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DEVELOPMENTAL THERMOENERGETICS OF THE DASYURID
MARSUPIAL, ANTECHINUS STUARTII

WENDY WESTMAN,* GERHARD KORTNER, AND FRITZ GEISER

Department of Zoology, School of Biological Sciences, University of New England,
Armidale NSW 2351, New South Wales, Australia

Although conception-to-weaning times in dasyurid marsupials are extremely long and ne-
onates very small, little is known about their growth and thermoenergetics. We studied the
growth pattern of Antechinus stuartii from birth to after weaning in relation to thermoreg-
ulatory capabilities and energetic cost of lactation in the female. Litter size was 1-8 young.
Growth rate was slow for age 0—40 days, increased until weaning at about 100 days of
age, and then slowed again. At weaning, males were 18% heavier than females (z-test, P
< 0.01). Energy expenditure of females increased significantly by about 30% during late
lactation, compared with early or postlactation. Overall, maternal investment increased with
increasing litter size. Total energy expenditure from birth to weaning was 2,373 kJ for
small litters (1-3 young) and 4,580 kJ for large litters (8 young). However, at weaning,
young from small litters were about 30% heavier than young from large litters. Ability of
young A. stuartii to thermoregulate improved with age. At 60 days age, young were poi-
kilothermic after cold exposure, but by 79 days, physiological thermoregulation was estab-
lished.

Key words: Antechinus stuartii, development, energy expenditure, lactation, marsupial, maternal
investment, metabolic rate, thermoenergetics, thermoregulation

A difference between marsupials and pla-  period in marsupials is about twice that of
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Diprotodontia (Gemmell and Johnston
1985; Morrison and Petajan 1962; Shield
1966; Thompson and Nicoll 1986). In con-
trast, published information on develop-
ment of thermoregulation in carnivorous
and insectivorous marsupials (order Das-
yuromorphia), which exhibit some of the
slowest developmental rates for their body
size (Hayssen et al. 1985) and contain the
smallest marsupials with minute neonates
(M, approx. 5-18 mg—Tyndale-Biscoe and
Renfree 1987), is presently restricted to a
single species, the kowari (Dasyuroides
byrnei—Geiser et al. 1986). There is also
some conflicting evidence with regard to re-
productive cost of the brown antechinus,
Antechinus stuartii, in the field. Field met-
abolic rates, which represent the sum of all
energy costs including that for thermoreg-
ulation and foraging, are reported to in-
crease during late lactation in A. stuartii
(Green 1997), whereas they are also re-
ported not to change (Green and Crowley
1989).

The aim of the present study was to pro-
vide detailed information on the growth
patterns of A. stuartii from birth to weaning
in relation to thermoregulatory capabilities,
and to quantify energy use of females and
their young at different stages of the repro-
ductive cycle and under different thermal
regimes.

Antechinus stuartii is a small (20-35 g)
insectivorous marsupial (family Dasyuri-
dae) with a highly synchronized reproduc-
tive life history. Mating within a population
occurs over about 2 weeks in late winter
and early spring (McAllan and Dickman
1986) and is associated with an increase in
locomotor activity in males (Kortner and
Geiser 1995). After the mating period, all
males die, leaving only pregnant females in
the population (Woolley 1966). Gestation in
A. stuartii lasts for approximately 27 days,
and neonates weigh only about 16 mg
(Marlow 1961; note: A. stuartii is listed as
A. flavipes). This species has a particularly
long conception-to-weaning period and
slow growth; the young remain in the
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pouch from birth to approximately 50 days
age, after which they are nest young until
weaning at approximately 100 days age
(Marlow 1961).

MATERIALS AND METHODS

Ten pregnant female A. stuartii were live-
trapped (in Elliott box traps, Elliott Scientific,
Upwey, Victoria, Australia) during 3-23 Sep-
tember 1998 at about 1,000 m altitude on the
Northern Tablelands near Armidale, New South
Wales, Australia. Animals were housed at the
University of New England, Armidale, in plastic
cages (30 by 50 by 40 cm) with sawdust bedding
and a nest box containing shredded paper. Ani-
mals were fed daily a mixture of macerated cat
food pellets and canned dog food. Mealworms
were supplied once or twice weekly and water
was made available ad libitum. Air temperature
(T, was maintained at 22 * 2°C and photope-
riod was natural. Females and most of their
young were released at their site of capture when
young reached 120 days age. However, 7 juve-
nile males and 7 juvenile females from litters of
>3 young were kept for further body mass mea-
surements.

Females were checked for pouch development
and birth of young every 2-3 days. Day of birth
was considered as day 0. Immediately after birth
to about 160 days, crown—rump lengths of 3 ran-
domly selected young from each litter (1 for the
litter with a single young) were measured week-
ly with vernier calipers. Females with their litter
were also weighed at regular intervals, until
young were seen to be unattached from the teat
at 70 days. From that time, young and mothers
were weighed separately, and sex of the young
was noted. During the pouch stage we estimated
body mass of females by assuming a linear mass
change between the last M, measurement before
birth and the female M, after young were left in
the nest. This estimate of the female M, was
subtracted from the total M, of female and
pouch young to estimate litter mass and mass of
individual young.

