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Abstract Torpor is an energy-saving mechanism that
allows endotherms to overcome energetic challenges. Torpor
should be avoided during reproduction because of potential
incompatibility with offspring growth. To test if torpor can be
used during gestation and lactation to compensate for food
shortage, we exposed reproductive female grey mouse lemurs
(Microcebus murinus), a heterothermic primate, to different
levels of food availability. Torpor use was characterised by
daily skin temperature profiles, and its energetic outcome was
assessed from changes in body mass. Food shortage triggered
torpor during the end of the gestation period (n01), ranging
from shallow in response to 40% food restriction to deep daily
torpor in response to 80% restriction. During the early period
of lactation, females fed ad libitum (n02) or exposed to a 40%
restriction (n04) remained normothermic; but 80% food re-
stricted females (n05) gave priority to energy saving, increas-
ing the frequency and depth of torpor bouts. The use of torpor
was insufficient to compensate for 80% energetic shortage
during lactation resulting in loss of mass from the mother
and delayed growth in the pups. This study provides the first
evidence that a heterothermic primate can use torpor to com-
pensate for food shortages even during reproduction. This
physiological flexibility likely evolved as a response to
climate-driven fluctuations in food availability inMadagascar.

Keywords Heterothermy . Thermoregulation . Pregnancy .

Calorie restriction . Body temperature . Physiological
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Introduction

Torpor consists in a regulated drop in body temperature and
metabolic rate, thereby reducing daily food and water require-
ments, used to overcome energetic constraints (Lovegrove
2000; Heldmaier et al. 2004). Mammalian heterotherms are
thought to avoid torpor during reproduction (Farmer 2000) as
low body temperatures may slow or interrupt foetal growth
(Duverge et al. 2000) and would also be associated with a
decrease in nursing activities and discontinuity of milk supply
(Hoying and Kunz 1998; McLean and Speakman 1999;Wilde
et al. 1999). Consequently, reproductive females should avoid
torpor due to the potential negative effects on their reproduc-
tive performance.

Nevertheless, torpor during reproductive state has been
observed in several mammals such as bats, tenrecs, echidnas,
dunnarts, mulgaras and feathertail gliders (Geiser et al. 2005;
Willis et al. 2006; Daniel et al. 2010; Geiser 1996; Geiser and
Masters 1994). Currently, there is no physiological data
evidencing torpor use during pregnancy and lactation in a
primate. The Grey Mouse Lemur (Microcebus murinus) is a
small nocturnal, frugivorous and insectivorous, Cheirogaleid
primate. It inhabits the dry tropical forests of Madagascar, a
seasonal environment subject to strong, unpredictable inter-
annual climatic fluctuations where food provisioning is par-
ticularly unreliable (Dewar and Richard 2007). Seasonal var-
iations in food availability entail reproduction during the wet
season and regular expression of torpor during the dry season
(Schmid and Kappeler 1998; Giroud et al. 2008).
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When environmental conditions are harsh, or an extreme
climatic event occurs—becoming more regular as climate
changes—heterothermic mammals should be capable of rap-
idly adjusting their use of torpor to food availability (Canale
and Henry 2010). As offspring depend on the energy that the
mother allocates to their development, the physiological status
of the mother during reproduction influences the quality of the
offspring (Rogowitz 1996). Consequently, when faced with an
energetic bottleneck, reproductive heterothermic females may
use torpor to maintain a constant allocation of energy to their
offspring while securing the minimal allocation required for
their own survival.

The present study assessed if torpor-based energy savings
can be used to overcome food shortage during reproduction.
We measured the use of torpor in response to food avail-
ability (40% or 80% food restriction) in non-reproductive,
pregnant, and lactating female grey mouse lemurs. Given
the potential detrimental effects of torpor on pup growth, we
predicted that (1) during the gestation, females should avoid
torpor to give priority to foetal growth, but (2) during the
postnatal period they should use torpor to counterbalance
the high energy costs of lactation and to minimize their loss
of body mass.

Materials and methods

Animals and housing conditions

Female grey mouse lemurs were obtained from our cap-
tive colony in Brunoy (France, European Institution
Agreement No.B91-114-1). In captivity, they weigh 60–
120 g, reproduce at the age of 1 year, give birth to one
to three offsprings per year, and live a median of
4.9 years (Languille et al. 2011). Grey mouse lemurs
become sexually active during the wet season, the austral
summer (Perret and Aujard 2001). In captivity, seasonal
variations of physiological functions are triggered by the
alternation of six month periods of long day lengths
(14 h of light day−1) and short day lengths (10 h of light
day−1), under artificial light (Génin and Perret 2000).
The 15 females used entered into oestrus 2 to 3 weeks
after exposure to long day length, with oestrus lasting
24 h. On the day of oestrus, females were presented to
males. Mating groups consisted of two to three females
and five males. After mating, females were isolated in
cages (50×40×30 cm), to ensure that they receive the
correct amount of food. The animals were maintained at
24–25°C, a temperature close to the lower limit of their
thermoneutral zone (Aujard et al. 1998). Individuals were
fed with a standard, homemade mixture, with a caloric
value of 4.8 kJ g−1 (Giroud et al. 2008). Water was
available ad libitum.

