner 2020). Periods of extreme environmental conditions, 97 

such as drought, heat waves, storms, floods and bushfires, occur at low frequency but their 98 

high intensity can result in conditions that exceed an individual’s zone of tolerance (range of 99 

environmental variables the animal can tolerate indefinitely).  At times these events are so 100 

extreme that they exceed the zone of resistance (range of environmental variables the animal 101 

can withstand for a limited period) and mortality occurs, sometimes impacting millions of 102 

individuals (Finlayson 1932; Welbergen et al. 2007, McKechnie and Wolf, 2010; Saunders et 103 

al., 2011; McKechnie et al., 2012; Woinarski et al. 2020). Extreme environmental events 104 
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account for twenty-five percent of wild animal mass mortality (Fey et al. 2015), and they 105 

have serious implications for conservation when these extreme events have a broad 106 

geographical scale, or impact endemic species with small populations or restricted ranges 107 

(McKechnie et al., 2012; Ruthrof et al., 2018). 108 

 109 

 Australia’s climate is particularly variable by global standards, but superimposed on this 110 

variability are clear anthropocentrically-driven increases in sea surface temperatures and 111 

surface air temperatures, as well as changes to annual rainfall (Harris et al. 2018; Morán‐112 

Ordóñez et al. 2018). However, global climate change is not only affecting average mean 113 

temperature and rainfall, but it is also increasing the frequency, duration and intensity of 114 

severe environmental events (Meehl and Tebaldi, 2004; Tebaldi et al., 2006; Rahmstorf and 115 

Coumou, 2011; Diffenbaugh and Field, 2013; IPCC, 2014). These extreme events, 116 

superimposed on a generally hotter and drier climate, are more likely to exceed the zone of 117 

resistance of animals, and therefore they function as bottlenecks that may have long-term 118 

impacts on the distribution, abundance and even survival of species (McKechnie et al. 2012; 119 

Harris et al., 2018).  120 

 121 

Ringtail possums (Pseudocheiridae) are arboreal folivorous marsupials that can be 122 

particularly vulnerable to extreme environmental events. At high Ta, these possums must 123 

trade off dehydration from evaporative cooling with lethal hyperthermia and as a 124 

consequence are at risk during heatwaves (Krockenberger et al. 2012; Turner 2020). Loss of 125 

body condition and mass mortality of the common ringtail possum (CRP; Pseudocheirus 126 

peregrinus) have occurred in eastern Australia in response to heatwaves (Pahl 1987; Cox 127 

2019), and climate modelling coupled with detailed physiological data predict that up to 86% 128 

of thermally suitable habitat of green ringtail possums (GRP; Pseudochirops archeri) will be 129 
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lost within the next 65 years (Meade et al. 2018). Despite this, these two species of ringtail 130 

possum currently have a relatively benign conservation status (least concern and near 131 

threatened respectively; Winter et al. 2016; Woinarski et al. 2019). However, there is 132 

considerable concern about the susceptibility of populations of the critically endangered 133 

western ringtail possum (WRP; Pseudocheirus occidentalis; Burbidge et al. 2017) to the 134 

exacerbation of extreme events associated with climate change. 135 

 136 

The WRP is a nocturnal, folivorous marsupial that inhabits the forest canopy, feeding on 137 

peppermint (willow myrtle; Agonis flexuosa), marri (Corymbia calophylla), jarrah 138 

(Eucalyptus marginata), sheoak (Allocasuarina fraseriana) and a variety of non-dominant 139 

canopy species (Jones 1995; Mathieson et al. 2020). Possums usually shelter during the day 140 

in a drey in the canopy, but also use tree hollows and forks, grass trees (Xanthorrhoea spp.) 141 

and ground nests under dense vegetation (Van Helden et al. 2018). Their home ranges are 0.5 142 

to 2.5 hectares with overlap between individuals, although temporal separation maintains a 143 

solitary habit (Jones 1995).  Foxes (Vulpes vulpes) and cats (Felis catus) are major predators 144 

of WRPs, and a recent finding that WRP possums frequent the ground more often than 145 

previously appreciated suggests that the risk of predation from these introduced species may 146 

be significant (Van Helden et al. 2020). 147 

 148 

There are anecdotal reports of high numbers of WRPs being rescued by wildlife carers during 149 

hot weather with symptoms indicating dehydration, and WRPs they have been observed 150 

resting on the ground during heatwaves, where they are particularly susceptible to predation, 151 

(Jones et al. 1994). The species is also sensitive to fire, which impacts them via direct and 152 

indirect mortality, and also influences food and shelter availability. Hence, abundance is 153 

highest at sites with a history of very low fire intensity, or in areas not burnt for at least 20 154 
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years (Wayne et al. 2006). There is also evidence that extreme cold, as well as heat, may be 155 

problematic for WRPs, with several WRPs translocated from development sites found dead 156 

following periods of cold weather and/or heavy rain, having apparently succumbed to 157 

hypothermia (Clarke 2011). 158 

 159 

Western ringtail possums are currently restricted to the south-west of Western Australia, in 160 

wetter locations near the coast, and one inland population (Jones et al. 1994; deTores et al. 161 

2005). They were once distributed widely throughout the south-west forests, but their 162 

distribution and abundance has been declining since the arrival of Europeans, especially in 163 

inland areas, primarily due to habitat loss (Jones 1995; Mathieson et al. 2020). The climate of 164 

the south-west region has become hotter, drier and more extreme over the last 70 years 165 

(Pitman et al. 2004; Bates et al. 2008; IOCI 2012; Ruthrof et al. 2018), and this pattern is 166 

predicted to continue through the 21st century with continued global warming (Charles et al. 167 

2010; IOCI 2012; Sudmeyer et al. 2016). Molloy et al. (2014) have identified currently 168 

unoccupied potential habitat for WRP to which they cannot naturally migrate, but could be 169 

translocated to. However, it is vital that the current and future climate of these areas are 170 

suitable for WRPs if they are to be considered as sites of future translocations (Tarszisz et al. 171 

2014; Cooper et al. 2018). Here we examine the physiology of the WRP to assess its 172 

physiological tolerance of varied environmental conditions, in comparison to other ringtail 173 

possums, other folivorous marsupials, and other marsupials in general. We evaluate its water 174 

economy and estimate its suitability and requirements for maintaining its current distribution, 175 

and also inhabiting potential new habitat in warmer and drier areas of the south-west of 176 

Western Australia.  177 

 178 

 179 
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Methods 180 

Five adult western ringtail possums, wild-caught near Busselton, Western Australia, were 181 

provided by the then Department of Conservation and Land Management. Possums were held 182 

in large out-door enclosures at Curtin University in Perth, Western Australia, where they 183 

experienced natural weather and photoperiod. They were fed a diet of peppermint leaves 184 

supplemented with fresh fruit and vegetables; water was available ad lib. Experiments were 185 

conducted between May and August. 186 

 187 

Open-flow respirometry was used to measure metabolic rate (MR; oxygen consumption, VO2 188 

and carbon dioxide production, VCO2) and evaporative water loss (EWL) at Ta of 5, 10, 15, 189 

20, 25, 30, 32.5 and 35 °C. An individual possum was removed from its cage in the morning, 190 

weighed, and placed in an 8 L metabolic chamber. Possums remained in the chamber for 6-8 191 

hours throughout the day, until low and constant MR and EWL, and observation with a 192 

Swann Max-IP-cam camera under infrared light indicated that the animal was calm, resting, 193 

and minimal values for these variables had been obtained. The animal was then removed 194 

from the chamber, its body temperature (Tb) measured with a plastic-tipped thermocouple 195 

(connected to a Radio-Spares thermocouple meter) inserted ~2 cm into the cloaca, and 196 

returned to its cage. Each possum was only measured at one Ta each day, and individual 197 

possums were allowed a minimum of three days between successive measurements. 198 

 199 

The respirometry system consisted of drying columns filled with drierite (W.A. Hammond 200 

Co.), through which compressed air passed, regulated at 5 L min-1 by an Alborg ARC 2600 201 

Pro mass-flow controller. Dry air then passed through the metabolic chamber, which was 202 

contained in an Arcus temperature control cabinet. A Vaisala HMP33 thin film capacitance 203 

probe measured the temperature and relative humidity (RH) of a subsample of excurrent air 204 
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(~100 ml min-1) which was dried using drierite before passing through a Qubit S152 infrared 205 

CO2 analyser and finally a Servomex 570A paramagnetic O2 analyser. The gas analysers and 206 