Two systems, based on the same oxygen sen-
sor, were used to measure VO,. Oxygen con-
sumption was measured with 1 of 2 oxygen an-
alyzers, a single-channel (S-3A/1, Ametek Ap-
plied Electrochemistry, Pittsburgh, Pennsylva-
nia) and a dual-channel (S-3A/II, Ametek)
analyzer, as described by Geiser et al. (1996).
Animals (alone or with litters) were placed in 1-
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liter respirometry chambers with dry air flowing
through it at a rate of about 400 ml/min, as mea-
sured with a mass flowmeter (FMA-5606, Ome-
ga, Stamford, Connecticut). These chambers
were then placed in a temperature-controlled
cabinet maintained to within 0.5°C. Temperature
inside the chamber (T,) was measured to the
nearest 0.1°C by a calibrated thermocouple.
Thermocouple output was amplified by a digital
thermometer (Omega DP116, Omega). Analog
outputs from the flowmeter, oxygen analyzer,
and thermometer were interfaced with a personal
computer via a 14-bit analog-to-digital card
(Bartels et al. 1998). Both systems were cali-
brated so that data could be pooled.

Metabolic rates (MR) were measured weekly
(using both systems) as rate of oxygen con-
sumption (VO,) of each female and her litter at
a T, of 30 and 20°C for 2 h each. A T, of 30°C
is within thermoneutrality of adults, and T, 20°C
represents a mild cold load (Wallis 1976). These
chambers were then placed in a temperature-
controlled cabinet maintained to within 0.5°C.
MR was averaged over approximately 30 min
for both systems after it became minimal and
stable.

Food or water was not available to animals in
the metabolic chambers. A linear decrease in M,
during the measurement was assumed for cal-
culation of mass-specific MR according to equa-
tion 3a of Withers (1977).

To estimate energy costs of lactation, mass-
specific MR of 3 females (each with 8 young)
was measured at a T, of 30°C at 3 stages of
growth. Measurements were conducted during
early lactation (days 7-13, when females had
pouch young), late lactation (days 62-93, fe-
males without young), and post lactation (days
107-116, females without young). Resting MR
for each animal was averaged over 1-1.5 h when
VO, was minimal and stable.

Total energy expenditure of A. stuartii fe-
males and their young was estimated from VO,
values at T, 30 and 20°C. Whole-animal MR
was measured weekly, and derived values (mil-
liliters per hour) were multiplied by the total
number of hours between measurements. We as-
sumed that 1 liter of O, produced the equivalent
of 20.1 kJ/1 (Schmidt-Nielsen 1997). These en-
ergy expenditure values were then summed over
the 100 days from birth to weaning.

To determine development of thermoregula-
tion, the mass-specific MR was measured week-
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ly for young from 3 litters of 8 young each (3
young per litter; n = 9 young), from 62 to 93
days age (each litter was measured on a separate
day at 7-day intervals, beginning with days 62,
64, and 65). Individual young in metabolic
chambers (50-ml plastic syringes) were placed
in a water bath at 30°C (T, in chamber measured
with a calibrated thermocouple) at a flow rate of
200 ml/min. After 2 h, metabolic chambers were
transferred to a temperature-controlled cabinet at
T, 20°C for a further 2 h. M, of young was re-
corded before and after measurements, and a lin-
ear decrease in M, during the period of mea-
surement was assumed.

Because the young were very small (approx-
imately 5 g) at the beginning of measurements,
we measured eye surface temperature (T,,.) rath-
er than rectal body temperature (T,) before and
after measurements using an infrared digital
thermometer (resolution, 1°C; OS-600, Omega).
Eye surface temperature predicts rectal T, of
small dasyurids reliably (Song and Geiser 1997).

Numerical values in the text are presented as
means * 1 SE for n individuals. A Gompertz,
3-parameter equation, as used by Zullinger et al.
(1984), was used to describe growth data of
young:

— —e—Kiage-I)
M, = Ae~®

where M, is body mass (g) at a given age, A is
asymptotic mass, K is growth rate constant
(days™!), and I is age at inflection point (days).
Linear regressions were fitted by the least
squares method. As mass-specific MR of fe-
males and litters at T, 20°C changed over time,
the point of transition of MR versus age was
determined by the intercept of the 2 regressions
with the smallest sum of the residual sum of
squares (Yaeger and Ultsch 1989). The age from
which T, of young A. stuartii remained stable
for 2 h at T, 20°C was estimated by linear re-
gression analysis. Age and T, were regressed
beginning at 85-93 days, when the regression
was not significant, and values of younger ani-
mals were added until the regression became
significant. The age for which the regression re-
mained nonsignificant was considered to be the
minimum age for constant T,,.. A repeated mea-
sures analysis of variance (ANOVA) followed
by a Student-Newman-Keuls (SNK) test for
paired comparisons was used to compare data
statistically for different lactation stages.
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REsuLTS

