Chapter 7
Effects of season on the thermal, metabolic and hygric
physiology of the black-flanked rock-wallaby (Petrogale
lateralis lateralis)
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Introduction
In endotherms, physiological variables such as metabolic rate (MR), evaporative water loss
(EWL), thermal conductance (C) and body temperature (Tb) vary with ambient temperature
(Ta). Under cold stress, MR is increased, while Tb, C and EWL are kept low to limit heat loss.
Under heat stress, initially C and EWL, and eventually also Tb and MR, are increased to
maximise heat loss (see Chapter 1). To ensure comparability between studies and species,
standard physiological variables are therefore measured at standard Ta within the
thermoneutral zone (TNZ), where thermal stress is absent and MR is basal (BMR). Seasonal
changes in the environment often include dramatic changes in Ta, which can lead to a shift in
the lower (Tlc) and/or upper critical temperature (Tuc), and therefore the standard Ta of a
species due to acclimatisation effects (e.g. Heldmaier and Steinlechner 1981; Hinds 1977;
Lovegrove 2005). Determining standard Ta by measuring MR and EWL at different Tas ensures
that true standard variables are measured independent of the conditions the individual animal
is acclimatised to. However, this will only eliminate seasonal effects on standard variables if
only the Ta at which they are measured (standard Ta) is affected by season. If the standard
variable itself is affected, e.g. the value of BMR at standard Ta changes throughout the year,
then measurements taken in different seasons will still introduce variability into the data set.
In other words, if for example MR is generally higher in winter than in summer, there will be a
seasonal effect on BMR even if it is measured at standard Ta for each season (i.e. is lower
compared to higher and lower Tas within each season,) which will affect comparisons between
studies on the same species, but will also affect interspecific comparisons.
Why do I expect standard variables to be affected by season? Apart from Ta, other
environmental factors that may affect thermoregulation change with season. Where rainfall is
variable, marsupials have lower EWL (Withers et al. 2006). Where rainfall is seasonal, body
mass and/or condition of mammals, including macropods, shows a similar annual pattern due
to changes in food and water availability (e.g. Bakker et al. 1982; Bradshaw et al. 2001; Dennis
and Marsh 1997; Heldmaier 1989; Hume 1999; Lovegrove 2005; Moss and Croft 1999; Withers
et al. 2006). While food availability and body condition will influence an animals energy
budget, water availability will affect its water budget, and in combination both energy and
water budget will determine the strategies employed to control thermoregulation (see below).
For example, a dehydrated individual may be forced to decrease EWL, which may lead to an
increase in Tb, however, an individual with large body fat reserves may be able to increase MR
and thus metabolic water production (MWP) to counteract dehydration.
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Previous studies suggest that mammals of different size classes use different strategies
to physiologically cope with seasonal changes in ambient conditions. While small mammals use
strategies to limit energetic costs in winter, e.g. reducing Tb setpoint or body mass, larger
mammals tend to increase thermogenic capacity and insulation (Heldmaier 1989; Lovegrove
2005). To my knowledge, no study has measured standard variables for macropods over a
wide Ta range in more than one season. While some work has been done on small marsupials,
especially regarding different seasonal mechanisms of thermoregulation, few studies have
previously investigated seasonal effects on standard physiological variables in larger
marsupials. There was significant seasonal variation in Tb, MR, EWL, Cwet and Cdry of mesic wildcaught captive southern brown bandicoots (Isoodon obesulus) at thermoneutrality (Larcombe
and Withers 2008). Season had only minor effects on the physiology of western barred
bandicoots (Perameles bougainville bougainville) held in outdoor enclosures; most variables
(including MR, Tb and body mass) were unaffected (Larcombe and Withers 2006). However,
under dehydration, a state often associated with summer conditions, a reduction in EWL has
been observed in several macropods even at and below thermoneutrality: e.g. tammar
wallabies (Macropus eugenii; Chapter 3), quokkas (Setonyx brachyurus; Bentley 1960), euros
(Macropus robustus erubescens) and eastern wallaroos (Macropus robustus robustus;
(Freudenberger and Hume 1993). Both EWL and Cdry were reduced at high Tas in red and
eastern grey kangaroos (Macropus rufus, Macropus giganteus), which, like quokkas, also
showed increased thermolability (Bentley 1960; Dawson et al. 2007). In addition, lower water
turnover rates were found in wild macropods in seasons with low water availability and in
captive macropods under dehydration (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). Some species increase thermolability or
urine concentration, some reduce urine production during dry conditions to conserve water
(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), others rely more on
behavioural strategies, avoiding hot and dry conditions by sheltering underground or between
rocks, especially under dehydration, when evaporative cooling via licking is too costly
(Bradshaw et al. 2001; Ealey 1967; King and Bradshaw 2008; McCarron and Dawson 1989;
McCarron et al. 2001, Dawson 1973). Therefore different seasons and the associated changes
in food and especially water availability require the use of different thermoregulatory
strategies in marsupials, including macropods. As reduced water availability has been shown
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to lead to reductions in water turnover, partly through EWL and even under thermoneutral
conditions, it is likely that not only the pattern in response to Ta changes of other physiological
variables such as Tb, MR and C but also standard variables will vary with season.
This study aimed to assess how season affects i) the patterns in physiological
responses to changes in Ta, and ii) standard physiological parameters. I used flow-through
respirometry to measure MR, EWL, Cwet and Cdry and also recorded body mass and Tb of wild
black-flanked rock-wallabies (Petrogale lateralis lateralis) from the mesic south-west of
Western Australia (WA) in winter and summer as they show high site fidelity. Recapturing
some individuals in each season is important to determine seasonal body mass variation. This
needs to be taken into account when comparing physiological data from different seasons as
standard variables are dependent on body mass. In wild macropods, seasonal body mass
changes of more than 20 % reflecting changes in food and water availability are common. For
example, fluctuations in body mass and body condition of the red kangaroo (Macropus rufus)
were best predicted by green grass biomass but lagged behind changes in pasture biomass
with a delay of 3 months (Moss and Croft 1999). Winter body mass of male, tammar wallabies
(Macropus eugenii) was up to 21 % lower than summer mass and this change in mass ‘was
reflected in seasonal changes in the amount of fat present within the peritoneal cavity’ (Inns
1980, cited in Hume 1999). An increase in body mass due to an increase in body fat will not
increase the overall oxygen consumption (VO2) or carbon dioxide production (VCO2) of an
individual animal as fat is not metabolically active. Thus, if body fat was increased in one
season compared to the other, calculated mass-specific rates of VO2 and VCO2 for this season
will be lower than for the same individuals measured in the other season due to the difference
in body mass, even if the total VO2 or VCO2 of the animal did not change between seasons.
Consequently, to compare mass-specific MR between seasons seasonal body mass change has
to be determined and taken into account when calculating MR.
This is the first study to measure seasonal effects on physiology in macropods, the first
on wild macropods, and the first to measure standard physiological variables for any of the 15
extant rock-wallaby species, which comprise the largest genus of macropods (Strahan 2004).
Because rock-wallabies shelter between rocks and in caves during the day where relative
humidity (RH) 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, 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
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Bradshaw 2008). Thus, rock-wallabies could be expected to have rather higher than lower EWL
compared with other macropods. However, the black-flanked rock-wallaby’s former and
current distribution includes extremely arid regions, where free water is not available for long
periods and water content of vegetation is low, especially in summer (Campeau-Péloquin et al.
2001; Nagy and Bradshaw 2000; Strahan 2004). In combination with the lower water turnover
rate and urine production reported for rock-wallabies during dry conditions (Bradshaw et al.
2001; Green 1989), this suggests that behavioural means are not sufficient to control its
energy and especially water budget. Therefore, the third objective of this study was to iii)
establish a full physiological profile of the species and to compare standard variables with
previous measurements on macropods with different lifestyles. More specifically, I was
interested to find out whether black-flanked rock-wallabies have a poorer physiological
capacity to conserve water than macropods which live in open bushland such as the tammar
wallaby as has previously been suggested due to the rock-wallabies inability to increase urine
concentration under dry conditions and their association with rocky habitat (Bradshaw et al.
2001; King and Bradshaw 2008).

Methods
I measured Tb, MR as oxygen consumption (VO2) and carbon dioxide production (VCO2), Cwet,
Cdry, and EWL of wild black-flanked rock-wallabies (Petrogale lateralis lateralis) at four ambient
temperatures (Ta) between 10 and 33 °C in winter and the following summer using flowthrough respirometry. This study was approved by the Animal Ethics Committee of the
University of Western Australia (RA/3/100/738).

Study site
Winter measurements were made from the end of July to end of August 2007 and summer
measurements were made from the end of February to end of March 2008 at Nangeen Hill
Nature Reserve, Western Australia (31° 49’ S; 117° 40’ E). Fig. 1 shows the ambient conditions
throughout the year, including mean monthly ambient temperature and relative humidity at
9.00 and 15.00, and mean monthly rainfall in comparison with monthly rainfall during 2007
and 2008 (weather data from the Australian Bureau of Meteorology, BOM 2010).
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Animals
Rock-wallabies were caught in fabric cage traps (“Thomas traps”), which were opened in the
afternoon and baited with a small amount of horse muesli and a piece of apple or pear. Traps
were checked between 21.00 and 23.00. Two rock-wallabies were taken to the field laboratory
and held in a dark fleece bag over night to ensure that they were postabsorptive when
measured the next day. Only healthy, adult males were measured and, where possible,
individuals were used that had not previously been measured in the same season. Individuals
were identified by ear tags from previous studies. In the event that only one instead of two
appropriate individuals was caught, traps were reset and checked again before sunrise (five
nights in winter, two in summer). If an individual was measured more than once per season, I
allowed at least two days between measurements. 10 individuals measured in winter were
recaptured and measured again in summer, and some of those individuals were also measured
more than once per season.

Flow-through respirometry
Body mass of each rock-wallaby was determined and metabolic measurements performed
using the protocol and metabolic systems described for the measurements after 22 hrs of
fasting in Chapter 2 with the following modifications: instead of compressed air, dried room air
was used (Drierite, 8 mesh with indicator; W.H. Hammond Co. Ltd.), regulated at a constant
flowrate between 9.1 and 14.2 L min-1; metabolic chambers were placed inside a temperature
cabinet (Arcus Model 400E); excurrent air passed through a Vaisala (MNP 45A) humidity and
temperature probe connected to the chamber outlet, inside the temperature cabinet; a 100 to
150 ml min-1 subsample of excurrent air was dried (Drierite) and drawn through a Sable
Systems Foxbox O2 and CO2 analyser with a built-in pump. A David Bishop Instruments
combined oxygen and carbon dioxide analyser (model 280) connected to a Brymen (BM 202)
voltmeter was used to measure CO2 for some traces. The analog outputs of the temperature
and humidity probe were connected to the analog inputs of the Foxbox, which in turn was
interfaced via an RS232 port to a PC. For some measurements in summer RH was recorded
separately with another Brymen (BM 202) voltmeter and laptop because the analogue input of
the Foxbox stopped working. Measurements were taken at four Tas between 10 ° and 33 °C.
Five to 11 individuals were measured at each Ta (sample sizes and Tas see Tables 2, 3).
Measurements commenced just after sunrise and continued for at least 9 hrs. Rectal
temperature (Tb
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metabolic measurement. In summer, inner ear temperature (Tear) of rock-wallabies was
measured at the same time as rectal Tb (Omron MC-510 Instant Ear Thermometer, meets
ASTM standard) to calculate the difference to the body core temperature (Tb rectum). Changes in
this gradient can be used to identify different themoregulatory strategies, e.g. if the animal is
increasing or reducing heat loss via regulation of peripheral blood flow. Rock-wallabies were
released immediately after the conclusion of each measurement at the site of capture.
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 point of relative water economy (PRWE) was calculated
based on the relationship between Ta and RWE as the Ta at which RWE = 1. This study was
approved by the Animal Ethics Committee of the University of Western Australia
(RA/3/100/738) and the Department of Environment and Conservation (licence no. SF005938)

Body mass
Rainfall at the study site is highly seasonal with high water and thus food availability (personal
observation) in winter but not in summer (Fig. 1). Body mass changes in wild macropods have
been reported to be linked to food availability, lagging approximately three months behind
changes in pasture biomass (Bakker et al. 1982; Dennis and Marsh 1997; Inns 1980, cited in
Hume 1999; Moss and Croft 1999). Therefore, body mass of rock-wallabies was expected to be
higher in summer compared to winter. As only adult rock-wallabies were used in this study
body size was assumed to be constant as they were not growing and were active all year (no
reduction or increase of muscle tissue expected). Consequently, expected mass differences
were assumed to reflect changes in body condition. In other words, the amount of
metabolically active tissue was assumed to be constant between seasons; the mass increase in
summer was assumed to reflect an increase in body fat.
An increase in body mass due to an increase in the proportion of body fat will not
increase the overall oxygen consumption or carbon dioxide production of an individual animal
as fat is not metabolically active. Thus, if body fat was increased in summer, calculated massspecific rates of VO2 and VCO2 for summer rock-wallabies will be lower than for the same
individuals measured in winter due to the difference in body mass, even if there was no effect
of season on the total amount of oxygen consumed or carbon dioxide produced by the animal.
Consequently, to compare mass-specific rates to assess whether there was an effect of season
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on MR, the effects of the body mass change had to be eliminated first. I calculated the body
mass gain between winter and summer for the 10 recaptured individuals. The mean
percentage mass gain was assumed to be a good estimate of general mass gain within the
population. The mean percentage mass gain in summer was then subtracted from each
individual body mass measured in summer, and summer VO2 and VCO2 values were
recalculated based on corrected body masses for direct comparisons between seasons
(uncorrected and corrected body mass and MR values are given in the results section). Total
VO2 and VCO2 (i.e. ml h-1) could not be used instead of mass-specific values because different
individuals were measured in each season and total values are higher for larger individuals of
comparable condition due to their greater volume of metabolically active tissue.

Data analyses
Statistical tests were performed with statistiXL (version 1.6). All values are presented as mean
± s.e. A paired t-test was used to compare mean winter and summer body mass for the 10
individual rock-wallabies which were captured in both seasons; where an individual was
measured more than once within a season, body masses were averaged. T-tests were used to
compare overall mean winter and summer mass, and standard physiological variables between
seasons at a single Ta. I treated individual data points as independent despite recaptures as
only one (out of 15) winter and none (out of 21) summer individuals was measured at each Ta.
The effects of Ta and season on metabolic parameters were tested by two-way full factorial
ANOVA with a priori polynomial contrasts and Student-Newman-Keuls (SNK) post hoc tests.
Effects of Ta within each season were assessed using univariate contrast analysis, i.e.
polynomial contrasts to detect linear, quadratic or cubic patterns, simple contrasts to compare
the mean at each Ta to that at a specified Ta, Helmert contrasts to compare the mean of each
Ta to the mean of subsequent (higher) Tas, reverse Helmert contrasts to compare the mean at
each Ta to the mean of previous (lower) Tas, and repeated contrasts to compare the mean of
each Ta to the subsequent (higher) Ta. Due to technical difficulties, EWL and VCO2 data could
not be obtained for some rock-wallabies, which means that sample sizes are smaller for those
parameters at some Tas (Tables 2, 3). For seasonal comparisons, summer VO2 and VCO2 values
were corrected for body condition by reducing body mass by the mean percentage mass gain
measured for the 10 recaptured individuals (see above).
RWE and EQ were calculated based on whole animal VO2 / MWP and EWL. The lowest
VO2 value was considered basal metabolic rate (BMR), and the corresponding Ta was
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considered standard Ta. BMR, Cwet and EWL taken at standard Ta for rock-wallabies were masscorrected as described in Chapter 6. Rectal Tb and mass-corrected standard values for rockwallabies in winter and summer were compared with mass-corrected values for tammars (data
from Chapter 6) and euros (Macropus robustus; Dawson 1973) by ANOVA with Student
Newman Keuls post hoc tests as described in Chapter 6. As Dawson (1973) reported thermal
conductance for euros expressed per unit of body surface area, these values could not be used
for direct comparison. I report Cwet for euros calculated as for rock-wallabies and tammars
from MHP, rectal Tb and Ta (Dawson 1973) for comparison; however, it could not be used for
statistical comparison as the standard error is unknown. Standard values for rock-wallabies
were statistically compared with the current marsupial data set before and after phylogenetic
correction (as described in Chapter 6). For comparison of BMR with other macropods and
marsupials in general, uncorrected summer VO2 and body mass was used as in almost all other
studies only one set of measurements was taken per species without taking time of year or
body condition into account. Using both sets of measured standard BMR for comparison I
could determine the extent of variation introduced by ignoring seasonal effects in comparative
studies on standard variables.

Results
When winter measurements on rock-wallabies were made (starting at the end of July 2007),
rainfall during the previous three months, especially in June, was below average with the first
significant rain occurring in July, which is later than usual (Fig. 1e). Consequently, at the start of
the winter study period, the rock-wallabies only just had access to the first green feed so that
body mass and also body condition (e.g. tail fat, personal observation) were still low, although
rock-wallabies were not forced to live off their energy stores anymore, especially as feed
availability quickly increased (personal observation, compare Fig. 1 a,b). Summer
measurements were taken at the end of summer 2008 (late February to late March). Rainfall
over the previous months had been variable (with no rain in November and January and about
three times more than usual in December) but on average approximately matched the usual
low volume at this time of the year (Fig. 1e). In general, the conditions during the summer
measurements were very different from those in winter, with rock-wallabies having no access
to free water and only limited food in the form of dry grasses (Fig. 1a,b). However, even after
several dry months, they still had considerable fat stores, especially around the base of the tail
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(personal observation), and body masses were much higher than in winter (see below).
Therefore, peak productivity of their environment did not seem to coincide with peak body
condition.

Body mass
Rock-wallabies were in better body condition in summer than in winter and a general increase
in tail fat was observed in summer compared to winter. Mean body mass of the 10 individuals,
which were measured in both seasons was 4067 ± 81 g in winter and 5057 ± 115 g in summer,
which was significantly higher (paired t9 = 12.41, P < 0.001). The mean mass gain between
winter and summer was 989 g or 24.4 ± 1.94 % of mean winter mass (Table 1).

Table 1: Body mass of 10 individual male black-flanked rock-wallabies which
where measured in winter (July - August 2007) and summer (February – March
2008) and mass gain between winter and summer and as percentage of winter
mass. Body mass means were calculated for individuals which were measured
more than once in one season, values are given as mean ± s.e. with the number
of measurements in parentheses. Mean values for all 10 individuals are given in
bold.

winter
mass (g)

summer
mass (g)

10

3842 (1)
4060 ± 47 (4)
4052 ± 46 (2)
4449 ± 101 (4)
3788 ± 6 (2)
4478 ± 28 (2)
3963 ± 64 (3)
4283 ± 37 (2)
3789 ± 224 (3)
3970 ± 290 (4)

mean

4067 ± 81 (10)

#
1
2
3
4
5
6
7
8
9

∆ mass (g)

mass gain (%)

5028 ± 126 (2)
4865 ± 145 (4)
4961 ± 237 (2)
5162 (1)
4980 (1)
5648 ± 26 (2)
5224 (1)
5464 (1)
4298 (1)
4936 ± 82 (2)

1186
805
909
713
1192
1170
1261
1181
509
966

30.9
19.8
22.4
16.0
31.5
26.1
31.8
27.6
13.4
24.3

5057 ± 115 (10)

989 ± 80 (10)

24.4 ± 1.94 (10)

This difference (989 g) is equivalent to 19.56 % of the mean summer mass of recaptured rockwallabies. The difference between the mean mass of all individuals measured in winter (3993 ±
70 g, N = 15) and summer (4796 ± 111 g, N = 23) of 802 g was slightly lower (20.1 % mass gain
in summer) but also highly significant (unpaired t34 = 6.11, P < 0.001). Mean body masses of
rock-wallabies at each Ta in each season are given in Table 2. In winter, mean body mass did
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not vary significantly between Tas (F3,27 = 1.31, P = 0.292). However, it varied in summer (F3,29 =
5.48, P = 0.004) with body mass at Ta = 10 °C being significantly lower than at Ta = 25.8 °C (SNK
P = 0.003). At Ta = 26 °C, body mass was significantly higher in summer than in winter (T20=
8.99, P < 0.001). For those Tas at which sample sizes differed between variables within a
season, mean mass within each Ta differed by a maximum of 1.1 % (at Ta = 10 °C in winter,
mean mass of EWL data set was 1.1 % lower than that of VO2 data set).

Table 2: Body mass, resting metabolic rate as oxygen consumption (VO2) and carbon dioxide
production (VCO2), rectal body temperature (Tb rectum) and ear temperature (Tear) of wild blackflanked rock-wallabies at different ambient temperatures (Ta) measured in winter (July – August
2007, top) and summer (February – March 2008, bottom) at Nangeen Hill Nature Reserve, WA.
Values are given as mean ± s.e., numbers in parentheses indicate number of individuals
measured. Summer mass, VO2 and VCO2 are reduced by 19.56 % to correct for seasonal body
mass gain (see methods section); uncorrected values are given below for comparison.
Ta

mass

VO2

VCO2

Tb rectum

Tb ear

(°C )

(g)

(ml O2 g-1 h-1)

(ml CO2 g-1 h-1)

(°C )

(°C )

0.49 ± 0.021 (7)
0.35 ± 0.019 (7)
0.28 ± 0.011 (11)
0.29 ± 0.025 (6)

0.43 ± 0.011 (4)
0.32 ± 0.016 (7)
0.26 ± 0.016 (11)
0.24 ± 0.019 (6)

36.9 ± 0.20 (7)
35.9 ± 0.35 (7)
37.2 ± 0.30 (11)
37.0 ± 0.53 (6)

-

3501 ± 182 (7) 0.57 ± 0.013 (7)
3953 ± 134 (7) 0.46 ± 0.016 (7)
4156 ± 76 (11) 0.30 ± 0.019 (11)
3779 ± 110 (8) 0.31 ± 0.014 (8)

0.55 ± 0.018 (7)
0.37 ± 0.011 (7)
0.31 ± 0.017 (11)
0.33 ± 0.013 (8)

37.0 ± 0.08 (7)
36.7 ± 0.16 (7)
37.5 ± 0.12 (11)
37.6 ± 0.26 (8)

35.4 ± 0.09 (7)
35.0 ± 0.19 (7)
35.9 ± 0.16 (9)
37.1 ± 0.21 (8)

winter
10.5 ± 0.68 (7)
4143 ± 83 (7)
16.0 ± 0.20 (7)
4060 ± 82 (7)
26.1 ± 0.33 (11) 3865 ± 110 (11)
32.6 ± 0.32 (6) 4115 ± 191 (6)
summer
10.5 ± 0.08 (7)
15.1 ± 0.17 (7)
25.8 ± 0.17 (11)
33.4 ± 0.11 (8)

summer values before mass correction
10.5 ± 0.08 (7)
15.1 ± 0.17 (7)
25.8 ± 0.17 (11)
33.4 ± 0.11 (8)

4353 ± 226
4914 ± 167
5166 ± 94
4699 ± 136

0.46 ± 0.010 (7)
0.37 ± 0.013 (7)
0.24 ± 0.015 (11)
0.25 ± 0.012 (8)

0.44 ± 0.014 (7)
0.30 ± 0.009 (7)
0.25 ± 0.014 (11)
0.26 ± 0.010 (8)

Metabolic measurements
Rock-wallabies started grooming after a few minutes in the chamber and lay down to rest
within the first half hour of each measurement. At Ta below 26 °C, rock-wallabies usually sat
with their head low, sometimes resting on their feet. At higher Ta they either sat or lay on their
side or sat on their tail, pushing their feet forward. At the highest Ta (33 °C), rock-wallabies
were panting and lay stretched out most of the time, increasing their exposed surface area,
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and only sat up to lick their forelimbs, legs, genitalia or tail. At Tas = 16 °C and below, shivering
was observed and rock-wallabies sat with their tails tucked in between their legs under their
body, hiding poorly insulated body parts such as the nose and feet in both seasons. During
winter measurements, rock-wallabies voided urine more frequently and in greater volumes
than during summer measurements.

Metabolic rate
Table 2 shows MR as mass-specific VO2 and VCO2 at each Ta measured in winter in comparison
with mass-corrected summer values and uncorrected summer values for comparison. Fig. 2b
shows winter VO2 in comparison with corrected summer VO2, which was higher at low Tas. The
pattern in MR as VO2 and VCO2 in response to Ta changes was similar in both seasons. MR
showed a curvilinear pattern over the Ta range, decreasing with increasing Ta up to Ta = 26 °C
where VO2 was lowest (BMR). The TNZ also included Ta = 33 °C in both seasons (detailed
results of statistical analyses below). The ratio between VCO2 and VO2, the respiratory
exchange ratio (RER), was not significantly affected by season or Ta.
After correcting for the mass increase in summer, VO2 was significantly influenced by
Ta (F3,56 = 78.67, P < 0.001) and season (F1,56 = 18.70, P < 0.001) by two-way ANOVA, with
summer values generally higher than winter values. There was also a significant interaction
(F3,56 = 3.58, P = 0.019). VCO2 was also affected by Ta (F3,53 = 52.86, P < 0.001) and season (F1,53 =
40.67, P < 0.001) but there was no interaction effect (F3,53 = 1.33, P = 0.275). One-way ANOVAs
confirmed a strong effect of Ta on VO2 in winter (F3,27 = 26.99, P < 0.001) and summer (F3,29 =
56.65, P < 0.001) and on VCO2 in winter (F3,24 = 17.16, P < 0.001) and summer (F3,29 = 43.57, P <
0.001). Repeated measures Helmert contrasts revealed that at Ta = 11 and 15 °C both VO2 and
VCO2 were higher than at higher Tas in winter (VO2 P ≤ 0.010, VCO2 P ≤ 0.011) as well as in
summer (VO2 P < 0.001, VCO2 P ≤ 0.023) and that both variables did not change between Ta =
26 and 33 °C in either season (P ≥ 0.459). Mean VO2 at Ta = 26 °C did not differ between
seasons (T20 = 0.57, P = 0.584), mean VCO2 at this Ta was significantly higher in winter than in
summer (T20 = 2.49, P = 0.022).
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There was no significant effect of Ta (F3,53 = 1.79, P = 0.160) or season (F1,53 = 3.87, P = 0.054) on
RER by two-way ANOVA, but there was a weak interaction (F3,53 = 2.95, P = 0.041). Winter RERs
ranged from 0.82 ± 0.027 (at Ta = 33 °C) to 0.94 ± 0.025 (at Ta = 10 °C); summer RERs ranged
from 0.81 ± 0.029 (at Ta = 15 °C) to 1.10 ± 0.095 (at Ta = 26 °C). Mean RER over all winter
measurements was 0.89 ± 0.128, and was significantly lower (T52 = 2.37, P = 0.021) than the
mean over all summer measurements of 1.00 ± 0.039.

Body temperature
Tb data are summarised in Figure 2a and Table 2. While overall patterns in Tb rectum were similar
in both seasons, mean Tb rectum in summer was between 0.1 °C (at Ta = 10 °C) and 0.8 °C (at Ta =
15 °C) higher than in winter. In both seasons, Tb rectum increased between Ta = 15 and 26 °C. At
Ta = 26 °C, Tb rectum did not differ significantly between seasons (T13.2 = 0.91, P = 0.382). ANOVA
results and comparisons of means are summarised below.
There was a significant effect of Ta (F3,56 = 6.73, P = 0.001) and season (F1,56 = 5.30, P =
0.025; Fig. 2a, Table 2), but no interaction (F3,56 = 0.63, P = 0.602) on rectal Tb by two-way
ANOVA. In winter, there was no significant overall effect of Ta on rectal Tb by one-way ANOVA
(F3,27 = 2.95, P = 0.051) but repeated measures contrasts showed a significant difference
between Tb rectum at Ta = 10 and 15 °C (P = 0.046) and between Ta = 15 and 26 °C (P = 0.009) but
not between Ta = 26 and 33 °C (P = 0.750). Tb rectum at Ta = 15 °C was significantly lower than at
each other Ta (simple contrasts P ≤ 0.046). In summer, there was a significant overall effect of
Ta on rectal Tb (F3,29 = 6.43, P = 0.002) by one-way ANOVA. Repeated contrasts showed a
significant increase between Ta = 15 and 26 °C (P = 0.001) but no significant difference
between Ta = 10 and 15 °C (P = 0.155), and Ta = 26 and 33 °C (P = 0.539). Tb rectum at Ta = 15 °C
was also significantly lower than at Ta = 33 °C (simple contrasts P ≤ 0.001).
In general, Tear mirrored the pattern in Tb rectum at Tas up to 26 °C, but mean values were
significantly lower (Fig. 3a). As for Tb rectum, there was a significant overall effect of Ta on Tear
(F3,27 = 26.86, P < 0.001) by one-way ANOVA, and simple contrasts for Tear showed no
difference between Ta = 10 and 15 °C (P = 0.103) but between Ta = 15 and 26 °C (P = 0.001),
and between Ta = 15 and 33 °C (P < 0.001). However, repeated contrasts also revealed a highly
significant increase in Tear between Ta = 26 and 33 °C (P < 0.001). The difference between rectal
body temperature and temperature was affected by Ta (F3,27 = 7.96, P = 0.001). At Tas up to 26
°C, it was constant (repeated contrasts P ≥ 0.829), ranging from 1.6 ± 0.13 °C (at Ta = 10.5 °C) to
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1.7 ± 0.20 °C (at Ta = 15 °C). At Ta = 33 °C, it was only 0.5 ± 0.17 °C and lower than at each lower
Ta (simple contrasts P < 0.001; Fig. 3b).

Thermal conductance
In both seasons, the pattern in Cwet and Cdry was similar with low and stable values at Tas up to
26 °C, increasing at Ta = 33 °C (Fig. 2c, d, Table 3). For Cwet, this increase was similar in both
seasons, but for Cdry it was less steep in summer. Standard Cwet (at Ta = 26 °C) was significantly
higher in winter, Cdry at this Ta did not differ between seasons.
By two-way ANOVA, Cwet was significantly influenced by Ta (F3,56 = 59.00, P < 0.001) but
there was no effect of season (F1,56 = 1.76, P = 0.190) and no interaction effect (F3,56 = 0.017, P =
0.822). One-way ANOVAs confirmed the effect of Ta on Cwet in winter (F3,27 = 19.21, P < 0.001)
and summer (F3,29 = 61.57, P < 0.001). By polynomial contrasts, there was a highly significant
linear (P < 0.001) and quadratic (P < 0.001) component in Cwet in both seasons; in summer there
was also a significant cubic component (P = 0.012). At Ta = 15 and at Ta = 26 °C, Cwet was not
increased compared to lower Tas in winter (P ≥ 0.209) or summer (P ≥ 0.258) by reverse
Helmert deviation contrasts, while there was a highly significant increase at Ta = 33 °C in both
seasons (P < 0.001). At Ta = 26 °C, Cwet was significantly higher in winter compared to summer
(T20 = 2.57, P = 0.018).

Table 3: Wet (Cwet) and dry (Cdry) thermal conductance, evaporative water loss (EWL), and
relative water economy (RWE) of black-flanked rock-wallabies at different ambient temperatures
(Ta) with chamber relative humidity (RH) at the time of measurement. Values are given as mean
± s.e.
Ta

RH

Cwet*

(°C)

(%)

(J g h °C )

-1

-1

Cdry
-1

-1

-1

EWL
-1

RWE

(J g h °C )

(mg H2O g-1 h-1)

24.2 ± 1.85 (6) 0.39 ± 0.019 (7)
15.9 ± 1.80 (5) 0.37 ± 0.019 (7)
12.4 ± 1.18 (9) 0.53 ± 0.029 (11)
11.9 ± 1.85 (6) 1.47 ± 0.277 (6)

0.35 ± 0.023 (6)
0.30 ± 0.024 (5)
0.42 ± 0.030 (9)
0.94 ± 0.197 (6)

0.44 ± 0.032 (6)
0.43 ± 0.052 (5)
0.53 ± 0.019 (9)
0.90 ± 0.117 (6)

0.74 ± 0.058 (6)
0.52 ± 0.073 (5)
0.33 ± 0.010 (9)
0.20 ± 0.017 (6)

11.8 ± 0.88 (7) 0.36 ± 0.006 (7)
15.6 ± 2.92 (5) 0.34 ± 0.012 (7)
9.0 ± 0.77 (9) 0.43 ± 0.028 (11)
19.7 ± 2.56 (7) 1.30 ± 0.112 (8)

0.34 ± 0.006 (7)
0.32 ± 0.012 (5)
0.37 ± 0.034 (9)
0.49 ± 0.105 (7)

0.19 ± 0.017 (7)
0.28 ± 0.057 (5)
0.34 ± 0.031 (9)
1.27 ± 0.172 (7)

1.64 ± 0.194 (7)
0.91 ± 0.141 (5)
0.49 ± 0.046 (9)
0.14 ± 0.018 (7)

winter
10.2 ± 0.73 (6)
16.1 ± 0.28 (5)
26.1 ± 0.39 (9)
32.6 ± 0.32 (6)

summer
10.5 ± 0.08 (7)
15.2 ± 0.22 (5)
25.9 ± 0.19 (9)
33.4 ± 0.12 (7)
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For Cdry the pattern in winter was similar to that in Cwet, but differed in summer at the highest
Ta (Fig. 2d, Table 3). There was a significant effect not only of Ta (F3,56 = 11.32, P < 0.001), but
also of season (F1,56 = 4.90, P = 0.032) by two-way ANOVA with an interaction (F3,56 = 3.90, P =
0.015) for Cdry. A one-way ANOVA confirmed the effect of Ta on Cdry in winter (F3,22 = 9.23, P <
0.001) but not in summer (F3,24 = 1.77, P = 0.179). Winter Cdry had a significant linear and
quadratic component by polynomial contrasts (P ≤ 0.006) and there was a highly significant
increase at Ta = 33 °C (P < 0.001) by reverse Helmert deviation contrasts. While there was no
significant overall effect of Ta on Cdry in summer and no linear (P = 0.061), quadratic (P = 0.204)
or cubic (P = 0.991) component by polynomial contrast, Cdry was significantly higher at Ta = 33
°C compared to the mean of all lower Tas by reverse Helmert contrasts. Cdry at Ta = 26 °C did
not differ significantly between seasons (T16 = 1.11, P = 0.284).

Hygric physiology
Generally, the pattern for EWL was similar in both seasons, with low and stable EWL at Tas up
to 26 °C and a steep increase at Ta = 33 °C. However, up to Ta = 26 °C EWL was lower in summer
compared to winter, while at Ta = 33 °C, EWL in summer was higher than in winter (Fig. 2e,
Table 3). Two-way ANOVA showed no significant effect of season on EWL (F1,56 = 0.95, P =
0.334), but a highly significant Ta (F3,56 = 40.77, P < 0.001) and interaction effect (F3,56 = 6.60, P =
0.001). One-way ANOVAs confirmed the effect of Ta on EWL in winter (F3,25 = 12.23, P < 0.001)
and summer (F3,24 = 30.78, P < 0.001). There was a highly significant linear (P < 0.001) and
quadratic (P ≤ 0.005) component in EWL in both seasons; in summer there was also a
significant cubic component (P = 0.042) by polynomial contrasts. Reverse Helmert deviation
contrasts showed that at Ta = 33 °C EWL was significantly higher than the mean of all lower Tas
in both winter (P < 0.001) and summer (P < 0.001), and that there was no significant EWL
increase in winter or summer with Ta at Ta = 26 °C (P ≥ 0.194) or 15 °C (P ≥ 0.542) compared to
the mean of lower Tas. At Ta = 26 °C, winter EWL was significantly higher than summer EWL (t16
= 5.27, P < 0.001).
RWE generally increased with decreasing Ta in both seasons, but while values at the
highest Ta were similar in both seasons, at the lowest Ta, summer RWE was much higher than
winter RWE (Fig. 4a, Table 3). Thus, there was a strong effect of Ta (F3,56 = 48.92, P < 0.001) and
season (F1,56 = 29.39, P < 0.001) on RWE by two-way ANOVA and also an interaction effect (F3,56
= 11.01, P < 0.001). One-way ANOVAs confirmed a strong Ta effect on RWE in winter (F3,22 =
32.37, P < 0.001) and summer F3,24 = 32.91, P < 0.001). Polynomial contrasts revealed a strong
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linear component in RWE for both seasons (P < 0.001), and repeated contrasts confirmed that
RWE decreased between each Ta and the next higher Ta in both seasons (P ≤ 0.030). Summer
RWE = -0.06 (± 0.007) Ta + 2.11 (± 0.164) (R2 = 0.75); predicted PRWE = 18.1 °C. Winter RWE = 0.02 (± 0.002) Ta + 0.93 (± 0.058) (R2 = 0.78); predicted PRWE = -3.1 °C. Summer EQ (at Ta = 26
°C) was 1.46 ± 0.157 mg H2O ml O2 -1 and significantly lower (T11.65 = 2.48, P = 0.031) than winter
EQ of 1.89 ± 0.077 mg H2O ml O2 -1.

