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Summary
There are phylogenetic, dietary, geographic and climatic effects on various standard
physiological variables for placental mammals, but a 2006 study by Withers, Cooper &
Larcombe found only limited phylogenetic and environmental effects for marsupials.
Surprisingly, evaporative water loss (EWL) was only correlated with rainfall variability but not
with aridity or other climate, lifestyle or environmental variables. This may have reflected the
small data base and/or methodological problems, which made the data variable and may have
masked any adaptive significance.
Macropods are an interesting group of marsupials to examine environmental
correlates of physiological variables as they have a continent-wide distribution spanning
massive variation in climate, a broad mass range, and complex phylogenetic affiliations.
Despite representing approximately 20 % of extant marsupials globally, and roughly one third
of extant Australian species, they are underrepresented within the current data sets for
standard physiological variables, for many species virtually nothing is known. The general aims
of this thesis were to 1) develop a protocol to measure standardised physiological parameters
in macropods, 2) extend the current data base for macropods (and consequently for
marsupials) by measuring species with a range of body masses, phylogenetic affiliations and
ecological backgrounds, and 3) examine these data for environmental correlates after
correcting for allometric and phylogenetic effects.
I used the tammar wallaby (Macropus eugenii) to investigate the effects of different
fasting times (tf; Chapter 2), water deprivation (Chapter 3) and relative humidity (RH; Chapter
4) on standard physiological variables. A tf of 22 hrs was sufficient to ensure postabsorptivity
and a meta-analysis of literature data indicated that the required tf to measure true basal
metabolic rate (BMR) can only be predicted from mean retention time if strict criteria are
applied. Water deprivation had a strong effect on EWL, which decreased to 65 % after five
days without water, and consequently on water balance (evaporative quotient, relative water
economy), but also affected body temperature (Tb) and ventilation. Consistent with my
prediction, the pattern in EWL in response to changes in RH at thermoneutrality differed from
that below the lower critical temperature due to differences in thermoregulatory adjustments.
However, different patterns to those predicted and confirmed in my study on tammars have
been reported for other mammals, which explains why previous attempts to correct EWL for
RH were unsuccessful. Consequently, I reviewed the literature and developed a general model
to explain the different effects of ambient temperature (Ta) and humidity on EWL and
interactions with and other physiological parameters (Chapter 5). I also calculated effects of
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skin Tb on evaporation and the complex interaction Ta and RH. The data suggest that the
different patterns in EWL across Ta below thermoneutrality previously observed in marsupials
may be a result of inconsistent RH conditions rather than physiological characteristics of
different species. I discuss how RH affects standard physiological data and implications for
comparative physiology. In Chapter 6, I established a detailed physiological profile for tammar
wallabies and where possible compared the results with previous measurements to assess the
effect of different measurement protocols.
To extend the current data bases, I collected comparative physiological data from
another five macropod species. My study on wild black-flanked rock-wallabies (Petrogale
lateralis lateralis) revealed strong seasonal differences in physiological parameters: EWL at
thermoneutrality was 36 % lower in summer than in winter. I compared brushtailed bettongs
(Bettongia penicillata) with burrowing bettongs (B. lesueur), the only truly burrowing
macropods, and previous data for other bettong species, to investigate physiological
differences related to burrowing or geographic and climatic distribution. I examined the effects
of different sampling methods on ecophysiological indices such as relative water economy
(RWE) and evaporative quotient (EQ). I measured rufous (Lagorchestes hirsutus) and banded
hare-wallabies (Lagostrophus fasciatus) and compared the results with data for the only other
extant hare-wallaby (Lagorchestes conspillatus), examining possible effects of phylogeny and
distribution - the banded hare-wallaby is the only member of the macropod subfamily
Sthenurinae, which separated from all other extant macropods > 16 million years ago.
Finally I examined the extended data sets of Tb, BMR, wet thermal conductance (Cwet)
and EWL for macropods and marsupials, where there were now also sufficient data to examine
four ventilatory variables. I found strong allometric effects for BMR, Cwet and EWL of
macropods which did not statistically differ from those of other marsupials or those of
marsupials in general, and strong allometric effects on ventilatory parameters except oxygen
extraction for marsupials before and after phylogenetic correction. The allometrically and
phylogenetically corrected residuals were used to test for environmental correlates and
showed that the best predictor of EWL was rainfall variability for marsupials and mean annual
rainfall for macropods. Habitat aridity was significantly correlated with EWL for macropods but
not for marsupials but BMR was affected by habitat aridity for both taxonomic groups and
there were effects of diet on different physiological variables. I discuss effects and
consequences of methodological inconsistencies and implications for comparative physiology.
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Summary
There are phylogenetic, dietary, geographic and climatic effects on various standard
physiological variables for placental mammals, but a 2006 study by Withers, Cooper &
Larcombe found only limited phylogenetic and environmental effects for marsupials.
Surprisingly, evaporative water loss (EWL) was only correlated with rainfall variability but not
with aridity or other climate, lifestyle or environmental variables. This may have reflected the
small data base and/or methodological problems, which made the data variable and may have
masked any adaptive significance.
Macropods are an interesting group of marsupials to examine environmental
correlates of physiological variables as they have a continent-wide distribution spanning
massive variation in climate, a broad mass range, and complex phylogenetic affiliations.
Despite representing approximately 20 % of extant marsupials globally, and roughly one third
of extant Australian species, they are underrepresented within the current data sets for
standard physiological variables, for many species virtually nothing is known. The general aims
of this thesis were to 1) develop a protocol to measure standardised physiological parameters
in macropods, 2) extend the current data base for macropods (and consequently for
marsupials) by measuring species with a range of body masses, phylogenetic affiliations and
ecological backgrounds, and 3) examine these data for environmental correlates after
correcting for allometric and phylogenetic effects.
I used the tammar wallaby (Macropus eugenii) to investigate the effects of different
fasting times (tf; Chapter 2), water deprivation (Chapter 3) and relative humidity (RH; Chapter
4) on standard physiological variables. A tf of 22 hrs was sufficient to ensure postabsorptivity
and a meta-analysis of literature data indicated that the required tf to measure true basal
metabolic rate (BMR) can only be predicted from mean retention time if strict criteria are
applied. Water deprivation had a strong effect on EWL, which decreased to 65 % after five
days without water, and consequently on water balance (evaporative quotient, relative water
economy), but also affected body temperature (Tb) and ventilation. Consistent with my
prediction, the pattern in EWL in response to changes in RH at thermoneutrality differed from
that below the lower critical temperature due to differences in thermoregulatory adjustments.
However, different patterns to those predicted and confirmed in my study on tammars have
been reported for other mammals, which explains why previous attempts to correct EWL for
RH were unsuccessful. Consequently, I reviewed the literature and developed a general model
to explain the different effects of ambient temperature (Ta) and humidity on EWL and
interactions with and other physiological parameters (Chapter 5). I also calculated effects of
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skin Tb on evaporation and the complex interaction Ta and RH. The data suggest that the
different patterns in EWL across Ta below thermoneutrality previously observed in marsupials
may be a result of inconsistent RH conditions rather than physiological characteristics of
different species. I discuss how RH affects standard physiological data and implications for
comparative physiology. In Chapter 6, I established a detailed physiological profile for tammar
wallabies and where possible compared the results with previous measurements to assess the
effect of different measurement protocols.
To extend the current data bases, I collected comparative physiological data from
another five macropod species. My study on wild black-flanked rock-wallabies (Petrogale
lateralis lateralis) revealed strong seasonal differences in physiological parameters: EWL at
thermoneutrality was 36 % lower in summer than in winter. I compared brushtailed bettongs
(Bettongia penicillata) with burrowing bettongs (B. lesueur), the only truly burrowing
macropods, and previous data for other bettong species, to investigate physiological
differences related to burrowing or geographic and climatic distribution. I examined the effects
of different sampling methods on ecophysiological indices such as relative water economy
(RWE) and evaporative quotient (EQ). I measured rufous (Lagorchestes hirsutus) and banded
hare-wallabies (Lagostrophus fasciatus) and compared the results with data for the only other
extant hare-wallaby (Lagorchestes conspillatus), examining possible effects of phylogeny and
distribution - the banded hare-wallaby is the only member of the macropod subfamily
Sthenurinae, which separated from all other extant macropods > 16 million years ago.
Finally I examined the extended data sets of Tb, BMR, wet thermal conductance (Cwet)
and EWL for macropods and marsupials, where there were now also sufficient data to examine
four ventilatory variables. I found strong allometric effects for BMR, Cwet and EWL of
macropods which did not statistically differ from those of other marsupials or those of
marsupials in general, and strong allometric effects on ventilatory parameters except oxygen
extraction for marsupials before and after phylogenetic correction. The allometrically and
phylogenetically corrected residuals were used to test for environmental correlates and
showed that the best predictor of EWL was rainfall variability for marsupials and mean annual
rainfall for macropods. Habitat aridity was significantly correlated with EWL for macropods but
not for marsupials but BMR was affected by habitat aridity for both taxonomic groups and
there were effects of diet on different physiological variables. I discuss effects and
consequences of methodological inconsistencies and implications for comparative physiology.

4

Table of contents
Summary
Table of contents
Acknowledgements
Statement of candidature contribution
List of abbreviations

3
5
11
15
17

Chapter 1:
General Introduction – Ecological physiology of macropod marsupials
Background
Methodological Issues
Macropods

21
23
25
30

Chapter 2:
Effects of fasting time on the thermal, metabolic, hygric and ventilatory physiology
of the tammar wallaby (Macropus eugenii)
Introduction
Methods
Animals
Flow-through respirometry
Whole-body plethysmography
Data analyses
Estimation of required fasting time to reach
postabsorptivity based on mean retention time
Results
Body temperature
Metabolic rate
Thermal conductance
Evaporative water loss and evaporative quotient
Ventilation
Mean retention time
Discussion
Are 24 hours of fasting sufficient to ensure measurement of
true BMR?
Is RER a good indicator of postabsorptivity?
Can required fasting time be estimated based on
elimination or retention time?
Elimination time
Mean retention time
So how long are the required fasting times to become
postabsorptive for different macropods?
Effect of fasting time on standard physiological variables
other than BMR
Conclusions

Chapter 3:
Effects of water deprivation on the thermal, metabolic, hygric and ventilatory

35
37
40
40
41
43
44
45
45
46
46
48
48
49
49
50
51
53
55
55
56
58
59
59

61
5

physiology of the tammar wallaby (Macropus eugenii)
Introduction
Methods
Animals
Flow-through respirometry
Whole-body plethysmography
Data analyses
Results
Hygric physiology
Body temperature
Metabolic rate
Thermal conductance
Ventilation
Discussion
How did time of water deprivation affect the hygric and
metabolic physiology of tammar wallabies?
Implications for comparative physiological studies

Chapter 4:
Hot or not? I. Physiological adjustments by the tammar wallaby (Macropus eugenii)
in response to changes in ambient humidity and temperature – implications for
comparisons of standard physiological parameters
Introduction
Methods
Animals
Flow-through respirometry
Whole-body plethysmography
Data analyses
Results
Evaporative water loss
Metabolic rate
Body temperature
Thermal conductance
Ventilation
Discussion
Metabolic, behavioural and ventilatory responses to
changes in RH above the Tlc
Physiological and behavioural responses to changes in RH below the
the Tlc
Conclusions and implications for comparative physiology
Chapter 5:
Hot or not? II. How ambient humidity and temperature affect mammalian
physiology – introducing the concept of hygrothermoneutrality
Introduction
Literature data
Effects of humidity on mammalian EWL differed between ambient
temperatures but not necessarily above and below the Tlc and also differed
between species
Why was EHL not always adjusted to be independent of RH at
Tas ≥ Tlc?
6

63
65
65
66
67
67
68
68
69
69
70
71
71
72
75

79
81
85
85
85
87
87
88
88
88
91
91
92
93
93
95
98

101
103
105

108
110

Available data for RH effects on mammalian EWL
at Tas < Tlc support the above suggested model
How do ambient temperature and humidity affect
passive evaporative heat loss?
How changes in surface temperature affect passive
evaporative heat loss
Conclusions and implications for comparative physiology

Chapter 6:
Thermal, metabolic, hygric and ventilatory physiology of the tammar wallaby
(Macropus eugenii)
Introduction
Methods
Animals
Flow-through respirometry
Whole-body plethysmography
Data analyses
Results
Body mass
Body temperature
Metabolic rate
Thermal conductance
Hygric physiology
Ventilation
Discussion
Body temperature, metabolic rate and evaporative water loss
Thermal conductance, ventilation and thermoregulatory behaviour
Standard physiological variables in comparison with
previous studies and the impact of different measurement techniques
Ecophysiological aspects
Standard evaporative water loss
Controlled hyperthermia?
Evaporative quotient
Relative water economy
Conclusions

Chapter 7:
Effects of season on the thermal, metabolic and hygric physiology of the blackflanked rock-wallaby (Petrogale lateralis lateralis)
Introduction
Methods
Study site
Animals
Flow-through respirometry
Body mass
Data analyses
Results
Body mass
Metabolic measurements
Metabolic rate

114
120
121
135

139
141
142
142
142
144
144
146
146
146
148
148
149
150
150
151
152
155
157
158
158
159
159
161

163
165
168
168
170
170
171
172
173
174
175
176
7

Body temperature
Thermal conductance
Hygric physiology
Discussion
Thermoregulatory responses to changes in ambient temperature
Effects of season on the physiology of black-flanked rock-wallabies
How season affects body mass
How season affects energy metabolism
How season affects water metabolism
Ecophysiological aspects
Standard physiological variables in comparison with other macropods
and marsupials
Conclusions

178
179
180
181
181
182
183
184
185
188
190
193

Chapter 8:
Comparative thermal, metabolic, hygric and ventilatory physiology of bettongs: the
woylie (Bettongia penicillata) and the boodie (B. lesueur) – the only burrowing
macropod
Introduction
Methods
Animals
Flow-through respirometry
Whole-body plethysmography
Data analyses
Results
Body temperature
Metabolic rate
Thermal conductance
Hygric physiology
Ventilation
Respiratory frequency
Tidal volume
Minute volume
Oxygen extraction
Discussion
Patterns in metabolic variables in response to changes in
ambient temperature
Ventilatory responses to changes in ambient temperature
Standard metabolic and ventilatory variables
Ecophysiological aspects
Water economy and sampling regime
Responses to high ambient temperature
Thermal conductance
Hyperthermia
Ventilation
Conclusions

212
214
216
218
218
224
224
225
226
229

Chapter 9:
Splitting hares: comparative thermal, metabolic and hygric physiology of harewallabies: (Lagorchestes and Lagostrophus)

231

8

195

197
199
200
201
201
202
203
204
206
207
207
208
208
204
211
211
211

Introduction
Methods
Animals
Flow-through respirometry
Data analyses
Results
Body mass
Body temperature
Metabolic rate
Thermal conductance
Hygric physiology
Discussion
Patterns in physiological responses to changes in ambient
temperature
Body temperature
Metabolic rate
Thermal conductance
Evaporative water loss
Standard physiological variables
Ecophysiological aspects
EWL above thermoneutrality
Spreading of saliva
Proportion of MHP lost via EHL
Tb increase above thermoneutrality
Evaporative quotient
Relative water economy
Conclusions

233
234
234
235
235
236
236
238
238
239
239
240
241
241
242
242
242
243
244
244
244
245
245
245
246
248

Chapter 10:
Synthesis – Macropod physiology and environmental correlates
Introduction
Methods
Allometry
Literature Data
All Marsupials
Macropods / Non-macropods
Environmental correlates
Results
Allometry
Environmental correlates
Discussion
Marsupial allometry and new standard variables for macropods
Macropod allometry
Environmental correlates
Marsupials
Macropods
Conclusions and future directions

249
251
252
253
253
253
254
254
255
255
262
266
266
267
268
268
273
273

References
Appendix I
Appendix II

277
303
309
9

Acknowledgements

g{tÇ~ lÉâ?
Dale,
For many a coffee and white board session, for being so supportive and optimistic and ‘no
worries we’ll get there’ and for not letting me give up. Ever. And for never giving up on ‘the
code’, not even at 2 am! I don’t know how I would have PhinisheD without you.
Phil and Chris,
For giving me this wonderful opportunity, I loved this project. Thanks for teaching me so much,
including how to teach, l really enjoyed the labs and our Harry Waring trips, and lots of
practical skills and statistics.
My Parents, Eva and Gerhard, and my bro Lennart,
for supporting me all through, wherever I go and whatever I like to do, while never seeing me
and having no idea what it actually is that I am so excited about. I miss you and can’t wait to
see you!
UWA crew and friends,
Too many to name you all but I’ll try: the ‘old’ crew, Vickie, Kellie, Stu, Renee, Chris, Jess (you
know how it’s meant), for making me feel welcome and very soon very much at home when I
first got here, and for never giving up on me working way too much so we never got to see
each other anymore, I’ll do my best to make up for it! Vickie, looking forward to our Barrow
trip (or Africa?!)
The Withers lab, and associates, especially my little and big lab brothers Fuzz and Chris
and James (so sorry that I didn’t make it to your wedding, James, hope to come over and visit
you both soon!), Neto, it was awesome having you here and I really hope I’ll see you over in
Brazil sometime again, and everyone else who ever helped me catch a wallaby or back in the
days, a chuditch!
The Roberts lab aka Friday morning coffee gang, Heidi, Karen, Jen, Nicole, Danilo, and
especially Sharron, sister through the final stages, you and your spreadsheet rock!
The various office crew members and those who show up there anyway…, for making
me feel home at uni a little too much, many a coffee and sunday (working) sess, Fuzz (still
learning new words every day!), Sean, Nicola, Mark, Leanne, Danielle, Paul, Ben, Chris, James,
Reneé and, Gus, and especially Zoë, will miss our chats over brekkie, wanna go on a trip with
you!
Housemates, you are not just that, but friends and basically my other family, putting
up with me and this project, you are great people and I’ll never forget Claremont or Leedy.
Nina will miss you (bad timing us two!), Rapha (up for some ‘risk’ or ‘siedeln’), and especially
Sabrina, I miss you heaps, hope I’ll see ya soon! and Iona, I’ll miss our in sync daily life, shared
rides and pizza, thanks for making me feel less weird for doing what I did. Go girl, you are next!
11

Everyone who helped me in the field
Nangeen Hill: The lovely McDonald family for letting me stay at the old farm and for being so
lovely and accommodating, Phil and Chris for coming out to get me started and for coming
back to restart my equipment despite the mud, rain and cold, all my volunteers, especially fav
Vickie and Steffi (can’t believe you are leaving!) and students, with special thanks to the gang
from Frankfurt Uni and Elki for organising it with me, and this is also applies for
Shark Bay: you guys helped so much, Denham DEC and associates, thank you for the
wonderful opportunity to work with the Bandeds and Mala and for being so incredibly
supportive, especially Nic and David (and the wicked Spudnik), you are lovely people and I
hope to come back sometime.
Fauré Island: AWC, Manda, Jo and crew for another great opportunity, working with
the boodies on this boodieful (there it is. I’ve done it.) island was the highlight of my fieldwork.
Friends and extended family back home
For not forgetting me, for trying to understand why I do what I do and live where I do and for
making me feel home the moment I come over, even after ages and for the shortest time, I
miss you guys a lot, can’t believe it’s been so long again, and can’t wait to see you. Bella and
Felix, I can’t write down how great it was to show you this place and my life, I won’t ever
forget, still don’t quite believe it, you actually came! My turn next. Matze, that calender is
wicked, rock-pile and all, love getting snail mail from the other end of the world. Günther,
thanks for your support, those office skills came in unexpectedly handy in the last few
months…

Special thanks for funding go to
International Postgraduate Research Scholarship (IPRS)
University Postgraduate Award (UPA)
School of Animal Biology, The University of Western Australia
Australian Research Council (ARC)
Holsworth Wildlife Research Endowment
Australian Wildlife Conservancy (AWC)

…and let’s not forget
the unknown artist for letting me realise that I’m actually
not crazy - but just a normal pers

12

…scientist!

Statement of candidature contribution

This thesis is presented as a series of nine papers plus a short introduction. I intend to publish
all but the Introduction, Chapter 1, as stand alone papers.

These nine papers developed from i) discussion with my supervisors (Withers, Cooper and
Roberts) that helped develop my ideas and approaches ii) help with maintenance and
development of equipment iii) my own experimental design iv) my own measurement and
analysis of data v) my own development of theoretical models.

Visual Basic data acquisitionand analysis programs and macros for statistical analyses were
written by Withers & Cooper and made available by them – the source of this software and
macros are indicated in the text where they have been used.

The initial proposal to work on macropods was developed by Schmidt, Withers & Cooper
developed in the context of a broader comparative study on the environmental physiology of
marsupials by Withers & Cooper funded by the Australian Research Council. Field work and
data collection were done by Schmidt with some assistance from Withers & Cooper.

Data

analysis, development of figures and theoretical models in Chapter s 4 and 5 were all done by
Schmidt.

All writing was done by Schmidt with feedback from Withers and Cooper (most chapters) and
Roberts (all chapters).

None of the work is published.

………………………………………..

………………………………………..

Sylvie Schmidt

Dale Roberts

15

List of Abbreviations
AC

Autocorrelation

Alt

Altitude

BMR

Basal metabolic rate

BTPS

Body temperature and pressure saturated

C

Thermal conductance

Cdry

Dry (non-evaporative) thermal conductance

Cwet

Wet (evaporative and non-evaporative) thermal conductance

DHL

Dry heat loss

EHL

Evaporative heat loss

EO2

Oxygen extraction rate

EQ

Evaporative quotient

EWL

Evaporative water loss

fR

Respiratory frequency

FR

Flow rate

HTNZ

Hygrothermoneutral zone

IC

Independent contrasts

Lat

Latitude

MAR

Mean annual rainfall

MHP

Metabolic heat production

MR

Metabolic rate

MRT

Mean retention time

MVUE

Minimal variance unbiased estimator

MWP

Metabolic water production

RER

Respiratory exchange ratio

RH

Relative humidity

RMPC

Repeated measures polynomial contrasts

RMR

Resting metabolic rate

RV

Rainfall variability

RWE

Relative water economy

SCFA

Short-chain fatty acids

SDE

Specific dynamic effect

s.e.

Standard error
17

SNK

Student-Newman-Keuls post hoc multiple comparison test

STPD

Standard temperature and pressure dry

Ta

Ambient temperature

Tb

Body temperature

Tcold

Mean temperature coolest month

tf

Fasting time

THL

Total heat loss

Thot

Mean temperature hottest month

Tlc

Lower critical temperature

TNZ

Thermoneutral zone

Tuc

Upper critical temperature

twd

Water deprivation time

VI

Minute volume

VT

Tidal volume

WVP

Water vapour pressure

∆WVP

Water vapour pressure deficit

Significant

means statistically significant, i.e. P < 0.05 (the use of ‘increased’, ‘decreased’,
‘reduced’, ‘higher’, ‘lower’ etc. when referring to a measured parameter also
means that the change was statistically significant, i.e. P < 0.05).
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Background
Body mass explains a large proportion of the variation in many of the physiological properties
of mammals but there are also differences due to phylogenetic history: both therefore have to
be accounted for before inferring adaptive significance from interspecific physiological
comparisons (e.g. Aschoff 1981; Bradley and Deavers 1980; Duncan et al. 2007; Elgar and
Harvey 1987; Felsenstein 1985; Garland et al. 1999; 2005; Hayssen and Lacy 1985; Hinds and
MacMillen 1986; Kleiber 1932; McNab 1988, 2002, 2005, 2008; Stahl 1967; Symonds and Elgar
2002; White and Seymour 2003, 2005; White et al. 2009; Withers et al. 2000; Withers et al.
2006). After accounting for mass and phylogeny, we expect standard physiological variables to
be correlated with environmental (e.g. aridity, ambient temperature, geographic distribution)
or life history variables (e.g. diet or foraging strategy). For placental mammals particularly, but
also for marsupials, many studies have confirmed such effects especially on basal metabolic
rate (BMR), probably the most commonly measured standard parameter (e.g. Bozinovic et al.
2007; Cruz-Neto et al. 2001; Lovegrove 2000, 2003; McNab 1966, 1978, 1979, 1980, 1986a,b,
1995, 2002, 2005, 2008; Rezende et al. 2004).
In a recent comprehensive comparative study of marsupials which accounted for
allometric and phylogenetic effects (Withers et al. 2006) only a few correlations were found
between climate and physiology. Body temperature (Tb) was correlated with diet, habitat
aridity and rainfall variability, basal metabolic rate (BMR) was correlated only with habitat
aridity and rainfall variability, wet thermal conductance (Cwet) was correlated only with diet,
and even more unexpectedly, evaporative water loss (EWL) was correlated only with rainfall
variability but not with mean annual rainfall or habitat aridity/geographic distribution, diet or
any of the other environmental parameters examined such as mean, maximal or minimal
ambient temperature. This was surprising as in mammals water balance is compromised more
rapidly than energy balance (in contrast to water, excess energy from food stuff can be stored
as body fat for long periods) which consequently should result in substantial selection pressure
on a species’ hygric physiology. EWL was therefore expected to be ‘a more plastic variable
than Tb, BMR, or Cwet and would respond more adaptively to environmental variability,
particularly aridity’ (Withers et al. 2006).
The absence of some of the expected strong environmental correlates, especially for
EWL, may be for any or a combination of the following reasons:
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•

there may have been insufficient statistical power to detect the expected correlations
due to insufficient data, i.e. number of species, e.g. for EWL where N = 24 out of a
possible 331 marsupial species globally

•

the available data may not have covered a wide enough range of body masses,
phylogenetic affiliations or environmental variability so that the resolution of the data
set was insufficient to detect some of the patterns

•

there may have been over-riding variability in the data due to methodological
inconsistencies masking any adaptive significance of traits compared.

•

no such patterns exist for marsupials. The latter possibility seems unlikely but can not
be dismissed without ruling out the first three arguments.

That in some way the quality of the data set was insufficient to detect correlations between
physiological and environmental variables is likely: more than 90 % of the variability in
marsupial BMR, EWL and Cwet were explained by body mass. This makes it difficult to
statistically confirm any patterns of correlation with enviroment in the variability remaining
after mass-correction and emphasises the need for robust, high-resolution data sets.
Therefore, it was one of the goals of this project to resolve some of the
methodological issues associated with measurement of standard physiological variables, to
refine the measurement protocol and to quantify the variability which may have been
introduced into the current data sets through methodological inconsistencies. Subsequently I
used these refined protocols to extend the data sets for standard physiological variables for
marsupials, by measuring new species with a variety of phylogenetic and environmental
backgrounds applying strict measurement criteria to ensure comparability between species. I
chose to examine macropods (kangaroos and wallabies) because they cover a broad body
mass range (approximately 0.5 to 80 kg), occur in all parts of Australia spanning massive
variation in climate, and have complex phylogenetic affiliations (70 species in 15 genera) but
basic physiological data are currently only available for a few species. This means that despite
representing a large proportion of the 331 extant marsupial species (Wilson and Reeder 2005)
macropods are underrepresented in the current data sets of standard physiological
parameters for marsupials. The collection of physiological data for additional macropod
species will enhance our knowledge and understanding of their general biology, and the
quality and resolution of the marsupial data sets for examination of allometric, phylogenetic
and environmental effects. By selecting species and collecting data with great care I hope to
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establish a large and robust enough data set to test for allometric, phylogenetic and
environmental effects within macropods.

Methodological issues
To ensure both intra- and interspecific comparability and comparability between studies, strict
criteria have been established for the measurement of basal metabolic rate (BMR; McNab
1997), which is the lowest sustainable metabolic rate for a euthermic endotherm (Withers
1992) and one of the most commonly measured physiological parameters in mammals. BMR
should be measured on adult individuals during the inactive phase of their circadian rhythm
while they are euthermic and has been defined by the IUPS Thermal Commission (2003) as the
‘metabolic energy transformation calculated from measurements of heat production or
oxygen consumption in an organism in a rested, awake, fasting sufficiently long to be in postabsorptive state, and thermoneutral zone’, where ‘the period of fasting needs to be specified
as this may be for days in large animals and for much shorter periods for very small mammals
and birds’ and where the thermoneutral zone (TNZ) is the ‘range of ambient temperatures at
which temperature regulation is only achieved by control of sensible heat loss, i.e., without
regulatory changes in metabolic heat production or evaporative heat loss’ IUPS Thermal
Commission 2003).
Flow-through respirometry is a standard technique for the measurement of
mammalian BMR. Because the metabolic heat production (MHP) required for thermorgulation
by an endotherm depends on passive heat loss (HL) and thus on the temperature gradient
between the animal and its environment, MR has to be measured at a range of ambient
temperatures (Ta) to find the TNZ. EWL is often measured simultaneously with MR to
determine the evaporative component of heat loss (EHL), and if Tb is also measured, wet
thermal conductance (Cwet) and dry thermal conductance (Cdry) can be calculated as Cwet = MHP
/ (Tb–Ta) and Cdry = (MHP–EHL) / (Tb-Ta) (e.g. Withers 1992). Figure 1 shows the general
patterns expected in Tb, MR and EWL of an endotherm in response to changes in Ta, where the
slope of the increase in MR below the TNZ theoretically reflects insulation, which is negatively
proportional to Cwet (e.g. Withers 1992).
MHP is basal at and above the lower critical temperature (Tlc) - the Ta below which
passive heat loss (HL) exceeds basal MHP so that MHP has to be increased to keep Tb constant
(the increase is not always linear but may be curvilinear; e.g. Dawson et al. 1969, discussed in
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in Chapter 6). As Ta increases above the Tlc, the thermal gradient between the animal and its
environment decreases and eventually basal MHP exceeds passive HL so that EWL has to be
increased to dissipate MHP and avoid an increase in Tb. The Ta above which EWL

Fig. 1: Theoretically expected responses in body
temperature (Tb) and metabolic heat production (MHP)
in response to changes in ambient temperature (Ta) for a
Newtonian model (after Scholander et al. 1950a-c) of
thermoregulation in endotherms with evaporative heat
loss (EHL), which determines the upper critical
temperature (Tuc) of the thermoneutral zone (TNZ, red
area) where MHP is basal, and is expected to be low
and constant below the lower critical temperature (Tlc),
the lower end of the TNZ, which is determined by an
increase in MHP. The slope of the increase reflects
insulation and thus is negatively proportional to wet
thermal conductance (Cwet), theoretically extrapolating to
zero where Tb = Ta. The dashed lines indicate alternative
patterns for EHL found in marsupials (details see text).

is increased, the upper critical temperature (Tuc), marks the upper end of the TNZ. Tb increases
at high Tas if MHP exceeds total HL despite the increase in EHL or due to controlled
hyperthermia, which may be facilitated by an increase in MHP. An increase in Tb increases the
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Tb – Ta gradient which facilitates dry heat loss (DHL) and thus saves water for evaporative
cooling, but also increases evaporation through an increase in the water vapour pressure
(WVP) gradient between the animal and the ambient air. EWL is expected to be low and
constant at Tas < Tlc because minimising EHL minimises the MHP increase required to ensure
thermal balance. However, while this is the case for many marsupials (e.g. Cooper and Withers
2002; 2010a; Dawson et al. 1969), some species decrease (e.g. Cooper et al. 2009; 2010;
Dawson et al. 2000a; Schmidt et al. 2009) or increase (e.g. Cooper et al. 2005) EHL with
decreasing Ta below the Tlc (dashed lines in Fig. 1).
An increase in EHL with Ta below thermoneutrality is energetically inefficient, as it
means that at moderately low Tas (just below the Tlc) MHP has to be increased although EHL
can still be reduced further. In other words, the Tlc is slightly higher than necessary. An
increase in EHL with decreasing Ta below the Tlc is even more surprising as it increases the MHP
increase required to keep Tb constant against the increasing thermal gradient between the
animal and its environment. The reason for the different patterns in marsupial EHL below the
TNZ are currently unknown but it has been suggested that the increasing EHL may be a sideeffect of increased ventilation to facilitate the increase in MHP and that a decreasing EHL may
be the result of lower expired air temperatures, i.e. a more efficient nasal counter-current heat
exchange (e.g. Withers and Cooper 2009b; Cooper and Withers 2010a). The EWL measured at
or just above the Tlc (to avoid a possible further decrease at lower Tas and also insignificant
elevation throughout the TNZ) and under application of the criteria for measurement of BMR,
called standard EWL, is used as the analogue to BMR in comparative physiology.
Some of the variability in the current data sets for marsupial standard variables may be
the result of differences in measurement conditions or protocol, for example because not all
previous studies which reported standard variables such as BMR for marsupials determined
the TNZ (by obtaining measurements of not only MR but also EWL across a range of Tas to
identify the Tlc) - some measured at just one Ta assumed to be within the TNZ (e.g. Hinds et al.
1993), many measured MR at different Tas but did not measure EWL (e.g. Fleming 1985; Rose
1997; see Withers et al. 2006). Further, the required fasting time for most species has not
been formally assessed so that usually animals were assumed to be postabsorptive, sometimes
after having been fasted for only a few hours, even in larger species (e.g. Rose 1997), while
others were fasted for up to 48 hours (e.g. Dawson and Hulbert 1970), and some studies did
not state whether and for how long the examined individuals were fasted (e.g. Hinds et al.
1993; McNab 1978; Morrison and McNab 1962). For some studies animals were restrained
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during measurements, so that they may not have been truly resting (e.g. Frappell and
Baudinette 1995). Differences in measurement technique (e.g. hygrometric vs. gravimetric
EWL measurement, instantaneous vs. time-averaged), protocol (e.g. starting time, sampling
regime, flow-rate / chamber humidity, use of chemical desiccants), calibration or computation
and analysis also affect standard physiological measures and may have contributed to the
variation in current data sets for marsupials (e.g. Cooper and Withers 2008, 2009, 2010b;
Lighton 2008; McNab 2003, 2006; Page et al. 2011; White et al. 2006; Withers 2001).
Consequently, great care must be taken and strict criteria applied to ensure measurement of
truly basal parameters and comparability between studies, species and individuals (e.g.
McKechnie and Wolf 2004).
When taking metabolic measurements on macropods, some of the criteria for
measurement of BMR are relatively straight forward to apply. For my metabolic
measurements, I ensured that individuals were truly resting by using metabolic chambers large
enough for the wallabies to lie down comfortably (see Fig. 1 Chapter 2). I took all metabolic
measurements during the inactive part of the circadian rhythm of the wallabies and maximised
measurement duration by starting measurements just after the start of their inactive phase
and concluding them just before the wallabies started to become active again. To determine
the TNZ, I established a full metabolic profile for each species by measuring MR, EWL and Tb at
a minimum of four Tas across a wide temperature range. Other criteria are more difficult to
apply for macropods. As most species show a continuous breeding pattern, which means that
females basically always carry a pouch young in good environmental conditions (e.g. TyndaleBiscoe 2003), to ensure all individuals are non-reproductive, only male subjects should be
measured or females which have been separated from males for a sufficient period prior to
measurements so that no young are developing.
The time required to reach postabsorptivity, which in terms of measurement of BMR
refers to the state when the animal has been fasted sufficiently after a meal that ingested food
is no longer directly metabolised, and thus MR no longer elevated (e.g. Robbins 1993), is
unknown for macropods. Mammals are usually fasted for 24 hours prior to measurement of
BMR. However fasting times are inconsistent and not always stated and some mammalian
herbivores take several days to become postaborptive as they rely on microbial fermentation
to break down ingested food (Blaxter 1962a,b; Hume 1999; Kinnear et al. 1979). Therefore
required fasting time for macropods may be even longer, yet it has never been formally
assessed. Ambient relative humidity affects (standard) EWL and may also affect other
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physiological variables such as (B)MR and Tb in mammals (e.g. Baudinette et al. 2000; Chew
and Dammann 1961; Edwards and Haines 1978; Webb et al. 1995; Welch 1980). Strong effects
of humidity on EWL were found in the only marsupial where they have been examined
(Cooper and Withers 2008), but so far only a few studies have attempted to account for the
effects of ambient humidity on EWL (e.g. Lasiewski et al. 1966; Larcombe et al. 2003, 2006;
Larcombe 2004; Larcombe and Withers 2006). A recent attempt to reduce the variability in
marsupial standard EWL data by correcting for ambient humidity was unsuccessful (Cooper
and Withers 2008). How humidity affects the physiology of macropods is unknown. Although
previous studies showed that water availability affects water balance, not only through
changes in urinary or faecal but also evaporative water loss in mammals, including macropods
(e.g. Bentley 1960; Blaney et al. 2000; Bradshaw et al. 2001; Dawson et al. 2007;
Freudenberger and Hume 1993; Jones et al. 1990; King and Bradshaw 2008, 2010), there are
no standardised criteria for water access prior to measurements of BMR and other standard
physiological variables.
Consequently, to establish a standardised protocol and also to determine the relative
extent of error possibly inherent in data collected previously, I examined the effects of
different fasting times (Chapter 2), water deprivation times (Chapter 3) and of relative
humidity (Chapter 4) on standard thermal, metabolic, hygric and ventilatory variables for a
medium sized macropod, the tammar wallaby (Macropus eugenii). I used the tammar wallaby
for my methodological studies because its physiology is relatively well studied so that basic
physiological and ecological data are available for comparison and it is representative of many
macropod species due to its body mass and because it belongs to one of the two largest
macropod genera (see below). Previous unsuccessful attempts to correct marsupial standard
EWL for RH effects and data for placental mammals suggest that the relationship between EWL
and RH is not completely understood and may differ for different species or ambient
temperatures, even within the TNZ (e.g. Cooper and Withers 2008). Consequently, in Chapter
5, I reviewed the literature and used theoretical physical models in an attempt to clarify the
effects of relative chamber humidity on EWL, how they differ between species and with Ta and
how they may affect other physiological variables. This was essential to determine how big the
effects of humidity on standard parameters potentially are and thus how much variability may
have been introduced into the currently available data due to differences in protocol, whether
previous data could be corrected for humidity effects to reduce variability, and how chamber
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humidity could be included in a standardised protocol for future measurements of basal
physiological parameters to avoid introducing variability due to differences in humidity.