Body mass of 10 pregnant females at
capture was 21.0 = 1.0 g and increased
slightly in the 1st week of captivity (Fig.
la). On day O (birth of young), mean M,
for females and pouch young was 26.7 *
1.0 g. Initially, M, of females plus litters
increased slowly at a rate of about 0.1 g/
day during days 0-40, after which mass
gain increased rapidly at a rate of about 0.8
g/day until day 70. Starting on day 70, fe-
males were weighed independent of their
young. Mean M, of females at day 80 was
34.3 * 2.9 g and slowly decreased until 120
days, to a mean mass of 26.4 * 1.1 g, sim-
ilar to the M, when young were born.

Initially 6 litters of 8 young, 2 litters of
6 young, 1 litter of 3 young and 1 litter of
1 young were recorded, and mean litter size
was 6.4 * 0.8. Two young, both from litters
of 8, died on approximately day 40. Of the
62 young that survived, 34 were male and
28 female.

Body mass of young showed a sigmoidal
increase with age (Fig. 1b). For the first 40
days, M, increased slowly; growth was rap-
id between 40 and 100 days, and slowed
again after weaning. Increases in M, were
described by a Gompertz growth equation
(males, P < 0.01, 72 = 0.93; females, P <
0.01, »» = 0.97; Fig. 1b). Dimorphism in
M, between males and females became ap-
parent after day 80, and variation in M,
from day 80 was greater in males than in
females. At weaning, males had a higher
mean M, (14.1 = 0.3 g, n = 34) than fe-
males (11.6 = 0.2 g, n = 28; r-test, d.f. =
55, T = 6.13, P < 0.01), which represents
31.3% of adult male M, (45 g; Marlow
1961) and 41.5%, of mean M, (28.0 = 1.0
g) of adult females. At 300 days (the last
recordings), males also had a higher mean
M, (38.3 + 1.6 g, n = 7) than females (23.2
+06g n=7;ttest,df =8, T = 8.96,
P < 0.01). The Gompertz growth rate con-
stant (K) was 0.016 for males and 0.031 for
females. The inflection point at which
growth is maximal, as determined by the
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Fic. 1.—Growth of A. stuartii young. a) Mean
body mass of 10 females and their young (closed
circles) as a function of age of young, and mean
mass of 10 females without young (open circles),
after young detached from nipples and females
could be weighed separately. Horizontal line in-
dicates = 1 SE. b) Body mass of individual
young. Mass was calculated for ages 0-70 days
(see text—open triangles) and measured mass for
males (closed circles) and females (open circles)
for ages 70300 days. Line is Gompertz 3-param-
eter equation, fitted to each set of data: males (M,
= 36.874 exp{—exp[—0.016(age — 93.954)1}; r*
= 093, P < 001); females (M, = 19.928
exp{—exp[—0.031(age —70.417)1}; » = 097, P
< 0.01). ¢) Crown—rump lengths of 3 randomly
selected young from each of the 10 litters. Sexes
could not be determined for ages 0—70 days (tri-
angles).
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Gompertz equation, occurred at 94 days for
males and at 70 days for females.

Crown-rump length showed a pattern
similar to M, (Fig. 1c). Mean length at 5—
12 days age was 0.68 = 0.02 cm (n = 20).
Length increased slowly up to 40 days of
age and then increased more rapidly up to
100 days. At 101-106 days mean length was
greater for males (6.24 = 0.12 cm, n = 17)
than for females (5.92 = 0.11 cm, n = 14;
df. =28, T =231, P =0.04).

Whole-animal MR (milliliters of O, per
hour) of 10 females and their litters (Fig.
2a) increased with increasing age of young
at T, 30 and 20°C and was always lower at
T, 30°C than at T, 20°C. In accordance with
growth rate of young, increase in MR was
slow until an age of approximately 40 days,
and then MR increased more rapidly up to
100 days of age.

Mass-specific MR (milliliters of O, per
gram per hour) of females and their litters
decreased slightly with age of young at T,
30°C (P = 0.02, r» = 0.05; Fig. 2b). At T,
20°C, the relationship between MR and age
was best described by fitting the data set
with 2 linear regressions. From day O to day
39, MR was not affected by age (P = 0.96).
However, from day 42 to day 94, MR de-
creased with increasing age of young (P <
0.01, 2 = 0.45).