Experimental design

Individuals were food restricted to elicit torpor expression.
Under captive conditions, isolated animals tend to overfeed
and overfatten. Hence, the daily amount of mixture deliv-
ered to the so-called ‘ad libitum’ individuals was clamped to
the level required to secure a normal mass gain (Giroud et al.
2008). The level of food restriction is expressed as a per-
centage of the food consumed by individuals fed ad libitum.

The use of torpor during the prenatal period was charac-
terized for one pregnant female and three control, non-
pregnant females. Using the day of oestrus as day 0, from
days 47 to 55, the pregnant female was fed 60% of the ad
libitum diet (CR60). And from days 56 to 62 (parturition), it
was fed 20% of the ad libitum diet (CR20). The food
restriction was increased just before birth (CR20 period) to
test whether deep torpor could be expressed in the last days
of pregnancy. Non pregnant females were fed with the CR60
diet from days 47 to 62.

For the postnatal period, we monitored 11 lactating mothers
from days 10 to 16 after birth. Two females were fed ad libitum
(control), four were fedwith a CR60 diet, and fivewith a CR20
diet. Body mass was taken on days 10 and 16 (±0.1 g).

Skin temperature recording

We recorded skin temperature (Tsk) every 5 min using
collar-mounted, temperature-sensitive radio-transmitters
(PD-2CT, 3.3 g; Holohil, Ontario, Canada) placed on the
underside of the neck. All transmitters were calibrated on
the same T° scale in a thermostatic chamber against a
thermochron iButton (±0.0625°C; Maxim Integrated Prod-
ucts, Inc., Sunnyvale, CA, 161 USA). Transmitter pulse
intervals were measured at 16 temperatures between 20°C
and 40°C, and individual regression equations of pulse
interval versus temperature were calculated.

Individual daily torpor use was characterized each day by
the diurnal Tsk (Tskday, during the resting period, when torpor
is usually expressed), the nocturnal Tsk (Tsknight, during the
active period) and daily torpor depth (Tskmin, average of the
three lowest Tsk values recorded over a 24-h period). Mouse
lemurs were considered to be torpid when skin temperature ≤
30°C (Schmid 2000).

Statistical analyses

All results are given as mean±SEM. For the prenatal period,
small sample sizes (n01 versus n03) prevented the use of
statistical tests. Nonetheless, we believe that the differences
in Tsk are sufficiently marked and of interest to justify their
presentation. For lactating females, Tsk data were analyzed
with linear mixed effect models, built with R ver. 2.8.1 (R
Development Core Team, Vienna, Austria). The effects of
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food availability (control, CR60, CR20), of the linear effect
of time (days), and their interaction, were tested with F-tests
(see Canale et al. 2011 for more details on the statistical
procedure). The dependence of body mass variation on
treatments was assessed with Kruskal–Wallis tests, followed
by pairwise Wilcoxon tests.

Results

Prenatal period

During the CR60 treatment, non pregnant females (n03)
remained normothermic (Tskday, 35.3±0.04°C; Tsknight,
36.3±0.03°C; Tskmin, 33.5±0.7°C) whereas the pregnant
female showed a shallow decrease in body temperature
(Tskday, 33.1±0.1°C; Tskmin, 32±0.4°C) with brief period
of activity (Tsknight, 34.2±0.1°C). Non-pregnant females did
not use torpor (Tsk>33.1°C), and the pregnant female briefly
entered torpor only once (day 50, Fig. 1). Hence, a 40%
food restriction was not sufficient to trigger regular torpor
use.

When the pregnant female was exposed to the CR20
treatment, it avoided torpor for three more days (days 56–
58) after which daily torpor was used extensively until
parturition. Minimal Tsk dropped to values close to ambient
temperature (25.2±0.2°C) on days 60 and 61 (Fig. 1). Tskday
and Tsknight remained low (32.1±0.2°C and 33.8±0.1°C
respectively), except for two peaks of higher values at the
beginning and the end of the night (from days 56 to 60).
This suggests a strong reduction of activity during the active
phase. Torpor was skipped on the day of parturition.

The CR60 treatment did not elicit body mass loss in the
non pregnant females (−1.2±0.7 g) nor in the pregnant
female (+1.3 g). However, the CR20 treatment induced a
12% loss of the body mass of the pregnant female (from
90.1 to 81.2 g).