Macropods
The second part of my thesis consists of several studies in which I established metabolic
profiles for different macropod species to extend the existing data sets of standard variables of
macropods (and thus marsupials) and our general understanding of their ecophysiology.
Consequently, species were chosen to reflect a range of different body masses, phylogenetic
affiliations, and ecological backgrounds (e.g. distribution, lifestyle, diet).
According to Wilson and Reeder (2005), there are 5416 species of mammals in 1230
genera, 153 Families and 29 orders. Only a relatively small proportion of all mammals are
marsupials - approximately 6 %. There are 331 species in seven orders of marsupials, three
orders represent species from the Americas (Didelphimorpia, 87 species; Paucituberculata, 6
species; Microbiotheria, 1 species), members of the other four orders comprising the majority
of marsupials, occur in Australasia (Notoryctemorphia, 2 species; Dasyuromorphia, 71 species;
Peramelemorphia, 21 species; Diprotodontia, 143 species). Wilson and Reeder (2005) classify
marsupials commonly known as kangaroos and wallabies or macropods as a suborder of
Diprotodontia (Macropodiformes), comprising 76 species in 15 genera, three families with two
subfamilies, listed in Table 1, excluding six species which are extinct according to the
Interntaional Union for Conservation of Nature (IUCN 2010). Fifty of the seventy extant
macropod species (in 13 of the 15 genera) only occur in Australia. Their distributions range
across all parts of the Australian mainland, including very hot and dry deserts, tropical
rainforest, and also cool and mesic areas, as well as Tasmania and a number of smaller
offshore islands (Nowak 2005; Strahan 2004). While all macropods share a similar body shape
(and of course their unique mode of locomotion), they differ immensely in size, spanning a
160-fold body mass difference, between approximately 0.5 kg

in musky rat-kangaroos

(Hypsiprymnodon moschatus) and up to 80 kg in male red kangaroos (Macropus rufus; Strahan
2004). Macropods are foregut fermenters (Hume 1999) and macropodids (comp. Table 1)
belong to either the browser, grazer or an intermediate grade with a mixed diet of browse and
grasses, while potoroids and the musky-rat kangaroo are mainly rhizophagous or
mycophagous, their diets including fungi, fruit, invertebrates, seeds, tubers and roots (Sanson
1989). Macropods are mainly nocturnal or crepuscular, resting during the day, some between
rocks (rock-wallabies; Petrogale), some build nests (e.g. some bettongs; Bettongia), others are
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Table 1: Extant kangaroos and wallabies (suborder Macropodiformes; Wilson and Reeder 2005), species in
fine print do not occur in Australia; photos indicate the species investigated for this Ph.D., showing some of
the individuals examined.
Order

Suborder

Family

Diprotodontia

Macropodiformes

Hypsiprymnodontidae
Potoroidae

Subfamily

# Genus
1 Hypsiprymnodon
2 Aepyprymnus
3 Bettongia

4 Potorous

Macropodidae

Sthenurinae
Macropodinae

5 Lagostrophus
6 Dendrolagus

7 Dorcopsis

8 Dorcopsulus
9 Lagorchestes
10 Macropus

11 Onychogalea
12 Petrogale

13 Setonix
14 Thylogale

15 Wallabia

# Species
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

moschatus
rufescens
gaimardi
lesueur
penicillata
tropica
gilbertii
longipes
tridactylus
fasciatus
bennettianus
dorianus
goodfellowi
inustus
lumholtzi
matschiei
mbaiso
pulcherrimus
scottae
spadix
stellarum
ursinus
atrata
hageni
luctuosa
muelleri
macleayi
vanheurni
conspicillatus
hirsutus
agilis
antilopinus
bernardus
dorsalis
eugenii
fuliginosus
giganteus
irma
parma
parryi
robustus
rufogriseus
rufus
fraenata
unguifera
assimilis
brachyotis
burbidgei
coenensis
concinna
godmani
herberti
inornata
lateralis
mareeba
penicillata
persephone
purpureicollis
rothschildi
sharmani
xanthopus
brachyurus
billardierii
browni
brunii
calabyi
lanatus
stigmatica
thetis
bicolor

Ecophysiology of macropods

arboreal (tree-kangaroos; Dendrolagus), and one species burrows (Bettongia lesueur; Claridge
et al. 2007; Strahan 2004). The physiology of a few species is relatively well studied especially
that of kangaroos, but for many, available data are scarce and for some, virtually nothing is
known. Physiological ‘specialties’ of macropods discovered / examined in kangaroos include
the discovery that hopping is an energetically efficient mode of locomotion, which at high
speeds is cheaper than four-legged running (Dawson and Taylor 1973), and that kangaroos
only increase evaporative cooling by sweating when they exercise but not under high external
heat loads (Dawson 1973; Dawson et al. 1974). At high ambient temperature, evaporative
cooling is increased by panting but also by spreading saliva over poorly insulated body parts
such as forelimbs where kangaroos have a superficial venous network to facilitate evaporation
by increased blood and thus heat flow to the body surface (Dawson 1973; Needham et al.
1974).
Despite representing a large proportion of extant marsupials, and covering a large
proportion of the body mass range in marsupials, macropods are underrepresented in current
data sets for standard physiological parameters. Prior to this Ph.D., for macropods standard
physiological variables such as BMR, Tb, Cwet and EWL available for comparative studies were
limited with the largest data set comprising only ten species (Tb and BMR; Withers et al. 2006).
The lack of data for macropods likely reflects a combination of reasons, e.g. that many species
are threatened or only occur in remote areas and difficulties associated with capturing,
keeping and handling due to their relatively large body size and the risk of stress myopathy
(Jackson 2003). The photos included in Table 1 show individuals of the species investigated in
Chapters 6-9. By establishing a detailed physiological profile for the tammar wallaby (Chapter
6) including variables which have been measured previously but also new parameters I was
able to test my protocol, to assess possible effects of different measurement protocols by
comparing my results with previous data obtained using different protocols. Results for
tammar wallabies were also interesting to compare with standard variables and
ecophysiological aspects with other macropods, especially regarding water use efficiency as
tammars have been reported to have a capacity to cope well with arid conditions due to a high
flexibility in responses to changes in water availability (e.g. Kinnear et al. 1969; Purohit 1971,
1972) despite their current mesic distribution (Strahan 2004).
Wild black-flanked rock-wallabies (Petrogale lateralis lateralis; Chapter 7) provided an
excellent opportunity to investigate seasonal effects on the physiology of macropods because,
as a result of their rock-associated lifestyle and high fidelity to localities, recapture rates for
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individuals are relatively high. This is essential to estimate possible changes in body condition
which have to be taken into account when comparing data between seasons. In addition, prior
to this study, there were no standard physiological data available for any of the 15 extant rockwallaby species, which comprise the largest genus of macropods (Strahan 2004). Their
physiology was of particular interest to me because of their special lifestyle. During the day,
rock-wallabies shelter between rocks and in caves where relative humidity is high and Ta
relatively stable (Dawson and Denny 1969; Kennedy and Heinsohn 1974; King and Bradshaw
2008; Telfer et al. 2008), which limits heat and water loss, and previous studies suggested that
they rely more on behavioural than physiological means of thermoregulation, especially in
regard to water conservation (Bradshaw et al. 2001; King and Bradshaw 2008).
The two species of bettongs, the woylie or brushtailed bettong (Bettongia penicillata)
and the boodie or burrowing bettong (B. lesueur) were examined (Chapter 8) for several
reasons. Bettongs belong to a different family (Potoroidae) than the other species examined
here (Macropodidae, see Table 1) and are a physiologically interesting group of macropods
because of their relatively small body size, their mycophagous diet and the associated semifossorial lifestyle, their differing and limited geographic and climatic distributions, and because
they include the only true burrowing macropod species, the boodie (Claridge et al. 2007).
Physiological data available for other bettongs provided a good opportunity to examine
possible links between physiological and ecological differences.
Examining the physiology of two endangered species of hare-wallabies (Chapter 9), the
mala or rufous hare-wallaby (Lagorchestes hirsutus) and the banded hare-wallaby
(Lagostrophus fasciatus; IUCN 2010) was especially interesting because physiological data
were available for comparison for the only other extant hare-wallaby species (Lagorchestes
conspillatus; Dawson and Bennett 1978; Bradshaw et al. 2001; King and Bradshaw 2008) and
because their similar lifestyle, body size and almost identical and very restricted current
distribution would suggest similar physiological characteristics, but they diverged about 5.3
million years ago (Meredith et al. 2008) and the banded hare-wallaby is the only surviving
species in the subfamily Sthenurinae, an ancient kangaroo lineage thought to have separated
from all other macropodids about 16.9 to 21.8 million years ago (Meredith et al. 2008; Nillson
2006; Strahan 2002; Westerman et al. 2002).
In total, I collected standard physiological data for six species, establishing
physiological profiles for four new species and extending the available data for two additional
species, from five different genera and both families of macropods. This extended the current
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data sets for Tb, BMR, Cwet and EWL of macropods sufficiently to enable me a) to test for
allometric and phylogenetic effects, b) to examine the allometrically and phylogenetically
corrected residuals for correlations with environmental and life history variables, and c) to
compare patterns found within macropods to those in non-macropod marsupials and those
previously found for marsupials in general (Chapter 10). My data also extended the marsupial
data sets for four ventilatory variables sufficiently to allow allometric and phylogenetic
analyses. The methodological data I collected enabled me to estimate how much differences in
measurement protocol may affect standard physiological data and the additional variability
which may have been introduced that could mask adaptive significance of the variability in the
current marsupial data sets.
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Introduction
To reliably measure basal metabolic rate (BMR) animals must be in a postabsorptive state, as
digestion increases energy consumption (Brody 1945; Costa and Kooyman 1984; Du Bois 1936;
Kleiber 1961; Lavoisier and LaPlace 1780). The increase in metabolic rate (MR) following food
intake was first described by Lavoisier and LaPlace (1780) and was later termed the “specific
dynamic effect” (SDE; Rubner 1902). The level of increase in MR due to digestion depends on
the food consumed; in mammals SDE is highest for protein and lowest for fat (Rubner 1902).
However, SDE also depends on environmental factors such as ambient temperature (Ta) and on
factors concerning the animal such as body condition (Brody 1945; Rubner 1902). Thus, the
SDE can not easily be estimated to correct MR to BMR, and MR therefore has to be measured
when the animal is in a postabsorptive state. In the true sense of the word, an animal is
postabsorptive when post-feeding absorption has ceased. In terms of measuring BMR,
‘postabsorptivity’ refers to the state that occurs when an animal has been fasted until it is no
longer directly metabolising ingested feed and is therefore dependent on mobilised body
tissue for meeting its energy requirements (Robbins 1993). This means that the SDE is no
longer measurable and the MR is low and stays constant if the animal is fasted longer. I will use
the terms ‘postabsorptive’ / ‘postabsorptivity’ in that sense. Mammals are usually fasted for 24
hours prior to measurement of BMR. However for some species required fasting time (tf) to
reach postabsorptivity is longer (see below). Digestion takes longest in mammalian herbivores
because they rely on fermentation to break down ingested food and access its energy and
nutrients. The slow rate of microbial breakdown is a limiting factor to the utilisation of
cellulose from cell wall constituents. Ruminants may take up to seven days to become
postabsorptive (Blaxter 1962a); sheep are postabsorptive after three to 5 days of fasting
(Blaxter 1962b). It seems likely that for macropods, which also rely on microbial fermentation
(Hume 1999; Kinnear et al. 1979), required tf may also be longer than 24 hours. To be sure,
one could wait until all ingested food was eliminated (100 % elimination time).
How long it takes for an animal to become postabsorptive depends on the time
required to digest the ingested food. Rate of digestion is difficult to measure and depends on
the properties of the ingested forage such as nutritional value, preparation or amount of
intake (Clauss et al. 2007a,b; Hummel et al. 2006; McIntosh 1966; Van Weyenberg et al. 2006;
Warner 1981b). It is certain that there is no more food being digested once an animal is fasted
long enough for all the ingested food to have passed through the gastrointestinal tract.
However, the 100 % elimination time is much longer than the required fasting time to reach
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postabsorptivity because of the added time the food takes to pass through the gastrointestinal
tract after digestion. Waiting longer than required before the measurement of BMR is not only
impractical as in tammars, 100 % elimination time can be more than 4 days, even when fed
continuously (Warner 1981a), and passage rate decreases in fasted animals, including tammars
(Dellow 1982), which would lead to even longer excretion times. It can also lead to
measurement error as starvation responses set in if an animal is fasted for longer than
required (e.g. Du Bois 1936; Fuglei and Øritsland 1999; Robbins 1993). To establish the
required fasting time, MR has to be measured repeatedly post feeding until MR is low and
constant compared to the MR of the fed animal.
To avoid having to measure MR repeatedly post-feeding to determine whether the
animal was postabsorptive, indirect measures have been suggested to indicate a postabsorptive state. However, some are unreliable, and others require separate experiments. The
respiratory exchange ratio (RER) that is the ratio of carbon dioxide production (VCO2) to
oxygen consumption (VO2), two measures of MR, changes with the substrate that is being
metabolised by the animal (Brody 1945; Robbins 1993; Withers 1992). An RER of 0.7-0.75 has
been suggested as proof of postabsorptivity as it indicates the burning of fat, which suggests
stored energy in the form of body fat is metabolised (Blaxter 1989; Kleiber 1961; Robbins
1993). However, mammals usually don not utilise pure lipid (Withers 1992) and RER is affected
by the body condition of the animal (Blaxter 1989), which means that such low RERs may never
be reached even when fasting. Other variables that have been suggested as proxies for
required tf require separate measurements and involve additional techniques, e.g absence of
methane or volatile fatty acid (VFA) production associated with gastrointestinal fermentation
in herbivores (Robbins 1993) or mean retention time (MRT) of feed particles (Blaxter 1989;
White and Seymour 2005).
MRT is believed to represent the average time food requires to pass through the entire
digestive tract, i.e. the integrated average time between marker ingestion and elimination
(Robbins 1993; White and Seymour 2005). It has been suggested to be correlated with the
time required to reach basal conditions (Blaxter 1989; White and Seymour 2005). Due to the
relationships of gut capacity and food intake with body mass, MRT was proposed to scale with
0.25 with body mass (Illius and Gordon 1992). However, besides body mass, many factors
influence MRT (see below) and while some authors found allometric relationships for MRT
others did not (reviewed by Clauss et al. 2007a). The allometric relationships for MRT reported
by White and Seymour (2005) and Clauss et al. (2007a) predict MRTs of more than 30 hrs for a
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mammal of the approximate size of tammars (5000 g), which is much longer than the fasting
time of 24 hours commonly used in studies on BMR.
This study was designed to establish required tf for a medium sized macropod, which
could be used to validate the accuracy of indirect measures, and to assess how fasting affects
physiological and ventilatory variables other than BMR. MR data termed “BMR” has been
published for several macropod species. However, whether MR was truly basal for all studies is
unclear as tfs varied between as well as within studies, ranging from 6 hours (Rose 1997) to 48
hours (e.g. Dawson and Hulbert 1970), or they were not reported (e.g. Hinds et al. 1993), and
to date the tf required to reach postabsorptivity has not been formally assessed for
macropods. Wallis and Farrell (1992) and White et al. (1988) measured MR in fed and fasted
individuals of different macropod species as part of studies on different aspects of energy and
nitrogen metabolism and protein turnover. However, these data cannot be used to reliably
estimate tf for several methodological reasons, e.g. the use of closed-circuit rather than openflow respirometry, which does not allow instantaneous measurement and therefore
overestimates VO2 and VCO2 (e.g. Cooper and Withers 2009, 2010b), estimation of tf based on
assumptions regarding the times at which the animals stopped feeding, consecutive
measurements over several days, during which the animals remained in cages etc. (details
discussed below). Neither study examined possible effects of tf on other physiological variables
such as body temperature (Tb), thermal conductance (C), evaporative water loss (EWL) or
ventilation.
I measured the effect of different tf on MR as well as Tb, EWL, wet and dry thermal
conductance (Cwet and Cdry) and ventilatory variables, i.e. respiratory frequency (fR), tidal
volume (VT), minute volume (VI) and oxygen extraction (EO2) of tammar wallabies (Macropus
eugenii). The tammar wallaby was chosen as a model because it is a well studied, mediumsized, robust species, for which standard physiological data is available for comparison.
Tammars are representative of many macropod species because they have an intermediate
body mass of approximately 4-10 kg, like many other macropods (Tyndale-Biscoe 2005;
Strahan 2004) and belong to one of the two macropod genera with most members. While
larger members of its genus are grazers, the tammar wallaby belongs to the intermediate
browser/grazer grade of macropods (Dawson and Flannery 1985; Sanson 1989). My goal was
to establish a reliable tf value that could then be used to i) measure BMR in macropods, ii)
evaluate other published data on metabolic rates in macropods and iii) evaluate other
measures previously suggested to indicate the postabsorptive state such as RER and MRT. I
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measured VO2 and VCO2, which allows the calculation of RER to test whether RER is indicative
of the postabsorptive state. I used MRT data from the literature to test whether MRT is
indicative of the required tf by comparing previously published MRT for tammars as well as
MRT predicted allometrically with the measured required tf.
Knowing how long it takes MR of tammar wallabies to become basal after they last had
access to food and the effect of fasting time on other standard physiological variables is
important not only to establish a standard protocol for measurements in macropods but also
to allow the correct interpretation of previous studies. It will also enable me to identify
previously published data obtained from non-postabsorptive individuals and thus will reduce
variability and improve interspecific comparisons of currently available data. Likewise, if
alternative measures for required fasting time such as RER and MRT can be confirmed to be
indicative of postabsorptivity, they could be used to correctly classify previous measurements
of MR as basal or not and to improve estimated required tf for macropod species other than
the tammar wallaby.

Methods
Standard flowthrough respirometry was used to measure rates of oxygen consumption (VO2),
carbon dioxide production (VCO2), and evaporative water loss (EWL) at thermoneutrality after
different fasting times (tf). Ventilation was measured simultaneously by whole-body
plethysmography. This study was approved by the Animal Ethics Committee of the University
of Western Australia (RA/3/100/738).

Animals
Eight adult, male tammar wallabies (Macropus eugenii) were caught (four in April 2007, four in
March 2008) at Tutanning Nature Reserve, Western Australia (Lat -32° 32’; Long 117° 19’) and
brought to the University of Western Australia in Perth (Lat -31° 59’; Long 115° 49’) where they
were housed in outdoor enclosures (66 m2 / pair), subject to natural photoperiod and weather
conditions. Metabolic measurements were carried out between April and August 2008.
Tammars were provided with ad lib. water and food (lucerne chaff, kangaroo cubes, horse
muesli (Glenn Forest Stockfeeders). During non-experimental periods this diet was
supplemented with carrots or celery once per week.
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Flow-through respirometry
I measured metabolic rate (MR) as oxygen consumption (VO2) and carbon dioxide production
(VCO2) and evaporative water loss (EWL) of each individual tammar wallaby (N = 8) at
thermoneutrality (Ta = 28 °C; Dawson et al. 1969) with wallabies having access to food until
just prior to the start of the metabolic measurement (minimal tf ~ 10 hrs) and after 1, 2 and 3
days since they last had access to food. For measurements of minimal tf, wallabies were caught
with a hoop net at 6.00 and held in a bag for 20 minutes to calm down before they were
placed into the metabolic chamber. For measurements after 1 day of tf, wallabies were caught
in the afternoon (15.00-17.00), held in a bag over night and placed in the metabolic chamber
the following morning at approximately 6.00. For 2 and 3 days of tf animals were also left in
the enclosure until the afternoon before the measurements where they had access to water
but not food for 1 or 2 days before capture (food bowls and spilled food were removed from
the enclosure in the afternoon 1 or 2 days prior to capture and as some of the wallabies had
been held in the enclosures for > 1 year prior to the commencement of this study, all leaves
within reach had been consumed by the wallabies, low and overhanging vegetation was cut
back). To ensure they were resting and acclimated to the ambient temperature, the wallabies
remained in the metabolic chamber for a minimum of 10 hours until VO2, VCO2 and EWL were
minimal and stable. A 20-minute period near the end of each experiment was chosen for
computation of standard metabolic variables. tf was calculated as the time from when the
wallaby last had access to food to the start of this 20-minute period (tfs see results section
Table 1). Stimulation with a paper tissue was used to trigger a reflex to make wallabies void
urine immediately before the measurement to avoid wetting of the chamber and if necessary,
urine and faeces were removed from the chamber during measurements. Experiments were
terminated before the beginning of the wallabies’ active phase (~18.00 – 6.00). Body
temperature (Tb) was taken immediately after removing the wallaby from the metabolic
chamber by inserting a plastic sheathed and silicone-covered thermocouple 10 cm into the
rectum (RS 206-3722 K-type thermocouple meter) while the animal was held in a dark fleece
bag. Tammars were weighed (± 2 g Multipoint Technologies electronic scales) at the end of
each experiment before they were returned to their enclosure.
Tammars were given a minimum of six days on ad lib. food and water before
measurements after one or two days of tf and at least eight days prior to the start of the three
day tf period to ensure comparability of body condition between measurements. The body
mass of individuals never fell below 90 % of their individual initial mass. Mean body mass of
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tammars ranged from 5089 ± 136 g at the end of measurements after 1 day of tf to 4794 ± 127
g after 3 days. Body mass of individuals was never more than 8 % above their initial body mass
although tammars had access to food ad lib. Between measurements, mass of each individual
never changed by more than 8 % of the previous mass. The tammars had been measured at
least seven times prior to this study and were well accustomed to the metabolic system and all
procedures. There was no effect of habituation on standard metabolic or ventilatory
parameters (see Chapter 6).
My objective was to examine the effect of different fasting times prior to metabolic
measurements to establish a standard protocol which ensures postabsorption measures of
MR. It was not the objective to continuously measure changes in MR with increasing fast
duration. Therefore all factors that may potentially influence resting MR had to be eliminated,
such as measurement duration and access to water / activity level prior to each measurement.
This is why the wallabies were left in their enclosures until caught and measured at different
tfs in separate experiments after a measurement duration of approximately 10 hours, rather
than measured once continuously over a period of several days.
An Aalborg GFC17 mass flow controller was used to regulate the flow of compressed
air at a constant flow rate between 13.3 L and 13.6 L min-1 through a Perspex metabolic
chamber (60 L, sufficient for the wallabies to lie down comfortably, Fig. 1). A Vaisala (MNP
45A) humidity and temperature probe connected to the chamber outlet was used to measure
temperature (Ta) and relative humidity (RH) of excurrent air, which was considered to be
indicative of the temperature and RH inside the metabolic chamber. The relatively high flow
rate resulted in a low RH of 13.6 - 34.2 %. The metabolic chamber was placed inside a
controlled temperature room under dim light. Room temperature was approximately 28 °C,
resulting in Tas of 28.7 – 29.0 °C, which are within the thermoneutral zone (TNZ) of tammar
wallabies of this mass (Dawson et al. 1969, also see Chapter 6). A CCTV camera (low lux B&W
CCD camera, JCar Electronics) was used to observe the behaviour of wallabies remotely via TV
for the course of the experiment. A subsample of 50 or 100 ml min-1 of excurrent air was dried
(Drierite, 8 mesh with indicator; W.H. Hammond Co. Ltd.) and drawn through an oxygen
analyser (DO174 or A184; Servomex) and a carbon dioxide analyser (Binos, Heraeus-Leybold or
Uras 10E, Hartmann und Braun or Datex AGM-10S-21-00, Datex Instrumental Corp.). RH / Ta
probe and gas analysers were interfaced to a PC via RS232 serial ports (1906 computing
multimeters, a 1905a intelligent digital multimeter; Thurlby, a Brymen multimeter TBM859CF,
and a Vaisala HMI 36 humidity data processor). The voltage outputs were recorded every 10
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seconds using a custom written Visual Basic (v6) data acquisition program (P. Withers). A
baseline of background O2, CO2, and RH values was established before and after each
measurement until all parameters were stable for at least 30 minutes.
Flow controllers were calibrated with a spirometer (Selbys Scientific Instruments), CO2analysers were calibrated against calibration gas (0.535 CO2; BOC), O2-analysers were
calibrated against compressed air (20.95 % O2) and nitrogen (0 % O2), the RH-probe was
calibrated by breathing on the probe (100 % RH) and with dry air (~1% RH). The thermocouple
meter was regularly calibrated against a mercury thermometer (± 0.1) using a water bath at
temperatures between 2 and 40 °C over the range of ambient temperatures at which the
device was used (10 – 35 °C). The scales were calibrated against standard weights (H.B. SELBY).
Mean VO2 (ml O2 g-1 h-1), VCO2 (ml CO2 g-1 h-1), EWL (mg H2O g-1 h-1) and Ta (°C) were
calculated for each experiment after Withers (2001) for a 20-minute period where values were
minimal and stable, using a custom-written Visual Basic (v6) data analysis program (P.
Withers). The respiratory exchange ratio (RER) was calculated as VCO2 / VO2. The oxycaloric
coefficient was used to convert metabolic rate (MR; ml O2 g-1 h-1) to metabolic heat production
(MHP; J g-1 h-1) and to convert EWL (mg H2O g-1 h-1) to evaporative heat loss (EHL; J g-1 h-1)
based on the measured RER for each experiment after Withers (1992). Wet and dry thermal
conductance (Cwet and Cdry; J g-1 h-1 °C-1) were calculated as MHP / (Tb - Ta) and (MHP - EHL) / (Tb
- Ta) respectively. The evaporative quotient (EQ, mg H2O ml O2-1) was calculated as EWL / VO2.

Whole-body plethysmography
Whole-body plethysmography was used to measure ventilation (Malan 1973; Szewczak and
Powell 2003; Cooper and Withers 2004). A pressure transducer (Sable Systems) was connected
to the metabolic chamber via a small plastic tube to measure pressure changes in the
metabolic chamber caused by ventilation. The pressure transducer was interfaced to a PC via a
Pico Technology ADC11 A/D converter and the voltage output was recorded every 15 ms for 20
or 50 seconds using PicoScope software. Ventilatory measurements were made towards the
end of each experiment when a low and stable metabolic rate and observation via TV
confirmed that the wallaby was resting. As Tb is used to calculate ventilatory parameters, it is
important to take ventilatory measurements as close as possible to the measurement of Tb, i.e.
just before the conclusion of the metabolic measurement. Thus, MR was not always at its
lowest (20-minute period used to calculate VO2) when ventilatory data was recorded and RH at
the time the ventilatory measurements were taken was not always as low as RH when EWL
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was taken. Between two and ten traces were recorded for each experiment and a single mean
was calculated for each tf for each ventilatory variable – breathing frequency (fR), tidal volume
(VT), minute volume (VI) and oxygen extraction (EO2), calculated after Malan (1973) and Cooper
and Withers (2004). The open plethysmography system was mathematically converted to a
closed system after Szewczak and Powell (2003). A custom-written Visual Basic (v6) data
analysis program (P. Withers and C. Cooper) was used to calculate ventilatory variables. fR, VT
and VI are presented at body temperature and pressure saturated (BTPS). EO2 was calculated
based on STPD VO2 and VI at the time of ventilatory measurements as described by Withers
and Cooper (2009b). The plethysmography system was calibrated by injecting a known volume
of air into the metabolic chamber, which contained water filled containers of the average mass
of the tammar wallabies matching the approximate breathing rate and volume of the tammars
and also the injection speed to match the ‘shape’ of the pressure change with that resulting
from a breath of the wallabies so that injection kinetics were similar to ventilation kinetics of
the wallabies.

Data analyses
The effect of tf on metabolic parameters was assessed by repeated measures ANOVA to test
for an overall effect of tf and for between subject effects. Subsequently, I used repeated
measures contrast analyses to examine the patterns in metabolic parameters in response to tf
as contrast analyses take into account the order of treatments, which makes them more
powerful than ANOVA. For example, to test after which tf parameters did not change anymore
with increasing tf, I used repeated measures Helmert contrast analysis (N = 8 at each tf), which
compares the mean at each level (except the last, i.e. tf = 71 hrs) with the mean of subsequent
levels. Due to technical difficulties, ventilatory data could not be obtained for each individual
tammar at all tf intervals (for sample sizes see Table 3). Full factorial ANOVA was used to
analyse the effect of tf on ventilatory parameters treating all points as independent. Betweensubject effects are unlikely as no effects were found for any of the metabolic variables
analysed by repeated measures ANOVA (see results below). Statistical tests were performed
with statistiXL (version 1.6) and contrast analyses with a custom written program (VB for
Microsoft Excel written by P. Withers, University of Western Australia). All values are
presented as mean ± s.e.
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Estimation of required fasting time to reach postabsorptivity based on mean retention time
Data for mean retention time of particles (MRT) for macropods was taken from the literature;
all data and references are given in Table 4 (where multiple studies measured MRT for a given
species MRT from each study was used separately rather than an average). MRT data were
regressed against body mass by least squares regression from log10-transformed data. In
mammalian herbivores MRT is affected by many factors including site of fermentation, age,
type or quality of diet, lifestyle (e.g. arboreal), feeding pattern (e.g. grazing or browsing,
continuous or discontinuous), body condition, reproductive state, exercise level, feed quality
and preparation, food intake, feeding regime, level of gut fill, measurement technique,
sedation and method of calculation (Bridie et al. 1994; Clauss et al. 2007a,b; Freudenberger
and Hume 1992; Forbes and Tribe 1970; Hume et al. 1988; Johnson et al. 1964; McIntosh 1966;
Munn and Dawson 2006; Munn et al. 2008; Robbins 1993; Van Weyenberg et al. 2006; Wallis
1994; Warner 1981a,b). In tammars, MRT of particles is longer when access to food is
restricted to 4 hours per day compared to 24 hour (unrestricted) access (Dellow 1982).
Consequently, factors influencing MRT will have to be eliminated to test whether MRT of
particles can be used to predict required tf for postabsorptivity, so only data from adult, nonreproductive, unsedated individuals of the genus Macropus, fed a similar diet to the tammars
in the present study (lucerne and / or kangaroo pellets), with ad lib. access to food or kept on a
maintenance diet with continuous access to food, were included in the data set for the
allometric regression (data and references see Table 4 results section).

Results
Animals started grooming after a few minutes in the chamber and lay down to rest within the
first half hour of each measurement (Fig. 1). Tammars sometimes sat while resting but lay
down and were stretched out most of the day. No licking was observed and there was no
change in behaviour with tf. tfs ranged from approximately 10 to 71 hrs, mean tfs are given in
Tables 1-3. There were no between subject effects for any of the metabolic variables (F7,24 ≤
1.53, P ≥ 0.203) but there was for Tb (F7,24 = 5.99, P < 0.001).
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Body temperature
There was a significant effect of tf on Tb (F3,5 = 22.57, P = 0.006; Fig. 2a) by repeated measures
ANOVA and Helmert contrast analysis confirmed an increase in Tb between tf = 22 and 47 hrs:
Tb was lower at tf = 10 (P = 0.009) and 22 hrs (P = 0.001) than at longer tfs, but there was no
difference between tf = 47 and 71 hrs (P = 0.728; data see Table 1). Mean Tb over all
measurements (n = 32) was 37.1 ± 0.09 °C.

Table 1: Resting metabolic rate as oxygen consumption (VO2) and carbon dioxide production
(VCO2), respiratory exchange ratio (RER) and body temperature (Tb) of tammar wallabies after
different times without access to food, measured at an ambient temperature of 28 °C. Values
are given as mean ± s.e., N = 8.
VO2

VCO2

(hrs)

(ml O2 g-1 h-1)

(ml CO2 g-1 h-1)

9.9 ± 0.72
22.1 ± 1.23
46.8 ± 0.77
71.4 ± 0.54

0.38 ± 0.015
0.28 ± 0.012
0.32 ± 0.011
0.31 ± 0.014

0.36 ± 0.012
0.28 ± 0.008
0.28 ± 0.008
0.26 ± 0.009

time without food

RER

Tb
(°C )

0.95 ± 0.020
1.01 ± 0.040
0.87 ± 0.013
0.85 ± 0.019

36.9 ± 0.18
36.8 ± 0.17
37.4 ± 0.16
37.3 ± 0.14

Metabolic rate
There was a significant effect of tf on metabolic rate measured as VO2 (F3,5 = 17.03, P = 0.005)
and VCO2 (F3,5 = 19.33, P = 0.004; Fig. 2b). Helmert contrasts showed that at tf = 10 hrs, VO2
was higher (P < 0.001) but at tf = 22 hrs it was lower (P < 0.001) than after longer fasting times.
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There was no difference between VO2 at tf = 47 and 71 hrs (P = 0.110). VCO2 at tf = 10 hrs was
also higher than after longer tfs (P < 0.001) but there was no difference between VCO2 at tf =
22 and 47 hrs (P = 0.115); at tf = 71 hrs VCO2 was slightly lower again (P = 0.002).

There was no significant overall effect of tf on RER (F3,5 = 3.84, P = 0.091), however RER at tf =
22 hrs was significantly higher than after longer tfs (P = 0.003; Fig. 3).
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Thermal conductance
tf significantly influenced Cwet (F3,5 = 56.34, P < 0.001) and Cdry (F3,5 = 7.75, P = 0.025) as both
variables were significantly higher at tf = 10 hrs than after longer tfs (P < 0.001). There were no
significant changes in Cwet (P ≥ 0.209) or Cdry (P ≥ 0.088) at all other tfs (Fig. 2c).

Evaporative water loss and evaporative quotient
tf had no significant overall effect on EWL (F3,5 = 2.33, P = 0.192). However, at tf = 10 and 22
hrs, EWL was significantly higher than the mean of longer tfs (P ≥ 0.021). EWL did not change
between tf = 47 and 71 hrs (P = 0.442). For EQ, there was also no significant overall effect of tf
(F3,5 = 2.439, P = 0.180). EQ was significantly higher than at longer tfs at tf = 22 hrs (P = 0.008)
but not at tf = 10 hrs (P = 0.483) or tf = 47 hrs (P = 0.802).

Table 2: Wet (Cwet) and dry (Cdry) thermal conductance, evaporative water loss (EWL) and
evaporative quotient (EQ) of tammar wallabies after different times without access to food,
measured at an ambient temperature of 28 °C. Values are given as mean ± s.e., N = 8.
Cwet

Cdry

EWL

EQ

(hrs)

(J g-1 h-1 °C -1)

(J g-1 h-1 °C -1)

(mg H2O g-1 h-1)

mg H2O ml O2-1

9.9 ± 0.72
22.1 ± 1.23
46.8 ± 0.77
71.4 ± 0.54

1.00 ± 0.026
0.73 ± 0.024
0.76 ± 0.023
0.73 ± 0.029

0.76 ± 0.034
0.52 ± 0.029
0.60 ± 0.027
0.58 ± 0.028

0.83 ± 0.091
0.68 ± 0.054
0.57 ± 0.047
0.54 ± 0.015

2.18 ± 0.211
2.49 ± 0.237
1.80 ± 0.162
1.76 ± 0.073

time without food
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Ventilation
There was no significant effect of tf on fR (F3,21 = 0.14, P = 0.935; Fig. 2e), VT (F3,21 = 0.04, P =
0.989; Fig. 2f), VI (F3,21 = 0.40, P = 0.752; Fig. 2g) and EO2 (F3,21 = 2.74, P = 0.069; Fig. 2h). Mean
fR was 24.7 ± 2.49 breaths min-1 (n = 25, N = 8), mean VT was 33.6 ± 1.80 ml (n = 25, N = 8),
mean VI was 734.1 ± 32.32 ml min-1 (n = 25, N = 8), and mean EO2 was 22.8 ± 0.77 % (n = 25, N
= 8).

Table 3: Respiratory frequency (fR), tidal volume (VT), minute volume (VI) and oxygen extraction
(EO2) of tammar wallabies after different times without access to food, measured at an ambient
temperature of 28 °C. Values are given as mean ± s. e (N).
fR

time without food
(hrs)

9.9 ± 0.72
22.1 ± 1.23
46.8 ± 0.77
71.4 ± 0.54

VT
-1

VI

E O2
-1

breaths min

ml

ml min

%

26.1 ± 6.82 (5)
26.0 ± 4.86 (8)
24.6 ± 5.57 (6)
21.9 ± 3.96 (6)

34.0 ± 4.36 (5)
33.2 ± 3.13 (8)
33.0 ± 4.12 (6)
34.7 ± 4.03 (6)

464.0 ± 70.34 (5)
761.2 ± 71.97 (8)
736.1 ± 70.12 (6)
671.1 ± 43.24 (6)

24.7 ± 1.83 (5)
20.1 ± 0.93 (8)
22.8 ± 1.23 (6)
24.7 ± 1.78 (6)

Mean retention time
Table 4 summarises previously published data on mean retention time of particles (MRT) for
adult, non-reproductive, unsedated individuals of the genus Macropus, fed a similar diet to the
tammars in the present study (lucerne and / or kangaroo pellets), with ad lib. access to food or
kept on a maintenance diet with continuous access to food. Body masses ranged from 4800 to
54775 g.

Table 4: Mean retention time of particles (MRT) and body mass of six macropod species of the
genus Macropus fed different diets; data from six different studies (References), including
number of individuals measured (N). * 50 % retention time; ** kangaroos were fed three diets
(pellets with 40, 60 and 80 % straw content), MRT given represent the mean value of all 3
treatments.