To obtain a better estimate of costs of
lactation, mass-specific MR of females was
measured at T, 30°C. Mean MR during ear-
ly lactation (days 7-13, females with
young) was 1.91 = 0.21 ml O, g~ h7!, dur-
ing late lactation (days 62-93, females
only) 2.98 = 0.11 ml O, g~' h~!, and during
postlactation (days 107-116, females only)
2.12 £ 0.26 ml O, g7! h~!, and these means
differed (ANOVA, P < 0.01). The 36% in-
crease of MR of females during late lacta-
tion (despite being measured without
young) in comparison with early lactation
was significant (Student-Newman—Keuls, P
< 0.05), but the difference between late lac-
tation and postlactation was not. However,
when MR of females without young were
compared between late and postlactation
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Fig. 2.—Development of physiological com-
pentency in A. stuartii young, as shown by a)
whole-animal oxygen consumption and b) mass-
specific metabolic rate (MR). Symbols show in-
dividual values for 10 females and their litters as
a function of age of young at T, 30°C (closed
circles) and T, 20°C (open circles). Mass-specific
data at T, 30°C are linear (MR = 1.669 — 0.002
X age; r* = 0.05, P = 0.02). At T, 20°C, data
show 2 patterns: at 0-39 days age, MR not re-
lated to age (P = 0.96); at 42-94 days, MR de-
creased significantly with age (MR = 5.068 —
0.035 X age; 2 = 045, P < 0.01).

(i.e., the two data sets measured without
young), this 30% decline was significant
(paired r-test; T = 5.70, P = 0.03).

At weaning (100 days), young from
small litters were heavier than those from
large litters (P < 0.01, r? = 0.88; Fig. 3a).
M, ranged from 19.3 g for the single young
to a mean of 15.0 g for individuals in a litter
of 8.

Mean crown—rump length of individuals
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Fi6. 3.—Development of A. stuartii young rel-
ative to litter size. a) Mean body mass of young
at 100 days of age (closed circles—M, = 20.971
— 0.721 X litter size; » = 0.88, P < 0.01). Mean
crown—rump lengths of young from each litter
size at 100 days (open circles—crown—rump
length = 6.892 — 0.123 X litter size; #* = 0.64,
P < 0.01). b) Total energy expenditure of females
and their litters for different litter sizes, estimated
from birth to 100 days. At both T, 20°C (MR =
4,936 + 300 X litter size; 2 = 0.52, P = 0.02)
and 30°C (MR = 2,194 + 273 X litter size; * =
0.61, P < 0.01) total energy expenditure was re-
lated to litter size.

also decreased linearly with increasing litter
size (P < 0.01, r2 = 0.64; Fig. 3a). Crown—
rump length ranged from 6.94 cm for the
single young to a mean of 5.94 cm in 8
young.

Estimated total energy expenditure of fe-
males and their litters from birth to weaning
was related to litter size (Fig. 3b). Total en-
ergy expenditure was 2,373 kJ for a litter
of 1 and 4,580 = 291 kJ for a litter of 8 at
T, 30°C. Total energy expenditure at T,
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Body mass, b) eye temperature (after exposure to
T, 20°C for 2 h), and c) mass-specific MR
(squares at T, 30°C; circles at T, 20°C) for 9 pups
as a function of age. Males are denoted by closed
symbols and females by open symbols (M, =
—10.088 + 0.245 X age; r» = 0.90, P < 0.01).
From day 62 to day 78, T,,, = —2.30 + 0.386 X
days (7> = 0.64, P < 0.01). From day 79 to day
93, T,,. = 22.5 + 0.090 X days (** = 0.11, P =
0.18). At T, 20°C, MR = —10.300 + 0.179 X
age (* = 0.72, P < 0.01).

20°C was parallel to that at T, 30°C, but was
elevated about 2-fold.

Thermoregulatory capabilities of individ-
ual young without their mothers (days 62—
93) increased with M, from about 5 to 12
g (Figs. 4a and 4b). The ability of young to
maintain T, after 2 h of exposure to T,
20°C increased linearly with increasing age
until 78 days (P < 0.01, 2 = 0.64). After
78 days of age, T,,. was independent of age.
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At 62-65 days, young were hypothermic
with a T, of 20-25°C. At about 70 days
T,,. ranged from 23 to 26°C, and by 91-93
days age T, was 30-34°C. (Fig. 4b). This
improvement in thermoregulation was ac-
companied by a linear increase of mass-
specific MR with age of young at T, 20°C
(Fig. 4c) over the same developmental time
(P < 0.01, 2 = 0.72). At 60-65 days age,
MR at T, 20°C was below that of T, 30°C.
However, by 90-93 days of age, young
were able to increase MR in response to
cold exposure. At T, 30°C, MR was inde-
pendent of age (Fig. 4c).

DiscuUssION

Our study shows that, despite the slow
rate of growth and development of A. stuar-
tii, energy costs of lactation increase sig-
nificantly during late lactation. This period
coincides with maximum growth rate of
young and time when young develop the
ability to thermoregulate physiologically.

As in other dasyurids (Frigo and Woolley
1997), developmental increases in M, and
crown-rump length in A. stuartii are sig-
moidal. Initial growth is slow, increasing
during late lactation, and then slowing
again after weaning. Growth patterns of
many marsupials are believed to be closely
correlated with their lactation pattern
(Green 1984). While young are permanent-
ly attached to the nipple (0—-40 days) and
growth is slow, milk production rate is low
and milk is relatively dilute (Frigo and
Woolley 1997). The subsequent increase in
growth is concomitant with the increase of
milk supply and amount of milk solids
(Green 1984; Settle and Croft 1982).