Ta/RH probe were interfaced to a PC via Brymen multimeters (TBM859CF and BM202), and 207 

data were recorded every 20 sec with a custom-written Microsoft Visual Basic (V6) 208 

programme (P.C. Withers). Baselines of background values for O2, CO2 and RH were 209 

established for at least 30 min before and after each experiment.  210 

 211 

At the end of each experiment, immediately before removing the possum from the chamber 212 

and measuring Tb, 2-6 sets of respiratory frequency (fR) and tidal volume (VT) data were 213 

recorded, each for a period of 20 sec, via whole-body plethysmography (after Malan 1973; 214 

Withers 1977; Cooper and Withers 2004). Pressure changes within the metabolic chamber, 215 

caused by the warming and humidifying of inspired air, were detected with a custom-built 216 

pressure transducer, interfaced to a PC via an Analog Devices RT1800 data acquisition 217 

board, and logged at 400-1000 Hz. The plethysmography system was calibrated after the last 218 

recording by injecting two 2 ml pulses of air into the chamber, with similar deflection 219 

kinetics to those of possum breaths (Larcombe et al. 2002; Cooper and Withers 2004). Room 220 

temperature was measured with the thermocouple and meter, and barometric pressure with a 221 

mercury barometer. 222 

 223 

The metabolic system was calibrated after Withers (2001). The gas analysers were two-point 224 

calibrated using compressed nitrogen (0% O2 and CO2) and either room air (20.95% O2) or a 225 

certified gas mix (0.53% CO2; BOC Gas). The RH probe was calibrated with air at five 226 

known RHs from 2 to 85%, generated with a Sable Systems DH4 dew point generator, and 227 

routinely confirmed using air dried with drierite to approximately 1% RH and 100% saturated 228 

by breathing on the probe. The mass flow meter was calibrated using a Bubble-O-Meter 229 
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bubble flow meter, and the calibration of the Ta probe and thermocouple were confirmed 230 

against a mercury thermometer traceable to a national standard.   231 

  232 

Calculations of VO2 and VCO2 (ml g-1 h-1 standard temperature and pressure, dry; STPD), 233 

and EWL (mg g-1 h-1) followed Withers (2001) using custom-written VB6 software (P.C. 234 

Withers); data were averaged for approximately 20 min when values were low and constant. 235 

The respiratory exchange ratio (RER) was calculated as VCO2/VO2, and was used to 236 

calculate metabolic heat production (MHP) and metabolic water production (MWP) using 237 

Table 5.2 of Withers et al. (2016). Evaporative heat loss (EHL) was determined from the 238 

latent heat of vaporisation (2.4 J mg H2O
-1; McNab 2002). From these values, wet thermal 239 

conductance (Cwet) was calculated as MHP/(Tb-Ta) and dry thermal conductance (Cdry) as 240 

(MHP-EHL)/(Tb-Ta). Relative water economy (RWE) is the ratio of MWP/EWL, and the 241 

point of relative water economy (PRWE) is the Ta where RWE = 1. Custom-written VB 242 

software (P. C. Withers) was used to calculate breathing frequency (fR; breaths min-1) and 243 

tidal volume (VT; ml, body temperature and pressure, saturated; BTPS) from the pressure 244 

deflections of possum breaths and the calibration pulses, using eqn 6 of Malan (1973). 245 

Respiratory minute volume (VI, ml at BTPS min-1) was calculated as VI = ƒR·VT and oxygen 246 

extraction (EO2, %) as VO2/(0.2095.VI), using VI at STPD. 247 

 248 

Data are presented as mean ± SE, unless otherwise stated, with N = number of individuals 249 

and n = number of measurements. Not all variables could be measured for all individuals at 250 

every Ta for logistical reasons; we only had access to a small number of these critically 251 

endangered possums for a limited time as they were part of a translocation programme, and 252 

our measurement schedule was conservative to maintain animal welfare. For metabolic 253 

measurements N = 2 at Ta = 35°C, N = 4 at Ta = 5 and 32.5°C, and N = 5 at all other Ta, and 254 
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for respiratory variables N = 2 at Ta = 10 and 35°C, N = 4 at Ta = 5 and 32.5°C, N = 3 at Ta = 255 

15°C and N = 5 at all other Ta. The significance of the effect of Ta on each variable was 256 

assessed with linear mixed effect models and reverse Helmert a priori contrasts (Withers and 257 

Cooper 2011), with Ta as a linear or polynomial fixed factor and individual as a random 258 

factor to account for repeated measurements of individuals at the various Ta. We used the 259 

lmer function in lme4 (Bates et al. 2014) and lmerTest (Kuznetsova et al. 2014) to determine 260 

probabilities, with Satterthwaite’s approximation for estimating degrees of freedom and 261 

REML = true (Luke 2017), using R Studio (RStudio Team 2015) in the R platform (R Core 262 

Team 2020).  263 

 264 

Standard physiological traits (body mass, basal metabolic rate; BMR, Tb, EWL, Cwet, Cdry and 265 

PRWE) of WRPs were compared with those of other marsupials in general, and other 266 

folivorous marsupials (pseudocheirid and phalangerid possums, the koala Phascolarctos 267 

cinereus and Matschie’s tree kangaroo Dendrolagus matschiei; N = 14) specifically, using 268 

the dataset of Cooper et al. (2010) supplemented with additional data (McNab 1988; 269 

Krockenberger et al. 2012; Withers et al. 2012; Pusey et al. 2013; Cooper et al. 2016, 2018; 270 

Genoud et al. 2018; Turner 2020). Datasets for each variable ranged from N = 29 for PRWE 271 

to N = 85 for BMR. The 95% prediction limits (excluding values for folivorous marsupials) 272 

were used to assess conformity of the WRP and other folivorous marsupials to the allometric 273 

relationship of each trait after Cooper and Withers (2006), using regression of both 274 

conventional and phylogenetically-independent log-transformed body mass and physiological 275 

variables. Allometric residuals were calculated for arboreal folivorous species from the 276 

conventional regression for non-folivorous marsupials, and compared to the residuals for 277 

non-folivorous residuals, using a two-sample t test. Linear regression analyses were 278 

accomplished using StatistiXL v2.0 (www.statistixl.com). 279 
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 280 

Phylogenetic analyses were based on the phylogenetic tree of Bininda-Emonds et al. (2007), 281 

with the addition of species from Meredith et al. (2010) and Mitchell et al. (2014). The 282 

strength and significance of the phylogenetic signal for marsupial physiological traits was 283 

assessed using Pagel’s  (ape, Paradis and Schliep 2018; phytools, Revell 2012) in the R 284 

environment (R Core Team 2020) using R studio (2020). Phylogenetic autoregression 285 

(Cheverud et al. 1985; Rohlf 2001), with custom R script to the find the optimum alpha value 286 

for weighting the phylogenetic matrix W (Gittleman and Kot 1990), was then used to account 287 

for the phylogenetic signals of each variable and body mass, which were then analysed by 288 

conventional regression. 289 

 290 

Results 291 

The body mass of all possums over all measurements (N = 5; n = 35) was 977 ± 14.6 g. There 292 

were no significant differences between individual possums for any of the measured 293 

physiological variables (χ2
1 ≤ 1.92, P ≥ 0.166). Observations of possums in the chamber 294 

indicated that they slept quietly at Ta ≤ 25°C, with bouts of shivering observed at Ta = 5 and 295 

10°C. At Ta ≥ 30°C, possums licked intermittently. The two possums measured at Ta = 35°C 296 

began to lick for prolonged periods (>30 min) and show signs of discomfort, so further 297 

measurements were abandoned at this Ta in the interests of animal welfare for this critically-298 

endangered species. 299 

 300 

Body temperature increased linearly with Ta (F1,33 = 54.0, P < 0.001) from 34.8 ± 0.17°C at 301 

Ta = 5°C to 37.4 ± 0.21°C at Ta = 35°C, while MR (VO2 and VCO2) decreased linearly with 302 

Ta (VO2, F1,29.9 = 81.1, P < 0.001; VCO2, F1,29.6 = 60.7, P < 0.001). At Ta = 30, 32.5 and 35°C, 303 