Discussion
First I discuss the general patterns in the different variables in response to ambient
temperature changes, then seasonal effects on physiological variables, starting with effects on
body mass. Body mass and condition differences will lead to different insulation properties and
thus will alter heat loss and conductance. In combination with differences in food and / or
water availability, this may lead to different thermoregulatory strategies. So after discussing
seasonal effects on body mass, I will examine seasonal effects on energy metabolism and on
water metabolism. I will then discuss ecophysiological aspects, e.g. how season affected
parameters used to assess how well a species is adapted to aridity such as PRWE or EQ. I will
also consider standard variables measured for rock-wallabies compared with those for other
macropods and marsupials in general, how season affected these variables, and how to deal
with such effects in comparative studies. Finally, I will compare standard variables measured
for black-flanked rock-wallabies at thermoneutrality with data for other macropods and
marsupials in general, and discuss whether possible differences are likely to be related to their
unique lifestyle. I will also discuss how seasonal differences may affect interspecific/interstudy
comparisons.

Thermoregulatory responses to changes in ambient temperature
General patterns in Tb

rectum,

MR, Cwet, Cdry and EWL of black-flanked rock-wallabies did not

differ between seasons and agreed with the Scholander-Irving model (comp. Chapter 1, Fig. 1).
They were also consistent with those found for other macropods such as tammar wallabies
(Macropus eugenii; Dawson et al. 1969 and Chapter 6), which are of similar size and also occur
in the same area (Strahan 2004). In both seasons, rock-wallabies were thermoneutral at a Ta of
approximately 26 °C, where MR was minimal. The lower critical temperature (Tlc) was between
26 °C and 15 (summer) or 16 °C (winter), as MR increased at those Tas. The upper critical
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temperature (Tuc) was between 26 and 33 °C as EWL increased at Ta = 33 °C, but MR was still
minimal. Like MR, rectal Tb was not significantly elevated at Ta = 33 °C, but both wet and dry
thermal conductance increased significantly. The comparison between Tear and Tb

rectum

for

summer measurements also showed that at this Ta, rock-wallabies were increasing heat loss
(Fig. 3a). While at Ta = 26 °C and below, the difference between rectal and ear temperature
was constant at approximately 1.6 °C. At the highest Ta, Tear increased (Fig. 3b), suggesting
increased peripheral blood flow, which increases thermal conductance and thus heat loss.
Thus, the increase in heat loss at the highest Ta was achieved via an increase in EHL through
panting and licking and a posture change in combination with increased peripheral blood flow
as has previously been observed in other macropods (e.g. Dawson et al. 1969, 2000a,b;
Dawson 1973; Rübsamen et al. 1983; also see Chapters 6, 8 and 9) and was discussed in more
detail in Chapter 6 (tammar physiology).
Below thermoneutrality, Cwet, Cdry and EWL were minimal (Fig. 2c-e). Rock-wallabies
limited heat loss and thus MHP by allowing Tb to decrease slightly (Fig. 2a). However, rockwallabies seem to be able to tolerate only slight hypothermia as they did not allow Tb to
decrease further at the lowest Ta measured. Rather than saving more energy, they defended Tb
by increasing MHP sufficiently for Tb to increase slightly. MHP was sufficient to also produce a
slight increase in ear temperature (Fig. 3a). A similar pattern in Tb below thermoneutrality,
being lowest at or below the Tlc with a tendency to rise again at lower Tas, has been reported
for other macropods such as the tammar wallaby (Macropus eugenii; Dawson et al. 1969),
bettongs (Aepyprymnus rufescens, Rübsamen et al. 1983; Bettongia penicillata and B. lesueur;
Chapter 8), and hare-wallabies (Lagorchestes conspillatus; Dawson and Bennett 1978;
Lagostrophus fasciatus; Chapter 9).

Effects of season on the physiology of black-flanked rock-wallabies
The main differences observed between seasons were the higher body mass and rectal Tb of
black-flanked rock-wallabies in summer compared to winter, along with a lower EWL at and
below thermoneutrality, and a steeper increase above, in combination with a less pronounced
increase in Cdry. The most dramatic difference between seasons was observed in EWL, which
was more than 30 % lower in summer than in winter except for the highest Ta where the
pattern was reversed. Below the Tlc, VO2 was higher in summer compared to winter, but at and
above thermoneutrality it did not differ between seasons. While this resulted in large
differences in water economy between summer and winter (Fig. 4a), effects on other
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physiological variables were small or absent. This may partly be due to the relatively small
proportion of MHP lost via evaporation even in winter (Fig. 4b), which means that even a large
change in EWL may require only minor changes in other thermoregulatory responses.

How season affects body mass
As expected, body mass of rock-wallabies was much higher in summer than in winter. Body
mass of recaptured individuals in summer was on average more than 24 % higher than in
winter, and the difference in mean body mass across all measurements per seasons was
similar. The seasonal difference in body mass was likely a result of the variation in food and
water availability, which seems to be highly seasonal at Nangeen Hill Nature Reserve (Fig. 1).
Body mass of rock-wallabies was low at the beginning of winter because body fat stores were
depleted as food and water availability had been low during a long dry summer until just prior
to the study period. The higher summer body mass reflects a higher proportion of body fat
remaining from an earlier peak in condition at the end of winter when food and water
availability had been high for several months.
Seasonal body mass fluctuations linked to seasonal availability of food and water of
similar extent have been reported in several other macropods. For example, fluctuations in
body mass and body condition of the red kangaroo (Macropus rufus) were best predicted by
green grass biomass but lagged behind changes in pasture biomass with a delay of 3 months
(Moss and Croft 1999). Winter body mass of male tammar wallabies (Macropus eugenii) was
up to 21 % lower than summer mass and this change in mass ‘was reflected in seasonal
changes in the amount of fat present within the peritoneal cavity’ (Inns 1980, cited in Hume
1999). In another study, body condition of tammars also reached its annual minimum in mid
winter (Bakker et al. 1982). Individual recaptured musky rat-kangaroos (Hypsiprymnodon
moschatus) lost up to 35 % of their peak body mass between seasons, and seasonal variations
in body conditions were linked to food (fruit) availability of the previous month (Dennis and
Marsh 1997). Body mass of unadorned rock-wallabies (Petrogale inornata), which occur in the
north east of Australia where there are only two seasons (wet and dry), did not vary
significantly with season (Kennedy and Heinsohn 1974). This was likely due to the availability
of green grass at the study site at all times so that rock-wallabies were thought to have
maintained green grass intake at similar levels during wet and dry seasons (Kennedy and
Heinsohn 1974). Body masses of Rothschilds rock-wallabies (Petrogale rothschildi) on Enderby
Island, WA, varied by up to 31.2 % over 3 years, however, the highest and lowest values were
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measured in February 1986 and March 1989, so that the variation in body mass may reflect
changes in environmental conditions between years rather than annual seasonal changes
(Bradshaw et al. 2001). Similarly the body mass of spectacled hare-wallabies (Lagorchestes
conspillatus) on Barrow Island, WA, increased by 21.2 % between April 1991 and April 1992
(Bradshaw et al. 2001). In summary, seasonal large body mass fluctuations as observed in rockwallabies at Nangeen Hill are common in macropods and have to be taken into account in
physiological studies on wild or free-ranging animals, but also if body condition in captivity
differs between studies.
While mean body mass was comparable between Tas in winter, it differed in summer
(Table 2) and therefore the difference in mean mass at a given Ta between seasons differed
across Tas. Theoretically there are two possible reasons for the smaller mass difference at
some Tas between seasons compared to that at other Tas. Either a subset of smaller adult
individuals was measured in summer than in winter or the individuals were of the same size
but had gained less mass between winter and summer. The latter was unlikely because the
mass gain of the 10 recaptured individuals did not show much variation (small s.e.), was similar
to that of all individuals between seasons, and to the percentage mass gain previously
reported for other macropods. Thus it was assumed to provide a fairly good estimate of the
general seasonal mass gain and was used to correct mass-specific summer MR values for
comparison with winter values

How season affects energy metabolism
VO2 increased more rapidly with decreasing Ta below Ta = 26 °C in summer, which suggests that
the Tlc was slightly higher in summer than in winter, although the exact Tlc could not be
determined. Similarly to the Tlc, the exact Tuc could not be determined; however, it must have
been between 26 and 33 °C in both seasons, as EHL was increased at the latter Ta. This means
that there could only have been a slight shift in the TNZ (difficult to detect with a limited
number of experimental Tas), which was expected due to the unique lifestyle of rock-wallabies.
Black-flanked rock-wallabies avoid temperature extremes by sheltering between rocks during
the day where conditions are relatively stable (Dawson and Denny 1969). King and Bradshaw
(2008) reported an average temperature of 23.9 °C inside a black-flanked rock-wallaby cave on
Barrow Island over 8 days in November/December with a minimum of 22.0 °C and a maximum
of 25.5 °C despite ambient temperatures of up to 37.0 °C outside, similar to summer Tas at
Nangeen Hill (Fig. 1). Thus, cave temperatures are not expected to reach values as high as 33
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°C, which explains the increase in rock-wallaby EWL at this Ta, i.e. the lower Tuc even in
summer. Mean cave temperatures on Barrow Island (King and Bradshaw 2008) were only
slightly lower than the Ta at which BMR was measured here (26 °C), however, mean cave RH
was 89.6 % (min: 65 %; max: 97 %; King and Bradshaw 2008), while chamber RH was only up to
24.2 % (Table 3). As higher RH is expected to decrease standard Ta due to the reduction of EHL
(see Chapter 4), a slightly higher standard Ta is expected under experimental conditions when
RH is kept low. Thus, not surprisingly, the patterns in thermoregulation across Tas found here
are consistent with ambient conditions the rock-wallabies are expected to be adapted to.
In endotherms below thermoneutrality, MHP has to be increased to keep Tb constant
as heat loss is increased due to the increased Tb-Ta - gradient. In summer, rock-wallabies
increased MHP sufficiently to maintain a higher rectal Tb than in winter (Fig. 2a), which
resulted in higher energetic costs (Fig. 2b) and unchanged Cwet (Fig. 2c). Why did rock-wallabies
spend more energy on producing metabolic heat in summer than they did in winter at a given
Ta below thermoneutrality despite their presumably better insulation due to the increased
amount of body fat? To answer this question, one has to consider the water balance of the
rock-wallabies as a higher MR leads to a higher MWP: When water is scarce, it may be more
advantageous to produce water than to save energy.

How season affects water metabolism
In summer, rock-wallabies conserved water by reducing EWL. At the lowest Ta, summer EWL
was 58 % lower than winter EWL and at thermoneutrality summer EWL was still 36 % below
winter EWL. However, above thermoneutrality, summer EWL was 41 % higher than winter
EWL. As mentioned above, rock-wallabies produced more urine in winter compared to
summer, which meant that the metabolic chamber had to be cleaned out more often during
winter measurements. Theoretically it was possible, that the higher winter EWL was caused by
excess urine in the chamber or on the fur of the wallabies. However, great care was taken to
remove all excess humidity and to ensure sufficient washout time before the 20-min
measurement period. I also used high flow-rates to ensure quick washout of excess humidity
which kept chamber humidity low. During the 20 minutes over which minimal EWL
measurements were taken for each trace, RH was ≤ 24.2 % (Table 3). If in doubt whether
minimal EWL was reached at the end of an experiment, data were discarded and the
experiment was repeated. The difference in chamber RH between seasons ranged from 0.3 %
(at Ta = 16 °C) to 12.4 % (at Ta = 11 °C). Such small changes do not affect EWL sufficiently to
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cause a difference of almost 60 % between seasons, which can be demonstrated by comparing
winter measurements at the two lowest Tas where EWL was stable despite a difference in RH
of 8.3 %. Therefore I believe that the difference in EWL between seasons at a given Ta was not
due to differences in measurement conditions, i.e. chamber RH or moist fur, rather, the
comparison of summer and winter EWL suggests that at low Tas, rock-wallabies were
minimising EWL in summer. Moreover, EWL was not only reduced at low Tas where they were
cold (basal MHP < passive HL) and a reduction in EHL resulted in lower energetic costs for
thermoregulation, but also at thermoneutrality. This means that the reduction in EWL in
summer did reflect a water saving strategy. In at least four other macropods, the quokka
(Setonix brachyurus), the euro (Macropus robustus erubescens), the eastern wallaroo
(Macropus robustus robustus) and the tammar wallaby (Macropus eugenii), dehydration also
caused a large reduction in EWL (Bentley 1960; Freudenberger and Hume 1993; Chapter 3).
Surprisingly, the reduction in EWL at standard Ta observed in summer rock-wallabies (36 %)
was very similar to that observed in dehydrated tammar wallabies (37 %, after 5 days of water
deprivation; Chapter 3) and that of the euro (37 %; Freudenberger and Hume 1993), which
further suggests that the driving force of the reduction in EWL of rock-wallabies was the
reduced water availability in summer. The reduction in EWL in combination with the increased
MHP suggests rock-wallabies were maximising water conservation rather than saving energy.
Interestingly, at Ta = 33 °C, rock-wallabies could not maintain the lower level of EWL
but were forced to spend even more water on evaporative cooling than in winter. If there was
a seasonal shift of the TNZ due to acclimatisation, summer-acclimatised rock-wallabies would
be expected to be less heat stressed, thus require less water for evaporative cooling at this Ta
than winter acclimatised individuals. At Ta = 33 °C, summer MR was still basal and not different
from winter MR while rectal Tb was slightly higher in summer, despite a 41 % increase in EWL
compared to winter EWL. If the same amount of heat was produced in both seasons but led to
a higher Tb in summer, although EHL was increased, rock-wallabies must have been losing less
dry heat. In other words, they were indeed better insulated as suggested by their higher body
mass and shown by the lower Cdry (Fig. 2d). Consequently, EHL was increased as a greater
proportion of MHP had to be dissipated via evaporation (Fig. 4b). At lower Tas, where heat loss
was not maximised, the difference in insulation was not apparent in thermal conductance
values, but may have contributed to the higher Tb in summer individuals. Winter rock-wallabies
seem to have been able to compensate for the lower insulation by other means of reducing
heat loss such as a lower Tb, posture changes to minimise exposed surface area, or minimising
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peripheral blood flow. Therefore, the higher EWL in summer at Ta = 33 °C was a result of the
change in body condition, i.e. higher proportion of body fat, rather than an acclimatisation
effect. This means that either the summer Tuc was not higher than in winter due to
acclimatisation, or that there was a slight shift, which did not lead to water savings because
the better insulation required an increase in EHL, despite tolerating a slightly higher rectal Tb.
If rock-wallabies were able to save water by minimising EWL at and below
thermoneutrality in summer, why did they not limit EWL in winter, as this would minimise heat
loss and thus energetic costs of thermoregulation? While the wetter conditions may not have
forced rock-wallabies to save water, saving energy (by minimising EHL) would seem
advantageous for winter rock-wallabies, especially given the low proportion of body fat, thus
insulation and generally worse body condition compared to summer individuals. It seems likely
that rock-wallabies were forced to keep EWL high. In a number of macropod species, including
black-flanked rock-wallabies, yellow-footed rock-wallabies (Petrogale xanthopus) and
Rothschild’s rock-wallabies (Petrogale rothschildi), rates of water turnover were observed to
be higher during seasons with higher water availability (Bakker et al. 1982; Green 1989; Jones
et al. 1990; Kennedy and Heinsohn 1974; King and Bradshaw 2008; Wallis et al. 1997). In
others, including unadorned rock-wallabies (Petrogale inornata), water turnover rates
decreased during dehydration (Blaney et al. 2000; Denny and Dawson 1975; Kennedy and
Heinsohn 1974). After analysing water turnover data for 13 marsupial and 27 eutherian
species, Nicol (1978) concluded that habitat had a ’far greater effect on standard water
turnover rate than phylogeny’. Green (1989, 1997) found that, unlike carnivores and nonmacropod, folivorous marsupials, water flux rates of macropods show clear seasonal
differences which are dictated by rainfall patterns and thus related to the water status of
herbage and the general environment. Bakker et al. (1982) suggested that the high obligate
water intake of tammar wallabies on Garden Island, WA, in winter led to a decrease in body
condition despite ample food because wallabies were unable to meet the required dry matter
intake. It seems likely that rock-wallabies at Nangeen Hill were faced with a similar problem of
taking in excess water in winter, which they had to eliminate. The observations that rockwallabies produced larger volumes of urine and voided urine more frequently during winter
measurements also indicate that they were elevating water loss. Therefore, EWL control in
black-flanked rock-wallabies seems to be important not only in reducing water loss during dry
conditions and in increasing water loss for thermoregulation at high Tas, but also at low Tas to
remove excess water as winter EWL below thermoneutrality was 154 % (at Ta ~15 °C) to 231 %
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(at Ta ~10 °C) of summer EWL. So in winter, rock-wallabies kept EWL high despite the increased
cost for MHP, which was limited by tolerating a lower core Tb and by the low proportion of
MHP lost via evaporation at low Tas (≤ 15 %, Fig. 4b) to start with, which means a reduction in
EWL would only have led to very small energy savings. In summary, the thermoregulatory
strategy of rock-wallabies in winter at low Tas but also at thermoneutrality seems to be
controlled by their water rather than energy metabolism, despite high water availability and
low body condition.

Ecophysiological aspects
The different thermoregulatory responses of rock-wallabies to changes in Ta between seasons,
namely the higher MR at low Tas in summer in combination with a reduced EWL and the
steeper increase in EWL at the highest Ta, led to a steeper increase in RWE in summer than in
winter (Fig. 4a). In summer, at and below thermoneutrality, EWL was reduced while more
water was produced metabolically, which resulted in a positive RWE at the lowest Ta. In winter,
rock-wallabies did not reach water balance within the Ta range measured as EWL exceeded
MWP by 42 % even at the lowest Ta of 11 °C, which means there water use was less efficient.
The Ta at which MWP = RWE, the PRWE, has been used to assess how well a species is adapted
to arid conditions, as a high PRWE indicates good water saving abilities (MacMillen and Hinds
1983; MacMillen 1990). Previously published PRWE for marsupials ranged from -12.5 °C in
eastern quolls (Dasyurus viverrinus; Cooper and Withers 2010a) to 22.6 °C in western quolls
(Dasyurus geoffroii; Schmidt et al. 2009). Cooper and Withers (2010a) reported a significant
inverse allometric relationship for marsupial PRWE where > 60 % of the variation in PRWE was
explained by variation in body mass. Rock-wallabies at Nangeen Hill would therefore be
expected to have a rather low PRWE compared to other species for which PRWE are currently
available reflecting their high body mass and their mesic habitat. A low PRWE would also be
consistent with previous suggestions that rock-wallabies have less developed water saving
strategies due to their unique lifestyle which allows them to avoid high ambient temperatures
and low humidities (Bradshaw et al. 2001; King and Bradshaw 2008).
Based on the linear relationship found between RWE and Ta, I calculated a PRWE for
winter rock-wallabies of – 3.1 °C which was indeed rather low. However, PRWE of summer
rock-wallabies of 18.1 °C was one of the highest calculated so far. This summer PRWE is higher
than Ta = 15.2 °C where RWE was 0.91, which means that the use of this relationship to
calculate the Ta at which MWP = EWL overestimates PRWE. Thus, the linear regression does
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not accurately describe the relationship between RWE and Ta. For tammar wallabies, which
have a similar body mass and occur in the same area as the black-flanked rock-wallabies
examined here, a cubic relationship was found for RWE when measurements were taken at
seven Tas over a similar Ta range (Chapter 6). The cubic pattern was caused by a steeper
increase in MR at low Tas, an exponential increase in EWL at high Tas and a relatively wide TNZ
with minimal changes in MR and EWL and thus RWE. A similar pattern can be seen in Fig 4a,
especially for summer rock-wallabies where RWE increases more steeply at the lowest Ta.
However, with only four Tas measured, a cubic pattern could not be confirmed statistically. To
accurately estimate PRWE, more Tas need to be measured as using a linear relationship
overestimates summer PRWE and likely underestimates winter PRWE. Fitting cubic
relationships to RWE data for rock-wallabies (summer RWE = -0.0004 Ta3 + 0.027 Ta2 – 0.677 Ta
+ 6.16, R2 = 0.82; winter RWE = -5E-06 Ta3 + 0.0006 Ta2 – 0.041 Ta + 1.07, R2 = 0.78) results in a
summer PRWE of 13.7 °C (4.4 °C lower than predicted from linear regression) and a winter
PRWE of 1.9 °C (5 °C higher than predicted from linear regression). It follows that PRWEs
should be compared with caution as the accuracy of the calculation depends on the number of
data points measured and the relationship fitted to the data, and also on whether and how far
the relationship has to be extrapolated. Nonetheless, whether relative to other marsupials or
each other, summer and winter PRWE values for rock-wallabies reflect physiological
adaptations to environmental conditions. It is clear that season has a strong effect on RWE and
PRWEs of rock-wallabies, which is likely related to the change in water availability as similar
effects were observed in water deprived tammars (Chapter 3 and 6). While the high summer
PRWE was unexpected based on PRWE of other marsupials and habitat and lifestyle of the
rock-wallabies, it did reflect their surprisingly well developed water saving abilities under dry
summer conditions, while the low winter PRWE reflected their increased water turnover in
response to the wet ambient conditions.
It is clear that if a single PRWE value is interpreted without consideration of season
and the ambient conditions at the time of measurement, as well as hydration level and body
condition of the individuals examined, very different conclusions can be reached about a
species’ adaptation to aridity, especially in context with other species measured under
different conditions. Here, PRWEs of rock-wallabies reflect adaptations to seasonal differences
in water availability at Nangeen Hill. Thus, the summer value is the better estimate of the
black-flanked rock-wallaby’s adaptation to arid conditions. However, direct comparison with
other marsupials is difficult as most previously published PRWE values were obtained on
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captive, thus hydrated individuals in good body condition. The results of this study suggest that
under such conditions, PRWEs may not provide a good estimate of the adaptation to aridity of
a given species as its individuals may only demonstrate the full extent of their water saving
abilities when forced to save water (see Chapter 3). This will be discussed in more detail and in
context with PRWEs for other macropods in Chapter 10.
If the extent of arid adaptation of black-flanked rock-wallabies was assessed based on
their EQs at thermoneutrality, the lower summer EQ would also suggest better water saving
mechanisms than the higher winter EQ. This demonstrates that seasonal changes in ambient
conditions did not only affect the physiology of rock-wallabies above or below the TNZ.
Standard

physiological

variables

for

interspecific

comparisons

are

measured

at

thermoneutrality as thermal stress is absent and thus does not influence physiological
variables. If seasonal changes in ambient conditions simply lead to a shift of the TNZ, seasonal
effects could be eliminated by determining the TNZ at the time of measurement and using the
values measured at thermoneutrality for interspecific / interstudy comparisons. However, the
results of my study show that seasonal changes in environmental conditions which can cause
other forms of stress, such as dehydration, may require different physiological responses by
the animal to the same ambient conditions even within the TNZ. Similarly, Green (1989) found
field water flux rates of macropods in summer were ‘generally much lower than rates
predicted for captive macropods (Denny and Dawson 1975) and marsupials under “standard”
conditions (Nicol 1978); i.e. drinking water available and under thermoneutral ambient
temperatures.’ So, there can be an effect of season even on physiological variables measured
at thermoneutrality, which will affect comparative physiological studies.

Standard physiological variables in comparison with other macropods and marsupials
Rock-wallabies avoid temperature extremes and limit heat loss via evaporation and convection
by sheltering between rocks and in caves where they are not subjected to wind but high RH
(Dawson and Denny 1969; Kennedy and Heinsohn 1974; King and Bradshaw 2008; Telfer et al.
2008). Because rock-wallabies use behavioural strategies to limit heat and water loss, they are
expected to be less dependent on physiological water saving mechanisms than other
macropods which don not rely on rocks for shelter. More specifically, rock-wallabies were
expected to have higher rather than lower standard EWL and Cwet as they are usually not faced
with high passive heat loss. Table 4 shows mass-corrected values of standard Tb, BMR, Cwet and
EWL for black-flanked rock-wallabies in winter and summer. There are no previous
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measurements of any of the physiological variables measured in this study for black-flanked
rock-wallabies, nor for any of the other 14 extant rock-wallaby species for a direct comparison.
Thus, I included data for two macropod species, the tammar wallaby (Macropus eugenii; data
from Chapter 6) which occurs in the same area and has a similar size to the black-flanked rockwallabies measured here (IUCN 2010; Strahan 2004) and is known to have excellent water
saving abilities (e.g. Kinnear et al. 1968; Purohit 1971, 1972) but does not use rocks for shelter,
and the euro (Macropus robustus; data from Dawson 1973), which has a more arid distribution
but is associated with rocky terrain (Dawson and Denny 1969; Ealey 1967; Ealey et al. 1965)
and also occurs at Nangeen Hill (Strahan 2004; personal observation).

Table 4: Standard physiological variables (body temperature, Tb; oxygen consumption, VO2;
wet thermal conductance, Cwet; evaporative water loss, EWL) from both seasons for blackflanked rock-wallabies (Petrogale l. lateralis) after mass-correction in comparison, with data for
the tammar wallaby (Macropus eugenii; data from Chapter 6) and the euro (Macropus robustus;
a
data from Dawson 1973). Ta = ambient temperature; values are presented as mean ± s.e. for
b
all variables except EWL where mass = 3853 g in winter and mass = 5178 g in summer; for all
c
variables except VO2 where Ta = 28.7 °C;
Cwet was calculated from mean MHP and Tb
(Dawson 1973) as described above (‘Methods’).
species

black-flanked rock-wallaby

body mass (g)

tammar wallaby

euro

wild
winter 2007

wild
summer 2008

captive

captive

3865a

5166a

5012

30000

b

22.4

Ta (°C)

26.1

25.8

25.7

Tb (°C)

37.2 ± 0.30

37.5 ± 0.12

36.8 ± 0.27

35.5 ± 0.14

VO2 (ml O2 g-0.74 h-1)
-1

-0.57

Cwet (J g h

-1

°C )

EWL (mg O2 g-0.72 h-1)

2.35 ± 0.09

2.13 ± 0.13

2.60 ± 0.14

19.08 ± 1.04

17.45 ± 1.13

23.65 ± 1.13

2.81 ± 0.11
26.63c

5.55 ± 0.20

3.86 ± 0.35

6.19 ± 0.52

5.85 ± 0.56

Standard Tb did not differ between summer and winter rock-wallabies and tammars (P > 0.05),
but that of euros (Dawson 1973) was significantly lower (P < 0.05). This may partly be due to
the slightly lower Ta as Tb of euros increased at higher Tas (Dawson 1973). BMR of summer
rock-wallabies was lower than that of winter rock-wallabies, tammars, and euros (P < 0.05),
which did not differ (P > 0.05). The lower summer BMR was likely due to the difference in body
condition (see above). There was no seasonal difference in Cwet for rock-wallabies but Cwet in
both seasons was lower than that of tammars (P < 0.05). This is surprising as rock-wallabies
may be expected to be less dependent on insulation due to the use of rocks for shelter. EWL of
summer rock-wallabies was lower than EWL of winter rock-wallabies, tammars and euros (P <
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0.05), for which EWL did not differ (P > 0.05). As discussed above, the reduced EWL in summer
was likely a physiological response to the reduced water availability in summer.
Interestingly, Cwet of rock-wallabies in both seasons was lower than that of tammars
and euros (Dawson 1973) and EWL in winter, when they apparently did try to limit water loss,
was not higher compared to that of tammars and euros (Dawson 1973). This was unexpected
because the lifestyle of the rock-wallabies allows them to avoid dry conditions so that they
were expected not to rely on physiological means to limit water loss. Tammar wallabies on the
other hand have been shown to be well adapted to arid conditions, despite their mesic
distribution, and to have excellent water saving abilities (Bakker et al. 1982; Hume and
Dunning 1979; Kinnear et al. 1968; Purohit 1971, 1972), including a capacity to reduce EWL by
at least 37 % when deprived of water (see Chapter 3). That EWL of rock-wallabies was not
higher than that of tammars is especially surprising as it was measured at chamber humidities
much below the RH they usually experience (King and Bradshaw 2008). Thus, when standard
parameters were measured, rock-wallabies were likely more “dry-stressed” than tammar
wallabies, which means that their EWL may actually have been slightly overestimated (see
Chapter 4). Euros are also well adapted to arid conditions and only seek shelter between rocks
when faced with extremely dry or hot conditions (Dawson and Denny 1969; Ealey 1967; Ealey
et al. 1965; King and Bradshaw 2008, 2010), while rock-wallabies, including the black-flanked
rock-wallaby, have previously been shown to have less developed water saving mechanisms
(Bradshaw et al. 2001; King and Bradshaw 2008). Under dry conditions other macropods,
including the tammar and the euro, conserve water by producing highly concentrated urine
under the influence of lysine vasopressin (LVP), the anti-diuretic hormone (ADH) in macropods
(Bakker et al. 1982; Bakker and Bradshaw 1978; Bradshaw et al. 2001; Jones et al. 1990;
Chauvet et al. 1983; King and Bradshaw 2008, 2010). Black-flanked rock-wallabies however
always produced relatively dilute urine, even under dry conditions and, along with Rothschilds
rock-wallabies (Petrogale rothschildi) and the burrowing bettong (Bettongia penicillata),
another species which uses thermal refugia to avoid hot and dry conditions, seems to lack the
ADH-controlled renal systems for the conservation of body water (Bradshaw et al. 2001; King
and Bradshaw 2008). However, rock-wallabies were found to reduce water loss not only by
sheltering, but also by producing less urine under dry conditions (Bradshaw et al. 2001; King
and Bradshaw 2008), which is consistent with my observations from Nangeen Hill.
In summary, currently available data suggest that rock-wallabies have only limited
physiological means of saving water under dry conditions and instead survive mainly by relying
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on behavioural avoidance strategies. However, my results indicate that under dry conditions
water savings through behavioural means are insufficient and rock-wallabies also rely on a
reduction of EWL. Their ability to reduce EWL to a similar extent to that of tammar wallabies
(Chapter 3), euros and eastern wallaroos (Freudenberger and Hume 1993), and their relatively
low EWL to begin with, even when water availability is high, was unexpected. It suggests that
rock-wallabies have well developed physiological water saving abilities comparable to those of
other macropods and arid adapted marsupials. However, more data from other rock-wallaby
species are needed to draw final conclusions and to assess whether this is typical for all rockwallaby species.
Despite large seasonal differences, especially in EWL, all standard parameters for
black-flanked rock-wallabies measured in winter and summer statistically conformed to
allometrically predicted values for marsupials by conventional regression as each standard
value fell within the 95 % prediction limits of the respective regression. All standard values also
statistically conformed to predictions for marsupials after phylogenetic correction as residuals
also fell inside the 95 % prediction limits of the respective allometric regression. However,
based on the currently available data for marsupials it is difficult to prove statistically that a
value is significantly different from predictions, especially for EWL, as the data sets include
measurements obtained under different conditions or with different protocols (e.g. different
measurement durations, fasting times, chamber RH). This leads to increased variability
between measurements and thus wide prediction limits for the allometric regressions,
especially as the number of species for which data are available is limited (for a more detailed
discussion of standard parameters of macropods in comparison with other marsupials and
allometric equations see Chapter 10). The results of this study show that standard
physiological parameters measured in different seasons can differ significantly. Consequently,
seasonal effects may also have contributed to the variability in currently available data for
marsupials, and seasonal effects should be taken into account when comparing and
interpreting results from different studies.