Development of sexual dimorphism in
M,, which is pronounced in adult A. stuar-
tii, becomes apparent at approximately 80
days of age. This is likely related to the
reduction in rate of growth after about 70
days in females; males continue to grow at
a rapid rate up to about 95 days. At wean-
ing, males are about 18% heavier than fe-
males and continue to grow to a mass al-
most twice that of females. This significant
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difference in M, between sexes is related to
their distinct reproductive life histories.
Large size in males is advantageous, as they
compete for access to females and must sur-
vive on stored nutrients during 2 weeks of
extensive mating—after which all males die
(McAllan and Dickman 1986; Woolley
1966).

Gompertz growth constants for A. stuar-
tii (0.016 males, 0.031 females) were lower,
especially for males, than those calculated
from the general marsupial equation of Lee
and Cockburn (1985; 0.036 for males,
0.040 for females), which provides an al-
lometric relationship between K and as-
ymptotic M,, for marsupials. However, our
constant for females is very close to that
estimated by Zullinger et al. (1984) based
on the data of Marlow (1961) for growth of
both sexes of A. stuartii.

Weaning in A. stuartii occurs at approx-
imately 100 days age, which is late, espe-
cially for a marsupial of its M,, suggesting
that even for marsupials, growth in A.
stuartii is slow. As in other mammals (Mat-
tingly and McClure 1982; Millar 1979;
Randolph et al. 1977), young A. stuartii
from small litters were about 30% heavier
than those from larger litters at weaning.
Crown-rump length of young also declined
significantly with increased litter size, but
difference between small and large litters
was only about 12%. Our results differ
from those reported by Settle and Croft
(1982), who observed no differences in de-
velopmental rate among litter sizes in A.
stuartii, and failure by females to raise lit-
ters of less than 3 young. However, a rela-
tionship between mass and litter size similar
to that reported here has been observed for
the dasyurid Sminthopsis macroura (Frigo
and Woolley 1997).

As predicted from other mammals (Ke-
nagy et al. 1989; Thompson 1992), the
overall maternal investment in large litters
in A. stuartii is greater than in small litters.
However, as in other studies the maternal
investment per individual young is greater
in small than in large litters of A. stuartii
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(Glazier 1985; Millar 1975). The reason for
the negative relationship between size of
young and litter size is likely due to in-
creased energy burden of females (Kenagy
et al. 1990). Females with very large litters
may be unable to produce enough milk to
ensure maximum growth even with free ac-
cess to food, due to a limit to food intake
and processing (Kenagy et al. 1990).

Development of A. stuartii was accom-
panied by an increase in energy expendi-
ture. Whole-animal energy expenditure of
females and their litters increased exponen-
tially with age, with slow growth of young
for the first 40 days and a rapid increase in
body mass thereafter. In contrast, mass-spe-
cific MR at T, 20°C was constant up to 40
days and then declined. The increase in
body mass and insulation of young as well
as huddling apparently reduced thermoreg-
ulatory energy expenditure of the female
and her litter.

Stage of lactation also affected energy
expenditure. During late lactation, energy
expenditure of A. stuartii females increased
significantly in comparison with that during
early lactation and with that after lactation.
This has also been observed in other mar-
supial species (Nicoll and Thompson 1987).
Late lactation coincides with a period of
rapid growth of young and production of
high-nutrient milk (Green 1984); so it is not
surprising that energy expenditure in-
creased, especially in large litters of 8. This
differs from observations in the wild, where
no increase in energy expenditure during
late lactation occurred (Green et al. 1991;
Green and Crowley 1989). However, in
contrast to our study, which quantified en-
ergy expenditure at rest and in thermoneu-
trality, free-ranging A. stuartii also use en-
ergy for foraging and thermoregulation; so
the relatively small increase of MR for lac-
tation may have been masked. During late
lactation in the wild, females use about
5,340 kJ kg~! day~! (Green and Crowley
1989), which is 39% higher than the value
calculated for our study (3,250 kJ kg!
day~! for a female with 8 young at T,
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20°C), but which includes foraging and
thermoregulatory costs.

As for other marsupials (Geiser et al.
1986; Hulbert 1988; Morrison and Petajan
1962; Rose et al. 1998) and many other,
particularly altricial, mammals (Couture
1980; Hirshfeld and Bradley 1976; Max-
well and Morton 1975; Nagel 1989), ability
of young A. stuartii to thermoregulate im-
proved with age. At 62—-65 days, young be-
came hypothermic after cold exposure (T,
20°C). Between 69 and 95 days, body mass
and insulation increased and rate of heat
loss decreased. By 79 days, physiological
thermoregulation was largely established,
although eye temperature was still slightly
below that of adults. This period of acqui-
sition of endothermy occurred during peaks
in rates of growth and lactation. It is inter-
esting that soon after the development of
endothermy in summer, young A. stuartii
enter torpor daily (Geiser 1988). Thus, the
developmental pattern in A. stuartii com-
mences with poikilothermy, which is re-
placed later by heterothermy once physio-
logical thermoregulation ability is attained.