1
2
3
4
5
6
7
8
9
10

Species

Diet

Tammar wallaby (M. eugenii )
Tammar wallaby (M. eugenii )
Eastern wallaroo (M. r. robustus )
Eastern grey kangaroo (M. giganteus )
Eastern grey kangaroo (M. giganteus )
Red kangaroo (M. rufus )
Red kangaroo (M. rufus )
Red kangaroo (M. rufus )
Eastern wallaroo (M. r. robustus )
Eastern wallaroo (M. r. erubescens )

lucerne hay pellets
chaffed lucerne hay
chaffed lucerne hay
chaffed lucerne hay
chaffed lucerne hay
chaffed lucerne hay
chaffed lucerne hay
chaffed lucerne hay
kangaroo pellets**
kangaroo pellets**

Mass (g) MRT (h)
6500
4800
16600
20800
22650
23900
25800
54775
21300
18200

19.1
23.6*
33.1*
30.3*
38.6
28.4
28.6
41.1
28.7
25.7

N

Reference

12
8
4
8
2
1
6
4
3
3

Warner 1981
Dellow 1982
Dellow 1982
Dellow 1982
Forbes and Tribe 1970
Forbes and Tribe 1970
Munn and Dawson 2006
McIntosh 1966
Freudenberger and Hume 1992
Freudenberger and Hume 1992
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There was a significant allometric effect on MRT: = 2.26 mass 0.26 (R2 = 0.651, F1,8 = 14.94, p =
0.005, N = 10), shown in Figure 4 in comparison with the tf after which VO2 was minimal in the
present study (22.1 hrs). The allometric relationship predicted a MRT of 21.6 hours for a 5086
g macropod (mean mass of tammars in this study for tf = 22 hrs).

Discussion
As this study was designed to assess the fasting time (tf) required to reach postabsorptivity in
tammar wallabies, I focus on the discussion of physiological responses to changes in tf and
related questions, and only briefly compare the measured BMR with earlier values published
for tammars. The tammar wallaby’s ecophysiological profile, including standard physiological
parameters such as BMR will be discussed in Chapter 6 (metabolic and ventilatory responses of
to changes in ambient temperature), including a detailed comparison with other species and
previous studies on tammars.
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Are 24 hours of fasting sufficient to ensure measurement of true BMR?
There was an initial decrease in MR as VO2 and VCO2 between 10 and 22 hrs of fasting. VO2
was minimal at tf = 22, which means that the tammar wallabies had reached a postabsorptive
state after less than one day of food deprivation. Thus, VO2 after 22 hrs can be considered
BMR and a fasting time of 24 hrs prior to metabolic measurements, as often used for
mammals, was sufficient to achieve BMR in tammars. Mean VO2 after 22 hrs was 0.277 ml g-1
h-1, which is the same as the BMR previously measured for tammars fasted for 36 - 48 hrs prior
to measurement (Dawson et al. 19691) supporting this conclusion. Note that required tf of 22
hrs measured was not necessarily the minimal required tf, which may be even shorter, as no
measurements were taken at tf between 10 and 22 hrs.
Absolute values from the two previous studies on MR of fed and fasted macropods
within the TNZ (Wallis and Farrell 1992; White et al. 1988) will not be used for direct
comparison because they were obtained using closed circuit respirometry and thus represent
time-averaged values, which are likely overestimates of minimal MR. Nonetheless, these data
are useful for a comparison of the pattern in MR in response to increasing tf. White et al.
(1988) measured MR of tammar wallabies and of two other wallabies of similar body mass, the
red-necked pademelon (Thylogale thetis) and the parma wallaby (Macropus parma) while they
had access to food and after 6, 24 and 48 hrs of fasting. All three species showed a similar
pattern in VO2 to that found for tammars in the present study with an initially high MR in fed
animals, which then decreased and stabilised at longer fasting times2. However, MR apparently
stabilised much earlier than in the present study with minimum values achieved within tf = 6
hrs. Such a short digestion time seems unlikely and close examination of their methods
revealed that the reported tf of 6 hrs may actually have been much longer. tf = 6 hrs VO2 values
were obtained after wallabies had been in the chamber for 24 hours with a normal daily food
ration. White et al. (1988) assumed wallabies had last eaten 4-8 hours before measurement
but this could be as long as 24 hours if all food was eaten on chamber entry. The time since the
wallabies were last offered food, which was used to calculate the reported tfs of 24 and 48
hours, was the same (24 hrs at the start of the measurement) for the treatments termed “6
hrs” and “24 hrs”. The only difference between the two protocols was that the wallabies were
1

The lowest MHP for tammars (mean mass = 4690 g) reported by Dawson and Hulbert (1969) was
-1 -1
1.33 cal g h , measured at Ta = 30.5 °C. Conversion of MHP back to VO2 using the conversion factor
-1 -1
given by the authors, results in a BMR of 0.277 ml g h .
2
White et al. (1988) determined VO2 every 10-15 minutes during the 4-5h-measurement; VO2 from the
lowest 10-15 min period was termed VO2 min in the original study and is used for comparison here as this
measure is the most equivalent to VO2 as measured in the present study.
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only offered 25 % of their rations prior to the “24 hrs” (and “48 hrs”) measurements, while
they had access to full rations prior to the “6 hrs” measurements. Thus, it is not surprising that
there is no change in VO2 between “6 hrs” and “24 hrs” of fasting. If the “6 hrs” treatment is
excluded (or treated as another “24 hrs” measurement) not only the pattern, but also the
magnitude of change in MR (see below) and tf required to reach BMR for all three species
examined by White et al. (1988) was similar to that for tammars in the present study.
Wallis and Farrell (1992) measured MR of three potoroine macropods, the rufous
bettong (Aepyprymnus rufescens), the long-nosed potoroo (Potorous tridactylus) and the
brush-tailed bettong or woylie (Bettongia penicillata) 6, 30, 42, and 54 hrs after they were last
offered food. There are three difficulties in making comparisons with my study: 1) they
averaged MR over 12 hour periods which will not produce minimal values but may
overestimate MR; 2) statistical tests included measurements that included night time periods
when animals were active; these reflected in dramatic increases in MR, which after 42 hours
(night, active) was about 98 % higher than after 30 hours (day, resting); 3) as with White et al.
(1988) food was available in metabolic chambers and tfs were calculated “on the assumption
that each animal stopped feeding at 2 am” but this assumption again may radically
underestimate tf if animals used all food early. The calculated fasting time of 6 hrs at the start
of the first measurement may have been up to approximately 23 hrs and consequently each
subsequent tf could have been up to 17 hours longer than reported. This could explain why
there was no substantial decrease in MR with increasing fasting times as it is likely that the
wallabies were postabsorptive during all measurements.
In the present study, 10 hrs after the tammars last had access to food, VO2 was 137 %
of VO2 after 22 hrs of tf (BMR) and VO2 did not decrease further at tfs > 22 hrs which suggests
that they still use energy for digestion after 10 hrs but no longer after 22 hrs. Thus, 24 hrs of
fasting were sufficient to reach the postabsorptive state. The magnitude of the initial decrease
in VO2 is consistent with the initial change in MR for tammars examined by White et al. (1988)
between fed and “6 hrs” fasted (fed VO2 = 136 % of “6 hrs”) and similar to that of pademelons
(fed VO2 = 124 % of “6 hrs”) and parma wallabies (fed VO2 = 127 % of “6 hrs“). The decrease
between fed and “24 hrs” was similar to that between fed and “6 hrs” for all three species
(tammars: fed VO2 = 126 % of “24 hrs”; pademelons: fed VO2 = 122 % of “24 hrs”; parma
wallabies: fed VO2 = 126 % of “24 hrs”). As discussed above, the time since last access to food
was approximately the same for both the “6 hrs” and “24 hrs” fasting time measurements,
which explains the similar percentage decrease in MR compared to fed values. Assuming that
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animals consumed the provided food early in their time in the metabolic chamber the time to
reach the reduced MR is consistent with my results. Similar relative differences between postfeeding peak resting MRs (RMRpp) and postabsorptive resting MRs (BMR) have previously been
reported for other mammalian herbivores such as the horse (RMRpp = approximately 130 - 140
% of BMR; Brody 1945). However, the magnitude of SDE depends on many factors, including
body mass (White and Seymour 2005) and diet (Brody 1945). It also should be noted that MR
of tammars was not necessarily at its peak after 10 hrs; true RMRpp may have been even higher
as MR was not measured between 0 and 10 or between 10 and 22 hrs after they last had
access to food. While the present study did not aim to determine the actual RMRpp, the fact
that post-feeding RMR was increased by 37 % emphasises the importance of measuring BMR
when the animal is truly postabsorptive to ensure comparability of measurements between
species and studies.

Is RER a good indicator of postabsorptivity?
In fed mammals such as the dog glucose from food is converted to glycogen and stored in the
liver. In fasted animals, glycogen stores are used as an energy source. During prolonged fasting
/ starvation, energy requirements are met by utilising long-term energy stores in the form of
body fat to avoid depletion of glycogen stores and ensure continuous access to glucose. RER is
expected to reflect these processes as it depends on the substrate that is being burnt. Robbins
(1993) suggested that a low RER associated with fat catabolism could be used as proof for the
postabsorptive state of an animal. However, when the tammars had reached postabsorptivity
at tf = 22 hrs (as indicated by their decreased and stable MR), RER was not low but high,
indicating pure carbohydrate catabolism (Fig. 3). RER of postabsorptive tammars is not
necessary low which means that RER of a single measurement can not be used to assess
whether or not the animal was postabsorptive at the time it was taken. While the pattern in
RER did indicate a shift towards a higher proportion of body fat being utilised by the tammars
at tf > 22 hrs, RER was higher than expected for pure fat consumption at all tfs. This is likely due
to the specialised digestive strategy of macropods. During digestion, the RER of the tammars
was expected to be of an intermediate value reflecting the composition of the food being
digested. However, RER at tf = 10 hrs was high (RER = 0.95; Fig. 3), close to a value for pure
carbohydrate catabolism (RER = 1). Anaerobic bacterial fermentation produces CO2 from
bicarbonates so that during fermentation RERs > 1 can be observed in ruminants and
macropods (Brody 1945; Robbins 1993). The relatively high RER at tf = 10 hrs is therefore
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probably partly due to extra CO2 produced by fermentation since the tammars were still
digesting food as indicated by their elevated MR. At tf = 22 hrs, RER was slightly but not
significantly higher (RER = 1.01) than at tf = 10 hrs. At this stage the tammars were no longer
directly metabolising recently ingested feed as MR was minimal (did not further decrease with
increasing tf. Therefore the high RER was not caused by excess CO2 from fermentation. While
RER of tammars decreased between tf = 22 and 47 hrs, reflecting a shift towards a larger
proportion of body fat being utilised, it did not decrease further, but stabilised at an
intermediate level of 0.85 – 0.87 (Fig. 3). As tammars were in good body condition and
maintained fat stores in their tails over the course of the study (body mass decreased by < 10
%), they were not starving and it can be assumed that they did not yet metabolise protein,
which means that RER reflected metabolism of approximately 75 % carbohydrate and 25 %
lipid (Withers 1992).
Similar to ruminants such as sheep and in contrast to the dog, in macropods such as
the tammar and the quokka (Setonix brachyurus), another macropod of similar size and
lifestyle to the tammar, blood glucose levels and glucose-to-glycogen conversion rates are low,
as most glucose from food is digested by the bacterial fauna in the upper gastrointestinal tract
of foregut fermenters during fermentation (Ballard 1965; Ballard et al. 1969; Barker 1961;
Dellow and Hume 1982). Instead of glucose, short-chain fatty acids (SCFA) produced by
bacterial fermentation of ingested food are used as the main energy source by the animal
(Ballard 1965; Ballard et al. 1969; Barker 1961). To access glucose, macropods and ruminants
depend on gluconeogenesis by the liver, which releases glucose into the blood at all times,
whether the animal is fed or fasted (Barker 1961; Ballard et al. 1969; Griffiths et al. 1969;
Hume 1982). The release rate of glucose from the liver is higher in fed than in fasted
macropods (Barker 1961) and the difference has to be compensated by breaking down body
fat. This explains the decrease of RER between tf = 22 and 47 hrs, which was mostly due to a
slight but non-significant increase in VO2. It reflects a partial shift in substrate being burnt from
carbohydrate to body fat as body fat contains less molecular oxygen than glucose, which
results in an increase in VO2 when body fat is utilised (e.g. Schmidt-Nielsen 1997). As the
decrease in hepatic glucose release is a response to fasting, RER was still high at tf = 22 hrs
when tammars were only just postabsorptive but not yet fasted for long enough to adapt their
metabolism.
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White et al. (1988) reported RER values for tammars, pademelons and parma wallabies
at different fasting times3. RER of the tammars studied by White et al. (1988) showed a similar
pattern in response to increasing tf as did the tammars in my study; however, the decrease of
RER to an intermediate level occurred earlier. RER was high (1.06) for fed wallabies and
decreased to intermediate values after 24 (RER = 0.81) and 48 hrs of fasting (RER = 0.83),
stabilising at the same level as RER of tammars in the present study after 48 and 72 hrs. This is
likely due to the fact that tammars in the previous study had only been fed 25 % of their daily
rations prior to metabolic measurements (White et al. 1988), while tammars in the present
study had access to ad lib. food. A smaller meal contains less absolute energy, so that tammars
were forced to utilise body fat sooner after their last meal. The results for the pademelons and
parma wallabies reported by White et al. (1988) were consistent with their results for
tammars. Wallis and Farrell (1992) reported similar RER of three smaller macropod species
with RERs close to 1 after 6 hrs of fasting, decreasing to values ranging from 0.79 to 0.85 after
30 and 54 hrs. Here, the earlier drop in RER compared to the tammars in my study was likely
due to the underestimation of actual fasting times (see above subsection about pattern in
MR).
In summary, RER of fasted macropods can not be considered indicative of
postabsorpitvity due to characteristics of their digestive physiology and consequently should
not be used as a criterion for determining whether an animal was postabsorptive when
attempting to measure BMR.

Can required fasting time be estimated based on elimination or retention time?
Elimination time Elimination time is the time from ingestion to elimination of food; 100 %
elimination time means the time from ingestion until all remainders of a single meal are
eliminated, 50 % elimination time is the time after which half of the food has passed through
the gastrointestinal tract etc. Warner (1981b) reported a 99.5 % elimination time for particles
of ingested food of 57.6 hours for tammars continuously fed lucerne hay pellets. Dellow (1982)
reported 90 % elimination times of particles of ingested food (as opposed to fluids) of 35.0
3

White et al. (1988) did not calculate RERs for minimal RMR, as VCO2 min was not determined. White et
al. (1988) calculated RERs based on the overall mean of VO2 and VCO2 over the duration of each
measurement (4 - 5 hrs). Thus, one must assume constant RERs over the course of the measurements by
White et al. (1988) when comparing their RERs to the ones from the present study. RERs were likely
constant as they were measured during the inactive phase of the wallabies, at thermoneutrality and
after the wallabies had become accustomed to the chamber as activity and hyperventilation can affect
RERs.
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hours for tammars fed chaffed lucerne hay. Both elimination times are longer than the
required tf of 22 hrs where MR was basal for tammars in my study (22 - 71 hrs), which were fed
a similar diet. Therefore, using 90 or 99.5 % elimination times as fasting duration prior to
metabolic measurements theoretically ensures measurement of true BMR. However, the
longer the wallabies are fasted, the more likely they are to become restless during
measurements (especially if movement has to be restricted while they are fasted), which
jeopardises measurement of true resting rates. Longer than necessary fasting times can also
affect other physiological variables (see below). Further, using only the required time is more
practical and also less stressful for the wallabies. The required tf is shorter than 90 or 99.5 %
elimination times because the particles of digested food have to travel a long way before the
elimination of faeces, at least in foregut-fermenting species such as the tammar wallaby
(“post-absorption”). Thus, elimination time is not a good proxy for required fasting time to
reach postabsorptivity.
Mean retention time White and Seymour (2005) found a weak allometric relationship
for MRT of particles in mammalian herbivores (MRT = 7.3 mass0.17; R2 = 0.43; N = 60),
independent of the site of fermentation. Clauss et al. (2007a) confirmed a weak allometric
effect on MRT for an even bigger all-herbivores data set of 120 species (MRT = 24.4 mass0.14; R2
= 0.42; p < 0.001), including caecum and colon fermenters and non-ruminant and ruminant
foregut fermenters. The two relationships predict similar MRT for a 5086 g (mean mass of
tammars in the present study at tf = 22 hrs) herbivore of 30.6 hours (Clauss et al. 2007a) and
31.2 hours (White and Seymour 2005). However for tammars, predicted MRT overestimated
the actual time required to reach basal conditions by 41 % (White and Seymour 2005) and 39
% (Clauss et al. 2007a). This is likely a result of the inclusion of species with a different gut
morphology. It would be expected that a more selective data set, including only foregut
fermenting herbivores, would yield a stronger correlation with body mass as some of the
variability of MRT due to differences in gut morphology would be eliminated. Indeed, Robbins
(1993) found a stronger allometric relationship for MRT of large particles (MRT = 15.9 mass0.31;
R2 = 0.65; N = 12) for a data set only including macropods (some were subadults) and
ruminants4. This relationship has a slope closer to that originally predicted and predicts a MRT
of 26.3 hrs for a body mass of 5086 g, which is still almost 20 % longer than the measured
required tf for tammars. Surprisingly, when Clauss et al. (2007a) used an even more selective
4

Robbins (1993) combined macropods and ruminants because separate regressions for the two groups
of herbivores were not significantly different.
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data set, only including 19 non-ruminant foregut fermenting species (9 of which were
macropods), they did not find a significant allometric effect on MRT (MRT = 34.7 mass0.08; R2 =
0.13; p = 0.137). This may be partly because for species for which MRT was available from
more than one study, means were calculated although body masses were quite different. This
assumes a linear relationship between MRT and body mass and independence of different
conditions and methods used to measure MRT in the different studies.
When measured under similar conditions to those of the present study (adult, nonreproductive, continuously fed a similar diet), MRT of tammars varied between studies but
generally was similar to the required tf of 22 hrs measured here. Warner (1981a) reported a
MRT of large particles of 19.1 hours for tammars fed lucerne hay pellets. Dellow (1982)
reported a 50 % elimination time of 23.6 hours for tammars fed chaffed lucerne, which is
longer, although tammars in his study had a higher mean body mass (comp. Table 1; Stevens
(1995) stated in reference to 50 % elimination times: ‘While not the same as MRT, the two
measures are close enough to allow for broad comparisons among animal taxons’ and Dellow
did not report MRT because results for 50 % elimination time were ‘essentially similar’ to
MRT). Similarly, predicted MRT matched required tf measured here when only adult, nonreproductive, unsedated species of the genus Macropus, fed a similar diet to the tammars in
the present study (lucerne and / or kangaroo pellets), with ad lib. access to food or kept on a
maintenance diet with continuous access to food, were included (as means for species from
each separate study). The allometric relationship of MRT (Fig. 4, data and references see Table
1) had an exponent close to that of 0.25 originally suggested and predicts MRT to be 21.1 hrs
(calculated using Hayes and Shonkwiler’s (2006, 2007) minimum variance unbiased estimator),
which is only 4 % less than the tf of 22.06 hrs that was required for tammars to become basal.
The required tf fell well within the 95 % prediction limits of the allometric regression (Fig. 4),
thus statistically conformed to the prediction for MRT. Therefore MRT of particles appears to
be indicative of required fasting time for tammars to become postabsorptive, however, only if
MRT data is selected using strict criteria to ensure comparability of species included and
conditions between studies.
While there is a relatively large data set available for MRT of the larger, grazing
macropods, only limited data are available for the smaller macropods, especially potoroids and
species belonging to the browser grade (e.g. rock-wallabies, quokka; Sanson 1989). In general,
browsers are expected to have shorter MRT than grazers because their food items have a
higher digestibility (Clauss et al. 2006; Hummel et al. 2006; Smith et al. 1972). However, MRT
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data available for small browsing wallabies such as the rufous bettong (Aepyprymnus
rufescens; Wallis 1994), the long-nosed potoroo (Potorous tridactylus; Wallis 1994), the rufous
hare-wallaby (Lagorchestes hirsutus; Bridie et al. 1994) or the quokka (Setonix brachyurus;
Calaby 1958) are longer than those of grazers and the inclusion of such species eliminated the
allometric effect on MRT. In contrast to predominantly grazing species of the Macropus genus
such as the tammar, which feeds intermittently during day and night (Lentle et al. 1999b),
these smaller browsing species are not continuous feeders because they shelter during the day
(Bridie et al. 1994; Nicholls 1971; Seebeck and Rose 1989; Wallis et al. 1989). Since they only
defecate when active during the night, MRTs of the smaller browsing wallabies can include
large lag times where faeces are stored rather than voided immediately (Bridie et al. 1994).
Consequently, for species with discontinuous defecation, MRT is not a good proxy for the time
required to digest feed, which should be much shorter.

So how long are the required fasting times to become postabsorptive for different
macropods?
My study showed that a relatively short fasting time of 1 day is sufficient to ensure
measurement of BMR in tammars as SDE no longer affected MR. Based on the effects of diet
and body mass on MRT and discussed above, it may be assumed that smaller species on a
similar diet, take less time to become postabsorptive. Macropods which belong to the browser
grade will also take less time to become postabsorptive (compared with browser/grazers and
grazers) as their diets are easier to digest (Clauss et al. 2006; Hummel et al. 2006; Smith et al.
1972). For individuals of a similar size to that of the tammars, required tf may be slightly longer
than 22 hrs if their diet consists mainly of grasses, because lucerne (a legume) takes less time
to digest than grasses (Smith et al. 1972). In summary, for macropods up to approximately the
size of the tammar wallabies, a tf of 24 hours can be considered sufficient as long as they are in
good body condition. Fasting of up to 3 days did not alter BMR of tammars. However, longer
fasting times may lead to a reduction of MR below BMR as an energy saving response to
starvation (e.g. Du Bois 1936; Fuglei and Øritsland 1999; Robbins 1993). Such effects can be
avoided by using only the required fasting time. In the absence of measurements of required
tf, especially for larger macropods, MRT of a certain species or, if unavailable, its MRT
predicted by an allometry, may be used as a guide if sufficient comparative data are available.
Having established the required tf for BMR, the question remains whether it is consistent with
tf required for the measurement of other standard metabolic variables.
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Effect of fasting time on standard physiological variables other than BMR
Cdry and therefore also Cwet was elevated at tf = 10 hrs to counteract the increased MHP due to
the SDE. No change in posture was observed so the exposed body surface of tammars was
constant. Therefore, the increase in Cdry during digestion was presumably due to an increase in
peripheral blood flow and/or vasodilation. By increasing thermal conductance, tammars
avoided an increase in Tb while digesting. Interestingly Tb was nevertheless affected by tf with a
slight increase between tf = 22 and 47 hrs. The relatively minor increase of Tb of 0.54 °C seems
to be the result of the slight increase in VO2 and thus MHP at tf = 47 hrs. As thermal
conductance was not increased to adjust heat loss between tf = 22 and 47 hrs, the increase in
Tb could be a symptom of heat storage as an energy saving mechanism to reduce the
metabolic cost of defending Tb against Ta when food is scarce. However, the tammars did not
seem to depend on this energy saving mechanism (yet) as they did not reduce thermal
conductance to increase the heat storage effect. This may be expected after longer tfs as a long
term fasting or starvation response. Not surprisingly, EWL was slightly increased during
digestion (tf = 10 hrs) as MR was increased. The slight reduction in EWL between tf = 22 and ≥
47 hrs, may have been the result of the tammars increased effort to save energy with
increasing tf. Reducing EWL reduces heat loss and therefore saves energy as the energetic cost
of maintaining Tb is reduced. However, overall, the changes in EWL were relatively small, which
is not surprising as tammars had access to water ad lib. until the afternoon before each
measurement, so that their hydration level was comparable for all measurements.
Surprisingly, tf did not significantly affect any of the ventilatory parameters by ANOVA. The
increased O2 demand during digestion would have been expected to be met by an increase in
VI, EO2 or a combination of both. For EO2, the non-significant ANOVA was likely an effect of the
relatively high variability of measurements and a lower sample size since mean EO2 at tf = 10
hrs seems to be higher than at tf = 22 hrs, suggesting that the increased VO2 during digestion
was achieved through an increase in EO2 rather than VI (Fig. 2h).

Conclusions
In summary, Tb was not affected by the SDE as it did not change between tf = 10 hrs and tf = 22
hrs and, like VO2 and VCO2, neither Cwet, Cdry nor any of the ventilatory parameters changed
significantly between tf = 22 and 71 hrs. EWL slightly decreased between tf = 22 and 47 hrs.
Therefore, the required tf of 22 hrs for the measurement of BMR for tammars was also
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sufficient to ensure measurement of all other standard variables. Shorter than required tf will
result in considerable overestimates of BMR and standard thermal conductance and slight
overestimate of standard EWL. Longer tfs are not required, presumably mean more stress to
the animal, are less practical, and may also slightly overestimate Tb or underestimate EWL as a
result of the onset of starvation responses. Using a tf close to that required best ensures
comparability between studies.
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Introduction
Under arid conditions water conservation strategies are vital and thus a low rate of water loss
is considered advantageous. While energy can be stored for example as body fat and used
when food availability is low, the water balance of a species can be compromised rapidly when
water availability is low. Consequently, the hygric physiology of mammals is under high
selection pressure and arid species are expected to have lower rates of evaporative water loss
(EWL) compared to those which occur in mesic regions. This has been found for some
placental mammals (Hinds and MacMillen 1985) and birds (MacMillen and Hinds 1998;
Tieleman and Williams 2000, 2002; Williams 1996; Williams and Tieleman 2005), but could not
be confirmed for marsupials (Withers et al. 2006). A possible reason for the lack of correlation
of EWL with habitat aridity may be large variability in available EWL data due to inconsistent
methodology, including different measurement protocols. There are clearly defined criteria for
the measurement of basal metabolic rate (BMR) but not for standard EWL so that standard
EWL is usually measured under the same conditions as BMR because MR and EWL are
correlated and EWL may be influenced by the same factors. BMR is measured on adult, nonreproductive, resting mammals, fasting sufficiently to be in a postabsorptive state, during their
inactive phase and at an ambient temperature (Ta) within their thermoneutral zone (TNZ) to
avoid thermal stress and the associated changes in physiological variables such as an increase
in EWL or in Tb at higher and in MR at lower Tas. Water availability is not part of those criteria,
although, assuming there is a selection pressure on EWL based on water availability in the
environment, which can change rapidly, one may also expect a potential for short-term
adaptive flexibility in EWL in response to changes in water availability. For example, EWL could
be adjusted via alteration in ventilation, a mechanism used by mammals, including macropods
and other marsupials, to instantly increase evaporative cooling in response to an increase in
ambient temperature (e.g. Dawson et al. 2000b).
While a generally low EWL may be advantageous for arid adapted species, flexibility in
EWL may be required in species from mesic areas, despite high mean annual rainfall; if intraannual rainfall variability is high, mesic species may experience seasonal droughts during which
a low rate of EWL could be vital. Populations of sparrows from arid regions had lower EWL
(and BMR) and also a lower flexibility in EWL (and BMR) than mesic ones (Cavieres and Sabat
2008), and EWL of marsupials, while not correlated with habitat aridity, was correlated with
rainfall variability (Withers et al. 2006). Previous studies have confirmed short-term flexibility
in water turnover of marsupials, including macropods, which in the wild have lower rates of
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water flux in seasons with low water availability and in captivity when dehydrated (Blaney et
al. 2000; Denny and Dawson 1975a; Freudenberger and Hume 1993; Green 1989; Jones et al.
1990; Kennedy and Heinsohn 1974; King and Bradshaw 2008, 2010; Wallis et al. 1997). In
several species, the reduction of water loss under dry conditions was associated with the
reduction of urinary and faecal water losses, with thermolability, and changes in heart rate or
blood parameters (Bentley 1960; Blaney et al. 2000; Bradshaw et al. 2001; Freudenberger and
Hume 1993; Jones et al. 1990; King and Bradshaw 2008, 2010; McCarron et al. 2001). EWL and
Cdry were reduced at high ambient temperatures (Tas) after 12 days of water deprivation in red
and eastern grey kangaroos (Macropus rufus, Macropus giganteus), which, like quokkas after
four days without water, also showed increased thermolability (Bentley 1960; Dawson et al.
2007). At and below thermoneutrality, EWL was reduced after four days of water deprivation
in quokkas (Setonyx brachyurus; Bentley 1960) and under water restriction in euros (Macropus
robustus erubescens) and eastern wallaroos (Macropus robustus robustus; Freudenberger and
Hume 1993). However, with the exception of the study by Dawson et al. (2007), the study
animals had access to food ad lib. during water restriction / deprivation periods and were not
postabsorptive when EWL was determined. Thus part of the reduction in EWL was likely due to
a reduction in metabolic rate as a result of reduced voluntary food intake. Nevertheless, if
standard EWL is affected by short-term changes in water availability or the hydration state of
the animal, part of the variability in current marsupial data for EWL, and possibly other
standard variables, may reflect differences in measurement protocol regarding water
availability, which may mask possible correlations with environmental variables. Consequently,
if water deprivation time affects the results of measurements of standard physiological
variables, it has to be standardised to ensure comparability between studies and species. This
includes ventilatory standard parameters as evaporation via respiration is a major route of
evaporative heat loss (EHL) in macropods (Dawson 1973; Dawson et al. 1974) and respiratory
EHL was reduced in dehydrated kangaroos (Dawson et al. 2007)
This is the first study which examines responses of EWL and other physiological
variables measured under standard conditions to increasing time of water deprivation (twd).
EWL, BMR, body temperature (Tb), Cwet and Cdry, as well as breathing frequency (fR), tidal
volume (VT), minute volume (VI) and oxygen extraction rate (EO2) of tammar wallabies
(Macropus eugenii) were simultaneously measured under standard conditions after 1, 2, 3, 4,
and 5 days of water deprivation. The tammar wallaby was chosen as it has a mesic distribution
(IUCN 2010; Strahan 2004) but experiences high seasonal rainfall variability (Bakker et al. 1982;
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Strahan 2004, see Appendix I, II). Tammars also occur on islands where they are faced with
prolonged summer droughts during which they have no access to fresh water (Main and Yadav
1971; Strahan 2004), and thus are more likely to show more adaptive flexibility in water loss
compared to a species with an arid distribution. Further, previous studies confirmed that
tammars have excellent physiological water saving abilities (e.g. Kinnear et al. 1968; Purohit
1971, 1972) and the TNZ and required time to reach postabsorptivity for tammars are known
(Dawson et al. 1969; Chapter 2). EWL of tammars was expected to decrease with increasing
twd. Depending on the degree of reduction in evaporative heat loss, Tb or Cdry were expected to
increase as well since tammars were measured at thermoneutrality where metabolic heat
production is basal and can not be reduced to counteract a decrease in EHL. As respiration is
one of the major avenues of EHL in macropods and based on observations by Dawson et al.
(2007) on kangaroos, the reduction in EWL was expected to be achieved partly via a decrease
in fR and increase in VT resulting in a lower VI and increased EO2. I will also discuss effects of
short-term water deprivation on EWL and other standard variables and implications for
comparative studies, especially in regards to aridity indices such as evaporative quotient (EQ)
and relative water economy (RWE), which are calculated based on standard EWL and have
been used to assess how well a species is adapted to aridity.

Methods
I measured body temperature (Tb), metabolic rate (MR) as oxygen consumption (VO2) and
carbon dioxide production (VCO2), thermal conductance (Cwet and Cdry) and evaporative water
loss (EWL) as well as respiratory frequency (fR), tidal volume (VT), minute volume (VI) and
oxygen extraction rate (EO2) of captive tammar wallabies (Macropus eugenii) at
thermoneutrality after different periods of water deprivation (twd) using flow-through
respirometry and whole-body plethysmography.

Animals
Seven tammar wallabies from the study on the effects of fasting times (Chapter 2) were used
in this study with housing and care as described in Chapter 2.
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Flow-through respirometry
Body mass and body temperature of tammar wallabies were determined and metabolic
measurements performed and equipment calibrated using the protocol and metabolic systems
described in Chapter 2 with the following modifications. Wallabies had access to food ad lib.
(lucerne chaff, kangaroo cubes, horse muesli; Glenn Forest Stockfeeders) until caught in the
afternoon on the day prior to each measurement with no access to fresh food as described for
the measurements after 22 hrs of food deprivation in Chapter 2. Water bowls were removed
and taps turned off in the afternoon 1 - 5 days prior to measurements. Water deprivation time
(twd) was determined for each experiment, starting at the time the wallaby last had access to
water and ending at the time that the 20-minute measurement period started (see Chapter 2).
This led to mean water deprivation times of 23.3 ± 0.82, 47.4 ± 1.12, 71.2 ± 0.65, 96.3 ± 0.22
and 119.5 ± 0.92 hrs (see Tables 1-3), for simplification hereafter referred to as 1, 2, 3, 4, and 5
days of water deprivation. Mean Ta across all measurements was 28.4 ± 0.05 °C (n = 35), mean
RH was 14.8 ± 0.67 % (n = 35). Measurements were conducted in April and May 2009 at the
University of Western Australia (Lat -31° 59’; Long 115° 49’). There was no rainfall at the site
during water deprivation periods confirmed by records from a rain gauge, checked several
times daily, next to the pens where wallabies were housed. Stimulation with a paper tissue
was used to trigger a reflex to make wallabies void urine immediately before the measurement
and once during the measurement to avoid wetting of the chamber.
It was the objective of this study to test the effect of different times of water
deprivation on physiological variables, especially EWL, measured under the condition required
for BMR, i.e. on adult, non-reproductive, postabsorptive, resting individuals within their
inactive phase and TNZ. It was not the objective to continuously measure changes in EWL and
the other standard variables measured with increasing time of water deprivation, nor to
establish the effects of twd on hydration level, body condition, body mass or food intake.
Therefore all factors that may potentially influence the measured variables other than twd had
to be eliminated, such as measurement duration and access to food or activity level prior to
each measurement. This is why the wallabies were left in their enclosures until caught and
measured at different twd in separate experiments after a measurement duration of
approximately 10 hours, rather than measured once continuously over a period of several
days. To avoid changes in body condition which may influence physiological variables and/or
strategies of coping with reduced water availability and thus to ensure comparability between
measurements, tammars were given a minimum of six days on ad lib. food and water prior to
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the start of a pre-experimental water deprivation periods of 1 - 4 days and at least seven days
before twd = 5 days. This ensured that tammars were fully hydrated at the start of each twd and
body mass changes were kept minimal. Body mass was taken at the end of each measurement.
It was not the objective of this study to quantify dehydration or changes in body mass with
increasing twd and consequently, tammars were not weighed at the start of each water
deprivation period as this would have required catching them, which poses the risk of injury or
capture myopathy. Over the course of this study mean body mass change of individual
tammars between consecutive measurements ranged from 1.4 to 2.5 % (mean = 2.0 ± 0.15 %,
N = 7) and maximum variation of body mass of individuals was less than 10 % during the study
period. Mean body mass of tammars ranged from 5166 ± 199 g after one day without water to
4761 ± 172 g after 5 days. The tammars had been measured at least eleven times prior to this
study and were well accustomed to the metabolic system and all procedures. This study was
approved by the Animal Ethics Committee of the University of Western Australia
(RA/3/100/738).

Whole-body plethysmography
Ventilation of tammar wallabies was measured using whole-body plethysmography (Malan
1973; Szewczak and Powell 2003; Cooper and Withers 2004) and data analysed as described in
Chapter 2.

Data analyses
The broad effect of twd on both metabolic and ventilatory parameters was initially assessed by
repeated measures ANOVA (N = 7 at 5 twds). I then applied different repeated measures
contrasts such as polynomial contrasts, which tests for linear, quadratic or cubic components
in the relationship examined, Helmert contrasts, which compares the mean at each level
(except the last) with the mean of subsequent levels, or simple contrasts, which compares
each level with the subsequent level. Using contrast analyses allowed me to answer more
specific questions about the pattern in the response of a parameter to changes in another
variable. Repeated measures contrast analysis is statistically more powerful than ANOVA as
the order of data points is taken into account. Thus repeated measures contrasts were used to
clarify the effects of twd on each variable. Statistical tests were performed with statistiXL
(version 1.6) and a custom-written program by Phil Withers for contrast analyses. All values
are presented as mean ± s.e.
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Results
Animals started grooming after a few minutes in the chamber and lay down to rest within the
first half hour of each measurement. Tammars remained stretched out for most of the day, but
sometimes sat up. No licking or change in behaviour with twd was observed.
Despite a mean EWL reduction of 35 % between 1 and 5 days of water deprivation, by
repeated measures ANOVA there was no significant effect of twd on EWL (F3,4 = 2.34, P = 0.256),
nor on any of the other variables measured (F3,4 ≤ 8.83, P ≥ 0.052). This is presumably due to a
combination of low degrees of freedom (7 individuals were measured at 5 different twds) and
within treatment variation as a result of significant between subject effects for EWL (F6,28 =
4.60, P = 0.002) and most other variables, i.e. Tb, VO2, VCO2, Cwet, Cdry, MHP, MWP, EQ, RWE, fR
and VT (F6,28 ≥ 2.52, P ≤ 0.044). There were three exceptions to this pattern with no between
subject differences for RER, VI and EO2 (F6,28 ≤ 2.05, P ≥ 0.092). Results of repeated measures
contrast analyses are presented separately for each variable below

Hygric physiology
Mean EWL was initially high and generally decreased with increasing twd (Fig. 1d, Table 1),
which was confirmed by a highly significant linear (P = 0.010) component in EWL by polynomial
contrasts. Helmert contrasts revealed that EWL at twd = 1 day (P = 0.030), 2 days (P = 0.021)
and 3 days (P = 0.044) but not at twd = 4 days (P = 0.678) were significantly higher than the
respective mean EWL at longer twds. Further, simple contrasts confirmed that EWL at twd = 1
day was higher than at each subsequent twd (P ≤ 0.024) except twd = 2 days (P = 0.276),
confirming that EWL decreased with increasing twd compared to 1 day of water deprivation.