MR was lower than at lower Ta (reverse Helmert P ≤ 0.010), and was higher at Ta = 5°C than 304 
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at Ta ≥ 10°C (Helmert P ≤ 0.015). We consider values at Ta = 30°C to be basal or standard 305 

values (Fig. 1); consequently our estimate of BMR for the WRP is 0.42 ± 0.015 ml O2 g
-1 h-1 306 

and standard Tb is 36.6 ± 0.28 °C.   307 

 308 

There was an overall polynomial effect of Ta on EWL (F1,29.5 = 12.3 P < 0.001), with a 309 

dramatic increase in EWL at Ta = 32.5 and 35°C (reverse Helmert P ≤ 0.004) compared to 310 

that at lower Ta. Standard EWL at Ta = 30°C was 0.85 ± 0.11 mg H2O g-1 h-1, increasing 1.7 311 

times at Ta = 32.5 and 35°C. Relative water economy was linearly dependant on Ta (F1,29 = 312 

26.5 P < 0.001), with PRWE = -8.7°C (Fig. 1). Both Cwet (F1,29 = 79.9 P < 0.001) and Cdry 313 

(F1,29.6 = 53.4 P < 0.001) increased with Ta, being higher at each Ta ≥ 25°C than at the lower 314 

Ta (reverse Helmert  P ≤ 0.003). This increase at Ta = 35°C was 6.1 times that at Ta = 5°C, 315 

and 2.1 times that at thermoneutrality (Ta = 30°C) for Cwet, and 3.1 and 1.2 times for Cdry over 316 

the same Ta ranges. Evaporative heat loss ranged from 10 ± 1.5% to 53 ± 8.2 % of total heat 317 

production over the Ta range of 5-35°C. 318 

 319 

Ambient temperature influenced VI (F1,28 = 4.68 P = 0.039), which was significantly lower at 320 

Ta = 30 and 35°C (reverse Helmert P < 0.030) than at lower Ta, and driven predominantly by 321 

the significant decrease in fR (F1,23.2 = 9.23, P = 0.006) at Ta  within thermoneutrality (reverse 322 

Helmert P = 0.020; Fig. 2), whereas the Ta effect on VT was insignificant (F1,28 < 0.001, P = 323 

0.997). Standard ventilatory variables (measured at Ta = 30°C) were 9.7 ± 0.74 breaths min-1 324 

with a tidal volume of 6.9 ± 0.15 ml, and a standard minute volume of 67 ± 3.9 ml min-1. 325 

There was an effect of Ta on EO2 (F1,27 = 5.91, P = 0.007), with EO2 higher at Ta ≥ 30°C 326 

(20.7%) than the other Ta (13.6%; reverse Helmert  P ≤ 0.023). 327 

 328 
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There was a significant phylogenetic signal for marsupial body mass and all physiological 329 

traits (Pagel’s  − P ≤ 0.023) except for PRWE ( − P > 0.943). For 330 

autoregression, the optimum alpha ranged from 1.0 to 1.8.  The allometric relationship for 331 

mass and each physiological variable (Fig. 3) was significant for conventional analyses (F1,22-332 

70 ≥ 12.4, P ≤ 0.002), and it was significant for all phylogenetically-independent analyses 333 

(F1,22-70 ≥ 4.07, P ≤ 0.048) except for PRWE (F1,22 = 1.33, P = 0.261).  334 

 335 

Physiological values for all folivorous marsupials including the WRP fell within the 95% 336 

prediction limits for conventional and phylogenetically-independent regressions of other 337 

marsupials, except for PRWE. The PRWE of green and common ringtail possums, and the 338 

koala, fell outside of the lower 95% prediction limit (Fig. 3) for the conventional regression. 339 

The PRWE of the WRP was close to, but inside, this lower prediction limit. After accounting 340 

for phylogeny, the PRWE of all folivores except the GRP, CRP and koala conformed to other 341 

marsupial species. Conventional allometric residuals for folivores were significantly different 342 

from the residuals of non-folivorous marsupials for both Tb (higher; t83 = 2.32, P = 0.023) and 343 

EWL (lower; t15 = 3.39, P = 0.004). 344 

 345 

Discussion 346 

General and comparative physiology is making an increasingly important contribution to 347 

conservation biology (Seebacher and Franklin 2012; Cooke et al. 2013), and provides 348 

valuable parameters for modelling potential effects of climate change on the abundance and 349 

distribution of species (e.g. Briscoe et al. 2016; Morán-Ordóñez et al. 2018). The “toolkit” of 350 

physiological measures that are potentially informative for conservation are extensive and 351 

expanding in scope (Madliger et al. 2018), but we focus here on thermoregulation (Tb, BMR, 352 

C) and water balance (EWL, PRWE). These variables likely limit survival during periodic 353 
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heat extremes and water limitations for ringtail possums, and are necessary for constructing 354 

species distribution models. These traits for the critically endangered WRP indicate that it is 355 

tolerant of low Ta, and more tolerant of high Ta than some other arboreal folivores. This 356 

greater resilience of the WRP to heat and water limitations than other pseudocheirid possums 357 

presumably reflects their seasonally hotter and, in particular drier, habitat.  358 

 359 

The thermal and hygric physiology of marsupial folivores, including the WRP, measured 360 

under basal conditions (i.e. within the thermoneutral zone) generally conform to those of 361 

other marsupials, with all species falling within the 95% prediction limits for the allometric 362 

relationships, both before and after accounting for phylogenetic history (Fig. 3). However, 363 

arboreal folivores including the ringtail possums had higher Tb residuals than non-folivorous 364 

marsupials, presumably reflecting the thermogenic effects of plant secondary metabolites 365 

(PSMs) produced in leaves in defence of herbivory. The process of detoxifying PSMs, and 366 

the PSMs themselves, can generate surplus metabolic heat, increasing an animal’s 367 

requirement for dissipating heat (Beale et al. 2017) by hyperthermia, increased Cdry or 368 

increased EWL. This contributes to a high Tb, and makes a low EWL particularly beneficial 369 

(arboreal folivores had lower EWL residuals than non-folivores), as most water intake comes 370 

from leaves for folivores (Nagy and Martin 1985; Munks 1991). Increased leaf consumption 371 

to offset EWL results in greater PSM intake. This dilemma, combined with a low Cwet 372 

(Withers et al. 2006) is why many arboreal folivorous marsupials may be particularly 373 

susceptible to high Ta, with limited capacity for non-evaporative heat dissipation, and dietary 374 

challenges associated with trading off thermal and water balance.  375 

 376 

Despite clear relationships between standard physiological variables and average climate 377 

conditions for marsupials and other mammals (Lovegrove 2000; Withers et al. 2006; McNab 378 
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2012; Evans et al. 2015; Madliger et al. 2018; Bergman et al. 2019), it is becoming clear that 379 

species distribution changes in response to climate change are more likely to be driven by 380 

short-term extremes (heatwaves, drought) than the overall increase in mean annual 381 

temperature and rainfall (e.g. Easterling et al. 2000; Harris et al. 2018; Morán-Ordóñez et al. 382 

2018; Sergio et al. 2018). Consequently, we explore the physiological response of the WRP 383 

and other arboreal folivores to Ta above and below of the TNZ. In this regard, PRWE is a 384 

useful index of a species’ resistance to heat and aridity (MacMillen and Hinds 1983; 385 

MacMillen and Baudinette 1993) as it assesses MWP and EWL over a range of low to high 386 

Ta. With decreasing Ta, MWP typically increases (as a consequence of increased MHP for 387 

thermoregulation) and EWL typically remains constant or decreases, so there is a Ta where 388 

MWP=EWL; this is the PRWE (MacMillen and Hinds 1983). The PRWE is generally higher 389 

for species with greater propensity to withstand limited water availability, as observed for 390 

granivorous parrots (MacMillen and Baudinette 1993), heteromyid rodents (MacMillen and 391 

Hinds 1983) and marsupial quolls (Dasyurus; Cooper and Withers 2010). Therefore the 392 

PRWE can be used to assess a species’ tolerance of hot and dry conditions, with a low PRWE 393 

indicating unfavourable water balance at higher Ta.  For brushtail possums (Trichosurus) a 394 

higher PRWE for the West Australian subspecies T. vulpecula hypoleucus, compared to that 395 

of subspecies from more mesic environments, highlights the utility of the PRWE for 396 

assessing the ability of arboreal folivores to maintain more favourable water balance at higher 397 

Ta (Cooper et al. 2018). The PRWE for the GRP, CRP and the koala was significantly lower 398 

than for other marsupials, suggesting limited capacity for these species to maintain water 399 

balance at high Ta. The PRWE of WRPs was higher than for other pseudocheirid possums 400 

and the koala, but still 11.7°C lower than conventional allometric predictions. A low PRWE 401 

is clearly a common trait of pseudocheirid possums and koalas, reflecting their extreme 402 
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susceptibility to hot, dry conditions (Krockenberger et al. 2012; Briscoe et al. 2016; Meade et 403 

al. 2018). 404 

 405 

Krockenberger et al. (2012) argued that adaptive hyperthermia is an important strategy of 406 