ACKNOWLEDGMENTS

This work was supported by a grant from the
Australian Research Council to E Geiser. We
thank S. Cairns for his advice on statistical pro-
cedures. All experiments were carried out with
the permission of the University of New Eng-
land Animal Ethics Committee and New South
Wales National Parks and Wildlife.

LITERATURE CITED

BARTELS, W., B. S. LAW, AND E GEISER. 1998. Daily
torpor and energetics in a tropical mammal, the
northern blossom-bat Macroglossus minimus (Me-
gachiroptera). Journal of Comparative Physiology,
B. Biochemical, Systematic, and Environmental
Physiology 168:233-239.

COUTURE, R. J. 1980. The development of thermoreg-
ulation in Rhabdomys pumilio nambiensis. South
African Journal of Zoology 15:201-202.

Frico, L., AND P A. WOOLLEY. 1997. Growth and de-
velopment of pouch young of the stripe-faced dun-
nart, Sminthopsis macroura (Marsupialia: Dasyuri-
dae), in captivity. Australian Journal of Zoology 45:
157-170.

GEISER, E 1988. Daily torpor and thermoregulation in
Antechinus (Marsupialia): influence of body mass,



February 2002

season, development, reproduction, and sex. Oecolo-
gia 77:395-399.

GEISER, E, D. K. CoBURN, AND G. KORTNER. 1996.
Thermoregulation, energy metabolism, and torpor in
blossom-bats, Syconycteris australis (Megachirop-
tera). Journal of Zoology (London) 239:583-590.

GEISER, E, L. MATWIEICZYK, AND R. V. BAUDINETTE.
1986. From ectothermy to heterothermy: the ener-
getics of the Kowari, Dasyuroides byrnei (Marsu-
pialia: Dasyuridae). Physiological Zoology 59:220—
229.

GEMMELL, R. T., AND G. JOHNSTON. 1985. The devel-
opment of thermoregulation and the emergence from
the pouch of the marsupial bandicoot Isoodon ma-
crourus. Physiological Zoology 58:299-302.

GLAZIER, D. S. 1985. Energetics of litter size in five
species of Peromyscus with generalizations for other
mammals. Journal of Mammalogy 66:629—642.

GREEN, B. 1984. Composition of milk and energetics
of growth in marsupials. Symposium of the Zoolog-
ical Society of London 51:369-387.

GREEN, B. 1997. Field energetics and water fluxes in
marsupials. Pp.143-162 in Marsupial biology: re-
cent research, new perspectives (N. R. Saunders and
L. A. Hinds, eds.). University of New South Wales
Press, Sydney, New South Wales, Australia.

GREEN, B., K. NEWGRAIN, P. CATLING, AND G. TURNER.
1991. Patterns of prey consumption and energy use
in a small carnivorous marsupial, Antechinus stuar-
tii. Australian Journal of Zoology 39:539-547.

GReEN, K., aND H. CROWLEY. 1989. Energetics and
behaviour of active subnivean insectivores Antechin-
us swainsonii and A. stuartii (Marsupialia: Dasyu-
ridae) in the Snowy Mountains. Australian Wildlife
Research 16:509-516.

HAYsseN, V., R. C. Lacy, AND P. J. PARKER. 1985. Me-
tatherian reproduction: transitional or transcending?
American Naturalist 126:617-632.

HIRsHFELD, J. R., AND W. G. BRADLEY. 1976. Oxygen
consumption and development of thermoregulation
in young Eutamias panamintinus and Eutamias pal-
meri. Comparative Biochemistry and Physiology, A.
Comparative Physiology 55:89-90.

HULBERT, A. J. 1988. Metabolism and the development
of endothermy. Pp.148-161 in The developing mar-
supial: models for biomedical research (C. H. Tyn-
dale-Biscoe and P. A. Janssens, eds.). Springer-Ver-
lag, Berlin, Germany.

KENAGY, G. J., D. MAsMAN, S. M. SHARBAUGH, AND K.
A. NAGY. 1990. Energy expenditure during lactation
in relation to litter size in free-living golden-mantled
ground squirrels. Journal of Animal Ecology 59:73—
88.

KENAGY, G. J., R. D. STEVENSON, AND D. MASMAN.
1989. Energy requirements for lactation and post-
natal growth in captive golden-mantled ground
squirrels. Physiological Zoology 62:470—487.

KORTNER, G., AND E GEISER. 1995. Body temperature
rhythms and activity in reproductive Antechinus
(Marsupialia). Physiology and Behavior 58:31-36.

LeE, A. K., AND A. COCKBURN. 1985. The evolutionary
ecology of marsupials. Cambridge University Press,
Cambridge, United Kingdom.

