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Abstract Most studies on animal physiology and
behaviour are conducted in captivity without verifica-
tion that data are representative of free-ranging ani-
mals. We provide the first quantitative comparison of
daily torpor, thermal biology and activity patterns, con-
ducted on two groups of sugar gliders (Petaurus brevi-
ceps, Marsupialia) exposed to similar thermal
conditions, one in captivity and the other in the field.
Our study shows that activity in captive gliders in an
outdoor aviary is restricted to the night and largely
unaffected by weather, whereas free-ranging gliders
omit foraging on cold/wet nights and may also forage in
the afternoon. Torpor occurrence in gliders was signifi-
cantly lower in captivity (8.4% after food deprivation;
1.1% for all observations) than in the field (25.9%),
mean torpor bout duration was shorter in captivity
(6.9 h) than in the field (13.1 h), and mean body tem-
peratures during torpor were higher in captivity
(25.3°C) than in the field (19.6°C). Moreover, normo-
thermic body temperature as a function of air temper-
ature differed between captive and free-ranging
gliders, with a >3°C difference at low air temperatures.
Our comparison shows that activity patterns, thermal
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physiology, use of torpor and patterns of torpor may
differ substantially between the laboratory and field,
and provides further evidence that functional and
behavioural data on captive individuals may not neces-
sarily be representative of those living in the wild.
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Introduction

Most studies on animal physiology and behaviour are
conducted in captivity, usually as a consequence of
technological limitations and convenience. Data
obtained on captive animals are considered to be rep-
resentative of those of wild populations by some
researchers, although few laboratory investigations
have been conducted in conjunction with field studies
to verify whether or not the data are comparable
(Costa and Sinervo 2004).

In line with other animal studies, torpor and others
aspects of thermal biology also have been investigated
primarily in captivity. Torpor is characterised by a con-
trolled reduction of body temperature (7},), metabolic
rate, and other physiological processes that can sub-
stantially reduce energy expenditure (Wang 1989).
Many small mammals and birds employ torpor often to
overcome energy shortages during adverse environ-
mental conditions or limited food supply (Wang 1989;
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Barnes and Carey 2004). Torpor can be prolonged and
deep (multi-day, with 7, ~ 5°C) as in the hibernators,
which generally fatten extensively before the hiberna-
tion season and often only enter torpor when fat
(Wang 1989; Geiser and Ruf 1995). In contrast, daily
torpor in the daily heterotherms (species entering daily
torpor exclusively) lasts only for several hours, usually
during the daily rest phase with 7}’s falling to ~17°C
(Geiser and Ruf 1995; Lovegrove et al. 1999; Schmid
2000). Unlike hibernators, daily heterotherms mainly
employ torpor at times when they are lean often in
response to acute environmental stressors such as cold
exposure, bad weather or lack of food. Daily hetero-
therms usually attempt to forage on a daily basis during
their activity phase even during times when they use
torpor frequently (Geiser 2004).

Captive animals may be stressed and are also usu-
ally fatter than their con-specifics in the field (Hollo-
way and Geiser 1996; Mzilikazi and Lovegrove 2002;
Costa and Sinervo 2004), therefore, use and depth of
daily torpor in captivity may be adversely affected.
Further, intra-specific differences in torpor physiology
between captive-bred and wild-captured individuals
of similar body mass have been observed in the labo-
ratory (Geiser and Ferguson 2001), and it is likely
that functional differences are even more pronounced
when captive and free-ranging individuals are com-
pared. Fortunately, the development of small temper-
ature-sensitive radio transmitters and data loggers
has permitted measurement of 7}, during torpor in the
field (e.g. Brigham et al. 2000; Kortner et al. 2000;
Chruszcz and Barclay 2002; Cooper and Withers
2004; Dausmann 2005: Willis et al. 2006) and a recent
comparison has shown that indeed several birds and
mammals differ between the laboratory and field with
regard to torpor (Geiser et al. 2000). Nevertheless,
this comparison of laboratory and field thermal biol-
ogy was restricted to a qualitative treatment of tor-
por; quantitative analyses of functional variables in
torpid and normothermic individuals were not con-
ducted. The purpose of the present study is to provide
the first quantitative comparison of daily torpor and
activity patterns in a captive and a free-ranging popu-
lation of sugar gliders (Petaurus breviceps; body
mass ~ 120 g, Petauridae: Marsupialia) from the
same area.