Table 1: Evaporative water loss (EWL), body temperature (Tb), and resting metabolic rate as
oxygen consumption (VO2) and carbon dioxide production (VCO2) of tammar wallabies
(Macropus eugenii) at an ambient temperature of approximately 28° C after different times of
water deprivation. Values are given as mean ± s.e., N = 7.
time without water
(hrs)

23.3 ± 0.82
47.4 ± 1.12
71.2 ± 0.65
96.3 ± 0.22
119.5 ± 0.92
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EWL

Tb

VO2

VCO2

(mg H2O g-1 h-1)

(°C )

(ml O2 g-1 h-1)

(ml CO2 g-1 h-1)

0.58 ± 0.075
0.52 ± 0.063
0.42 ± 0.037
0.39 ± 0.034
0.38 ± 0.030

36.7 ± 0.20
37.0 ± 0.17
37.0 ± 0.17
37.0 ± 0.16
37.2 ± 0.12

0.32 ± 0.023
0.30 ± 0.019
0.32 ± 0.018
0.31 ± 0.017
0.32 ± 0.016

0.27 ± 0.015
0.26 ± 0.013
0.26 ± 0.015
0.25 ± 0.013
0.25 ± 0.013
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There was also a significant linear decrease with increasing twd by polynomial contrasts for
both RWE (P < 0.001) and EQ (P = 0.001; Table 2), which also had a quadratic component (P =
0.021). Helmert contrasts showed that RWE at 1 day (P = 0.001) and 2 days of water
deprivation (P = 0.002) was significantly lower than the respective mean of longer twds.
Similarly, EQ at twd = 1 day (P < 0.001) and 2 days (P = 0.007) was higher than at longer twds.
Reflecting the pattern in EWL, RWE at twd = 1 day was lower (P ≤ 0.003) and EQ higher (P ≤
0.001) than at all longer twds except twd = 2 days (RWE: P = 0.167; EQ: P = 0.258) by simple
contrasts.

Body temperature
Tb was lowest at twd = 1 day and highest at twd = 5 days of water deprivation (Fig. 1a, Table 1)
and there was a significant linear effect of twd on Tb by repeated measures polynomial contrasts
(P = 0.034). Helmert contrasts confirmed that Tb at twd = 1 day (P = 0.035) was significantly
lower than the mean of longer twds and Tb at twd = 4 days was significantly lower than that at 5
days (P = 0.015).

Metabolic rate
MR did not change significantly between twd = 1 and 5 days (Fig. 1b, Table 1) and none of the
contrast analyses were significant for VO2 (P ≥ 0.106) or VCO2 (P ≥ 0.471), confirming the
results of the repeated measures ANOVA that twd did not affect metabolic rate. Mean VO2 was
0.32 ± 0.004 ml O2 g-1 h-1 (n = 5) and mean VCO2 was 0.26 ± 0.002 ml CO2 g-1 h-1 (n = 5) for twds ≥
1 day. Similarly, there was no significant effect of twd on RER by any of the contrast analyses (P
≥ 0.143). For twds ≥ 1 day, mean RER was 0.82 ± 0.011 (n = 5).

Table 2: Wet (Cwet) and dry thermal conductance (Cdry), relative water economy (RWE) and
evaporative quotient (EQ) of tammar wallabies (Macropus eugenii) at an ambient temperature
of approximately 28° C after different times of wat er deprivation. Values are given as mean ±
s.e., N = 7.
time without water

Cwet
-1

-1

Cdry
-1

(hrs)

(J g h °C )

(J g h-1 °C -1)

23.3 ± 0.82
47.4 ± 1.12
71.2 ± 0.65
96.3 ± 0.22
119.5 ± 0.92

0.80 ± 0.036
0.73 ± 0.049
0.74 ± 0.041
0.73 ± 0.047
0.73 ± 0.029

0.63 ± 0.023
0.58 ± 0.037
0.62 ± 0.035
0.63 ± 0.040
0.63 ± 0.023

RWE

-1

EQ
mg H2O ml O2-1

0.35 ± 0.021
0.38 ± 0.030
0.47 ± 0.030
0.50 ± 0.027
0.52 ± 0.023

1.78 ± 0.123
1.70 ± 0.156
1.32 ± 0.102
1.23 ± 0.069
1.17 ± 0.057
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Thermal conductance
As for MR, none of the contrast analyses was significant for Cwet (P ≥ 0.202) or Cdry (P ≥ 0.075),
confirming the results of the repeated measures ANOVA that twd did not affect thermal
conductance (Fig. 1c, Table 2). Mean Cwet was 0.75 ± 0.013 J g-1 h-1 °C-1 (n = 5) and mean Cdry
was 0.62 ± 0.009 J g-1 h-1 °C-1 (n = 5) for twds ≥ 1 day.
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Ventilation
By polynomial contrasts there was a significant linear increase in VT with increasing twd (P =
0.007) but no quadratic (P = 0.929) or cubic (P = 0.353) effect (Fig. 1e, Table 3). Helmert
contrasts confirmed that at twd = 1 day (P = 0.021) and twd = 2 days (P = 0.001), VT was higher
than the mean of longer twds and simple contrasts revealed that at twd = 1 day VT was
significantly lower than at each subsequent twd (P ≤ 0.037) except twd = 2 days (P = 0.502).
Although there was a trend for fR and VI to decrease and EO2 to increase with increasing twd
(Fig. 1f-h, Table 3), there was no significant change in fR (P ≥ 0.078), VI (P ≥ 0.140) or EO2 (P =
0.196) by any of the contrast analyses. Mean fR was 20.5 ± 3.51 breaths min-1 (n = 5), Mean VI
was 727.4 ± 54.38 ml min-1 (n = 5) and mean EO2 was 22.8 ± 1.06 % (n = 5) for twds ≥ 1 day.

Table 3: Respiratory frequency (fR), tidal volume (VT), minute volume (VI) and oxygen extraction
rate (EO2) of tammar wallabies (Macropus eugenii) at an ambient temperature of approximately
28° C after different times of water deprivation. V alues are given as mean ± s.e., N = 7.
time without water

fR

VT
-1

(hrs)

breaths min

23.3 ± 0.82
47.4 ± 1.12
71.2 ± 0.65
96.3 ± 0.22
119.5 ± 0.92

30.8 ± 8.69
26.8 ± 7.84
15.8 ± 1.46
16.1 ± 2.46
12.8 ± 1.69

VI

E O2
-1

ml

ml min

33.7 ± 4.24
35.9 ± 3.15
42.7 ± 3.74
46.9 ± 5.44
50.8 ± 5.12

887.3 ± 153.48
821.5 ± 128.78
646.9 ± 44.16
680.27 ± 37.94
600.8 ± 39.38

%

21.1 ± 2.63
20.7 ± 2.09
24.6 ± 1.15
21.4 ± 1.09
26.0 ± 1.57

Discussion
The aim of this study was to investigate whether water deprivation affected standard EWL in
tammar wallabies with an expectation that EWL would decrease with increasing time since the
animals last had access to water. Tammars did respond to an increase in twd by decreasing EWL
by up to 35 % after five days. Below I discuss this main result, how other metabolic parameters
changed in concert, the implications for repeatable measurement of standard EWL and
associated physiological parameters and consequences for the interpretation of existing
physiological data.
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How did time of water deprivation affect the hygric and metabolic physiology of tammar
wallabies?
As expected, time of water deprivation had a strong effect on EWL of tammar wallabies. EWL
initially decreased more rapidly and began to stabilise after 3 days of water deprivation with
no significant reduction between twd = 4 and 5 days. After 5 days without water, EWL was
reduced to 65 % of the initial EWL after 1 day. Tammars were measured when postabsorptive
and at thermoneutrality, and thus MR was basal. Consequently, MHP could not be reduced
simultaneously with EWL as twd increased; instead, Tb increased, which kept thermal
conductance constant. Did the Tb increase reflect insufficient thermoregulatory capacity of
tammars when forced to reduce evaporative cooling with increasing twd or controlled
hyperthermia? Controlled hyperthermia has been observed in several species of placental
mammals under dehydration (e.g. Baker 1984; Baker and Doris 1982; Degen 1977; Doris and
Baker 1981; Finch and Robertshaw 1979; Schmidt-Nielsen et al. 1957; Taylor 1970). It is also
common in marsupials, including tammar wallabies and other macropods under heat stress
(e.g. Dawson 1969, 1973; Dawson and Bennett 1978; Kinnear and Shield 1975; McCarron and
Dawson 1989; Rübsamen et al. 1983; Schmidt et al. 2009; Withers and Cooper 2009a). In
tammars, Tb increased at Tas at which EWL was not maximal (Dawson 1969), which means that
the Tb increase was not a result of insufficient capacity to increase evaporative cooling, but
that Tb was allowed to increase as a water saving strategy, i.e. to limit the cost of evaporative
cooling. Under heat stress, tammars allowed Tb to increase by 3 °C (Dawson 1969). In the
current study, a Tb increase of less than 0.5 °C was sufficient to counteract the reduction in
EHL, which suggests that it was not a result of insufficient cooling capacity but that tammar
wallabies used controlled hyperthermia to cope with the reduced water availability.
As expected, the EWL reduction with increasing twd was partly achieved via a reduction
in respiratory water loss. There was a significant increase in VT with twd and fR at twd = 5 days
was reduced by 58 % compared to that at twd = 1 day, but the effect was not statistically
significant. This presumably reflects the large standard errors at twd = 1 and 2 days rather than
the absence of a twd effect on fR. The pattern in VI reflected the pattern in fR, which means that
the statistically non-significant decrease in fR influenced VI more than the statistically
significant increase in VT, which also suggests that fR was in fact down regulated. EO2 did not
vary significantly with twd but showed an overall tendency to increase, counteracting the
pattern in VI, to keep VO2 constant.
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Tammar wallabies were expected to cope well with water deprivation, as they
experience large intra-annual variability in water availability in their natural habitat; they
experience high rainfall in winter and low rainfall in summer (Australian Bureau of
Meteorology, BOM 2010, and see Appendix I). Tammars can also survive prolonged periods
without access to fresh water, surviving on dry islands with long summer droughts, and also in
laboratory experiments where they were maintained for weeks without access to fresh water
(Kinnear et al. 1968; Main and Yadav 1971; Purohit 1971, 1972; Strahan 2004). The ability of
tammars to withstand water deprivation was confirmed in the current study, where they
showed great physiological flexibility in response to short-term changes in water availability.
Even after 5 days without water, MR of tammars was still basal, which means that they did not
increase metabolic water production (MWP, proportional to MR) despite their good body
condition and access to food ad lib. (until 24 hours before each measurement), and Tb was only
slightly increased to a value well below tolerable core Tb. This means that tammars still had
scope for physiological adjustments.
This physiological flexibility and thus the relatively small effect of the large reduction in
EHL (-35%) on thermoregulation partly reflects the small proportion of metabolically produced
heat which was dissipated via evaporation. After five days of water deprivation, the proportion
of MHP lost via EHL was only 14.0 ± 0.64 %. Even under standard conditions (twd = 1 day) only
21.0 ± 1.50 % of MHP was lost via evaporation, which means that after reducing EHL by 35 %, a
maximum of only a further 7.4 % of MHP had to be dissipated via other avenues to keep heat
loss constant. Consequently, a small increase in Tb was sufficient to keep MR and C constant.
The small proportion of MHP lost via EHL for tammars even at twd = 1 was also reflected in their
EQ of 1.78 mg H2O ml O2-1. It was lower than any previously published EQ (at thermoneutrality)
for marsupials, which range from 1.9 mg H2O ml O2-1 in the sandhill dunnart (Sminthopsis
psammophila; Withers and Cooper 2009b) to 2.8 mg H2O ml O2-1 in the woolly mouse opossum
(Micoreus paraguayanus; Cooper et al. 2010). Based on the mesic distribution of the tammars
this may be unexpected as low EQs reflect good water conservation mechanisms and are thus
expected in species with arid distributions (Hudson 1962; MacMillen 1965). However, a low
EHL relative to MHP is not only advantageous in arid regions with low rainfall, but may also be
vital during seasonal droughts and thus could also be expected for species experiencing high
intra-annual rainfall variability and periods of drought like tammars. If their EQ after 1 day
without water reflected good water conservation abilities compared to other marsupials
tested under similar conditions, it was even more impressive after 5 days of water deprivation.
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The large relative change in EWL caused a strong effect of twd on EQ and also RWE. Despite the
constant VO2 and thus MWP EQ decreased significantly with twd to 1.17 mg H2O ml O2-1 (Fig. 2).
As relative water economy (RWE) is the substrate-specific5 reciprocal of EQ, RWE increased
significantly with twd from 0.35 (at 1 day) to 0.52 (at 5 days). Thus, if one was to measure MR
and EWL at different Tas to estimate a point of relative water economy (PRWE) for tammars,
very different results would be expected depending on how long tammars were without water
prior to metabolic measurements. The large EQ reduction and RWE increase with water
deprivation within 4 days again emphasises the short-term flexibility of the hygric physiology
of tammar wallabies. It also highlights the need to standardise twd when attempting to
measure standard physiological variables for comparisons between studies and species.

The results of this study confirmed that despite their mesic distribution tammar wallabies have
excellent physiological water-saving abilities, which are advantageous for surviving prolonged
summer droughts. However, as this flexibility led to large effects on standard physiological
variables, especially EWL, even after comparatively short periods of water deprivation and
while body condition and food availability were good, great care has to be taken to standardise
measurement conditions in terms of water availability. twd has to be standardised to avoid the
5

EWL was used to calculate EQ, MWP was used to calculate RWE. MWP was calculated from EWL based
on measured RERs for each individual and experiment.
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possibility that standard EWL and other physiological variables reflect measurement conditions
rather than species characteristics.

Implications for comparative physiological studies
The conditions for the measurement of true mammalian basal metabolic rate require the
animal to be adult, non-reproductive, fasted sufficiently to be in a postabsorptive state and
resting, and measurements to be taken within their inactive phase and thermoneutral zone
(IUPS Thermal Commission 2003). There are currently no clearly defined standard conditions
for the measurement of standard EWL. However, as EWL is correlated with MR and also
influenced by the factors named above, it also should be measured under conditions that meet
the criteria for BMR to allow valid interspecific comparisons and comparisons between studies.
As it is an accepted criterion for measuring BMR that an animal has to be denied access to food
prior to metabolic measurements, food deprivation times are usually stated in publications.
However, possible effects of water deprivation have so far been ignored, despite studies that
have shown that water availability affects water turnover and EWL (e.g. Bentley 1960; Blaney
et al. 2000; Denny and Dawson 1975a; Freudenberger and Hume 1993; Green 1989; Jones et
al. 1990; Kennedy and Heinsohn 1974; King and Bradshaw 2008, 2010; Wallis et al. 1997).
Withers et al. (2006) analysed the effects of environmental correlates on physiological
variables, including standard EWL, in marsupials: for none of the 24 species for which standard
EWL data was available, was information given in the original publication about the water
deprivation time, i.e. the time from when the animals last had access to water to the
measurement of EWL. Apart from two bandicoot species where measurements on wild and
captive individuals were pooled, all data were obtained from captive animals. Some authors
stated that animals were maintained with access to water ad lib., some stated when food was
removed or when animals were caught prior to a measurement, which may or may not be the
time after which animals had no access to water. Food deprivation times ranged from 10 to 48
hours, thus water deprivation times may be assumed to have ranged from 0 to 48 hours,
although they are not known. As expected from previous studies on water flux and EWL
measured under water restriction, twd can have large effects on physiological parameters of
mammals, and thus differences in twd potentially introduced part of the variability into current
marsupial data sets for EWL but also other standard variables.
My study was the first to formally assess the effects of time of water deprivation on
standard physiological variables, i.e. physiological parameters measured under conditions
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which allow the measurement of true BMR. For tammar wallabies, strong effects of twd were
found for some standard variables, i.e. EWL and related parameters such as VT, EQ and RWE,
while others were not significantly affected by water deprivation of up to 5 days. For instance,
there was no significant change in fR, but the combination of statistically non-insignificant
changes in fR, VI and EO2 with increasing twd (Fig. 1f-h, Table 3), led to a reduction in fR by > 58
% and by > 32 % in VI. Tammars initially increased Tb between twd = 1 and 2 days and the step in
EQ, fR (and thus also VI), in combination with the reduced variability in fR (and VI) suggest that
they started to enforce water conservation and controlled water loss more tightly between 2
and 3 days of water deprivation. Tammars are relatively large compared to most marsupial
species for which standard EWL data has been published (Withers et al. 2006), which makes
them more thermally inert (due to their lower surface-area to volume ratio and thus heat and
water loss), which means that any change in heat loss will presumably affect their
thermoregulation less. However, even so, Tb of tammars changed significantly between 1 and 2
days without water, which proves that relatively short differences in twd can have significant
effects on their thermoregulation. For smaller species, effects of twd may be larger and
physiological variables may be expected to be significantly affected within shorter twds. In
other words, even if twds only differ by less than 48 hours they have the potential to introduce
large variation in standard variables, which will influence comparative studies and may mask
adaptive or phylogenetic differences.
How can twd be standardised? BMR is measured within the TNZ to avoid thermal stress
and the associated changes in physiological variables such as an increase in MR at lower Tas or
in Tb at higher Tas. Similarly, standard EWL should be measured under non-stress conditions
regarding water availability as stress due to dehydration is difficult to define and to quantify - a
standardised known time of twd may lead to severe dehydration and the associated changes in
standard physiological variables in one species, but may have no or only mild effects in others.
It should be noted that while dry conditions and reduced water availability may cause large
variation in physiological parameters, they do not necessarily represent stressful conditions for
a species or individual that routinely faces changing conditions, as suggested by the results of
this study and previous work (e.g. King and Bradshaw 2010). However, to ensure
comparability, all measurements should be taken not only under non-stress conditions in
terms of water availability, which for some species or individuals may be the case even after
months of water deprivation, but also in the same “season”. This means that animals should
be measured when hydrated to allow valid comparisons between studies as it ensures
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comparable conditions independent of the flexibility of an individual in coping with reduced
water availability or with dehydration.
If measured under ad lib. conditions, i.e. for hydrated marsupials, can we expect
species from arid conditions to have lower rates of standard EWL? If all species with a mesic
distribution, i.e. species which experience periods of high water availability, use a similar
strategy to that demonstrated by the tammar wallabies in the current study, which only saved
water by reducing EWL when water availability was low, and arid adapted species generally
have lower EWL, then such a pattern would still be expected. This would be consistent with
the results of a study by Cavieres and Sabat (2008), who suggested that low rainfall and thus
water availability of arid region leads to low EWL and also BMR in sparrows, while high
seasonal rainfall variability selects for high physiological flexibility in these traits. However, if
there are species with a mesic distribution which have a generally low EWL, for example due to
phylogenetic affiliation, such a pattern may not be found. Similarly, it will not be found if there
are arid species which have the capacity to keep EWL low but do not control EWL: i.e. show
increased rates of EWL under ad lib. conditions.
This study demonstrated that if standard EWL is measured by only meeting the
currently accepted criteria for measurement of BMR, without controlling for twd, standard EWL
but does not necessarily produce a species’ characteristic and reproducible rate of EWL, but
rather a rate of EWL which reflects the water availability, and thus hydration state, of an
individual. Consequently, indices such as EQ or RWE calculated on the basis of EWL
measurements on fully hydrated individuals will not reflect a species’ ability to conserve water
and thus adaptation to arid or high rainfall variability environments. However, if measured
under natural conditions, such indices may still be useful to compare relative water
conservation capabilities of different species or populations (see Chapter 7).
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Introduction
Evaporation depends on the water vapour pressure gradient between the evaporative surface
and the ambient air. The water vapour pressure in turn determines relative humidity (RH)
dependent of ambient temperature (Ta), as warmer air can hold more water. Therefore, the
evaporative water loss (EWL) of an animal is theoretically affected by its body temperature (Tb)
and the relative humidity and temperature of its environment. EWL has been suggested to
decrease with increasing RH (Fig. 1) as the water vapour pressure deficit (∆WVP) between the
animal and its environment decreases and this relationship has been found in previous studies
for different species of bats, rodents and birds (e.g. Baudinette et al. 2000; Christian 1978;
Edwards and Haines 1978; Lasiewski et al. 1966a,b; Webb et al. 1995).

EHL

RH

Tb
EHL

Fig. 1: Schematic graph of expected pattern in
evaporative heat loss (EWL) of endotherms in
response to increasing relative humidity (RH) if no
adjustments are made: EHL decreases with
increasing RH.

Standard EWL is commonly used for intra- and interspecific comparisons in physiological
studies on endotherms. It is the EWL measured near the lower end of the thermoneutral zone
(TNZ) and on adult, resting, non-reproductive and postabsorptive individuals (conditions
meeting the criteria for measurement of basal metabolic rate, BMR; IUPS Thermal Commission
2003). Standard EWL is expected to be lower in arid- than mesic-adapted species, as in arid
areas water is scarce and efficient use of water advantageous. However, in a previous
interspecific study, no significant link between standard EWL and aridity was found for
marsupials (Withers et al. 2006). While this was probably partly due to a relatively small data
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set of standard EWL for marsupials, it is also likely that possible effects are masked by a
relatively high variability in currently available data. This in turn may be a result of different
measurement techniques (gravimetric vs. hygrometric, e.g. Cooper and Withers 2008) or
insufficient measurement duration (Cooper and Withers 2009). While the criteria for
measurement of standard EWL include certain Ta conditions (inside the TNZ, near the lower
critical temperature, Tlc), they currently do not include standardised conditions regarding RH
(IUPS Thermal Commission, 2003). If RH affects standard EWL, then part of the variability may
be due to different chamber RHs. Previous attempts at correcting EWL data for RH at the time
of measurement were unsuccessful (e.g. Cooper and Withers 2008; Lasiewski et al. 1966a;
Larcombe et al. 2003, 2006; Larcombe 2004; Larcombe and Withers 2006). The inability to
correct for RH effects suggests that the relationship between EWL and RH is not fully
understood and may differ for different species or ambient temperatures, even within the TNZ
(e.g. Cooper and Withers 2008).
If no thermoregulatory adjustments are made by the animal as ambient RH changes,
the WVP at its surface stays constant, and, as a result, measured EWL of the animal at a given
Ta is equal to its passive evaporative heat loss (EHL), which is proportional to ∆WVP and
therefore expected to be negatively correlated with RH (Fig. 1). EHL is EWL expressed in Joules
rather than mg H2O, the conversion factor is 2.4, and similarly, metabolic rate (MR) measured
as ml O2 may be converted to metabolic heat production (MHP) using a conversion factor of
19.5 to 21.4, depending on the ratio of carbon dioxide produced to oxygen consumed (Withers
1992). These conversion allow direct comparison between heat lost via evaporation or the
thermal gradient between the animal and its environment (dry heat loss, DHL) and MHP. In
endotherms heat loss has to match heat production to keep Tb constant. So if total heat loss
(HL) is compromised, for example by an increase in Ta that reduces the thermal gradient
between the animal and its environment and thus DHL, HL has to be adjusted, for example by
increasing EWL via panting (e.g. Dawson et al. 1969). So if passive EHL decreases, thermal
balance will also be compromised, DHL has to be increased and/or MHP has to be decreased to
keep total HL and thus Tb constant. If MHP can not be reduced (within the TNZ) or DHL
increased sufficiently, EHL will have to be increased to keep total HL constant. Therefore, I
predict that if EWL is measured at a Ta below the TNZ, where MR is not basal (i.e. higher), MHP
can be reduced with reduced EHL as RH increases and a negative relationship with RH should
be expected until MR reaches BMR and can not be further reduced (red dashed line Fig. 2a) –
the animal is no longer cold as passive HL matches basal MHP. Above this RH, EWL has to be
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increased against the ∆WVP to keep EHL and thus total HL constant to avoid an increase in Tb.
Consequently, if EWL is measured at or above the Tlc, where MR is basal and MHP can not be
further reduced, I expect EWL to be independent of RH as it has to be increased against the
decreasing ∆WVP to ensure heat balance (Fig. 2b6). If EHL has to be adjusted, e.g. at Ta > Tlc, I
expect the physiological mechanisms to be similar to those observed in response to an
increase in Ta as an increase in either ambient variable (Ta and RH) eventually leads to basal
MHP exceeding passive HL, which requires physiological adjustments to ensure thermal
balance.

Keeping body temperature constant

a

< Tlc
BMR

b

≥ Tlc
BMR

RH

Tb
EHL
MHP

Fig. 2a,b: Schematic graph of expected patterns
in metabolic heat production (MHP) and
evaporative heat loss (EHL) of endotherms in
response to increasing relative humidity (RH) at
ambient temperatures below (top) and above
(bottom) the lower critical temperature (Tlc) if body
temperature (Tb) is kept constant. The yellow line
indicates the lowest possible heat production
(basal metabolic rate, BMR); the red dashed line
indicates the RH above which MHP can not be
further reduced.

6

Figures 2 and 5 show expected patterns only but not the extent of change of variables in response to
RH changes. Proportion of change depends on the actual Ta.
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The RH above which the animal has to adjust EWL against the physical environmental
conditions depends on the experimental Ta as it depends on whether basal MHP can be
dissipated via DHL and passive EHL. The red vertical line in Fig. 2a (RH above which EWL is
adjusted) is expected to move to the right if Ta is decreased as MHP starts at a higher level in
dry air and can be reduced further. It will move to the left with increasing Ta until EWL is
independent of RH over the whole RH range (at and above Tlc,; Fig. 2b). This means that
standard EWL should be independent of chamber RH as it is measured at thermoneutrality (≥
Tlc), which would render a correction of standard EWL for RH unnecessary. However, some
studies have found a negative relationship between RH and EWL of mammals even when EWL
was measured at thermoneutrality (e.g. Baudinette 1972; Baudinette et al. 2000; Cooper and
Withers 2008; Edwards and Haines 1978; Welch 1980). So far only one study examined
metabolic responses to changes in RH in a marsupial species in an attempt to clarify the
relationship of RH and EWL and to correct the currently available standard EWL data for
chamber humidity (Cooper and Withers 2008). However, the correction increased the
variability in standard EWL data.
I measured RH effects on EWL of a medium-sized macropod, the tammar wallaby
(Macropus eugenii), which has a mesic distribution and usually experiences medium ambient
humidities (approximately 40 – 80 %; see below, Fig. 3). The tammar wallaby does not use
nests, warrens, caves or other high RH environments when resting (see Chapter 2 for more
detailed information on its ecology). Responses to changes in RH were not only determined for
EWL but simultaneously for Tb and MR as oxygen consumption (VO2) and carbon dioxide
production (VCO2) as well as respiratory frequency (fR) and tidal volume (VT). The
measurement of these variables allowed the calculation of wet and dry thermal conductance
(Cwet and Cdry), minute volume (VI) and oxygen extraction (EO2). In addition, the behaviour of
the wallabies was monitored. In combination, this information enabled me to examine not
only the physiological responses but also the mechanisms with which thermoregulatory
adjustments were made. To test the hypothesis that the pattern in EWL in response to
increasing RH will differ depending on whether the animal is cold at the given Ta at low RH (Tas
< Tlc) or not (Tas ≥ Tlc), all variables were measured at a Ta just below the Tlc and at a Ta within
the TNZ. This study is the first to establish a full data set of thermal, hygric, metabolic and
ventilatory responses to RH changes in any mammal, and the first to measure RH effects on
the physiology of a macropod species. I will discuss the mechanisms of thermoregulatory
adjustments in response to RH changes at different Tas to understand the relationship
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between EWL and RH and how it influences other thermoregulatory variables. Eventually, I aim
to answer two questions i) why have previous attempts to correct standard EWL data of
marsupials for RH effects been unsuccessful, i.e. failed to reduce variability and, ii) how can
EWL data be standardised to allow valid comparisons between studies and species?

Methods
Standard flowthrough respirometry was used to measure rates of oxygen consumption (VO2),
carbon dioxide production (VCO2), and evaporative water loss (EWL), ventilation was measured
simultaneously by whole-body plethysmography at ambient temperatures (Ta) of 20.9 ± 0.039
°C and 28.8 ± 0.060 °C (at and just below thermoneutrality) and four different chamber
humidities (RH). This study was approved by the Animal Ethics Committee of the University of
Western Australia (RA/3/100/738).

Animals
Seven of the eight tammar wallabies (Macropus eugenii) used in the study on effects of fasting
time on physiology (Chapter 2) were used in this study; housing and care were described in
Chapter 2.

Flow-through respirometry
Metabolic measurements were performed using the protocol described for the measurements
after 22 hrs of fasting in Chapter 2 with the following modifications: The humidity of the
incurrent air was controlled by bubbling the compressed air through acrylic columns (Drierite
gas-drying unit, W.H. Hammond Co. Ltd) filled with water and submerged in a water bath. The
temperature of the water bath was controlled by a Techne Tempette TE-8A heater and a FST
LC-20 liquid cooler and varied to provide incurrent baseline humidities of approximately 25, 50
or 75 % (in addition to the control measurements with dry compressed air). Because the
incurrent air mixed with the evaporative water loss of the wallaby, relative chamber humidity
(RH) during the measurements was higher than incurrent humidity (Lasiewski et al. 1966a). A
Vaisala (MNP 45A) humidity and temperature probe connected to the chamber outlet was
used to measure temperature (Ta) and RH of excurrent air, which was considered to be
indicative of the temperature and RH inside the metabolic chamber. RH values are given in
Tables 1-3 with physiological data and with climate data for Perth in Figure 3.
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Each tammar wallaby was measured eight times, once at each of the four baseline RHs
at each of two Tas, one just below the Tlc (Ta = 20.9 °C) and one within the TNZ (Ta = 28.8 °C;
Dawson et al. 1969 and Chapter 6) in random order. These Tas were chosen to maximize the
chances of confirming the predicted patterns in EHL. If an increase in RH does have a similar
effect as an increase in Ta as predicted, measuring EWL (and other standard variable) at a Ta at
which MHP only just exceeds basal MHP maximizes the chance that an RH increase leads to a
reduction of MHP to basal MHP so that EWL has to be adjusted (Fig. 2a). Similarly, at a Ta
further into the TNZ, rather than near the lower end or at the Tlc the reduction in passive EHL
with increasing RH is more likely to lead to the wallabies becoming hot, i.e. to require them to
increase EHL via physiological adjustments comparable to those above the Tuc in dry air such as
increased ventilation.
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All tammars had been measured several times in preliminary trials and were accustomed to
the metabolic system and all procedures. Each wallaby was rested for at least four days
between consecutive measurements. Figure 3 shows ambient conditions (Ta and RH) in Perth
(data courtesy of the Bureau of Meteorology; www.bom.gov.au) with the RHs at which
measurements were taken at Ta = 20.9 °C (blue bars) and Ta = 28.8 °C (red bars).

Whole-body plethysmography
Ventilation was measured as described in Chapter 2. Several traces of 20 or 50 seconds
(depending on breathing frequency) were recorded for each experiment, i.e. each individual at
each Ta / RH combination, and a single mean (n = 6 ± 0.3 traces on average) was calculated for
each ventilatory variable – breathing frequency (fR), tidal volume (VT), minute volume (VI) and
oxygen extraction (EO2) – for each Ta / RH regime after Malan (1973) and Cooper and Withers
(2004). The plethysmography system was calibrated at each set of ambient conditions (Ta / RH
combination) by injecting a known volume of air into the metabolic chamber, which contained
water filled containers of the average mass of the tammar wallabies as described in Chapter 2.

Data analyses
Metabolic traces and ventilatory data were analysed as described in Chapter 2. fR, VT and VI are
presented at body temperature and pressure saturated (BTPS). EO2 was calculated based on
the STPD VO2 and VI at the time of ventilatory measurements as described by Withers and
Cooper (2009b). The water vapour pressure gradient of the environment in the chamber
(∆WVP) was calculated as WVPsat – WVPchamber where WVPsat is the water vapour pressure at Ta
and 100 % humidity and WVPchamber is the water vapour pressure in the chamber at the Ta and
humidity at the time EWL was measured. The water vapour pressure gradient between the
tammar wallaby and its environment in the chamber (∆’WVP) was calculated as WVPanimal –
WVPchamber where WVPanimal is the water vapour pressure at Tb and 100 % humidity.
Repeated measures ANOVA was used to compare body masses between different RHs
at each Ta. As body mass did not change significantly across RHs at either Ta, mean body mass
at each Ta was compared by paired t-test. The effects of RH were separately examined at each
Ta for each metabolic and ventilatory variable by repeated measures ANOVA. The patterns in
response to changes in RH were further assessed by repeated measures Helmert and reverse
Helmert contrasts depending on the specific pattern expected for each variable. Repeated
measures Helmert contrasts compare each level with the mean of subsequent levels while
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reverse Helmert contrasts compare each level with the mean of previous levels. Paired t-tests
were used to compare values for a given physiological variable measured in dry incurrent air
(lowest RH) between Tas. Statistical tests were performed with statistiXL (version 1.6) and a
custom-written macro for Microsoft Office Excel (by P. Withers).

Results
At Ta = 28.8 °C the tammars were lying down, stretched out for most of the experiment, except
at 84 % RH when all tammars were observed sitting most of the time and licking their limbs,
genitalia and /or tail (some individuals showed this behaviour also at 65 % RH). At 20.9 °C
there was no pattern in posture changes observed, tammar wallabies were lying down as well
as sitting when resting independent of RH.
Body mass of the tammar wallabies did not change significantly between
measurements at different RHs by repeated measures ANOVA at Ta = 20.9 °C (F3,4 = 3.66, P =
0.121 with between subject effects: F26,21 = 11.73, P < 0.001) or at Ta = 28.8 °C (F3,4 = 6.20, P =
0.055 with between subject effects: F26,21 = 54.68, P < 0.001) and there was no significant
difference between mean body mass at the two different Tas (T54 = 0.38, P = 0.703). The mean
body mass of all tammar wallabies (N = 7) over all experiments (each individual was measured
four times at two Tas, n = 56) was 5001 ± 52 g (range: 4312 – 5818 g).

Evaporative water loss
At Ta = 20.9 °C there was a significant effect of RH on EWL by ANOVA (F3,4 = 12.34, P = 0.017;
Fig. 4, data Table 1) with no between subject effects (F6,21 = 0.38, P = 0.886). Helmert contrasts
showed that at RH = 26.5 % EWL was significantly higher than the mean at subsequent RHs (P <
0.001), while at 46.5 and 67.2 % RH EWL was not different from higher RHs (P ≥ 0.110). There
was no significant effect of RH on EWL at Ta = 28.8 °C by ANOVA (F3,4 = 4.13, P = 0.102) or
Helmert contrasts (P ≥ 0.112). In dry air (lowest RH), there was no difference in EWL between
Ta = 20.9 and 28.8 °C (T6 = 0.59, P = 0.580).

Metabolic rate
At Ta = 20.9 °C, RH had no effect on VO2 (F3,4 = 1.08, P = 0.452; Fig. 4) or VCO2 (F3,4 = 0.22, P =
0.879) by ANOVA or by Helmert contrasts (VO2: P ≥ 0.119; VCO2: P ≥ 0.521) and there was no
effect on RER by ANOVA (F3,4 = 1.72, P = 0.301) or Helmert contrasts (P ≥ 0.234, data Table 1).
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At Ta = 28.8 °C ANOVA showed a significant effect of RH on VO2 (F3,4 = 7.89, P = 0.037) with no
between subject effects (F6,21 = 0.88, P = 0.524) but not for VCO2 (F3,4 = 0.27, P = 0.846).
However, analysis by Helmert contrasts showed that neither VO2 nor VCO2 decreased with
increasing RH (VO2: P ≥ 0.114; VCO2: P ≥ 0.433). ANOVA showed that RER did not change
significantly with increasing RH at Ta = 28.8 °C (F3,4 = 4.27, P = 0.097) and Helmert contrasts
confirmed this (P ≥ 0.061). In dry air (lowest RH), VO2 was higher at Ta = 20.9 than at 28.8 °C (T6
= 4.53, P = 0.004) but there was no difference in VCO2 (T6 = 1.02, P = 0.347), so that RER was
higher at Ta = 28.8 °C (T6 = 3.29, P = 0.017).

Table 1: Evaporative water loss (EWL), resting metabolic rate as oxygen
consumption (VO2) and carbon dioxide production (VCO2) and respiratory
exchange ratio (RER) of tammar wallabies at different relative humidites (RH)
and ambient temperatures (Ta). Values are given as mean ± s.e.
RH
(%)

VO2

EWL
-1

-1

(mg H2O g h )

-1

VCO2
-1

(ml O2 g h )

-1

RER
-1

(ml CO2 g h )

below the lower critical temperature (Ta = 20.9 °C)

27 ± 1.3
47 ± 1.8
67 ± 0.9
90 ± 2.7

0.61 ± 0.027
0.39 ± 0.036
0.39 ± 0.015
0.35 ± 0.020

0.32 ± 0.013
0.34 ± 0.015
0.36 ± 0.016
0.33 ± 0.019

0.29 ± 0.010
0.30 ± 0.011
0.31 ± 0.016
0.30 ± 0.014

0.91 ± 0.022
0.89 ± 0.013
0.86 ± 0.026
0.91 ± 0.028

0.28 ± 0.009
0.27 ± 0.013
0.28 ± 0.007
0.29 ± 0.011

1.04 ± 0.039
1.00 ± 0.062
0.91 ± 0.009
0.90 ± 0.026

above the lower critical temperature (Ta = 28.8 °C)

19 ± 1.3
40 ± 0.9
65 ± 1.5
84 ± 1.6

0.65 ± 0.053
0.52 ± 0.051
0.64 ± 0.044
0.62 ± 0.037

0.27 ± 0.012
0.27 ± 0.019
0.31 ± 0.010
0.32 ± 0.019

At Ta = 28.8 °C, RH had no effect on EHL/MHP (data Table 2) by ANOVA (F3,4 = 1.16, P = 0.427)
or Helmert contrasts (P ≥ 0.115), but at Ta = 20.9 °C, RH significantly affected EHL/MHP by
ANOVA (F3,4 = 17.56, P = 0.009). Helmert contrasts showed that EHL/MHP was significantly
higher at RH = 27 % than at all higher RHs (P < 0.001) and that there was no RH effect at RHs ≥
46.5 % (P ≥ 0.512).
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Body temperature
There was a highly significant effect of RH on Tb by ANOVA (F3,4 = 38.99, P = 0.002; Fig. 4, Table
2) at Ta = 20.9 °C with no between subject effects (F6,21 = 2.06, P = 0.102). Helmert contrasts
showed that Tb at RH = 26.5 % was significantly lower than the mean Tb at subsequent RHs (P =
0.047). Tb at RH = 46.5 % was not different from that at higher RHs (P = 0.592) but Tb at RH =
67.2 % was again lower than that at 89.7 % (P < 0.001). At Ta = 28.8 °C, there was no significant
effect of RH on Tb by ANOVA (F3,4 = 5.80, P = 0.061). However, Helmert contrasts showed Tb at
RH = 19.2 % was significantly lower than the mean Tb at subsequent RHs (P = 0.006) and that
there was no significant difference in Tb at any higher RH (P ≥ 0.334). In dry air, there was no
difference in Tb between Ta = 20.9 and 28.8 °C (T6 = 2.19, P = 0.071).