Conclusions
There were seasonal effects on most physiological variables measured for black-flanked rockwallabies, including body mass. As expected, seasonal differences were especially large for
EWL and body mass due to highly seasonal rainfall and therefore food and water availability at
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the study site. No shift in the general patterns in response to changes in Ta could be detected
i.e. rock-wallabies were thermoneutral at the same Ta in both seasons. Due to their relatively
stable microclimate and large body mass, a possible shift of the TNZ of rock-wallabies between
seasons was expected to be small. That values of physiological variables differed between
seasons at some Tas while patterns were generally similar across Tas between seasons, means
that there were seasonal effects on how thermoregulation was achieved. Despite their
association with rocky habitat, which was thought to be a strategy to avoid hot and dry
conditions and thus a behavioural water saving strategy, rock-wallabies proved to have well
developed physiological water saving capabilities. However, more data from other rockwallabies are needed to assess the effect of their lifestyle on physiology in comparison with
other macropods and marsupials in general. As season affected not only the patterns of
physiological

variables

in

response

to

ambient

temperature

changes

and

thus

thermoregulatory strategy, but also standard parameters at thermoneutrality, seasonal
differences have to be taken into account when interpreting and comparing data between
studies and species. This study confirmed that there can be large seasonal effects on standard
physiological variables and also body mass caused by acclimatisation to different
environmental conditions. Standard variables are usually only measured once per species,
which may explain part of the variability in currently available data for marsupials.
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Introduction
Body mass, diet, burrowing lifestyle, distribution and climate variables such as aridity, ambient
temperature and rainfall variability are all known to affect standard physiological variables
such as basal metabolic rate (BMR), evaporative water loss (EWL), wet thermal conductance
(Cwet), and body temperature (Tb) in mammals, including marsupials (e.g. McNab 1966,
1986a,b, 1979, 2002, 2005; Lovegrove 2000, 2003; Withers et al. 2006). This makes bettongs a
physiologically interesting group of macropods because of their small size, their mycophagous
diet and the associated semi-fossorial lifestyle, their different and limited geographic and
climatic distributions, and because they include the only true burrowing macropod species, the
boodie (Claridge et al. 2007). However, there are only limited data available on their
physiology.
There are five extant species of bettongs (1 – 3 kg), in two genera; Aepyprymnus,
including only the rufous bettong (A. rufescens), and Bettongia which includes the remaining
four species (B. penicillata, brushtail bettong or woylie; B. lesueur, burrowing bettong or
boodie; B. gaimardi, Tasmanian bettong and B. tropica, northern bettong; Strahan 2004).
These genera are sister taxa but diverged in the Miocene, between 8.5 and 12.1 million years
ago (Meredith et al. 2008). Together with the potoroos and musky rat-kanagaroo, bettongs
comprise the family Potoroidae. Bettongs occur in all parts of Australia and are adapted to very
different climatic conditions. In mammals, physiological parameters are affected by climate
variables and distribution (e.g. Lovegrove 2005; Withers et al. 2006) and thus the different
distributions of bettongs are expected to be reflected in their physiology. The brushtail
bettong (or woylie) and the burrowing bettong (or boodie) have similar former distributions
which include extremely arid parts of central Australia but also more mesic areas of southern
Western Australia (WA), South Australia (SA) and New South Wales (NSW). Both species now
only occur in WA in a fraction of the area they formerly inhabited. The boodie is extinct on the
mainland and only occurs on a few arid islands off the central coast of WA. The woylie’s
current distribution is restricted to a small mesic area in southern WA (Claridge et al. 2007;
IUCN 2010; Short and Turner 1993; Strahan 2004). The current distributions of the rufous
bettong (coastal Queensland (QLD) and NSW) and the Tasmanian bettong (Tasmania) are
mesic with a mean annual rainfall (MAR) of more than 500 mm. The Tasmanian bettong
formerly also occurred in coastal areas of the mainland (southern QLD, NSW, Victoria to
southeastern SA); the known historical distribution of the rufous bettong is similar to its
current distribution but included inland areas of NSW and Victoria (Claridge et al. 2007; IUCN
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2010; Strahan 2004). The northern bettong’s current distribution is restricted to a
small area of tropical north QLD (MAR > 800 mm); it formerly also occurred in a small area
near the coast of southern QLD where the current climate is similar (Claridge et al. 2007; IUCN
2010; Strahan 2004).
The boodie and rufous bettong are mainly rhizophagous, but also feed on fungi, while
other bettongs are generally mycophagous (Claridge et al. 2007; Strahan 2004). All bettongs
dig for food but may also browse for fruit (Bennett and Baxter 1989; Claridge and May 1994;
Johnson and McIlwee 1997; McIlwee and Johnson 1998; Rose 1986; Rose and Rose 1998;
Strahan 2004). Bettongs are nocturnal and use their tail to pick up and transport materials
such as grass and brush, which are used to build nests in tussocks, short bushes or hollow logs,
often over shallow depressions dug in the ground (Strahan 2004). The boodie, however,
excavates extensive underground warrens; it is unique as the only truly burrowing macropod
(Strahan 2004; Sander 1997). This is why the boodie is of particular physiological interest.
Generally, burrowing mammals are expected to have low BMR and lower and more
labile Tb, reduced ventilation, and high EWL and C: physiological traits that minimise the risk of
overheating as convective and evaporative heat loss are reduced in humid, warm and poorly
ventilated conditions underground - a hypothesis supported by many previous studies (e.g.
Buffenstein 2000; Buffenstein and Yahav 1991; Frappell et al. 2002; Gettinger 1975; Lovegrove
1986; Lovegrove and Heldmaier 1994; MacMillen and Lee 1970; Seymour et al. 1998; Vleck
1979; White 2003; Withers 1978; Withers et al. 2000). McNab (1979, 2005) suggested that in
general small burrowing mammals have a lower metabolic rate than non-burrowing species,
while larger (> 60 g) burrowing species have high BMR, that burrowing marsupials have lower
metabolic rates than non-burrowing marsupials, and that burrowing mammals > 1 kg have
high minimal conductances. Further, fR and thus VI of fossorial mole-rats and pocket gophers
and the semi-fossorial hairy-nosed wombat and numbat were 13 - 40 % lower than predicted
from allometry when breathing room air (Arieli and Ar 1979; Boggs et al. 1984; Cooper and
Withers 2004; Darden 1972; Frappell et al. 2002). However some burrowing / fossorial species
only showed a different response to non-burrowing species when subjected to simulated
burrow conditions, i.e. a hypoxic and/or hypercapnic environment. Under these conditions, fR
and VT generally increased but surface-dwelling species showed a stronger response than
burrowing and fossorial species (Boggs et al. 1984, Darden 1972; Davies and Schadt 1989;
Withers 1975). Consequently, burrowing bettongs might be expected to have a lower BMR and
Tb but higher Cwet, EWL and ventilation than other bettongs which do not burrow.
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There are only limited physiological data available on bettongs. Standard physiological
parameters, i.e. Tb, BMR and Cwet, have previously been measured for the woylie (Hinds et al.
1993; Wallis and Farrell 1992) and the Tasmanian bettong (Hinds et al. 1993; Rose 1997). BMR
data also exist for the rufous bettong, for which metabolic rate has been measured over a
range of ambient temperatures (Rübsamen et al. 1983; Wallis and Farrell 1992). Those bettong
species for which BMR data are available (woylies, rufous bettongs and Tasmanian bettongs)
appear to have a rather high BMR compared with other marsupials (McNab 2005,) which may
be related to diet as Rose (1997) suggested for the Tasmanian bettong. A high BMR is also
consistent with the comparatively high Tb- and Cwet-residuals found for fungivorous marsupials
(compared to allometric predictions) by Withers et al. (2006) although they did not find a
significant effect of diet on marsupial BMR itself. There are no data on EWL of bettongs, and
ventilatory data are limited to one study on breathing frequency of the rufous bettong, which
does not state how measurements were taken (Rübsamen et al. 1983).
I used flow-through respirometry and whole-body plethysmography to measure
standard metabolic and respiratory variables of woylies (B. penicillata) and boodies (B. lesueur)
at different ambient temperatures. This study is the first to present a full physiological profile
at different Tas for any Bettongia species including EWL, dry thermal conductance (Cdry),
evaporative quotient (EQ), respiratory exchange ratio (RER), metabolic heat and water
production (MHP, MWP), relative water economy (RWE), point of relative water economy
(PRWE) and ventilatory parameters, i.e. breathing frequency (fR), tidal volume (VT), minute
volume (VI) and oxygen extraction rate (EO2). My data add to the limited physiological data
available for macropods and extend the current data set for marsupials. I compare the
patterns of metabolic and ventilatory responses of woylies and boodies across a range of
ambient temperatures. I also compared standard parameters I measured with existing data for
other bettongs and with other macropods and discuss how differences in physiology between
bettong species may be related to differences in lifestyle and current or historical distribution.

Methods
I used standard flow-through respirometry to measure metabolic rate as oxygen consumption
(VO2) and carbon dioxide production (VCO2), and EWL, and whole-body plethysmography to
simultaneously measure fR and Vt of captive woylies (B. penicillata) and wild boodies (B.
lesueur) at different Tas. I also took Tb measurements and calculated Cwet and Cdry, RER, EQ,
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RWE, VI and EO2. This study was approved by the Animal Ethics Committee of the University of
Western Australia (RA/3/100/738).

Animals
Eight (3 male, 5 female) adult, non-reproductive woylies were obtained from a private
collection (Mt. Helena, approximately 30 km east of Perth, WA, -31° 53’S; 116° 12’E, origin
uncertain, presumably derived from animals originally collected near Tutanning, WA (Lat -32°
32’; Long 117° 19’) or else near Kingston or at Batalling Nature Reserve13) and were housed
individually in outdoor enclosures (2 x 2 m) at the University of Western Australia, Perth (Lat 31° 59’; Long 115° 49’) for the duration of this study (April - September 2008). Woylies were
provided with ad lib. food (fresh fruit and vegetables, kangaroo cubes, peanut butter and
bread) and water. At approximately 16.00 in the afternoon prior to a metabolic measurement,
any remaining food was removed from the enclosure to ensure sufficient fasting time. The
next morning, woylies were caught with a hoop net immediately prior to the start of a
measurement. Body mass of woylies did not change significantly between measurements
(repeated measures ANOVA F1,6 = 30.69, P = 0.137; Table 1), there were no between subject
effects (F1,6 = 0.051, P = 0. 829), and there was no significant effect of gender (F1,6 = 84.2, P =
0.083). Mean body mass of the eight woylies over all experiments was 1081 ± 7 g (n = 64,
range = 966 – 1230 g).
Wild boodies were measured on Fauré Island (-25° 51’S; 113° 53’E), off the coast of
Shark Bay, WA in November 2008. The boodie population on Fauré Island was established in
2002 through translocation of individuals from Heirisson Prong peninsula, Shark Bay, WA (by
the Australian Wildlife Conservancy; www.australianwildlife.org) where boodies from Dorre
Island (WA) were successfully reintroduced in 1992 (Short and Turner 2000). Boodies were
captured in cage traps which were baited with peanut butter mixed with rolled oats. Two
healthy adult males were collected each night between 18.00 and 22.00 and kept in a dark
fleece bag suspended above ground in a quiet, dark environment until the start of the
measurement in the morning. There was no significant difference between mean body mass at
each Ta (F3,22 = 1.90, P = 0.159, SNK P ≥ 0.154; Table 1). Mean body mass of the 23 individual
boodies over all experiments (n = 26, three individuals were measured at two different Tas),
was 1581 ± 40 g (range = 1108 – 1930 g).
13

These three locations are the only ones at which wild woylies remained by the early 1970’s (Start et
al. 1995)
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Flow-through respirometry
Metabolic measurements were taken at seven different ambient temperatures (Ta) for each
individual woylie and at four Tas for boodies between approximately 10 and 35 °C (Table 1, 2)
in random order (n = 26, N =23, sample sizes for each Ta see Table 1). Woylies were first
measured at Ta ~28 °C and measurements at this Ta were repeated at the end of the study to
test for habituation effects. For woylies, the protocol and metabolic system described for the
measurements on tammar wallabies after 22 hrs of fasting in Chapter 2 were used with the
following modifications: Metabolic chambers were smaller (volume 35 L; with a sufficient floor
area for bettongs to lay down comfortably; Fig. 1) and flow rates lower (constant flow rates
between 5.1 and 5.7 L min-1). For measurements on boodies, the same protocol and the field
metabolic system described in Chapter 7 were used with the following modifications: a
constant flow rate between 6.4 and 10.5 L min-1 and the smaller metabolic chambers described
above for woylies were used. A David Bishop (model 280) combined O2 and CO2 analyser was
used, which together with the RH / Ta probe was interfaced to a PC via a Pico DSL 11 data
acquisition board (Pico Technology, St. Neots, UK). Measurements on woylies commenced at
approximately 8.00, those on boodies at approximately 9.00 and continued for at least 9 hrs
until VO2, VCO2 and EWL were minimal and stable. After spending some time exploring the
metabolic chamber and grooming, bettongs usually settled down and rested in the chamber
less than one hour after the start of the experiment. Measurements were terminated prior to
the beginning of their active phase before woylies were released into their enclosures and
boodies were released at the site of capture. Rectal temperature (Tb) and body mass was
measured as described in Chapter 2 at the conclusion of each metabolic measurement.
Metabolic traces were analysed and VO2, VCO2 and EWL were calculated as the mean of a 20minute period near the end of each trial where values (including relative humidity (RH), see
Table 1) were minimal and stable and bettongs were resting (confirmed via TV observation) as
described in Chapter 2 (approximately 24 hrs after woylies last had access to food and at least
18 hrs since boodies had been removed from the traps).

Whole-body plethysmography
Whole-body plethysmography was used to measure ventilation (Malan 1973; Szewczak and
Powell 2003; Cooper and Withers 2004) as described in Chapter 2. For reasons explained in
Chapter 2, ventilatory measurements were taken just before Tb was taken at the conclusion of
each trial so that MR during the period when ventilatory data were recorded was not always at
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its lowest (20-minute period used to calculate VO2, mean difference over all individual
measurements for woylies = 1.3 ± 0.31 %, n = 64 and for boodies = 3.2 ± 2.32 %, n = 26) and RH
at the time of ventilatory measurements was not always as low as RH when EWL was taken
(mean difference woylies: 6.5 ± 1.27 %, boodies: 13.8 ± 7.66 %). A minimum of five traces were
recorded for each individual bettong at each Ta. However, due to the high sensitivity of the
pressure transducer, on occasion, external pressure changes were masking the pressure
changes due to the breathing of the bettong. Such traces were discarded so that for woylies a
mean of 5 ± 0.1 traces and for boodies a mean of 7 ± 0.4 traces were analysed. Traces were
analysed, ventilatory parameters calculated (based on the VO2 at the time of ventilatory
measurements - for each Ta, a single mean was calculated for each ventilatory variable) and
the plethysmography system calibrated as described in Chapter 2.

Data analyses
Values are presented as mean ± standard error where N = number of individuals and n =
number of measurements. For woylies, repeated measures ANOVA (N = 8) was used to test for
overall effects of Ta and for between subject effects, and repeated measures contrast analyses
were used to test for specific patterns in response to Ta changes in each physiological variable
(as described in Chapter 6). Since there was no difference in body mass between male and
female woylies (see above) and gender had no significant effect on any of the metabolic or
ventilatory variables (repeated measures ANOVA with gender as co-factor P ≥ 0.176), data
from all individuals were pooled for each treatment and are below presented as means
representing the species. Paired t-tests were used to compare the first and the last set of
measuremens (at Ta ~28 °C) for each variable. As there was no significant difference between
the two sets of measurements for any of the metabolic (T7 ≤ 1.09, P ≥ 0.312) or ventilatory
variables (T7 ≤ 2.27, P ≥ 0.058), means were calculated of the two measurements for each
individual, which were then used to calculate the mean for all individuals (N = 8) for Ta = 28.7
°C (Table 1-3). For boodies, full-factorial ANOVA was used to test for overall effects of Ta, and
univariate contrast analyses were used to test for specific patterns in response to Ta changes in
each physiological variable (contrasts as described in Chapter 6).
Standard physiological variables (BMR and standard Tb, EWL, Cwet, fR, VT, VI and EO2)
were defined as values measured closest to the lower critical temperature (Tlc) at Ta = 26.0 °C
for woylies and Ta = 28.4 °C for boodies. Standard variables were mass-corrected as described
in Chapter 6. Mass-corrected standard variables of woylies and boodies were statistically
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compared using unpaired t-tests, and with previous measurements for woylies and data for
Tasmanian and rufous bettongs by ANOVA with SNK post hoc tests where standard errors
were given in the original publication. Standard variables were statistically compared with
allometrically predicted values for marsupials as described in Chapter 6. Statistical tests were
performed with statistiXL (version 1.6) and a custom written Macro for contrast analyses (VB
for Microsoft Excel written by P. Withers, University of Western Australia).

Results
At Tas below approximately 25 °C both woylies and boodies usually sat with their head low,
sometimes resting on their feet, at higher Tas they either sat or lay on their side. At the highest
Ta (> 35 °C), bettongs lay down and stretched out (Fig. 1, top) most of the time, increasing their
exposed surface area, and only sat up to lick their forelimbs, legs and genitalia. The boodies
also frequently licked their tails, and dilated blood vessels were visible on the inside of their
hind legs. At the lowest Ta, shivering was observed in both woylies and boodies and they never
lay down; they sat with their tails tucked in between their legs under or curled around their
body, hiding poorly insulated body parts such as the nose and feet (Fig. 1, bottom).
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There was no effect of gender on physiological parameters measured for woylies and no
difference between the first and the last set of measurements taken (at Ta ~28 °C), suggesting
that there was no effect of habituation to the experimental procedures.
Patterns in physiological variables in response to Ta changes were generally similar for
woylies and boodies and as expected based on the Scholander Irving Model (see Chapter 1);
Tb, Cwet, Cdry and EWL increasing at high Tas and MR increasing at the low Tas (Fig. 2). The
increase in MR at low Tas was facilitated by an increase in VI, and the increase in evaporative
cooling at high Tas by an increase in fR, which led to an increase in VT and simultaneous
decrease in VT and EO2 (Fig. 3).
For woylies, repeated measures ANOVA showed significant Ta effects on VCO2 (F2,6 =
276.0, P = 0.004), Cwet (F2,6 = 849.30, P = 0.001), Cdry (F2,6 = 35.67, P = 0.028), EWL (F2,6 = 31.02, P
= 0.032), RWE (F2,6 = 16.62, P = 0.006), and VI (F2,6 = 24.48, P = 0.040), but not on Tb (F2,6 =
16.93, P = 0.057), VO2 (F2,6 = 8.26, P = 0.082), RER (F2,6 = 3.07, P = 0.266), fR (F2,6 = 12.03, P =
0.079), VT (F2,6 = 5.97, P = 0.150), EO2 (F2,6 = 9.58, P = 0.097) with between subject effects for
VCO2 (F7,48 = 2.80, P < 0.016), RER (F7,48 = 3.56, P = 0.004) and Tb (F7,48 = 3.81, P = 0.002) but not
for any other variable measured (F7,48 ≤ 1.86, P ≥ 0.098).
For boodies, full-factorial ANOVAs were significant for Tb (F3,22 = 11.16, P < 0.001), VO2
(F3,22 = 23.78, P < 0.001), VCO2, (F3,22 = 15.54, P < 0.001), Cwet (F3,22 = 145.89, P < 0.001), Cdry (F3,22
= 106.89, P < 0.001), EWL (F3,22 = 197.03, P < 0.001), RWE (F3,22 = 37.12, P < 0.001), fR (F3,22 =
20.23, P < 0.001), VT (F3,22 = 13.19, P < 0.001), VI (F3,22 = 5.79, P = 0.004) and EO2 (F3,22 = 6.21, P =
0.003), but not for RER (F3,22 = 1.66, P = 0.205). Results of contrast analyses, which were used
to examine specific patterns in response to Ta changes, are presented separately for each
variable below.

Body temperature
Tb of both woylies and boodies showed a similar pattern, increasing at high Tas (Table 1, Fig.
2a,e). For woylies, polynomial contrasts showed a significant linear (P < 0.001) and quadratic (P
= 0.001) component in Tb (Table 1, Fig. 2a) and reverse Helmert contrast confirmed that Tb at
Ta = 35.5 (P < 0.001) and 32.0 °C (P = 0.027) but also at 21.2 °C (P = 0.006) was higher than the
mean Tb at lower Tas. The mean Tb at Ta between 11.1 and 28.7 °C was 37.5 ± 0.10 °C (n = 40, N
= 8) and not significantly different (T46 = 0.511, P = 0.612) from the Tb at Ta = 26.0 °C (Table 1)
which was considered standard Tb.
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Table 1: Body mass, body temperature (Tb), resting metabolic rate as oxygen consumption
(VO2) and carbon dioxide production (VCO2) and respiratory exchange ratio (RER) of captive
woylies (Bettongia penicillata) and wild boodies (B. lesueur) at different ambient temperatures
(Ta). Values are given as mean ± s.e., numbers in parentheses indicate number of individuals
measured at each Ta.
Ta
(°C)

Tb

VO2

VCO2

(°C )

(ml O2 g-1 h-1)

(ml CO2 g-1 h-1)

37.4 ± 0.15
37.0 ± 0.25
37.6 ± 0.23
37.6 ± 0.16
37.8 ± 0.21
38.1 ± 0.36
38.7 ± 0.18

0.70 ± 0.029
0.57 ± 0.067
0.53 ± 0.071
0.47 ± 0.031
0.47 ± 0.016
0.45 ± 0.028
0.49 ± 0.049

0.61 ± 0.020
0.50 ± 0.016
0.49 ± 0.022
0.43 ± 0.026
0.45 ± 0.016
0.44 ± 0.022
0.47 ± 0.033

0.87 ± 0.033
0.88 ± 0.020
0.94 ± 0.032
0.92 ± 0.023
0.96 ± 0.021
0.99 ± 0.043
0.98 ± 0.045

36.9 ± 0.18
36.8 ± 0.12
36.7 ± 0.14
37.8 ± 0.17

0.62 ± 0.017
0.52 ± 0.023
0.38 ± 0.022
0.43 ± 0.023

0.53 ± 0.018
0.40 ± 0.025
0.29 ± 0.034
0.27 ± 0.035

0.85 ± 0.023
0.77 ± 0.054
0.74 ± 0.066
0.64 ± 0.095

mass
(g)

RER

Woylie (Bettongia penicillata )

11.1 ± 0.11 (8)
16.0 ± 0.12 (8)
21.2 ± 0.11 (8)
26.0 ± 0.11 (8)
28.7 ± 0.11 (8)
32.0 ± 0.10 (8)
35.5 ± 0.15 (8)

1088 ± 21
1068 ± 19
1091 ± 18
1070 ± 16
1095 ± 17
1078 ± 19
1065 ± 21

Boodie (Bettongia lesueur )

10.0 ± 0.84 (6)
18.8 ± 0.34 (6)
28.4 ± 0.24 (8)
35.6 ± 0.08 (6)

1725 ± 68
1479 ± 104
1599 ± 54
1518 ± 81

As for woylie,s Tb of boodies had a significant linear (P = 0.001) and quadratic (P < 0.001)
component by polynomial contrast analysis (Table 1, Fig. 2e) and reverse Helmert contrast
confirmed an increase in Tb at high Ta as Tb at Ta = 35.6 °C was higher than the mean of lower
Tas (P < 0.001). The mean Tb at Ta between 10.0 and 28.4 °C was 36.8 ± 0.08 °C (n = 20, N = 17)
and not significantly different (T26 = 0.437, P = 0.666) from the Tb at Ta = 28.4 °C (Table 1) which
was considered standard Tb.
Standard Tb of the woylies was significantly higher (T14 = 4.35, P = 0.001) than that of
boodies. Tb of woylies was also higher than that of boodies at the highest (T12 = 3.63, P = 0.003)
and lowest Ta (T12 = 2.28, P = 0.042).

Metabolic rate
The patterns in MR as VO2 and VCO2 were generally similar for woylies and boodies with an
increase below thermoneutrality (Table 1, Fig. 2b,f). For woylies, there was a significant linear
(P < 0.001) and quadratic (P = 0.016) component in VO2 by polynomial contrasts and Helmert
contrasts revealed that VO2 was higher than at higher Tas at Ta = 11.1 (P < 0.001) and 16.0 °C (P
= 0.009). I consider the mean VO2 at 26.0 °C BMR. The pattern in VCO2 mirrored that in VO2
with a linear (P < 0.001) and quadratic (P = 0.013) component and VCO2 at 11.1 °C being higher
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than at higher Tas (Helmert contrasts P < 0.001). There was a significant linear increase in RER
with Ta (polynomial contrasts: P = 0.022; Table 1).
As for woylies, there was a strong linear (P < 0.001) and quadratic (P = 0.004)
component in VO2 by polynomial contrasts but there was only a linear component in VCO2 (P <
0.001) for boodies. Helmert contrasts confirmed the increase in MR at low Tas as at Ta = 10.0
(VO2: P < 0.001, VCO2: P < 0.001) and 18.8 °C (VO2: P < 0.001, VCO2: P = 0.003) was higher than
at higher Tas (Table 1, Fig. 2f). VO2 at 35.6 °C was not significantly higher than VO2 at 28.4 °C
(T12 = 1.31, P = 0.216). I consider the minimal VO2 at 28.4 °C BMR. The pattern of VCO2
mirrored that of VO2 (Table 1, Fig. 2f). RER decreased linearly with increasing Ta for boodies
(polynomial contrasts: P = 0.041; Table 1).

Thermal conductance
Cwet and Cdry of both woylies and boodies were minimal at the two lowest Tas and increased
steeply above (Fig. 2c,g, Table 2). For woylies, there were linear (P < 0.001), quadratic (P <
0.001) and cubic (P < 0.001) components in Cwet, while the increase in Cdry had only a linear
component (P < 0.001) by polynomial contrast. Reverse Helmert contrasts confirmed the
increase in both measures of conductance as values at each Ta were higher than the mean at
lower Tas (Cwet: P ≤ 0.001; Cdry: P ≤ 0.013) except at Ta = 16.0 °C (Cwet: P = 0.705; Cdry: P = 0.726).
For boodies polynomial contrasts showed linear (P < 0.001), quadratic (P < 0.001) and
cubic (P < 0.001) components in Cwet and also in Cdry (linear: P < 0.001; quadratic: P < 0.001;
cubic: P = 0.003). Reverse Helmert contrasts confirmed the increase in Cwet and Cdry at high Tas;
at Ta = 35.6 °C, Cwet (P < 0.001) and Cdry (P < 0.001) were higher than at lower Tas and also at Ta
= 28.4 °C (Cwet: P = 0.013; Cdry: P < 0.001; Fig. 2g).

Hygric physiology
EWL increased steeply at high Tas for both woylies and boodies (Fig. 2d,h; Table 2) and RWE of
both species decreased with increasing Ta (Table 2). For woylies, polynomial contrasts detected
strong linear (P < 0.001), quadratic (P < 0.001) and cubic (P < 0.001) effects of Ta on EWL.
Reverse Helmert contrasts confirmed that EWL at Ta = 35.5 (P < 0.001) and 32.0 °C (P = 0.013)
was higher than at lower Tas and also revealed that EWL at Ta = 21.2 °C (P = 0.015) was higher
than below. Polynomial contrasts for RWE of woylies showed a significant linear (P < 0.001)
and cubic (P = 0.015), but no quadratic component (P = 0.615). Based on the linear relationship
(RWE = -0.0276 Ta + 1.1504, R2 = 0.82), PRWE = 5.5 °C, based on the cubic relationship (RWE = 207
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0.0001 Ta3 + 0.008 Ta2 – 0.201 Ta + 2.280, R2 = 0.85) PRWE = 9.6 °C. EQ at standard Ta (26.0 °C)
was 1.37 ± 0.047 (N = 8).
As for woylies, EWL of boodies had a linear (P < 0.001), quadratic (P < 0.001) and cubic
(P < 0.001) component and reverse Helmert showed that EWL at the highest Ta was higher
than the mean of all lower Tas (P < 0.001). There was only a linear effect of Ta on RWE of
boodies by polynomial contrasts (P < 0.001). Based on this relationship (RWE = -0.031 Ta +
1.2976, R2 = 0.81), PRWE = 9.6 °C. EQ at standard Ta (28.4 °C) was 1.26 ± 0.071 (N = 8), which
was not significantly different from that of the woylies (T14 = 1.33, P = 0.204).

Table 2: Wet (Cwet) and dry thermal conductance (Cdry), evaporative water loss (EWL) and
relative water economy (RWE, ratio of metabolic water production and EWL) of captive woylies
(Bettongia penicillata) and wild boodies (B. lesueur) at different ambient temperatures (Ta) with
relative chamber humidity (RH). Values are given as mean ± s.e.
Ta
(°C )

RH

Cwet

Cdry

(%)

(J g-1 h-1 °C -1)

(J g-1 h-1 °C -1)

(mg H2O g h )

0.55 ± 0.018
0.56 ± 0.022
0.67 ± 0.025
0.85 ± 0.051
1.10 ± 0.041
1.55 ± 0.064
3.16 ± 0.198

0.50 ± 0.017
0.49 ± 0.015
0.57 ± 0.24
0.71 ± 0.043
0.90 ± 0.036
1.13 ± 0.068
1.14 ± 0.153

0.50 ± 0.036
0.58 ± 0.070
0.67 ± 0.048
0.65 ± 0.050
0.74 ± 0.046
1.07 ± 0.129
2.74 ± 0.284

0.88 ± 0.055
0.66 ± 0.055
0.52 ± 0.033
0.47 ± 0.016
0.42 ± 0.026
0.29 ± 0.023
0.12 ± 0.007

0.47 ± 0.013
0.58 ± 0.021
0.94 ± 0.066
3.91 ± 0.270

0.43 ± 0.011
0.53 ± 0.018
0.80 ± 0.055
1.62 ± 0.076

0.43 ± 0.051
0.42 ± 0.030
0.48 ± 0.041
2.06 ± 0.090

0.94 ± 0.110
0.75 ± 0.041
0.48 ± 0.025
0.12 ± 0.003

EWL
-1

RWE
-1

Woylie (Bettongia penicillata )

11.1 ± 0.11
16.0 ± 0.12
21.2 ± 0.11
26.0 ± 0.11
28.7 ± 0.11
32.0 ± 0.10
35.5 ± 0.15

31.2 ± 1.32
24.8 ± 1.73
19.9 ± 1.74
15.2 ± 1.40
15.4 ± 0.84
15.8 ± 1.89
23.6 ± 1.92

Boodie (Bettongia lesueur )

10.0 ± 0.84
18.8 ± 0.34
28.4 ± 0.24
35.6 ± 0.08

28.4 ± 3.19
14.7 ± 0.77
11.3 ± 0.58
24.2 ± 1.40

Ventilation
Patterns in ventilatory variables were similar for woylies and boodies: fR increased (Fig. 3a,e)
and VT (Fig. 3c,g) and EO2 decreased at high Tas (Fig. 3d,h). VI increased at both high and low
Tas (Fig. 3b,f; Table 3).

Respiratory frequency
For both woylies and boodies, the lowest values were measured at Ta ~28 °C and fR increased
slightly at lower and more steeply at higher Tas (Fig. 3a,e; Table 3). Both species showed a
significant linear (woylies: P = 0.014; boodies: P < 0.001), quadratic (woylies: P < 0.001;
208

Chapter 8: Bettong physiology – woylies and boodies

boodies: P < 0.001) and cubic (woylies: P = 0.001; boodies: P = 0.022) component in fR by
polynomial contrasts. For woylies, repeated contrasts revealed that fR at the lowest Ta was
higher than at the next Ta (P < 0.001), and fR at each of the two highest Tas was higher than at
the respective previous Ta (Ta = 28.7 vs. 32.0 °C: P = 0.015; Ta = 32.0 vs. 35.6 °C: P = 0.002).
Simple contrasts showed that fR at Ta = 28.7 °C was lower than at Ta = 11.1 (P = 0.002), 32.0 (P =
0.015) and 35.6 °C (P = 0.001). Similarly, for boodies, simple contrasts confirmed that fR at Ta =
28.4 °C was lower than at each other Ta (P < 0.001).

Table 3: Respiratory frequency (fR), tidal volume (VT), minute volume (VI) and oxygen extraction
(EO2) of captive woylies (Bettongia penicillata) and wild boodies (B. lesueur) at different
ambient temperatures (Ta) with relative chamber humidity (RH) at the time ventilatory
measurements were taken. Values are given as mean ± s.e.
Ta
(°C )

RH

fR

VT

VI

E O2

(%)

breaths min-1

ml

ml min-1

%

32.8 ± 1.76
25.6 ± 1.45
24.8 ± 1.75
22.8 ± 1.66
22.0 ± 1.36
36.6 ± 5.12
65.2 ± 7.24

13.2 ± 0.89
14.1 ± 0.93
12.8 ± 0.62
13.5 ± 1.43
11.1 ± 0.72
8.3 ± 0.69
7.3 ± 0.60

433.9 ± 38.10
354.6 ± 20.16
311.5 ± 17.67
297.7 ± 23.52
242.8 ± 21.56
282.8 ± 36.07
444.8 ± 43.30

19.0 ± 1.83
18.1 ± 1.28
20.1 ± 0.91
18.9 ± 1.66
24.6 ± 1.82
19.3 ± 1.19
12.8 ± 0.50

39.2 ± 6.27
22.5 ± 3.43
17.8 ± 0.82
211.5 ± 43.53

13.6 ± 1.82
17.3 ± 2.45
14.5 ± 1.29
3.4 ± 0.44

505.1 ± 80.27
364.0 ± 31.37
255.4 ± 22.35
645.4 ± 127.28

21.5 ± 2.75
22.5 ± 2.05
26.7 ± 2.36
12.7 ± 2.22

Woylie (Bettongia penicillata )

11.3 ± 0.12
16.1 ± 0.13
21.3 ± 0.10
26.0 ± 0.11
28.7 ± 0.13
32.0 ± 0.10
35.6 ± 0.10

33.9 ± 2.26
25.2 ± 2.20
19.3 ± 1.20
15.1 ± 0.92
14.7 ± 0.41
16.3 ± 1.61
23.9 ± 2.20

Boodie (Bettongia lesueur )

10.2 ± 0.78
18.8 ± 0.38
28.4 ± 0.24
35.7 ± 0.14

35.0 ± 6.61
19.5 ± 4.44
11.5 ± 0.57
25.1 ± 1.62

Tidal volume
VT decreased at high Tas and was constant at and below thermoneutrality for both woylies and
boodies (Fig. 3b,f; Table 3). Polynomial contrasts showed a significant linear (woylies: P <
0.001; boodies: P < 0.001) and quadratic (woylies: P = 0.006; boodies: P < 0.001) effect of Ta on
VT for both species. Reverse Helmert contrasts confirmed that for woylies, VT at the three
highest Tas was higher than the mean of lower Tas (Ta = 35.5 °C: P < 0.001; Ta = 32.0 °C: P =
0.001; Ta = 28.7 °C: P = 0.001), and for boodies, VT at the highest Ta was higher than the mean
of lower Tas (Ta = 35.6 °C: P < 0.001).
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Minute volume
For both woylies and boodies, VI was low at Ta ~28 °C and increased at low and high Tas (Fig.
3c,g; Table 3). There was a significant quadratic component in VI of both species (woylies: P <
0.001; boodies: P = 0.001), and for woylies, there was also a cubic Ta effect on VI (P = 0.026) by
polynomial contrasts. For woylies, simple contrasts showed that VI at Ta = 28.7 °C was lower
than at Ta = 11.1 (P = 0.002), 16.1 (P = 0.002), 21.3 (P = 0.022) and 35.6 °C (P = 0.002). Similarly,
for boodies, simple contrasts confirmed that VI at Ta = 28.4 °C was lower than at each other Ta
(P ≤ 0.023).

Oxygen extraction
For both species, EO2 decreased at high Tas and was maximal at Ta ~28 °C (Fig. 3d,h; Table 3)
with significant quadratic (woylies: P < 0.001; boodies: P = 0.005) and cubic (woylies: P = 0.005;
boodies: P = 0.038) components. Simple contrasts showed that EO2 of woylies at Ta = 28.7 °C
was higher than at all other Tas (P ≤ 0.048) except at Ta = 26.0 °C (P = 0.062), and that EO2 of
boodies at Ta = 28.4 °C was higher than at all other Tas (P ≤ 0.005). Reverse Helmert contrasts
confirmed that for woylies, EO2 at Ta = 35.6 °C was lower (P < 0.001) and at Ta = 28.7 °C higher
(P = 0.013) than the mean of lower Tas, and also that for boodies, EO2 at Ta = 35.7 °C was lower
(P < 0.001) than that at lower Tas.

Discussion
Here I compare the physiology of the boodie, the only burrowing macropod with a current arid
distribution, with that of the woylie, a surface-dweller which currently only occurs in mesic
areas. Low metabolic heat production and Tb, and high thermal conductance and EWL, in
combination with reduced ventilation are associated with mammalian life under ground and
its risk of hyperthermia due to limitations of convective and evaporative cooling (e.g.
Buffenstein 2000; McNab 1966; 1979). Due to its burrowing habit, the boodie was therefore
expected to have lower Tb, BMR and ventilation and higher thermal conductance and EWL
than the woylie. However, due to its current arid distribution, it may be expected to have a
lower EWL (and also BMR and Tb) than the woylie with its mesic current distribution since
marsupials from currently arid environments, i.e. with high Ta and low and variable rainfall,
generally have lower Tb, BMR and EWL (Withers et al. 2006). On the other hand it is possible
that boodies and woylies are equally well equipped to cope with arid conditions as both
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species formerly occurred in overlapping ranges which included extremely hot and arid parts
of central Australia. I will compare my results with data for other bettong species which will
help clarify if there is a difference between the physiology of the burrowing bettong and
others related to its lifestyle, and whether there is a pattern related to the different
distributions.