Sugar gliders live along the east and north coast of
Australia and in New Guinea. They are largely noctur-
nal and feed mainly on plant exudates, nectar, pollen
and insects (Hume 1999), which can become scarce in
winter or during inclement weather. Gliders use nests
and huddling for social thermoregulation, but also pos-
sess the ability to enter daily torpor (Fleming 1980;
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Kortner and Geiser 2000a; Geiser and Kortner 2004)
and therefore were chosen as our study organism.

Material and methods

Two populations of gliders from the same area were
compared during our study. The first was a captive
population maintained in roofed outdoor aviaries in a
quiet, remote location on the campus of the University
of New England, Armidale, NSW, Australia, at an alti-
tude of ~1,000 m. These individuals were exposed to
natural photoperiod and similar temperature fluctua-
tions as the free-ranging population (described below),
but were sheltered from rain and strong wind. Of the
17 captive individuals, 14 were wild-caught from wood-
lands near Armidale and three were bred in captivity
from the wild-caught individuals. Gliders were main-
tained in their family groups captured from nest boxes
in the wild. In captivity, gliders in aviaries had access to
nest boxes and were fed in the afternoon, well before
they became active, on a mixture of high-protein
cereal, honey and water supplemented with calcium
and vitamins, apples, carrots and occasionally meal-
worms (Holloway and Geiser 2001). Food was usually
available ad libitum, however, ~once/month food was
withheld for 1 day to induce torpor. Only non-repro-
ductive adult gliders were used for our comparison.
Our study was conducted between 1994 and 1998, but
only data collected between May and October (late
autumn to early spring), the time of year when free-
ranging individuals were investigated, were used for
statistical comparisons.

To quantify daily 7, fluctuations, gliders were
implanted intraperitoneally under Oxygen/Isoflurane
anaesthesia with temperature-sensitive transmitters
(Sirtrack ~3.5g) with a battery life of ~6 months.
Transmitters had been coated in Paraffin/Elvax (Mini-
mitter) and calibrated to the nearest 0.1°C. Transmit-
ters were used for measurements of 7, both in the
aviary and during measurements of oxygen consump-
tion in the laboratory, but in the aviaries only 7}, was
measured. Transmitter signals were received using a
scanning receiver (Yaesu, FRG-9600) interfaced with a
computer. As torpor occurrence and duration in cap-
tive animals is often quantified by open flow respirom-
etry (e.g. Hiebert 1990; McNab and Bonaccorso 2001),
we determined rates of oxygen consumption for mea-
suring torpor variables in individual captive gliders.
Air temperature (7,) was measured to the nearest
0.1°C with a calibrated thermocouple inserted 1cm
into the respirometry chamber (further details in Hol-
loway and Geiser 2001). Animals were placed in the
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respirometry chamber late in the afternoon (between
1600 and 1700 hours), at T,’s that were maintained
constant at values ranging between 0 and 20°C, and
were measured for ~23 h. Resting 7, was averaged
over at least 20 min when normothermic 7} were con-
stant and minimal during these 23-h measurements;
this resting 7}, (1 reading/day) was used for analyses.
Food and water were not available during measure-
ments of oxygen consumption. Timing of daily activity
of family groups in the aviaries was quantified using
passive infrared detectors (Kortner and Geiser 1995).