Table 2: Ratio of evaporative heat loss (EHL) to metabolic heat production
(MHP), body temperature (Tb) and wet (Cwet) and dry (Cdry) thermal
conductance, of tammar wallabies at different relative humidites (RH) and
ambient temperatures (Ta). Values are given as mean ± s.e.
RH

EHL / MHP

(%)

Tb
(°C)

Cwet
-1

-1

Cdry
-1

-1

(J g h °C )

(J g h-1 °C -1)

0.43 ± 0.016
0.43 ± 0.016
0.47 ± 0.020
0.42 ± 0.021

0.33 ± 0.016
0.37 ± 0.013
0.41 ± 0.019
0.37 ± 0.019

0.72 ± 0.025
0.65 ± 0.051
0.76 ± 0.021
0.79 ± 0.039

0.52 ± 0.031
0.51 ± 0.041
0.58 ± 0.017
0.62 ± 0.033

below the lower critical temperature (Ta = 20.9 °C)

27 ± 1.3
47 ± 1.8
67 ± 0.9
90 ± 2.7

0.22 ± 0.012
0.13 ± 0.010
0.13 ± 0.006
0.12 ± 0.003

36.5 ± 0.15
37.0 ± 0.20
36.6 ± 0.22
37.4 ± 0.14

above the lower critical temperature (Ta = 28.8 °C)

19 ± 1.3
40 ± 0.9
65 ± 1.5
84 ± 1.6

0.27 ± 0.027
0.22 ± 0.018
0.24 ± 0.011
0.23 ± 0.009

36.8 ± 0.19
37.3 ± 0.17
37.3 ± 0.17
37.4 ± 0.17

Thermal conductance
At Ta = 20.9 °C, there was no significant effect of RH on Cwet (F3,4 = 2.39, P = 0.210) or Cdry (F3,4 =
2.22, P = 0.288) by ANOVA (Fig. 4, Table 2). Reverse Helmert contrasts confirmed that Cwet was
independent of RH (P ≥ 0.066) but showed that Cdry at RH = 67 % was higher compared to Cdry
at lower RHs (P = 0.021). There was no increase in Cdry compared to lower RHs at RH = 47 % (P
= 0.122) and RH = 92 % (P = 0.945). At Ta = 28.8 °C ANOVAs were also not significant for both
Cwet (F3,4 = 5.87, P = 0.060) and Cdry (F3,4 = 5.73, P = 0.062). However, at this Ta, reverse Helmert
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contrasts showed an increase at RH = 67 % not only in Cwet (P = 0.029) but also in Cdry (P =
0.012), while neither Cwet nor Cdry changed at RH = 47 % (Cwet: P = 0.330; Cdry: P = 0.788) and RH
= 92 % (Cwet: P = 0.066; Cdry: P = 0.065) compared to lower RHs. In dry air Cwet (T6 = 14.62, P <
0.001) and Cdry were higher (T6 = 6.71, P = 0.001) at Ta = 28.8 than at 20.9 °C.

Ventilation
RH did not influence any of the ventilatory variables at Ta = 20.9 °C (fR: F3,3 = 5.64, P = 0.095; VT:
F3,3 = 0.45, P = 0.738; VI: F3,3 = 0.85, P = 0.553; EO2: F3,3 = 6.08, P = 0.086; N = 7) or at Ta = 28.8 °C
(fR: F3,3 = 2.95, P = 0.199; VT: F3,3 = 6.05, P = 0.087; VI: F3,3 = 2.56, P = 0.230; EO2: F3,3 = 2.42, P =
0.244; N = 6; Table 3, Fig. 4). Reverse Helmert contrasts confirmed the absence of a RH effect
at Ta = 20.9 °C for fR (P ≥ 0.138), VT (P ≥ 0.280) and VI (P ≥ 0.142) but showed that EO2 at the
two highest RHs was higher than the mean of lower RHs (P ≤ 0.032). At Ta = 28.8 °C, reverse
Helmert contrasts only confirmed the absence of a RH effect on VT (P ≥ 0.201) but showed that
at the highest RH fR (P = 0.033) and VI (P = 0.017) were higher compared to lower RHs and EO2
(P = 0.018) was lower. In dry air there was no difference between Ta = 20.9 and 28.8 °C for any
of the ventilatory variables (fR: T6 = 0.59, P = 0.576; VT: T6 = 0.42, P = 0.690; VI: T6 = 1.77, P =
0.127; EO2: T6 = 1.17, P = 0.286).

Table 3: Respiratory frequency (fR), tidal volume (VT), minute volume (VI) and
oxygen extraction (EO2) of tammar wallabies at different relative humidites (RH)
and ambient temperatures (Ta). Values are given as mean ± s.e.
RH
(%)

fR
breaths min

VT
-1

ml

VI
ml min

E O2
-1

%

below the lower critical temperature (Ta = 20.9 °C)

27 ± 1.3
47 ± 1.8
67 ± 0.9
90 ± 2.7

23.2 ± 2.49
30.2 ± 8.06
27.2 ± 7.67
19.6 ± 3.02

33.3 ± 3.93
38.3 ± 3.44
41.8 ± 5.67
42.3 ± 5.49

846.6 ± 44.27
1011.5 ± 186.37
909.1 ± 104.56
735.8 ± 40.73

18.4 ± 1.34
18.1 ± 2.12
22.9 ± 1.77
23.9 ± 1.46

756.7 ± 82.95
701.8 ± 87.26
828.4 ± 151.75
1239.8 ± 181.96

19.5 ± 1.38
22.9 ± 2.85
25.0 ± 2.42
15.2 ± 2.05

above the lower critical temperature (Ta = 28.8 °C)

19 ± 1.3
40 ± 0.9
65 ± 1.5
84 ± 1.6
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25.4 ± 5.56
20.9 ± 4.02
31.6 ± 11.34
62.7 ± 12.86

35.9 ± 3.29
36.3 ± 4.26
30.1 ± 3.68
25.5 ± 5.00

Chapter 4: Tammar physiology – ‘Hot or not’ part I: effects of relative humidity

Discussion
At the lowest RH measured (dry incurrent air), VO2 at Ta = 28.8 °C was almost identical to the
BMR of 0.28 ml O2 g-1 h-1 previously measured by Dawson et al. (1969; at Ta = 30.5 °C) and
lower than at Ta = 20.9 °C. In dry air at Ta = 20.9 °C the tammars were cold and thus increased
MHP but there was no need to increase MHP at Ta = 28.8 °C as passive heat loss did not exceed
their basal MHP. EWL did not differ between the two Tas, which means that Ta = 28.8 °C was
below their Tuc as EWL was not yet elevated. Cwet and Cdry were higher at Ta = 28.8 °C. This was
expected because within the TNZ, MHP can not be reduced as it is basal, which means thermal
conductance has to be increased with increasing Ta to keep Tb constant to avoid having to
increase EHL. Thus, the two Tas fell above and just below the Tlc measured in dry air (standard
protocol) as intended. None of the ventilatory parameters were affected by Ta at the lowest
RH, which was expected for Tas just below the Tlc, where cold stress is minimal, and below the
Tuc, where no thermoregulatory adjustments are necessary.
As expected, the patterns in EWL in response to increasing RH differed between the
two Tas. The patterns matched my predictions (Fig. 2) as EWL was independent of RH above
the Tlc, while below the Tlc, EWL initially decreased with increasing RH but was adjusted to stay
constant at higher RHs (RH ≥ 47 %).

Metabolic, behavioural and ventilatory responses to changes in RH above the Tlc:
An endotherm‘s heat loss has to match its heat production to ensure heat balance (in the
absence of other heat sources). Consequently, if heat loss is compromised due to changes in
the environment, the animal either has to increase heat loss or to reduce MHP. If heat loss is
compromised due to an increase in Ta above the Tlc, where MHP is basal and can not be
reduced further, macropods, including tammar wallabies, increase heat loss initially by
stretching out, which increases the exposed surface area, by increasing peripheral blood flow,
which increases surface temberature and thus the Tb – Ta gradient, and by licking and panting
(e.g. Dawson 1969; Dawson et al. 1969; 2000a,b; Dawson and Bennett 1978; Dawson and Rose
1970; Hudson and Dawson 1975; Needham et al. 1974; Rübsamen et al. 1983). Often a mild
increase in Tb is allowed as it increases the capacity to enhance passive heat loss via a higher
surface temperature (e.g. Dawson and Bennett 1978; Dawson et al. 1969, 2000a; Rose et al.
1990; Rübsamen et al. 1983; also see Chapters 6, 7, 9). Like an increase in Ta (at a given RH) an
increase in RH (at a given Ta) also compromises passive heat loss as it increases ambient WVP
and thus decreases ∆WVP and consequently passive EHL. Thus, if MHP can not be reduced
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with increasing RH at a Ta ≥ Tlc where MHP is basal, then EHL has to be increased against the
decreasing ambient WVP to keep it independent of RH and avoid hyperthermia. The increase
in EHL with increasing RH necessary to keep EHL constant, i.e. independent of RH, was
expected to be achieved by the same physiological mechanisms as if tammar wallabies became
hot due to an increase in Ta rather than RH.
Physiological responses of tammar wallabies at Ta = 28.8 °C were as expected and
suggested they adjusted heat loss because they became hotter with increasing RH. Initially,
tammar wallabies allowed Tb to increase slightly with increasing RH between 19 (dry incurrent
air) and 40 % RH from 36.8 to 37.3 °C, which is slightly above the Tb of tammars at Ta = 31.8 °C
in dry incurrent air (RH = 19.5 %, see Chapter 6). As RH increased further, Tb was not allowed to
increase further; rather tammar wallabies increased wet and dry thermal conductance
between 40 and 65 % RH by maximizing the exposed surface area and presumably also by
increasing peripheral blood flow. In addition, some tammars increased EHL by occasionally
spreading saliva over poorly insulated body parts and while mean fR was not significantly
increased, the increased variation and slight but non-significant increase in fR suggest that
some individuals also started to increase respiratory evaporative heat loss (REHL). Mean fR at
65 % RH (58.5 breaths min-1) was higher than that of tammars in dry air (32.9 breaths min-1) at
a Ta of 31.6 °C (see Chapter 6). Between 65 and 84 % RH, the tammars relied mainly on an
increase in REHL to keep EWL and thus Tb stable, but they also maximized cutaneous EHL as
they sat up frequently to lick their limbs, tail and genitalia. REHL was increased through a 74 %
increase in fR which resulted in an increase in VI and corresponding decrease in VT and thus
EO2. The tammar wallabies’ physiological and behavioural responses to increasing RH at Ta =
28.8 °C suggested that at high RH their heat loss was compromised to a degree similar to that
at a Ta of at least 31.8 °C in dry incurrent air. At this Ta, EWL is significantly increased in dry
incurrent air, which means it is above the TNZ as the upper limit of the TNZ (Tuc) is the
temperature above which EWL is increased (see Chapter 6). While EWL was not increased at
high RH compared to low RH, it was increased compared to the level expected if no
adjustments were made, i.e. compared to passive heat loss (Fig. 1). Clearly, at a Ta of 28.8 °C,
at which tammar wallabies are thermoneutral when measured in dry air, they were hot at high
RH. Thus, as predicted, whether the tammars are hot or not depends not only on Ta but also on
RH.
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Physiological and behavioural responses to changes in RH below the Tlc:
As expected at Ta = 20.9 °C and dry incurrent air (27 % RH), MHP of tammar wallabies was
elevated compared to basal MHP, which means that this Ta was below their Tlc and they were
cold as passive heat loss exceeded basal MHP. Consequently, tammars tolerated a decrease in
EHL with increasing RH due to the decreasing ∆WVP between 27 and 47 % RH. Interestingly,
they did not reduce MHP accordingly as predicted (Fig. 2a), instead they used the excess heat,
which was no longer lost via evaporation, to allow Tb to rise from 36.5 to 37.0 °C. As RH was
increased to 67 %, EHL did not decrease further, which means that passive heat loss was
reduced sufficiently to force the tammar wallabies to adjust EHL against the decreasing ∆WVP
to keep EHL constant. Rather than allowing Tb to increase further, the tammars minimised
insulation, which was reflected by the increase in Cdry, suggesting that they were no longer
cold. This increase in thermal conductance was presumably achieved by an increase in exposed
surface area via posture changes (laying rather than sitting) and peripheral blood flow and thus
surface temperature, possibly in combination with decreased pilo-erection. An increase in
surface temperature increases dry heat loss (DHL) via the increased thermal gradient between
the animal and its environment and evaporation from the skin via an increase in surface WVP
and thus ∆WVP, which may explain the slightly lower Tb of tammars at this RH. As RH was
increased to 90 %, tammars did not increase thermal conductance further but allowed Tb to
increase to 37.4 °C instead, which increased the capacity to increase surface temperature and
thus evaporation and enabled them to keep EHL constant without increasing fR. Overall, the
increase in RH at Ta = 20.9 °C led to the expected pattern in EHL for tammars, however, the
pattern in MHP did not mirror that in EHL and Tb was not kept constant as predicted.
Initially tammars allowed EHL to decrease but they adjusted EHL to keep it constant at
RH above 47 %, which means that they were no longer cold and whether they are cold or not
does not only depend on Ta but also on RH. The decrease in EHL with decreasing ∆WVP at RH
below 47 % was not converted into energy savings as predicted as MR was constant; instead,
the excess heat was stored to increase Tb. This suggests that there was an advantage
associated with the higher Tb that outweighed the potential energy savings. A Tb of
approximately 37.3 – 37.4 °C, which is higher than that measured in dry air, seemed to be the
preferred Tb of tammars as it was also defended at Ta = 28.8 °C and high RH, despite potential
water savings. Why did tammars increase Tb with increasing RH rather than decrease MHP at
Ta = 20.9 °C as predicted? Tammars have a mesic distribution, which included the South West
of Western Australia (IUCN 2010), and in their natural habitat they are rarely subjected to RH
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below 30 % comparable with the lowest chamber RH in this study where lower Tbs were
measured (Fig. 3). At Ta = 28.8 °C where tammars were not cold, an increase in Tb, which allows
them to increase the thermal and WVP gradient to the environment and therefore DHL and
passive EHL may be advantageous. However, at Ta = 20.9 °C where tammars were cold at low
RH, an increase in DHL or passive EHL seems counterproductive. Rather than viewing the
increase in Tb with increasing RH between the two lowest RHs as a form of controlled
hyperthermia, one could view the lower Tb measured for dry incurrent air as a sign of slight
hypothermia caused by the high ∆WVP between the animal and its environment and the
resulting increased EHL.
Climate data obtained from the Australian Bureau of Meteorology (BOM 2010) seem
to support this theory. The distribution of the tammar wallaby includes the area around Perth
(IUCN 2010), where the tammars used here were housed in outdoor enclosures and subjected
to natural weather conditions for several months prior to and during this study. In winter,
(April to September), the time of the year this study was conducted, mean 15.00 monthly Ta in
Perth (1944 - 2010) was 19.3 °C, RH was 54.8 %, while in summer mean Ta was 26.8 °C and RH
was 41.2 %. Mean 9.00 Ta was comparatively low and RH high (see Fig. 3), the lowest RH was
37 % (at 15.00 in January and February). The data suggest that in their natural environment
the tammars usually do not experience RH conditions as low as they were subjected to during
measurements with dry incurrent air (19 and 27 % chamber RH). Generally, at any given Ta,
there are theoretically two ways to respond to an increase in ∆WVP, i.e. drier conditions, and
the resulting increase in passive EHL. It can either be counteracted by an increase in MHP,
which would result in a negative relationship of MHP and EHL with RH, as RH increases until
basal MHP is reached (the pattern predicted in Figs. 2 and 5 at Ta < Tlc), or by allowing Tb to
decrease to save the energetic cost of an MHP increase, which would lead to an increase in Tb
with increasing RH until Tb becomes too high. The latter seemed to be the response of the
tammar wallabies. Tb initially increased at both Tas, independent of the level of MHP and the
potential energy savings at Ta = 20.9 °C. Above RH = 40 (at Ta = 28.8 °C) and 47 %, (at Ta = 20.9
°C), Tb was not allowed to increase further, EWL was adjusted, but this was achieved without
licking or increasing REHL. Only at the highest RH (84 %) at Ta = 28.8 °C ventilation had to be
altered to ensure sufficient evaporative cooling to avoid a further Tb increase. It is not
surprising that the tammars were most “efficient” i.e. MHP and EWL were lowest and no
behavioural (stretching out or curling up, hiding poorly insulated body parts or licking) or
ventilatory adjustments were necessary, under RH conditions (between 40 and < 65 %) that
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most closely resembled the environmental conditions they are usually subjected to (compare
Fig. 3). In dry air, tammars were cold at a Ta of 20.9 °C (MHP was increased compared to basal)
although this is slightly higher than the mean outside Ta at this time of the year. This is
probably also due to the fact that EHL in dry air is increased so that the Ta at which they are
cold is slightly higher. This is consistent with the prediction above that an increase in RH makes
an animal less cold at a given Ta and thus will reduce the Tlc. Therefore it seems likely that the
lower Tb measured for tammars in dry incurrent air at both Tas was a result of the unusually
high ∆WVP due to the low ambient RH and that it was a mild form of controlled hypothermia.
Tolerating a slight decrease in Tb enabled the tammars to save energy firstly because MHP was
not increased to defend the higher Tb and secondly because a lower Tb limits ∆WVP, which in
turn limits EHL. This means that the tammars’ thermoregulatory response to changes in RH
was similar to that observed in response to changes in Ta: When measured in dry incurrent air,
like other macropods, tammars also exhibit mild controlled hypothermia if Ta is decreased
below the Tlc (see Chapter 6) and mild controlled hyperthermia at Tas above their Tuc (see
Chapters 6, 8, 9 and Dawson et al. 1969, 2000a; Dawson and Bennett 1978; Rübsamen et al.
1983).
In summary the patterns in EHL found for the tammars were as predicted both above
the Tlc where EHL had to be adjusted to keep it constant because MHP could not be reduced
and the increase in DHL was not sufficient to keep Tb constant at high RH, and below the Tlc
where EHL was initially allowed to decrease with increasing RH but had to be adjusted to keep
it constant at high RH. However, the EHL savings at low RH were stored and used to increase Tb
rather than converted to energy savings by reducing MHP. Had the tammars not been able to
increase REHL sufficiently to keep it constant at high RH, Tb would also have increased. Thus, a
second general strategy to cope with an increase in RH and the resulting decrease in passive
EHL was identified: rather than making adjustments to keep Tb constant, Tb can be allowed to
change. The initial model was therefore extended to include both strategies (Fig. 5).
The RH above which EHL has to be adjusted, i.e. increased against the decreasing
∆WVP to keep it constant, therefore did not only depend on Ta and thus whether MHP can be
reduced or not, but also on whether Tb could be allowed to increase further or not.
Consequently, the RH above which EHL is not allowed to decrease further is expected to
decrease with increasing Ta, whether because MHP reaches basal levels and can not be
reduced further (Fig. 5 a,b) or because Tb can not be allowed to increase further (Fig. 5 c).
Controlled hyperthermia can theoretically also be used above the Tlc: For example, had the
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tammars been dehydrated, they could have saved water by allowing Tb to increase rather than
increase REHL at the highest RH measured at Ta = 28.8 °C. Also, if EHL can not be increased
further at high RH, EHL will decrease proportionally to the decreasing ∆WVP with increasing
RH and Tb will increase accordingly (right of red vertical line in Fig. 5d). The RH above which
EHL can not be increased further will decrease with increasing Ta and theoretically also with
level of dehydration.

Keeping body temperature constant

a

Allowing body temperature to change

c

< Tlc
BMR

b

d

≥ Tlc
BMR

RH

RH

Tb
EHL
MHP

Fig. 5: Schematic model of expected patterns in metabolic heat production (MHP)
and evaporative heat loss (EHL) of low humidity adapted endotherms in response
to increasing relative humidity (RH) at ambient temperatures below (top) and at or
above (bottom) the lower critical temperature (Tlc) if body temperature (Tb) is kept
constant (left) or is allowed to change (right). The yellow line indicates the basal
metabolic rate, BMR, the lowest sustainable MHP; the red dashed lines indicate
the RH above which MHP can not be further reduced; the red solid line indicates
the RH above which EHL can not be kept constant anymore, thus starts to
decrease due to increasing ambient RH; the red dotted and dashed line indicates
the RH above which Tb can not be further increased.

Conclusions and implications for comparative physiology
I have confirmed that changes in RH affected heat loss and consequently the thermal balance
of tammar wallabies. An increase in RH had similar effects to an increase in Ta and their
physiological responses to increasing RH at both Tas (Ta = 20.9 and 28.8 °C) were similar to
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those observed in response to increasing Ta in dry air, including an increase in ventilation to
increase evaporative cooling at high RH (at Ta = 28.8 °C). Tb data showed that tammar wallabies
cope with changes in their thermal environment by adjusting not only EHL and MHP but also
by allowing Tb to change and that they are not only coping with high RH as if Ta was increased
but also with low RH (compared to the conditions they are adapted to) as if they were cold, i.e.
by allowing slight hypothermia. The patterns in EWL above and below the Tlc matched those
predicted: EWL initially decreased with increasing RH below the Tlc but was adjusted to stay
constant at higher RHs, while it was not allowed to decrease but was adjusted to stay constant
over the whole range of RHs above the Tlc. In short, EWL was affected by RH below but not
above the Tlc.
That EWL at thermoneutrality was independent of RH however does not mean that
chamber RH does not have to be taken into account when comparing results of metabolic
measurements between studies. Firstly because the tammars thermal balance was affected,
i.e. EWL was actively adjusted and other variables were also affected (e.g. Tb, ventilation), and
secondly because previous studies showed that for some mammals EWL was not independent
of RH at thermoneutrality. While EWL decreased with increasing RH for some species even at
Tas above the Tlc (e.g. Baudinette et al. 2000; Christian 1978; Edwards and Haines 1978; Webb
et al. 1995), EWL was independent of RH over part of the RH range only, and patterns differed
for Tas ≥ Tlc (e.g. Cooper and Withers 2008; Welch 1980). For example, in the brushtail possum
(Trichosurus vulpecula), the only other marsupial species for which RH effects on standard
physiological variables have been examined, EWL was negatively correlated with RH at Ta = 30
°C, but was independent of RH at low RH at Ta = 25 °C and decreased above although both Tas
are within its TNZ. Interestingly, MR decreased with increasing RH so that Tb was not affected
by the reduction in EHL (Cooper and Withers 2008) as predicted for Tas < Tlc (Fig. 2a). If EWL
was always proportional to RH at a given Ta above the Tlc as it would be if EHL was equal to
passive EHL (no adjustments made) we could correct standard EWL data simply by expressing
EWL per unit of ambient WVP or RH. That EWL is not always proportional to RH but may be
adjusted to be independent of RH over part or the whole range of RH explains why previous
attempts at correcting standard EWL data for RH were unsuccessful and increased rather than
decreased the variability in the data set (Cooper and Withers 2008). That for some species EWL
decreased with increasing RH even above the Tlc is surprising as a decrease in HL is expected to
result in hyperthermia unless it can be counteracted by a decrease in MHP - which is not
possible if MHP is basal - or by sufficient adjustments to thermal conductance. This is more
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likely possible the smaller the proportion of MHP which has to be dissipated via EHL. For
example, if EHL is only 10 % of MHP and thus total HL, a 50 % decrease in EHL only requires a 5
% increase in total HL via other avenues to ensure thermal balance. While in such a case the
effects of RH on other physiological variables would be small, the effect of EWL would still vary
by 50 % depending on the RH at which it was measured. EWL of the brushtail possum at Ta =
30 °C, which is within its TNZ, decreased by > 50 % and MR by > 30 % between dry incurrent air
and the highest RH measured (Cooper and Withers 2008) while that of the tammars did not
change significantly (Fig. 4d). Clearly, this means that RH has to be taken into account when
comparing and interpreting results from different studies, especially regarding EWL and
related parameters such as RWE or EQ, which are used to assess a species’ waters saving
capabilities or adaptation to arid conditions.
My results showed that changes in RH can affect the thermal balance of an endotherm
sufficiently to require thermoregulatory adjustments to MHP or EHL just like changes in Ta.
Standard variables for comparison are measured within the TNZ, i.e. the Ta range within which
total passive HL (DHL+EHL) of a given species matches basal MHP so that neither EHL nor MHP
are increased. The TNZ differs between species and is also expected to differ between
populations or for a given population between seasons as whether an individual is hot or cold
(its passive HL is lower or higher than its basal MHP) will depend on the conditions it is
adapted to. However, as shown in this study, whether an individual is hot or cold also depends
on ambient RH. Consequently, measurements of standard variables for comparison need to be
taken not only at a Ta but also at an RH where the animal does not have to adjust MHP or EHL
to dissipate basal MHP - where it is not only thermoneutral but also “hygroneutral”, i.e. within
the “hygrothermoneutralzone” (HTNZ). In Chapter 5 I will review the literature and use
previous data on RH effects on the physiology of mammals for a meta-analysis to understand
the relationship between Ta, RH and EWL and how it affects other physiological parameters
and to develop a protocol which allows standardised measurements of these parameters
within the HTNZ for comparison between studies.
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Introduction
To ensure comparability between species and studies, physiological variables of endotherms
should be measured when they are basal, which means metabolic heat production (MHP) is
not elevated and can be dissipated without an increase in evaporative heat loss (EHL), i.e. on
adult, resting, postabsorptive, non-reproductive animals in their inactive circadian phase and
in ambient conditions where neither adjustments to MHP nor EHL are required by the animal
for temperature regulation. The ambient temperature (Ta) range within which no such
adjustments are necessary defines the thermoneutral zone (TNZ; IUPS Thermal Commission Glossary of terms for thermal physiology 2003). Its lower end, the lower critical temperature
(Tlc) is the Ta below which MHP is increased (the animal is cold as basal MHP < total passive
heat loss), its upper end, the upper critical temperature (Tuc) is the Ta above which EHL is
increased (the animal is hot as basal MHP > total passive HL due to the reduced gradient for
dry heat loss, DHL). Standard variables are usually measured at or just above the Tlc assuming
at this Ta thermoregulation is achieved without regulatory changes to MHP or EHL and that EHL
is minimal, as it may increase slightly but not significantly throughout the TNZ. However,
whether an animal is hot or cold or thermoneutral (i.e. whether its basal MHP is lower or
higher or matches its passive HL) depends not only on Ta, but also on ambient humidity as has
been shown in Chapter 4.
At a given Ta, evaporation decreases with increasing ambient humidity. Consequently,
EHL is negatively correlated with relative chamber humidity (RH) if no adjustments are made.
This means that an increase in RH at a given Ta has the same effect as an increase in Ta at a
given RH – it compromises passive HL. If the reduction in passive EHL due to an increase in RH
results in basal MHP exceeding passive HL, EHL may have to be adjusted to stay constant to
avoid hyperthermia. As outlined in Chapter 4, I expected this pattern, i.e. constant rather than
decreasing EHL, at Tas ≥ Tlc where MHP is basal and can not be reduced with increasing RH, but
not at lower Tas (see Fig. 2, Chapter 4) and this was confirmed by my results for tammar
wallabies (Macropus eugenii; Chapter 4). At both experimental temperatures, the thermal
balance of the tammars was affected sufficiently by changes in RH and thus passive EHL to
affect body temperature (Tb) and (EWL)7: At Ta = 29 °C (> Tlc), EWL was adjusted to be constant
across the whole range of RH (19 - 84 %), which required adjustments to ventilation, while at
7

EHL is measured as EWL (e.g. expressed in mg H2O) and converted to EHL (e.g. expressed in Joules, conversion factor = 2.4) and
metabolic rate (MR) measured as ml O2 is converted to MHP, using a conversion factor between 19.5 and 21.4, depending on the
ratio of carbon dioxide produced to oxygen consumed (Withers 1992), which allows direct comparison between heat lost via
evaporation or the thermal gradient between the animal and its environment (dry heat loss, DHL) and MHP.
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Ta = 21 °C (< Tlc) EWL decreased by 36 % with increasing humidity at low RH (27 - 47 %) and was
adjusted to stay constant at higher RHs. This shows firstly, that the effect of RH on EHL can be
large, and secondly, that RH may also affect other standard variables if the decrease in EHL is
sufficient to affect the thermal balance of the animal, in which case physiological adjustments
have to be made which counteract the changes in ambient conditions to keep body
temperature (Tb) stable. Consequently, the patterns in EWL and thus other variables may differ
between Tas. Different patterns in EWL were also found for two experimental temperatures for
another marsupial, the brushtail possum (Trichosurus vulpecula; Cooper and Withers 2008),
which differed from that predicted: At Ta = 30 °C, which is within the TNZ where EWL was
expected to be adjusted to stay constant, EWL decreased linearly by approximately 60 %
between the lowest (EWL ~0.5 mg H2O g-1 h-1 at RH = 26 %) and highest RH (EWL ~0.2 mg H2O
g-1 h-1 at RH = 93 %). To avoid hyperthermia, MHP was simultaneously decreased with
increasing RH. At Ta = 25 °C, which is still within the TNZ, EWL of the brushtail possum (Cooper
and Withers 2008) decreased only above 63 % RH - but still by approximately 50 % - while it
was adjusted to be constant at lower RH. In summary, EHL does not necessarily decrease with
increasing RH and patterns differ not only between species but also within species depending
on Ta, even within the TNZ. So far RH effects on EWL have only been examined for the two
marsupial species mentioned above, each has been measured at two Tas and a different
pattern was found in EWL in response to increasing RH in each of those four experiments. That
RH effects on EWL are not uniform (e.g. EWL always decreases linearly with increasing RH or is
independent of RH) explains why previous attempts at correcting marsupial standard EWL for
differences in chamber RH were unsuccessful, i.e. increased rather than decreased the
variability in the data set. That the effect of RH on standard EWL varied from no effect
(tammars at Ta = 29 °C; Chapter 4) to a ~2.5-fold change (possums at Ta = 30 °C; Cooper and
Withers 2008) however also means that they can not simply be ignored, especially as other
standard variables may also be affected. Consequently, I suggest that measurements should be
taken not only at a Ta but at a combination of RH and Ta where the animal is in heat balance,
i.e. at ‘hygrothermoneutrality’.
Here I firstly review the literature on humidity effects on mammalian physiology and
secondly use theoretical physical models to examine the interaction effects of Ta and RH on
passive heat loss and estimate the magnitude of those effects in an attempt to i) explain how
and why patterns in EWL in response to changes in ambient humidity differ between species
and temperatures, and how other physiological variables are affected, and ii) find a way of
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standardising the criteria for the measurement of physiological variables which include
ambient temperature and relative humidity or water vapour pressure.

Literature data
A number of studies have examined the effect of humidity on EWL in placental mammals
(details below), but so far only one study has used a marsupial species (Cooper and Withers
2008). Because ambient humidity directly affects evaporation, most studies measured only the
effects of ambient humidity on mammalian EHL, despite its potential to affect other
physiological variables such as MHP, Tb, Cwet, Cdry or ventilatory parameters as shown for
tammar wallabies in Chapter 4. Only a few measured MR or Tb simultaneously with EWL and
most studies measured only at one or two Tas. Only one study measured over a wide range of
Tas (Welch 1980).
Measurements of EHL at different ambient humidities were available for 19
mammalian species (one marsupial and 18 species of bats and rodents) from 8 previous
studies at one or more Tas < Tlc. For only 7 of those species were data also available for at least
one Ta ≥ Tlc, but a further 5 species were examined at one or two Tas ≥ Tlc only. For 10 out of
the 19 species for which effects of humidity on EHL were examined, MHP and/or Tb data were
obtained simultaneously. However, for some species other variables, such as skin or nose
temperature or expired air temperature were also measured.
It is difficult to directly compare the results of the different studies on humidity effects
because experimental designs, Tas, measurement techniques and protocols, including duration
and period of acclimation to chamber conditions, as well as data analysis and presentation
varied considerably. In this section, I explore differences in methodology and measurement
units and their consequences for comparative studies.
Different studies have used different ways to express ambient humidity e.g. absolute
humidity/vapor density or water vapour pressure (WVP) rather than relative humidity or
ambient WVP deficit. The different measures of humidity and their calculation are important
to consider when comparing results from different studies as the relative patterns in EWL (and
other variables) depend on the measure of ambient humidity used. Absolute humidity (e.g. as
mg H2O l-1) or vapour density (e.g. as g H2O m-3) are measures for the amount of water a litre of
air holds. The maximum amount of water a litre of air can hold, i.e. it holds at saturation,
increases exponentially with Ta and therefore the WVP of the air also increases exponentially.
In other words, at a given Ta the ambient air is saturated at a lower WVP and one liter contains
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less water than at higher Tas. So, if EWL is expressed as a function of absolute humidity or
ambient WVP, data from different Tas are difficult to compare and to interpret as at one Ta a
certain value may reflect saturated ambient air but relatively dry conditions at a higher Ta.
Thus, humidity is often expressed as relative humidity (RH), i.e. as a percentage of the amount
of water held in one litre of air at saturation (i.e. 100 % RH), because it indicates the relative
amount of water which can theoretically be added to the air before it reaches saturation.
However, as warmer air can hold more water, a one-percent increase in relative humidity at a
higher Ta reflects a larger amount of water added than at a lower Ta or in other words, more
water can be added to one litre of air which is 80 % saturated at Ta = 40 C° than at 20 °C.
Another way of expressing how saturated the ambient air is, which takes Ta effects into
account, is to calculate the WVP deficit of the ambient air (here referred to as ∆WVPa) by
subtracting the ambient WVP (here WVPambient) at the given Ta and RH from that at the same Ta
and saturation (here WVPas). This should not be confused with the WVP deficit between an
evaporative surface (e.g. skin of an animal) and the ambient air, which is the WVP gradient
(here simply ∆WVP) between WVP at surface temperature of the animal and saturation (here
WVPsurface) and WVPa. As evaporation is proportional to the difference in WVP between an
evaporative surface and the ambient air, passive EHL of the animal is proportional to ∆WVP. It
can be influenced by the animal as surface temperature (Tsur) can be increased or decreased
via changes in peripheral blood flow, while ∆WVPa is a characteristic of the ambient air which
can not be influenced by the animal. There is no consistent terminology for the different
measures of humidity, which makes comparisons between studies difficult, and it should be
noted that some studies calculated ∆WVP using rectal Tb rather than surface T to calculate the
WVP at the surface of the animal, which assumes that there is no difference between core Tb
and surface T, others presented EWL as a function of metabolic water production (MWP) or
oxygen consumption. Further, most studies did not state measurement duration or
acclimation period, others used short periods of acclimation or averaged EWL measurements
over long periods (e.g. Baudinette et al. 2000; Licht and Leitner 1967; Proctor and Studier
1970; Webb et al. 1995; Welch 1980), and thus likely overestimated EWL (Cooper and Withers
2009, 2010b). Further, most studies did not meet the criteria for measurement of BMR, e.g.
animals were reproductive or it is unclear whether the animals measured were fasted
sufficiently to be postabsorptive (e.g. Baudinette et al. 2000; Christian 1978; Kay 1975, 1977;
Licht and Leitner 1967; Proctor and Studier 1970) which also likely leads to overestimates of
standard variables as discussed in Chapter 2. Some studies used gravimetric methods, e.g. the
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weight loss of the animal or weight gain in drying material such as Drierite to determine how
much water was evaporated by the animal (e.g. Baudinette 1972; Baudinette et al. 2000;
Christian 1978; Proctor and Studier 1970; Refs). This technique also likely overestimates EWL
(and other standard variables) as it does not allow instantaneous measurement of EWL like the
hygrometric method, especially if values are averaged over long measurement periods, i.e.
several hours (Cooper and Withers 2009, 2010b).
In summary, due to differences in measurement protocol and conditions, as well as in
data presentation and analysis, EWL values from most previous studies on RH effects in
mammals can not be directly compared even if measured at a standard Ta. However, as I was
interested in patterns in EWL (and other physiological variables) in response to humidity
changes, i.e. relative rather than absolute changes, these studies still provide useful data.
Patterns in EWL depend on ambient conditions and on whether adjustments are made by the
animal, which in turn determines whether and how other physiological variables are affected
by humidity. Evaporation, and thus passive EHL, decreases linearly with increasing RH,
absolute humidity and vapour density of the ambient air and with decreasing ∆WVPa and
∆WVP, with steeper slopes in these at higher Tas. If EWL is adjusted by the animal e.g. via
changes in peripheral blood flow to increase surface temperature, in posture to change
exposed surface area or by increasing breathing frequency, the patterns differ as EWL is no
longer proportional to passive EHL.
I used five general patterns to classify EHL responses to increasing humidity at each Ta
for the 19 mammalian species for which EWL had been measured at least at two different
humidities and one Ta (Fig. 1): EHL decreased, increased or stayed constant with increasing
ambient humidity over the whole range examined, EHL was constant at low humidities and
decreased at high humidities or decreased at low humidities but stayed constant at high
humidities. Where MR and/or Tb were also measured, I classified the patterns accordingly.