MarLow, B. J. 1961. Reproductive behaviour of the
marsupial mouse, Antechinus flavipes (Waterhouse)

WESTMAN ET AL.—THERMOENERGETICS OF ANTECHINUS 89

(Marsupialia) and the development of the pouch
young. Australian Journal of Zoology 9:203-218.
MATTINGLY, D. K., AND P. A. McCLURE. 1982. Ener-
getics of reproduction in large-littered cotton rats

(Sigmodon hispidus). Ecology 63:183-195.

MAxWELL, C. S., AND M. L. MorToN. 1975. Compar-
ative thermoregulatory capabilities of neonatal
ground squirrels. Journal of Mammalogy 56:821—
828.

MCcALLAN, B. M., AND C. R. DIcCKMAN. 1986. The role
of photoperiod in the timing of reproduction in the
dasyurid marsupial Antechinus stuartii. Oecologia
68:259-264.

MILLAR, J. S. 1975. Tactics of energy partitioning in
breeding Peromyscus. Canadian Journal of Zoology
53:967-976.

MILLAR, J. S. 1979. Energetics of lactation in Pero-
myscus maniculatus. Canadian Journal of Zoology
57:1,015-1,019.

MORRISON, P, AND J. H. PETAJAN. 1962. The develop-
ment of temperature regulation in the opossum, Di-
delphis marsupialis virginiana. Physiological Zool-
ogy 35:52-65.

NAGEL, A. 1989. Development of temperature regula-
tion in the common white-toothed shrew, Crocidura
russula. Comparative Biochemistry and Physiology,
A. Comparative Physiology 92:409-413.

NicoLL, M. E., AND S. D. THOMPSON. 1987. Basal met-
abolic rates and energetics of reproduction in therian
mammals: marsupials and placentals compared.
Symposium of the Zoological Society of London 57:
7-217.

RanpoLPH, P. A., J. C. RANDOLPH, K. MATTINGLY, AND
M. M. FosTER. 1977. Energy costs of reproduction
in the cotton rat, Sigmodon hispidus. Ecology 58:
31-45.

Rosg, R. W., N. KuswanTi, AND E. Q. COLQUHOUN.
1998. Development of endothermy in a Tasmanian
marsupial, Bettongia gaimardi and its response to
cold and noradrenaline. Journal of Comparative
Physiology, B. Biochemical, Systematic, and Envi-
ronmental Physiology 168:359-363.

RusseLL, E. M. 1982. Patterns of parental care and
parental investment in marsupials. Biological Re-
views 57:423-486.

ScHMIDT-NIELSEN, K. 1997. Animal physiology: ad-
aptation and environment. 5th ed. Cambridge Uni-
versity Press, Cambridge, United Kingdom.

SETTLE, G. A., AND D. B. CroFT. 1982. Maternal be-
haviour of Antechinus stuartii (Dasyuridae, Marsu-
pialia) in captivity. Pp. 365-381 in Carnivorous mar-
supials (M. Archer, ed.). Royal Zoological Society
of New South Wales, Sydney, New South Wales,
Australia.

SHIELD, J. 1966. Oxygen consumption during pouch
development of the macropod marsupial Setonix
brachyurus. Journal of Physiology 187:257-270.

SoNG, X., AND E GEISER. 1997. Daily torpor and en-
ergy expenditure in Sminthopsis macroura: interac-
tions between food and water availability and tem-
perature. Physiological Zoology 70:331-337.

THOMPSON, S. D. 1992. Gestation and lactation in small
mammals: basal metabolic rate and the limits of en-
ergy use. Pp. 213-259 in Mammalian energetics (T.



90 JOURNAL OF MAMMALOGY

E. Tomasi and T. H. Horton, eds.). Cornell Univer-
sity Press, Ithaca, New York.

THOMPSON, S. D., AND M. E. NicoLL. 1986. Basal met-
abolic rate and energetics of reproduction in therian
mammals. Nature 321:690—-693.

TYNDALE-Biscog, C. H., AND M. B. RENFRee. 1987.
Reproductive physiology of marsupials. Cambridge
University Press, Cambridge, United Kingdom.

WaLLis, R. L. 1976. Torpor in the dasyurid marsupial
Antechinus stuartii. Comparative Biochemistry and
Physiology, A. Comparative Physiology 53:319—
322.

WITHERS, P. C. 1977. Measurement of V,, Vo, and
evaporative water loss with a flow-through mask.
Journal of Applied Physiology 42:120-123.

Vol. 83, No. 1

WOOLLEY, P. 1966. Reproduction of an Antechinus sp.
and other dasyurid marsupials. Symposium of the
Zoological Society of London 15:281-294.

YAEGER, D. P, AND G. R. ULTSCH. 1989. Physiological
regulation and conformation: a BASIC program for
the determination of critical points. Physiological
Zoology 62:888-907.