Patterns in metabolic variables in response to changes in ambient temperature
The patterns in Tb and metabolic and ventilatory variables in response to Ta changes and also
thermoregulatory behaviour were generally similar in woylies and boodies (Fig. 1-3). The main
differences were a decrease in Tb and EWL at low Tas for woylies (Ta ~11 and 16 °C) while those
variables were constant for boodies (Ta ~10 to 28 °C), and a generally lower Tb, and a higher
increase in Cwet, Cdry, fR and VI and decrease in VT above thermoneutrality for boodies. For both
species MR was minimal between Ta ~28 and 35 °C. For woylies, the Ta = 26.0 °C was also
within the TNZ. MR of woylies below the TNZ showed a curvilinear rather than linear increase,
MR increasing more steeply at the lowest Ta. This is consistent with observations for other
macropods (e.g. tammar wallabies; Dawson et al. 1969, also see Chapter 6) including the two
other bettong species for which VO2 has been measured over a range of Tas, the Tasmanian
bettong (Rose 1997) and the rufous bettong (Rübsamen et al. 1983). The increased oxygen
demand at low Ta was met by an increase in fR rather than VT by both species (discussed
below). Interestingly, Tb and EWL of woylies decreased further below Ta = 21 °C, and at Ta = 11
°C, MR was increased. This suggests that they initially saved energy by allowing Tb to decrease,
but increased thermoregulation below Ta = 16 °C. Cwet and Cdry for woylies and boodies were
constant at and below Ta = 16 °C (woylies) and 18.8 °C (boodies) and increased more and more
steeply with Ta above. Cdry of woylies did not increase further above Ta = 32.0 °C and at this Ta
and above, EWL was significantly increased. This was achieved by a combination of licking,
increased exposed surface area through a posture change, an increase in Tb and presumably
peripheral blood flow, and an increase in respiratory heat loss (REHL) as fR and thus VI was
increased at these Tas, which led to a simultaneous decrease in VT and eventually at the
highest Ta also in EO2 (Fig. 3; discussed below). The physiological responses of boodies at high
Tas matched those of the woylies but were more pronounced as boodies increased thermal
conductance and Tb, and especially ventilation more at Ta ~35 °C, suggesting that they were
more heat stressed.
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Unfortunately none of the previous physiological studies on bettongs include
measurements of EWL which could be used for direct interspecific comparisons between
bettongs. The only data available were obtained using a gravimetric method to measure EWL
(Sampson 1971). EWL of four subadult woylies was determined hourly by weight gain of silica
gel after a two-hour acclimation period at four Ta between 19 and 32 °C (Sampson 1971).
Means were calculated for Ta over all hourly values. EWL was minimal (6 mg H2O g-1 h-1) at the
lowest Ta measured (19 – 20 °C) and showed a marked increase at Ta = 30 °C (from 12 mg H2O
g-1 h-1 to 17 mg H2O g-1 h-1 at Ta = 32 °C). At a Ta of 25 °C, which is 1 °C below standard Ta of
woylies in this study, EWL was 9 mg H2O g-1 h-1. These values are between approximately 9
times (at Ta = 20 °C) and 16 times (at Ta = 32 °C) higher than those measured for woylies in this
study. Since this is presumably mainly due to the different measurement technique and partly
due to using subadult study objects, the values are not useful for a direct comparison with this
study. However, the steep increase in EWL above Ta = 30 °C is similar to that found in this study
and for other small macropods such as hare-wallabies. At the highest Ta measured EWL was
4.2 ± 0.44 times standard EWL in woylies and 4.3 ± 0.19 times in boodies, which is within the
range of increases in EWL found in three species of hare-wallabies ranging from 2.2 to 9.8
times standard EWL (Dawson and Bennett 1978 and Chapter 9). Macropods for which EWL has
been examined previously showed a similar steep increase in evaporative water loss above
thermoneutrality (e.g. Dawson 1973; Dawson et al. 1969, 2000a; Dawson and Bennett 1978;
Rübsamen et al. 1983).
Because EWL has not been measured, the upper critical temperature (Tuc) is unknown
for Tasmanian and rufous bettongs. However, Tb and fR of rufous bettongs increased above,
and MR below Ta ~28 °C (Rübsamen et al. 1983), which suggests a similar TNZ to that of
woylies and boodies. The Tuc of the Tasmanian bettong was lower as its MR was lowest at Ta =
15 and 20 °C and only increased at Ta = 10 °C (Rose 1997). MR started to increase at Ta = 25 °C,
Cwet increased significantly above Ta = 25 °C, panting was observed at Ta = 35 °C (Rose 1997)
and Tb increased above Ta = 30 and below Ta = 5 °C (Rose et al. 1990). The lower Tlc and
presumably Tuc of the Tasmanian bettong was expected since mean and maximum ambient
temperatures are lower within its current and also historical distribution (IUCN 2010; Strahan
2004) compared with those of the other bettongs, including the woylies (see Appendix I for
climate data). The similar thermoregulatory responses of the woylies, boodies and rufous
bettongs seem consistent with the ambient conditions they experience: mean annual Ta and
also mean Ta of the hottest and coolest month of the year are all similar for woylies and rufous
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bettongs (see Appendix II) and both shelter in nests which increase insulation against low Tas
(Rübsamen et al. 1983; Sampson 1971). Ambient temperatures for boodies on Fauré Island are
higher (see Appendix II), however, they avoid Ta extremes by sheltering underground where
Tas are approximately similar to those experienced by woylies and rufous bettongs in their
nests (Rübsamen et al. 1983; Sampson 1971; soil temperature data for Fauré Island from the
Australian Bureau of Meteorology, BOM 2010; discussed below). The overlapping historical
distributions of woylies and boodies also suggest that they both may have evolved to cope
with similar ambient conditions.

Ventilatory responses to changes in ambient temperature
Both woylies and boodies showed similar patterns in all ventilatory parameters over the whole
range of Ta. Ventilation of both species was most efficient at Ta ~28 °C and there was an
increase in fR and corresponding decrease in VT above this Ta to increase evaporative cooling,
resulting in an increase in VI and decrease in EO2. At low Ta, VI was significantly increased
compared to standard VI to meet the increased oxygen demand consistent with the general
pattern in ventilation expected for endotherms and as previously found for marsupials (e.g.
Cooper and Withers 2004; Dawson et al. 2000b; Larcombe et al. 2006; Schmidt et al. 2009;
Withers and Cooper 2009b). Few studies on marsupials span a range of Ta which includes
sufficiently low and high Tas to produce significant changes in VI above as well as below the
TNZ (e.g. Larcombe et al. 2008; Nicol and Maskrey 1980). For macropods, there is an even
greater lack of data on ventilation outside the TNZ. Most previous studies on ventilation in
macropods only report fR or only include measurements within and above the TNZ (Frappell
and Baudinette 1995; Dawson and Bennett 1978; Dawson and Needham 1981; Dawson and
Rose 1970; Nicol and Maskrey 1977). There are only two previous studies on macropod
ventilation which include data taken below thermoneutrality. Dawson et al. (1969) measured
fR in restrained tammar wallabies and found no change below the TNZ, but a steep increase
above. fR of tammar wallabies I measured was also constant below the TNZ as the increased
oxygen demand was met by an increase in VI (rather than EO2) through an increase in VT
(Chapter 6). The only study on macropods, for which breathing parameters other than fR were
measured not only above but also below the TNZ, was that by Dawson et al. (2000b) on
eastern grey (Macropus giganteus) and red kangaroos (M. rufus), some of the biggest
marsupial species. While both species showed an increase in VI at high Ta, the increase in MR
at low Ta was small and not sufficient to alter ventilation significantly. As small mammals have
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higher passive heat losses compared to bigger species due to their greater surface-to-volume
ratio, they require greater metabolic responses (Withers et al. 1979). The increased O2
demand at low Ta can be met with an increase in VI or EO2. At low Ta, most mammals adjust VI
(e.g. Chappell 1985, 1992; Chappell and Dawson 1994; Hallam and Dawson 1993; Nicol and
Maskrey 1980; Schmidt et al. 2009; Withers et al. 1979) through changes in fR and/or VT, only a
few increase EO2 (Chappell and Roverud 1990; Withers et al. 1979). Small mammals, including
marsupials, tend to increase fR (e.g. Casey et al. 1979; Chappell 1985; Cooper and Withers
2004; Cooper et al. 2009; Hallam and Dawson 1993; Withers 1977; Withers and Cooper
2009b), while larger mammals tend to increase VT or both (e.g. Chappell and Dawson 1994;
Nicol and Maskrey 1980; Schmidt et al. 2009). My results were consistent with those findings
as both woylies and boodies increased VI through fR, while the larger tammars increased VI
through VT (Chapter 6). For woylies, VO2 at Ta = 11.1 °C was 148 % of that at Ta = 26 °C (BMR)
and the increase in VI matched that in VO2 with 147 %. It was achieved by an increase in fR (144
%) while VT (99 %) and EO2 (100 %) did not change. For boodies, VO2 at Ta = 10 °C was 161 % of
that at Ta = 28.7 °C (BMR) but VI increased to 198 %. The increase was also achieved through an
increase in fR but was elevated even more (220 %) to compensate for the reduced VT (94 %)
and EO2 (81 %).
Like at low temperatures, at high Ta, ventilation of both woylies and boodies was
increased through a statistically significant increase in fR, but to increase EHL rather than O2
consumption. Thus, the increase in fR was much more pronounced and accompanied by a
decrease in VT, resulting in a corresponding decrease in EO2. This ventilatory strategy has been
termed ‘first phase breathing’, characterised by an increase in fR and often a corresponding
decrease in VT as mainly dead space of the lung is ventilated to increase respiratory EWL while
avoiding respiratory alkalosis (Hales and Findlay 1968; Hales and Webster 1967; Robertshaw
2006). It usually occurs in mammals, including marsupials, under moderate heat load (e.g.
Richards 1970; Larcombe 2002; Larcombe et al. 2008; Schmidt et al. 2009). Eastern grey and
red kangaroos and tammar wallabies showed phase-1 breathing at Ta above approximately 33
°C (Dawson and Rose 1970; Dawson et al. 2000b). Under severe heat stress, VT in mammals
often increases again, which can be accompanied by a decrease in fR, leading to changes in
blood pH as ventilation of alveolar space results in an increased output of CO2
(hyperventilation; e.g. Hales and Findlay 1968; Hales and Webster 1967; Richards 1970). This is
called ‘second phase breathing’ (Hales and Findlay 1968; Hales and Webster 1967) and for
marsupials has only been reported for eastern grey and red kangaroos at Ta > 43 °C (Dawson et
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al. 2000b) and tammar wallabies at Ta = 46 °C and Tb ~40 °C (Dawson and Rose 1970), as most
studies on marsupial ventilation do not include such high Tas.

Standard metabolic and ventilatory variables
Here I compare standard physiological variables for woylies and boodies with previous
measurements for woylies and with data for two other bettong species. Table 4 shows masscorrected standard physiological and ventilatory variables, Tb and body mass with the Ta at
which measurements were taken for boodies and woylies (this study; Hinds et al. 1993; Wallis
and Farrell 1992), Tasmanian bettongs (Hinds et al. 1993; Rose et al. 1990, 1997) and for
rufous bettongs (Wallis and Farrell 1992; Rübsamen et al. 1983).

Table 4: Standard physiological and ventilatory 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 boodies
(Bettongia lesueur) and woylies (B. penicillata) after mass-correction in comparison with data
from previous studies and data for other bettongs. Ta = ambient temperature.
species

reference

body mass (g)
Ta (°C)

boodie

woylie

Tasmanian bettong

rufous bettong

(Bettongia lesueur )

(Bettongia penicillata )

(Bettongia gaimardi )

(Aepyprymnus rufescens )

this study

this study

Hinds et al .

Wallis & Farrell
(1992)

Hinds et al .
(1993)

Rose
(1997)

Wallis & Farrell
(1992)

Rübsamen et al .

(1993)

966
24

1017
30

1385
30

1700
20

3000
24

(1983)

Tb (°C)

1599
28.4
36.7 ± 0.14

1086
26
37.6 ± 0.16

37.2

-

35.6

-

VO2 (ml O2 g-0.74 h-1)

2.55 ± 0.146

2.83 ± 0.185

3.40

3.07

2.96

36.6
3.10 ± 0.337

2820
25
36.6 ± 0.19

3.27

2.91 ± 0.330

Cwet (J g-0.57 h-1 °C -1)

22.84 ± 1.610

17.36 ± 1.045

31.92

-

38.23

13.77

-

20.51

EWL (mg H2O g-0.72 h-1)

3.95 ± 0.335

4.73 ± 0.364

-

-

-

-

-

f R (breaths min-1 g0.23)

99.7 ± 4.57

118.8 ± 8.43

-

-

-

-

-

228.0 ± 38.00

V T (ml g-0.80)

0.04 ± 0.004

0.05 ± 0.005

-

-

-

-

-

-

V I (ml min-1 g-0.64)
E O2 (% g-0.07)

2.27 ± 0.199

3.39 ± 0.268

-

-

-

-

-

-

16.46 ± 1.458

11.94 ± 1.053

-

-

-

-

-

-

As expected based on its burrowing habit, standard Tb of the boodies was significantly lower
(T14 = 4.35, P = 0.001), mass-corrected Cwet was higher (T14 = 3.17, P = 0.007) than that of
woylies, and ventilation of boodies was reduced as they had a lower mass-corrected VI (T14 =
3.31, P = 0.002) and higher mass-corrected EO2 (T14 = 2.50, P = 0.026) than woylies. However,
BMR was not lower for boodies compared to woylies (T14 = 1.28, P = 0.223) and standard EWL
was not higher (T14 = 1.68, P = 0.115). Tb of the rufous bettong (Rübsamen et al. 1983) was as
low as that of boodies (ANOVA with SNK post hoc tests) and thus it was also significantly lower
than that of woylies (P < 0.05). There were no differences in mass-corrected BMR between
woylies, boodies, Tasmanian bettongs (Rose 1997) and rufous bettongs (Rübsamen et al. 1983)
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(P > 0.05). Mass-corrected fR of rufous bettongs (Rübsamen et al. 1983) also did not differ
statistically from that of woylies and boodies (P > 0.05) despite being twice as high which is
likely due to the large standard error for fR of the rufous bettongs (Table 4). Rübsamen et al.
(1983) did not state how fR measurements were taken, thus it is not possible to assess why fR
was comparatively high for rufous bettongs. It may be a characteristic of rufous bettongs or it
may have been the result of the short measurement duration (1 – 3 hrs), a different
measurement technique such as the use of a pneumo belt which may have caused discomfort
(discussed in Chapter 6), or of the bettongs not resting properly inside the chamber as small
disturbances can greatly affect fR in macropods (Mella et al. 2010).
Other previously published standard variables could not be statistically compared as
error terms are not known (see above, Methods section) but will be used for a general
comparison. Tb of woylies measured by Hinds et al. (1993) was similar to that of woylies
measured here and considerably higher than Tb values of other bettongs (Table 4). Tb of
Tasmanian bettongs measured by Hinds et al. (1993) appeared slightly lower than any other Tb
value for bettongs but that reported by Rose et al. (1990) was identical to that of the rufous
bettongs and thus as low as that of boodies. Woylies measured by Hinds et al. (1993) had the
highest mass-corrected BMR, boodies the lowest (Table 4). There was large variation in masscorrected Cwet. For Tasmanian bettongs measured by Rose (1997) the value was lowest, similar
to that of woylies in this study, while that for Tasmanian bettongs measured by Hinds et al.
(1993) was almost three times higher. The reason is likely the difference in Ta at which
measurements were taken (Table 4); Hinds et al. (1993) did not determine the TNZ for
Tasmanian bettongs or woylies, instead they took measurements for a range of species
‘equilibrated at 28 – 33 °C for 1-2h’ as ‘published measurements in the same or closely related
species indicated that these temperatures were within thermoneutrality’ (Hinds et al. 1993).
Since the TNZ of the Tasmanian bettong had not been previously determined and Rose (1997)
later found it to be lower, standard variables measured by Hinds et al. (1993) for the
Tasmanian bettong were likely not taken near the Tlc which explains the comparatively high
Cwet. Cwet for woylies measured by Hinds et al. (1993) was similarly high and almost twice as
high as for woylies in the present study. This difference can not be explained by the difference
in Ta as it was 2 °C lower than standard Ta in my study. Here, tThe higher Cwet was likely an
effect of the short equilibrium time as insufficient measurement duration leads to
overestimates in BMR and EWL and likely also in other physiological variables measured using
flow-through respiratory systems (Cooper and Withers 2009, 2010b).
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In summary, the lower Tb and VI and the higher Cwet and EO2 of the boodies compared
to the woylies are consistent with expectations based on previous studies on burrowing and
fossorial mammals. However, EWL was not higher than that of woylies, suggesting that they do
not rely on evaporative heat loss to dissipate basal MHP, which was not lower than for any of
the other non-burrowing bettongs. The similar BMRs of boodies and other bettongs may
reflect their similar diets as McNab (2005) suggested that bettongs have comparatively high
BMRs for general marsupial standards which may be related to their diet. However, BMR of
woylies and boodies, and also all other standard variables measured for the two species and
from previous studies on bettongs, were not statistically different from predicted values for
marsupials as all values fell within the 95 % prediction limits of the respective allometric
relationship before and after correcting for phylogenetic history (for allometric equations see
Chapter 10). This may partly be due to variability in the current marsupial data reflecting
methodological issues (see Chapters 2-6). More data for direct and statistical comparison on
bettongs are needed to relate differences in historical or present distributions and their
climates, lifestyles and diets to patterns in standard physiological variables of bettongs, but
also within marsupials as there are no other burrowing macropods other than the boodie.
However, differences found for bettongs in standard physiological variables, in
thermoregulatory behaviour and responses at high and low Tas in combination with
ecophysiological differences may allow us to draw some conclusions as to whether the
physiology of the boodie differs from that of the woylies and other bettongs and whether
differences are related to its burrowing habit.

Ecophysiological aspects
Here I discuss ecophysiological aspects such as water economy indices, responses to high
ambient temperatures, such as alterations in thermal conductance or ventilation and
hyperthermia, and how similarities in some and differences in other aspects of bettong
physiology may be related to differences in lifestyle or their current or historical distributions.

Water economy and sampling regime
EQ of woylies and boodies at thermotneutrality did not differ, and, while the relationship
which best described Ta effects on RWE was cubic for the woylie but linear for the boodie,
predicted PRWEs were identical suggesting similar water use efficiency despite the difference
in aridity of their current distribution. Here I first discuss the reasons for the two different
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relationships and how sampling regimes affect the reliability of PRWE estimates. I then
compare water economy indices (PRWEs and EQ) of woylies and boodies with those of other
macropods and marsupials, and discuss, whether possible differences may be related to
current or historical climatic conditions within their distributions.
The relative water economy (RWE; ratio between metabolic water production (MWP)
and EWL) is used as a measure for adaptation to arid habitats because a more effective use of
water returns higher RWE values: RWE values > 1 indicate that, at the given Ta, the animal
produces more metabolic water than it is losing via evaporation. The temperature at which
MWP equals EWL, the PRWE, is used for interspecific comparisons and is expected to be higher
for arid- compared to mesic-adapted species. It is also higher for species with smaller body
masses, due to their higher mass-specific metabolic rate (and therefore MWP) relative to
surface area and EWL (Cooper and Withers 2010a; MacMillen and Hinds 1983; MacMillen
1990; MacMillen and Baudinette 1993). RWE increases with decreasing Ta, the slope of the
relationship being steeper for species which decrease their EWL below the TNZ rather than
keeping it constant. Species that increase their EWL at low Ta might not reach a PRWE, e.g. the
stripe-faced dunnart (Sminthopsis macroura; Cooper et al. 2005). RWE in both woylies and
boodies increased with decreasing Ta and neither species reached water balance within the
temperature range examined. RWE values were not different for woylies and boodies at the
highest (T12 = 0.54, P = 0.602) and lowest Ta measured (T9.2 = 0.61, P = 0.559), as well as at
standard Ta (T14 = 0.56, P = 0.583).
For woylies, there was a significant linear and cubic relationship between RWE and Ta,
the latter having the better fit (higher R2). A cubic relationship has also been found for tammar
wallabies (Chapter 6) and rock-wallabies (Chapter 7), but for most previously examined
marsupials a linear relationship was found (e.g. Cooper et al. 2009, 2010; Cooper and CruzNeto 2009; Cooper and Withers 2010a; Schmidt et al. 2009; Withers and Cooper 2009b) and
also for hare-wallabies (Chapter 9). This is likely the result of some studies only testing for a
linear relationship, and also of a combination of the number of Tas measured and body size
differences. The relationship for the woylies showed a steep increase with decreasing Ta below
approximately 20 °C and a steep decrease with increasing Ta above approximately 28 °C, but
there was no change in RWE at intermediate Tas, which caused the change in direction of the
relationship. This is caused by relatively small changes in EWL and MR (Fig. 2) within this Ta
range, which are typical for Tas around the Tlc where endotherms are neither hot nor cold
enough to make significant adjustments. This Ta range is wider for larger mammals than for
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smaller ones as their surface to volume ratio is smaller, which makes them more thermally
inert, and the increase in MR needed to match heat production to heat loss at low Ta less
steep. Therefore, the relationship between Ta and RWE should only be expected to be linear in
small mammals, but cubic in larger species. Macropods have been shown to increase MR
below the TNZ in a curvilinear rather than linear fashion (e.g. Dawson et al. 1969; Dawson and
Bennett 1978; Rose 1997; also Chapter 6, 7), which enhances the cubic Ta effect on RWE,
especially if EWL decreases with Ta at low Tas as for woylies. However, the relationship for
boodies – and also hare-wallabies (Chapter 9) - was linear (see ‘Results’ and Fig. 4), despite
their similar mass. This was likely due to the smaller number of Tas measured. While the
highest and lowest Ta were the same as for the woylies, which also returned the same RWE
values (see above), there were only two Tas measured within the intermediate Ta range,
compared to five for woylies.

Naturally, the number of Tas needed depends on the question(s), asked. Many studies only
measured at one Ta presumed to be within the TNZ to obtain an estimate of BMR (e.g. Hinds et
al. 1993) but more Tas are needed to confirm that MR was basal at a given Ta, i.e. minimal and
constant at two Tas and significantly increased below. If MR was measured at two Tas below
thermoneutrality, the slope of the MR-increase could theoretically be extrapolated to obtain
an estimate of PRWE. Thus, if chosen wisely, four Tas are theoretically enough to determine
BMR and to predict the PRWE of a species. Values obtained by extrapolation beyond the limits
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of the data, always have to be considered with caution, especially if the relationship between
RWE and Ta can not be determined precisely because of a limited number of measurements.
In this case, and also if RWE at the lowest Ta measured does not approach PRWE, the
theoretical PRWE obtained by extrapolation is not reliable and should not be used for
interspecific comparisons. This can be demonstrated by omitting three Tas from the woylie
data set: Including only Ta = 11.1, 21.2, 26.0 and 35.5 °C increased the PRWE extrapolated from
a cubic relationship (P = 0.022; R2 = 0.90) from 9.6 to 9.9 °C (Fig. 5a), and that from a linear
regression (P < 0.001; R2 = 0.88) from 5.5 to 6.9 °C (Fig. 5b). Substituting the mean RWE at Ta =
11.1 °C by that at Ta = 16.0 °C for this reduced data set decreased the PRWE based on linear
regression (P = 0.022; R2 = 0.90) to 3.9 °C (Fig. 5c) and removed the cubic effect of Ta on RWE
(P = 0.061; R2 = 0.82).
In summary, linear relationships for RWE and Ta can be expected for small
endotherms, for which a comparison between theoretical PRWEs obtained by extrapolation
seems reasonable, but can also be the result of an insufficient number of measurements. For
larger species, the relationship is expected to be cubic as confirmed for woylies, tammars
(Chapter 6) and rock-wallabies (Chapter 7), and PRWE will only be useful for interspecific
comparisons if either the relationship is fully described, i.e. enough Tas have been measured,
which was not possible for the boodies due to the complications and costs associated with
doing field measurements on a remote island, or the lowest Ta measured is close to or ideally,
just below the PRWE, as this minimises the error from extrapolation. This was the case for
both woylies and boodies as the lowest Ta measured was within ≤ 1.5 °C of their respective
predicted PRWEs (Fig. 4).
As RWE is an index based on laboratory measurements, the PRWE is a value that only
relates to EWL and MWP under these conditions and since RWE depends on metabolic rate
and EWL, factors influencing these physiological variables measured by flow-through
respirometry also directly influence RWE. For example, RH in the metabolic chamber is usually
much lower than under natural conditions, which likely leads to a higher EWL (Cooper and
Withers 2008; Chapter 4, 5). It is therefore likely that bettongs achieve a more favorable water
balance when resting under natural conditions than during flow-through respirometry as has
been suggested for bats (Baudinette et al. 2000). As discussed in Chapter 3 and 7, some
macropods and also other mammals reduce EWL under dehydration or when water availability
is reduced. Consequently, PRWE should only be compared if measured under comparable
conditions, i.e. when determined on hydrated individuals as dehydration levels are difficult to
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quantify and thus standardise. That EWL may be reduced under dehydration also means that
PRWE obtained from hydrated individuals do not necessarily reflect their capacity to use water
efficiently or, in other words, a comparatively low PRWE does not necessarily reflect poor
water use efficiency compared to another species if the animals were hydrated. However,
PRWE obtained under standardised conditions, including fasting time, hydration level,
chamber RH, measurement technique or season (as discussed in Chapters 1-7), may still be
useful as they may reveal physiological differences between species.
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I consider the conditions under which boodies and woylies were measured, and thus
their PRWEs, comparable despite measuring boodies in the wild and woylies in captivity.
Woylies had access to water ad lib. until just prior to the start of the measurement and I am
confident that the boodies were also fully hydrated: wild boodies on Fauré Island do not drink
as they do not have access to free water and in captivity boodies and woylies do not drink
even if they do have access to water (Sampson 1971; Stodart 1966). The woylies were never
observed drinking while held in captivity during this study. Secondly, boodies were studied
during spring when conditions were not particularly dry (Australian Bureau of Meteorology,
BOM 2010; see Appendix I) on Fauré Island with fresh food available, and all animals were in
very good body condition. Thirdly, boodies showed the same licking behaviour at high Tas as
the woylies, if anything, boodies were licking more frequently. If they were dehydrated, they
would be expected to cease licking under heat stress to save water as has previously been
shown for macropods (Dawson 1973).
That their predicted PRWEs were identical and their EQs at thermoneutrality did not
differ means that woylies and boodies have equal water use efficiencies when measured under
comparable conditions, which suggests that they are adapted to similar environmental
conditions and is consistent with their similar historical distributions, and microclimatic
conditions they experience when resting (see below). Currently there are only a few published
RWE data for marsupials. PRWEs range from -12.5 °C for the 780 g eastern quoll (Dasyurus
viverrinus; Cooper and Withers 2010a) to 22.6 °C for the 1385 g Australian western quoll
(Dasyurus geoffroii; Schmidt et al. 2009); some species such as the stripe-faced dunnart
(Sminthopsis macroura; Cooper et al. 2005) do not reach water balance under comparable
(hydrated) conditions. Interestingly, as observed in woylies here, the high PRWE of western
quolls was partly due to a decrease in EWL below thermoneutrality (Schmidt et al. 2009).
Values for quolls were obtained under similar conditions (Schmidt et al. 2009), thus are
considered comparable with those for woylies and boodies, which are comparatively high (9.6
°C). This seems consistent with their arid historical distributions. Similarly, Cooper and Withers
(2010a) came to the conclusion that differences in PRWEs of quolls, i.e. the higher PRWE of the
western quoll, was likely related to its broad historical distribution, which as opposed to its
current mesic distribution, included the majority of arid and semi-arid inland Australia (Strahan
2004). Further, EQs of woylies and boodies were well below the average for marsupials of 2.7
mg H2O ml O2-1 (Cooper and Withers 2008) and slightly lower than those of other small
macropods such as hare-wallabies (EQs between 1.42 and 1.59 mg H2O ml O2-1; Dawson and
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Bennett 1978; Chapter 9) and other marsupials with a similar body mass such as the brushtail
possum (Trichosurus vulpecula; 1.49 mg H2O ml O2-1; Cooper and Withers 2008), also
suggesting a degree of adaptation to arid habitats. Based on the allometric relationship for
PRWE calculated by Cooper and Withers (2010a), the predicted PRWE for woylies and boodies
were amongst the lowest published so far and much lower (woylies: -3.98 °C, boodies: -5.82
°C) than those measured here (9.6 °C). This is presumably due to a combination of PRWE used
to calculate the allometric regression being extrapolated and calculated assuming a linear
function of RWE and Ta, and of methodological inconsistencies which may have affected the
measurement of EWL and MR and thus RWE and the calculated PRWE such as ambient RH,
water availability, fasting time, measurement duration or sampling regime (Chapter 2, 3, 4;
Cooper and Withers 2009, 2010b). Therefore, to investigate allometric and ecological patterns
in relative water economy of macropods and marsupials in general more PRWE data obtained
from standardised measurements (and for reasons explained above) obtained without
extrapolating far beyond the range of Tas, are needed, especially from macropods, which range
in size from 0.8 to 80 kg and represent about one third of extant Australian marsupial species
(Strahan 2004).

Responses to high ambient temperature
Thermal conductance Not only did the boodies have a higher thermal conductance (see
above) which means lower insulation, they were also able to increase it more. At the highest
Ta, Cdry of boodies was 0.82 ± 0.076 J g-1 h-1 °C-1 higher than Cdry at standard Ta, while that of
woylies only increased by 0.43 ± 0.189 J g-1 h-1 °C-1, despite the slightly bigger difference in Ta.
Cdry can be influenced by peripheral blood flow (a change in surface temperature changes the
thermal gradient to the environment), exposed surface area through posture change, and
changes to the insulative layer (a change in the angle of hair changes the thickness of the
coat). At low Tas both woylies and boodies were sitting curled into a ball, trying to cover poorly
insulated body parts such as snout, ears, tail and limbs, while at high Tas, they were lying
stretched out to increase the exposed body surface (Fig. 1). Dilated blood vessels visible on the
inside of their hind legs suggest that boodies also increased peripheral blood flow to further
facilitate heat loss at high Tas. Similar observations were made on rufous bettongs by
Rübsamen et al. (1983). Since woylies and boodies showed similar physiological responses
above thermoneutrality to increase heat loss (increase in Tb, EWL, C, fR, VI), peripheral blood
flow was likely maximised in woylies (as in boodies) but this was not visible due to the darker
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and denser fur. Woylies reached maximum Cdry at Ta = 32.0 °C and relied solely on an increase
in evaporative cooling at higher Ta. It is not known whether the boodies had reached maximum
Cdry at the highest Ta. However, they did already have a higher thermal conductance than the
woylies, suggesting better adaptation to life underground and the associated risks of
overeating. From my observation, the lower insulation of the boodies is to some extent due to
their lighter coat. The fur of the boodie has previously been described as ’woolly‘ and softer
than that of other woylies (Seebeck and Rose 1989). Compared to the woylies, the boodies
studied here had less fur on feet, paws, ears, stomach and especially the tail, which seems to
act as a thermal window. The tail is relatively long and big in circumference (and therefore has
a bigger surface area) compared to the woylie and only very lightly furred (Fig. 1). It also seems
likely that the fur on the back of the boodies is less dense and coarse than that of surfacedwelling bettongs due to the lack of solar radiation (thus need for protection from heat gain)
underground. It is also possible, that the boodie has a better blood supply of, or a capillary
network closer to, its body surface compared to the woylie (Dawson and Brown 1970).

Hyperthermia Allowing the body temperature to increase at high ambient temperatures is a
common strategy to reduce water requirements for cooling in mammals, including marsupials
(e.g. Schmidt-Nielsen et al. 1957; Schmidt et al. 2009; Withers and Cooper 2009a). By
increasing Tb by 1.1 (± 0.18) °C between Ta = 26 and 35.5 °C, the woylies saved 0.5 ± 0.11 ml
H2O h-1 (calculated from the actual Cdry at 35.5 °C), which is the equivalent of 88 % of their
standard EWL or 17 % of the theoretical EWL at Ta = 35.5 °C and standard Tb. The same
increase in Tb of the boodies over a smaller Ta range (1.1 ± 0.17 °C between Ta = 28.4 and 35.6
°C) resulted in significantly higher water savings (T12 = 2.94, P = 0.012) of 1.1 ml H2O h-1 or 1.5
times their standard EWL and 26 % of the calculated EWL at Ta = 35.6 °C and standard Tb due to
their higher Cdry. This difference in water saving ability at high Tas may be related to the
difference in climatic conditions between current distributions of woylies (cool, mesic) and
boodies (hot, arid), as saving water by allowing Tb to increase is an advantage in warm climatic
conditions and arid habitats where water availability is limited and unpredictable (Baker 1984).
Further, a low temperature differential between Tb and Ta is considered an adaptation to
burrowing in mammals (McNab 1979). The boodies had a lower (T12 = 3.08; P = 0.010) minimal
thermal gradient (2.2 ± 0.22 °C at Ta = 35.6 °C) than the woylies (3.3 ± 0.23 °C at Ta = 35.5 °C).
However, the temperature differential of the rufous bettong of 1.8 °C at Ta = 36 °C (Rübsamen
et al. 1983) suggests that this is not necessarily correlated with the unique burrowing lifestyle
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of the boodie, but may be a general adaptation to ambient conditions in which passive heat
loss is low, which is the case for boodies underground where Ta and RH are high but also for
rufous bettongs in warm tropical climates (e.g. within their distribution in northern QLD).