EHL

a

b

c

d

e

RH

RH

RH

RH

RH

Fig. 1: a) Evaporative heat loss (EHL) decreases with increasing relative humidity (RH); b) EHL
is independent of RH at low humidities but negatively correlated with RH at high humidities; c)
EHL is independent of RH; d) EHL decreases with increasing RH at low humidities but is
adjusted and thus constant at high humidities; e) EHL increases with RH.
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As discussed in Chapter 4 and above, patterns in physiological responses to an increase in
ambient humidity were expected to be different above and below the Tlc. In short, I expected a
decrease in EWL with increasing RH at least at low RH (i.e. Fig. 1a or 1d) at Ta < Tlc because at
such Tas MHP is elevated and thus can be reduced as passive EHL decreases with increasing RH
to avoid hyperthermia. At Tas ≥ Tlc, I expected EWL to be adjusted to be constant (Fig. 1c) or at
very high Ta possibly to increase with RH (Fig. 1e) because at those Tas MHP is basal and thus
can not be reduced with increasing RH, instead EHL has to be adjusted so that total HL
matches basal MHP. The results of my study on tammar wallabies (Chapter 4) confirmed this
hypothesis as at a Ta < Tlc EWL initially decreased but was adjusted to be constant with
increasing RH at higher humidities but was adjusted to be constant over the whole range of
RHs at a Ta > Tlc. While some of the previous studies on mammals examined effects of different
humidities on EWL at different Tas, usually they did not state whether / which measurements
were taken above or below the Tlc or Tuc of the species. Fortunately, there were data on the
TNZ for all 19 species for which humidity effects on EWL have been examined available from
either the original publication or from other studies. I used this information to separate Tas for
which humidity effects on EHL were examined into two groups, Tas < Tlc and Tas ≥ Tlc. The data
are summarised in Table 1, showing general patterns of EWL in response to increasing ambient
humidity and where data were available also of MR and Tb separately for Tas < Tlc and Tas ≥ Tlc
for each of the 19 mammalian species for which data on humidity effects on EWL were
available, including references.

Effects of humidity on mammalian EWL differed between ambient temperatures but not
necessarily above and below the Tlc and also differed between species
Contrary to my prediction (see Chapter 4, Fig. 2 and above), at Ta < Tlc EWL did not always
decrease with increasing humidity at least at low humidities, instead four different patterns
were found, as shown in Fig. 12a – d), and at Tas ≥ Tlc EWL was not always adjusted to be
constant across the whole range of humidities, instead all five patterns shown in Figure 1 were
found. In summary, most studies found a decrease in EWL with increasing ambient humidity at
a given Ta, at least over part of the humidity range, independent of the measure of chamber
humidity. MR and Tb were mostly unaffected by humidity but MR decreased with increasing
humidity in four species and Tb increased in one (discussed below). Surprisingly, only two
studies found no humidity effect on EWL for Tas ≥ Tlc as I predicted and confirmed for tammar
wallabies (Chapter 4): EWL of pallid bats (Licht and Leitner 1967) and male and non- lactating
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Table 1: Results of previous studies (References) on the effects of ambient humidity on evaporative water loss

(EWL) in mammals. For each species, experimental ambient temperatures were separated into equal to or
above (≥) and below (<) the lower critical temperature (Tlc, information from italic references where not given in
original publication). General patterns in response to changes in humidity (as shown in Fig. 1) are presented
graphically for EWL and, where available also for metabolic rate (MR) and body temperature (Tb), for details
see text. e.g. Ambient temperatures between which patterns differed are separated by ;.* MR was only reported
as the ratio of metabolic water production to EWL, ambient temperatures estimated from Fig. 6, Baudinette et
al. (2000).
# Species

Ambient temperatures

1 brushtail possum
(Trichosurus vulpecula )

< Tlc
≥ Tlc

2 little brown bat
(Myotis lucifugus )

< Tlc
≥ Tlc
< Tlc

3 brown long-eared bat
(Plecotus auritus )
4 Daubenton's bat
(Myotis daubentoni )
5 ghost bat
(Macroderma gigas )
6 orange leaf-nosed bat
(Rhinonycteris aurantius )

≥ Tlc
< Tlc
≥ Tlc
< Tlc

(°C)

Humidity effect
EWL
MR

Tb

References

-

-

-

-

28

-

-

Procter and Studier 1970

33; 37

-

-

Studier 1981

-

Webb et al . 1995

25; 30

Dawson 1969

5, 15, 25
-

-

-

-

Webb et al. 1992

-

Webb et al . 1995

-

-

Webb et al. 1992

?

-

Baudinette et al . 2000 *

5, 15, 25
-

Cooper and Withers 2008

-

~ 25

≥ Tlc

~ 32.5 - 40

?

-

< Tlc
≥ Tlc
< Tlc

~ 25 - 30

?

-

Baudinette et al . 2000 *

~ 32.5 - 40

?

-

~ 20 - 30

?

-

≥ Tlc
< Tlc

~ 32.5 - 40

?

-

≥ Tlc
< Tlc
≥ Tlc

43.5

< Tlc

23
-

11 four-striped grass mouse
(Rhabdomys pumilio )

≥ Tlc
< Tlc
≥ Tlc

12 deer mouse
(Peromyscus maniculatus )

< Tlc
≥ Tlc

20

Edward and Haines 1978

30, 35

Brower and Cade 1966

13 laboratory mouse
(Mus musculus )

< Tlc
≥ Tlc
< Tlc

20

Edward and Haines 1978

≥ Tlc

-

< Tlc
≥ Tlc
< Tlc

-

≥ Tlc

-

-

< Tlc
≥ Tlc
< Tlc

-

-

26 - 27

7 large bent-wing bat
(Miniopterus schreibersii )
8 pallid bat
(Antrozous pallidus )
9 hairy-footed gerbil
(Gerbillurus paeba )
10 short-eared gerbil
(Desmodillus auricularis )

14 white mouse
(Mus musculus )
15 Bailey's pocket mouse
(Perognathus baileyi )
16 rock pocket mouse
(Perognathus intermedius )
17 Merriam's kangaroo rat
(Dipodomys merriami )
18 banner-tailed kangaroo rat
(Dipodomys spectabilis )
19 black-tailed prairie dog
(Cynomys ludovicianus )
20 Californian ground squirrel
(Spermophilus beecheyi )

≥ Tlc
< Tlc
≥ Tlc
< Tlc
≥ Tlc

-

-

23
-

-

Licht and Leitner 1967

-

-

Christian 1978

-

-

-

Haim and Izhaki 1995

-

-

Christian 1978

-

-

-

Downs and Perrin 1994

-

-

Christian 1978

-

-

Haim and Izhaki 1995

23
-

-

Baudinette et al . 2000 *

-

30, 35

Hudson and Scott 1979

26 - 27

-

-

Chew and Dammann 1961

-

-

-

Hudson and Scott 1979

-

-

-

Chew and Dammann 1961

26 - 27

-

-

Hinds and MacMillen 1985

26 - 27

-

-

Chew and Dammann 1961

-

-

Bradley et al. 1975

-

-

Chew and Dammann 1961

-

-

Hinds and MacMillen 1985

-

-

22; 27
-

Kay 1975, 1977

-

10; 15, 20, 25

Welch 1980

30, 35; 37.5, 40
-

Reinking et al. 1977

-

-

-

Baudinette 1972

25, 30
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female little brown bats (Procter and Studier 1970; measured as body mass loss over 2 hr
periods, which may not only reflect EWL but may also include other changes in body
composition) was constant over the whole range of humidity at two Tas ≥ Tlc and increased
with humidity at a Ta > Tuc (Procter and Studier 1970).

Why was EWL not always adjusted to be independent of RH at Tas ≥ Tlc?
A decrease in EWL with increasing humidity at a Ta above the Tlc, where MHP is basal and can
not be reduced, means that the animals were either able to increase DHL sufficiently to keep
total heat loss constant, or that they allowed Tb to increase (controlled hyperthermia).
Unfortunately, most studies measured only EWL. Only for five species, in which EWL was
affected by humidity at Tas ≥ Tlc (laboratory mice and deer mice, prairie dogs, ground squirrels
and possums; see Table 1) were Tb and MHP measured and reported. For ground squirrels,
deer mice and laboratory mice, and for prairie dogs at Ta = 30 and 35 °C, EWL decreased with
increasing humidity and Tb and MR were unaffected (Baudinette 1972; Edwards and Haines
1978; Welch 1980). This suggests that DHL was increased sufficiently to counteract the
decrease in passive EHL with increasing ambient humidity. EHL of prairie dogs at the two
highest Tas (37.5° and 40 °C) decreased with increasing ambient humidity at low abmient
humidities but was constant at higher ambient humidities, while Tb and MR were unaffected.
This suggests that DHL could only be increased sufficiently to ensure heat balance at low
humidities, while at high humidities EHL had to be increased against the decreasing ∆WVP to
avoid hyperthermia.
Tb of the brushtail possum was also not influenced by RH, despite the linear decrease
in EWL as MR also decreased linearly with increasing RH at Ta = 30 °C (Cooper and Withers
2008). This is surprising because a decrease in MR should only be possible at Ta < Tlc where
MHP is elevated. That the possum was able to decrease MR means that it was not basal in dry
air. In other words, while MHP may have been minimal at Ta = 25 and 30 °C compared to lower
and higher Tas in dry air (Cooper and Withers 2008), it was elevated compared to higher RHs.
That EWL and MR at Ta = 30 °C decreased over the whole range of RH, but Tb did not increase,
means that even at the highest RH where MR was minimal, MHP did not exceed total passive
heat loss. The brushtail possum preferably rests in hollow logs (Green and Coleman 1987;
Harper 2005; How and Hillcox 2000) where conditions are likely humid and warm due to its
body heat and EHL. Assuming brushtail possums are adapted to a warm and humid
microenvironment, it is not surprising that they were most efficient at high RH, i.e. MR and
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EWL were lowest while Tb was not increased which means they were able to dissipate MHP
passively despite the low ∆WVPa and Tb-Ta gradient at Tas close to Tb. If the possum was in heat
balance at Ta = 30 °C and high RH, a reduction in RH and thus increase in passive EHL must have
led to total HL exceeding basal MHP, which means MHP had to be increased as they became
cold, just as if total HL was increased by a decrease in Ta (at a given RH). Consequently, I
suggest viewing the change in EWL in response to changing RH as an increase in EWL with
decreasing RH rather than an EWL decrease with increasing RH, and the simultaneous change
in MHP as an increase in MHP at low RH as a means of thermoregulation to avoid
hypothermia.
This idea also explains the observed behaviour of the possums and the pattern in EWL
at Ta = 25 °C. EWL was negatively correlated with RH ≥ 63 % but constant below (Cooper and
Withers 2008). This pattern deviates from the negative linear correlation with RH (passive EHL)
which would occur if no adjustments were made (Fig. 1a, also Fig. 2a). It could theoretically be
achieved in two ways. Firstly, if EHL was allowed to increase with decreasing RH at high RHs
but was adjusted to stay constant at lower RHs by not allowing EHL to increase further (Fig.
2b), EHL-limiting behaviour would be observed at low RH, e.g. a change in position to decrease
surface area, as observed when heat loss is minimised at low Tas (in dry air or at any given
constant RH). Secondly, if EHL was kept constant at low RHs by increasing EHL against the
decreasing ∆WVPa with increasing RH until a maximum was reached so that EHL could not be
increased further and consequently would decrease at higher RH (Fig. 2c), EHL-increasing
behaviour would be observed at low RH, e.g. a change in position to increase surface area or
increasing breathing frequency.

EHL

a

b

c

RH

RH

RH

Fig. 2: a) Expected pattern in evaporative heat loss (EHL)
across a range of relative humidities (RH) if no adjustments
are made (EHL = passive EHL). b) EHL = passive EHL at
high RH, increasing with decreasing RH until adjustments
are made to limit EHL, EHL does not increase further but is
kept constant at low RH (EHL < passive EHL). c) At low
relative humidities (RH), EHL is increased more and more
with increasing RH to keep it constant (EHL > passive
EHL), at higher RH where EHL is not further increased,
EHL decreases with increasing RH.
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In brushtail possums, the independent EWL at low RH at Ta = 25 °C was achieved through a
posture change as they were curled up, hiding poorly insulated body parts, limiting EHL by
rebreathing humidified air and by minimising exposed surface area (Cooper and Withers 2008).
This behaviour suggests that the possums were cold at low RH (which means that the pattern
in EHL was achieved as shown in Fig. 2b) and the pattern in MR further supports this idea. At Ta
= 25 °C, there was no negative correlation of MR with RH as observed at the higher Ta, where it
was mainly a result of the high MR at the lowest RH (see Fig. 3c Cooper and Withers 2008).
While there was no significant general effect of RH on MR at Ta = 25 °C (by one-way ANOVA;
Cooper and Withers 2008), the pattern in MR paralleled that of EWL; i.e. it was lowest at the
highest RH and seemed to increase between 82 and 63 % RH, but no further below. I conclude
that by limiting EHL at low RH, the possums limited total heat loss sufficiently to avoid a
significant increase in MHP and thus the energetic cost for thermoregulation. At low RH, EHL of
possums was sufficiently increased to increase MHP, which proves that they were not
thermoneutral but perceived cold, at the lower Ta, the increase in MHP became too costly so
that adjustments were made to limit EHL.
Therefore, in short, my answer to the question why not all species adjust EWL to be
constant at Ta ≥ Tlc is that species which are adapted to high RH environments are not truly
basal at low RH but cold, which means they can tolerate a reduction in EHL without becoming
hot. More precisely: because EHL is proportional to ∆WVPa, and thus negatively correlated
with RH at any given Ta (Fig. 1a) unless adjustments are made by the animal, I suggest
(assuming EHL is adjusted under conditions where the animal is not truly basal, i.e. total
passive HL is smaller or larger than the lowest sustainable MHP) that in a species which is
adapted to high humidity environments and is therefore truly basal at a given Ta and high RH,
EHL will be proportional to ∆WVPa and thus negatively correlated with RH at lower RHs.
Further, if DHL can be reduced sufficiently at lower RH to keep total HL constant, MHP and Tb
will not be affected, otherwise MHP will have to be increased or Tb will decrease. I also expect
this pattern (EHL increases linearly with decreasing humidity) for all lower Tas until a Ta is
reached at which a further increase in total passive HL is no longer tolerated. In this case, EHL
will be limited at low RH (Fig. 2b) to avoid a further increase in MHP or decrease in Tb. At all Tas
exceeding that at which basal MHP at high RH matches passive HL (basal conditions of a high
RH adapted species), total HL at high RH will be lower than required to dissipate basal MHP
due to the reduced thermal gradient between Tb and Ta, which means EHL will have to be
increased (Fig. 1d) to avoid hyperthermia. Figure 3 summarises this theory in a schematic
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model of expected patterns in EHL in response to changes in RH for high humidity adapted
species with the corresponding patterns expected for MHP and Tb above and below the Tlc
depending on whether Tb is kept constant or allowed to decrease at low RH.

High humidity adapted endotherms
Keeping body temperature constant

Allowing body temperature to change

< Tlc
BMR

≥ Tlc
BMR

RH

RH

Tb allowed to decrease

RH above which MHP can not be decreased further

RH below which EHL is not allowed to increase further

RH below which Tb can not be decreased further

Tb
EHL
MHP

Fig. 3: Schematic model of expected patterns in metabolic heat production (MHP)
and evaporative heat loss (EHL) of high humidity adapted endotherms in response
to decreasing relative humidity (RH) at ambient temperatures below (top) and at or
above (bottom) the lower critical temperature (Tlc) if body temperature (Tb) is kept
constant (left) or is allowed to change (right). The yellow line indicates the basal
metabolic rate (BMR), the lowest sustainable MHP; Red vertical lines represent the
RH above which EHL has to be adjusted because MHP can not be further reduced;
blue vertical lines represent the RH below which EHL is adjusted to either limit
MHP or a further decrease in Tb.

In summary, theoretically there will be a negative correlation between EHL and RH for high RH
adapted species at any Ta unless a) MHP is basal and DHL can not be increased sufficiently so
that total HL is reduced below this level at a given RH, in which case EHL has to be adjusted at
higher RH (right of red dashed line Fig. 3) – this can be the case even at Tas which are below
the Tlc at low RH (e.g. grass mouse; Christian 1978; Haim and Izhaki 1995), or b) EHL has to be
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limited at low RH because the increase in MHP required to keep Tb constant at low RH is too
costly (left of blue dashed line Fig. 3) or Tb can not be allowed to decrease further (left of blue
dotted dashed line Fig. 3) at low RH. As seen in the brushtail possum (Cooper and Withers
2008), such conditions can be reached at Tas that were considered basal in dry air. All species
for which humidity effects on EWL were examined previously rest in humid
microenvironments, e.g. in caves or burrows, presumably because their special microhabitat in
regards to RH usually triggered the investigation to examine effects of humidity on their water
balance. This explains why a negative correlation between EWL and humidity was found for
most experiments at Tas ≥ Tlc, in contrast to the adjusted and thus constant EWL at
thermoneutrality of tammars, which live in lower humidity environments (Chapter 4).
It should be noted that Figure 3 shows general principles only; the changes in variables
are not necessarily proportional. As discussed in Chapter 4, changes in ambient conditions
which compromise passive HL such as an increase in RH or Ta may not require adjustments to
Tb or MHP. That other parameters remain unaffected by a change in RH even if EHL is affected
is especially likely if EHL reflects only a small proportion of total heat loss. For example, if EHL
only represents 20 % of total HL, even a 50 % reduction in EHL will only require a 10 % increase
in DHL to keep Tb and MHP constant. That Tb and MR were unaffected in deer mice and
laboratory mice (Edwards and Haines 1978), black-tailed prairie dogs (Welch 1980) and also in
California ground squirrels (Baudinette 1972) despite a negative correlation between EWL and
RH suggests that DHL could be reduced sufficiently at low RH to keep total HL constant, while
at Ta = 25 °C the brushtail possum (Cooper and Withers 2008) also had to adjust EHL at low RH
to ensure heat balance.

Available data for RH effects on mammalian EWL at Tas < Tlc support the above suggested
model
All species for which humidity effects on EWL were examined previously to this study are
known to rest in humid mircroenvironments, e.g. in caves or burrows and the patterns in EWL
match those expected assuming MHP is basal at high RH. EWL was negatively correlated with
ambient humidity for all but two experiments at Tas below the Tlc where EWL was constant
over part of the humidity range, i.e. grass mice at Ta = 23 °C (Christian 1978), prairie dogs at Ta
= 10 °C (Welch 1980) and for one experiment where EWL was unaffected by humidity (both
male, and, postlactating, little brown bats at Ta = 28 °C (Proctor and Studier 1970; see Table 1).
Only for six of the 14 species, for which humidity effects on EHL were measured below the Tlc,
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were effects on MHP reported, for four of those species, Tb was also measured. Results of
these studies support the model shown in Figure 3:

 In brown long-eared and Daubenton’s bats, the increase in EWL with decreasing
ambient humidity led to an increase in MR at all three Tas (Webb et al. 1995), as
predicted (Fig. 3). Tb was not measured (Webb et al. 1995).

 EWL and MR of banner-tailed kangaroo rats from a high humidity environment (wild or
housed in artificial burrows) were increased at low humidity compared to high
humidity at both Tas (Kay 1977; see Table 1). However, the increase in MR at Ta = 27 °C
was not sufficient to keep Tb constant as Tb was lower in dry than in wet conditions
(Kay 1975). Allowing Tb to decrease at low humidity reduces the MHP-increase
required for thermoregulation and thus saves energy. At Ta = 22 °C, Tb did not differ
between high and low humidity (Kay 1975), which suggests that at high humidity, Tb
had reached a minimum, which the kangaroo rats defended by increasing MR (Kay
1977) sufficiently to avoid a further decrease at low humidity. In short, the kangaroo
rats used a combination of the two main strategies predicted in Figure 3 by allowing Tb
to decrease while also increasing MR to counteract the effects of humidity on EHL.
Interestingly, in a separate experiment, at Ta = 27 °C EWL of banner-tailed kangaroo
rats (measured as body mass change; Kay 1977) acclimated to medium humidity
conditions (40 – 60 % RH) and Ta = 25 °C, was constant over a range of humidities and
only seemed to decrease at the highest humidity (~90 %; values given only, no
statistical evaluation of humidity effect) while MR was unaffected (Kay 1975, 1977).
Burrow RH of kangaroo rats is usually close to 100 % and rarely falls below 80 % (Kay
1977). In combination the two experiments show that kangaroo rats from high RH
were cold at low RH as they had to increase MHP under dry conditions as a result of an
increase in EHL despite allowing Tb to decrease, while individuals acclimated to
intermediate RH at the same Ta did not have to increase MHP at low RH as EHL was not
affected suggesting that DHL could be adjusted sufficiently to ensure thermal balance,
i.e. that they were not cold. In short, as predicted, which patterns are found in EWL,
MR and Tb across a range of humidities at a given Ta depends on the conditions
individuals are adapted to.
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 EWL was negatively correlated with humidity below the Tlc in deer mice and laboratory
mice (Edwards and Haines 1978) and in prairie dogs at each but the lowest Ta (Welch
1980). MR and Tb were unaffected by humidity at all Tas, which suggests that EHL
reflected only a small part of MHP and that DHL could be reduced sufficiently with
decreasing humidity to counteract the increase in EHL. At the lowest Ta (10 °C), EWL of
prairie dogs was only negatively correlated with humidity at high RH (Welch 1980). At
low RH, they limited EWL (Welch 1980), which produced the same pattern as observed
in EWL of possums at Ta = 25 °C (Cooper and Withers 2008), comparable to Fig. 1b. MR
and Tb were not affected by humidity (Welch 1980). This suggests, that at this Ta and
low humidity, total heat loss was increased sufficiently to force the prairie dogs to
avoid a Tb decrease or MHP increase by adjusting EHL as predicted for low Tas (Fig. 3.,
left of blue dashed line).

 Grass mice showed a different pattern in EWL compared to other rodents measured in
the same study (Christian 1978) but also compared to all other species at Ta < Tlc: EWL
decreased with increasing humidity at low RH but was elevated at the highest RH in 4
out of 6 individuals (Christian 1978). However, these data were discarded ‘in the
interest of obtaining consistent comparisons among the three species’ (Christian
1978), and a linear decrease was reported in the original publication based on the data
for the remaining two individuals, ‘which fit the data shown by the other two species
and by R. pumilio at the lower RH’s’ (Christian 1978). ‘In the absence of any theoretical
reason for expecting an increase in EWL at higher RH’ and after experimentally
excluding measurement error or seasonal changes in the animals, the increased EWL
at the highest RH was assumed to have been a result of increased activity (Christian
1978). However, activity was not monitored and it is also possible that grass mice were
resting but increased EHL at high RH to adjust total heat loss, for example by increasing
breathing frequency. The pattern in EWL observed for the majority of individuals (4
out of 6) matches the pattern expected if EHL at high RH was constant because MHP
exceeded passive HL so that EHL required adjustment (Fig. 1d and right of red dashed
line Fig. 3), and that observed in tammars at Ta = 20.9 °C.

In combination, the results of my study on tammar wallabies (Chapter 4) and the review of
previous data from the literature showed that EWL is not always proportional to humidity
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(negatively correlated) but often adjusted at least over part of the humidity range. Whether
the animal is cold or hot enough to adjust EHL seems to depend not only on the Ta but also on
the RH conditions to which it is adapted. To ensure comparability between species and studies,
BMR and other standard variables such as EWL should be measured under conditions where
no adjustments to MHP or EHL are required by the animal for temperature regulation. Usually
measurements are taken at or just above the Tlc assuming at this Ta thermoregulation is
achieved without regulatory changes to MHP or EHL. However, if the Tlc is established at low
RH, which is usually the case (Cooper and Withers 2008), this is only true for low RH adapted
species but not necessarily for high RH adapted species. For the latter EWL (and likely MR) will
be elevated compared to higher RH (and/or Tb may be reduced), which explains the different
patterns in EWL across RH found for different species not only below but also at and above the
Tlc. This means, identifying the Ta at which MHP is minimal (basal) and EHL not increased (Tlc)
does not ensure basal measurements as low RH adapted endotherms may be hot at high RH at
Tas at which they are not at low RH and high RH adapted species may be cold at low RH.
Consequently, RH has to be considered when attempting to measure standard EWL and other
variables such as BMR.
Figure 4 summarises the general theoretical patterns expected for EHL above and
below the Tlc and the resulting patterns in MHP and Tb for low and high humidity adapted
species depending on whether Tb is kept constant or allowed to change. This is a general
model only, (similar to the Scholander-Irving model for responses to Ta, see Fig. 1 Chapter 1;
Scholander et al. 1950), a combination of strategies may be used (e.g. tammar wallabies,
Chapter 4) and whether and how other variables are affected as a result of RH effects on EHL
depends on different factors such as the proportion of MHP dissipated via EHL and scope in
adjustment to DHL.
I conclude firstly that the different patterns in EHL above the Tlc which prevent a
simple correction of standard EWL for RH, e.g. by expressing EWL relative to chamber
humidity, are due to different species being adapted to different RH conditions, and secondly
that each species will produce the same succession of patterns in EHL in response to RHchanges with increasing Ta as summarised in Figure 5.
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Model of physiological responses to changes in relative humidity in
Low humidity adapted endotherms

High humidity adapted endotherms

< Tlc
BMR

≥ Tlc
BMR

RH
Tb allowed to increase or

RH
decrease

Tb
EHL
MHP

RH above which MHP can not be decreased further

RH above which Tb can not be increased further

RH below which Tb can not be decreased further

RH above which EHL can not be increased further

RH below which EHL is not allowed to increase further

Fig. 4: Schematic model of expected patterns in metabolic heat production (MHP)
and evaporative heat loss (EHL) of low (left) and high (right) humidity adapted
endotherms in response to changes in relative humidity (RH) at ambient
temperatures below (top) and at or above (bottom) the lower critical temperature
(Tlc) if body temperature (Tb) is kept constant (black lines) and if Tb is allowed to
change (green lines). The yellow line indicates the basal metabolic rate (BMR), the
lowest sustainable MHP; Red dashed lines represent the RH above which EHL has
to be adjusted because MHP can not be further reduced or Tb allowed to further
increase; the red solid line indicates the RH above which EHL can not be further
increased; blue vertical lines represent the RH below which EHL is adjusted to
either limit MHP or a further decrease in Tb.

Figure 5 shows the patterns expected in EHL of endotherms in response to RH changes at
different Tas, increasing from left to right. At the lowest Ta (Fig. 5a), the animal is cold, i.e. total
passive HL (passive EHL + DHL) is equal to or exceeds basal MHP even at the highest RH, which
means that low RH adapted species can tolerate a decrease in EHL with increasing RH and high
RH adapted species an increase in EHL with decreasing RH so that EHL is negatively correlated
with RH across the whole range of RHs. As Ta increases, total passive HL decreases as both the
temperature gradient between the animal and its environment and consequently DHL, and
WVPa at a given RH and thus passive EHL decrease. Eventually basal MHP will exceed total
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passive HL at high RH even if DHL is maximised so that EHL requires adjustment to avoid
hyperthermia (Fig. 5b). As Ta increases further, even less heat can be dissipated passively and
eventually EHL has to be adjusted over the whole range of RH (Fig. 5c). At higher Tas, the level
of EHL has to be increased (Fig. 5d) to compensate for the further reduction in passive HL. If Ta
continues to increase, eventually EHL may have to be increased sufficiently with RH against
WVPa to not only stay constant but increase with RH (Fig. 5e) to avoid hyperthermia (especially
at Ta > Tb where DHL is negative). This was found for male and postlactating female little brown
bats (Procter and Studier 1970) being independent of RH at the Ta = 28 and 33 °C to increasing
with RH at the highest Ta (37 °C). However, a different pattern may also occur at high Tas as a
RH may be reached above which the animal will no longer be able to increase EHL further with
RH against the decreasing WVPa to even keep it constant so that at higher RHs, EHL decreases
proportionally with increasing RH (Fig. 5e, dashed line). As discussed above (compare Fig. 2),
this pattern in EHL may also occur for high RH adapted species at low Tas where EHL may be
adjusted at low RH by limiting EHL (rather than increasing it) to avoid a further increase and
therefore limit the energetic costs of thermoregulation. This pattern was found in prairie dogs
at the lowest Ta measured (10 °C; Welch 1980) and also in brushtail possums (25 °C; Cooper
and Withers 2008). The pattern changed as shown in Figure 5 with increasing Ta for both
species: EHL of brushtail possums was negatively correlated with RH at Ta = 30 °C (as in Fig. 5a;
Cooper and Withers 2008) and EHL of prairie dogs (Welch 1980) showed the same pattern
between Ta = 15 and 35 °C – as predicted for most Tas in a high RH adapted species – while it
was adjusted at high RH (as in Fig. 5b) at the two highest Tas measured (37.5 and 40 °C).
Further, EHL of tammar wallabies decreased with increasing RH at low RH, but was constant at
higher RH as shown in Fig. 5b at the lower Ta (21 °C) and independent of RH (as in Fig. 5c) at
the higher Ta (29 °C; Chapter 4).

EHL

a

b

c

d

e

RH

RH

RH

RH

RH

Ta
Fig. 5: Schematic graph of expected patterns in evaporative heat loss (EHL) of endotherms in
response to changes in relative humidity (RH) at five different ambient temperatures (Ta),
increasing from left to right.
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In summary, Ta determines the pattern in EHL across RH. At high and low Tas total
passive HL is higher or lower than basal MHP so that adjustments have to be made, while at
intermediate Tas EHL does not have to be adjusted so that EHL is negatively correlated with
RH. As adjustments may be made not only to EHL but also to any of the other physiological
variables to ensure HL matches MHP, it is difficult to predict the patterns in EHL (or any of the
other variables) at a particular Ta and impossible to correct standard EWL for RH-effects.
Consequently, we need to find measurement conditions where the animal is not only
thermoneutral but thermohygroneutral, i.e. a Ta and RH combination at which no adjustments
to MHP or EHL are required for thermoregulation (rather than just the Ta-range) which will
depend on the conditions it is adapted to. So to measure within the ‘hygrothermoneutralzone’
(HTNZ) we need to find RH and Ta conditions at which basal MHP matches total passive HL, i.e.
where neither MHP nor EHL have to be adjusted. Whether adjustments have to be made
depends on whether the combined passive EHL and DHL (total passive HL) is higher or lower
than basal MHP. If Tb is constant, DHL changes proportionally with Ta, i.e. decreases linearly
with increasing Ta, while EHL is affected by both Ta and RH. So we need to understand the
interaction effects of humidity and temperature on EHL to establish criteria for the
measurement of standardised parameters which must include an RH and Ta combination at
which physiological parameters are truly basal.

How do ambient temperature and humidity affect passive evaporative heat loss?
RH has the potential to affect heat balance as it directly affects passive EHL: Passive EHL is
proportional to the WVP gradient between the animal and its environment (∆WVP). WVP of
the ambient air depends on Ta and RH as shown in Figure 6 (top). WVPa in dry air is zero but it
increases linearly with increasing RH at a given Ta. The slope of the relationship increases with
Ta because WVPa at a given RH increases exponentially with Ta (as discussed above). The WVP
at the evaporative surface, where the air is saturated (RH = 100 %) depends on the surface
temperature, which in the case of an animal is the temperature of its body surface (surface T).
Assuming surface temperature is constant, ∆WVP is negatively correlated with RH at a given Ta
mirroring the pattern in WVPa as shown in Figure 6 (bottom). What happens if surface
temperature is not constant? If surface temperature increased sufficiently with RH to increase
WVP at the surface of the animal (WVPsurface) proportionally to the decrease in ambient WVP
with increasing RH at the given Ta, ∆WVP would stay constant, and consequently, passive EHL
would be independent of RH.
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WVPa

∆WVP

RH
Ta
Fig. 6: Schematic graph of relative patterns in ambient water vapour
pressure (WVPa) with increasing relative humidity (RH) at four different
ambient temperatures (Ta), increasing from left to right and the resulting
patterns in water vapour pressure deficit (∆WVP) between an evaporative
surface, such as the skin of an animal, and the ambient air assuming
constant surface temperature.

How changes in surface temperature affect passive evaporative heat loss
Mammalian surface temperature is affected by ambient conditions and is not uniform across
the entire body surface (e.g. Dawson et al. 2000a; Edwards and Haines 1978; Klir and Heath
1992). Surface temperature is affected by ambient conditions but it may also be adjusted by
the animal e.g. via peripheral blood flow, posture change, licking etc., to regulate DHL and EHL
which are determined by the thermal gradient between the animal and its environment.
Therefore, to examine effects of surface temperature on passive EHL, one must ensure that no
other characteristics/parameters of the animal change (e.g. angle of fur, exposed surface area,
ventilation etc), which means a theoretical model has to be employed. Passive EHL is
proportional to ∆WVP, i.e. the difference between WVPa and WVPsurface, and WVP depends on
Ta and RH. Consequently, to examine the effects of surface temperature changes on passive
EHL, I calculated ∆WVP across a range of RH at different Tas assuming different rates of change
in surface temperature. WVPa was calculated for nine different RHs between 1 and 99 % at Ta =
10, 15, 25, 30 and 35 °C (Fig. 7a) and WVPsurface (Fig. 7c) assuming surface temperature was
constant across the entire body surface and either constant at 35.3 °C or increased at eight
different rates between 0.008 and 2.8 °C per % RH between 1 and 99 % RH as shown in Figure
7b. At a given RH, WVP increases exponentially with Ta. Consequently, WVP increases linearly
with RH with the slope of the relationship increasing exponentially with Ta (Fig. 7a). This means
that if surface temperature increases linearly with RH (Fig. 7b), WVP

surface

increases
121

Ecophysiology of macropods

exponentially and the RH effect increases with the rate of surface temperature increase (Fig.
7c).

I then used WVPa and WVPsurface shown in Figure 7a and c to calculate ∆WVP for each surface
temperature at each RH and Ta combination; the results are shown in Figure 8. It shows (from
left to right) surface temperature across RH calculated by assuming the different rates of
surface temperature increase with RH (as in Fig. 7b) in comparison with Ta (green dashed line)
and core Tb of tammar wallabies (grey area; 36.8 °C, from Chapter 6), how the rate of surface
temperature increase affects ∆WVP across RH, conversely, how ∆WVP changes with the rate of
surface temperature increase at different RHs, and the interaction effects of RH and rate of
surface temperature increase on ∆WVP as a 3D-surface; subfigures a-e show how these effects
change with increasing Ta (top to bottom).
Assuming surface temperature is constant at 36.8 °C across RH at a given Ta (green line
Fig. 8a-e), the difference between WVPsurface and WVPa, i.e. ∆WVP, decreases with increasing
RH because WVPa increases with RH while WVPsurface is constant (comp. Fig. 7). The slope of the
relationship between ∆WVP and RH becomes more negative with increasing Ta (top to bottom
Fig. 8) due to the steeper increase in WVPa with RH at higher compared to lower Tas (comp.
Fig. 7a). If surface temperature increases with RH at a given Ta, WVPsurface and thus the
difference to WVPa, also increase so that ∆WVP decreases less with RH than if surface
temperature stayed constant. Consequently, if the rate at which surface temperature
increases is high enough, the effect of RH on WVPa is compensated by the effect of the
increasing surface temperature on WVPsurface and ∆WVP stays approximately constant.
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If surface temperature increases at a higher rate with RH, ∆WVP increases with RH. As a result
of the smaller effects of RH on WVPa at lower Tas, the rate of surface temperature increase
required to keep ∆WVP and thus passive EHL constant across RH is higher at high, compared to
lower Tas. This can be seen in the plots of ∆WVP at different RH as a function of rate of surface
temperature increase where the ‘knot’ (rate of surface temperature increase where ∆WVP is
independent of RH) moves to the right with increasing Ta (Fig. 8a-e, top to bottom). The 3Dsurfaces show the combined effects of RH and Ta on ∆WVP. The orange areas represent a
∆WVP between 40 and 50 torr where ∆WVP is approximately constant across all RHs, with the
narrow end at high RHs moving ‘backwards’ to higher rates of surface temperature with
increasing Ta, which demonstrates the increase in required surface temperature to avoid a
change in ∆WVP with RH. (Fig. 8a-e, top to bottom).
Assuming a surface temperature of 35.3 °C at RH = 1 %, at Ta = 10 °C, a surface
temperature increase of < 4 °C between 1 and 99 % RH is sufficient to keep ∆WVP
approximately constant while at Ta = 35 °C, an increase of almost 12 °C is required. Whether
such increases are possible depends on the difference between surface temperature at 1 % RH
and core Tb which, in absence of external heat sources, represents the maximum possible
surface temperature. If surface temperature at RH = 1 % is 35.3 °C and core Tb is constant at
36.8 °C, the maximum possible increase in surface temperature across RH is only 1.5 °C.
Therefore even at Ta = 10 °C surface temperature can not be increased sufficiently to keep
passive EHL constant across the whole range of RH without increasing core Tb and thus MHP.
However, at such low Tas, surface temperature of endotherms is expected to be much lower
than core Tb as defending a high surface temperature against a large thermal gradient is
energetically costly. Previous data showed that surface temperature is usually not
independent of Ta – as assumed above – but decreases with Ta as a low surface temperature to
Ta gradient minimises passive HL and thus the energetic cost of thermoregulation. So while
surface temperature differs between body areas (e.g. Dawson et al. 2000a; Edwards and
Haines 1978; Hudson and Dawson 1975; Klir and Heath 1992) it is often only slightly higher
than Ta, even in large mammals such as elephants or kangaroos (e.g. Dawson 1973; Dawson et
al. 2000a; Jackson and Schmidt-Nielsen 1964; Klir and Heath 1992; Klir et al. 1990).
Consequently, I recalculated ∆WVP for the different assumed rates of surface temperature
increase with RH at each of the five Tas assuming surface temperature at RH = 1 % was only 0.3
°C above the respective Ta to examine the effect of a lower surface temperature – which also
increases the difference to core Tb and thus the scope of surface temperature adjustment with
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increasing RH - on ∆WVP. Figure 9 shows surface temperature increasing at the assumed rates
starting at 10.3, 15.3, 25.3, 30.3 and 35.3 °C (at 1 % RH) and the resulting WVP surface across RH,
increasing less with RH for a given increase in surface temperature the lower the surface
temperature at RH = 1 %.