ZULLINGER, E. M,, R. E. RICKLEFs, K. H. REDFORD, AND
G. M. MAace. 1984. Fitting sigmoidal equations to
mammalian growth curves. Journal of Mammalogy
65:607-636.

Submitted 8 August 2000. Accepted 13 July 2001.

Associate Editor was Thomas E. Tomasi.



	Article Contents
	p. 81
	p. 82
	p. 83
	p. 84
	p. 85
	p. 86
	p. 87
	p. 88
	p. 89
	p. 90

	Issue Table of Contents
	Journal of Mammalogy, Vol. 83, No. 1 (Feb., 2002), pp. i-ii+1-319
	Front Matter [pp.  i - 317]
	Systematics of the Abrocoma cinerea Species Complex (Rodentia: Abrocomidae), with a Description of a New Species of Abrocoma [pp.  1 - 19]
	Molecular Systematics and Historical Phylobiogeography of the Neotoma mexicana Species Group [pp.  20 - 30]
	Genetic Variation at a Major Histocompatibility Locus within and among Populations of White-Tailed Deer (Odocoileus virginianus) [pp.  31 - 39]
	Phylogenetic Relationships of Mormoopid Bats Using Mitochondrial Gene Sequences and Morphology [pp.  40 - 48]
	Molecular Phylogenetics and Taxonomic Revision of the Genus Tonatia (Chiroptera: Phyllostomidae) [pp.  49 - 57]
	Karyotypes of Nineteen Marsupial Species from Brazil [pp.  58 - 70]
	Processing of Urinary Pheromones in Antechinus stuartii (Marsupialia: Dasyuridae): Functional Magnetic Resonance Imaging of the Brain [pp.  71 - 80]
	Developmental Thermoenergetics of the Dasyurid Marsupial, Antechinus stuartii [pp.  81 - 90]
	Feeding Type and Seasonal Digestive Strategy of Mongolian Gazelles in China [pp.  91 - 98]
	Estrous Cycles, Copulation, and Pregnancy in the Fennec Fox (Vulpes zerda) [pp.  99 - 109]
	Andean Mountain Cat, Oreailurus jacobita: Morphological Description and Comparison with Other Felines from the Altiplano [pp.  110 - 124]
	Skull Shape and Size Divergence in Dolphins of the Genus Sotalia: A Tridimensional Morphometric Analysis [pp.  125 - 134]
	A Probable Hybrid Sea Lion: Zalophus californianus × Otaria byronia [pp.  135 - 144]
	Functional Morphology and Geographic Variation in the Digging Apparatus of Cururos (Octodontidae: Spalacopus cyanus) [pp.  145 - 152]
	Activity Patterns in a Subterranean Social Rodent, Spalacopus cyanus (Octodontidae) [pp.  153 - 158]
	Diurnal Vocal Patterns of the Black Howler Monkey (Alouatta pigra) at Lamanai, Belize [pp.  159 - 166]
	Habitat Use and Foraging Behavior of Townsend's Big-Eared Bat (Corynorhinus townsendii) in Coastal California [pp.  167 - 177]
	Use of Home Ranges by Resident Bottlenose Dolphins (Tursiops truncatus) in a South Carolina Estuary [pp.  178 - 187]
	Denning Ecology of Barren-Ground Grizzly Bears in the Central Arctic [pp.  188 - 198]
	Swift Fox Survival and Production in Southeastern Wyoming [pp.  199 - 206]
	Coexistence of Peccaries and Feral Hogs in the Brazilian Pantanal Wetland: An Ecomorphological View [pp.  207 - 217]
	GIS-Based Habitat Models for Mountain Goats [pp.  218 - 228]
	Temporospatial Distributions of Elk, Mule Deer, and Cattle: Resource Partitioning and Competitive Displacement [pp.  229 - 244]
	Ambient Temperature in Spring Affects Horn Growth in Male Alpine Ibexes [pp.  245 - 251]
	Subadult Dispersal in a Monogamous Species: The Alabama Beach Mouse (Peromyscus polionotus ammobates) [pp.  252 - 259]
	A Comparison of Home Ranges of Two Species of Peromyscus Using Trapping and Radiotelemetry Data [pp.  260 - 266]
	Response of Two Low-Density Populations of Peromyscus leucopus to Increased Food Availability [pp.  267 - 279]
	Long-Term Variation in Abundance of Elliot's Short-Tailed Shrew (Blarina hylophaga) in Tallgrass Prairie [pp.  280 - 289]
	Delayed Responses of Small-Mammal Assemblages Subject to Afforestation-Induced Grassland Fragmentation [pp.  290 - 300]
	Reviews
	untitled [pp.  301 - 303]
	untitled [pp.  303 - 305]
	untitled [pp.  305 - 306]
	untitled [pp.  306 - 307]

	Books Received [pp.  307 - 308]
	Eighty-Second Annual Meeting of the American Society of Mammalogists [pp.  309 - 311]
	Comments and News [pp.  314 - 316]
	Addenda to Ten-Year Index to Journal of Mammalogy [p.  319]
	Back Matter



