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Doubly-labeled-water measurements of field metabolic rates and water influx rates in free-
ranging honey possums (mean mass = 9.9 g) during late winter in Western Australia
indicated that these nectarivores had lower daily energy expenditures than did insectivorous,
dasyurid marsupials of similar body mass. Honey possums are capable of using torpor, and
some individuals apparently did so during this study. Honey possums have an unusually
high basal metabolic rate, and their field metabolic rate is ca. 2.7 times the basal rate, which
is much lower than the 4.6-6.9 times the basal rate in small insectivorous marsupials.
Nevertheless, the daily cost of living we measured for honey possums is 75% greater than
for eutherian mammals of similar body mass. Small marsupials in general have much higher
energy and food requirements in the field than do small eutherian mammals.

Key words: daily energy expenditure, diet effect, doubly labeled water, foraging mode,
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The honey possum (family Tarsipedidae)
is one of the smallest of marsupials, weigh-
ing only 5-18 g. They are only slightly
larger than the smallest marsupials, the 2—
13 g ningauis (three species in the family
Dasyuridae), and are of similar size to the
planigales (5-15 g; Dasyuridae) and the
pygmy possums Cercartetus and Acrobates
(12-25 g; Burramidae—Nowak, 1991).
Maintenance of a high, constant body tem-
perature (endothermy) is energetically ex-
pensive in small mammals, due to their
high surface-to-volume ratio, and conse-
quent high rate of heat loss to the environ-
ment (Bartholomew, 1982). Thus, the field
energetics of a small mammal are of con-
siderable physiological, ecological, and
evolutionary interest.

The honey possum is common on the
coastal-sand plain in the southern part of
Western Australia and eats only nectar and
pollen, which are available throughout the
year from a variety of plant species, es-
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pecially Banksia growing in the area. Tar-
sipes rostratus has a high basal metabolic
rate (2.9 ml O, g! h™! or 440 kJ kg7
d-'—Withers et al., 1990) compared with
that expected for a marsupial of its body
mass (1.3 ml O, g~!' h~' or 220 kJ kg=°7
d-'—Dawson and Hulbert, 1970), and it
has a higher body temperature than most
marsupials (37°C instead of 34°C). The rel-
atively high basal metabolic rate may reflect
the specialized nectar diet (McNab, 1980)
as well as the higher body temperature
(Blaxter, 1989). Honey possums may be-
come torpid on cold days, going through a
deep but short-term drop in body tempera-
ture (minimum body temperature = 5°C—
Collins et al., 1988; Renfree and Wooller,
1983; Withers et al., 1990).

The present study was conducted to test
several predictions about field metabolic
rate (the energetic cost of living in the wild)
of honey possums. Four questions were ad-
dressed. Do these nectarivores, which for-
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age in an unhurried manner, have lower
field metabolic rates than do active, preda-
tory insectivores, such as dasyurid marsu-
pials? Do honey possums have field meta-
bolic rates that are high relative to similar-
sized eutherian mammals, as do the das-
yurids studied to date (Nagy, 1987)? Do
honey possums exhibit unusually high field
metabolic rates in accord with their high
basal metabolic rates, implying a predict-
able relationship between field and basal
metabolic rate between species (Koteja,
1991)? Do honey possums have highly
variable field metabolic rates, especially on
the low side, reflecting use of torpor under
natural conditions, and how much energy is
saved by using torpor?

MATERIALS AND METHODS

Field metabolic rates and water influx rates
were measured with the doubly-labeled-water
method (Nagy, 1983). This technique involves
labeling an animal’s body water with two iso-
topes, tritium (*H) and heavy oxygen (®0), and
determining the washout rates of both isotopes
from the animal while it is living undisturbed in
its natural habitat. The tritium remains on water
molecules and traces water flux through the an-
imal. The '80 equilibrates rapidly between water
and CO, dissolved in body water (due to the
action of carbonic anhydrase in red blood cells
and elsewhere), so '®0 washes out faster than
tritium, because it leaves the animal as C'*0, as
well as H,'0. Thus, the difference between
washout rates of tritium and '*0 represents CO,
production alone and is a measure of metabolic
rate.