Figure 10 shows the surface temperature increasing at the assumed rates in relation to an
assumed core Tb of 36.8 °C (grey area) and the resulting ∆WVP calculated by subtracting WVPa
(as shown in Fig. 7a) from WVPsurface (as shown in Fig. 9) for five Tas (subfigures a-e) plotted
against RH, conversely, plotted against rate of surface temperature increase at nine different
RHs, and as a 3D-surface showing the interaction between both variables.
By comparing subfigures 10a-e, it can be seen how a decrease in surface temperature
at a given RH with Ta decreases ∆WVP and thus passive EHL, and also the effect of RH on
∆WVP. This is because, as shown in Figure 9, WVP surface increases less at a given rate of surface
temperature increase with increasing RH if the surface temperature at 1 % RH is lower.
Consequently, the rate of surface temperature increase required to keep ∆WVP independent
of RH is higher at a given Ta if surface temperature at 1 % RH is lower (compare subfigures a-d
between Fig. 8 and 10). For example, at Ta = 10 °C, the surface temperature increase between
1 and 99 % RH increases from < 4 °C if surface temperature at 1 % RH is 35.3 °C (Fig. 8a) to ~10
°C if surface temperature at 1 % RH is 10.3 °C (Fig. 10a). However, the lower surface
temperature also leads to a larger difference between surface temperature and core Tb, and
thus more scope for adjustment.
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Assuming surface temperature at RH = 1 % is 0.3 °C higher than Ta and core Tb is constant at
36.8 °C (indicated by the bottom edge of the grey areas in Fig. 10a-e), the maximum possible
increase in surface temperature across RH decreases from 26.5 °C at Ta = 10 °C to 11.5 °C at Ta
= 25 °C and 1.5 °C at Ta = 35 °C. Therefore at Tas > ~25 °C, the maximal possible surface
temperature increase would be lower than that required to keep passive EHL constant. This
means that only at Tas above ~25 °C, MHP would have to be increased to increase core Tb to
facilitate the required increase in surface temperature to keep passive EHL constant across RH,
while this was the case even at Ta = 10 °C if at 1 % RH surface temperature was assumed to be
35.3 °C.
In summary, my calculations demonstrate, i) that whether passive EHL decreases, is
constant or increases with RH depends on the surface temperature at low RH, the rate at
which it increases with RH, and Ta, ii) that even at Ta = 35 °C, approaching mammalian core Tb,
a surface temperature increase of ~13 °C with increasing RH (between 1 and 99 % RH,
assuming a rate of surface temperature increase of ~0.13 °C per % RH increase, comp. Fig. 10e)
would be sufficient to keep passive EHL constant assuming surface temperature at low RH was
approximately equal to Ta - at lower Tas, an increase of a few degrees Celsius is sufficient if
surface temperature is low at low RH. Depending on surface temperature at low RH, which is
affected by Ta, and on core Tb, which represents the maximal surface temperature (in absence
of external heat sources), the required surface temperature increase to keep passive EHL
independent of RH may not be possible without increasing MHP and/or avoiding
hyperthermia. However, the rate of surface temperature increase with RH required to keep
total passive HL constant will be even lower because DHL increases with increasing surface
temperature: If surface temperature increases sufficiently with RH to keep EHL constant at a
given Ta, the simultaneous increase in DHL will lead to an increase in total passive HL (Fig. 11
top). Consequently, a lower rate of surface temperature increase is theoretically sufficient to
keep total passive HL constant across RH (Fig. 11 bottom). Therefore, a surface temperature
increase of a few degrees Celsius can theoretically explain why MR and Tb may not be affected
by RH despite significant decreases of EHL with increasing RH even for species where EHL
represents not just a small proportion of EHL. This may explain the results by Edwards and
Haines (1978), a decrease in EHL with increasing humidity but no changes in Tb or MR for deer
mice and laboratory mice (comp. Table 1), as for both species, nose Tb, increased with RH at
each of the three Tas. The temperature of the nasal surfaces affects respiratory EHL, which can
comprise a large part of total EHL (e.g. Hulbert and Dawson 1974); for example in red and
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eastern grey kangaroos, REHL was approximately 50 % of total EHL at Tas < Tlc where EHL is
minimised and thus assumed to be equal to passive EHL (Dawson et al. 2000a,b). For deer
mice, nose Tb increased at rates between 0.024 and 0.036 °C per % RH, for laboratory mice at
rates between 0.026 and 0.042 °C per % RH (calculated from regression equations given in
Table 4, Edwards and Haines 1978). These rates equate to maximal nose Tb increases of 2.4 3.6 °C (deer mice) and 2.6 – 4.1 °C between 1 and 99 % RH, which were sufficient to counteract
the decrease in EHL so that Tb and MR were unaffected by increasing ambient humidity even
though in other parts of the body, surface temperature was only significantly affected by RH at
some Tas.

Surface
temperature

RH

Passive
EHL

RH

DHL

RH

Total
passive HL

RH

Fig. 11: Schematic graph of relative patterns in passive evaporative heat loss
(EHL) and dry heat loss (DHL) with increasing relative humidity (RH) and the
resulting pattern in total passive heat loss (HL) assuming surface
temperature (Tb) increases at a rate which compensates for the decrease in
passive EHL with increasing RH (top) and at a lower rate (bottom),

To answer the above question: how changes in surface temperature affect passive EHL in
mammals depends on Ta and the level of surface temperature, which is also influenced by Ta
(e.g. Dawson 1973; Dawson et al. 2000a; Hudson and Dawson 1975; Jackson and SchmidtNielsen 1964; Klir and Heath 1992; Klir et al. 1990). Consequently, the effects of changes in
surface temperature across a range of Ta at different RHs on ∆WVP had to be examined to
understand how RH and Ta affect passive EHL, which was the initial question that arose from
my literature review. So I calculated ∆WVP now assuming surface temperature was constant
across RH at a given Ta but changed in four different ways between Ta = 10 and 40 °C, and for
comparison assuming surface temperature was constant (36.8 °C) across all Tas.
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Figure 12a-e shows the assumed surface temperatures across Ta and the resulting
∆WVP across RH at different Tas, across Ta at different RHs, and as 3D-surfaces as a function of
both RH and Ta. The assumed constant surface temperature between Ta,= 10 and 40 °C (Fig.
12a) means WVPsurface is constant, so that ∆WVP is proportional to WVPa and therefore
decreases linearly with increasing RH. At the lowest RH (1 %), ∆WVP is highest and basically
independent of Ta as WVPa is almost zero at any Ta and 1 % RH. The slope of the relationship
between ∆WVP and RH becomes more negative with increasing Ta due to the exponential
increase of WVPa with Ta at a given RH, which increases with RH (comp. Fig. 6 and 9). It follows
that at high Tas, ∆WVP at high RH is much lower than at low RH, but the difference decreases
with Ta. This leads to the non-linear functions seen where ∆WVP at different RHs is plotted
against Ta. At the highest Ta, the WVP gradient is negative because surface temperature is
lower than Ta. The 3D-surface confirms the combined effects of RH and Ta predicted (comp.
Fig. 6).
While in Figure 12a surface temperature was assumed to be constant near typical core
Tb for mammals, in Figure 12b, surface temperature was assumed to be equal to Ta. As a result,
∆WVP is almost zero, independent of Ta at RH = 99 %, as the ambient air is almost saturated
and at the same temperature as the body surface, and ∆WVP increases with decreasing RH
proportionally to the decrease in WVPa, i.e. more steeply at higher Tas. ∆WVP therefore now
increases exponentially with Ta at a given RH (rather than decreases as in Fig. 12a). In
combination, Figure 12a and b show that if measured at low RH, passive EHL will be high and
approximately constant between 10 and 40 °C if surface temperature is constant and high, and
it will decrease exponentially with Ta if surface temperature is equal to Ta. If measured at high
RH passive EHL will be approximately constant and almost zero if surface temperature is equal
to Ta, while it will increase with decreasing Ta assuming a constant and high surface
temperature. This means if measured at low RH, passive EHL can be increased exponentially
with Ta by increasing surface temperature or theoretically also by simply not adjusting it so
that passive EHL is equal or proportional to Ta, but, if measured at high RH, passive EHL will
decrease or at most be constant even if surface temperature increases at the rate of Ta so that
the animal has to adjust EHL to increase EHL with Ta, for example by increasing respiratory
frequency, sweating or licking.
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In Figure 12c surface temperature was assumed to be 5 °C higher than Ta and to
increase proportionally with Ta up to Ta = 35 °C, but to be only 1 °C higher than Ta at Ta = 40 °C.
That surface temperature is higher than Ta means even if the ambient air was saturated, there
would still be a difference between WVPa and WVPsurface. Between Ta = 10 and 35 °C the
difference between surface temperature and Ta is constant so that ∆WVP increases now
exponentially with Ta at each RH. Consequently ∆WVP now increases even at the highest RH
with Ta and is no longer approximately constant as in Figure 12b. In short, the higher surface
temperature increases the effect of Ta on ∆WVP compared to Figure 12b. Consequently, if the
difference in surface temperature is smaller, the effect of Ta at a given RH is also reduced as
shown at Ta = 40 °C: due to a smaller difference in surface temperature (+ 1 °C) at Ta = 40 °C
than at all other Tas (+ 5 °C), ∆WVP at each RH and Ta = 40 °C is increased less (compared to
∆WVP if surface temperature = Ta as in Fig. 12b) which results in a decrease in ∆WVP between
Ta = 35 and 40 °C at high RH and a reduced increase in ∆WVP at low RH.
It follows from the comparison of Figure 12a and b, that if surface temperature
increased at an intermediate rate, passive EHL would increase with Ta if measured at a
constant low RH and decrease with Ta if measured at a high RH, but would be approximately
constant at an intermediate RH. This is shown in Figure 12d where surface temperature was
assumed to be equal to core Tb (36.8 °C; as in Fig. 12a) at Ta = 25 °C and to change above and
below at a rate of 0.2 °C per °C Ta to reflect an intermediate pattern in surface temperature
between the extremes assumed in Figure 12a (constant high surface temperature) and 12b
(surface temperature decreases steeply and is equal to Ta). This is a more realistic scenario as
surface temperature usually decreases less steeply with Ta than Ta, at least over part of the
surface area. At low Tas, energy is saved by allowing Tb to decrease slightly, at high Ta, Tb is
allowed to increase which ensures Tb > Ta, and thus DHL, and saves water for evaporative
cooling. However, eventually no further increase in Tb can be tolerated so that at high Tas
surface temperature may be lower than Ta due to an increase in evaporative cooling for
example through licking, sweating or panting. (e.g. Brown and Dawson 1977; Dawson 1973;
Dawson and Bennett 1978; Dawson and Degabriele 1973; Dawson et al. 2000a; Edwards and
Haines 1978; Ikonomopoulou and Rose 2003; Jackson and Schmidt-Nielsen 1964; Klir and
Heath 1992; Klir et al. 1990; Rose et al. 1990; tammar wallabies, Chapter 6; woylies, Chapter
8). If surface temperature is equal to Ta, the thermal gradient and thus DHL is zero, which
means the animal relies solely on evaporation to dissipate MHP. Despite the lack of
temperature gradient, at low RH, there is still a ∆WVP as WVPa is lower than WVPsurface due to
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the difference in RH between the body surface (100 % RH) and the environment, however, it
decreases with increasing RH and is zero at 100 % RH. Consequently, EHL has to be increased
by physiological means to ensure heat balance and the increased evaporative cooling may lead
to Ta exceeding surface temperature as Ta increases further, which means at high RH, passive
EHL may be negative, as in the example in Figure 12d at Ta = 40 °C.
For Figure 12e I assumed surface temperature was equal to the assumed core Tb at Ta
= 25 and 30 °C (36.8 °C; as in Fig. 12a), to decrease by 0.2 °C per °C Ta at lower Tas (as in Fig.
12d) and to increase more steeply (by 0.5 °C per °C Ta) at higher Tas so that at Ta ≤ 25 °C, ∆WVP
is the same as in Figure 12d, but at Tas > 30 °C it is higher (due to the higher WVPsurface). As a
result, at Tas > 30 °C, ∆WVP increases more steeply at low RH and while at high RH ∆WVP still
decreases (due to the higher WVPa compared to low RH), it decreases less compared to Figure
12d. This means that if measurements were taken at low RH, the pattern in passive EHL would
be as expected in EHL with a steep increase at high Tas, while if measurements were taken at
high RH, passive EHL would decrease so that EHL would have to be increased by means other
than surface temperature (e.g. panting, licking, sweating). In this example, surface
temperature increased by 3 °C between Ta = 10 and 25 °C and by another 5 °C between Ta = 30
and 40 °C. The assumed surface temperature increase of 3 °C between Ta = 30 and 40 °C is
similar to increases in Tb over similar Ta ranges reported for mammals and even the total
assumed surface temperature increase of 8 °C (Ta = 10 – 40 °C) is similar to Tb increases found
for some mammals. For example, deer mice and laboratory mice increased skin Tb by 10.2 and
8.4 °C, Tear by 12.4 and 14.0 °C and even Tb by 8.0 and 7.3 °C across a smaller Ta range of 20 to
35 °C (Edwards and Haines 1978). For larger species which are more thermally inert and have a
smaller body surface to volume ratio, Tb may not change or only increase slightly but the
difference between surface and body temperature may be larger. For example in red and
eastern grey kangaroos, Tb was approximately stable between Ta = -5 and 45 °C (increased by
less than 1 °C between Ta = 25 and 45 °C) but fur surface temperature of the head increased by
approximately 25 °C, that of tail and forelegs even more (Dawson et al. 2000a). Figure 12e
demonstrates that even a comparatively small increase in surface temperature of a few
degrees Celsius at high Tas where Ta approaches Tb (as observed in Tb of many marsupials,
including macropods: e.g. Dawson 1969, 1973; Dawson and Bennett 1978; Dawson and
Degabriele 1973; Dawson et al. 1969; Ikonomopoulou and Rose 2003; Rose et al. 1990;
tammar wallabies, Chapter 6; woylies, Chapter 8) can result in large differences in ∆WVP
between high and low RH. At 1 % RH, the assumed surface temperature increases from 36.8 to
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41.8 °C between Ta = 30 and 40 °C led to a 30.2 % - increase in ∆WVP from 46.3 to 60.3 torr,
while at 99 % RH it led to a 60.7 % - decrease in ∆WVP from 15.1 to 6.1 torr. The changes in
passive EHL (increase at low RH, decrease at high RH) across the whole Ta range were even
larger due to the larger increase in surface temperature. So a relatively small change in surface
temperature over a range of Tas can reduce or increase EHL by a large proportion depending
on ambient humidity, which means the effects on total heat loss (THL = DHL + EHL), and
consequently, whether and how other variables may be affected, also depends on RH.
In summary, Figure 12 demonstrates that for a hypothetical mammal showing a
particular pattern and level in surface temperature with increasing Ta, the pattern and level in
∆WVP and thus passive EHL over a range of Tas differs depending on ambient RH. At low Tas,
where passive HL exceeds basal MHP, an endotherm will limit HL to minimise the energetic
cost of thermoregulation (passive EHL = EHL). Therefore, at Tas < Tlc, EHL is expected to be
minimal. For marsupials, this is the case in many species (e.g. Cooper and Withers 2002;
2010a; Dawson 1969; Dawson and Bennett 1978), however EHL is not always low and
constant, in some species it decreases further with Ta below the Tlc (e.g. Cooper et al. 2009;
2010; Dawson et al. 2000a; Schmidt et al. 2009). This is unexpected as it means that at
moderately low Tas (just below the Tlc) MHP is increased (per definition MHP is increased at Tas
≤ Tlc) while EHL can still be reduced further, which is energetically inefficient. Even more
surprising, EHL may even increase with decreasing Ta below the Tlc (e.g. Cooper et al. 2005)
which increases the MHP increase required to keep Tb constant against the increasing thermal
gradient between the animal and its environment. The reason for the different patterns in
marsupial EWL below thermoneutrality, and their ecophysiological consequences have been
subject to speculation as they also affect the estimation of a species’ point of relative water
economy, which is used as a measure for water use efficiency. While an increase in EWL at low
Ta was viewed a side-effect of increased ventilation due to the increased oxygen demand, a
decrease in EWL was previously linked with a lower expired air temperature and thus with a
more efficient nasal counter-current heat exchange (e.g. Withers and Cooper 2009b; Cooper
and Withers 2010a). Figure 12 d and e may offer an alternative explanation: rather than
reflecting different physiological characteristics of species, whether EHL increases, decreases
or stays relatively constant across a range of low Tas (Ta range where THL exceeds basal MHP
so that EHL = passive EHL) can be a result of different ambient relative humidities, i.e.
measurement conditions, since the different patterns can occur even assuming identical
surface temperatures across Ta.
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Further, it follows from Figure 12 that because an increase in surface temperature can
lead to an increase in ∆WVP at low RH but not at high RH (as shown in Fig. 12 d and e), an
increase in EHL does not necessarily mean that the animal was hot, i.e. that it had to increase
EHL to dissipate basal MHP because it may also be a result of a change in surface temperature
due to the effect of Ta on surface temperature. This means that the pattern in EHL, which is
used to determine whether an animal is adjusting EHL and thus whether a particular Ta is
above the Tuc, in fact can not be used to reliably tell whether an animal is hot (basal MHP >
passive HL) or not, i.e. thermohygroneutral (basal MHP = passive HL) or cold (basal MHP <
passive HL).
To ensure comparability between studies and species, measurements of physiological
variables of mammals need to be taken at a Ta and RH combination where the animal is not
cold and not hot, but truly basal, i.e. where neither MHP nor EHL are increased. To find
‘hygrothermoneutral’ conditions, I suggest we should initially take measurements of MR and
EWL in dry air with a high enough flow rate to keep chamber RH (and thus WVP) low, and over
a wide enough Ta range for MHP to be increased at low Ta and to decrease with increasing Ta
until it is low and constant so that the Tlc can be identified. Further measurements should then
be taken across a range of RH including high RHs at different Tas, starting at a Ta below the Tlc.
Because the animal is cold at Tas below the Tlc (MHP increased) at low RH, EHL will decrease at
least initially with increasing RH (compare Fig. 5). If the increase in RH leads to EHL being
adjusted to be constant at high RH (Fig. 5b), the animal should be truly basal at this Ta and the
RH above which EHL is adjusted. If EHL decreases across the whole range of RHs, Ta should be
increased and measurements taken across the RH range until this pattern is found, i.e. EHL is
adjusted at high RH. I suggest this protocol for the following reasons: It is useful to identify an
approximate Ta range first (rather than an approximate RH range) as a change in Ta has a larger
effect on heat balance than a change in RH as it affects both DHL and EHL. RH changes at a
given Ta only affect EHL, so that effects on heat balance are smaller. As shown in this study,
even a large change in EHL with RH may not affect MHP or other variables, especially if the
proportion of MHP dissipated via EHL is small. Taking initial measurements at low RH (rather
than any other) is: i) technically least complicated and comparable between studies ii) provides
a starting point to increase rather than increase and decrease RH at a given Ta and iii) is also
practical because existing data for most marsupial species has been taken at low RH (Cooper
and Withers 2008). Increasing RH at a Ta at which MHP is lowest at low RH and at which EHL
initially decreases with RH but is constant at high RHs allows us to find ‘hygrothermoneutral’
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conditions, i.e. a Ta and RH combination at which the animal is truly basal, because it identifies
the RH where EHL has to be increased against the decreasing WVPa which means the animal
can not decrease MHP further (which would be physiologically more efficient), but has to
increase evaporative cooling if EHL is compromised further by an increase in RH – which
means at this Ta and RH it is no longer cold but also, not yet hot.

Conclusions and implications for comparative physiology
I conclude from my review of the literature and the data I have obtained for tammar wallabies
in Chapter 4 that the patterns in EHL at and above thermoneutrality across RH differ between
mammalian species because the Tlc is usually not determined in high humidities, which means
for high RH adapted species, HL is increased at low RH so that they are not truly basal. Most
previous studies on humidity effects on mammalian physiology examined high RH adapted
species and found a decrease in EHL with increasing RH. For some, the effect was large enough
to result in a simultaneous decrease in MR. This means that if standard variables are measured
at low RH, EWL and BMR are likely overestimated, while Tb may be underestimated for species
which are adapted to high RH and thus are truly basal at high RH (MHP is basal and can be
dissipated passively). Because they have a large body surface area to volume ratio, and thus
comparatively large HL, small species often live or at least spend their inactive phase when
MHP is low underground or in tight spaces such as nests, hollow logs or crevices, i.e. in a warm
and humid microenvironment which minimises passive HL. Therefore, more small mammals
than large mammals are expected to be high RH adapted, which means if current methodology
led to selective overestimates of BMR and EWL and underestimates for Tb for high RH adapted
species, this would also affect the slopes of allometric relationships.
The different patterns in EHL across RH at Tas ≥ Tlc explain why previous attempts at
correcting marsupial EWL for differences in chamber humidity were unsuccessful. I predict that
if RH effects on EHL are determined at different Tas, all species, independent of the Ta and RH
conditions they are adapted to, will produce the same succession of patterns in response to RH
changes (Fig. 5), resulting from different ways of adjusting EHL depending on whether the
animal is hot or cold, i.e. whether basal MHP matches total passive HL (passive EHL + DHL) or is
higher or lower. DHL depends on the temperature gradient between the surface of the animal
and the ambient air, passive EHL depends on the difference in WVP between the surface of the
animal and its environment, and WVP in turn depends on temperature and RH. My
calculations showed that by increasing in surface temperature, an endotherm can theoretically
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counteract the effects of increasing RH on passive EHL, and thus avoid effects on its heat
balance so that no other adjustments (i.e. to EHL, Tb or MR) are necessary. The required rate of
surface temperature increase depends on ambient conditions and surface temperature, and
whether surface temperature can be adjusted sufficiently also depends on the scope in surface
temperature, i.e. Ta, surface temperature at low RH and Tb. Under certain conditions, a surface
temperature increase of a few degrees Celsius with RH, which previous data suggest is
plausible, can be sufficient to avoid RH effects on heat balance which would otherwise require
thermoregulatory adjustments.
My calculations also demonstrated how different RH conditions can not only result in
different levels of EHL but also different patterns in EHL across Ta. For a given surface
temperature increase by a few degrees Celsius with increasing Ta, passive EHL may increase,
decrease or stay constant. As even assuming a comparatively moderate surface temperature
increase with Ta, comparable to increases in Tb previously observed in marsupials, produced
these differences, different chamber RH may explain the different patterns found in marsupial
EHL below thermoneutrality. This means that they may be a result of differences in
measurement protocol rather than physiological or behavioural characteristics of different
species.
It is important to take the effects of different chamber humidities into account when
interpreting and comparing results from different studies – not only the level of ‘standard’
variables but also the patterns in different variables across Ta and the thermoregulatory
adjustments by the animals. That ambient humidity can affect the patterns in MR and EWL
across Ta - which are routinely used to define thermonetural conditions - and thus also where
an animal is hot (or cold) or not, also means that the ratio between metabolic water
production (MWP) and EWL (the relative water economy, RWE), and based on that the
estimation of the point of relative water economy (which is used as an index for a water use
efficiency), also have to be compared and interpreted with caution taking possible RH effects
into account.
To reliably measure standard physiological variables for comparison between species
and studies, measurements have to be taken where an endotherm is truly basal, i.e. neither
hot nor cold. As this depends on Ta and RH, we need to measure at a RH and Ta combination at
which the animal is ‘hygrothermoneutral’ (rather than just at a Ta at which it is thermoneutral
which is common practice). Here I suggested a protocol to find truly basal conditions which will
avoid introducing variability into future measurements of standard variables due to non136
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standardised RH conditions, which may mask adaptive significance of variability correlated
with environmental or lifehistory parameters in current data sets. However, until more data
measured at ‘hygrothermoneutral’ conditions are available, current data should be compared
and interpreted with caution, considering possible effects of differences in ambient Ta and RH
to which the animals were adapted and under which measurements were taken.
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Introduction
The aims of this study were to i) establish a full physiological profile for the tammar wallaby
(Macropus eugenii) by simultaneously measuring metabolic and ventilatory variables over a
wide range of ambient temperatures (Ta), ii) compare the results with previous measurements
obtained using different protocols, and iii) compare standard variables and ecophysiological
aspects with other macropods. Water use efficiency of tammars was of particular interest as
they are known for their capacity to cope well with arid conditions and have been shown to
flexibly respond to changes in water availability (e.g. Kinnear et al. 1968; Purohit 1971, 1972;
Chapter 3), despite their current mesic distribution (IUCN 2010; Strahan 2004). I measured
body temperature (Tb), metabolic rate (MR) as oxygen consumption (VO2) and carbon dioxide
production (VCO2), evaporative water loss (EWL), wet and dry thermal conductance (Cwet / Cdry)
and ventilatory variables, i.e. respiratory frequency (fR), tidal volume (VT), minute volume (VI)
and oxygen extraction (EO2) of tammars at seven different Tas using flow-through respirometry
and whole-body plethysmography. The tammar wallaby was chosen as a model to test
measurement protocols for physiological parameters in macropods under standardised
conditions (Chapters 2-4) because it is a well studied, medium-sized, robust species, for which
physiological data are available for comparison from several other studies. This study is the
first on tammar wallabies to measure all of the above named variables simultaneously, while
also monitoring their behaviour, which allows me to answer questions about their
thermoregulatory strategies.
Tammars are representative of many macropod species because they have an
intermediate body mass of approximately 4-10 kg like many other macropods (Tyndale-Biscoe
2005; Strahan 2004) and belong to one of the two macropod genera with most species,
Macropus and Petrogale. While larger Macropus species are grazers, the tammar wallaby
belongs to the intermediate browser/grazer grade of macropods (Dawson and Flannery 1985;
Sanson 1989). Tammars are mainly nocturnal but less so than other macropods (Lentle et al.
1999). Formerly more widespread, the tammar wallaby is currently restricted to mesic southwestern and southern Australia but its distribution includes a number of semi-arid islands off
the coast of western and southern Australia and ranges north to the Abrolhos islands (Morris
et al. 2008; Poole et al. 1991). Tammars are found in coastal scrub, heath, dry sclerophyll
forest, and mallee woodlands (Strahan 2004). Despite its mesic distribution, previous studies
have shown that the tammar wallaby is well adaptated to arid conditions (Chilcott et al. 1985;
Hume and Dunning 1979; Kinnear et al. 1968; Main and Yadav 1971; Nagy et al. 1990; Purohit
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1971, 1972) possibly reflecting a historical range into more arid areas or an accumulated
history ofexposure to climate fluctuations from wet to dry in southern Australia (Byrne et al.
2008; McLaren and Wallace 2010).
I examine patterns in the physiological parameters measured in response to ambient
temperature changes and discuss how / why those patterns may have arisen. The patterns and
also standard physiological variables will be discussed in comparison with previous studies.
Differences in results will be discussed in light of differences in measurement protocols and
implications for comparisons between studies. The ecophysiology of the tammar wallaby will
be discussed, especially regarding its water balance, including relative water economy (RWE)
and evaporative quotient (EQ), two indices that have been suggested to be correlated with
arid adaptation.

Methods
Standard flowthrough respirometry was used to measure rates of oxygen consumption (VO2),
carbon dioxide production (VCO2), and evaporative water loss (EWL) of seven tammar
wallabies at different ambient temperatures (Ta). Ventilation was measured simultaneously by
whole-body plethysmography.

Animals
Seven of the eight tammar wallabies (Macropus eugenii) used in the study on effects of fasting
time on physiology (Chapter 2) were used in this study; housing and care were described in
Chapter 2. This study was approved by the Animal Ethics Committee of the University of
Western Australia (RA/3/100/738).

Flow-through respirometry
Metabolic measurements were carried out after the wallabies had been kept in captivity for
approximately one year. Metabolic measurements were taken at seven Tas between 11.0 and
35.4 °C (Tables 1-3) using the protocol described for the measurements after 22 hrs of fasting
in Chapter 2. Each tammar wallaby was measured at each Ta in random order, starting with a
Ta within the thermoneutral zone of the wallabies (either 25 or 28 °C). All tammars had been
measured at least seven times in preliminary trials and were well accustomed to the metabolic
system and all procedures. However, as four of the tammars had not been measured for
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several months prior to this study, the first measurement was repeated for those individuals at
the end of the study to test for habituation effects. Metabolic traces were analysed as
described in Chapter 2. Additional physiological variables were calculated as follows:
evaporative quotient (EQ) = EWL / VO2, RWE = metabolic water production MWP / EWL, where
MWP was calculated based on the measured RER for each trial after Withers (1992).
The main differences in measurement technique between my study and previous
studies on tammar wallabies which used flow-through respirometry were that i) I used a larger
metabolic chamber and no wire mesh cage inside the chamber to ensure the tammars could
assume their preferred posture for optimal thermoregulation ii) I used the previously
determined required fasting time to ensure tammars were postabsorbtive (see Chapter 2) iii) I
did not use a mineral oil bath. Urine and faeces voided by subjects during water loss
measurements can lead to a radical overestimate of rates of water loss. Dawson et al. (1969)
sat animals on a mesh floor and urine and faeces dropped into a mineral oil bath preventing
excess water loss. I was concerned about the increased risk of injury from toes/tails getting
stuck, as previously reported (Dawson 1973), which would stress the wallabies and thus
prevent the measurements of true resting metabolic rates. I was also concerned that an
elevated, flexible, mesh floor would cause the wallabies to be more alert and prevent them
from lying down comfortably and/or assuming their preferred posture causing. This would
affect the measurement of true resting parameters as even the slightest disturbances from
distant noise or changes in flow rate caused tammars to be more alert, to sit rather than lay
down, and to breathe faster (personal observations, also see Mella et al. 2010). Further, I was
not convinced that the use of a mesh floor would completely eliminate evaporation from urine
and faeces as it seems likely that remainders would be left on the mesh or in the fur, which
would require removal despite the mineral oil bath. Therefore, instead of using an oil bath,
stimulation with a paper tissue was used to trigger a reflex to make wallabies void urine
immediately before the measurement. After approximately 5 hours of measurement, this
process was repeated and faeces were removed from the chamber if necessary. As a result,
the chamber was free of faeces and urine during the last few hours of the experiment when
measurements of EWL were taken (as described in Chapter 2, measruements were taken over
a 20-min. period towards the end of the min. 10-hrs measurement). In the few instances
where tammars did void urine inside the chamber, they were removed and held in a dark
fleece bag for a few minutes until their fur was dried with paper tissue. The chamber was
cleaned and dried before wallabies were put back inside. The high flow rates used ensured the
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remaining moisture in the wallabies’ fur evaporated quickly and led to fast washout of excess
RH from the chamber. EWL measurements were only taken after excess RH had washed out,
indicated by EWL being low and stable for at least one hour.

Whole-body plethysmography
Ventilation was measured as described in Chapter 2. Several traces were recorded for each
experiment and a single mean (n = 5 traces on average) was calculated for each Ta for each
ventilatory variable. The plethysmography system was calibrated at each Ta by injecting a
known volume of air into the metabolic chamber, which contained water filled containers of
the average mass of the tammar wallabies as described in Chapter 2.

Data analyses
Statistical tests were performed with statistiXL (version 1.6) and SPSS (student version 11.0).
All values are presented as mean ± s.e. Paired t-tests were used to test for habituation effects
between the first and the last measurements (taken at Ta ~28 °C). As there was no significant
difference between the first and last measurements for any of the physiological or ventilatory
variables (Tb: T3 = 0.37, P = 0.740; VO2: T3 = 0.73, P = 0.516; VCO2: T3 = 0.38, P = 0.731; RER: T3 =
1.35, P = 0.271; Cwet: T3 = 0.40, P = 0.714; Cdry: T3 = 0.83, P = 0.466; EWL: T3 = 2.18, P = 0.118;
RWE: T3 = 2.87, P = 0.064; fR: T3 = 1.93, P = 0.149; VT: T3 = 0.60, P = 0.591; VI: T3 = 1.99, P =
0.141; EO2: T3 = 1.61, P = 0.206), means were calculated of the two measurements for each
individual, which were then used to calculate the mean for all individuals (N = 7) for
subsequent analyses. The effect of Ta on metabolic parameters was assessed by repeated
measures ANOVA and repeated measures contrasts. Different contrasts were used depending
on the pattern expected in response to changes in Ta for each variable (polynomial, simple and
Helmert contrasts as described in Chapter 3, and reverse Helmert contrasts as described
below). For example for variables that were expected to change with increasing Ta at low Tas,
e.g. MR, Helmert contrasts were used, as they compare each level with the mean of
subsequent levels. For variables which were expected to change at high Tas such as EWL,
reverse Helmert contrasts were used as they compare each level with the mean of previous
levels. Simple deviation contrasts were used to compare the lowest MR to higher and lower Tas
as they compare the mean of each level with the mean of a specified control level (e.g. VO2 at
Ta = 28.7 °C). Due to technical difficulties, ventilatory data were not available for all individual
tammars at the two highest temperatures so I used a repeated measures ANOVA for the five
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tammars where ventilatory data were available at each Ta. Full factorial ANOVA with a priori
polynomial contrasts and Student-Newman-Keuls (SNK) post hoc tests were also performed on
ventilatory parameters using all data available and assuming no individual effects across
temperatures.
The lowest VO2 value was considered as basal metabolic rate (BMR). For all other
physiological variables (Tb, EWL, Cwet, fR, VT, VI and EO2) values measured closest to the lower
critical temperature (Tlc) were considered standard parameters. This is because Tb, EWL or Cwet
can increase within the thermoneutral zone (TNZ) to maintain constant MR so standardised
values are required near the Tlc, but they do not necessarily occur when MR is minimal.
Allometrically predicted values for standard physiological variables for comparison
were calculated based on the data set compiled by Withers et al. (2006) with additional data
from Bozinovic et al. (2005); Cooper et al. (2005, 2009, 2010); Cooper and Cruz-Neto (2009);
Cooper and Withers (2008); Larcombe and Withers (2006, 2008); Larcombe et al. (2006, 2008);
McNab (2008a); Rose (1997); Rübsamen et al. (1983); Schmidt et al. (2009); Withers and
Cooper (2009a,b; see Appendix II). Values for ventilatory variables for comparison were
predicted based on data from Chappell and Dawson (1994); Cooper and Cruz-Neto (2009);
Cooper and Withers (2004); Cooper et al. (2009, 2010); Dawson et al. (2000b); Hallam and
Dawson (1993); Larcombe and Withers (2006, 2008); Larcombe et al. (2006, 2008); Nicol and
Maskrey (1980); Schmidt et al. (2009); Withers and Cooper (2009b; see Appendix II). The 95 %
prediction limits for an additional data point were used to determine if the wallabies
statistically conformed to the respective allometric relationship before and after phylogenetic
correction by Autocorrelation (AC), as described by Withers et al. (2006).
There was a significant body mass effect on all standard physiological variables
discussed (for allometric equations see Chapter 10), thus for interspecific comparisons they
were corrected for the effect of mass using the exponents of the allometric equations (masscorrected BMR = ml O2 g-0.74 h-1; mass-corrected standard Cwet = J g-0.57 h-1 °C-1; mass-corrected
standard EWL = mg H2O g-0.72 h-1). Ventilatory data are usually given as absolute values (e.g. VI
as breaths min-1) but because there is a mass-effect on all four variables (for allometric
equations see Chapter 10), they are discussed below as mass-specific values, corrected for
body mass (mass-corrected fR = breaths min-1 g0.23, mass-corrected VT = ml g-0.80, masscorrected VI = ml min-1 g-0.64, mass-corrected EO2 = % g-0.07). Standard variables (except Tb) from
previous studies on tammar wallabies were mass-corrected and where standard errors were
reported, they were also mass-corrected (Dawson and Rose 1970), where standard deviations
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were given, standard errors were calculated and mass-corrected (Dawson et al. 1969; Dawson
and Hulbert 1970). Mean Tb and mass-corrected means for metabolic and ventilatory standard
parameters, standard errors and sample sizes (see Table 4) were then used for statistical
comparisons with the results of my study by ANOVA with Student Newman Keuls (SNK) post
hoc tests (Zar 1998). Standard variables for tammars from Frappell and Baudinette (1995), who
reported means without an error term, and values calculated from regressions given by
Dawson and Needham (1981) are reported below for comparison but could not be used for
statistical comparisons.

Results
Animals started grooming after a few minutes in the chamber and lay down to rest within the
first half hour of each measurement. At Tas below 25.7 °C tammars usually sat with their head
low, sometimes resting on their feet, at higher Ta they either sat or lay on their side. At Ta
above 28.7 °C, tammars lay stretched out most of the time, increasing their exposed surface
area, only sitting up to lick their forelimbs, legs and genitalia, and the skin inside their ears
appeared redder, suggesting increased peripheral blood flow. At the highest Ta (> 35 °C),
tammars rarely lay down but were frequently sitting up to lick. At low Tas, shivering was
observed and tammars sat with their tails tucked in between their legs under their body,
hiding poorly insulated body parts such as the nose and feet.

Body mass
Body mass of the tammar wallabies did not change significantly between measurements
(repeated measures ANOVA F1,6 = 48.24, P = 0.110) but there were between subject
differences (F6,42 = 130.07, P < 0.001). Mean body mass of the smallest tammar was 4389 ± 15
over the course of the study (n = 7), that of the largest was 5669 ± 35 g. Mean mass of all
seven tammars over all experiments was 4986 ± 58 g (n = 49, range = 4326 – 5738 g). Mean
body mass of tammars at the Ta closest to Tlc (25.7 °C) was 5070 ± 159 g. At the Ta at which MR
was lowest (Ta = 28.7 °C), mean mass was 5012 ± 149 g.