Ventilation At Ta ~35 °C, boodies showed a steeper increase in fR (and thus VI) than woylies.
This may suggest that boodies were more heat stressed, which would be consistent with the
assumption that they avoid such high Tas in the wild by sheltering underground und thus were
more heat stressed. At Ta ~35 °C, both species showed phase-1 breathing, however it was
much more pronounced in the boodie than in the woylie. At this Ta, fR of boodies was almost
12 times (1189 ± 245 %) standard fR, while that of woylies was only 3 times (301 ± 46 %) that at
thermoneutrality. However, VI of boodies only increased to 2.5 times (253 ± 49.8 %), that of
woylies to 1.6 times standard VI (161 ± 25.3 %). This difference was a result of the boodies
decreasing VT to only 23 ± 3.0 % of standard VT compared 58 ± 7.2 % for woylies, while EO2 was
reduced to the same level in both woylies (12.8 %) and boodies (12.7 %). Due to the steeper
increase in fR and decrease in VT, mass-corrected fR of boodies (1160 ± 243.5 breaths min-1
g0.23) was higher (T5.2 = 3.38, P = 0.020) than that of woylies (329 ± 36.4 breaths min-1 g0.23), and
mass-corrected VT was lower (T10.2 = 7.05, P < 0.001) for boodies (0.010 ± 0.001 ml g-0.80) than
for woylies (0.028 ± 0.002 ml g-0.80). However, mass-corrected VI was not significantly different
(T12 = 0.71, P = 0.494) for woylies (5.14 ± 0.513 ml min-1 g-0.64) and boodies (5.93 ± 1.11 ml min-1
g-0.64), suggesting that the two species just employed different strategies to increase VI to the
same level, which resulted in a higher increase in VI for boodies as they started with a lower
standard VI.
Assuming that the driving force of the increase in ventilation at high Ta is the need to
increase evaporative cooling, it could be argued that the bigger increase in VI of boodies
between standard Ta and the highest Ta via a steeper increase in fR compared to woylies, may
be necessary because of its lower Tb. Respiratory EHL (REHL) is maximal when the temperature
of the respiratory surfaces is maximal, i.e. core Tb = nose Tb (see Chapter 4, 5), which means
that REHL was less efficient in the boodie, compared to the woylie. At the highest Ta, maximum
possible respiratory EWL (calculated based on measured VI and assuming Tb = Tnose) was only
36 ± 3.0 % of total EWL for woylies and 44 ± 7.5 % for boodies. At this Ta, mean woylie Tb was
0.98 °C higher than mean boodie Tb. Increasing boodie Tb by this difference, would only
increase maximum REWL by 2.7 ± 0.5 %. Therefore, it can be concluded that the lower Tb of
the boodie does not explain the steeper increase in VI.
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A similar pattern of two closely related macropod species using two different
strategies to increase VI at high Ta has been reported twice in different species of kangaroos
(Dawson 1973; Dawson et al. 2000b). Compared to red kangaroos, eastern grey kangaroos
increased fR more and simultaneously decreased VT more to arrive at approximately the same
VI under moderate heat stress (Ta ~ 34 °C; Dawson et al. 2000b). The euro (Macropus robustus)
also increased fR more than the red kangaroo at Ta > 30 °C (Dawson 1973). Although this may
be partly an effect of the smaller (between 10 and 20 %) mean mass of the red kangaroos
compared to the other two species, but the differences in change of fR and VT seem big enough
not to be entirely due to a mass effect. Dawson (1973) and Dawson et al. (2000b) suggested
that the differences in ventilation at high Ta may be related to the different habitats and
distributions or the microenvironments under which the three species rest during the day.
Resting in the sparse shade of bushes, red kangaroos encounter higher external heat loads
than both euros, resting in caves and between rocks, and eastern grey kangaroos in their more
mesic habitat. At high Ta, a higher VT would result in a higher VI, assuming a similar upper limit
of fR (which is likely in species of similar size and built). A higher VI would equate to a higher
heat loss for the red kangaroo, an advantage which might enable it to endure hotter
conditions without having to jeopardise blood gas homeostasis by entering phase-2 breathing.
If this is the case, it could be argued that the differences between woylies, with a ventilatory
response to heat which is more similar to red kangaroos, and boodies, reacting more like euros
and eastern grey kangaroos, may be explained by the different microhabitats - assuming that
the woylies encounter more extreme heat loads than the boodies resting in a more thermally
buffered environment under ground (Fitton and Brooks 1931; Turnage 1939). However,
studies on nest temperature for woylies and an analysis of soil temperatures suggest that
woylies do not actually encounter more extreme heat loads and further that their
microenvironment does not seem to be less buffered against Ta changes than that of the
boodies: Sampson (1971) measured nest temperatures for woylies in outdoor enclosures. Nest
temperature of unoccupied nests was about 33 °C at outside air temperatures between 34 and
35 °C. Nest temperature measured by radio transmitters attached to the neck of the woylies
were between approximately 30 and 31.5 °C at Tas of 25 - 27.6 °C, and between approximately
32 and 33 °C at Tas of 32 - 36.4 °C (values derived from Fig. 10.1, Sampson 1971). Therefore,
within the lower Ta range, nest temperatures were higher, while at higher Ta, nest
temperatures were lower than ambient temperature, showing a buffering effect of the nest. At
Ta = 36 °C nest temperature was about 4 °C lower than Ta and it was predicted that at Ta = 32
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°C Tnest would have been equal to Ta (Sampson 1971). These findings are consistent with those
by Rübsamen et al. (1983) who measured nest temperatures for rufous bettongs in outdoor
enclosures at Tas ranging from 5 to 30 °C. Nest temperatures were always higher than Ta and
ranged from 19 to 31 °C. In the past 16 years temperatures in Perth ranged from -0.7 to 44.5
°C, however maximum Ta only exceeded 35 °C on 23 days per year (data courtesy Australian
Bureaou of Meteorology; www.bom.gov.au) and minimum temperatures were reached during
the night when the woylies are active. Thus it can be assumed that, woylies would rarely be
forced to spend time resting at Ta above approximately 33 °C or below their Tlc.
The advantage of sheltering in warrens underground for boodies compared to nests on
the surface built by woylies was that the microenvironement for the boodies was expected to
be more stable and buffered with variation in Ta decreasing with increasing soil depth. In 2008,
soil temperature at a depth of 10 cm between 6.00 and 18.00 in Carnarvon (approximately 70
km

north of Fauré

Island;

data courtesy Australian Bureaou of Meteorology;

www.bom.gov.au), ranged from 12 to 41 °C (absolute minimum and maximum), while at 50
cm, depth it only ranged from 19 to 34 °C, and at 1 m, from 21 to 32 °C. At this depth (1 m)
monthly mean soil temperatures ranged from 21.8 °C in July to 31.6 °C in February with a
maximum change in mean temperature between 6.00 and 18.00 of 1.3 °C in May. In 10 cm
depth, mean soil temperature ranged from 15.4 °C in July to 39.6 °C in January, with a
maximum change in mean soil temperature during the day of 9.5 °C. This shows that by
retreating to lower parts of the warrens, boodies can indeed avoid extreme changes in Ta, and
that there is a buffering effect of depth on soil temperature changes. Ambient temperatures in
boodie warrens would be slightly higher, due to their body heat. However these data show
that boodies would rarely be forced to rest at Ta above 35 °C or below approximately 22 °C.
Further, they suggest that they will likely spend most of their resting time at Tas within their
TNZ as Ta at depths of approximately 50 – 100 cm matched this Ta range. While the boodies
can alter their immediate Ta by moving to higher or lower parts of their warren system, woylies
(and Tasmanian bettongs) alter the degree of insulation provided by their nests depending on
Ta (Seebeck and Rose 1989). Thus, not surprisingly as their TNZs are similar, both species seem
to encounter similar Ta ranges and the degree of heat stress at Ta ~5 °C should therefore have
been similar during metabolic measurements.
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Conclusions
Woylies and boodies were thermoneutral at similar Tas, despite their different current
distributions and thus ambient temperatures they experience. This is probably because they
are adapted to similar microclimatic conditions due to using different shelters – boodies avoid
heat and solar radiation by going underground, woylies increase insulation in cold climate by
building nests. Both species showed similar and comparatively high water use efficiency and
were thermoregulating efficiently across the range of Tas examined, which is consistent with
their similar historical distributions. However, there were also physiological differences
between bettongs, including the different thermoregulatory strategies of boodies and woylies
at high Ta. At thermoneutrality, the boodie had a lower Tb, and after mass-correction also had a
higher Cwet - due to a higher Cdry, a lower VI and a higher EO2 than the woylie, which is
consistent with expected adaptations to life underground. The boodie also showed a steeper
increase in fR and corresponding decrease in VT in response to high Ta compared to the woylie,
both arriving at a similar VI. Generally, standard physiological and ventilatory parameters and
the effect of different ambient temperatures on physiological variables for both species
conformed to previous measurements for bettongs and to allometrically predicted values for
marsupials before and after accounting for phylogeny. Consistent with their unique burrowing
habit, standard Cwet of the boodies was the highest of the four bettong species, for which data
were available for comparison, and there was a pattern within Cwet of bettongs consistent with
their distribution as Cwet of the cold adapted Tasmanian bettong was lowest, followed by the
mesic woylie, and the rufous bettong, and finally boodies with the highest Cwet. In summary,
the boodie shares some physiological traits with other bettongs, which are consistent with a
hot and arid distribution (low EWL, low EQ, high PRWE). These traits, in combination with
others unique to the boodie and consistent with predictions for burrowing mammals, such as
low insulation, ventilation and Tb and high EO2, and a small body size (compared to other
macropods and the rufous bettong), have enabled this species to occupy its unique niche
underground as the only truly burrowing macropod.
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Splitting hares: comparative thermal, metabolic and
hygric physiology of hare-wallabies
(Lagorchestes and Lagostrophus)
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Introduction
Hare-wallabies are a group of small macropod marsupials (< 3 kg) in two genera (Lagorchestes
and Lagostrophus) that occur in arid regions of Australia. The rufous hare-wallaby
(Lagorchestes hirsutus) and the spectacled hare-wallaby (Lagorchestes conspillatus) are the
only two surviving species of the genus Lagorchestes, which also includes the extinct central
hare-wallaby (L. asomatus) and the eastern hare-wallaby (L. leporides; Strahan 2004; IUCN
2010). Rufous and spectacled hare-wallabies diverged about 5.3 million years ago (Meredith et
al. 2008). The banded hare-wallaby (Lagostrophus fasciatus) 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
2004; Westerman et al. 2002).
Rufous, banded and spectacled hare-wallabies have a similar biology. They are
nocturnal and spend the day sheltering, usually under dense vegetation (Bolton and Latz 1978;
Lundie-Jenkins 1993; Short and Turner 1992; Strahan 2004; Meredith et al. 2008). Harewallabies belong to the grazer / browser clade of macropods (Lundie-Jenkins et al. 1993;
Sanson 1989). All three species were once widespread but their distribution and abundance
have been dramatically reduced since European settlement. Rufous hare-wallabies were once
found throughout most of the arid and semi-arid spinifex hummock grasslands and shrub lands
of central and western Australia, but are now extinct on the mainland and are currently
restricted to Bernier and Dorre Islands in Shark Bay, Western Australia (Bolton and Latz 1978;
Burbidge et al. 1988; Short and Turner 1992; Short and Turner 1992; Strahan 2004; IUCN
2010). The banded hare-wallaby was once common in southwestern Australia and evidence
has been found that a subspecies formerly existed near the coast in southern Australia, but
wild populations now also only occur on Bernier and Dorre Islands (Helgen and Flannery 2003;
IUCN 2010; Short and Turner 1992; Strahan 2004). The historical distribution of the spectacled
hare-wallaby included large areas of central Australia. It was once sympatric with the rufous
but not banded hare-wallaby. Its current distribution ranges from coastal north-western
Australia to the tropical north of Queensland. It also occurs on Barrow Island off the coast of
Western Australia (Burbidge et al. 1988; Dawson and Bennett 1978; IUCN 2010; Strahan 2004).
While almost nothing is known about the physiology of either the rufous or the
banded hare-wallaby (Strahan 2004), the physiology of the slightly bigger (body mass 2660 g)
spectacled hare-wallaby has been studied extensively (Dawson and Bennett 1971; 1978;
Bradshaw et al. 2001; King and Bradshaw 2008). Body temperature (Tb), basal metabolic rate
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(BMR), and evaporative water loss (EWL) of the spectacled hare-wallaby conform to values
predicted by allometry (Dawson and Bennett 1978). It has a water turnover rate of 3.3 - 3.5 %
of total body water content exchanged per day, the lowest rate yet reported in any mammal
(Bradshaw et al. 2001; King and Bradshaw 2008; Nagy and Bradshaw 2000). King and Bradshaw
(2008) also reported that the spectacled hare-wallaby showed “impressive hormonal control of
water loss from the kidney”, suggesting that it is well adapted to hot and dry conditions and
arid habitats, consistent with its present and historic distribution. This study examines patterns
of thermal, metabolic and hygric physiology for the rufous (RHW) and banded hare-wallabies
(BHW) to assess inter-specific differences in physiological responses to changes in ambient
temperature and standard physiological parameters within and between the two genera of
hare-wallabies belonging to two different subfamilies of macropods, and to compare these
standard physiological parameters of hare-wallabies to those of other marsupials.

Methods
Standard flowthrough respirometry was used to measure rates of oxygen consumption (VO2),
carbon dioxide production (VCO2), and evaporative water loss (EWL) of rufous hare-wallabies
(Lagorchestes hirsutus) and banded hare-wallabies (Lagostrophus fasciatus) at different
ambient temperatures (Ta). Measurements were made in September / October 2007 at the
Department of Environment and Conservation breeding centre at Peron National Park (-32° 15’
S; 115° 41’ E), Shark Bay, Western Australia. This study was approved by the Animal Ethics
Committee of the University of Western Australia (RA/3/100/738).

Animals
Most of the seven adult male rufous hare-wallabies and eight adult male banded harewallabies used in this study were originally wild-caught (rufous hare-wallabies: Tanami Desert
population, caught in 1999; banded hare-wallabies: Bernier Island, Western Australia, caught
in 1998), some were bred from wild-caught individuals. They were housed in outdoor
enclosures (2 – 3 wallabies/80 m2) and experienced natural weather and photoperiod with ad
lib. food (marsupial herbivore pellets (Glenforrest Stockfeeders), whole maize, black sunflower
seeds, fruit, vegetables, lucerne chaff, fresh cut browse) and water. Hare-wallabies were
caught in wire or fabric traps 24 hours prior to measurement and were held in a dark fleece

234

Chapter 9: Hare-wallaby physiology – rufous and banded hare-wallabies

bag over night to ensure that they had been fasted for at least 24 hours at the time of
measurement.

Flow-through respirometry
Metabolic measurements were taken at four Tas between approximately 14 and 35 °C (exact
Tas and sample sizes see Tables 1, 2) using the protocol described for the measurements on
tammar wallabies after 22 hrs of fasting in Chapter 2 and the field metabolic system described
in Chapter 7 with the following modifications: The metabolic system was supplied with dried
room air via a compressor (Thomas WOB-L Piston Compressor) and incurrent air was regulated
at a constant flowrate between 6.4 and 10.5 L min-1. Measurements commenced at 9.30 and
continued for at least 6 hours. Rectal temperature (Tb) was measured as described in Chapter 2
at the conclusion of each metabolic measurement before hare-wallabies were released into
their enclosures. Body mass was measured to the nearest 2 g (Multipoint Technologies Digital
Scales) at the beginning and end of each metabolic measurement, and the mass for that
experiment was taken as the mean of the two values. Metabolic traces were analysed and VO2,
VCO2 and EWL were calculated as the mean of a 20-minute period where values were minimal
and stable as described in Chapter 2. During these 20-minute periods, relative humidity (RH) in
the metabolic chamber ranged from 4.7 to 25.4 % for rufous hare-wallabies (mean = 9.9 ± 0.91
%, n = 26) and from 4.1 to 15.3 % for banded hare-wallabies (mean = 7.4 ± 0.56 %, n = 29).

Data analyses
Values are presented as mean ± standard error where N = number of individuals and n =
number of measurements. Repeated measure ANOVA (N = 5 for rufous hare-wallabies, N = 6
for banded hare-wallabies) were used to test for overall effects of Ta and for between subject
effects, and repeated measures contrast analyses were used to test for specific patterns in
response to Ta changes in each physiological variable (as described in Chapter 6). Patterns in Tb
and EWL were examined by full-factorial ANOVA with Student Newman Keuls post hoc tests
(SNK) with all available data (N = 6 – 8, see Tables 1, 2) because they differed between species
and could therefore not be examined using the same contrast analysis and because for banded
hare-wallabies the patterns were not suited for contrast analyses (see below ‘EWL’).
Measurements were considered independent as there were no between subject effects
detected for any of the variables by repeated measures ANOVA for rufous (P ≥ 0.790) or
banded hare-wallabies (P ≥ 0.322). T-tests were used for comparisons of variables between
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two species, and ANOVAs for comparison between two species and published data for the
spectacled hare-wallaby (Lagorchestes conspillatus; Dawson and Bennett 1978). Standard
variables were mass-corrected and compared with data from previous studies as described in
Chapter 6. Standard variables of hare-wallabies were statistically compared with other
marsupials using the respective allometric relationships as described in Chapter 6 (allometric
regressions see Chapter 10). Statistical tests were performed with statistiXL (version 1.6) and a
custom written Macro for contrast analyses (VB for Microsoft Excel written by P. Withers,
University of Western Australia).

Results
Patterns in physiological variables in response to Ta changes were generally similar for rufous
and banded hare-wallabies and as expected based on the Scholander Irving Model (see
Chapter 1, Fig. 1), with Tb, EWL, Cwet and Cdry increasing at high Tas and MR increasing at the
lowest Ta measured (Fig. 1). At the highest Ta (> 35 °C), the banded hare-wallabies laid down
and stretched out, increasing their exposed surface area, but were never observed licking,
whereas rufous hare-wallabies frequently sat up to lick their forelimbs and legs. Dilated blood
vessels were visible for both species on the inside of their hind legs.
For rufous hare-wallabies repeated measures ANOVA showed significant Ta effects on
VCO2 (F2,3 = 42.14, P = 0.023) and Cwet (F2,3 = 112.15, P = 0.009), but not on Tb (F2,3 = 5.90, P =
0.148), VO2 (F2,3 = 10.90, P = 0.085), RER (F2,3 = 1.44, P = 0.434), Cdry (F2,3 = 8.63, P = 0.106), EWL
(F2,3 = 15.15, P = 0.063) and RWE (F2,3 = 11.15, P = 0.083). For banded hare-wallabies, repeated
measures ANOVA were significant for Tb (F3,3 = 173.24, P = 0.001), EWL (F3,3 = 43.42, P = 0.006)
and RWE (F3,3 = 115.80, P = 0.001) but not for VO2, (F3,3 = 3.04, P = 0.193), VCO2, (F3,3 = 3.09, P =
0.190), RER (F3,3 = 3.07, P = 0.191), Cwet (F3,3 = 8.08, P = 0.060) and Cdry (F3,3 = 4.72, P = 0.117).
Results of contrast analyses and full-factorial ANOVA with SNK post hoc tests which were used
to examine specific patterns in response to Ta changes are presented separately for each
variable below.

Body mass
Mean body mass did not change between measurements at different Tas for rufous (repeated
measures ANOVA: F2,3,= 0.20, P = 0.888; N = 5) or banded hare-wallabies (repeated measures
ANOVA: F3,3,= 3.61, P = 0.160; N = 6). Mean body mass of the rufous hare-wallabies over all
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measurements was 1225 ± 25 g (N = 7, n = 26; range: 1057 - 1521 g), which was significantly
lower (T53 = 15.13, P < 0.001) than that of the banded hare-wallabies at 1760 ± 25 g (N = 8, n =
29; range: 1533 – 1971 g).
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Body temperature
There was a significant effect of Ta on Tb (Fig. 1a,e; Table 1) of rufous (F3,22 = 10.61, P < 0.001)
and banded hare-wallabies F3,25 = 30.11, P < 0.001) by full-factorial ANOVA. The general
pattern in Tb was similar for both species with an increase at high Tas, but standard Tb of
banded hare-wallabies was lower than for rufous hare-wallabies (T9 = 3.42, P = 0.008). For
rufous hare-wallabies Tb at Ta = 30.4 and 35.5 °C was higher than at Ta = 14.0 and 25.4 °C (P ≤
0.016), but there was no difference between Tb at Ta = 14.0 and 25.4 (P = 0.766) or 30.4 and
35.5 °C (P = 0.078). For banded hare-wallabies Tb at Ta = 35.5 °C was higher than at all lower Tas
(P < 0.001) and Tb at Ta = 25.5 °C was lower than at Ta = 30.7 (P = 0.014) and 13.8 °C (P = 0.013),
but there was no difference between Tb at Ta = 13.8 and 30.7 °C (P = 0.0.865).

Table 1: Body temperature (Tb), resting metabolic rate as oxygen consumption
(VO2) and carbon dioxide production (VCO2) and respiratory exchange ratio
(RER) of rufous (Lagorchestes hirsutus) and banded (Lagostrophus fasciatus)
hare-wallabies at different ambient temperatures (Ta). Values are presented as
mean ± s.e., numbers in parentheses indicate number of individuals measured
at each Ta.
Ta

Tb

VO2

VCO2

(°C)

(°C )

(ml O2 g-1 h-1)

(ml CO2 g-1 h-1)

RER

Rufous hare-wallaby (Lagorchestes hirsutus )

14.0 ± 0.58 (6)
25.4 ± 0.09 (6)
30.4 ± 0.22 (7)
35.3 ± 0.12 (7)

36.3 ± 0.19
36.3 ± 0.15
36.9 ± 0.20
37.3 ± 0.05

0.66 ± 0.057
0.36 ± 0.013
0.34 ± 0.027
0.36 ± 0.015

0.55 ± 0.060
0.30 ± 0.019
0.34 ± 0.037
0.28 ± 0.027

0.86 ± 0.094
0.82 ± 0.049
1.00 ± 0.101
0.80 ± 0.089

0.34 ± 0.035
0.23 ± 0.011
0.20 ± 0.016
0.21 ± 0.010

0.80 ± 0.037
0.90 ± 0.062
0.81 ± 0.072
0.72 ± 0.053

Banded hare-wallaby (Lagostrophus fasciatus )

13.8 ± 0.26 (6)
25.5 ± 0.10 (7)
30.7 ± 0.29 (8)
35.2 ± 0.26 (8)

36.1 ± 0.27
35.4 ± 0.15
36.1 ± 0.16
37.5 ± 0.07

0.43 ± 0.034
0.26 ± 0.018
0.25 ± 0.020
0.30 ± 0.025

Metabolic rate
The pattern in MR was similar for rufous and banded hare-wallabies (Fig. 1b,f; Table 1). For
VO2, there was a significant linear (RHW: P = 0.005; BHW: P = 0.015) and quadratic component
(RHW: P = 0.003; BHW: P = 0.036) and Helmert contrast confirmed that at the lowest Ta, VO2
was higher than at higher Tas (RHW: P = 0.004; BHW: P = 0.013), while VO2 at approximately 25
and 30 °C was not different from the mean of higher Tas (RHW: P ≥ 0.244; BHW: P ≥ 0.184).
While the pattern in VCO2 was generally similar for both species, contrasts were only
238

Chapter 9: Hare-wallaby physiology – rufous and banded hare-wallabies

significant for banded hare-wallabies (linear contrast: P = 0.021; Helmert contrast: VCO2 at
13.8 °C higher than at higher Tas P = 0.028), but not for rufuous hare-wallabies (P ≥ 0.072). The
minimal VO2 was considered BMR and occurred at Ta = 30.4 °C for rufous hare-wallabies and at
Ta = 30.7 °C for banded hare-wallabies. For both species, the Tlc was between approximately 15
and 25 °C, as MR at Ta ~ 25 °C was not statistically different from BMR (at Ta ~30 °C) for rufous
(paired t-test: T4 = 1.39, P = 0.238) or banded hare-wallabies (paired t-test: T5 = 0.80, P = 0.460)
but was elevated at Ta ~15 °C (see above). There was no significant Ta effect on RER for rufous
(P ≥ 0.127) or banded (P ≥ 0.182) hare-wallabies by polynomial contrasts. Mean RER was 0.87 ±
0.044 (N = 6-7, n = 26) for rufous hare-wallabies and not significantly different (T53 = 1.22, P =
0.227) from that of the banded hare-wallabies of 0.80 ± 0.030 (N = 6 - 8, n = 29).

Thermal conductance
The pattern in Cwet and Cdry was similar for both species with minimal values at the lowest Ta
and a steep increase at high Tas (Fig. 1c,g; Table 2). For both species, polynomial contrasts
detected significant linear (RHW: Cwet P = 0.001, Cdry P = 0.010; BHW: Cwet P = 0.002, Cdry P =
0.005) and quadratic (RHW: Cwet P = 0.002, Cdry P = 0.012; BHW: Cwet P = 0.004, Cdry P = 0.007) Ta
effects for Cwet and Cdry, and a cubic component for Cwet (RHW: P = 0.019; BHW: P = 0.018).
There was also a cubic effect on Cdry for banded hare-wallabies (P = 0.021) but not for rufous
hare-wallabies (P = 0.115). Reverse Helmert contrasts confirmed the increase in thermal
conductance at high Tas with Cwet at the three highest Tas each being significantly higher than
the mean of lower Tas (RHW: P ≤ 0.047; BHW: P ≤ 0.018), Cdry at the highest Ta being lower than
the mean of lower Tas (P = 0.019) for rufous hare-wallabies, and Cdry at the three highest Tas
each being lower than the mean of lower Tas (P ≤ 0.021) for banded hare-wallabies.

Hygric physiology
The pattern in EWL was similar for both species with minimal values at and below Ta ~25 °C
and an increase above. However, while EWL of the rufous hare-wallaby increased steeply at
the highest Ta (~35 °C), that of the banded hare-wallaby did not increase further above Ta ~30
°C (Fig. 1 d,h; Table 2). Polynomial contrast showed significant linear (P = 0.019) and quadratic
(0.002) Ta effects for rufous hare-wallabies, but only a linear effect for banded hare-wallabies
(P < 0.001). Full-factorial ANOVAs were highly significant for both rufous (F3,22 = 16.46, P <
0.001) and banded (F3,25 = 13.27, P < 0.001) hare-wallabies. For rufous hare-wallabies, SNK post
hoc tests confirmed that EWL at the highest Ta was higher than at all lower Tas (P < 0.001) and
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that there was no difference between the three lower Tas (P ≥ 0.424). For banded harewallabies, SNKs confirmed that EWL at the highest Ta was higher than that at the two lowest
Tas (P < 0.001), it was not different from that at Ta = 30.7 °C (P = 0.187) where EWL was higher
than at lower Tas (P ≤ 0.002). EWL at approximately 25 °C (near the Tlc) was considered
standard EWL.
There was no significant difference in standard EQ (T11 = 0.94, P = 0.368) between
rufous hare-wallabies (EQ = 1.42 ± 0.115 at Ta = 25.4 °C) and banded hare-wallabies (EQ = 1.59
± 0.132 at Ta = 25.5 °C). For RWE (Table 2), there was a significant linear effect of Ta for both
rufous (P = 0.013) and banded hare-wallabies (P = 0.004) by polynomial contrast, but no
quadratic (RHW: P = 0.418; BHW: P = 0.512) or cubic (RHW: P = 0.446; BHW: P = 0.242)
components. PRWEs of 6.0 °C for rufous and – 5.6 °C for banded hare-wallabies were
calculated from linear regressions (RHW: RWE = 1.22 (± 0.106) – 0.03 (± 0.004) Ta, R2 = 0.723,
F1,24 = 62.52, P < 0.001; BHW: RWE = 0.86 (± 0.073) – 0.02 (± 0.003) Ta, R2 = 0.665, F1,27 = 53.62,
P < 0.001).

Table 2: Wet (Cwet) and dry (Cdry) thermal conductance, evaporative water loss
(EWL), evaporative quotient (EQ) and relative water economy (RWE) of rufous
(Lagorchestes hirsutus) and banded (Lagostrophus fasciatus) hare-wallabies at
different ambient temperatures (Ta). Values are given as mean ± s.e., numbers
in parentheses indicate number of individuals measured at each Ta.
Ta

Cwet

Cdry

EWL

(°C )

(J g-1 h-1 °C -1)

(J g-1 h-1 °C -1)

(mg H2O g-1 h-1)

RWE

Rufous hare-wallaby (Lagorchestes hirsutus )

14.0 ± 0.58 (6)
25.4 ± 0.09 (6)
30.4 ± 0.22 (7)
35.3 ± 0.12 (7)

0.60 ± 0.046
0.67 ± 0.021
1.09 ± 0.101
3.78 ± 0.268

0.54 ± 0.043
0.56 ± 0.025
0.83 ± 0.100
1.89 ± 0.260

0.57 ± 0.094
0.51 ± 0.031
0.71 ± 0.084
1.50 ± 0.178

0.77 ± 0.113
0.44 ± 0.036
0.32 ± 0.038
0.16 ± 0.015

0.43 ± 0.030
0.40 ± 0.030
0.70 ± 0.075
0.79 ± 0.047

0.62 ± 0.079
0.41 ± 0.035
0.24 ± 0.031
0.22 ± 0.011

Banded hare-wallaby (Lagostrophus fasciatus )

13.8 ± 0.26 (6)
25.5 ± 0.10 (7)
30.7 ± 0.29 (8)
35.2 ± 0.26 (8)

0.39 ± 0.035
0.54 ± 0.033
0.96 ± 0.084
3.22 ± 0.807

0.34 ± 0.036
0.44 ± 0.031
0.65 ± 0.070
2.18 ± 0.561

Discussion
Below I discuss general patterns in physiological variables in response to changes in ambient
temperature, standard variables, and ecophysiological aspects for rufous and banded hare240
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wallabies in comparison with the spectacled hare-wallaby (Lagorchestes conspillatus; Dawson
and Bennett 1978), the only other extant hare-wallaby, and with marsupials in general.

Patterns in physiological responses to changes in ambient temperature
Rufous and banded hare-wallabies showed similar physiological responses to Ta changes and
patterns, which generally agreed with those predicted by the Scholander – Irving model
(Scholander et al. 1950a,b; see Chapter 1) and those previously observed in other macropods:
MR was minimal at a Ta of approximately 25 °C and increased below where Cwet, Cdry and EWL
were minimal. An increase in Ta led to an increase in thermal conductance, EWL and Tb. The
main differences between the two species were that EWL of the rufous hare-wallaby increased
steeply between the two highest Tas measured while that of the banded hare-wallaby stayed
constant, and that the banded hare-wallaby had a lower standard Tb and a generally more
labile Tb. Interestingly, in contrast to the rufous hare-wallabies, the banded hare-wallabies did
not increase EWL by spreading saliva on poorly insulated body parts at high Tas, which is the
typical thermoregulatory strategy for macropods (e.g. Dawson et al. 1969; Needham et al.
1974; Rübsamen et al. 1983; Dawson et al. 2000a).

Body temperature The Tb of rufous and banded hare-wallabies increased at Ta above ~25 °C
(Fig. 1a+e) which is consistent with the Tb increase of the spectacled hare-wallaby above this Ta
(Dawson and Bennett 1978 Fig. 3). The minimal thermal gradient maintained between Tb and
Ta was 2.0 °C (at Ta = 35.3 °C) for rufous hare-wallabies and 2.3 °C (at Ta = 35.2 °C) for banded
hare-wallabies. Spectacled hare-wallabies showed similar thermal gradients up to Ta of ~38 °C,
above which Tb did not increase further, stabilising at approximately 39 °C (Dawson and
Bennett 1978). Allowing the body temperature to increase at high ambient temperatures is a
common strategy to reduce water loss for cooling in mammals including marsupials (e.g.
Schmidt-Nielsen et al. 1957; Schmidt et al. 2009; Withers and Cooper 2009a). Tb of the banded
hare-wallaby also increased slightly at low Ta, unlike that of rufous hare-wallabies, which
stayed constant. Dawson and Bennett (1978) observed a “slight rise” in Tb for some individuals
at low Ta for the spectacled hare-wallabies. A rise in Tb at low Ta has previously been reported
for other macropods (Dawson et al. 1969; Needham et al. 1974). It may be caused by
increased insulation (peripheral vasoconstriction, increased boundary layer / angle of fur) or
may reflect increased muscle tone in preparation for shivering when Ta of the metabolic
chamber is below the usual temperatures experienced when resting under shelter.
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Metabolic rate BMR occurred at Ta ~30 °C for both rufous and banded hare-wallabies and MR
increased at Ta < ~25 °C but did not change between Ta ~25 and 35 °C, matching the pattern
found by Dawson and Bennett (1978) for MR of the spectacled hare-wallaby over a similar
range of Tas (Fig. 1b,f and Fig. 1 Dawson and Bennett 1978). RERs of rufous and banded harewallabies did not increase under heat stress, which suggests that they were not
hyperventilating.

Thermal conductance Patterns for Cwet and Cdry of rufous and banded hare-wallabies were
similar over the Ta range of measured (Fig. 1c+g), and were also consistent with the pattern in
thermal conductance of the spectacled hare-wallaby found by Dawson and Bennett (1978).
However, at the highest temperature (Ta > 35 °C), Cdry as a proportion of Cwet was higher (T7 =
2.56, P = 0.038) for banded (66.9 ± 1.79 %) than for rufous hare-wallabies (50.6 ± 6.10 %),
suggesting that the two species used different strategies to increase heat loss at high Ta.
Behavioural observations at this Ta were consistent with these data. Banded hare-wallabies
increased their exposed surface area by changing posture and also increased peripheral blood
flow which will facilitate dry thermal conductance, while rufous hare-wallabies did show the
same behaviour but also sat up frequently to lick their forelimbs and legs to further increase
evaporative cooling.

Evaporative water loss Over the range of Tas measured, the pattern of EWL for the rufous
hare-wallaby (Fig. 1d) was almost identical to that of the spectacled hare-wallaby (Fig. 2
Dawson and Bennett 1978), with an EWL increase above Ta ~30 °C. EWL of the rufous harewallaby at Ta = 35.3 °C was 297 % of standard EWL (at 25.4 °C), and was more than twice as
high as EWL at Ta = 30.4 °C (213 %). At Ta above 35 °C, EWL of the spectacled hare-wallaby
increased even more rapidly, reaching 7.8 mg H2O g-1 h-1 at 42.8 °C (Dawson and Bennett
1978), which is 15.6 times the estimated standard EWL of 0.5 mg H2O g-1 h-1 at Ta = 25 °C. The
steep increase in EWL at high Ta when approaching the upper end of the TNZ is expected as it
maximises evaporative cooling to reduce the metabolic cost of thermoregulation. However,
EWL of the banded hare-wallaby showed a distinctly different pattern (Fig. 1h). At Ta ~30 °C
EWL was significantly higher than at Ta ~25 °C (172 % of standard EWL), but in contrast to that
of rufous and spectacled hare-wallabies, did not significantly increase further between Ta ~30
and ~35 °C, where EWL was 196 % of standard EWL. Expressing EWL as the proportion of
metabolic heat production (MHP) which was lost via evaporation shows that at high Tas the
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banded hare-wallaby was more efficient at saving water than the rufous hare-wallaby. At Ta
~35 °C banded hare-wallabies only lost 33 ± 1.8 % of MHP via evaporative heat loss (EHL),
which is significantly less (T7 = 2.56, P = 0.038) than the 49 ± 6.1 % of MHP lost via EHL by the
rufous hare-wallabies. At the lowest Ta, the proportion of MHP lost via EHL was similar for
rufous (12.6 %) and banded hare-wallabies (10.3 %). As Dawson and Bennett (1978) did not
give the values of MR of the spectacled hare-wallaby at high Ta, it is not possible to calculate
the ratio between EHL and MHP for direct comparison. However, Dawson and Bennett (1978)
calculated that EHL at Ta between 38 and 43 °C accounted for 1.4 – 2.0 times MHP. Further,
several studies on wild populations suggested that the spectacled hare-wallaby is well adapted
to hot and arid conditions and that it is efficient in terms of water use as it has the lowest rate
of water turnover measured in mammals so far (Bradshaw et al. 2001; King and Bradshaw
2008; Nagy and Bradshaw 2000). The different pattern in evaporative water loss of the banded
hare-wallabies compared with the rufous and spectacled hare-wallabies at high Tas suggests a
different thermoregulatory strategy at high Tas. This was unexpected because the rufous and
banded hare-wallaby have the same current distributions and experience similar climatic
conditions to the spectacled hare-wallaby (IUCN 2010; see Appendix I, II). Based on their
historical distributions, the banded hare-wallaby would be expected to be less adapted to arid
conditions, yet its lower EWL at Ta ~35 °C means it did not rely on a further increase in
evaporative cooling for thermoregulation, which in combination with the lower proportion of
MHP lost via EHL suggests a more efficient use of water, indicating that it may be better
adapted to arid conditions.

Standard physiological variables
Table 3 shows mass-corrected standard physiological variables and body mass of the rufous,
banded and spectacled (Dawson and Bennett 1978) hare-wallabies. The only significant
difference in standard variables between the three species was that the standard Tb of the
banded hare-wallaby was significantly lower than that of the rufous hare-wallaby (P < 0.05).
Neither species’ Tb was statistically different from that of the spectacled hare-wallaby (P >
0.05) reported by Dawson and Bennett (1978). There was no statistically significant difference
in mass-corrected BMR, Cwet and EWL between the rufous and banded hare-wallabies (P >
0.05), and their BMRs also did not differ from that of the spectacled hare-wallaby (P > 0.05).
Cwet and EWL of the spectacled hare-wallaby were similar to those of the two species
measured here but could not be statistically compared because error terms are not known:
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Cwet given in Table 3 was calculated from mean MHP, Tb and Ta as the value given in the original
publication (Dawson and Bennett 1978) was calculated differently (dependent on body surface
area), EWL was estimated from Fig. 2 Dawson and Bennett (1978). Tb , BMR, EWL and Cwet for
all three hare-wallabies fell within the 95 % prediction limits of the respective allometric
relationship before and after correcting for phylogenetic history (for allometric equations see
Chapter 10).