GRPs for water conservation in the heat, reflecting seasonal and periodic extreme limitations 407 

of water availability in their tropical rainforest environment, and limitations of a folivorous 408 

diet for increasing water intake during heat exposure. Thermolability of GRPs from Ta = 18-409 

35°C was +2.1°C. Similar reliance of hyperthermia was reported for greater gliders (+2.3°C; 410 

Rübsamen et al. 1984) and CRPs (+2.5°C, Ta = 30-38°C; Turner 2020). However, WRPs 411 

(+1.6°C), brushtail possums (+1.6°C; Cooper et al 2018) and koalas (+1.2°C; Degabriele and 412 

Dawson 1979) use hyperthermia to a lesser extent, presumably reflecting a more favourable 413 

water balance, adaption to a generally hotter and drier environment, and/or greater body size. 414 

Despite advantages for water conservation, hyperthermia increases MHP due to the Q10 effect 415 

on MR, which also has to be dissipated, and also carries the risk of death if Tb exceeds the 416 

species’ thermal resistance. Krockenberger et al. (2012) calculated that GRP would attain a 417 

lethal Tb after only 5 hours at Ta >30°C, while our WRP withstood considerably longer 418 

periods at these Ta during measurement. Despite our initial welfare concerns when observing 419 

the behavioural response of WRPs to a Ta = 35°C, the Tb of the two individuals measured at 420 

Ta = 35°C was only 0.76°C above that at thermoneutrality; consequently WRP appear to have 421 

considerable scope for hyperthermia. If we assume they can withstand a Tb increase of 4-6°C 422 

like most mammals (Cossins and Bowler 1987; McKechnie and Wolf 2019), then lethal Tb 423 

may be about 40.6°C (comparable to the estimate of 40.8°C for GRP and 38-40 °C for 424 

marsupials; Krockenberger et al. 2012; McKechnie and Wolf 2019). This allows WRPs an 425 

additional scope of 3.2°C for hyperthermia at Ta >35°C if required. 426 

 427 
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At high Ta, endothermic animals must trade-off conserving water (hyperthermia and/or 428 

increased Cdry) with expending water (increasing EWL and consequently Cwet). Non-429 

evaporative heat loss mechanisms (such as vasodilation and posture) do not appear very 430 

important for the WRP, with only a small Cdry increase above thermoneutrality compared to 431 

Cwet (Fig. 1); instead EHL is important for heat dissipation. Evaporative water loss increased 432 

by 1.7x above thermoneutrality, similar to that of the CRP (1.8x) but more than that for the 433 

GRP (1.4x) over the same Ta range. The humid tropical habitat of the GRP may limit the 434 

efficiency of EHL at high Ta (van Dyk et al. 2019), although there is growing evidence that 435 

the EWL of mammals and birds is less impacted by environmental RH than previously 436 

thought (e.g. Withers and Cooper 2014; Cooper et al. 2020), including at high Ta and RH, 437 

where EWL can be enhanced above that predicted by the environmental water vapour density 438 

(Welch 1980; Walters et al. 2004; van Dyk et al. 2019). For the WRP, EHL was sufficient to 439 

limit the hyperthermia, compared to common and green ringtails. 440 

 441 

Evaporative heat loss dissipated up to 55% of MHP for WRP at Ta = 35°C. Licking, and 442 

presumably some increase in cutaneous EWL, contributed to this; there was no evidence of 443 

the increased ventilation or panting at Ta = 35°C that was observed for GRPs (which 444 

interestingly did not lick at high Ta; Krockenberger et al. 2012). Using salivation to enhance 445 

EHL avoids increases in MHP associated with the mechanics of panting and potential 446 

respiratory hypocapnia/alkalosis (Richards 1970; Nicol and Maskrey 1977; Maloiy et al. 447 

1982; Cossins and Bowler 1987; Gerson et al. 2014; but see Mitchell et al. 2018), but does 448 

reduce surface temperature, increasing the thermal gradient for environmental heat gain, and 449 

can be inefficient if saliva isn’t effectively spread to contact the animal’s surface (Dawson 450 

1973; Degabriele and Dawson 1979; Cossins and Bowler 1987).  The capacity for enhanced 451 

EHL of the WRP at high Ta is similar to that observed for the CRP (60%; Turner 2020) as 452 
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well as short-eared (50%) and common brushtail possums (67%; Cooper et al. 2018) at Ta = 453 

35°C, all of which lick more extensively in response to high Ta than do other marsupials 454 

(Robinson and Morrison 1957; Turner 2020).  In contrast, koalas can dissipate all of their 455 

MHP by EHL at Ta = 30°C, and 147% of MHP at Ta = 35°C, which they achieved by both 456 

panting and salivation. Degabriele and Dawson (1979) suggested that inefficient salivation by 457 

koalas may account for the koala’s high relative EHL. The EHL capacity of these arboreal 458 

folivorous marsupials is at the upper end of the range observed for other marsupials, 459 

including those from more arid habitats (Barker et al. 2016). 460 

 461 

Heat waves of Ta ≥30°C for 5-10 h for 5 days are considered problematic for GRP and CRP 462 

(Krockenberger et al. 2012; Turner 2020). Krockenberger et al. (2012) calculated for the 463 

GRP that after 5 h at Ta = 35 °C the EWL would be 9.7 mg H2O, which was equivalent to 464 

about 1% of body water. If this water was not replaced daily, then the cumulative water loss 465 

would exceed the species’ physiological tolerance after 3-6 days (assuming 3-6% of body 466 

mass loss induces physiological impairment; Patton and Thibodeau 2018) and would be 467 

potentially lethal, exceeding their physiological resistance, after 11-15 days (assuming11-468 

15% body water loss is lethal; Wolf 2000; McKechnie and Wolf, 2010; Albright et al., 2016). 469 

For WRPs, the increased EWL observed at high Ta can also pose a dehydration risk under 470 

extreme environmental conditions. If we assume 74-75% body water content (Munks and 471 

Green 1995; Krockenberger et al. 2012), then the maximum rates of EWL observed here at 472 

Ta = 35°C (minus the MWP) would result in <1% body water loss over 5 hours and, even 473 

assuming that the water lost could not be replenished, would not exceed the possums likely 474 

physiological tolerance (3-6% of body mass loss) until 4-8 days, somewhat longer than 475 

predicted for the GRP. It would take > 68 h to reach a potentially lethal water loss of 11-15% 476 

body water. A 5 day heatwave of daily 10.5 h at Ta = 35°C, calculated to be physically 477 
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problematic for CRPs (Turner 2020), would be stressful for the WRP but they should be able 478 

to survive it. They would have a body water loss of 8.5% during this time, exceeding their 479 

zone of tolerance, but not approaching the 11-15% loss of body water that would likely 480 

exceed their zone of resistance and be potentially lethal. 481 

 482 

The physiological response of WRPs to low Ta suggests that they are well-suited to 483 

minimising energy expenditure in the cold. There was little increase in MR until Ta reached 484 

5°C, reflecting their low thermal conductance at low Ta and thermolabile Tb. Increased gas 485 

exchange to accommodate metabolic requirements was primarily achieved by modifying fR 486 

rather than VT to adjust VI, as is typical of small-medium sized marsupials (Larcombe 2002, 487 