The free-ranging population was studied between
May and October 1998 near Armidale at Imbota
Nature Reserve (30°35'S, 151°44'E) a 220-ha Eucalyp-
tus/Acacia open woodland, ~10 km from the UNE
campus, at the same altitude of ~1,000 m and under
similar thermal conditions as the captive gliders. Ten
gliders captured in autumn/winter and belonging to
three different family groups were fitted with tempera-
ture-sensitive radio transmitters. Four gliders received
intraperitoneal transmitters as described above, four
were equipped with radio collars for measurement of
skin temperature (7;,) to increase transmitter recep-
tion range in the field (Kortner and Geiser 2000a), and
two individuals were fitted with both transmitter types
to determine correlations between 7}, and Ty;,. In rest-
ing and torpid gliders, which assume a curled position
with the transmitter near the core, T;, was within
0.6°C of core Ty, (T,=1.04 x Ty, — 1.06; r*=0.99;
Kortner and Geiser 2000a), similar to other similar-
sized mammals (Dausmann 2005). Therefore these
Tin values were treated as T, however, we present
means with and without correction of T§;,, using the
above equation, for comparison. Gliders were allowed
to recover from the surgery for two days before release
at the site of capture.

Gliders were radio-tracked to identify nest trees.
The T, and T, were recorded automatically in 10-
min intervals with receiver/loggers, consisting of a
scanner receiver (Uniden, UB60XLT) and a micropro-
cessor-based (BASIC Stamp, Parallax) data logger
(Kortner and Geiser 2000a) placed near nest trees.
Absence and presence of individuals in the nest, and
thus daily activity or the time at rest, were inferred
from the absence and presence of transmitter signals
on the logging records.

Ambient temperature (7,) was recorded in hourly
intervals at the study site with temperature transducers
(AD590 accuracy: 0.35°C). Daily rainfall data for
Armidale were obtained from Bureau of Meteorology.

Torpor was defined by T} or T;, <30°C in resting
animals, as this is the threshold commonly employed
for defining torpor in marsupials (Kortner and Geiser

2000a; Cooper and Withers 2004), or during measure-
ments of oxygen consumption when no 7} measure-
ments were available, as a reduction of oxygen
consumption below 75% of resting values at the same
T, (Hudson and Scott 1979). Although oxygen con-
sumption was not measured in the field, this method
was chosen for our comparison of torpor occurrence
and patterns because laboratory investigations on tor-
por are often based on this experimental approach (e.g.
Hiebert 1990; Holloway and Geiser 1996; McNab and
Bonaccorso 2001). Physiological and behavioural vari-
ables of individual means of captive and free-ranging
gliders were compared using two-sample t-tests. Per-
centage values of individual means were compared
using a Mann-Whitney test. Regressions were per-
formed by the least squares method and compared
using ANCOVA. Data are presented as mean =+ stan-
dard error for the number () of individuals measured;
N is provided for additional information and denotes
the number of measurements.

Results

Captive and field populations displayed different activ-
ity patterns. Family groups of captive gliders were
active under all environmental conditions and were
almost exclusively active at night with the activity
period often extending throughout the night. In con-
trast, individuals in the field reduced activity or were
inactive on cold/wet nights. Captive individuals in the
aviary began their nightly activity period (determined
by passive infrared detectors) 10.1 & 5.4 min after sun-
set, which was significantly (z-test, t=3.9, df=11,
P <0.01) earlier than in free-ranging individuals
(18.1 £ 11.5 min after sunset, determined by teleme-
try). The activity period ended much later (s-test,
t=143, df=11, P<0.0001) in captive individuals
(15.5 £ 8.9 min before sunrise) than in free-ranging
individuals (138 + 52 min before sunrise). Captive
individuals were inactive during the day, whereas sev-
eral free-ranging individuals occasionally foraged dur-
ing the late afternoon.

Body mass and occurrence of torpor (Fig. 1) differed
substantially between the captive and field popula-
tions. In the aviaries, adult gliders in autumn/early win-
ter had body masses ranging from 115 to 170 g (mean
141 £+ 5 g), whereas at the same time of the year mean
body masses in captive gliders ranged from 85 to 115 ¢
(mean 105 + 3 g).