Table 3: Standard physiological variables (ambient temperature, Ta; body temperature, Tb;
oxygen consumption, VO2; wet thermal conductance, Cwet; evaporative water loss, EWL) for
rufous and banded hare-wallabies after mass-correction compared with data for spectacled
hare-wallabies from Dawson and Bennett (1978). Ta = ambient temperature.
species

banded hare-wallaby

rufous hare-wallaby

spectacled hare-wallaby

(Lagostrophus fasciatus)

(Lagorchestes hirsutus )

(Lagorchestes conspillatus )

this study

this study

Dawson and Bennett 1978

body mass (g)

1746 (1795 for BMR)

1238 (1208 for BMR)

2660

Ta (°C)

25.5 (30.7 for BMR)
35.4 ± 0.15

25.4 (30.4 for BMR)
36.3 ± 0.15

36.0 ± 0.14

reference

Tb (°C)
BMR (ml O2 g-0.74 h-1)
-1

-0.57

Cwet (J g h

EWL (mg O2 g

-1

°C )

-0.72

-1

h )

25

1.73 ± 0.137

2.09 ± 0.167

2.42 ± 0.588

13.63 ± 0.836

14.58 ± 0.458

17.78

3.39 ± 0.251

3.85 ± 0.237

4.72

Ecophysiological aspects
At and below thermoneutrality, rufous and banded hare-wallabies showed very similar
patterns in physiological responses to Ta changes, which matched those earlier reported for
spectacled hare-wallabies (Dawson and Bennett 1978). However, at high Tas, the species
showed different patterns in EWL, thermoregulatory strategies and thermoregulatory
behaviour.
EWL above thermoneutrality: Between Ta ~30 and ~35 °C, the EWL of the rufous harewallabies increased steeply, similar to that of the spectacled hare-wallabies (Dawson and
Bennett 1978), while that of the banded hare-wallabies did not change significantly.
Spreading of saliva: Macropod species such as the rufous bettong, tammar wallaby,
red and eastern grey kangaroo (Macropus rufus, M. giganteus), spread saliva over poorly
insulated parts of their body such as forelimbs, legs, genitalia or tail, where blood vessels are
close to the skin surface, to facilitate thermoregulation by increased evaporative cooling at
high Ta (Dawson et al. 1969; Needham et al. 1974; Rübsamen et al. 1983; Dawson et al. 2000a).
Dawson and Bennett (1978) observed licking behaviour in spectacled hare-wallabies at Ta ≥
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37.4 °C, and suggested that most of the increase in EWL at high Ta was due to licking and
increased respiratory water loss achieved by panting. The rufous hare-wallaby also spread
saliva on the fur of forelimbs and legs but this behaviour was not observed in banded harewallabies.
Proportion of MHP lost via EHL: At the highest Ta measured (~35 °C), rufous harewallabies dissipated half of their MHP via evaporation (49.4 ± 6.10 %). This was significantly
more (T7 = 2.56, P = 0.038) than the banded hare-wallabies, which lost only one third of MHP
via EHL (33.1 ± 1.79 %).
Tb increase above thermoneutrality: Tb of banded hare-wallabies increased by 1.4 °C,
and this hyperthermia saved 2.07 ± 0.45 ml H2O h-1 of EWL (calculated from the measured Cdry
at Ta = 35.5 °C), the equivalent of 282 % of standard EWL or 55 % of what would have been the
EWL of the banded hare-wallaby at Ta = 35.5 °C without the increase in Tb (2.00 ± 0.282 mg H2O
g-1 h-1). Between Ta = 25.5 and 35.5 °C, the banded hare-wallabies allowed Tb to increase by a
maximum of 2.1 °C, saving the equivalent of 2.6 ± 0.43 ml H2O h-1, which is almost 4 times (385
%) standard EWL or 64 % of the theoretical EWL at 35.5 °C if Tb had stayed constant. The
increase in Tb between Ta = 25 and 35 °C was twice the increase observed in the rufous harewallaby over the equivalent range of Ta. The smaller increase of Tb of rufous hare-wallabies of
1 °C equates to water savings of 0.98 ± 0.239 ml H2O h-1, which is only 156 % of their standard
EWL or 33 % of the theoretical EWL at Ta = 35.4 °C with no increase in Tb. Dawson and Bennett
(1978) reported Tbs for the spectacled hare-wallaby between 35 and 39.6 °C over a range of Ta
between 6 and 43 °C. Between Ta = 25 and 35 °C there was an approximate increase in Tb of 2
°C to Tb ~38 °C.
In summary, the evidence seems to suggest that the banded hare-wallaby uses water
more efficiently than the rufous hare-wallaby and that it therefore may be better adapted to
hot and arid conditions. However, the lack of differences between BMR, standard EWL and Cwet
and the similar physiological responses to Ta changes up to Ta ~30 °C suggest that they are
adapted to similar ambient conditions, consistent with the similar climatic conditions of their
current distributions (IUCN 2010; see Appendix I, II for climate data) and their similar water
economies:
Evaporative quotient: The EQ as a ratio between EWL and VO2 at thermoneutrality has
been used as a measure of water economy, where high EQs indicate poor water economy and
low EQs reflect a more favourable water economy. Interestingly, EQs for rufous and banded
hare-wallabies did not differ and were similar to that of the spectacled hare-wallaby of
245

Ecophysiology of macropods

approximately 1.56 mg H2O ml O2-1 (calculated based on EWL of 0.5 mg H2O g-1 h-1 at Ta = 25 °C
estimated from Fig. 2 Dawson and Bennett 1978) which suggests similar water use efficiency
when they are not thermally challenged. Further, EQ of all three species fell below the average
for marsupials of 2.7 mg H2O ml O2-1 (Cooper and Withers 2008), suggesting a favourable water
economy, which may be an adaptation to arid habitats.
Relative water economy: The RWE has also been used as a measure of adaptation to
arid habitats, where a higher RWE indicates a more effective use of water. RWE > 1 indicates
that metabolic water production exceeds the amount of water lost via evaporation. The point
of relative water economy (PRWE) is the ambient temperature at which MWP equals EWL; it
has been used for interspecific comparisons and is expected to be higher for arid compared to
mesic adapted species (MacMillen and Hinds 1983, MacMillen 1990, MacMillen and
Baudinette 1993). RWE increases with decreasing Ta, the slope of the relationship being
steeper for species which decrease EWL below the TNZ compared to those keeping it constant.
Species that increase EWL at low Ta have a lower PRWE or might not even reach a PRWE, e.g.
the stripe-faced dunnart (Sminthopsis macroura; Cooper et al. 2005). RWE of both rufous and
banded hare-wallabies increased with decreasing Ta, but neither species reached a positive
water economy within the range of Ta examined. Therefore, their respective PRWEs must be
lower than the lowest Ta measured (14.0 °C for the rufous hare-wallaby, 13.8 °C for the banded
hare-wallaby. The PRWE extrapolated from the linear relationship between Ta and RWE was
6.0 °C for the rufous hare-wallaby and -5.6 °C for the banded hare-wallaby, but since these
values were obtained by extrapolation and based on a limited number of Tas, they have to be
considered with caution (as discussed in Chapter 7 and 8). Dawson and Bennett (1978) report a
constant EWL of 0.4 mg H2O g-1 h-1 below Ta = 20 °C and that MR = 0.72 - 0.019*Ta at Tas
between 5 and 18.5 °C for the spectacled hare-wallaby. Based on these values (MWP
calculated based on RER = 0.8), RWE was 0.94 at Ta = 5 °C, 0.55 at Ta = 18.5 °C and 0.39 at Ta =
25 °C. Assuming a linear relationship, we can calculate a PRWE of 2.7 °C, which is within the
range of PRWEs I estimated for rufous and banded hare-wallabies. Currently there are few
published RWE and PRWE data for marsupials. PRWE range from 11.3 °C for the 68.8 g longfurred woolly mouse opossum (Micoureus paraguayanus; Cooper et al. 2010) to 22.6 °C for the
1385 g western quoll (Dasyurus geoffroii; Schmidt et al. 2009). More RWE and PRWE data are
needed, especially to investigate allometric and ecological patterns in relative water economy
for marsupials.
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In summary, the three hare-wallaby species seem adapted to similar ambient
temperatures and have a similar physiology at and below thermoneutrality. Patterns in Tb and
EWL of rufous and banded hare-wallabies show that, like the spectacled hare-wallaby, they
started to increase heat loss between Ta ~25 and ~30 °C, and constant RERs indicated that they
did not hyperventilate at Ta ~35 °C. Thus, at this Ta, both were still effectively thermoregulating
but used different strategies: Banded hare-wallabies did not increase EWL but increased heat
loss via a higher increase in Tb, a strategy that carries the risk of potentially lethal hyperthermia
as Ta increases. The use of these different thermoregulatory strategies was the main difference
between the banded hare-wallaby and the two Lagorchestes species.
So why did the banded hare-wallabies increase EWL between Ta ~25 and ~30 °C but did
not increase it further at Ta ~35 °C? Theoretically, they could have limited water loss to save
water, however this seems unlikely because they did initially increase EWL, and because harewallabies were hydrated when measurements were taken (they had access to water ad lib.
until caught in the afternoon prior to metabolic measurements and measurements were taken
in winter when outside temperatures at the study site were moderate, comp. Appendix I).
Results from previous studies of other macropods suggest that physiological water saving
strategies such as a reduction in water turnover, urine production or EWL, or an increase in
urine concentration or thermolability, are only employed under conditions where water is
scarce (Bentley 1960; Blaney et al. 2000; Bradshaw et al. 2001; Denny and Dawson 1975a;
Freudenberger and Hume 1993; Green 1989; Jones et al. 1990; Kennedy and Heinsohn 1974;
King and Bradshaw 2008, 2010; McCarron and Dawson 1989; McCarron et al. 2001; Wallis et
al. 1997; Chapter 3 and 7). Saving water despite being hydrated and risking hyperthermia
seems a risky strategy. As the banded hare-wallaby did not salivate even at the highest Ta
measured and did not show an increase in EWL above 30.7 °C but below, it seems likely it is
not capable of controlling hyperthermia at high Ta, suggesting it may be not as well adapted to
hot environments, consistent with its historical distribution in cooler and mesic areas of
southern Australia. Thus its lower EWL at Ta ~35 °C and larger increase in Tb appears to be an
effect of limited ability to effectively thermoregulate, as opposed to controlled hyperthermia
as a water saving strategy at high Tas. In contrast, like the spectacled hare-wallaby, the rufous
hare-wallaby used a combination of controlled hyperthermia and evaporative cooling,
including salivation, to cope with heat stress. This difference in thermoregulatory strategies at
high Tas between the banded hare-wallaby and the two species of Lagorchestes may be related
to its more mesic historic distribution or its different phylogenetic affiliation. It would be
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interesting to know if any of the hare-wallabies have the dense superficial network of veins
found to correspond with the area of the forelimbs which is licked under high external heat
loads in kangaroos as it makes evaporative cooling by spreading saliva on the forelimbs more
effective (Needham et al. 1974). If this anatomical characteristic evolved after the split
between sthenurine (banded hare-wallaby) and macropodine macropods (all other extant
macropods; Meredith et al. 2008; Nillson 2006; Strahan 2004; Westerman et al. 2002), this
may explain why banded hare-wallabies were not observed spreading saliva at high Ta as it
would be less efficient, forcing them to tolerate a larger increase in Tb.

Conclusions
Although there was considerable similarity between rufous and spectacled (Dawson and
Bennett 1978) hare-wallabies, the basic thermal, metabolic and hygric patterns of
physiological parameters for both rufous and banded hare-wallabies were generally as
expected and conformed to those for the spectacled hare-wallaby. However, the harewallabies used different thermoregulatory strategies at high Ta. The rufous hare-wallaby, like
the spectacled hare-wallaby (Dawson and Bennett 1978), depended more on increased EWL to
thermoregulate, while the banded hare-wallaby limited EWL by allowing to increasing Tb more
at high Ta and did not salivate. Limiting EWL can be advantageous in hot and arid environments
where water is scarce, but this strategy also carries the risk of lethal hyperthermia. Therefore
rufous (and spectacled) hare-wallabies appear to be physiologically better adapted to hot
climatic conditions than the banded hare-wallabies, which is consistent with their historical
distributions. These differences may also reflect phylogenetic differences between sthenurine
(banded) and macropodine (rufuous and spectacled) hare-wallabies.

248

Chapter 10
Synthesis – Macropod physiology
and environmental correlates

249

Chapter 10: Synthesis – Ecophysiology of macropods

Introduction
As outlined in Chapter 1, a recent comprehensive study by Withers et al. (2006) revealed fewer
than expected correlations between allometrically and phylogenetically corrected residuals of
marsupial body temperature (Tb), basal metabolic rate (BMR), wet thermal conductance (Cwet)
and especially evaporative water loss (EWL), and environmental and life-history parameters.
This likely reflected the quality of the available data rather than an actual lack of predicted
correlations between physiological and environmental variables, for example mean annual
rainfall (MAR) and EWL or diet and BMR. The data sets available for comparison were limited,
with only 23 species for EWL and a maximum of 61 species (out of 331 species; Wilson and
Reeder 2005) for BMR (Withers et al. 2006). Larger species, and especially macropods, were
under-represented, and not all data were obtained using comparable methods, so that some
of the variability in the data was likely the result of differences in measurement protocol.
Marsupials are physiologically conservative - most of the variation in standard variables is
explained by differences in body mass with additional variability reflecting phylogenetic
relationships (e.g. Cooper et al. 2010; McNab 2005; Withers et al. 2006).
Data quantity, the number and diversity of species, data quality, and the reliability of
metrics reported are essential factors in comparative analyses as they determine the statistical
power to detect expected patterns. Extending the marsupial data base by collecting data for
additional species using a standardised measurement protocol will increase the ‘resolution’ of
the data and the statistical power to detect environmental correlates. Consequently, the main
aims of this project were to i) improve the current protocol for the measurement of standard
variables by quantifying factors which may have introduced additional variability into the data
set due to methodological inconsistencies, and to ii) extend the current data sets for
marsupials in general, and macropods in particular, by collecting standard physiological data
for a number of macropods with a wide range of phylogenetic and environmental backgrounds
applying strict measurement criteria to ensure comparability of data between species.
I have already quantified the effects of fasting time (Chapter 2), water deprivation
(Chapter 3) and relative humidity (RH; Chapter 4) on standard thermal, metabolic, hygric and
ventilatory variables for a medium sized macropod to improve the measurement protocol for
standard physiological variables using the tammar wallaby (Macropus eugenii) as a model.
Subsequently, using this protocol, I confirmed previous measurements and extended the
available data for tammar wallabies (Chapter 6) and woylies (Bettongia penicillata; Chapter 8),
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and established detailed physiological profiles for four new species - the first of the 15 extant
rock-wallaby species, the black-flanked rock-wallaby (Petrogale lateralis lateralis; Chapter 7),
the only burrowing macropod, the boodie (Bettongia lesueur; Chapter 8), and two endangered
hare-wallabies, the rufous hare-wallaby (Lagorchestes hirsutus) and the only surviving member
of the subfamily Sthenurinae, the banded hare-wallaby (Lagostrophus fasciatus; Chapter 9).
The standard data I collected extended the data sets for macropod Tb, BMR, Cwet and EWL
sufficiently (six species, representing five different genera and both subfamilies of the family
Macropodidae) for macropods to be examined as a distinct clade for allometric, phylogenetic
and environmental effects. My data and data from other recent studies considerably extend
the available physiological data bases for marsupials. I re-examined climate and diet driven
patterns in these data and conducted the first analyses of ventilatory variables in marsupials.
Here I
i)

examine the extended marsupial data sets (Tb, BMR, Cwet and EWL) and the
newly established marsupial (respiratory frequency, fR, tidal volume VT,
minute volume VI and oxygen extraction, EO2) and macropod (Tb, BMR, Cwet
and EWL) data sets for allometric and phylogenetic effects,

ii)

compare the results for macropods with those for non-macropods and
marsupials in general, and standard variables I collected for the six
macropod species with allometrically predicted values

iii)

examine

allometrically

and

phylogenetically

corrected

residuals

for

correlations with diet and environmental parameters for marsupials in
general and macropods in particular, and
iv)

discuss the effects of differences in measurement protocol, especially fasting
time, hydration level and ambient humidity, on standard variables and
implications for comparative physiology.

Methods
This chapter analyses the effects of body size, phylogeny, diet and environment on the
physiology of macropods and marsupials in general for comparison. I used four data sets: i) a
“literature data” set including all marsupials based on Withers et al. (2006) but with additional
data from more recent literature, ii) an “all marsupials” data set, i.e. the “literature data” set
with additional data for the six species I measured, iii) a “macropods” data set based on my
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own data and literature data, and iv) a “non-macropod” data set, which is the “literature data”
without macropods. I consider these data under two headings: allometry and environmental
correlates.

Allometry
Literature Data: data for body mass, BMR (n = 72 species), Tb (n = 71), Cwet (n = 68) and EWL (n
= 35) for marsupials were obtained from the literature, using the data set compiled by Withers
et al. (2006) with additional data from subsequent studies which met the criteria for the
measurement of BMR (all data and references see Appendix II). fR, VT, VI (n = 18), and EO2 (n =
17) data sets were compiled from the literature (all data and references see Appendix II).
Where more than one study measured standard variables for a species, I used the data from
the one which measured most variables and/or reported the capture location. All standard
variables except Tb were expressed in absolute rather than mass-specific units (e.g. BMR = ml
O2 h-1 rather than ml O2 g-1 h-1). Log10-transformed body mass was used as the X-variable and a
log10-transformed physiological parameter (except Tb) as the Y-variable for allometric
regressions as described by Withers et al. (2006) using StatistiXL (v1.6). Phylogenetic
correction by Autocorrelation (AC) was used to analyse each trait as described by Withers et al.
(2006) using distance matrices obtained from the ‘mammanlian super tree’ (Bininda-Emonds
et al. 2007).
To determine whether standard variables for the new macropods were statistically
different from those predicted from the “literature data” marsupial allometric regressions, I
tested whether each additional data point fell inside the 95 % prediction limits for the
respective allometric regression (see Cooper and Withers 2006), both before and after
phylogenetic correction. To express measured values as a proportion of those predicted,
allometrically predicted values for the new macropods were calculated using the minimal
variance unbiased estimator (MVUE; Hayes and Shonkwiler 2006, 2007).
All Marsupials: To assess the impact of data quality, values for the new macropod
species measured in this study (boodie, rufous hare-wallaby, banded hare-wallaby, and blackflanked rock-wallaby) were added to the “literature data” set and literature values for woylies
and tammar wallabies were replaced by my data (all data and references see Appendix II).
Allometric relationships before and after phylogenetic correction by AC for “all marsupials”
were then recalculated. For black-flanked rock-wallabies, I used the standard values measured
in winter rather than summer because in winter, rock-wallabies were hydrated and thus more
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similar to species measured in captivity, which comprise the majority of marsupials in the
current data set.
Macropods / Non-macropods: The BMR, Tb, Cwet and EWL “all marsupials” data set was
divided into two data sets, one including macropods only and one including all other
marsupials, which formed the “non-macropod” data set (see Appendix II), and the analyses
described above were repeated for both data sets to describe the allometric effects on
physiological variables for “macropods” and “non-macropods”, and to determine whether
those for macropods differ from those for all other marsupials or marsupials in general. This
was statistically tested by comparing the conventional regressions for all four data sets
(“literature data” for marsupials, “all marsupials” (including my data), “macropods” (literature
and my data) and “non-macropods”). Ventilatory data for “macropods” only could not be
analysed due to insufficient data (N = 5; see Appendix II). Standard values for rock-wallabies
measured in summer were compared with allometric predictions for macropods as described
above using the MVUE-predicted values and the 95 % prediction limits of each regression.

Environmental correlates
Tb, BMR, Cwet and EWL residuals from independent contrast analyses (IC) were examined for
environmental and lifestyle effects as described by Withers et al. (2006) for “macropods” and
also for the “all marsupials” data set for comparison with previous results (Withers et al.
2006). Climate data, i.e. mean annual rainfall (MAR), rainfall variability (RV), mean ambient
temperature of coolest (Tcold) and hottest month (Thot), mean annual temperature (Ta), altitude
(Alt) and latitude (Lat), were obtained from Withers et al. (2006) and, for species added, from
the nearest weather station from the capture location downloaded from the National Climatic
Data Center (Asheville NC, www.ncdc.noaa.gov; South American species, cf. Withers et al.
2006) or from the Australian Bureau of Meteorology (BOM 2010; Australian species; see
Appendix II). Species for which capture locations were unknown were excluded (seven species
for BMR and Tb, six for Cwet and three for EWL; see Appendix II). Classifications of aridity of
current distributions were also obtained from Withers et al. (2006); additional species were
classified as described by Withers et al. (2006) using IUCN distribution maps (IUCN 2010) and
annual rainfall isohyet to divide species into arid (< 250 mm) and semiarid/mesic (> 250 mm),
and the 500 mm isohyet to separate arid/semiarid (< 500 mm) from mesic (> 500 mm) species.
In an additional third analysis, species were divided into three groups, i.e. arid (< 250 mm),
semiarid (250 – 500 mm) and mesic (> 500 mm; see Appendix II). Marsupials were classified by
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diet into seven categories: folivores, fungivores, herbivores, insectivores, nectarivores,
omnivores and vertebrativores (cf. Withers et al. 2006; see Appendix II).
For climate and geographic data, IC residuals were analysed using forward stepwise
regression to account for possible multicollinearity of climatic variables (residuals see
Appendix II). A variable was included in the model if P > 0.05. Effects of diet and the three
measures of aridity on each physiological variable were examined by full-factorial ANOVA with
Student Newman Keuls - post hoc tests (SNK).
ANOVAs and regression analyses, including multiple comparisons of regressions and
forward stepwise regressions were performed with statistiXL (version 1.6), calculation of
MVUE, and phylogenetic corrections by Autocorrelation and Independent Contrasts were done
using custom written programs (VB for Microsoft Excel written by P. Withers, University of
Western Australia; Withers et al. 2006).

Results
Allometry
There were strong allometric effects on all eight physiological variables for the literature data
set before phylogenetic correction (Figure 1 and 2, Table 1). Allometric effects remained after
phylogenetic correction for BMR, Cwet, EWL, fR, VT and VI, but not for Tb and EO2 (Table 1).
Standard values for all macropod species I measured (woylie, rufous hare-wallaby, banded
hare-wallaby, boodie, black-flanked rock-wallaby measured in summer and winter, tammar
wallaby) statistically conformed with the respective regressions as all values fell inside the 95
% prediction limits despite large interspecific differences (for Tb, the difference between
allometrically predicted values and those measured here are given in degrees °C, for all other
variables, measured values were expressed as the percentage of that predicted allometrically
as indicated in Figure 1 and 2). Values for banded hare-wallabies were lowest compared to
those predicted for all four variables measured, with BMR, Cwet and EWL ranging from 48 to 71
% of predicted. BMR, Cwet and EWL of rock-wallabies for both seasons, and EWL and VT of all
macropods added here fell inside the lower prediction limits.
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Table 1: Allometric regression statistics for body temperature (Tb), basal metabolic rate
(BMR), wet thermal conductance (Cwet), evaporative water loss (EWL), respiratory
frequency (fR), tidal volume (VT), minute volume (VI) and oxygen extraction (EO2) of the
“literature data” for marsupials (data and references see Appendix I) before and after
phylogenetic correction by Autocorrelation (AC).
intercept

F

R2

P

before AC 0.482 ± 0.133

33.98

F1,69 = 13.07

0.159

0.001

after AC 0.319 ± 0.190

-0.199

F1,69 = 2.823

0.039

0.097

before AC 0.744 ± 0.010

0.378

F1,70 = 5015

0.986

< 0.001

after AC 0.738 ± 0.016

0.008

F1,70 = 2265

0.970

< 0.001

before AC 0.567 ± 0.025

1.299

F1,66 = 505.0

0.884

< 0.001

after AC 0.596 ± 0.037

0.043

F1,66 = 258.9

0.797

< 0.001

before AC 0.715 ± 0.033

0.809

F1,33 = 479.8

0.936

< 0.001

after AC 0.714 ± 0.052

-0.009

F1,33 = 185.5

0.849

< 0.001

before AC -0.232 ± 0.017

2.049

F1,16 = 191.9

0.923

< 0.001

after AC -0.237 ± 0.035

-0.011

F1,16 = 45.92

0.742

< 0.001

before AC 0.797 ± 0.057

-1.327

F1,16 = 195.6

0.924

< 0.001

after AC 0.697 ± 0.064

0.15

F1,16 = 118.6

0.881

< 0.001

0.64 ± 0.029

0.459

F1,16 = 481.0

0.968

< 0.001

after AC 0.598 ± 0.042

0.087

F1,16 = 201.4

0.926

< 0.001

before AC 0.065 ± 0.027

1.073

F1,15 = 5.672

0.274

0.031

after AC 0.047 ± 0.032

0.011

F1,15 = 2.155

0.126

0.163

physiological trait

slope

Tb (°C)
log BMR (ml O2 h-1)
log Cwet (J h-1 °C-1)
-1

log EWL (mg H2O h )
log f R (breaths min-1)

log V T (ml)
log V I (ml min-1)

log E O2 (%)

before AC

After adding the four new species of macropods to the “literature data” set and replacing
previous values for woylies and tammars, strong allometric effects remained for all eight
physiological variables by conventional regression for the “all marsupials” data set (Table 2)
and as for the “literature data” set, allometric effects remained for all variables except Tb and
EO2 after phylogenetic correction by AC (Table 2).
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Table 2: Allometric regression statistics for body temperature (Tb), basal metabolic rate
(BMR), wet thermal conductance (Cwet), evaporative water loss (EWL), respiratory
frequency (fR), tidal volume (VT), minute volume (VI) and oxygen extraction (EO2) before
and after phylogenetic correction by Autocorrelation (AC) for the “all marsupials” data set,
i.e. previously published data for marsupials where data for the woylie (Bettongia
penicillata) and tammar wallaby (Macropus eugenii) were replaced by values measured
here, and data for the boodie (B. lesueur), rufous hare-wallaby (Lagorchestes hirsutus),
banded hare-wallaby (Lagostrophus fasciatus) and black-flanked rock-wallaby (Petrogale
lateralis lateralis; measured in winter) were added (from Chapters 6-9; all data and
references see Appendix I).
physiological trait
Tb (°C)
log BMR (ml O2 h-1)
log Cwet (J h-1 °C-1)
-1

log EWL (mg H2O h )
log f R (breaths min-1)

log V T (ml)
log V I (ml min-1)

log E O2 (%)

intercept

F

R2

P

before AC 0.530 ± 0.132

33.910

F1,73 = 16.17

0.181

0.001

after AC 0.328 ± 0.179

-0.220

F1,73 = 3.372

0.044

0.070

before AC 0.742 ± 0.010

0.380

F1,74 = 5415

0.987

< 0.001

after AC 0.721 ± 0.021

0.021

F1,74 = 1215

0.943

< 0.001

before AC 0.566 ± 0.024

1.298

F1,70 = 549.9

0.887

< 0.001

after AC 0.592 ± 0.033

0.034

F1,70 = 321.8

0.821

< 0.001

before AC 0.702 ± 0.032

0.821

F1,38 = 494.9

0.929

< 0.001

after AC 0.717 ± 0.046

-0.013

F1,38 = 238.9

0.863

< 0.001

before AC -0.227 ± 0.016

2.040

F1,19 = 201.1

0.914

< 0.001

after AC -0.254 ± 0.028

-0.020

F1,19 = 83.38

0.814

< 0.001

before AC 0.794 ± 0.050

-1.322

F1,19 = 252.1

0.930

< 0.001

after AC 0.728 ± 0.065

0.085

F1,19 = 124.3

0.867

< 0.001

before AC 0.640 ± 0.026

0.460

F1,19 = 593.7

0.969

< 0.001

after AC 0.607 ± 0.041

0.052

F1,19 = 222.5

0.921

< 0.001

before AC 0.075 ± 0.025

1.061

F1,18 = 9.103

0.336

0.007

after AC 0.040 ± 0.033

0.014

F1,18 = 1.423

0.073

0.248

slope

When only macropods were included, there were significant allometric effects detected for
BMR, Cwet and EWL but not for Tb before and after phylogenetic correction by AC (Fig. 3 and
Table 3). The summer values for the black-flanked rock-wallaby statistically conformed with
the allometric predictions for macropods as they fell inside the 95 % prediction limits of the
respective regressions, despite BMR being only 83 %, Cwet 86 %, and EWL 63 % of the predicted
values and Tb being 1.1 °C above that predicted (Fig. 3).
When macropods were excluded from the “literature data” set, there were also strong
allometric effects on BMR, Cwet and EWL for “non-macropods’ which remained after
phylogenetic correction by AC, and a weaker allometric effect on T b which was removed by AC
(Table 3).
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Table 3: Allometric regression statistics for body temperature (Tb), basal metabolic rate
(BMR), wet thermal conductance (Cwet), evaporative water loss (EWL), respiratory
frequency (fR), tidal volume (VT), minute volume (VI) and oxygen extraction (EO2) for
“macropods” and for all other marsupials (“non-macropods”) before and after
phylogenetic correction by Autocorelation (AC); all data and references see Appendix II)

macropods
physiological trait
Tb (°C)
-1

log BMR (ml O2 h )
log Cwet (J h-1 °C-1)
log EWL (mg H2O h-1)

slope

intercept

F

R2

P

before AC -0.316 ± 0.329

37.55

F1,12 = 0.922

0.071

0.356

after AC -0.526 ± 0.424

-0.109

F1,12 = 1.539

0.114

0.239

before AC 0.789 ± 0.035

0.239

F1,12 = 520.0

0.977

< 0.001

after AC 0.857 ± 0.039

0.010

F1,12 = 485.9

0.976

< 0.001

before AC 0.758 ± 0.054

0.588

F1,12 = 199.8

0.943

< 0.001

after AC 0.819 ± 0.065

0.012

F1,12 = 159.3

0.930

< 0.001

before AC 0.899 ± 0.070

0.087

F1,9 = 165.6

0.948

< 0.001

after AC 0.881 ± 0.106

0.049

F1,9 = 69.55

0.885

< 0.001

intercept

F

R

P

before AC 0.361 ± 0.160

34.15

F1,59 = 5.122

0.080

0.027

after AC 0.246 ± 0.205

-0.081

F1,59 = 1.433

0.024

0.236

before AC 0.729 ± 0.031

0.404

F1,60 = 3498

0.983

< 0.001

after AC 0.720 ± 0.018

0.010

F1,60 = 1687

0.966

< 0.001

before AC 0.552 ± 0.031

1.331

F1,56 = 319.4

0.851

< 0.001

after AC 0.556 ± 0.043

0.055

F1,56 = 166.7

0.748

< 0.001

before AC 0.687 ± 0.045

0.886

F1,27 = 236.2

0.897

< 0.001

-0.020

F1,27 = 134.5

0.833

< 0.001

all other marsupials
physiological trait
Tb (°C)
log BMR (ml O2 h-1)
-1

-1

log Cwet (J h °C )
log EWL (mg H2O h-1)

slope

after AC 0.674 ± 0.058

2

Adding the new values for macropods to the “literature data” set did not significantly change
the slopes or intercepts of the conventional allometric regressions for marsupials for any of the
eight physiological variables, and slopes and intercepts of significant allometric regressions for
“macropods” (BMR, Cwet and EWL) did not differ statistically from those for marsupials with
(“all marsupials”) and without the new macropod species (“literature data”), or from those for
all other marsupials (“non-macropods”; Table 4).
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Table 4: Comparison of conventional allometric regressions for body temperature (Tb),
basal metabolic rate (BMR), wet thermal conductance (Cwet), evaporative water loss
(EWL), respiratory frequency (fR), tidal volume (VT), minute volume (VI) and oxygen
extraction (EO2) of marsupials (“literature data set”), marsupials including macropods
measured here (“all marsupials”), “macropods” only, and all other marsupials (“nonmacropods”) by ANOVA. Ta = ambient temperature.
slope

intercept

P

multiple
comparison
P

F

P

multiple
comparison
P

F1,142 = 0.065

0.799

-

F1,143 = 0.085

0.772

-

F3,216 = 0.735

0.532

≥ 0.574

F3,219 = 0.673

0.569

≥ 0.586

F3,204 = 1.182

0.318

≥ 0.235

F3,207 = 0.109

0.955

≥ 0.948

log EWL (mg H2O h )
-1
log f R (breaths min )

F3,107 = 1.235

0.301

≥ 0.237

F3,110 = 0.235

0.872

≥ 0.877

F1,35 = 0.046

0.832

-

F1,36 = 0.024

0.879

-

log V T (ml)
-1
log V I (ml min )

F1,35 = 0.002

0.968

0.970

0.985

-

F1,36 = 0.001

F1,35 < 0.001

F1,36 < 0.001

0.987

-

log E O2 (%)

F1,33 = 0.067

0.798

-

F1,34 = 0.084

0.773

-

ANOVA
F

physiological trait
Tb (°C)
-1

log BMR (ml O2 h )
-1

-1

log Cwet (J h °C )
-1

ANOVA

Environmental correlates
There were strong allometric effects on IC residuals for marsupial (“all marsupials” data set) Tb
(slope = 0.314, R2 = 0.244, F1,66 = 21.26, P < 0.001), BMR (slope = 0.759, R2 = 0.987, F1,67 =
5018.8, P < 0.001), Cwet (slope = 0.648, R2 = 0.898, F1,64 = 562.8, P < 0.001) and EWL (slope =
0.811, R2 = 0.899, F1,35 = 312.6, P < 0.001), and for macropod (“macropods” only data set) BMR
(slope = 0.837, R2 = 0.988, F1,12 = 980.7, P < 0.001), Cwet (slope = 0.804, R2 = 0.958, F1,12 = 277.0,
P < 0.001) and EWL (slope = 0.925, R2 = 0.961, F1,9 = 219.4, P < 0.001), but not Tb (slope = 0.486, R2 = 0.103, F1,12 = 1.374, P > 0.05).
For the “all marsupials” data set, only one climate or geographic variable was
significant by forward stepwise regression for any of the physiological traits, but there was
strong multicollinearity between the significant and other environmental variables in each case
(Table 5). Tcold was the best predictor of IC residuals for marsupial Tb, RV best predicted BMRand EWL-residuals, and altitude best predicted Cwet-residuals.
For “macropods”, a combination of Tcold and RV best predicted IC-residuals for Tb, Thot
was the best predictor of residuals for BMR, and MAR best predicted EWL-residuals.
Habitat aridity had significant effects on BMR-residuals for “all marsupials” and for
“macropods”, but EWL-residuals were only affected for “macropods” (Table 6).
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Table 5: Significant regressions for climate and geographic variables by forward stepwise
regression predicting phylogenetic independent residuals (Independent Contrasts) of
body temperature (Tb), basal meatabolic rate (BMR), wet thermal conductance (Cwet) and
evaporative water loss (EWL) for “all marsupials” and “macropods” only, and significant
Pearson correlations between the predictor variable(s) and other climate and geographic
variables.

all marsupials
physiological trait

climate / geographic
variable

slope

intercept

Tcold

-0.070 ± 0.021

1.739

F1,66 = 11.53 0.149

0.001

0.062

F1,67 = 9.998 0.130

0.002

-0.098

F1,64 = 4.351 0.064

0.041

0.158

F1,35 = 15.07 0.301 < 0.001

Tb (°C)
Tcold correlated with

log BMR (ml O2 h-1)

MAR
RV
Thot
Ta

0.496 (P < 0.001)
0.306 (P = 0.011)
0.645 (P < 0.001)
0.925 (P < 0.001)

Alt
Lat

- 0.242 (P = 0.045)
- 0.755 (P < 0.001)

-0.092 ± 0.029

RV

RV correlated with

-1

-1

log Cwet (J h °C )

Tcold
Thot
Ta

-1

log EWL (mg H2O h )

MAR
Tcold
Ta

P

0.277 (P = 0.024)
- 0.378 (P = 0.002)
- 0.314 (P = 0.010)

-0.355 ± 0.091

RV

RV correlated with

R2

0.397 (P = 0.016)
0.359 (P = 0.001)
- 0.133 (P = 0.002)

0.0001 ± 0.00006

Alt

Alt correlated with

F

Tcold
Thot
Ta
Lat

0.738 (P < 0.001)
0.496 (P = 0.002)
0.665 (P < 0.001)
- 0.695 (P < 0.001)

macropods
physiological trait

climate / geographic
variable

Tb (°C)

Tcold
RV

intercept

-0.146 ± 0.040 (P = 0.004)

1.469

F2,11 = 6.667 0.548

0.013

0.278

F1,12 = 485.9 0.332

0.031

-0.155

F1,9 = 12.49

0.006

RV
Thot
Ta

0.637 (P = 0.014)
0.673 (P = 0.008)
0.902 (P < 0.001)

Lat

- 0.846 (P < 0.001)

RV correlated with

Tcold
Ta
Lat

0.637 (P = 0.014)
0.634 (P = 0.015)
- 0.668 (P = 0.009)

-1

Thot correlated with

Thot

-0.012 ± 0.005
MAR
Tcold
Ta
Lat

log EWL (mg H2O h-1)
MAR correlated with

P

0.976 ± 0.438 (P = 0.048)

Tcold correlated with

log BMR (ml O2 h )

F

R2

slope

- 0.569 (P = 0.034)
0.673 (P = 0.008)
0.902 (P < 0.001)
- 0.869 (P < 0.001)

0.0003 ± 0.00008

MAR
Thot

0.581

- 0.626 (P = 0.039)
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Table 6: Significant phylogenetic independent residuals for body temperature
(Tb), basal metabolic rate (BMR), wet thermal conductance (Cwet) and
evaporative water loss (EWL) of “all marsupials” and “macropods” only for
three classifications of habitat aridity (< 250 mm annual rainfall isohyet, < 500
mm annual rainfall isohyet and a combination of both) by ANOVA.

all marsupials
Habitat aridity

IC residual
Basal metabolic rate

Arid (< 250 mm rainfall)

-0.030 ± 0.027 (18)

Semiarid/mesic (> 250 mm rainfall)

0.035 ± 0.010 (51)
ANOVA
P = 0.006
F1,67 = 8.205

Arid/semiarid (< 500 mm rainfall)
Mesic (> 500 mm rainfall)

-0.015 ± 0.022 (23)
0.034 ± 0.011 (46)
ANOVA
P = 0.025
F1,67 = 5.235

Arid (< 250 mm rainfall)
Semiarid (250 - 500 mm rainfall)
Mesic (> 500 mm rainfall)

-0.030 ± 0.027 (18) A
0.039 ± 0.015 (5)
0.034 ± 0.011 (46) A
ANOVA
P = 0.022
F2,66 = 4.051
SNK
P = 0.007

A

macropods
Habitat aridity
Arid (< 250 mm rainfall)
Semiarid/mesic (> 250 mm rainfall)

Arid/semiarid (< 500 mm rainfall)
Mesic (> 500 mm rainfall)

Arid (< 250 mm rainfall)
Semiarid (250 - 500 mm rainfall)
Mesic (> 500 mm rainfall)

IC residual
Basal metabolic rate

IC residual
Evaporative water loss

-0.062 ± 0.028 (5)

-0.118 ± 0.037 (5)

0.011 ± 0.019 (9)

0.029 ± 0.045 (6)

ANOVA
P = 0.044
F1,12 = 5.049

ANOVA
P = 0.036
F1,9 = 6.050

-0.051 ± 0.018 (8)

-0.101 ± 0.074 (7)

0.033 ± 0.023 (6)

0.073 ± 0.055 (4)

ANOVA
P = 0.012
F1,12 = 8.779

ANOVA
P = 0.011
F1,9 = 10.015

-0.062 ± 0.028 (5) A

-0.118 ± 0.037 (5) A

-0.033 ± 0.008 (3)

-0.059 ± 0.018 (2)

0.033 ± 0.023 (6) A

0.073 ± 0.055 (4) A

ANOVA
P = 0.038
F2,11 = 4.484

ANOVA
P = 0.037
F2,8 = 5.103

SNK
P = 0.034

A
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Both marsupials and macropods with a current distribution which receives less than 250 mm
rainfall annually had lower BMR-residuals than others, and species with distributions with less
than 500 mm annual rainfall had lower BMR-residuals than those with distributions with
higher rainfall (Table 6). Similarly, when all three groups were compared, marsupials and
macropods with distributions where rainfall is < 250 mm had lower BMR-residuals than those
with distributions where rainfall is > 500 mm, but residuals for species with distributions where
rainfall ranges from 250 to 500 mm annually did not differ from those of the two other groups.
For macropods but not marsupials, the same effects of habitat aridity that were found for BMR
were found for EWL residuals (Table6).