Cooper and Withers 2004), although why EO2 was not higher at Ta below thermoneutrality is 488 

unclear. We found no physiological evidence that WRPs are particularly susceptible to 489 

hypothermia at low Ta. Observations of translocated WRPs perishing during periods of cold 490 

and/or wet weather (Clarke 2011) are most likely a consequence of translocated animals 491 

being compromised by poor body condition and/or poor general health; few translocated 492 

animals were in good body condition and they had less favourable haematological and blood 493 

chemistry parameters than wild possums (Clarke 2011). We suggest that WRPs should be 494 

able to tolerate translocation to floristically suitable inland habitats (Molloy et al. 2014) with 495 

lower minimum Ta than their typical coastal environments, providing that they remain in 496 

good health during and after translocation. 497 

 498 

We conclude that the physiology of the critically-endangered WRP indicates that it has a 499 

good EHL capacity, and a greater scope for hyperthermia and a more favourable PRWE than 500 

common and green ringtail possums, so it is better placed to withstand a warming climate 501 

than other pseudocheirid possums, and some other arboreal folivorous marsupials such as the 502 
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koala. We hypothesise that WRPs should have the physiological scope to withstand moderate 503 

climatic changes in the south-west of WA, and to tolerate translocation to potential new 504 

habitat further inland (Molloy et al. 2014). Issues associated with health of translocated 505 

animals, fire, introduced predators, and land use and vegetation changes, which may be 506 

exacerbated with climate change (Jones et al. 1994; Wayne et al. 2006; Clarke 2011; Molloy 507 

et al. 2014), are more likely to be problematic for this species than climate and weather 508 

extremes exceeding the species’ physiological tolerance. We look forward to the 509 

physiological data we present here being incorporated into a mechanistic species distribution 510 

model to test our hypothesis concerning the future distribution of the critically-endangered 511 

WRP, in the same way that basic physiological data for greater gliders (Rübsamen et al. 512 

1984), koalas (Degabriele and Dawson 1979) and GRP (Krockenberger et al. 2012) have 513 

been incorporated into predictive models for these species (Kearney et al. 2010; Briscoe et al. 514 

2016; Meade et al. 2018). 515 

 516 

A finding of our study that has broad significance for conservation physiology is the utility of 517 

PRWE as a tool for assessing the potential resistance of species to increasingly hot, dry 518 

conditions. The particularly low PRWE of the GRP and koala correlates well with 519 

mechanistic species distribution models that suggest substantial range contractions for these 520 

species with climate warming (Briscoe et al. 2016; Meade et al. 2018). This is unsurprising, 521 

considering that these models identify water balance as a limiting factor for the distribution of 522 

folivorous species, particularly in hotter habitats (Kearney et al. 2010; Briscoe et al. 2016; 523 

Meade et al. 2018). The PRWE of the WRP, and to a greater extent the CRP, suggests some 524 

vulnerability to unfavourable water balance during hot and dry conditions, while brushtail 525 

possums, especially common brushtails, appear to be quite robust in more arid habitats, 526 

presumably reflecting their broad current and historical distribution (Cooper et al. 2018). The 527 
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PRWE seems to have greater utility for assessing a species’ potential response to more 528 

extreme conditions than do standard (basal) physiological variables because it incorporates 529 

metabolic and hygric physiological variables over a wide range of Ta, not just in 530 

thermoneutrality. Levesque et al. (2016) have similarly argued that it is important for 531 

modelling of climate effects to include patterns of heterothermic body temperature regulation. 532 

Unfortunately, limited availability of EWL data, compared to that available for MR, means 533 

that calculations of PRWE are not yet possible for many species of conservation concern 534 

(Withers et al. 2006; i.e. marsupial dataset N = 29 for PRWE compared with 85 for BMR, 535 

this study). Consequently, we encourage comparative and environmental physiologists to add 536 

EWL and PRWE measurements to their “tool kit”.  537 

 538 

Conflicts of interest 539 

The authors declare no conflicts of interest.  540 

 541 

Acknowledgements 542 

This study is based on data collected by Kung Yin Hau for her Honours research project in 543 

the Department of Environmental Biology, Curtin University. We acknowledge her 544 

substantial contribution, including animal husbandry, data collection and some aspects of 545 

data analysis, to this project. We thank staff from the West Australian Department of 546 

Conservation and Land Management for lending us the possums, and Perth Zoo for providing 547 

husbandry information. This work was supported by the Australian Research Council’s 548 

Discovery Projects funding scheme via an Australian Research Council Discovery grant 549 

(project DP0665044) to C.E.C. and P.C.W. 550 

 551 

  552 



24 
 

References 553 

Albright, T. P., Mutiibwa, D., Gerson, A. R., Smith, E. K., Talbot, W. A., O’Neill, J. J., 554 

McKechnie, A. E., and Wolf, B. O. (2017). Mapping evaporative water loss in desert 555 

passerines reveals an expanding threat of lethal dehydration. Proceedings of the 556 

National Academy of Sciences 114, 2283-2288. 557 

Barker, J. M., Cooper, C. E., Withers, P. C., and Nicol, S. C. (2016). Reexamining echidna 558 

physiology: the big picture for Tachyglossus aculeatus acanthion. Physiological and 559 

Biochemical Zoology 89, 169-181. 560 

Bates, B. C., Hope, P., Ryan, B., Smith, I., and Charles, S. (2008). Key findings from the 561 

Indian Ocean Climate Initiative and their impact on policy development in Australia. 562 

Climatic Change 89, 339-354. 563 

Bates, D., Maechler, M., Bolker, B., and Walker, S. (2014). lme4: linear mixed-effects 564 

models using Eigen and S4. R package v. 1.1-7. See http://CRAN.R-project. 565 

org/package=lme4. 566 

Beale, P. K., Marsh, K. J., Foley, W. J., and Moore, B .D. (2017). A hot lunch for herbivores: 567 

physiological effects of elevated temperatures on mammalian feeding ecology. 568 

Biological Reviews 93, 674–692. 569 

Bergman, J. N., Bennett, J. R., Binley, A. D., Cooke, S. J., Fyson, V., Hlina, B. L., Reida, C. 570 

H.,  Michelle A. Valaa, M. A., and Madliger, C. L. (2019). Scaling from individual 571 

physiological measures to population-level demographic change: case studies and 572 

future directions for conservation management. Biological Conservation 238, 108242. 573 

Bininda-Emonds, O. R., Cardillo, M., Jones, K. E., MacPhee, R. D., Beck, R. M., Grenyer, 574 

R., Price, S. A., Vos, R. A., Gittleman, J. L., and Purvis, A. (2007). The delayed rise of 575 

present-day mammals. Nature 446, 507-512. 576 

http://cran.r-project/


25 
 

Bozinovic, F., Calosi, P., and Spicer, J. I. (2011). Physiological correlates of geographic 577 

range in animals. Annual Review of Ecology, Evolution, and Systematics 42, 155-179. 578 

Briscoe, N. J., Kearney, M. R., Taylor, C. A., and Wintle, B. A. (2016). Unpacking the 579 

mechanisms captured by a correlative species distribution model to improve predictions 580 

of climate refugia. Global Change Biology 22, 2425-2439. 581 

Burbidge, A. A., and Zichy-Woinarski, J. (2017). Pseudocheirus occidentalis. The IUCN Red 582 

List of Threatened Species 2017: e.T18492A21963100. 583 

https://dx.doi.org/10.2305/IUCN.UK.2017-3.RLTS.T18492A21963100.en. 584 

Downloaded on 18 May 2020. 585 

Charles, S. P., Silberstein, R., Teng, J., Fu, G., Hodgson, G., Gabrovsek, C., Crute, J., Chiew, 586 

F. H. S., Smith, I. N., Kirono, D. G. C., Bathols, J. M.,  Li, L. T., Yang, A., Donohue, 587 

R. J., Marvanek, S. P., McVicar, T. R., Van Niel, T. G., and Cai, W. (2010). Climate 588 

analyses for south-west Western Australia. A report to the Australian Government from 589 

the CSIRO South-West Western Australia Sustainable Yields Project. 590 

http://www.clw.csiro.au/publications/waterforahealthycountry/swsy/pdf/SWSY_Climat591 

e_TechRpt.pdf. 592 

Cheverud, J. M., Dow, M. M., and Leutenegger, W. (1985). The quantitative assessment of 593 

phylogenetic constraints in comparative analyses: sexual dimorphism in body weight 594 

among primates. Evolution 39, 1335–1351. 595 

Clarke, J. R. (2011). Translocation outcomes for the western ringtail possum (Pseudocheirus 596 

occidentalis) in the presence of the common brushtail possum (Trichosurus vulpecula): 597 

Health, survivorship and habitat use. Ph.D. thesis, Murdoch University, Perth. 598 

Cooke, S. J., Sack, L., Franklin, C. E., Farrell, A. P., Beardall, J., Wikelski, M., and Chown, 599 

S. L. (2013). What is conservation physiology? Perspectives on an increasingly 600 

integrated and essential science. Conservation Physiology 1, p.cot001. 601 



26 
 

Cooper, C. E., and Withers, P. C. (2004). Ventilatory physiology of the numbat 602 

(Myrmecobius fasciatus). Journal of Comparative Physiology B 174, 107-111. 603 

Cooper, C. E., and Withers, P. C. (2006). Numbats and aardwolves—how low is low? A re-604 

affirmation of the need for statistical rigour in evaluating regression predictions. 605 