Only one captive glider entered spontaneous torpor
(food ad libitum) once with a high minimum 7 of
29.5°C. Food deprivation in the aviary resulted in
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Fig. 1 Torpor occurrence of captive (left bar induced torpor by
food restriction; right bar all torpor bouts) and free-ranging glid-
ers in the field. Values shown in the bar graphs are means with SE;
circles represent individual gliders, the circle for 0% torpor occur-
rence is represented by eight captive individuals

13.6 = 4.4% torpor occurrence. During oxygen con-
sumption measurements, when 7, was <20°C (the T,s
at which torpor was observed in the field) and no food
was provided, torpor occurrence in captive gliders was
5.7+2.6%, but this value was statistically indistin-
guishable (Mann—Whitney, P = 0.178) from the values
obtained in the aviary. Overall, occurrence of induced
torpor by food deprivation in captive gliders was
84+£25% (n=17; N=34 torpor bouts in n=9 of
n =17 individuals, N = 358 animal days without food).
In contrast, torpor occurrence in the free-ranging pop-
ulation (25.9 +4.8%; n=10; N=99 torpor bouts in
n =10 individuals, N =556 animal days) was signifi-
cantly greater (Mann—Whitney, P < 0.0001) than that
observed in the captive population. When occurrence
of both spontaneous torpor and induced torpor in cap-
tivity were combined, the differences between the cap-
tivity and field data were even more extreme because
captive gliders displayed torpor on only 1.1+ 0.3%
(n=17; N = 35 torpor bouts in n = 9 of n = 17 individu-
als, N = 2,800 animal days).

The duration of torpor bouts in the field was much
longer than in captivity (Fig. 2). Mean torpor bout dura-
tion of individual captive gliders (bouts lasting >30 min)
was 6.9 + 0.8 h (n =7, N =21), about half (ztest, t = 9.1,
df=15, P<0.0001) that observed in free-ranging
gliders (13.1 £ 0.5 h; n =10, N =99). Maximum dura-
tion of torpor bouts of individual gliders also differed
between captive (8.3 £0.9h, n=7) and free-ranging
(19.8+0.8h, n=10) populations (ttest, ¢=11.6,
df =15, P < 0.0001). The longest individual torpor bouts
observed were 13.4 h in captivity and 23 h in the field.
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Fig. 2 Torpor bout duration of captive and free-ranging gliders
in the field. The left bars represent the means for the mean tor-
por bout duration (mean), the right bars the maximum torpor
bout duration (max) of individual gliders. Values are means
with SE

The normothermic 7 of captive gliders as a func-
tion of T, (measured during respirometry) varied from
that in the free-ranging gliders (Fig. 3). The T}, of nor-
mothermic resting gliders in the field declined signifi-
cantly (P < 0.0001) with T,, whereas the T of captive
gliders measured during respirometry showed a slight
increase (P < 0.05) with declining 7, over a similar T,
range. The regressions of 7}, as a function of T, differed
both in slope (ANCOVA, F)4;35=40.94, P<0.0001)
and intercept (ANCOVA, F3,=4.67, P <0.05)
between captive and field gliders. At low T}’s between
0 and 10°C, the average normothermic 7} in the field
gliders was between 3.4 and 1.5°C lower than that in
captive individuals.

During torpor, the mean minimum 7, from all tor-
por bouts was 25.2 + 0.8°C (n =6, N=21) in captive
gliders in comparison to 19.6 +0.7°C (19.4 £ 0.8°C
with T, corrected to T}, n =10, N =99) in free-rang-
ing gliders (Figs. 3, 4). The mean minimum 7, of cap-
tive gliders measured in the aviary (25.5 + 0.9°C) did
not differ (z-test, P = 0.33) from those measured during
respirometry trials (24.2 + 0.8°C). The means of the
lowest 7, minima measured for each individual were
22.2 +1.4°C (n = 6) in captive gliders and 12.9 £+ 0.5°C
(n=10) (12.6 £ 0.4°C with T, corrected to Ty) in
free-ranging gliders. All means for minimum 7}’s
differed significantly between captive and field gliders
(t-test, t=51 & 6.3, df=14, P<0.001) (Fig.4). The
lowest single core T}, measured was 18.5°C in a captive
glider and 10.4°C in a free-ranging glider. Moreover,
only 8% of T, in torpid captive gliders were <20°C in
comparison to 59% in the field gliders.
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Fig. 3 Body temperatures (7}) as a function of ambient temper-
ature (7,) of captive normothermic gliders (circles, a) measured
during respirometry trials when oxygen consumption was low and
stable, and free-ranging gliders (b). Torpid gliders are shown as
solid symbols: dots are for torpid gliders measured during respi-
rometry, and triangles for torpid gliders measured in the aviary.
The equations for the regressions for normothermic 7, were:
T,=358—0.031T,; ? =009, P<0.05 (captive  gliders);
T, =324 +0.159T,; »=0.22; P < 0.001 (field gliders). The diago-
nal lines represent Ty = T,