Table 7: Significant phylogenetic independent residuals for body temperature (Tb),
basal metabolic rate (BMR), wet thermal conductance (Cwet) and evaporative water
loss (EWL) of “all marsupials” and “macropods” only for diet by ANOVA

all marsupials
Diet
Folivore
Fungivore
Herbivore
Insectivore
Nectarivore
Omnivore
Vertebrativore

IC residual
Body temperature

Wet thermal conductance Evaporative water loss

1.24 ± 0.328 (5)

-0.269 ± 0.019 (5) AB

2.08 ± 0.274 (5)

A

-0.335 ± 0.061 (4) AB

-0.180 ± 0.037 (5)

-0.138 ± 0.093 (3)

0.56 ± 0.376 (15)

-0.096 ± 0.029 (6)
0.007 ± 0.069 (15) A

-0.099 ± 0.049 (5)
0.052 ± 0.080 (9) A

1.67 ± 1.003 (2)

0.009 ± 0.095 (2)

0.147 ± 0.062 (2)

0.21 ± 0.156 (28) A

-0.018 ± 0.030 (26) B

0.001 ± 0.056 (10) B

1.26 ± 0.379 (7)

-0.160 ± 0.037 (7)

-0.009 ± 0.117 (4)

ANOVA
P = 0.002
F6,61 = 3.937

ANOVA
P = 0.018
F6,59 = 2.812

ANOVA
P = 0.035
F6,30 = 2.658

SNK
P = 0.006

A

1.36 ± 0.340 (6)

A

SNK
P = 0.031
B
P = 0.030

SNK
P = 0.020
B
P = 0.038
A

macropods
Diet
Folivore
Fungivore
Herbivore

IC residual
Basal metabolic rate
-0.065 ± 0.029 (4) A
0.055 ± 0.018 (5) AB
-0.045 ± 0.011 (5) B
ANOVA
P = 0.002
F2,11 = 11.179
SNK
A

P = 0.003

B

P = 0.003
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Diet had a significant effect on phylogenetically independent residuals for Tb, Cwet and
EWL for “all marsupials” (Table 7). Tb-residuals for fungivores were higher than for omnivores,
and Cwet- and EWL-residuals were lower for folivores than for insectivores and omnivores. For
“macropods”, only BMR was significantly affected by diet with residuals for fungivores being
higher than for both folivores and herbivores (Table 7).

Discussion
This discussion is organised in five main sections:
1. A description of allometric effects on metabolic and ventilatory variables for
marsupials before and after accounting for phylogeny
2. I test whether the new data for macropods I collected conform with allometric
predictions and
3. I determine whether similar allometric effects were found for macropods and nonmacropod marsupials.
4. I discuss whether, how and why patterns in environmental correlates I found for
marsupials, using the extended data sets I compiled, may differ from those previously
found and
5. from those I found for macropods.

Marsupial allometry and new standard variables for macropods
As expected and consistent with previous studies (Cooper et al. 2010; McNab 2005; Withers et
al. 2000, 2006), strong positive allometric effects were found for marsupial Tb, BMR, Cwet and
EWL for currently available published data, with body mass explaining 99 % of variability in
BMR, 88 % of that in Cwet and 94 % of that in EWL, but only 16 % of Tb variability. Strong
allometric effects remained after phylogenetic correction by AC for all variables except for Tb.
There was also a strong negative allometric effect on fR (92 % of variability explained by body
mass), and strong positive allometric effects on VT (92 %) and VI (97 %) for marsupials, which
remained after phylogenetic correction, and these results agreed with results by Cooper et al.
(2010) and Frappell and Baudinette (1995). I also found a weaker but significant allometric
effect on EO2 (27 %), but phylogenetic correction by AC removed the effect. This was expected
based on the absence of an allometric effect on marsupial EO2 previously reported before and
after AC (Cooper et al. 2010).
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Despite large proportional differences, standard values for macropods measured here
were not statistically different from those predicted by allometric relationships for all other
marsupials, including summer and winter values for black-flanked rock-wallabies (cf Chapter
7).
Adding the new macropod species and replacing previous data for the woylie and the
tammar wallaby did not change the slope or intercepts of the allometric regressions for any of
the eight variables examined and the slopes before and after AC (Table 1 and 2) for BMR (0.72
- 0.74), Cwet (0.57 - 0.60), EWL (0.70 - 0.72), fR (-0.23 - -0.25), and VI (0.60 - 0.64) were within
the ranges recently reported for marsupials (Cooper et al. 2010; Withers et al. 2006). The
slopes for VT (0.70 - 0.80) were slightly lower than that reported by Cooper et al. (2010; 0.88)
and Frappell and Baudinette (1995; 1.00), who also found a steeper relationship for VI (0.77),
but a similar slope for fR (-0.22). The absence of allometric effects on Tb and EO2 after
correction by AC was consistent with results by Cooper et al. (2010) and Withers et al. (2006).
In summary, these results confirmed the strong allometric effects on metabolic and
ventilatory standard variables for marsupials and that it is difficult to statistically prove that a
species differs physiologically from predictions as even standard EWL of banded harewallabies, which was only 48 % of that predicted, fell inside the 95 % prediction limits of the
marsupial allometric regression (possible reasons for the wide prediction limits are discussed
below).

Macropod allometry
Interestingly, the relatively small number of species for which data were available was
sufficient to reveal strong allometric effects on standard physiological variables of macropods
which explained most of the variability in BMR (98 %), Cwet (94 %) and EWL (95 %) before and
after phylogenetic correction. As expected from the results for marsupials, there was no
allometric effect on macropod Tb. Including the data for the six species I measured here, which
represent five different genera (two new ones), two of three families, and both subfamilies
(one new) of macropodids, currently there are Tb, BMR and Cwet data for 14 species and EWL
for 11 species of macropods available (see Appendix II). These species only represent
approximately 20 % of the 70 extant macropod species (16 % in the case of EWL; see Chapter
1, Table 1) but they span a wide body mass range (see Fig. 3), including some of the smallest
(Potorous tridactylus, Hudson and Dawson 1975; and woylie, this study, Chapter 8) and also
the largest species of macropods (Macropus rufus, M. giganteus, M. robustus; Dawson 1973;
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Dawson et al. 2000a,b) and cover a broad phylogenetic range (8 of the 15 genera). Because of
this, the small standard errors of the slopes of the allometric regressions (Table 3) and the fact
that almost 50 % of BMR and Cwet and more than 50 % of the EWL data have been obtained by
myself applying rigorous measurement criteria to ensure values were basal, I am confident
that the allometric relationships found for macropods reflect the true body mass effects on
macropod BMR, Cwet and EWL, which did not differ from those for other marsupials or
marsupials in general.

Environmental correlates
Marsupials: Generally, Tb, BMR and EWL were expected to be lower in marsupials from
environments where water and thus food availability is low or unpredictable, i.e. species from
arid regions with high ambient temperatures and rainfall variability (RV) and low mean annual
rainfall (MAR). Low BMR and Tb mean low energetic requirements and high scope for Tb to
increase to save water for evaporative cooling. Low EWL means high water efficiency which is
advantageous where water is a scarce resource, as suggested by studies on placental mammals
(e.g. Hart 1971; Hinds and MacMillen 1985; Lovegrove 2000, 2003; McNab 1970). A low BMR
in desert species may also be correlated with low Cwet (Lovegrove and Heldmaier 1994). In
burrowing and fossorial species Cwet was expected to be high to maximise heat loss - and BMR
and Tb to be low - to minimise the risk of hyperthermia in warm, humid and poorly ventilated
spaces underground where convective and evaporative heat loss are reduced or, in the case of
BMR, possibly also to reduce gas exchange in an oxygen poor and carbon dioxide rich
environment. Cwet was expected to be low in arboreal species to minimise heat loss through
convection, and these differences were also expected to be reflected in correlations with diet,
e.g. folivorous species were expected to have a lower Cwet than species which feed on the
ground and burrowing or fossorial species, which were expected to have lower BMR and Tb
(e.g. Buffenstein and Yahav 1991; Darden 1972; Gettinger 1975; Lovegrove 1986; Lovegrove
and Heldmaier 1994; MacMillen and Lee 1970; McNab 1966, 1978, 1979, 1986a,b, 1995,
2008b; Seymour et al. 1998; Vleck 1979; White 2003; Withers 1978; Withers et al. 2000).
Some of these predictions were confirmed for marsupials by Withers et al. (2006) who
found that after accounting for allometric and phylogenetic effects, marsupial Tb was
negatively correlated with Thot, Tcold or RV depending on the method used for phylogenetic
correction, that BMR- and EWL-residuals were negatively correlated with RV, independent of
the method of phylogenetic correction, that arid species had lower Tb- and BMR-residuals
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compared to more mesic ones, and that diet affected Cwet, with folivores (and also omnivores
or vertebrativores, depending on the method of phylogenetic correction) having lower
residuals than insectivores. However, surprisingly, EWL was not correlated with aridity, MAR or
any of the ambient temperature variables (Ta, Thot, Tcold), and BMR was not correlated with diet,
ambient temperature or MAR.
My analysis for the extended data set for marsupials confirmed that Tcold was the best
climate predictor variable for marsupial Tb, with Tb being lower where Tcold is low, and Tcold was
correlated with all other climate variables as well as altitude and latitude. This is consistent
with results by Withers et al. (2006) who also identified Tcold as the best predictor variable
using comparable methods (PGLS), but also Thot and RV when other techniques were used to
account for phylogenetic effects, which reflects the multicollinearity between most climatic
variables. My results also confirmed that arid marsupials have lower BMR residuals than
species from more mesic areas, and BMR was negatively correlated with RV, as expected and
as previously reported (Withers et al. 2006). RV was also positively correlated with all three
measures of ambient temperature (Ta, Thot, Tcold).
The effects of diet on marsupial Cwet reported by Withers et al. (2006) were confirmed
(folivores had lower Cwet than insectivores and omnivores). Diet also had a significant effect on
body temperature with higher residuals for fungivores than omnivores. The fungivores in the
data set were the long-nosed potoroo and four bettong species (see Appendix II). Bettongs
appear to have rather high BMR compared with other marsupials (McNab 2005), which may be
related to diet (Rose 1997) and seems consistent with the high Tb-residuals found here,
although diet did not significantly affect BMR. Withers et al. (2006) also found a significant
effect of diet on Tb, but post-hoc tests did not reveal significant differences between different
diets, and BMR was also not affected by diet. Withers et al. (2006) found that RV was the best
climate predictor variable of EWL but surprisingly, there were no effects of diet, aridity or any
of the other climate variables, and similarly, Cwet was not correlated with any variable but diet.
Interestingly, in addition to confirming the strong negative correlation of EWL with RV, which
in turn was positively correlated with ambient temperature (Ta, Thot and Tcold), I also found that
diet had the same effects on EWL as on Cwet with folivores having lower residuals than
insectivores and omnivores, and that Cwet was affected by altitude, which was positively
correlated with MAR and was negatively correlated with Ta and Tcold. This is consistent with the
expected general correlation of Cwet with climate and habitat as found for placental mammals
(e.g. Scholander et al. 1950a,b,c; Lovegrove and Heldmaier 1994). Withers et al. (2006)
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concluded that the unexpected lack of correlation between EWL and aridity was likely due to a
combination of the limited statistical power of analysis of categorical data by ANOVA
(compared to regression analysis for quantitative variables such as RV), and aridity measures
classifying the current distributions rather than capture location of species (as for the other
climate variables). However, as outlined in Chapter 1 and confirmed and discussed in Chapters
2 to 7, a number of factors, which are not part of the current criteria for the measurement of
standard variables such as BMR, including insufficient fasting time, water deprivation, ambient
humidity, season and differences in measurement technique and protocol, affect standard
physiological data. The protocols used in previous studies were inconsistent, which means that
variability due to methodological differences, especially for EWL, which is also the smallest of
the four data sets, may also contribute to the poor ability of climate variables to predict water
loss properties.
Figures 4 and 5 show allometric regressions of metabolic and ventilatory variables for
marsupials (comp. Fig. 1 and 2) with additional data for tammar wallabies, which were not
fasted sufficiently to be postabsorptive (data from Chapter 2), or did not have access to water
ad lib. but were deprived of water for five days prior to measurements (data from Chapter 3),
or were measured at high relative chamber humidity (data from Chapter 4), in comparison
with standard data for tammars (from Chapter 6), and the proportion of, or for Tb difference
from, the allometrically predicted value. This demonstrates how much standard metabolic and
ventilatory variables may be affected by differences in measurement protocol for a single
factor. If multiple criteria were not standardised, cumulative effects may have increased the
variability in the data set further, for example, if individuals were not fasted sufficiently and
not measured for long enough or if they were measured while they were not resting (e.g.
because they were restrained or measured during their active phase) and at high humidity.
In summary, my reexamination of marsupial standard variables confirmed the
ecophysiological effects previously reported by Withers et al. (2006), but also revealed some
additional patterns, including differences in EWL and Tb between dietary groups, which
suggests that there may be more correlations which can be detected if statistical power and
the resolution and quality of the data are increased by adding data. More data points will help
but more critical is to increase the range of body masses, phylogenetic affiliations,
environmental backgrounds and ecological characteristics such as diet, and to collect data
under strict measurement criteria as patterns may currently be masked by variability which
does not reflect ecophysiological differences.
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Macropods
Despite the relatively small data sets for macropods with Tb, BMR and Cwet data for 14 species
and EWL for 11 species, several significant effects of environmental parameters were found. As
for the marsupial data set, there was strong multicollinearity between most climate variables
and macropod Tb was best predicted by and negatively correlated with Tcold (see above and
Withers et al. 2006), but there was also a weak effect of RV. BMR was negatively correlated
with Thot which was negatively correlated with MAR and latitude and positively correlated with
Ta and Tcold. EWL of macropods was positively correlated with MAR which in turn was
negatively correlated with Thot. In short, as predicted, species from locations where ambient
temperatures are high and rainfall is low, had lower Tb, BMR and EWL. Interestingly, and
consistent with results from climate regression analyses, not only BMR was lower in
macropods with more arid distributions, as for marsupials in general (see above and Withers et
al. 2006), but also EWL, as predicted. Despite the low number of only three dietary categories,
diet had a significant effect on macropod BMR, confirming a general effect on diet, and more
specifically that fungivorous macropods, i.e. potoroids, have higher residuals than herbivores
and folivores as previously suggested (McNab 2005; Rose 1997).
That I was able to detect the predicted differences in BMR and EWL between different
categories of aridity and diet for macropods, despite the limited data available, suggests that
the lack of correlation between aridity and EWL for marsupials in general, is likely an effect of
additional variability due to methodological issues masking the adaptive differences. The
extent of the variability caused by differences in measurement protocol for tammars (see Fig. 4
and 5) clearly demonstrates that variability in measurement conditions can generate
substantial variation in “standardised” physiological metrics thus limiting the chances of
detecting significant environmental correlations even if many more species are added.

Conclusions and future directions
The main aims of my Ph.D. were to resolve some of the methodological issues associated with
the measurement of standard physiological variables, especially EWL for mammals in general
and macropods in particular and to measure a large enough number of new species
representing a diversity of life history and ecophysiological backgrounds to extend the
marsupial data sets sufficiently for me to examine allometrically and phylogenetically
corrected residuals for environmental correlates. To improve the measurement protocol, I
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have quantified the effects of fasting time (Chapter 2), water deprivation (Chapter 3) and
relative humidity (Chapter 4) on standard thermal, metabolic, hygric and ventilatory variables
for a medium sized macropod, using the tammar wallaby (Macropus eugenii) as a model. I
have developed a model to explain why patterns in mammalian EWL in response to changes in
ambient humidity differ between species and ambient temperatures, presented an alternative
explanation for the different patterns in marsupial EWL with decreasing Ta below
thermoneutrality, and suggested a protocol which allows standardised measurements
regarding

not

only

ambient

temperature

but

also

humidity,

i.e.

within

the

‘hygrothermoneutral zone’ (Chapter 5). I have confirmed previous measurements and
extended the available data for tammar wallabies (Chapter 6) and woylies (Bettongia
penicillata; Chapter 8), and established detailed physiological profiles for four new species.
New species included the only burrowing macropod, the boodie (Bettongia lesueur; Chapter 8)
and two endangered hare-wallabies species, the rufous hare-wallaby (Lagorchestes hirsutus)
and the banded hare-wallaby (Lagostrophus fasciatus), which is the only surviving member of
the subfamily Sthenurinae (Chapter 9), and the black-flanked rock-wallaby (Petrogale lateralis
lateralis; Chapter 7). This was the first study on standard physiological data for any of the 15
extant rock-wallaby species and also the first to examine seasonal effects on BMR, Tb, EWL and
Cwet across a wide range of Tas for macropods. The species measured represent five genera and
both subfamilies of the family Macropodidae, and all were measured at locations where they
naturally occurred thus avoiding any possible impacts of holding or transport to novel climate
regimes. These data have almost doubled the limited standard physiological data available for
comparison for macropods prior to this study.
Understanding the basic physiology (e.g. metabolism, temperature regulation, water
balance) of Australia’s native marsupials is an essential part of understanding their general
biology. The results of my examination of allometrically and phylogenetically corrected
residuals of standard variables (Tb, BMR, Cwet and EWL) for macropods demonstrated that a
relatively small data set can be sufficient to reveal ecophysiological differences in standard
variables if species are selected to maximise the range of body masses, phylogenetic groups
and ecophysiological backgrounds, and data are collected with great care so that values are
truly basal and comparable between species and studies. Comparative physiological studies
need standardised methodologies, which may be clade specific, and to encompass broad
climate ranges within clades so that the selective effects of climate are focused on a more
limited variation in genetic background. As Garland and Adolph (1994) pointed out, cross
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species comparisons always confound pattens of selection with differences in genetic
background. Minimising the genetic variance by working within more limited clades may give a
better chance of detecting the strong effects of selection imposed by climate or diet. For
example, it would be interesting to repeat my study of environmental effects, especially
climate, on physiology within each of the two largest genera of macropods, Macropus (13
species) and Petrogale (15 species) as members of both genera span wide body mass ranges
(Macropus male body mass ~5 – 80 kg; Petrogale male body mass ~1 – 12 kg) and occur in all
parts of the Australian mainland (Macropus also in Tasmania; Strahan 2004).
The development of standardised protocols for measurement is essential for
comparative physiologists (McKechnie and Wolf 2004). The variability engendered by season,
water availability and fasting time prior to measurement and relative humidity add extra
dimsensions to the need for defining standard conditions for measurement of physiological
variables where allometric effects account for a large proportion of total variability. My review
of RH effects on physiological metrics – most critically EWL – suggests that RH and Ta
determine basal conditions, which are species specific and depend on the microenvironment
naturally experienced. RH directly affects EWL and the effects can be large enough to affect
the thermal balance of an endotherm, which consequently has to adjust heat loss or heat
production. This means firstly, that ultimately, RH effects have to be considered not only for
measurement of EWL but also of thermal, metabolic and ventilatory parameters, and secondly,
that patterns in MR, Tb and EWL in response to Ta changes can also be affected by RH - as
suggested by the limited number of studies available for RH effects on variables other than
EWL that tested at more than one Ta, and as confirmed by my calculations. This is important
because my calculations show that if measured at different ambient humidities, a given change
in surface temperature can produce the three patterns in marsupial EWL with decreasing Ta
below the Tlc previously reported (comp. Chapter 1, Fig. 1). This means that they do not
necessarily reflect species specific physiological traits or thermoregulatory behaviour, but may
be a result of differences in measurement protocol. My predictions about different responses
to changes in ambient temperature and humidity could be formally tested using acclimated
captive individuals or individuals from tropical, desert, or mesic populations. This critically
requires measurement of surface temperature, e.g. through thermal imaging, to confirm
surface temperature effects on evaporative and dry heat loss.
To collect reliable data, measurements of standard physiological variables need to be
taken at truly basal conditions, which I demonstrated, requires that “hygrothermoneutral”
275

Ecophysiology of macropods

conditions are identified. I suggested a protocol to find a Ta and RH combination at which MHP
and EHL are not increased. Assuming all other measurement criteria for BMR are applied and
additional factors such as water availability and fasting duration are standardised, this will
improve comparative data and thus the power to detect environmental effects on physiology
in future intra- and interspecific comparative studies.
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Plate 1 - 9: Historical Climate data for Australia (BOM 2011): Annual average daily mean temperature, average daily maximum and minimum
temperature for summer and winter, annual average rainfall and rainfall variability, and annual average daily relative humidity at 9:00 and 15:00.
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Table 1: Body temperature (Tb) and body mass data for marsupials examined for allometric effects with phylogenetically independent residuals
(Independent Contrast, IC) examined for environmental correlates (three measures of aridity for the current distribution, and mean annual rainfall
(MAR), rainfall variability (RV), mean annual temperature (Ta) and of the coolest (Tcold) and hottest (Thot) month, altitude (Alt) and latitude (Lat) of
the capture location where known; see Chapter 10 for details). Data sets used: “macropods” (species #1-13), “non-macropods (#14-75), “all
marsupials” (#1-75), “literature data (#1-75 excluding macropods measured in this study (bold), including literature data for B. penicillata* and M.
eugenii**). Data and references from Withers et al. (2006) with species from additional studies as listed below.
#

Species

Mass
(g)

Tb Diet
(°C)

Habitat aridity
(250mm) (500mm)(250/500mm)

MAR
(mm)

RV

Tcold
(°C)

Thot
(°C)

Ta
(°C)

Alt
(m)

Lat

IC
residuals

2820
1700
1599
1070
2660
1238
1746
5070
26400
30000
23600
3865
1033
2940

36.6
36.6
36.7
37.6
36.0
36.3
35.4
36.8
36.3
35.5
36.3
37.2
35.9
36.8

Fungiv.
Fungiv.
Fungiv.
Fungiv.
Foliv.
Foliv.
Foliv.
Herbiv.
Herbiv.
Herbiv.
Herbiv.
Herbiv.
Fungiv.
Foliv.

SA / M
SA / M
A
SA / M
SA / M
A
A
SA / M
SA / M
A
A
SA / M
SA / M
SA / M

M
M
A/SA
M
A/SA
A/SA
A/SA
M
A/SA
A/SA
A/SA
A/SA
M
M

SA / M (M)
SA / M (M)
A (A/SA)
SA / M (M)
SA / M (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (A/SA)
A (A/SA)
A (A/SA)
SA / M (A/SA)
SA / M (M)
SA / M (M)

1246.8
616.0
223.4
777.3
319.1
223.4
223.4
494.0
250.0
250.0
251.8
298.3
1274.9
702.1

0.504
0.113
0.903
0.887
0.907
0.903
0.903
0.692
0.102
0.102
0.101
0.547
0.297
0.952

11.8
8.2
17.1
8.15
20.7
17.1
17.1
9.9
10.2
10.2
10.2
10.7
13.2
14.4

22.1
16.8
27.15
24.6
30.2
27.15
27.15
22.55
25.5
25.5
25.0
25.8
22.4
22.6

17.5
12.6
22.1
18.25
25.9
22.1
22.1
15.85
18.0
18.0
17.3
18.05
18.1
18.3

555
51
9
15
63
9
9
338
315
315
315
217
24
12

28.76
42.89
25.93
31.98
20.47
25.93
25.93
32.93
33.51
33.51
31.57
31.62
33.25
32.00

1.922
1.982
2.090
3.038
1.329
1.720
0.779
2.051
1.354
0.539
1.367
2.484
1.342
2.117

14
28
44
357
19
13
70
934
102
101
35
1385
558
1782
982
1164
2468
40
695
946
31
13
463
1609
718
29917
812
1294
122
336
69
76
93
552
12
34
255
681
665
127
1390
1566
1671
2181
1353
157
4765
751
9
9
7
43
5775
16
26
20
19
44
4250
5
1847

34.9
35.1
36.1
34.0
34.4
33.7
34.9
35.0
35.4
36.6
33.5
33.9
35.9
36.9
35.9
35.0
35.0
33.9
35.0
35.2
33.5
35.0
34.3
34.5
33.9
35.3
35.8
35.0
34.0
35.0
33.5
33.7
32.6
34.1
34.4
30.6
33.7
35.1
36.1
35.9
35.9
36.3
36.5
37.3
35.6
37.4
35.7
35.8
34.2
35.1
34.5
34.2
35.9
35.2
35.7
35.7
35.0
34.4
34.6
36.6
34.9

Omniv.
SA / M
Insectiv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Nectariv. SA / M
Omniv.
SA / M
Vertebrativ. A
Vertebrativ. A
Insectiv.
A
Vertebrativ. SA / M
Vertebrativ. SA / M
Vertebrativ. SA / M
Insectiv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Herbiv.
A
Vertebrativ. SA / M
Omniv.
A
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Insectiv.
A
Insectiv.
A
Insectiv.
A
Omniv.
A
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M

M
M
M
M
A/SA
M
M
M
A/SA
A/SA
A/SA
M
M
M
M
M
M
M
M
M
M
M
M
M
M
A/SA
M
A/SA
M
M
M
M
M
A/SA
A/SA
A/SA
A/SA
M
M
M

SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
SA / M (M)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
A (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)

906.3
1096.8
632.0
1775.6
319.0
369.0
1169.3
1775.6
159.6
219.3
309.5
657.9
898.7
565.3
684.6
1775.6
1385.7
1110.1
2477.7
2477.7
1529.7
1423.1
284.3
2005.5
871.0
262.0
215.6
219.3
1775.6
1775.6
1529.7
1368.1
1343.0
506.8
369.0
262.9
225.4
616.0
1210.6
1210.6

0.156
0.209
0.148
0.052
0.405
0.247
0.208
0.052
0.481
0.397
1.080
0.865
0.593
0.016
0.236
0.052
0.172
0.852
0.253
0.253
0.779
0.594
1.058
0.983
0.928
0.200
0.302
0.397
0.520
0.520
0.779
0.356
0.978
0.707
0.247
1.050
0.850
0.113
0.218
0.218

7.8
12.6
5.5
26.8
10.9
9.6
3.2
26.8
13.5
11.5
19.7
12.3
17.8
9.6
6.6
26.8
5.3
8.5
16.0
16.0
19.6
15.1
20.8
21.4
13.9
9.0
2.3
11.5
26.8
26.8
16.7
23.3
26.1
10.3
9.6
17.8
16.6
8.2
12.4
12.4

21.1
22.3
20.3
28.5
23.6
21.9
12.5
28.5
31.1
29.4
31.0
24.8
26.7
20.0
16.9
28.5
25.4
16.6
17.3
17.3
26.0
21.6
29.9
27.6
23.3
21.6
17.6
29.4
28.5
28.5
22.9
25.7
29.4
22.8
21.9
32.7
27.85
16.8
22.3
22.3

14.4
17.5
12.9
27.4
17.1
15.7
7.8
27.4
22.9
21.1
26.3
18.2
22.9
14.9
11.6
27.4
15.4
12.6
16.8
16.8
23.3
18.6
25.7
24.9
17.7
15.0
9.8
21.1
27.4
27.4
20.4
25.1
27.3
16.1
15.7
21.6
22.15
12.6
17.7
17.7

113
33
577
15
61
88
589
15
47
488
6
73
75
113
170
15
356
16
1631
1631
436
792
6
2
15
31
888
488
15
15
919
160
74
338
88
294
4
51
40
40

37.57
35.55
35.18
8.97
33.36
35.45
42.00
9.00
25.08
25.25
20.37
31.46
24.09
37.49
42.00
9.00
13.41
36.46
5.00
5.00
22.07
23.50
20.88
16.87
32.09
34.21
39.03
25.25
9.00
9.00
21.45
9.73
34.81
32.46
35.45
22.03
24.89
42.89
33.51
33.00

0.857
0.973
1.919
-0.431
0.323
-0.331
0.664
0.454
1.119
2.320
-0.653
-0.693
1.416
2.277
1.348
0.428
0.338
-0.269
0.489
0.652
-0.640
0.966
-0.162
-0.111
-0.615
0.339
1.271
0.415
-0.302
0.576
-0.734
-0.545
-1.670
-0.383
0.379
-3.550
-0.691
0.592
1.595
1.593

Insectiv.

SA / M

M

SA / M (M)

418.7

0.295

8.6

21.2

14.8

133

36.32

3.067

Omniv.

SA / M

M

SA / M (M)

1775.6

0.052

26.8

28.5

27.4

15

9.00

1.280

M
M
A/SA
M
A/SA
M
A/SA
A/SA
A/SA
M
M
M

SA / M (M)
SA / M (M)
A (A/SA)
SA / M (M)
A (A/SA)
SA / M (M)
A (A/SA)
SA / M (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)

162.1
853.2
219.3
684.6
251.8
429.6
794.9
1096.8
232.2
1992.5
544.0
298.3

0.277
1.210
0.397
0.236
0.101
0.087
0.400
0.209
0.385
0.970
0.817
0.547

11.8
20.9
11.5
6.6
10.2
16.5
6.7
12.6
11.5
21.1
12.4
10.7

29.2
32.1
29.4
16.9
25.0
30.1
19.6
22.3
28.2
27.6
26.2
25.8

20.7
27.7
21.1
11.6
17.3
24.5
13.4
17.5
20.3
24.7
18.9
18.1

51
205
488
170
315
344
1079
33
461
7
275
217

28.22
33.49
25.25
41.26
31.57
20.43
30.53
32.55
28.63
16.55
30.34
31.62

1.109
0.538
0.022
1.136
1.138
1.584
1.617
0.920
0.221
-0.128
2.671
0.272

A/SA

SA / M (A/SA)

298.3

0.547

10.7

25.8

18.05

217

31.62

2.740

MACROPODS
1
2
3
4*
5
6
7
8**
9
10
11
12a
13
14

Aepyprymnus rufescens
Bettongia gaimardi
Bettongia lesueur
Bettongia penicillata
Lagorchestes conspillatus
Lagorchestes hirsutus
Lagostrophus fasciatus
Macropus eugenii
Macropus giganteus
Macropus robustus
Macropus rufus
Petrogale lateralis (winter)
Potorous tridactylus
Setonix brachyurus

NON-MACROPODS
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
71
72
73
74
75

Acrobates pygmaeus
Antechinus stuartii
Burramys parvus
Caluromys derbianus
Cercartetus concinnus
Cercartetus lepidus
Cercartetus nanus
Chironectes minimus
Dasycercus byrnei
Dasycercus cristicauda
Dasykaluta rosamondae
Dasyurus geoffroii
Dasyurus hallucatus
Dasyurus maculatus
Dasyurus viverrinus
Didelphis marsupialis
Didelphis virginiana
Dromiciops gliroides
Echymipera kalubu
Echymipera rufescens
Gracilinanus agilis
Gracilinanus microtarsus
Isoodon auratus
Isoodon macrourus
Isoodon obesulus
Lasiorhinus latifrons
Lutreolina crassicaudata
Macrotis lagotis
Marmosa robinsoni
Metachirus nudicaudatus
Micoureus paraguayanus
Monodelphis brevicaudata
Monodelphis domestica
Myrmecobius fasciatus
Ningaui yvonnae
Notoryctes typhlops
Perameles bougainville
Perameles gunnii
Perameles nasuta
Petaurus breviceps
Phalanger carmelitae
Phalanger gymnotis
Phalanger intercastellanus
Phalanger orientalis
Phalanger sericeus
Phascogale tapoatafa
Phascolarctos cinereus
Philander opossum
Planigale maculata
Planiger gilesi
Planiger ingrami
Pseudoantechinus macdonnellensis
Sarcophilus laniarius
Sminthopsis crassicaudata
Sminthopsis laniger
Sminthopsis macroura
Sminthopsis murina
Sminthopsis psammophila
Spilocuscus maculatus
Tarsipes rostratus
Trichosurus vulpecula

4* Bettongia penicillata
8** Macropus eugenii
12b Petrogale lateralis (summer)

966
4878
5166

Insectiv.
SA / M
Insectiv.
SA / M
Insectiv.
A
Vertebrativ. SA / M
Insectiv.
A
Insectiv.
SA / M
Insectiv.
A
Insectiv.
SA / M
Insectiv.
A
Omniv.
SA / M
Nectariv. SA / M
Foliv.
SA / M

37.2
36.5
37.5 Herbiv.