Journal of Comparative Physiology B 176, 623-629. 606 

Cooper, C. E., and Withers, P. C. (2010). Comparative physiology of Australian quolls 607 

(Dasyurus; Marsupialia). Journal of Comparative Physiology B, 180, 857-868. 608 

Cooper, C. E., Withers, P. C., and Cruz-Neto, A. P. (2010). Metabolic, ventilatory, and hygric 609 

physiology of a South American marsupial, the long-furred woolly mouse opossum. 610 

Journal of Mammalogy 91, 1-10. 611 

Cooper, C. E., Withers, P. C., Hardie, A., and Geiser, F. (2016). Marsupials don't adjust their 612 

thermal energetics for life in an alpine environment. Temperature 3, 484-498. 613 

Cooper, C. E., Withers, P. C., Hurley, L., and Griffith, S. C. (2019). The field metabolic rate, 614 

water turnover and feeding and drinking behaviour of a small avian desert granivore. 615 

Frontiers in Physiology 10, 1405. 616 

Cooper, C. E., Withers, P. C, Kortner, G. and Geiser, F. (2020). Control of insensible 617 

evaporative water loss by two species of mesic parrot suggests a thermoregulatory role. 618 

Journal of Experimental Biology, in press. 619 

Cooper, C. E., Withers, P. C., Munns, S. L., Geiser, F., and Buttemer, W. A. (2018). 620 

Geographical variation in the standard physiology of brushtail possums (Trichosurus): 621 

implications for conservation translocations. Conservation Physiology 6, coy042. 622 

Cossins, A. R., and Bowler, K. (1987). Temperature Biology of Animals. (Springer: 623 

Dordrecht.) 624 



27 
 

Cox, L. (2019). ‘Falling out of trees’: dozens of dead possums blamed on extreme heat stress. 625 

The Guardian. https://www.theguardian.com/environment/2019/mar/07/falling-out-of-626 

trees-dozens-of-dead-possums-blamed-on-extreme-heat-stress. 627 

Dawson, T. J. (1973). Thermoregulatory responses of the arid zone kangaroos, Megaleia rufa 628 

and Macropus robustus. Comparative Biochemistry and Physiology A, 46, 153-169. 629 

de Tores, P. J., Guthrie, N., Jackson, J., and Bertram, I. (2005). The western ringtail possum –630 

a resilient species or another taxon on the decline. Western Wildlife 9, 4-5. 631 

Degabriele, R., and Dawson, T. J. (1979). Metabolism and heat balance in an arboreal 632 

marsupial, the koala (Phascolarctos cinereus). Journal of Comparative Physiology 134, 633 

293-301. 634 

Diffenbaugh, N. S., and Field, C. B. (2013). Changes in ecologically critical terrestrial 635 

climate conditions. Science 341, 486-492. 636 

Easterling, D. R., Meehl, G. A., Parmesan, C., Changnon, S. A., Karl, T. R. and Mearns, L. 637 

O. (2000). Climate extremes: observations, modeling, and impacts. Science 289, 2068-638 

2074. 639 

Evans, T.G., Diamond, S.E., and Kelly, M.W. (2015) Mechanistic species distribution 640 

modelling as a link between physiology and conservation. Conservation Physiology 3, 641 

cov056. 642 

Faurby, S., and Araújo, M. B. (2018). Anthropogenic range contractions bias species climate 643 

change forecasts. Nature Climate Change 8, 252-256. 644 

Fey, S. B., Siepielski, A. M., Nusslé, S., Cervantes-Yoshida, K., Hwan, J. L., Huber, E. R., 645 

Fey, M. J., Catenazie, A., and Carlson, S. M. (2015). Recent shifts in the occurrence, 646 

cause, and magnitude of animal mass mortality events. Proceedings of the National 647 

Academy of Sciences 112, 1083-1088. 648 

https://www.theguardian.com/environment/2019/mar/07/falling-out-of-trees-dozens-of-dead-possums-blamed-on-extreme-heat-stress
https://www.theguardian.com/environment/2019/mar/07/falling-out-of-trees-dozens-of-dead-possums-blamed-on-extreme-heat-stress


28 
 

Finlayson, H. H. (1932). Heat in the interior of South Australia – holocaust of bird-life. South 649 

Australian Ornithology 11, 158–160. 650 

Genoud, M., Isler, K., and Martin, R. D. (2018). Comparative analyses of basal rate of 651 

metabolism in mammals: data selection does matter. Biological Reviews 93, 404-438. 652 

Gerson, A. R., Smith, E. K., Smit, B., McKechnie, A. E., and Wolf, B. O. (2014). The impact 653 

of humidity on evaporative cooling in small desert birds exposed to high air 654 

temperatures. Physiological and Biochemical Zoology 87, 782-795. 655 

Gittleman, J. L., and M. Kot. (1990). Adaptation: statistics and a null model for estimating 656 

phylogenetic effects. Systematic Zoology 39, 227–241. 657 

Harris, R. M., Beaumont, L. J., Vance, T. R., Tozer, C. R., Remenyi, T. A., Perkins-658 

Kirkpatrick, S., Mitchell, P. J., Nicotra, A. B., McGregor, S., Andrew, N. R., Letnic, 659 

M., Kearney, M. R., Wernberg, T., Hutley, L. B., Chambers, L. E., Fletcher, M.-S., 660 

Keatley, M. R., Woodward, C. A., Williamson, G., Duke N. C., and Bowman, D. M. J. 661 

S. (2018). Biological responses to the press and pulse of climate trends and extreme 662 

events. Nature Climate Change 8, 579-587. 663 

Indian Ocean Climate Initiative (2012). Western Australia's weather and climate: a synthesis 664 

of Indian Ocean Climate Initiative Stage 3 Research. CSIRO and BoM, Australia. 665 

IPCC (2014). Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II 666 

and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate 667 

Change (eds. R. K. Pachauri, L. A. Meyer). Geneva, Switzerland, IPCC. 668 

Jones, B. A., How, R. A., and Kitchener, D. J. (1994). A field study of Pseudocheirus 669 

occidentalis (Marsupialia: Petauridae) II. Population studies. Wildlife Research 21, 670 

189-201. 671 



29 
 

Jones, B. (1995). Western ringtail Possum Pseudocheirus occidentalis. In Mammals of 672 

Australia (Ed. Strahan, R.) Angus and Robertson Publishers, Frenchs Forest NSW. Pp 673 

253-254. 674 

Kearney, M. R., Wintle, B. A., and Porter, W. P. (2010). Correlative and mechanistic models 675 

of species distribution provide congruent forecasts under climate change. Conservation 676 

Letters 3, 203-213. 677 

Krockenberger, A. K., Edwards, W., and Kanowski, J. (2012). The limit to the distribution of 678 

a rainforest marsupial folivore is consistent with the thermal intolerance hypothesis. 679 

Oecologia 168, 889-899.  680 

Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. B. (2014) lmerTest: tests in linear 681 

mixed effects models. R package version 2.0-20. See http://CRAN.R-682 

project.org/package=lmerTest. 683 

Larcombe, A. N. (2002). Effects of temperature on metabolism, ventilation and oxygen 684 

extraction in the southern brown bandicoot Isoodon obesulus (Marsupialia: 685 

Peramelidae). Physiological and Biochemical Zoology 75, 405–411. 686 

Levesque, D. L., Nowack, J., and Stawski, C. (2016). Modelling mammalian energetics: the 687 

heterothermy problem. Climate Change Responses 3, 1-11. 688 

Lovegrove, B. G. (2000). The zoogeography of mammalian basal metabolic rate. American 689 

Naturalist 156, 201-219. 690 

Luke, S. G. (2017). Evaluating significance in linear mixed-effect models in R. Behavioural 691 

Research 49, 1494-1502. 692 

MacMillen, R. E., and Baudinette, R. V. (1993). Water economy of granivorous birds: 693 

Australian parrots. Functional Ecology 7, 704-712. 694 

MacMillen, R. E., and Hinds, D. S. (1983). Water regulatory efficiency in heteromyid 695 

rodents: a model and its application. Ecology 64, 152-164. 696 

http://cran.r-project.org/package=lmerTest.
http://cran.r-project.org/package=lmerTest.