Discussion

Our study provides the first quantitative analysis of
patterns of daily torpor and thermal biology in a mam-
mal comparing a captive and a free-ranging popula-
tion. It demonstrates that differences in thermal
physiology and behaviour can be profound. Neverthe-
less, we do not suggest that data obtained in captivity
are of little scientific value, but rather that extrapola-
tions to the field should be made with caution.
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Fig. 4 Minimum body temperature (7},) in torpid gliders. The left
bars represent the means for all minimum 73, for all torpor bouts
(mean) and the right bars the minimum individual 7 (min). Val-
ues are means with SE

Whereas our study demonstrates substantial quanti-
tative differences in daily torpor between captive and
free-ranging mammals, previous studies have shown
some differences in hibernating species. However, in
most mammals that hibernate in captivity, including
pygmy-possums, bats, and rodents, torpor in the labo-
ratory and field were qualitatively similar (i.e. pro-
longed torpor occurred both in the field and
laboratory; Wang 1978; Geiser et al. 2000; Geiser and
Kortner 2004). Quantitative differences were observed
in the timing of arousals and torpor bout duration of
hibernators, but the minimum 7, during torpor, which
differed substantially between captive and field gliders
(present study), was similar in most hibernators (Wang
1978; Geiser et al. 2000; Geiser and Kortner 2004).
This finding suggests that torpor patterns in hiberna-
tors are less strongly affected by captivity than in daily
heterotherms, perhaps because the former spend most
of the hibernation season at low 7, and will be less
aware of their surroundings than daily heterotherms
with higher minimum 7}’s. Daily heterotherms rewarm
daily to normothermic 7}, may even forage at low T,
and use torpor in generally a more opportunistic and
less seasonal manner than hibernators (Kortner and
Geiser 2000b; Geiser et al. 2002). Body mass is another
likely reason for the more pronounced differences
between captive and wild animals using daily torpor
than for hibernation. Since daily heterotherms pre-
dominantly enter torpor when lean, whereas many hib-
ernators only enter torpor when fat, the usually higher
mass in captive individuals is likely to have a greater
impact on daily heterotherms. Nevertheless, echidnas
(Tachyglossus aculeatus), which hibernate in the field,
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are reluctant to do so in captivity (Grigg et al. 1992;
Nicol and Andersen 2000), showing that even in hiber-
nators maintenance in captivity can inhibit torpor.

Behaviour of gliders was also affected by captivity.
Daily activity patterns differed substantially between
captive and field populations, especially with regard to
the duration of nocturnal activity, which was shorter in
the field than in captivity. Moreover, as one might pre-
dict, activity patterns were strongly affected by weather
in field gliders with some omitting activity during cold/
wet weather, but much less so in captivity, as animals
are less exposed to rain or wind. Captive gliders also
remained in their nest boxes during the day, whereas
free-ranging gliders foraged occasionally. These find-
ings have implications for energy use, as well as expo-
sure to inclement weather and predators. Our findings
demonstrate that data on activity patterns, as often
quantified in captivity under different experimental
conditions, cannot be extrapolated to the field without
verification from free-ranging individuals.