SA / M

Data added or replaced compared to data set in Withers et al . 2006:
#1 (Rübsamen et. al . 1983); #2 (Rose 1997); #25 (Withers and Cooper 2009a); #26 (Schmidt et al . 2009); #32 (Bozinovic et al . 2004); #35 (Cooper et al . 2009); #37, 38 (Larcombe et al .
2008); #44 (McNab 1978); #45 (Cooper et al . 2010); #51 (Larcombe and Withers 2006); #52 (Larcombe et al . 2006); #55-59 (McNab 2008a); #70 (Cooper et al . 2005); #72 (Withers and
Cooper 2009b); #74 (Cooper and Cruz-Neto 2009); #75 (Cooper and Withers 2008).
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Table 2: Basal metabolic rate (BMR) and body mass data for marsupials examined for allometric effects with phylogenetically independent
residuals (Independent Contrast, IC) examined for environmental correlates (three measures of aridity for the current distribution, and mean
annual rainfall (MAR), rainfall variability (RV), mean annual temperature (Ta) and of the coolest (Tcold) and hottest (Thot) month, altitude (Alt) and
latitude (Lat) of the capture location where known; see Chapter 10 for details). Data sets used: “macropods” (species #1-14), “non-macropods
(#15-75), “all marsupials” (#1-75), “literature data (#1-75 excluding macropods measured in this study (bold), including literature data for B.
penicillata* and M. eugenii**). Data and references from Withers et al. (2006) with species from additional studies as listed below.
#

Species

Mass

BMR Diet
-1
(g) (ml hr )

Habitat aridity

MAR

(250mm) (500mm)(250/500mm)

(mm)

RV

Tcold
(°C)

Thot
(°C)

Ta
(°C)

(m)

Alt

Lat

IC
residuals

MACROPODS
1
2
3
4*
5
6
7
8**
9
10
11
12a
13
14

Aepyprymnus rufescens
Bettongia gaimardi
Bettongia lesueur
Bettongia penicillata
Lagorchestes conspillatus
Lagorchestes hirsutus
Lagostrophus fasciatus
Macropus eugenii
Macropus giganteus
Macropus robustus
Macropus rufus
Petrogale lateralis (winter)
Potorous tridactylus
Setonix brachyurus

2820
1700
1599
1070
2660
1208
1795
5012
26400
30000
23600
3865
1033
2940

1055
782
614
506
851
410
455
1467
5674
6000
4650
1093
413
891

Fungiv.
Fungiv.
Fungiv.
Fungiv.
Foliv.
Foliv.
Foliv.
Herbiv.
Herbiv.
Herbiv.
Herbiv.
Herbiv.
Fungiv.
Foliv.

SA / M
SA / M
A
SA / M
SA / M
A
A
SA / M
SA / M
A
A
SA / M
SA / M
SA / M

M
M
A/SA
M
A/SA
A/SA
A/SA
M
A/SA
A/SA
A/SA
A/SA
M
M

SA / M (M)
SA / M (M)
A (A/SA)
SA / M (M)
SA / M (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (A/SA)
A (A/SA)
A (A/SA)
SA / M (A/SA)
SA / M (M)
SA / M (M)

1246.8
616.0
223.4
777.3
319.1
223.4
223.4
494.0
250.0
250.0
251.8
298.3
1274.9
702.1

0.504
0.113
0.903
0.887
0.907
0.903
0.903
0.692
0.102
0.102
0.101
0.547
0.297
0.952

11.8
8.2
17.1
8.2
20.7
17.1
17.1
9.9
10.2
10.2
10.2
10.7
13.2
14.4

22.1
16.8
27.2
24.6
30.2
27.2
27.2
22.6
25.5
25.5
25.0
25.8
22.4
22.6

17.5
12.6
22.1
18.3
25.9
22.1
22.1
15.9
18.0
18.0
17.3
18.1
18.1
18.3

555
51
9
15
63
9
9
338
315
315
315
217
24
12

28.76
42.89
25.93
31.98
20.47
25.93
25.93
32.93
33.51
33.51
31.57
31.62
33.25
32.00

0.088
0.124
0.039
0.086
0.014
-0.045
-0.129
0.042
0.084
0.066
0.034
0.000
0.010
0.001

14
28
44
357
19
13
70
934
102
101
35
1385
558
1782
982
1164
2468
695
946
31
13
463
1609
718
29917
812
1294
122
336
69
76
93
552
12
34
255
681
665
1000
127
1390
1566
1671
2181
1353
157
4765
751
9
9
7
43
5775
16
26
20
19
44
4250
5
31

15
34
37
204
22
19
60
456
83
51
19
500
243
587
396
570
826
340
432
31
19
181
507
222
2992
406
455
97
205
52
60
63
215
16
22
175
375
319
428
90
535
518
659
883
429
127
1047
338
11
12
11
27
1503
25
25
24
21
35
1104
14
20

Omniv.
SA / M
Insectiv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Nectariv. SA / M
Omniv.
SA / M
Vertebrativ. A
Vertebrativ. A
Insectiv.
A
Vertebrativ. SA / M
Vertebrativ. SA / M
Vertebrativ. SA / M
Insectiv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Herbiv.
A
Vertebrativ. SA / M
Omniv.
A
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Insectiv.
A
Insectiv.
A
Insectiv.
A
Omniv.
A
Omniv.
SA / M
Omniv.
SA / M
Foliv.
SA / M
Omniv.
SA / M

M
M
M
M
A/SA
M
M
M
A/SA
A/SA
A/SA
M
M
M
M
M
M
M
M
M
M
M
M
M
A/SA
M
A/SA
M
M
M
M
M
A/SA
A/SA
A/SA
A/SA
M
M
M
M

SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
SA / M (M)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
A (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)

906.3
1096.8
632.0
1775.6
319.0
369.0
1169.3
1775.6
159.6
219.3
309.5
657.9
898.7
565.3
684.6
1775.6
1385.7
2477.7
2477.7
1529.7
1423.1
284.3
2005.5
871.0
262.0
215.6
219.3
1775.6
1775.6
1529.7
1368.1
1343.0
506.8
369.0
262.9
225.4
616.0
1210.6
1677.8
1210.6

0.156
0.209
0.148
0.052
0.405
0.247
0.208
0.052
0.481
0.397
1.080
0.865
0.593
0.016
0.236
0.052
0.172
0.253
0.253
0.779
0.594
1.058
0.983
0.928
0.200
0.302
0.397
0.520
0.520
0.779
0.356
0.978
0.707
0.247
1.050
0.850
0.113
0.218
0.414
0.218

7.8
12.6
5.5
26.8
10.9
9.6
3.2
26.8
13.5
11.5
19.7
12.3
17.8
9.6
6.6
26.8
5.3
16.0
16.0
19.6
15.1
20.8
21.4
13.9
9.0
2.3
11.5
26.8
26.8
16.7
23.3
26.1
10.3
9.6
17.8
16.6
8.2
12.4
13.0
12.4

21.1
22.3
20.3
28.5
23.6
21.9
12.5
28.5
31.1
29.4
31.0
24.8
26.7
20.0
16.9
28.5
25.4
17.3
17.3
26.0
21.6
29.9
27.6
23.3
21.6
17.6
29.4
28.5
28.5
22.9
25.7
29.4
22.8
21.9
32.7
27.9
16.8
22.3
23.2
22.3

14.4
17.5
12.9
27.4
17.1
15.7
7.8
27.4
22.9
21.1
26.3
18.2
22.9
14.9
11.6
27.4
15.4
16.8
16.8
23.3
18.6
25.7
24.9
17.7
15.0
9.8
21.1
27.4
27.4
20.4
25.1
27.3
16.1
15.7
21.6
22.2
12.6
17.7
18.6
17.7

113
33
577
15
61
88
589
15
47
488
6
73
75
113
170
15
356
1631
1631
436
792
6
2
15
31
888
488
15
15
919
160
74
338
88
294
4
51
40
5
40

37.57
35.55
35.18
8.97
33.36
35.45
42.00
9.00
25.08
25.25
20.37
31.46
24.09
37.49
42.00
9.00
13.41
5.00
5.00
22.07
23.50
20.88
16.87
32.09
34.21
39.03
25.25
9.00
9.00
21.45
9.73
34.81
32.46
35.45
22.03
24.89
42.89
33.51
30.18
33.00

-0.014
0.105
-0.007
0.052
0.062
0.115
0.058
0.086
0.071
-0.131
-0.210
-0.003
-0.018
-0.016
0.009
0.111
0.025
0.056
0.058
0.038
0.101
-0.084
-0.047
-0.140
-0.235
0.082
-0.022
0.084
0.075
0.002
0.034
-0.014
-0.068
0.063
-0.153
0.096
0.104
0.043
0.036
0.035

Insectiv.

SA / M

M

SA / M (M)

418.7

0.295

8.6

21.2

14.8

133

36.32

0.117

Omniv.

SA / M

M

SA / M (M)

1775.6

0.052

26.8

28.5

27.4

15

9.00

0.028

M
M
A/SA
M
A/SA
M
A/SA
A/SA
A/SA
M
M
M

SA / M (M)
SA / M (M)
A (A/SA)
SA / M (M)
A (A/SA)
SA / M (M)
A (A/SA)
SA / M (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)

162.1
853.2
219.3
684.6
251.8
429.6
794.9
1096.8
232.2
1992.5
544.0
324.9

0.277
1.210
0.397
0.236
0.101
0.087
0.400
0.209
0.385
0.970
0.817
1.100

11.8
20.9
11.5
6.6
10.2
16.5
6.7
12.6
11.5
21.1
12.4
7.9

29.2
32.1
29.4
16.9
25.0
30.1
19.6
22.3
28.2
27.6
26.2
20.3

20.7
27.7
21.1
11.6
17.3
24.5
13.4
17.5
20.3
24.7
18.9
14.0

51
205
488
170
315
344
1079
33
461
7
275
475

28.22
33.49
25.25
41.26
31.57
20.43
30.53
32.55
28.63
16.55
30.34
70.42

0.043
0.082
-0.129
0.006
0.152
0.008
0.082
0.038
-0.024
-0.027
0.253
-0.154

A/SA

SA / M (A/SA)

298.3

0.547

10.7

25.8

18.1

217

31.62

-0.100

NON-MACROPODS
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
71
72
73
74
75

Acrobates pygmaeus
Antechinus stuartii
Burramys parvus
Caluromys derbianus
Cercartetus concinnus
Cercartetus lepidus
Cercartetus nanus
Chironectes minimus
Dasycercus byrnei
Dasycercus cristicauda
Dasykaluta rosamondae
Dasyurus geoffroii
Dasyurus hallucatus
Dasyurus maculatus
Dasyurus viverrinus
Didelphis marsupialis
Didelphis virginiana
Echymipera kalubu
Echymipera rufescens
Gracilinanus agilis
Gracilinanus microtarsus
Isoodon auratus
Isoodon macrourus
Isoodon obesulus
Lasiorhinus latifrons
Lutreolina crassicaudata
Macrotis lagotis
Marmosa robinsoni
Metachirus nudicaudatus
Micoureus paraguayanus
Monodelphis brevicaudata
Monodelphis domestica
Myrmecobius fasciatus
Ningaui yvonnae
Notoryctes typhlops
Perameles bougainville
Perameles gunnii
Perameles nasuta
Petauroides volans
Petaurus breviceps
Phalanger carmelitae
Phalanger gymnotis
Phalanger intercastellanus
Phalanger orientalis
Phalanger sericeus
Phascogale tapoatafa
Phascolarctos cinereus
Philander opossum
Planigale maculata
Planiger gilesi
Planiger ingrami
Pseudoantechinus macdonnellensis
Sarcophilus laniarius
Sminthopsis crassicaudata
Sminthopsis laniger
Sminthopsis macroura
Sminthopsis murina
Sminthopsis psammophila
Spilocuscus maculatus
Tarsipes rostratus
Thylamys elegans

4* Bettongia penicillata
8** Macropus eugenii
12b Petrogale lateralis (summer)

966
4878
5166

Insectiv.
SA / M
Insectiv.
SA / M
Insectiv.
A
Vertebrativ. SA / M
Insectiv.
A
Insectiv.
SA / M
Insectiv.
A
Insectiv.
SA / M
Insectiv.
A
Omniv.
SA / M
Nectariv. SA / M
Omniv.
SA / M

563
1390
1230 Herbiv.

SA / M

Data added or replaced compared to data set in Withers et al . 2006:
#1 (Rübsamen et. al . 1983); #2 (Rose 1997); #25 (Withers and Cooper 2009a); #26 (Schmidt et al . 2009); #34 (Cooper et al . 2009); #36, 37 (Larcombe et al . 2008); #43 (McNab 1978); #44
(Cooper et al . 2010); #50 (Larcombe and Withers 2006); #51 (Larcombe et al . 2006); #55-59 (McNab 2008a); #70 (Cooper et al . 2005); #72 (Withers and Cooper 2009b); #74 (Cooper and
Cruz-Neto 2009); #75 (Nespolo et al . 2002); #76 (Cooper and Withers 2008).
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Ecophysiology of macropods
Table 3: Wet thermal conductance (Cwet) and body mass data for marsupials examined for allometric effects with phylogenetically independent
residuals (Independent Contrast, IC) examined for environmental correlates (three measures of aridity for the current distribution, and mean
annual rainfall (MAR), rainfall variability (RV), mean annual temperature (Ta) and of the coolest (Tcold) and hottest (Thot) month, altitude (Alt) and
latitude (Lat) of the capture location where known; see Chapter 10 for details). Data sets used: “macropods” (species #1-14), “non-macropods
(#15-72), “all marsupials” (#1-72), “literature data (#1-72 excluding macropods measured in this study (bold), including literature data for B.
penicillata* and M. eugenii**). Data and references from Withers et al. (2006) with species from additional studies as listed below.
#

Species

Mass
Cwet Diet
-1
-1
(J hr °C )
(g)

Habitat aridity

MAR

(250mm)(500mm) (250/500mm)

(mm)

2820
1700
1599
1070
2660
1238
1746
5070
26400
30000
23600
3865
1033
2940

1855
935
1497
906
1555
827
939
2984
11181
9206
8419
2064
820
1300

SA / M
SA / M
A
SA / M
SA / M
A
A
SA / M
SA / M
A
A
SA / M
SA / M
SA / M

M
M
A/SA
M
A/SA
A/SA
A/SA
M
A/SA
A/SA
A/SA
A/SA
M
M

SA / M (M)
SA / M (M)
A (A/SA)
SA / M (M)
SA / M (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (A/SA)
A (A/SA)
A (A/SA)
SA / M (A/SA)
SA / M (M)
SA / M (M)

1246.8
616.0
223.4
777.3
319.1
223.4
223.4
494.0
250.0
250.0
251.8
298.3
1274.9
702.1

14
28
357
19
13
70
934
102
101
35
1385
558
1782
982
1164
2468
695
946
31
13
463
1609
718
29917
812
1294
122
336
69
76
93
552
12
34
255
681
665
127
1390
1566
1671
2181
1353
157
4765
751
9
7
43
5775
16
26
20
19
44
4250
10
1847

113
152
452
70
56
197
1052
208
147
56
1421
830
1182
1352
1217
1561
1369
1350
223
68
449
2092
1139
7998
865
1248
272
561
482
235
411
1071
93
344
989
1519
916
281
446
945
573
1184
408
692
2011
996
100
95
121
2438
120
107
132
22
193
1794
88
1012

Omniv.
SA / M
Insectiv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Nectariv. SA / M
Omniv.
SA / M
Vertebrativ. A
Vertebrativ. A
Insectiv.
A
Vertebrativ. SA / M
Vertebrativ. SA / M
Vertebrativ. SA / M
Insectiv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Herbiv.
A
Vertebrativ. SA / M
Omniv.
A
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M
Insectiv.
A
Insectiv.
A
Insectiv.
A
Omniv.
A
Omniv.
SA / M
Omniv.
SA / M
Omniv.
SA / M

M
M
M
A/SA
M
M
M
A/SA
A/SA
A/SA
M
M
M
M
M
M
M
M
M
M
M
M
M
A/SA
M
A/SA
M
M
M
M
M
A/SA
A/SA
A/SA
A/SA
M
M
M

SA / M (M)
SA / M (M)
SA / M (M)
SA / M (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
SA / M (M)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
A (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)

Insectiv.

M

SA / M (M)

M
M
M
A/SA
M
A/SA
M
A/SA
A/SA
A/SA
M
M
M

A/SA

RV

Tcold
(°C)

Thot
(°C)

Ta
(°C)

(m)

Alt

Lat

IC

0.504
0.113
0.903
0.887
0.907
0.903
0.903
0.692
0.102
0.102
0.101
0.547
0.297
0.952

11.8
8.2
17.1
8.2
20.7
17.1
17.1
9.9
10.2
10.2
10.2
10.7
13.2
14.4

22.1
16.8
27.2
24.6
30.2
27.2
27.2
22.6
25.5
25.5
25.0
25.8
22.4
22.6

17.5
12.6
22.1
18.3
25.9
22.1
22.1
15.9
18.0
18.0
17.3
18.1
18.1
18.3

555
51
9
15
63
9
9
338
315
315
315
217
24
12

28.76
42.89
25.93
31.98
20.47
25.93
25.93
32.93
33.51
33.51
31.57
31.62
33.25
32.00

-0.137
-0.295
-0.073
-0.180
-0.198
-0.260
-0.300
-0.094
0.022
-0.098
-0.070
-0.179
-0.214
-0.303

906.3
1096.8
1775.6
319.0
369.0
1169.3
1775.6
159.6
219.3
309.5
657.9
898.7
565.3
684.6
1775.6
1385.7
2477.7
2477.7
1529.7
1423.1
284.3
2005.5
871.0
262.0
215.6
219.3
1775.6
1775.6
1529.7
1368.1
1343.0
506.8
369.0
262.9
225.4
616.0
1210.6
1210.6

0.156
0.209
0.052
0.405
0.247
0.208
0.052
0.481
0.397
1.080
0.865
0.593
0.016
0.236
0.052
0.172
0.253
0.253
0.779
0.594
1.058
0.983
0.928
0.200
0.302
0.397
0.520
0.520
0.779
0.356
0.978
0.707
0.247
1.050
0.850
0.113
0.218
0.218

7.8
12.6
26.8
10.9
9.6
3.2
26.8
13.5
11.5
19.7
12.3
17.8
9.6
6.6
26.8
5.3
16.0
16.0
19.6
15.1
20.8
21.4
13.9
9.0
2.3
11.5
26.8
26.8
16.7
23.3
26.1
10.3
9.6
17.8
16.6
8.2
12.4
12.4

21.1
22.3
28.5
23.6
21.9
12.5
28.5
31.1
29.4
31.0
24.8
26.7
20.0
16.9
28.5
25.4
17.3
17.3
26.0
21.6
29.9
27.6
23.3
21.6
17.6
29.4
28.5
28.5
22.9
25.7
29.4
22.8
21.9
32.7
27.9
16.8
22.3
22.3

14.4
17.5
27.4
17.1
15.7
7.8
27.4
22.9
21.1
26.3
18.2
22.9
14.9
11.6
27.4
15.4
16.8
16.8
23.3
18.6
25.7
24.9
17.7
15.0
9.8
21.1
27.4
27.4
20.4
25.1
27.3
16.1
15.7
21.6
22.2
12.6
17.7
17.7

113
33
15
61
88
589
15
47
488
6
73
75
113
170
15
356
1631
1631
436
792
6
2
15
31
888
488
15
15
919
160
74
338
88
294
4
51
40
40

37.57
35.55
8.97
33.36
35.45
42.00
9.00
25.08
25.25
20.37
31.46
24.09
37.49
42.00
9.00
13.41
5.00
5.00
22.07
23.50
20.88
16.87
32.09
34.21
39.03
25.25
9.00
9.00
21.45
9.73
34.81
32.46
35.45
22.03
24.89
42.89
33.51
33.00

0.117
0.054
-0.178
-0.166
-0.155
-0.086
-0.078
-0.167
-0.315
-0.440
-0.056
-0.037
-0.206
0.018
-0.075
-0.176
0.119
0.027
0.189
-0.082
-0.252
0.070
0.030
-0.158
-0.124
-0.093
-0.100
-0.067
0.307
-0.030
0.155
0.076
0.087
0.354
0.256
0.170
-0.043
-0.099

418.7

0.295

8.6

21.2

14.8

133

36.32

0.235

SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
SA / M (M)
A (A/SA)
SA / M (M)
A (A/SA)
SA / M (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)

1775.6
162.1
853.2
219.3
684.6
251.8
429.6
794.9
1096.8
232.2
1992.5
642.8
298.3

0.052
0.277
1.210
0.397
0.236
0.101
0.087
0.400
0.209
0.385
0.970
0.498
0.547

26.8
11.8
20.9
11.5
6.6
10.2
16.5
6.7
12.6
11.5
21.1
11.5
10.7

28.5
29.2
32.1
29.4
16.9
25.0
30.1
19.6
22.3
28.2
27.6
21.5
25.8

27.4
20.7
27.7
21.1
11.6
17.3
24.5
13.4
17.5
20.3
24.7
16.5
18.1

15
51
205
488
170
315
344
1079
33
461
7
233
217

9.00
28.22
33.49
25.25
41.26
31.57
20.43
30.53
32.55
28.63
16.55
34.04
31.62

-0.041
0.184
0.230
-0.163
-0.218
0.100
-0.075
0.092
-0.685
0.036
-0.266
0.105
-0.283

SA / M (A/SA)

298.3

0.547

10.7

25.8

18.05

217

31.62

-0.097

residuals

MACROPODS
1
2
3
4*
5
6
7
8**
9
10
11
12a
13
14

Aepyprumnus rufescens
Bettongia gaimardi
Bettongia lesueur
Bettongia penicillata
Lagorchestes conspillatus
Lagorchestes hirsutus
Lagostrophus fasciatus
Macropus eugenii
Macropus giganteus
Macropus robustus
Macropus rufus
Petrogale lateralis (winter)
Potorous tridactylus
Setonix brachyurus

Fungiv.
Fungiv.
Fungiv.
Fungiv.
Foliv.
Foliv.
Foliv.
Herbiv.
Herbiv.
Herbiv.
Herbiv.
Herbiv.
Fungiv.
Foliv.

NON-MACROPODS
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
71
72

Acrobates pygmaeus
Antechinus stuartii
Caluromys derbianus
Cercartetus concinnus
Cercartetus lepidus
Cercartetus nanus
Chironectes minimus
Dasycercus byrnei
Dasycercus cristicauda
Dasykaluta rosamondae
Dasyurus geoffroii
Dasyurus hallucatus
Dasyurus maculatus
Dasyurus viverrinus
Didelphis marsupialis
Didelphis virginiana
Echymipera kalubu
Echymipera rufescens
Gracilinanus agilis
Gracilinanus microtarsus
Isoodon auratus
Isoodon macrourus
Isoodon obesulus
Lasiorhinus latifrons
Lutreolina crassicaudata
Macrotis lagotis
Marmosa robinsoni
Metachirus nudicaudatus
Micoureus paraguayanus
Monodelphis brevicaudata
Monodelphis domestica
Myrmecobius fasciatus
Ningaui yvonnae
Notoryctes typhlops
Perameles bougainville
Perameles gunnii
Perameles nasuta
Petaurus breviceps
Phalanger carmelitae
Phalanger gymnotis
Phalanger intercastellanus
Phalanger orientalis
Phalanger sericeus
Phascogale tapoatafa
Phascolarctos cinereus
Philander opossum
Planiger gilesi
Planiger ingrami
Pseudoantechinus macdonnellensis
Sarcophilus laniarius
Sminthopsis crassicaudata
Sminthopsis laniger
Sminthopsis macroura
Sminthopsis murina
Sminthopsis psammophila
Spilocuscus maculatus
Tarsipes rostratus
Trichosurus vulpecula

4* Bettongia penicillata
8** Macropus eugenii
12b Petrogale lateralis (summer)

966
4878
5166

SA / M

Omniv.
SA / M
Insectiv.
SA / M
Insectiv.
SA / M
Insectiv.
A
Vertebrativ. SA / M
Insectiv.
A
Insectiv.
SA / M
Insectiv.
A
Insectiv.
SA / M
Insectiv.
A
Omniv.
SA / M
Nectariv. SA / M
Foliv.
SA / M

1573
2074
2224 Herbiv.

SA / M

Data added or replaced compared to data set in Withers et al . 2006:
#1 (Rübsamen et. al . 1983); #2 (Rose 1997); #24 (Withers and Cooper 2009a); #25 (Schmidt et al . 2009); #33 (Cooper et al . 2009); #35, 37 (Larcombe et al . 2008); #42 (McNab 1978); #43
(Cooper et al . 2010); #49 (Larcombe and Withers 2006); #50 (Larcombe et al . 2006); #53-57 (McNab 2008a); #67 (Cooper et al . 2005); #69 (Withers and Cooper 2009b); #72 (Cooper and
Withers 2008).
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Appendix II
Table 4: Evaporative water loss (EWL) and body mass data for marsupials examined for allometric effects with phylogenetically independent
residuals (Independent Contrast, IC) examined for environmental correlates (three measures of aridity for the current distribution, and mean
annual rainfall (MAR), rainfall variability (RV), mean annual temperature (Ta) and of the coolest (Tcold) and hottest (Thot) month, altitude (Alt) and
latitude (Lat) of the capture location where known; see Chapter 10 for details). Data sets used: “macropods” (species #1-11), “non-macropods
(#12-40), “all marsupials” (#1-40), “literature data (#1-40 excluding macropods measured in this study (bold), including literature data for B.
penicillata* and M. eugenii**). Data and references from Withers et al. (2006) with species from additional studies as listed below.
#

Species

Mass

EWL Diet
-1

(mg
(g) H2O hr )

Habitat aridity

MAR

(250mm)(500mm) (250/500mm)

(mm)

RV

Tcold

Thot

Ta

Alt

(°C)

(°C)

(°C)

(m)

Lat

IC
residuals

MACROPODS
1
2
3
4
5
6*
7
8
9
10a
11

Bettongia lesueur
Bettongia penicillata
Lagorchestes conspillatus
Lagorchestes hirsutus
Lagostrophus fasciatus
Macropus eugenii
Macropus giganteus
Macropus robustus
Macropus rufus
Petrogale lateralis (winter)
Potorous tridactylus

1599
1070
2660
1238
1746
5070
26400
30000
23600
3853
1033

773
694
1330
628
705
2764
15840
9310
12036
2037
1120

Fungiv.
Fungiv.
Foliv.
Foliv.
Foliv.
Herbiv.
Herbiv.
Herbiv.
Herbiv.
Herbiv.
Fungiv.

A
SA / M
SA / M
A
A
SA / M
SA / M
A
A
SA / M
SA / M

A/SA
M
A/SA
A/SA
A/SA
M
M
A/SA
A/SA
A/SA
M

A (A/SA)
SA / M (M)
SA / M (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
A (A/SA)
A (A/SA)
SA / M (A/SA)
SA / M (M)

223.4
777.3
319.1
223.4
223.4
494.0
250.0
250.0
251.8
298.3
1274.9

0.903
0.887
0.907
0.903
0.903
0.692
0.102
0.102
0.101
0.547
0.297

17.1
8.2
20.7
17.1
17.1
9.9
10.2
10.2
10.2
10.7
13.2

27.2
24.6
30.2
27.2
27.2
22.6
25.5
25.5
25.0
25.8
22.4

22.1
18.3
25.9
22.1
22.1
15.9
18.0
18.0
17.3
18.1
18.1

9
15
63
9
9
338
315
315
315
217
24

25.93
31.98
20.47
25.93
25.93
32.93
33.51
33.51
31.57
31.62
33.25

-0.274
-0.180
-0.218
-0.275
-0.345
-0.127
0.050
-0.226
-0.030
-0.163
0.040

28
70
102
101
35
1385
516
3480
982
31
428
1609
718
1294
69
552
255
681
665
157
9
43
5775
16
20
44
4250
5
1847

97
140
146
146
39
690
357
2408
1072
80
402
788
734
854
140
300
408
1233
1171
404
51
115
8135
91
36
68
1981
23
517

Insectiv.
SA / M
Nectariv. SA / M
Vertebrativ. A
Vertebrativ. A
Insectiv.
A
Vertebrativ. SA / M

M
M
A/SA
A/SA
A/SA
M

SA / M (M)
SA / M (M)
A (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)

1096.8
1169.3
159.6
219.3
309.5
657.9

0.209
0.208
0.481
0.397
1.080
0.865

12.6
3.2
13.5
11.5
19.7
12.3

22.3
12.5
31.1
29.4
31.0
24.8

17.5
7.8
22.9
21.1
26.3
18.2

33
589
47
488
6
73

35.55
42.00
25.08
25.25
20.37
31.46

0.242
0.085
-0.031
-0.026
-0.228
-0.274

Insectiv.
Omniv.
Omniv.
Omniv.
Omniv.
Omniv.
Omniv.
Insectiv.
Omniv.
Omniv.
Omniv.
Insectiv.

SA / M
SA / M
SA / M
SA / M
SA / M
A
SA / M
A
A
SA / M
SA / M
SA / M

M
M
M
M
M
A/SA
M
A/SA
A/SA
M
M
M

SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
SA / M (M)
A (A/SA)
SA / M (M)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)

684.6
1529.7
284.3
2005.5
871.0
219.3
1529.7
506.8
225.4
616.0
1210.6
418.7

0.236
0.779
1.058
0.983
0.928
0.397
0.779
0.707
0.850
0.113
0.218
0.295

6.6
19.6
20.8
21.4
13.9
11.5
16.7
10.3
16.6
8.2
12.4
8.6

16.9
26.0
29.9
27.6
23.3
29.4
22.9
22.8
27.9
16.8
22.3
21.2

11.6
23.3
25.7
24.9
17.7
21.1
20.4
16.1
22.2
12.6
17.7
14.8

170
436
6
2
15
488
919
338
4
51
40
133

42.00
22.07
20.88
16.87
32.09
25.25
21.45
32.46
24.89
42.89
33.51
36.32

0.039
0.126
-0.094
-0.268
-0.015
-0.157
0.090
-0.311
0.094
0.229
0.214
0.260

Insectiv.
A
Vertebrativ. SA / M
Insectiv.
A
Insectiv.
A
Insectiv.
A
Omniv.
SA / M
Nectariv. SA / M
Foliv.
SA / M

A/SA
M
A/SA
A/SA
A/SA
M
M
M

A (A/SA)
SA / M (M)
A (A/SA)
A (A/SA)
A (A/SA)
SA / M (M)
SA / M (M)
SA / M (M)

219.3
684.6
251.8
794.9
232.2
1992.5
544.0
298.3

0.397
0.236
0.101
0.400
0.385
0.970
0.817
0.547

11.5
6.6
10.2
6.7
11.5
21.1
12.4
10.7

29.4
16.9
25.0
19.6
28.2
27.6
26.2
25.8

21.1
11.6
17.3
13.4
20.3
24.7
18.9
18.1

488
170
315
1079
461
7
275
217

25.25
41.26
31.57
30.53
28.63
16.55
30.34
31.62

0.170
0.296
0.410
-0.054
-0.060
-0.210
0.209
-0.500

4878
5178

2728
1748 Herbiv.

A/SA

SA / M (A/SA)

298.3

0.547

10.7

25.8

18.05

217

31.62

-0.220

NON-MACROPODS
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

Antechinus stuartii
Cercartetus nanus
Dasycercus byrnei
Dasycercus cristicauda
Dasykaluta rosamondae
Dasyurus geoffroii
Dasyurus hallucatus
Dasyurus maculatus
Dasyurus viverrinus
Gracilinanus agilis
Isoodon auratus
Isoodon macrourus
Isoodon obesulus
Macrotis lagotis
Micoureus paraguayanus
Myrmecobius fasciatus
Perameles bougainville
Perameles gunnii
Perameles nasuta
Phascogale tapoatafa
Planigale maculata
Pseudoantechinus macdonnellensis
Sarcophilus laniarius
Sminthopsis crassicaudata
Sminthopsis macroura
Sminthopsis psammophila
Spilocuscus maculatus
Tarsipes rostratus
Trichosurus vulpecula

6* Macropus eugenii
10b Petrogale lateralis (summer)

SA / M

Data added or replaced compared to data set in Withers et al . 2006:
#16 (Withers and Cooper 2009a); #17 (Schmidt et al . 2009); #21 (Cooper et al . 2009); #22, 23 (Larcombe et al . 2008); #26 (Cooper et al . 2010); #28 (Larcombe and Withers 2006); #29
(Larcombe et al . 2006); #36 (Cooper et al . 2005); #37 (Withers and Cooper 2009b); #39 (Cooper and Cruz-Neto 2009); #40 (Cooper and Withers 2008).
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Ecophysiology of macropods
Table 5: Respiratory frequency (fR), tidal volume (VT), minute volume (VI), oxygen estraction (EO2) and body mass data for marsupials examined
for allometric effects before and after phylogenetic correction (Autocorrelation, AC); see Chapter 10 for details). Data set compiled from the
literature (References as indicated) with additional species measured here (bold).

#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

314

Species
Antechinus swainsonii
Bettongia lesueur
Bettongia penicillata
Dasycercus byrnei
Dasyurus geoffroii
Gracilinanus agilis
Isoodon auratus
Isoodon macrourus
Isoodon obesulus
Macropus eugenii
Macropus giganteus
Macropus rufus
Micoureus paraguayanus
Myrmecobius fasciatus
Perameles bougainville
Perameles gunnii
Planiger tenuirostris
Sarcophilus laniarius
Sminthopsis crassicaudata
Sminthopsis psammophila
Tarsipes rostratus

Mass

fR
-1
(g) (breahts min )

67
1599
1070
145
1385
31
463
1609
1020
5070
26400
23600
69
559
255
681
6
6500
14
43
5

49.6
17.8
22.8
41.0
17.7
58.8
31.2
26.0
24.6
20.7
13.1
8.9
34.2
21.0
29.2
24.8
64.0
11.5
52.3
55.7
75.0

VT

VI
-1
(ml) (ml min )
0.99
14.51
13.49
1.42
18.24
0.66
3.35
12.98
7.79
38.25
257.64
335.52
1.62
6.00
4.83
9.90
0.14
33.54
0.32
0.65
1.06

49.9
255.4
297.7
56.0
302.0
37.5
104.5
316.0
191.3
696.1
2926.3
2900.3
53.0
117.7
135.0
181.0
8.5
391.7
16.0
34.1
7.9

E O2 References
(%)
13.2
26.7
18.9
22.0
16.0
10.6
20.0
18.9
26.8
25.3
19.9
16.6
14.2
29.0
15.6
22.2
9.4

Chappell and Dawson 1994
this study
this study
Hallam and Dawson 1993
Schmidt et al . 2009
Cooper et al . 2009
Larcombe et al . 2008
Larcombe et al . 2008
Larcombe and Withers 2008
this study
Dawson et al . 2000b
Dawson et al . 2000b
Cooper et al . 2010
Cooper and Withers 2004
Larcombe and Withers 2006
Larcombe et al . 2006
Chappell and Dawson 1994
Nicol and Maskrey 1980
11.2 Chappell and Dawson 1994
15.9 Withers and Cooper 2009b
19.4 Cooper and Cruz-Neto 2009
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