The fieldwork was done 27-29 August 1986
at the Fitzgerald River Reserve (latitude
30°10’S, longitude 119°31'E) in Western Austra-
lia. Honey possums were captured and recap-
tured using pitfall traps set in a grid design.
Traps were unbaited, and honey possums were
caught when they descended to the ground and
fell into the pits. The traps were cleared at first
light, reducing to a minimum the time any ani-
mal could have spent without food in the trap.
Some individuals were torpid when traps were
cleared, but most were alert upon capture. Tem-
peratures were low and characteristic of winter
(5-12°C), and rainfall was common during the
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study period. Animals were weighed, their ears
were punched for identification, and they were
injected with 125 pl of sterile water containing
95 atoms % oxygen-18 and 1.5 MBq of tritium.
A small (20 pl) blood sample was taken from a
postorbital eye sinus; then, the animal was re-
leased at its point of capture. Laboratory meth-
ods regarding use of doubly labeled water were
as described in detail elsewhere (Nagy et al.,
1988). Briefly, pure water was distilled from the
blood samples and used to measure tritium con-
centration by liquid scintillation counting and
80 concentration by proton activation analysis
(Wood et al., 1975). The intervals for measure-
ment of doubly labelled water averaged 0.94 *+
0.06 days. Differences in physiological variables
due to differences in body mass between indi-
viduals were accounted for before comparisons
were made by converting measured values of
field metabolic rate (in kJ d-') and water influx
rate (in ml d7') to ratios of measured to pre-
dicted values for the individual’s body mass (Ta-
ble 1).

Field metabolic rates were converted from
units of CO, production to heat equivalents (kJ)
on the basis of presumed nutrients (carbohy-
drate, fat, and protein) being catabolized by hon-
ey possums. Their diet probably was mostly car-
bohydrate, with some protein from pollen; both
have similar conversion factors, being 20.8 and
23.1 kilojoule/liter of CO,, respectively, and we
used the intermediate value of 21 kilojoule/liter
of CO,. Some study animals lost appreciable
amounts of body mass during our measure-
ments, and these may have metabolized some
body fat, which has a higher conversion factor
(27.7 kilojoule/liter of CO,). However, we did
not measure body-water contents at the end of
the measurement periods; so, we do not know if
these mass losses were due mainly to fat catab-
olism (animal not eating enough) or to water im-
balance. In the unlikely event that the animals
which lost mass used fat exclusively for their
energy metabolism over the entire measurement
interval, our estimates of their field metabolic
rates could be =24% too low. However, there is
a way to evaluate whether the animal was eating
enough to achieve energy balance. The feeding
rate of a nondrinking animal should be correlat-
ed with its rate of water intake, if dietary water
content is constant (Nagy, 1975). Making this
assumption, the rate of body mass change should
correlate positively with the relative water flux
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TABLE 1.—Summary of field metabolic rate and water influx rate in honey possums in Western

Australia in late August 1986.

Field metabolic rate

Water influx rate

Animal Mean A mass, Relative to Relative to Relative to

no? mass (g) (% d ") kJ d! predicted® BMRe¢ ml d-! predicted!
MI(1) 5.25 -2.05 21.8 0.71 2.54 5.49 0.81
Mi(2) 5.30 3.85 29.7 0.96 3.44 6.15 0.91
F1 10.50 -7.27 304 0.66 2.11 6.79 0.66
F2 17.75 -5.96 31.2 0.50 1.46 8.13 0.58
M2 6.45 -19.90 354 1.02 3.53 7.28 0.95
F3 14.90 -1.33 41.4 0.74 2.21 12.32 0.97
F4 12.70 5.69 51.6 1.01 3.10 39.10 3.40
F5(1) 10.80 —2.06 31.0 0.67 2.10 5.67 0.54
F5(2) 10.45 —4.67 14.2 0.34 0.98 1.40 0.14
F6 9.50 -13.35 38.6 0.89 2.89 2.38 0.25
M3(1) 10.40 -9.97 43.0 0.96 2.99 471 0.46
M3(2) 9.70 -3.96 255 0.59 1.91 3.31 0.34
M4 8.05 1.25 46.6 1.19 3.94 17.65 2.02
MS 9.90 2.27 51.8 1.17 3.75 8.81 0.89
M6 7.35 —1.52 41.2 1.11 3.73 6.97 0.84

X+ 15D 99 +34 -39*67 344 *11.1 083 026 271 £090 9.1 92 092 + 0.82

2m = male; F = female. Day in parentheses.

* Field metabolic rate was predicted using kJ d-' = 11.8BM®57%, where BM is body mass in grams (Nagy, 1987).
< Basal metabolic rate was predicted using kJ d-! = 440 BM®"5, with BM in kilograms (Withers et al., 1990).
d Water influx rate was predicted using ml d~' = 2.49BM%%? with BM in grams (Nagy and Peterson, 1988).

rate. The actual correlation, using the values in
Table 1, is described by the equation: Y =
0.0616X + 1.15 (n = 15, r* = 0.259, P = 0.05),
where X = rate of body mass change in % d-'
and Y = ratio of measured to predicted water
influx rate. This correlation indicates that, over
some measurement intervals, honey possums
were eating, but not enough to maintain energy
balance and were using stored body fat to supply
part of their energy requirements. Thus, for
those four animals having a water influx ratio
(measured to predicted) <0.5 (Table 1), we used
an intermediate conversion factor of 25 kilo-
joule/liter of CO,.

