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1. ABSTRACT

In mammals, thermoregulation is a key feature in
the maintenance of homeostasis. Thermoregulatory capacities
are strongly related to energy balance and animals are
constantly seeking to limit the energy costs of normothermia.
In case of thermal changes, physiological mechanisms are
enhanced, increasing rates of energy expenditure. However,
behavioral adjustments are available for species to lower the
autonomic work, and thus reduce the energy costs of
thermoregulatory responses. Hence, thermogenesis-induced
metabolic costs can be reduced during cold exposure, and
hyperthermia associated to dehydration can be avoided during
heat exposure. Hypothermia avoidance consists in a
concomitant decrease in heat dissipation and increase in heat
production. Inversely, heat exchange is enhanced and body
heat production is reduced when avoiding hyperthermia. The
different behavioral strategies available for mammal species to
cope with both decreased and increased levels of ambient
temperature are reviewed. Moreover, thermoregulation
function is under the control of central, metabolic, energetic
and endocrine systems, which induces that parameters such as
hour of the day, season, gender or aging may affect
thermoregulatory adjustments. Some examples will be
given.
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2. INTRODUCTION

Thermoregulation plays a major role in organism
homeostasis, involving central, endocrine and metabolic
functions. Homeothermia is defined as the ability of an
organism to maintain its core temperature (Tc) within a
narrow range over a relatively wide range of environmental
temperatures (1). This physiological process leads to the
internal thermal stability of the organism regardless the
environmental variations. Such internal protection accounts
for cell integrity and is supposed to improve survival
throughout the life. Failure to maintain Tc within the
physiological narrow range, that is when reaching abnormal
low or high Tc, leads to pathophysiological states (hypo- or
hyperthermia). Normothermia maintenance, defined as Tc
varying within the physiological range, involves a balance
between thermogenic and thermolytic mechanisms.

Mammals, and more particularly humans, have
been able to adapt to a great diversity of climates.
Nevertheless, exposure to low or high ambient
temperatures (Tas) is very stressful for the organism,
placing it in great danger of hypo- or hyperthermia until
possible death. However, numerous physiological and
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behavioral adaptations are available for mammals in order
to prevent such homeostasis disruption.

Autonomic  thermo-effectors  are  critical
physiological mechanisms to maintain normothermia in the
absence of behavioral thermoregulatory  options.
Autonomic  mechanisms, via the activation of
thermoregulatory pathways in the anterior hypothalamus,
ensure a balance between heat production and heat loss (2,
3). The hypothalamus is thus able to trigger body heat
production or dissipation in response to environmental
stimuli. In fact, adaptive thermoregulation results in a
balance between thermogenesis and thermolysis processes,
which are enhanced during cold or heat responses,
respectively. Thermogenesis is the process by which body
heat is produced while thermolysis is defined as the overall
process to dissipate excess body heat. Thermogenesis
involves changes in metabolism, muscle activity and
hormones levels. The major part of heat produced by the
organism comes from muscular activity and involves
mechanisms that are very demanding in energy. In
comparison, thermolysis mechanisms consist in the
enhancement of excess body heat dissipation by
vasodilatation, sweating and panting that are the most
common ways to decrease Tc in mammals.

As compared to cold-induced responses,
physiological adjustments in response to elevated Tc are
few and this probably contributes to increase the frailty of
individuals towards elevated Ta. Indeed, efficient responses
to increased Tc levels above the higher critical point mainly
rely on passive mechanisms, that is the concomitant
decreased production and increased dissipation of body
heat. Processes of radiation, conduction, convection and
evaporation are then involved to promote heat transfer from
the organism to the environment (4). A failure to control
either production or dissipation of body heat may
contribute to impair the maintenance of the thermal
comfort. Physiological responses to thermal changes are
very complex, involving anabolic and catabolic reactions,
which won’t be exposed here.

As alternative options for mammals, numerous
behavioral adjustments are available to support autonomic
thermoregulation and possibly counteract autonomic
dysfunction (5, 6). The detection of abnormal Tc values
below or above physiological thresholds is integrated by
the central nervous system that triggers appropriate
behaviors (4). These adjustments contribute to facilitate the
management of cold- and heat-induced responses, and
mainly rely on body heat exchanges between the organism
and the changing environment. Hence, behavioral
adjustments will be displayed in order to improve either
body heat keeping or body heat loss, via the modulation of
the skin-air interface. In humans, the use of clothes, air
conditioning... are artificial adjustments that soften the
selective pressure on the energy needs and metabolic costs
and that highly contribute to reduce the influence of
environmental changes on the human organism. However,
parameters such as aging may impair the accuracy of
behavioral adjustment, thus threatening homeostasis
maintenance. Indeed, thermal perception is impaired in
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aged individuals (4, 7), and inappropriate thermal
adjustments in response to Ta variations have also been
described in the elderly (8-10). Such results suggest that
there is a disruption between the changing environment and
the operant mechanisms to efficiently respond to these
variations in aged individuals.

In addition to age, thermoregulatory behaviors
can also be modulated by season and gender. Indeed, as
some mammals exhibit very robust seasonal acclimation,
thus inducing strong endocrine and metabolic modifications
with seasons, thermal choice is also supposed to be related
to season alternation (11). Gender is also well known to
strongly interfere with thermoregulatory capacities (12, 13)
and is thus supposed to induce differences in the behavioral
adjustments operated by males and females.