30 
 

Madliger, C. L., Love, O. P., Hultine, K. R., and Cooke, S. J. (2018). The conservation 697 

physiology toolbox: status and opportunities. Conservation Physiology 6, coy029. 698 

Malan, A. (1973). Ventilation measured by body plethysmography in hibernating mammals 699 

and in poikilotherms. Respiration Physiology 17, 32–44. 700 

Maloiy, G. M. O., Kamau, J. M. Z., Shkolnik, A., Meir, M., and Arieli, R. (1982). 701 

Thermoregulation and metabolism in a small desert carnivore: the Fennec fox 702 

(Fennecus zerda) (Mammalia). Journal of Zoology 198, 279-291. 703 

Mathieson, T. J., Close, P. G., Van Helden, B. E., Speldewinde, P. C., Comer, S. J. (2020) 704 

New evidence of unexpectedly high animal density and diet diversity will benefit the 705 

conservation of the critically endangered western ringtail possum. Austral Ecology 45, 706 

596-608. 707 

McKechnie, A. E., Hockey, P. A., and Wolf, B. O. (2012). Feeling the heat: Australian 708 

landbirds and climate change. Emu 112, 1-7. 709 

McKechnie, A. E., and Wolf, B. O. (2010). Climate change increases the likelihood of 710 

catastrophic avian mortality events during extreme heat waves. Biological Letters 6, 711 

253–256. 712 

McKechnie, A. E., and Wolf, B. O. (2019). The physiology of heat tolerance in small 713 

endotherms. Physiology 34, 302-313. 714 

McNab, B. K. (1988). Energy conservation in a tree-kangaroo (Dendrolagus matschiei) and 715 

the red panda (Ailurus fulgens). Physiological Zoology 61, 280-292. 716 

McNab, B. K. (2002). ‘The Physiological Ecology of Vertebrates.’ (Cornell University Press: 717 

New York.) 718 

McNab, B. K. (2012). ‘Extreme Measures.’ (University of Chicago Press: Chicago.) 719 



31 
 

Meade, J., VanDerWal, J., Storlie, C., Williams, S., Gourret, A., Krockenberger, A., and 720 

Welbergen, J. A. (2018). Substantial reduction in thermo-suitable microhabitat for a 721 

rainforest marsupial under climate change. Biology Letters 14, 20180189.  722 

Meehl, G. A., and Tebaldi, C. (2004). More intense, more frequent, and longer lasting 723 

heatwaves in the 21st century. Science 305, 994-997. 724 

Meredith, R. W., Mendoza, M. A., Roberts, K. K., Westerman, M., and Springer, M. S. 725 

(2010). A phylogeny and timescale for the evolution of Pseudocheiridae (Marsupialia: 726 

Diprotodontia) in Australia and New Guinea. Journal of Mammalian Evolution 17, 75-727 

99. 728 

Mitchell, D., Snelling, E. P., Hetem, R. S., Maloney, S. K., Strauss, W. M., and Fuller, A. 729 

(2018). Revisiting concepts of thermal physiology: predicting responses of mammals to 730 

climate change. Journal of Animal Ecology 87, 956-973. 731 

Mitchell, K.J., Pratt, R.C., Watson, L.N., Gibb, G.C., Llamas, B., Kasper, M., Edson, J., 732 

Hopwood, B., Male, D., Armstrong, K.N., and Meyer, M. (2014). Molecular 733 

phylogeny, biogeography, and habitat preference evolution of marsupials. Molecular 734 

Biology and Evolution 31, 2322-2330. 735 

Molloy, S. W., Davis, R. A., and Van Etten, E. J. (2014). Species distribution modelling 736 

using bioclimatic variables to determine the impacts of a changing climate on the 737 

western ringtail possum (Pseudocheirus occidentals; Pseudocheiridae). Environmental 738 

Conservation 41, 176-186. 739 

Morán‐Ordóñez, A., Briscoe, N. J., and Wintle, B. A. (2018). Modelling species responses to 740 

extreme weather provides new insights into constraints on range and likely climate 741 

change impacts for Australian mammals. Ecography 41, 308-320. 742 



32 
 

Munks, S. A. (1991). Ecological energetics and reproduction in the common ringtail possum, 743 

Pseudocheirus peregrinus (Marsupialia: Phalangeroidea). Ph.D. Thesis, University of 744 

Tasmania, Hobart. 745 

Munks, S. A., and Green, B. (1995). Energy allocation for reproduction in a marsupial 746 

arboreal folivore, the common ringtail possum (Pseudocheirus peregrinus). Oecologia 747 

101, 94-104. 748 

Nagy, K. A., and Martin, R. W. (1985). Field metabolic rate, water flux, food consumption 749 

and time budget of koalas, Phascolarctos cinereus (Marsupialia: Phascolarctidae) in 750 

Victoria. Australian Journal of Zoology 33, 655-665. 751 

Nicol, S. C., and Maskrey, M. (1977). Panting in small mammals: a comparison of two 752 

marsupials and the laboratory rabbit. Journal of Applied Physiology 42, 537-544. 753 

Pahl, L. I. (1987). Survival, age-determination and population age structure of the common 754 

ringtail possum, Pseudocheirus peregrinus, in a Eucalyptus woodland and a 755 

Leptospermum thicket in southern Victoria. Australian Journal of Zoology 35, 625-639. 756 

Paradis E., and Schliep K. (2018). ape 5.0: an environment for modern phylogenetics and   757 

evolutionary analyses in R. Bioinformatics 35, 526-528. 758 

Patton, K. T., and Thibodeau, G. A. (2018). Anthony's Textbook of Anatomy & Physiology-759 

E-Book. (Elsevier Health Sciences: Amsterdam). 760 

Pitman, A. J., Narisma, G. T., Pielke, R. A., and Holbrook, N. J. (2004). Impact of land cover 761 

change on the climate of southwest Western Australia. Journal of Geophysical 762 

Research 109, D18109. 763 

Pusey, H., Cooper, C. E., and Withers, P. C. (2013). Metabolic, hygric and ventilatory 764 

physiology of the red-tailed phascogale (Phascogale calura; Marsupialia, Dasyuridae): 765 

Adaptations to aridity or arboreality? Mammalian Biology 78, 397-405. 766 



33 
 

Rahmstorf, S., and Coumou, D. (2011). Increase of extreme events in a warming world. 767 

Proceedings of the National Academy of Science 108, 17905-17909. 768 

Revell, L. J. (2012) phytools: An R package for phylogenetic comparative biology (and   769 

other things). Methods in Ecology and Evolution 3, 217-223.  770 

Richards, S. A. (1970). The biology and comparative physiology of thermal panting. 771 

Biological Reviews 45, 223-261. 772 

R Core Team (2020). R: a language and environment for statistical computing, Vienna, 773 

Austria. Available at: https://www.R-project.org/. 774 

Robinson, K. W., and Morrison, P. R. (1957). The reaction to hot atmospheres of various 775 

species of Australian marsupial and placental animals. Journal of Cellular and 776 

Comparative Physiology 49, 455-478. 777 

Rohlf, F. J. (2001). Comparative methods for the analysis of continuous variables: geometric 778 

interpretations. Evolution 55, 2143-2160. 779 

RStudio Team (2015). RStudio: integrated development for R. Boston, MA: RStudio. See 780 

http://www.rstudio.com/. 781 

Rübsamen, K., Hume, I.D., Foley, W.J. and Rübsamen, U. (1984). Implications of the large 782 

surface area to body mass ratio on the heat balance of the greater glider (Petauroides 783 

volans: Marsupialia). Journal of Comparative Physiology B 154 105-111. 784 

Ruthrof, K. X., Breshears, D. D., Fontaine, J. B., Froend, R. H., Matusick, G., Kala, J., 785 

Miller, B. P., Mitchell, P. J., Wilson, S. K., van Keulen, M., Enright, N. J., Law, D. J., 786 

Wernberg, T., and Hardy, G. E. St. J. (2018). Subcontinental heat wave triggers 787 

terrestrial and marine, multi-taxa responses. Scientific Reports 8, 13094. 788 

Saunders, D. A., Mawson, P., and Dawson, R. (2011). The impact of two extreme weather 789 

events and other causes of death on Carnaby’s black cockatoo: a promise of things to 790 

come for a threatened species? Pacific Conservation Biology 17, 141-148. 791 

http://www.rstudio.com/


34 
 

Seebacher, F., and Franklin, C.E. (2012). Determining environmental causes of biological 792 

effects: the need for a mechanistic physiological dimension in conservation biology. 793 