Body temperature
Tb was low and constant at low Tas and increased rapidly at high Tas. Repeated measures
ANOVA showed significant between subject effects (F6,42 = 3.85, P = 0.004) but no significant
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effect of Ta on Tb (F1,6 = 10.38, P = 0.233; Fig. 2a, Table 1). Repeated measures polynomial
contrasts (RMPC) revealed a highly significant effect of Ta on Tb with a linear (P < 0.001) and a
quadratic component (P = 0.001). By repeated measures reverse Helmert deviation contrasts
there was no change in Tb between Ta = 11.0 and 20.6 °C (P ≥ 0.624), but at all higher Tas Tb was
higher than the mean of all lower Tas (P ≤ 0.021). The Tb measured at Ta = 25.7 °C (closest to
the lower critical temperature, Tlc) was considered standard Tb. Standard Tb was not
significantly different (SNK P > 0.05) from values reported for tammars in previous studies.
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Metabolic rate
MR showed a curvilinear pattern over the Ta range measured (Fig. 2b, Table 1). The lowest
mean VO2 measured at Ta = 28.7 °C was considered BMR. There was no significant effect of Ta
on VO2 (F1,6 = 10.68, P = 0.230) or VCO2 (F1,6 = 7.79, P = 0.268) for tammars by repeated
measures ANOVA and there were no between subject effects (VO2: F6,42 = 1.69, P = 0.146;
VCO2: F6,42 = 2.01, P = 0.085). Repeated measures simple deviation contrasts showed VO2 at Tas
between 11.0 and 20.6 °C were higher (P ≤ 0.016) than BMR. The pattern in VCO2 generally
mirrored that in VO2 (Fig. 2b, Table 1). VCO2 at Ta = 28.7 °C was lower than at all other Tas (P ≤
0.039) except at Ta = 32.0 °C (P = 0.562). There was no significant effect of Ta on RER by
repeated measures ANOVA (F1,6 = 1.81, P = 0.514; no between subject effects: F6,42 = 1.58, P =
0.176) or by RMPC (P ≥ 0.077). Mean RER over all measurements was 0.88 ± 0.012. Masscorrected VO2 at thermoneutrality did not differ statistically (SNK P > 0.05) from previously
reported values for tammars (Table 4).
Table 1: Body temperature (Tb), resting metabolic rate as oxygen consumption
(VO2) and carbon dioxide production (VCO2) and respiratory exchange ratio
(RER) of tammar wallabies at different ambient temperatures (Ta). Values are
given as mean ± s.e.
Ta

Tb

VO2

VCO2

(°C)

(°C )

(ml O2 g-1 h-1)

(ml CO2 g-1 h-1)

11.0 ± 0.15
15.7 ± 0.10
20.6 ± 0.09
25.7 ± 0.11
28.7 ± 0.06
31.8 ± 0.08
35.4 ± 0.06

36.3 ± 0.36
36.3 ± 0.21
36.4 ± 0.21
36.8 ± 0.27
36.8 ± 0.22
37.2 ± 0.21
38.1 ± 0.11

0.45 ± 0.033
0.37 ± 0.019
0.34 ± 0.019
0.31 ± 0.019
0.29 ± 0.016
0.31 ± 0.013
0.33 ± 0.018

0.38 ± 0.026
0.32 ± 0.014
0.29 ± 0.013
0.29 ± 0.012
0.27 ± 0.013
0.27 ± 0.014
0.30 ± 0.011

RER
0.85 ± 0.011
0.86 ± 0.023
0.86 ± 0.030
0.92 ± 0.037
0.91 ± 0.044
0.88 ± 0.031
0.91 ± 0.028

Thermal conductance
Generally, Cwet and Cdry increased with increasing Ta in a curvilinear fashion, increasing slowly at
low Tas and more rapidly at higher Tas. Unlike Cwet, Cdry did not increase further at the highest
Ta measured (Fig. 2c, Table 2). Repeated measures ANOVA was not significant for Cwet (F1,6 =
146.55, P = 0.063) or Cdry (F1,6 = 99.88, P = 0.076) and there were no between subject effects
(Cwet: F6,42 = 0.07, P = 0.999; Cdry: F6,42 = 0.35, P = 0.905). RMPC showed there was a highly
significant linear (P < 0.001), quadratic (P < 0.001) and cubic (P < 0.001) component for Cwet and
a highly significant linear component (P < 0.001) in Cdry. There was no change in Cwet (P = 0.865)
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or Cdry (P = 0.979) between Ta = 11.0 and 15.7 °C by repeated measures reverse Helmert
deviation contrasts. At 20.6 °C, both Cwet (P = 0.001) and Cdry (P < 0.001) were higher than the
mean of all lower Tas, indicating the start of the increase in thermal conductance, which
increased more rapidly with each higher Ta up to Ta = 31.8 °C (Fig. 2c, Table 2). While Cwet
continued to increase steeply (P < 0.001), Cdry reached its maximum at 31.8 °C with no change
at 35.4 °C (P = 0.809). The value measured at Ta = 25.7 °C was considered standard Cwet (Table
2).
Table 2: Wet (Cwet) and dry (Cdry) thermal conductance, evaporative water loss
(EWL), evaporative quotient (EQ) and relative water economy (RWE) of
tammar wallabies at different ambient temperatures (Ta). Values are given as
mean ± s.e.
Ta

Cwet

(°C )

(J g h °C )

(J g h °C )

(mg H2O g h )

11.0 ± 0.15
15.7 ± 0.10
20.6 ± 0.09
25.7 ± 0.11
28.7 ± 0.06
31.8 ± 0.08
35.4 ± 0.06

0.37 ± 0.030
0.37 ± 0.020
0.44 ± 0.021
0.59 ± 0.028
0.75 ± 0.030
1.17 ± 0.050
2.69 ± 0.164

0.32 ± 0.031
0.32 ± 0.017
0.37 ± 0.020
0.47 ± 0.029
0.57 ± 0.028
0.78 ± 0.042
0.75 ± 0.093

0.52 ± 0.054
0.46 ± 0.043
0.48 ± 0.048
0.55 ± 0.046
0.58 ± 0.057
0.89 ± 0.096
2.08 ± 0.068

-1

-1

Cdry
-1

-1

-1

EWL
-1

-1

RWE
-1

0.57 ± 0.060
0.51 ± 0.039
0.45 ± 0.040
0.38 ± 0.028
0.33 ± 0.023
0.22 ± 0.016
0.10 ± 0.003

Hygric physiology
EWL stayed low and constant at low Tas and increased rapidly at high Tas. There was a
significant effect of Ta on EWL by repeated measures ANOVA (F1,6 = 516.08, P = 0.034; Fig. 2d,
Table 2) with no between subject effects (F6,42 = 0.231, P = 0.964). There was a highly
significant linear (P < 0.001), quadratic (P < 0.001) and cubic (P < 0.001) component in EWL by
RMPC. By repeated measures reverse Helmert contrasts EWL did not change between Ta = 11.0
and 28.7 °C (P ≥ 0.113) but at Ta = 31.8 and 35.4 °C EWL was higher (P ≤ 0.002) than the mean
of all lower Tas. EWL at Ta = 25.7 °C was considered standard EWL. Mass-corrected standard
EWL was not significantly different (SNK P > 0.05) from the value reported for tammars by
Dawson et al. (1969; Table 4).
RWE generally decreased with increasing Ta (Table 2). While repeated measures
ANOVA was not significant (F1,6 = 278.74, P = 0.046; no between subject effects: F6,42 = 0.288, P
= 0.939), strong linear (P < 0.001) and quadratic (P = 0.034) components were found by RMPC.
EQ of tammars at Ta = 25.7 °C was 1.77 ± 0.178 mg H2O ml O2-1.
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Ventilation
Full factorial ANOVAs (N = 7 for Ta = 11.0 – 28.7 °C, N = 5 for Ta = 31.6 °C, N = 6 for Ta = 35.4 °C)
showed a highly significant effect of Ta on fR (F6,39 = 67.71, P < 0.001), VT (F6,39 = 4.75, P = 0.001),
VI (F6,39 = 18.10, P < 0.001) and EO2 (F6,39 = 7.57, P < 0.001; Fig. 2e-h, all data see Table 3). Mean
fR did not change significantly between Ta = 11.0 and 31.6 °C (SNK P ≥ 0.603) but rapidly
increased at 35.4 °C, where fR was significantly higher (SNK P < 0.001) than at all lower Tas.
There was a general decrease in VT with increasing Ta. At low Tas, VT was more variable
between individuals than at high Tas. At Ta = 35.4 °C, VT was significantly lower (SNK P ≤ 0.043)
than at Tas between 11.0 and 25.7 °C. The general pattern in VI was similar to that in fR with a
steep increase at the highest Ta, but VI also showed a tendency to increase at the lowest Ta like
VT. VI at 35.4 °C was significantly higher (SNK P < 0.001) than at all lower Tas. EO2 did not
change significantly between Ta = 11.0 and 31.6 °C (SNK P ≥ 0.411) and decreased significantly
at 35.4 °C, where it was lower (SNK P ≤ 0.001) than at all lower Tas. Mass-corrected fR did not
differ statistically from that measured by Dawson et al. (1969; SNK P > 0.05) but was lower
(SNK P < 0.05) than that reported by Dawson and Rose (1970; Table 4)

Table 3: Respiratory frequency (fR), tidal volume (VT), minute volume (VI) and
oxygen extraction (EO2) of tammar wallabies at different ambient temperatures
(Ta). Values are given as mean ± s.e.
Ta

fR

(°C )

breaths min

11.0 ± 0.17
15.7 ± 0.10
20.7 ± 0.84
25.7 ± 0.12
28.7 ± 0.06
31.6 ± 0.03
35.4 ± 0.05

19.8 ± 2.41
18.9 ± 3.58
18.8 ± 3.38
20.7 ± 3.54
25.1 ± 5.61
32.9 ± 7.54
250.8 ± 27.09

-1

Vt

VI

ml

ml min

E O2

55.3 ± 9.51
46.2 ± 5.80
48.2 ± 7.42
38.3 ± 5.38
35.3 ± 4.90
28.1 ± 3.13
13.8 ± 1.52

1014.6 ± 136.61
772.3 ± 71.28
800.9 ± 75.02
696.1 ± 58.19
741.1 ± 86.45
841.4 ± 129.09
3491.9 ± 622.21

-1

%

23.8 ± 2.90
26.7 ± 3.79
22.4 ± 2.44
25.3 ± 1.17
22.3 ± 2.35
19.4 ± 1.92
5.3 ± 0.83

Discussion
Below I discuss i) general patterns in response to changes in ambient temperature and
compare my results with data from previous studies (Dawson et al. 1969; Dawson and Rose
1970), ii) the impact of different measurement techniques on standard physiological
parameters and how my data compare and contrast with earlier studies on marsupials, and iii)
ecophysiological aspects, especially water balance of tammars.
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Body temperature, metabolic rate and evaporative water loss
General patterns in Tb, MR and EWL of tammar wallabies agreed with the Scholander-Irving
model and were also consistent with those found for tammars of similar size by Dawson et al.
(1969). The Scholander-Irving model indicates that MR is increased with decreasing Ta below
the TNZ to maintain Tb (Scholander et al. 1950a,b; comp. Chapter 1, Fig. 1). The TNZ is ’the
range of Ta at which temperature regulation is achieved only by control of sensible heat loss,
i.e. without regulatory changes in metabolic heat production (MHP) or evaporative heat loss‘
(IUPS Thermal Commission 2003). The TNZ ranges from the lower critical temperature (Tlc),
below which MHP increases, to the upper critical temperature (Tuc), above which active EHL
increases. In theory, smaller species have a narrower TNZ compared to larger species due to
their higher surface area to volume ratio, which makes them less thermally inert. Tammars
increased both VO2 and VCO2 with decreasing Ta below 25.7 °C to counteract the increasing
heat loss due to the increasing gradient between Ta and Tb. EWL was low and constant, limiting
EHL and thus the metabolic cost of keeping Tb constant at low Tas. The lowest VO2 and VCO2
values were measured at 28.7 °C. Above this temperature, Tb and EWL increased as tammars
started to become hyperthermic. MR also started to increase but only the increase in VCO2
was statistically significant above 31.8 °C. The curvilinear patterns in MR and EWL led to a fairly
narrow TNZ, which only included Ta = 25.7 °C, as MHP increased at lower Tas, and 28.7 °C, as
EHL increased at higher Tas (Fig. 2).
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Dawson et al. (1969) found the same absolute values and curvilinear patterns in MHP and EHL
(Fig. 2; body mass of their tammars was within 2 % of that of tammars examined here). The Tlc
of the tammars in the present study was between Ta = 25.7 and 20.6 °C, which agrees with the
conclusion by Dawson et al. (1969) that the Tlc of their tammars was between 21 and 22 °C. Tb
data presented by Dawson et al. (1969) also closely matched results of my study. Their mean
Tb at Ta up to 24.3 °C was 36.8 °C, which is only 0.4 °C higher than the mean Tb measured in this
study for Ta up to 25.7 °C. In both studies, Tb increased at higher Ta to approximately 38 °C at Ta
~35 °C. Whether this rise in Tb was controlled hyperthermia or a result of insufficient
thermoregulatory scope will be discussed below.

Thermal conductance, ventilation and thermoregulatory behaviour
The increased O2 demand at low Tas was met by an increase in VI rather than EO2. EO2 was
amongst the highest for marsupials (see Appendix II), comparable to that of 26.8 % for the
southern brown bandicoot (Isoodon obesulus; Larcombe 2002). VI was increased through an
increase in VT while fR was kept low and constant. As expected, at low Ta thermal conductance
was kept minimal to limit the increase in MHP necessary to counteract the increased heat loss.
Both, Cwet and Cdry started to increase when approaching the Tlc. The increase in Cdry
presumably reflects an increase in exposed body surface area through changes in posture and
an increase in peripheral blood flow. The increase in Cwet was more pronounced and the
difference between Cwet and Cdry increased with increasing Ta as the tammars relied more and
more on EHL for thermoregulation. Cdry reached its maximum at Ta = 31.8 °C and was constant
above this temperature, which means that the tammars relied solely on the increase in EHL for
further temperature control.
The increase in EHL was achieved by a combination of licking and panting and the
increased peripheral blood flow as an increase in skin Tb increases the water vapour pressure
gradient between the animal and its environment and thus evaporation (as discussed in
Chapters 4 and 5). The spreading of saliva over poorly insulated body parts to aid
thermoregulation through increased evaporative cooling is common in marsupials, including
macropods, some of which have a special network of blood vessels in their forelimbs to
facilitate EHL via licking (e.g. Dawson 1969; Dawson et al. 1969; 2000a; Dawson and Bennett
1978; Larcombe et al. 2006; Needham et al. 1974; Robinson and Morrison 1957; Rübsamen et
al. 1985; Schmidt et al. 2009). Some macropods only sweat when exercising and not as a
response to high external heat loads (Dawson 1973; Dawson et al. 1974). Panting as an avenue
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to increase EHL is a common response to heat stress in placental mammals and marsupials,
including macropods such as the tammar wallaby (e.g. Dawson 1969; Dawson et al. 1969,
2000b; Dawson and Rose 1970; Dawson and Bennett 1978; Hales and Findlay 1968; Hales and
Webster 1967; Hudson and Dawson 1975; Larcombe et al. 2006, 2008; Maskrey and Nicol
1976; Mortola and Frappell 2000; Nicol and Maskrey 1977; Robinson and Morrison 1957). Two
stages of thermoregulatory panting have been identified. Under moderate heat load, fR is
steeply increased, which leads to an overall increase in ventilation although VT is decreased.
Ventilation of the upper respiratory tract can be increased through fast but shallow breathing,
resulting in an increase in evaporative cooling, while blood gas homeostasis is ensured (e.g.
Maskrey and Nicol 1976). This behaviour has been termed phase 1 panting (Bianca 1958; Hales
and Webster 1967). Under severe heat stress, some mammals show phase 2 panting with a
further increase in VI through an increase in VT. As more extra CO2 is exhaled, rapid but deep
breathing leads to changes in blood pH (Hales and Findlay 1968; Hales and Webster 1967;
Dawson and Bennett 1978; Dawson and Rose 1970).
Tammar wallabies examined here showed phase 1 panting at Ta = 35.4 °C, where
breathing frequency was increased to 7.6 times that at Ta = 31.6 °C, while VT was
simultaneously reduced by 50 % (leading to a reduction in EO2). This resulted in a 4.2-fold
increase in VI. By reducing VT, the tammars were able to increase VI and thus evaporative
cooling through an increase in fR while limiting the increase in MR and avoiding severe
hyperventilation with the associated risk of alkalosis. VT decreased over the whole Ta range
examined. Tammars therefore did not enter phase 2 panting. At Ta = 35.4 °C, Tb had increased
compared to standard Tb, despite a 3.8-fold increase in EHL. Whether EHL could have been
further increased and whether tammars would enter phase 2 panting at higher Ta could not be
assessed. Attempts to take further metabolic measurements at Ta = 40.0 °C had to be
abandoned after approximately two hours as the tammars showed signs of severe stress and
hyperthermia such as uncontrolled movement and impaired balance. The inability of the
tammars to effectively thermoregulate at this Ta was also indicated by a continuous increase of
MR during the metabolic measurements, resulting in a high mean Tb of 38.9 ± 0.13 °C (N = 5),
measured when the trials were abandoned after approximately two hours. Dawson et al.
(1969) reported a similar mean Tb of 39.5 °C for tammars after similar measurement durations
at Ta = 41.0 °C8.
8

At all Tas, measurements were taken during a 30-minute period after Tb had become stable, which was
usually the case after an equilibration time of approximately 2-3 hours (Dawson et al. 1969).
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Dawson et al. (1969) reported Cdry data expressed per unit of body surface area, which
showed the same general pattern as described above for this study. When Cwet and Cdry were
calculated as in the present study from the original Tb, Ta, VO2 and EWL data9, both the pattern
and the values of Cwet and Cdry closely matched my results. The only difference was that the
increase in Cdry above thermoneutrality was less pronounced and Cdry at Ta = 34.6 °C decreased
slightly, rather than staying at its maximum. The difference is likely due to a combination of
two factors. Firstly, the lower Cdry probably partly reflects the fact that tammars measured by
Dawson et al. (1969) were placed inside a wire mesh cage which was small enough (13 x 22 x
55 cm) to prevent them from turning around during measurements (Dawson et al. 1969). If
they could not turn around, they did not have enough space to lie down and stretch out at
high Tas as the tammars in this study could (see Fig. 1, Chapter 2 - same metabolic chamber
used here). This means that the exposed body surface area was smaller, which leads to a lower
dry heat loss. Secondly, the lower Cdry at high Tas was likely an effect of assuming a constant
RER when converting from VO2 to MHP to calculate Cdry. How much heat is produced per ml O2
consumed depends on the substrate burnt which is reflected in the ratio of VCO2 to VO2 (RER;
Withers 1992). At high Ta, RER was likely increased, especially when panting occurred, as
relatively more CO2 is exhaled during panting. Thus, using a constant conversion factor likely
led to an increasing underestimation of Cdry with increasing Ta compared to the data in the
present study where both O2 consumption and CO2 production were measured so that the
correct conversion factors could be used.
fR reported by Dawson et al. (1969) was measured with a pneumograph around the
thorax of the wallaby, rather than remotely via pressure changes in the metabolic chamber.
Dawson et al. (1969) did not report corresponding VT, VI or EO2 data. At Ta up to 30.5 °C, fR
values were slightly higher than in the present study, which may be due to restriction effects of
the small cages and thorax belts used. However, the pattern was very similar to that found
here. fR was relatively stable at and below standard Ta (mean fR = 30 breaths min-1 compared to
19.5 breaths min-1 in my study), starting to increase above. At Ta = 34.6 °C, fR was slightly lower
(169 breaths min-1) than in the present study at Ta = 35.4 °C (251 breaths min-1). This may be
partly due to the slight Ta difference. However, it may not represent a significant difference as
fR in both studies was quite variable at high Ta, likely because some individuals were more heat
stressed than others. In my study, the highest mean fR of an individual tammar at Ta = 35.4 °C
9

assuming an RER of 0.8 for the conversion of VO2 to MHP as Dawson et al. (1969) suggested since VCO2
was not measured
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was 311 breaths min-1, which is similar to the mean fR of 338 breaths min-1 reported by Dawson
et al. (1969) at Ta = 41 °C. Consistent with the observation that tammars could only sustain
thermoregulation for a limited time at Ta = 40 °C, this suggests that at Ta = 35.4 °C, they were
approaching the limits of EHL increase.
Dawson and Rose (1970) measured Tb and fR of tammar wallabies at thermoneutrality
(Ta = 24 °C) and under “moderate” (Ta = 40.5 °C) and “severe” (Ta = 46 °C) heat and also
examined blood gas values. Tb was consistent with my results and those from Dawson et al.
(1969), increasing from 36.5 °C at standard Ta to 39.5 and 40.5 °C. fR10 increased from 41 to
352 breaths min-1 before decreasing again to 177 breaths min-1 (Dawson et al. 1969). At each
Ta, fR was higher than in the present study. This was probably due to the wallabies being
restrained during the measurements, which may have caused discomfort and stress leading to
elevated fR. The general pattern in fR suggested that tammars under heat stress initially used
phase 1 panting (at Ta = 40.5 °C) as in the present study (at Ta = 35.4 °C) and in that by Dawson
et al. (1969; at Tas up to 41 °C), followed by phase 2 panting (at Ta = 46 °C). This was confirmed
by the changes in blood gas values (Dawson and Rose 1970). After measurements at Ta = 46 °C,
tammars had to be artificially cooled down to recover and some did not survive (Dawson and
Rose 1970).

Standard physiological variables in comparison with previous studies and the impact of
different measurement techniques
Apart from the two studies discussed above (Dawson et al. 1969; Dawson and Rose 1970),
standard physiological variables have previously been reported for tammars in three other
studies (Dawson and Hulbert 1970; Dawson and Needham 1981; Frappell and Baudinette
1995). However, none of the five studies has measured all variables measured in the present
study. Table 4 shows standard values from each previous study (and the corresponding Ta and
body mass) after mass-correction in comparison with my results.
Standard Tb did not differ between the four studies which could be statistically
compared (where standard errors were available or could be calculated from standard
deviation; comp. Table 4) and Tb reported by Frappell and Baudinette (1995) was also very
similar. BMR also did not differ statistically between this study, Dawson et al. (1969) and
Dawson and Hulbert (1970) and that calculated based on the regression given by Dawson and
Needham (1981) was very similar. However, the value reported by Frappell and Baudinette
10

measured by observation and with a thorax belt when panting occurred (Dawson et al. 1969)
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(1995) was considerably higher. This was likely caused by digestion, which increases MR (see
Chapter 2), as they stated that their wallabies were “not necessarily postabsorptive” (Frappell
and Baudinette 1995). Mass-corrected standard EWL of my tammars was essentially the same
(and not statistically different) from that measured by Dawson et al. (1969), despite the
differences in measurement technique.

Table 4: Standard physiological variables (body temperature, Tb; oxygen consumption, VO2;
wet thermal conductance, Cwet; evaporative water loss, EWL; respiratory frequency, fR; tidal
volume, VT; minute volume, VI; oxygen extraction, EO2) for tammar wallabies after masscorrection in comparison with data from previous studies; Ta = ambient temperature. Note:
Dawson and Needham (1981) also measured fR for several species, including the tammar, but
the data can not be used for comparison as they did not report values for individual species.
Frappell and Baudinette (1995) did not give Ta but stated that measurements were taken “within
the thermoneutral temperature range”.
Reference

this study

body mass (g)
Ta (°C)
Tb (°C)

5070
b
25.7 (N = 7)

VO2 (ml O2 g-0.74 h-1)
Cwet (J g-1 h-0.58 °C -1)

Dawson et al.
(1969)

Dawson & Rose
(1970)

Dawson & Hulbert
(1970)

4960
c
24.3 (N = 15)

5100
24 (N = 6)

4796
25 (N = 6)

36.8 ± 0.27

36.5 ± 0.10

36.5 ± 0.3

2.68 ± 0.147

2.53 ± 0.109

-

21.89 ± 1.042

-

-

EWL (mg O2 g-0.69 h-1)

7.37 ± 0.622

7.41 ± 0.598

f R (breaths min-1 g0.23)

150 ± 25.7

V T (ml g-0.80)
V I (ml min-1 g-0.64)
E O2 (% g-0.07)
a
b
c

a

Dawson & Needham Frappell & Baudinette
(1981)
(1995)

4045
24-28 (N = 6)

6500
- (N = 5)

36.4 ± 0.20

-

36.6

2.61 ± 0.096

2.64

4.22

-

-

-

-

-

-

-

209 ± 22.4

298 ± 21.8

-

-

270

0.043 ± 0.0060

-

-

-

-

0.047

2.98 ± 0.247

-

-

-

-

6.56

14.5 ± 0.96

-

-

-

-

-

for all variables except BMR where mass = 5012 g
for all variables except BMR where T a = 28.7 °C
for all variables except BMR where T a = 30.5 °C and N = 11

Despite using different techniques to eliminate impacts of water loss from urine and faeces on
EWL, Dawson et al. (1969) and my study resulted in almost identical measurements of
standard EWL. This is not surprising as urine and faeces were apparently equally-effectively
prevented from affecting chamber humidity in both studies and measurements were taken at
standard Ta near the Tlc where posture changes were not necessary to ensure
thermoregulation so that the restricted movement of tammars in the study by Dawson et al.
(1969) did not affect thermoregulatory behaviour. However, even outside the TNZ, EHL was
very similar in both studies (Fig. 2), which means that at high Tas EHL was likely achieved by a
different balance of thermoregulatory means. If dry heat loss and EHL via the skin of tammars
in the study by Dawson et al. (1969) was compromised because tammars were not able to
maximise their exposed body surface, then EHL from licking and/or ventilation must have been
higher to arrive at the same EHL. This is consistent with their (Dawson et al. 1969) higher fR
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under moderate heat stress of 40.8 breaths min-1 at Ta = 30.5 °C compared to 32 breaths min-1
at Ta = 31.6 °C when tammars were lying down in my study. The difference in fR did not persist
as Ta was further increased and tammars were forced to frequently lick, thus were sitting most
of the time as the tammars in the study by Dawson et al. (1969) were forced to do. However,
as suggested above, the higher fR reported by Dawson et al. (1969) under moderate heat stress
may also have been at least partly caused by the tammars being more alert and/or stressed
due to being restrained as suggested by a > 25 % higher fR even at standard Ta although the
difference was not significant (Table 4). Standard fR reported by Frappell and Baudinette (1995)
and Dawson and Rose (1970) were even higher but only the latter value was statistically
different from the others (Table 4). Again, the elevated fR was likely due to the fact that the
wallabies were restrained by Dawson and Rose (1970). For the study by Frappell and
Baudinette (1995) the Ta at which measurements were taken is not known. It seems likely that
the measurements were taken at a higher Ta of approximately 30 °C, where fR was presumably
increased to increase EHL. The authors could have regarded a Ta of approximately 30 °C as
within the TNZ, if the TNZ was determined only by measurement of MHP but not EHL. As
standard VT measured by Frappell and Baudinette (1995) was similar to that measured in the
present study, the much higher standard VI was mainly due to the differences in fR. In
summary, the differences in standard variables between this study and previous values
reported for tammars are likely due to differences in measurement technique, which
emphasises the importance of the use of standardised protocols for valid comparisons.
All standard values for tammars measured in the present study conformed statistically
with allometrically predicted values for marsupials by conventional regression as each
standard value fell within the 95 % prediction limits of the respective regression before and
after phylogenetic correction (for allometric equations and detailed discussion of phylogenetic
and mass effects see Chapter 10).

Ecophysiological aspects
I consider four ecophysiological characteristics of tammars observed in this study, standard
evaporative water loss, hyperthermia at high ambient temperatures, evaporative quotient and
relative water economy, that reflect different aspects of the tammars’ ability to cope with arid
or hot environments and therefore represent key adaptive responses to thermal and hygric
stress. I discuss the relevance and limitations of these variables and how they could be used in
comparative ecophysiology.
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Standard evaporative water loss. Although tammar wallabies occur only in semi-arid
southern areas of Australia, they are known for being well adapted to arid conditions: tammars
can survive for several weeks with no access to fresh water or only salt water even when on a
low protein diet while maintaining body mass and fluid balance (Bakker et al. 1982; Bakker and
Bradshaw 1978; Chilcott et al. 1985; Hume and Dunning 1979; Kinnear et al. 1968; Main and
Yadav 1971; Nagy et al. 1990; Purohit 1971, 1972; Strahan 2004). Standard EWL of tammars
measured in this study was not low compared to previous measurements or compared to
other marsupials. However, as described in Chapter 3, tammars were able to reduce standard
EWL (measured after 24 hours without access to water) by approximately 35 % after 5 days
without access to water, which suggests that tammars at thermoneutral conditions only save
water by reducing EWL when forced to do so. This means that EWL measurements have to be
standardised not only in terms of ambient conditions, e.g. measurement near the Tlc and at the
appropriate RH, but also in terms of hydration level to make valid comparisons (see Chapter 3).
However, standard EWL measured on hydrated individuals will not reflect their true water
saving abilities or how well they are adapted to arid conditions.
Controlled hyperthermia? At Ta = 35.4 °C, tammars relied on an increase in EHL for
thermoregulation and Tb increased by 1.3 ± 0.22 °C compared to standard Tb (at Ta = 25.7 °C).
Was this increase in Tb the result of insufficient scope in thermoregulatory behaviour or
controlled hyperthermia, which is a water-saving mechanism? An increase in Tb at high Ta leads
to water savings as allowing Tb to rise reduces the amount of water needed for evaporative
cooling and increases passive heat loss due to a greater Tb – Ta gradient. This is a common
thermoregulatory strategy at high Tas in macropods such as the spectacled hare-wallaby
(Lagorchestes conspillatus; Dawson and Bennett 1978) or the rufous bettong (Aepyprymnus
rufescens; Rübsamen et al. 1983). By increasing Tb by 1.3 ± 0.22 °C between standard Ta (25.7
°C) and Ta = 35.4 °C, tammars maintained a Tb – Ta gradient of 2.6 ± 0.11 °C and saved 0.40 ±
0.087 mg H2O g-1 h-1 11. This is the equivalent of 15.6 ± 2.88 % of the EWL that tammars would
have had at Ta = 35.4 °C and standard Tb (EWL at Ta = 35 °C + water savings). At a Ta of 40 °C the
tammars were not able to effectively thermoregulate, which suggests that they were
approaching maximum EHL at Ta = 35.4 °C. However, not only Tb but also EWL of tammars
increased significantly between Ta = 28.7 and 31.8 °C, while fR and therefore respiratory water
loss only increased at Ta = 35.4 °C. This suggests that tammars allowed Tb to increase;
11

Calculated as: (Tb at 35.4 °C – Tb at 25.7 °C) / (Cdry at 35.4 °C) / 2.4, where 2.4 is the conversion factor
from heat loss (J) to water loss (mg H2O).
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otherwise they could have increased EHL already at a lower Ta to avoid the rise in Tb. The use
of controlled hyperthermia above Ta = 28.7 °C, which is near the Tuc, seemed to be
independent of water availability as the tammars had access to water ad lib. prior to the
measurements so that they were well hydrated. At high Tas, precise Tb control is vital to their
survival, as shown by subjecting tammars to Ta = 40 °C. Tb control at high Tas depends on
evaporative cooling, which explains the need to use water efficiently under hot conditions.
Evaporative quotient. The evaporative quotient (EQ = EWL / VO2) has been used as a
measure of the extent of water economy, where high values indicate poor water economy. EQ
of tammars at Ta = 25.7 °C was 1.77 mg H2O ml O2-1, which is similar to the value of 1.88
calculated12 by Dawson et al. (1969). Both values are well below the average for marsupials of
2.7 mg H2O ml O2-1 (Cooper and Withers 2008), suggesting adaptation to arid habitats.
However, EQ is affected by water availability, thus hydration level of the tammars. Calculated
based on VO2 and EWL measurements taken approximately 10 hours after the tammars last
had access to water (at Ta ~28.5 °C, data from Chapter 3), EQ was 2.12 mg H2O ml O2-1 but
decreased to 1.78 mg H2O ml O2-1 after 24 hours and to 1.17 ± 0.057 mg H2O ml O2-1 after
tammars had been denied access to water for 5 days. Consequently, EQ should only be used
for interspecific comparisons if EWL was measured on animals of a comparable hydration
level. As dehydration levels are difficult to assess and thus to correct for, comparability can
probably only be achieved between different data sets if EWL is measured on hydrated
animals. More data are needed to assess whether EQs measured under such conditions
contain a useful signal and whether comparably low EQs of hydrated individuals such as the
tammars in the present study are generally indicative of adaptation to arid conditions in
macropods.
Relative water economy. Relative water economy (RWE) is the ratio between MWP
and EWL. Values >1 indicate that metabolic water production exceeds the amount of water
lost via evaporation, which means that the animal is in “positive” water balance (ignoring
preformed and drinking water intake, and urinary and faecal water loss). Theoretically, RWE
decreases with increasing Ta: Below the TNZ, RWE decreases due to the decrease in MWP,
above the TNZ, RWE decreases due to the increase in EWL. The pattern of RWE in response to
Ta changes obviously depends on the pattern in both MWP and EWL, which means that the
slope increase in RWE is steeper for species, that decrease EWL below the Tlc than for those
12

-1

-1

-1

-1

As EWL/VO2 using MHP (cal g h ) and EWL (cal g h ) at Ta = 24.3 °C from Dawson et al. (1969)
-1 -1
-1 -1
converted to VO2 (ml O2 g h ) and EWL (mg H2O g h ) using the conversion factors given by the
authors.
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that do not. RWE also depends on the ratio between MWP and EWL. The smaller the
proportion of MWP that is lost via evaporation, the smaller the impact of EWL on RWE
compared to that of MWP. The slope of RWE is also expected to be steeper for smaller species
with a steeper increase in MWP due to their higher surface-area to volume ratio. The Ta at
which MWP equals EWL is the point of relative water economy (PRWE). PRWE has been
suggested to be a measure of adaptation to arid habitats for interspecific comparisons because
a higher PRWE indicates a more effective use of water (MacMillen and Hinds 1983). The PRWE
is not only expected to be higher for arid compared to mesic adapted species, but also for
species with smaller body masses, due to their higher mass-specific metabolic rate (and
therefore MWP) relative to surface area and EWL (MacMillen and Hinds 1983; MacMillen
1990; MacMillen and Baudinette 1993). Species that increase EWL at low Tas have a low PRWE
or might not even reach a PRWE, e.g. the stripe-faced dunnart (Sminthopsis macroura; Cooper
et al. 2005).
As expected, RWE of tammars decreased with increasing Ta. The decrease was more
pronounced at high Tas, resulting in a cubic rather than linear relationship. This cubic
component in RWE of tammars was mainly caused by the steep curvilinear increase in EWL at
high Tas. EWL of the tammars exceeded MWP at all Tas measured, even at the lowest Ta of 11.0
°C where RWE reached its maximum, EWL of tammars was still almost twice as high as MWP
(RWE = 0.57). This means that the prediction of a PRWE for tammars is unreliable because it
requires extrapolation of the cubic relationship between Ta and RWE far beyond the Ta range
examined (to Ta of approximately -12 °C). Currently there are no published PRWE data for
macropods and only few for marsupials, ranging from 11.3 °C for the 68.8 g long-furred woolly
mouse opossum (Micoureus paraguayanus; Cooper et al. 2009) to 22.6 °C for the 1385 g
Australian western quoll (Dasyurus geoffroii; Schmidt et al. 2009). That tammars had not
reached water balance at Ta = 11.0 °C, means that if they were to reach a PRWE it would be
much lower than for any other marsupial for which PRWE has been published, suggesting a
low degree of adaptation to arid conditions. However, the reason for the tammars not
reaching water balance may be that they were well hydrated and not forced to save water,
which they can do if access to water is restricted (Chapter 3). After 5 days with no access to
water, tammars reduced their EWL by 35 % at Ta ~28.5 °C, (Chapter 3). Assuming this is the
maximal reduction possible, (i.e. tammars can not reduce EWL by more than 35 % even at low
Tas, where limiting EHL is more important than at thermoneutrality), tammars would be close
to reaching water balance at Ta = 11.0 °C with RWE = 0.87 ± 0.093. This means that, like EQs,
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comparably high PRWEs are only indicative of more efficient water use and PRWEs should only
be used for interspecific comparisons if measurements for EWL were obtained on hydrated
animals. More data are needed to assess whether PRWE measured under such conditions
contains a useful signal for adaptation to arid condtitions in marsupials. To assess whether
there is an allometric effect for PRWE, more data are needed, especially from macropods,
which range in mass from 0.8 to 80 kg and include the largest extant marsupial species, the
kangaroos (Strahan 2004).

Conclusions
The patterns in Tb, MR and EWL of tammar wallabies in response to changes in Ta agreed with
the Scholander-Irving model and with previous data published for this species. Standard
variables were consistent with previous studies and differences were likely due to differences
in measurement protocol. Standard EWL was almost identical to previous results by Dawson et
al. (1969), which means that if great care is taken to keep the chamber clean from urine and
faeces, standard EWL can be measured without the use of a mineral oil bath. Despite their
current mesic distribution tammars are known to be well adapted to arid conditions. This was
confirmed by their use of controlled hyperthermia at high Tas. However, the standard EWL, EQ
and also the RWE of the tammars, which predicted a low PRWE, indicated poor water
economy. This was likely due to the fact that tammars were well hydrated and thus not forced
to use water saving strategies. This emphasises how important it is to standardise or at least
consider not only ambient conditions under which measurements were obtained, but also
their impact on physiological responses for valid ecophysiological comparisons.
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