RESULTS

Field metabolic rates of honey possums
(mean body mass 9.9 g) averaged 34 kJ d ™!,
which is 2.7 times their estimated basal
metabolic rate. Individual field-metabolic-
rate values were highly variable, ranging
from 1.0 to 3.9 times basal metabolism (Ta-
ble 1). One animal had a field metabolic
rate that was the same as its predicted basal
rate. We presume this animal, and at least
a few others, used torpor during part of the

field measurement period. Honey possums
in captivity have torpor bouts ranging in
length from 6.7 to 14.4 h, with an average
of 10.5 h (Withers et al., 1990), which
would include 28-60% of our ca. 24-h pe-
riods of measurement. Water influx rates
averaged 9.1 ml d-!, which is 106% of that
predicted for a marsupial in the field (Table
1). Water influx rates also were quite vari-
able, ranging from 14 to 340% of predicted.

DIScUSSION

Honey possums had field metabolic rates
that averaged 83% of those expected (Nagy,
1987: equation 26) for a marsupial of their
body mass (Table 1). Two small dasyurid
marsupials, which are insectivores, had
somewhat higher field metabolic rates: dun-
narts (Sminthopsis crassicaudata, 11.4 g) at
102% of predicted values; brown antechi-
nus (Antechinus stuartii, 22.7 g) at 91% of
predicted values (Nagy, 1987). However,
the mean field metabolic rate of A. stuartii
does not differ significantly from that of
honey possums, judging by its inclusion
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within the 95% confidence intervals for the
mean of the honey possum (60-98% of pre-
dicted field metabolic rate). The larger
Swainson’s antechinus (Antechinus swain-
sonii, 47.5 g, mean of values reported in
Nagy, 1987: table 1) had a much higher
field metabolic rate, averaging 123% of that
predicted from body mass. We conclude
that honey possums live a life that requires
a moderate to low expenditure of energy
compared with small insectivorous marsu-
pials, in accord with expectations based on
differences in diet and foraging mode.

The daily cost of living for honey pos-
sums is high, however, compared with that
expected for a eutherian mammal of the
same body mass. Field metabolic rates of
honey possums averaged 174% of those
predicted for eutherians having the same
body mass (Nagy, 1987: equation 18). At
body masses <71 g, marsupials in general
have significantly higher field metabolic
rates than do eutherian mammals (Nagy,
1987); yet, marsupials have significantly
lower basal metabolic rates than eutherians
(at all body masses—Hayssen and Lacy,
1985), for reasons that are not understood
at present.

There are reasons to suggest that field
metabolic rate and the basal metabolic rate
of an animal may be related to each other
and, hence, also may covary between spe-
cies (Koteja, 1991). This raises the possi-
bility that field metabolic rate may be a
constant multiple of basal metabolism
among terrestrial vertebrates (Peterson et
al., 1990). Accordingly, the unusually high
basal metabolic rate of honey possums in
comparison with other marsupials (Withers
et al., 1990) should be accompanied by a
similarly high field metabolic rate in honey
possums. Our results do not support this hy-
pothesis and indicate that basal metabolism
does not serve as a reliable predictor of
field metabolism. The ratio of field meta-
bolic rate to basal metabolic rate of 2.7 in
honey possums (Table 1), in fact, is lower
than those of other small marsupials (6.9 in
dunnarts and 4.6 in brown antechinuses—
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Peterson et al., 1990). The field metabolic
rates measured in the present study may not
reflect the maximum values of honey pos-
sums for two reasons. First, the season in
which we made measurements (winter) may
not be the season of greatest energy expen-
diture by these animals. Some species of
endothermic animals have field metabolic
rates that vary considerably during the
course of a year, often being high during
the breeding season, but other species have
relatively constant field metabolic rates
through time (Nagy, 1987). Second, all the
field metabolism measurements in this
study could have included some periods of
torpor. There was much variation in field
metabolic rates between individuals and
measurement periods, with the coefficient
of variation in this study (100 SD/mean =
31%) being about twice those typically
found in other studies on mammals. More-
over, the variation was due mostly to un-
usually low field metabolic rates, which is
consistent with the use of torpor during at
least some measurement intervals. Unfor-
tunately, we could not determine the body-
temperature patterns of our animals. They
were too small to carry temperature-sensi-
tive radiotransmitters, and the process of
finding a marked animal and measuring
body temperature with a rectal probe fre-
quently during the field-measurement peri-
od would disturb the animals so much that
measurements of their field metabolic rate
would be of questionable relevance to the
natural situation.