Philosophical Transactions of the Royal Society B 367, 1607-1614. 794 

Sergio, F., Blas, J., and Hiraldo, F. (2018). Animal responses to natural disturbance and 795 

climate extremes: a review. Global and Planetary Change 161, 28-40. 796 

Sudmeyer, R., Edward, A., Fazakerley, V., Simpkin, L., and Foster, I. (2016). Climate 797 

change: impacts and adaptation for agriculture in Western Australia. Bulletin 4870, 798 

Department of Agriculture and Food, Western Australia, Perth. 799 

Tarszisz, E., Dickman, C. R., and Munn, A. J. (2014) Physiology in conservation 800 

translocations. Conservation Physiology 2, cou054. 801 

Tebaldi, C., Hayhoe, K., Arblaster, J. M., and Meehl, G. A. (2006). Going to the extremes. 802 

Climatic Change 79, 185-211. 803 

Turner, J. M. (2020). Facultative hyperthermia during a heatwave delays injurious 804 

dehydration of an arboreal marsupial. Journal of Experimental Biology 223, jeb219378. 805 

Van Dyk, M., Noakes, M. J., and McKechnie, A. E. (2019). Interactions between humidity 806 

and evaporative heat dissipation in a passerine bird. Journal of Comparative Physiology 807 

B, 189, 299-308. 808 

Van Helden, B. E., Close, P. G., Stewart, B. A., Speldewinde, P. C. and Comer, S. J. (2020). 809 

Going to ground: implications of ground use for the conservation of an arboreal 810 

marsupial. Australian Mammalogy 42, 106-109. 811 

Van Helden, B. E., Speldewinde, P. C., Close, P. G., and Comer, S. J. (2018). Use of urban 812 

bushland remnants by the western ringtail possum (Pseudocheirus occidentalis): short-813 

term home-range size and habitat use in Albany, Western Australia. Australian 814 

Mammalogy 40, 173-180. 815 

https://www.sciencedirect.com/science/article/pii/S0921818117302096?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0921818117302096?via%3Dihub#!
https://www.sciencedirect.com/science/journal/09218181/161/supp/C


35 
 

Wayne, A. F., Cowling, A., Lindenmayer, D. B., Ward, C. G., Vellios, C. V., Donnelly, C. F., 816 

and Calver, M. C. (2006). The abundance of a threatened arboreal marsupial in relation 817 

to anthropogenic disturbances at local and landscape scales in Mediterranean-type 818 

forests in south-western Australia. Biological Conservation 127, 463-476. 819 

Welbergen, J. A., Klose, S. M., Markus, N., and Eby, P. (2007). Climate change and the 820 

effects of temperature extremes on Australian flying-foxes. Proceedings of the Royal 821 

Society B 275, 419-425.  822 

Welch, W. R. (1980). Evaporative water loss from endotherms in thermally and hygrically 823 

complex environments: an empirical approach for interspecific comparisons. Journal of 824 

Comparative Physiology 139, 135–143. 825 

Walters, T. J., Ryan, K. L. and Constable, S. H. (2004). Thermoregulation by rhesus monkeys 826 

at different absolute humidities. Journal of Comparative Physiology B 174, 481–487 827 

Williams, J. E., and Blois, J. L. (2018). Range shifts in response to past and future climate 828 

change: can climate velocities and species’ dispersal capabilities explain variation in 829 

mammalian range shifts? Journal of Biogeography 45, 2175-2189. 830 

Winter, J., Menkhorst, P., Lunney, D., and van Weenen, J. (2016). Pseudocheirus peregrinus. 831 

The IUCN Red List of Threatened Species 2016: e.T40581A21963019. 832 

https://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T40581A21963019.en. 833 

Downloaded on 18 May 2020. 834 

Withers, P. C. (1977). Metabolic, respiratory and haematological adjustments of the little 835 

pocket mouse to circadian torpor cycles. Respiration Physiology 31, 295–307. 836 

Withers, P. C. (2001). Design, calibration and calculation for flow-through respirometry 837 

systems. Australian Journal of Zoology 49, 445-461. 838 

Withers, P. C., and Cooper, C. E. (2011). Using a priori contrasts for multivariate repeated-839 

measures ANOVA to analyze thermoregulatory responses of the dibbler 840 



36 
 

(Parantechinus apicalis; Marsupialia, Dasyuridae). Physiological and Biochemical 841 

Zoology 84, 514-521. 842 

Withers, P. C. and Cooper, C. E. (2014). Physiological regulation of evaporative water loss in 843 

endotherms: is the little red kaluta (Dasykaluta rosamondae) an exception or the rule? 844 

Proceedings of the Royal Society B 281, 20140149. 845 

Withers, P. C., Cooper, C. E., and Nespolo, R. F. (2012). Evaporative water loss, relative 846 

water economy and evaporative partitioning of a heterothermic marsupial, the monito 847 

del monte (Dromiciops gliroides). Journal of Experimental Biology 215, 2806-2813. 848 

Withers, P. C., Cooper, C. E., and Larcombe, A. N. (2006). Environmental correlates of 849 

physiological variables in marsupials. Physiological and Biochemical Zoology 79, 437-850 

453. 851 

Withers, P. C., Cooper, C. E., Maloney, S. K., Bozinovic, F., and Cruz-Neto, A. P. (2016). 852 

‘Ecological and Environmental Physiology of Mammals.’ (Oxford University Press: 853 

Oxford.) 854 

Woinarski, J. and Burbidge, A. A. (2019). Pseudochirops archeri. The IUCN Red List of 855 

Threatened Species 2019: e.T18502A21962719. 856 

https://dx.doi.org/10.2305/IUCN.UK.2019-1.RLTS.T18502A21962719.en. 857 

Downloaded on 18 May 2020. 858 

Woinarski, J., Wintle, B., Dickman, C., Bowman, D., Deith, D., and Legge, S (2020) A 859 

season in hell: bushfires push at least 20 threatened species closer to extinction. The 860 

Conversation January 8 2020 https://theconversation.com/a-season-in-hell-bushfires-861 

push-at-least-20-threatened-species-closer-to-extinction-129533. 862 

Wolf, B. (2000). Global warming and avian occupancy of hot deserts: a physiological and 863 

behavioral perspective. Reviews Chil. Hist. Nat. 73, 395-400. 864 

  865 

https://theconversation.com/a-season-in-hell-bushfires-push-at-least-20-threatened-species-closer-to-extinction-129533
https://theconversation.com/a-season-in-hell-bushfires-push-at-least-20-threatened-species-closer-to-extinction-129533


37 
 

Figure Legends 866 

Figure 1. Body temperature (Tb), with dashed line indicating Tb = ambient temperature (Ta), 867 

metabolic rate, measured as oxygen consumption (VO2; black symbols) and carbon dioxide 868 

production (VCO2; white symbols), evaporative water loss, relative water economy (RWE = 869 

metabolic water production/evaporative water loss), with dashed line indicating RWE = 1 and 870 

wet (black symbols) and dry (white symbols) thermal conductance of the western ringtail 871 

possum Pseudocheirus occidentalis measured at ambient temperatures of 5 to 35 °C. Values 872 

are mean ± SE, N = 2-5. Significant differences between values at different Ta, as indicated 873 

by reverse Helmert contrasts, are indicated by solid horizontal lines and different letters. 874 

 875 

Figure 2. Respiratory frequency, tidal volume, minute volume and oxygen extraction of the 876 

western ringtail possum Pseudocheirus occidentalis measured at ambient temperatures of 5 to 877 

35 °C. Values are mean ± SE, N = 2-5. Significant differences between values at different Ta, 878 

as indicated by reverse Helmert contrasts, are indicated by solid horizontal lines and different 879 

letters. 880 

 881 

Figure 3. Conventional regression and regression of phylogenetically-independent residuals 882 

(from autoregression) for body temperature (Tb), basal metabolic rate (BMR), wet thermal 883 

conductance (Cwet), evaporative water loss (EWL) and the point of relative water economy 884 

(PRWE; where metabolic water production = evaporative water loss) for western ringtail 885 

possums (Pseudocheirus occidentalis; black triangle, this study) and folivorous (solid dark 886 

circles) and non-folivorous marsupials (white circles outlined in grey). The PRWE is 887 

indicated for individual folivorous marsupials as follows; CBP, common brushtail possum; 888 

SBP, short-eared brushtail possum; WRP, western ringtail possum; CRP, common ringtail 889 
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possum; koala; GRP, green ringtail possum. See text for data sources. Black lines indicate the 890 

linear regression and grey lines the 95% prediction limits.  891 