Postnatal period

Only CR60 and CR20 females used torpor (Fig. 2a). Tskmin

decreased over days by 0.4±0.2°C day−1 (t280−1.9, P00.04)
in CR20 lactating females, whereas it remained stable in
control and CR60 lactating females (respectively t110−0.03,
P00.97, and t210−0.79, P00.43; Food availability×Days
interaction: F2, 6004.09, P00.02). In CR20 females, Tskday
decreased by 0.19°C day−1 (t280−5.09, P<0.001), whereas no
change was observed for control and CR60 females (respec-
tively, −0.0±0.08°C day, t1100.002, P00.99; 0.01±0.1°C,
t210−0.12, P00.91; effect Food availability×Days: F2, 600

6.15, P00.004; Fig. 2b). Tsknight was similar between treat-
ments (Fig. 2c; effect Food availability×Days: F2, 6000.24,
P00.79).

Body mass loss depended on food availability (H206,
P00.05; Fig. 3): CR20 females lost 14.9% of their body
mass (i.e. 9.7±0.8 g more than CR60 females; W019, P0
0.03), whereas mass loss was only 4.5% and 3.3%, respec-
tively, for the control and CR60 females (W02, P00.53).
Food shortage reduced litter body mass (H208.6, P00.01),
with CR60 pups growing 55% less than controls (although
not significant: W08, P00.13), and CR80 pups stopped
growth altogether (vs CR60 pups: W020, P00.02; Fig. 3).

Discussion

We provide the first evidence that a heterothermic primate,
the Grey Mouse Lemur, can use torpor to save energy
during pregnancy and lactation. This corroborates previous
results showing that torpor, in some species, is compatible
with reproduction in periods of severe food shortage, despite
the temporary detrimental effects on foetal and pup devel-
opment (Daniel et al. 2010; Geiser 1996). Species that give
birth to few offspring, have an extended rearing period and
live in a highly unpredictable environment, like the grey
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mouse lemur, have been suggested to use more torpor dur-
ing reproduction than others (Geiser 1996).

As expected, the daily pattern of body temperature was
adjusted according to energy availability and the reproduc-
tive state. First, exposure to moderate (40%) food restriction
during pregnancy did not trigger the use of torpor to save
energy, with mothers giving priority to offspring growth,
whereas similarly restricted lactating females used torpor to
counterbalance the costs of lactation. This energy saving

mechanism may help in maintaining a constant body mass
and allow energy allocation to offspring growth. In contrast,
severe (80%) food restriction elicited pronounced torpor in
both pre- and post-natal period. The seven-day severe food
restriction also elicited a reduction in energy allocation to
offspring growth (evidenced by the lack of increase in pup
body mass). Energy savings due to torpor and potential
reduction in milk production were not sufficient to compen-
sate for the energetic deficit and the CR20 mothers lost
mass. They had to supplement the energy acquired through
the food with energy stored in their tissues. Similarly, males
also fail to maintain an equilibrated energy balance when
exposed to an 80% food restriction despite an increase of
torpor duration and a greater phase-advance of the entry into
torpor when exposed to long-days photoperiod (Giroud et
al. 2008). Hence, daily torpor cannot compensate for an
intense energetic shortage during the reproduction. Food
shortage has also been demonstrated to induce prolonged
torpor in pregnant mulgaras and bats (Geiser and Masters
1994; Willis et al. 2006; Racey and Swift 1981).

Torpor expression during gestation and lactation might
possibly incur extra costs such as lengthened gestation,
delayed foetal growth and decreased milk production
(Audet and Fenton 1988; Wilde et al. 1999; McLean and
Speakman 1999; Duverge et al. 2000). However, it remains
unclear whether reduced offspring growth rate represents
intrinsic costs from the mothers’ use of torpor to overcome
a negative energy balance, or simple physiological conse-
quences of the energetic deficit itself, which enhances torpor
expression. Overall, the delayed growth of CR20 litters
observed in this study might result from two non-exclusive
mechanisms: the energetic deficit of females (if torpor mod-
ulation cannot compensate the energetic demands of
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lactation), and/or negative side-effects of torpor on milk
production.

To conclude, thermoregulation in grey mouse lemurs is
shaped by the trade-off between energy and temperature
requirements of foetus/juvenile growth versus the mother’s
own need to save energy (as is the case for bats, Turbill and
Geiser 2006; Daniel et al. 2010). Gestating and lactating
females avoid torpor use, giving priority to foetal growth up
to a critical level of food shortage. This flexible adjustment
of torpor use would allow the reproductive output of heter-
othermic animals to be resilient to moderate food shortage
(Canale and Henry 2010). This flexibility of torpor may
buffer female reproduction from moderate climatic hazards,
whereas an extreme climatic event inducing a drastic food
reduction (cf. CR20 treatment) may not be adequately com-
pensated for and would have fitness costs.
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