The difference in occurrence of daily torpor between
captive and field gliders also has implications for
energy use and foraging requirements as well as preda-
tor avoidance in the field. Although the number of
known heterothermic mammals and birds is continu-
ously growing, superficial assessments of torpor use in
captive individuals may not provide reliable results for
all species. The almost entire lack of spontaneous
(food ad libitum) torpor in captive gliders observed
here might have suggested that the species is homeo-
thermic if the sample size was <2800 animal days.
Clearly this is not the case, as in the field gliders regu-
larly employ torpor in winter. Determination of
whether or not torpor is employed by a species often is
restricted to a few days of cold exposure or food
restriction for one day or even less in captivity (e.g.
Hiebert 1990; Holloway and Geiser 1996; McNab and
Bonaccorso 2001). Positive confirmation of torpor
from such captive studies is likely to provide fairly reli-
able information about the ability to use torpor in the
wild. However, if a species refuses to enter torpor in
captivity, we cannot necessarily assume it is homeo-
thermic—this can only be unambiguously resolved by
undertaking long-term studies in the field (Kortner
et al. 2000). As most studies on torpor have been con-
ducted in captivity it is likely that some species that are
currently classified as homeotherms are in fact hetero-
therms.

As mentioned above, differences in occurrence of
daily torpor between captivity and the field in sugar
gliders is likely to some extent to be a consequence of
body mass and fat. Captive gliders in autumn/early
winter had body masses that were ~134% of those in
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the field. However, these data do not indicate that our
captive gliders were obese, but rather that the field
gliders in the year they were studied were exception-
ally lean and thus expressed frequent and deep torpor.
Body mass in free-ranging gliders ranges from 100 to
170 g (Smith and Winter 1984), which is similar to our
captive individuals. As it is well established that an
increase in body mass is associated with a decrease in
daily torpor use (Holloway and Geiser 1996; Mzilikazi
and Lovegrove 2002), the low occurrence of torpor in
captivity is not surprising. This result suggests that cap-
tive individuals with sufficient energy stores can remain
normothermic because the energetic stress imposed
during the commonly used 1-day food restriction in
captivity is insufficient to induce daily torpor. Fleming
(1980) had to starve captive sugar gliders for several
days before daily torpor was expressed, suggesting that
in the field where torpor occurs regularly, energy limi-
tations are a normal part of a glider’s life.

Nevertheless, body mass does not appear to explain
all the differences between captive and field gliders.
When torpor occurrence of captive gliders was
regressed against body mass, a significant regression
was obtained [all torpor (%) = 7.25 — 0.044 body mass
(2); P < 0.05; r*=0.25]. However, when extrapolated to
the mean body mass of free-ranging gliders, the pre-
dicted value for torpor occurrence is 2.6% (~10% of
that in the field). When only induced torpor (food
deprivation) in captive gliders was regressed, the equa-
tion was not quite significant [induced torpor
(%) =50.8 — 0.301 body mass (g); P =0.062; *=0.21).
The predicted value for torpor occurrence at the mean
mass of free-ranging gliders was 19.2% (74% of that
observed in the field). These findings suggest that other
captivity-based influences, in addition to larger body
mass, affect daily torpor use and patterns of gliders.

The pronounced differences in torpor occurrence,
duration and depth between the captive and field glid-
ers will have consequences for energy expenditure.
When the mean torpor 7}, which was on average ~6°C
lower in field than in captive gliders (present study) is
considered together with the longer torpor bouts (6.9 h
captivity, 13.1 h field), energy expenditure (from Flem-
ing 1980, and assuming a Q,, of 2.3, Geiser 2004)
should be reduced to ~40% in the field in comparison
to the captive gliders.

Differences in physiological variables also were
observed during normothermia, specifically for the
resting T,. Whereas T}, in captive gliders was more or
less stable, in free-ranging gliders T, fell strongly with
T, and, especially at low T, this resulted in substantial
differences in resting 7,,. Thus normothermic resting
Ty, which is a commonly quantified variable in captivity
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that is used for inter-specific comparisons (Withers
1992), can differ by several degrees from values mea-
sured in the field.

Our study suggests that captive studies may underes-
timate the occurrence, depth, and length of daily tor-
por in the wild. Our observations imply that further
studies on torpor in the wild will reveal that torpor is
more widespread and pronounced than is currently
accepted. Thus, only further fieldwork can clarify how
important torpor is for survival and fitness of mammals
and birds in the wild, and, while our comparison is
especially important for thermal biology and studies of
activity patterns, it has implications for many other
captive-based investigations.
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