Torpor can be beneficial in that it can
save much energy. For example, the lowest
three values for field metabolism that we
measured were only 38% of the highest
three values, suggesting that use of torpor
could reduce daily energy expenditure by
nearly two-thirds. However, this is not with-
out other kinds of cost. The penalties of us-
ing torpor include possible decreased food
intake and increased vulnerability to pred-
ators. It will be interesting to examine the
seasonal use of torpor by free-living honey
possums in relation to variation in food sup-
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ply, ambient temperature, reproductive ac-
tivities, and predation pressure.

ACKNOWLEDGMENTS

Honey possums were captured under permit
from Conservation and Land Management of
Western Australia. This research was funded in
part by the United States Department of Energy
via Contract DE-ACO03-76-SF00012 to the Uni-
versity of California, Los Angeles. We thank E
J. Bradshaw and M. Bamford for assistance in
the field.

LITERATURE CITED

BARTHOLOMEW, G. A. |1982. Body temperature and
energy metabolism. Pp. 333-406, in Animal physi-
ology: principles and adaptations (M. S. Gordon, G.
A. Bartholomew, A. D. Grinnell, C. B. Jorgensen,
and E N. White, eds.). Macmillan, New York, 635

pp-

BLAXTER, K. 1989. Energy metabolism in animals and
man. Cambridge University Press, Cambridge, Unit-
ed Kingdom, 336 pp.

CoLLiNs, B. G., R. D. WOOLLER, AND K. C. RICHARD-
soN. 1988. Torpor by the honey possum, Tarsipes
rostratus (Marsupialia: Tarsipedidae), in response to
food shortage and low environmental temperature.
Australian Journal of Mammalogy, 11:51-59.

Dawson, T. J., AND A. J. HULBERT. 1970. Standard
metabolism, body temperature and surface areas of
Australian marsupials. American Journal of Physi-
ology, 218:1233-1238.

HAYSSEN, V., AND R. C. LAcy. 1985. Basal metabolic
rates in mammals: taxonomic differences in the al-
lometry of BMR and body mass. Comparative Bio-
chemistry and Physiology, A. Comparative Physi-
ology, 81:741-754.

KoTEJA, P. 1991. On the relation between basal and
field metabolic rates in birds and mammals. Func-
tional Ecology, 5:56-64.

MCcNaB, B. K. 1980. Food habits, energetics and the

Vol. 76, No. 3

population biology of mammals. The American Nat-
uralist, 116:106—-124.

NaGy, K. A. 1975. Water and energy budgets of free-
living animals: measurement using isotopically la-
beled water. Pp. 227-245, in Environmental physi-
ology of desert organisms (N. FE Hadley, ed.). Dow-
den, Hutchison, and Ross, Stroudsburg, Pennsylva-
nia, 283 pp.

. 1983. The doubly labeled water method: a

guide to its use. University of California, Los An-

geles, Publication, 12-1417:1-45.

. 1987. Field metabolic rate and food require-
ment scaling in mammals and birds. Ecological
Monographs, 57:111-128.

NAGY, K. A, AND C. C. PETERSON. 1988. Scaling of
water influx rate in animals. University of California
Publications in Zoology, 120:1-172.

NagGy, K. A., A. K. LEg, R. W. MARTIN, AND M. R.
FLEMING. 1988. Field metabolic rate and food re-
quirement of a small dasyurid marsupial, Sminthop-
sis crassicaudata. Australian Journal of Zoology,
36:293-299.

Nowak, R. M. 1991. Walker’s mammals of the world.
Fifth ed. The Johns Hopkins University Press, Bal-
timore, Maryland, 1:1-642.

PETERSON, C. C., K. A. NAGY, AND J. DiIAMOND. 1990.
Sustained metabolic scope. Proceedings of the Na-
tional Academy of Sciences, 87:2324-2328.

RENFREE, M. B., AND R. D. WOOLLER. 1983. Honey
possum. Pp. 172-174, in The Australian Museum
complete book of Australian mammals (R. Strahan,
ed.). Angus and Robertson, London, United King-
dom, 530 pp.

WITHERS, P. C., K. C. RICHARDSON, AND R. D. WooLL-
ER. 1990. Metabolic physiology of euthermic and
torpid honey possums, Tarsipes rostratus. Australian
Journal of Zoology, 37:685-693.

Woop, R. A., K. A. NAGY, N. S. MacDoNALD, S. T.
WaKAKUWA, R. J. BECKMAN, AND H. Kaaz. 1975.
Determination of '*O in water contained in biologi-
cal samples by charged particle activation. Analyti-
cal Chemistry, 47:646-650.

Submitted 31 January 1994. Accepted 28 October
1994.

Associate Editor was Barbara H. Blake.