There are many reviews describing each
thermoregulatory behavior and their benefits on organism
homeostasis. However, no manuscript, to the best of our
knowledge, summarizes all the behavioral processes
available for animals in response to Ta variations. The aim
of this review is thus to focus on behavioral adjustments
available for mammals, including humans, during cold and
heat exposures and to explain their potential roles in the
maintenance of organism homeostasis. Then, modulations
induced by parameters such as season and gender will be
described. Finally, the effects of age on the accuracy of
behavioral thermoregulation will be discussed.

3. THERMO-PREFERENDUM

Animals are constantly seeking for the best
environment in accordance with a specific thermo-
preferendum, over a range of Tas corresponding to the
thermal comfort of the animal (14). The notion of thermal
preference is strongly associated to metabolic activity
which efficiency is optimal within a specific range of Tcs.
Cell integrity is endangered in the case of severe increase
or decrease in Tc beyond the acceptable physiological
limits. Thermo-preferendum seeking behavior tends to
decrease the temperature difference between the
environment and the organism, by reducing the temperature
gradient between internal and external compartments. This
strategy induces limited metabolic energetic costs in adult
individuals to maintain normothermia (Figure 1), as there is
an overlap between the range of preferred Ta and the
thermoneutral zone (TNZ). Actually, TNZ definitions are
numerous but all converge to the fact that thermal stress
and energetic costs are minimal within the TNZ (15).

The determination of TNZ and thermo-
preferendum can easily be assessed when experimenting
animals in a thermal gradient. The principle of the thermal
gradient is to give access to several distinct Tas and to
allow spontaneous selection of the preferred Ta. Numerous
species have been already experimented in such device and
data have been collected in golden hamsters (16-18), desert
hamsters (19), ground squirrels (18), rats (20-27), mice (5,
28), tree shrews (29), flying squirrels (29), Chilean degus
(30), marsupials (31), bats (32), chipmunks (33), kangaroo
rats (34), rabbits (35), naked-mole rats (36), mouse lemurs
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Figure 1. Schematic representation of the variations of energy expenditure in response to ambient temperature (Ta) changes. The
graph shows that energy costs are the lowest when the animal selects a Ta within the thermopreferendum zone, leading to an
overlap between minimal energy requirements, i.e. the thermoneutral zone (TNZ), and the thermal comfort zone. When Ta varies
beyond lower or upper critical values, energy needs increases and triggers cold- or heat-induced thermoregulatory responses.
Behavioral adjustments thus occur to avoid hypo- or hyperthermia.

(37) These data demonstrated that thermal preference was
species-dependent, as energy needs differ among species.
Gordon et al. showed that preferred Ta averaged 30.9°C in
mice (5), 30.6°C in guinea pigs (6), 28.2°C in golden
hamsters and 23.4°C in Fischer rats (27).

Moreover, the thermo-preferendum could depend
on the daytime in some species, but not in all (18).
Actually, day/night changes in thermo-preferendum are due
to daily variations in the needs for body heat production
(38). Such observations were already made in a non-human
primate (37) and in humans (39). Such result is in
accordance with the hypothesis that behavioral adjustments
oppose to the daily variations in Tc. This was also observed
in rats which preferred 24°C during their active nocturnal
periods, and 27°C during the resting diurnal phases (40). In
regards to the robustness of daily rhythms in Tc in
heterotherm mammal species, it is noteworthy that
day/night variations in preferred Ta would be greater in
such species. There are studies discussing the importance
of temperature selection during the torpor phase of the
animal or during normothermia. Actually, torpor is a
physiological mechanism that is displayed to save energy.
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This process is characterized by a drastic depression of
metabolic activity, thus inducing a drop in Tc. Energy
savings are possible if Ta is lower than Tc, thus inducing
Tc decrease. Song and collaborators suggested that thermal
adjustments were particularly used during normothermia
maintenance, after reaching the daily plateau of Tc, rather
than during torpor (31). By this way, heterotherm species
would realize greater energy savings, by performing both
torpor and high Ta selection during normothermia phase.

4. HYPOTHERMIA AVOIDANCE

The defense of organism integrity is partly due
to the necessity for keeping Tc above the lower critical
threshold. Decreased levels of Tc following metabolic
depression have to be actively controlled by the
hypothalamus, to prevent severe body cooling. When
exposed to low Tas, a two-step response is enhanced. First,
the dissipation of body heat is reduced to promote the
maintenance of body heat produced by the organism.
Vasoconstriction is the primary process involved to limit
body heat dissipation. Then, thermogenesis mechanisms are
triggered.
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Figure 2. Thermography representation of a non-human primate individual performing ball-like posture in response to cold
exposure. The two pictures represent a non-human primate species (Microcebus murinus) that uses ball-like posture during cold
exposure (right) as compared to a common resting posture in reference conditions (left). It is clear that the aim of this behavior is
to reduce the surface-to-volume ratio to limit the skin contact with air and thus reduce the heat loss. The scales of temperature,
ranging from 10 to 40°C, are the same on the two pictures and clearly show the differences in surface temperature between the

two thermal situations.

Behavioral adjustments can support each part of autonomic
mechanisms in both strategies for keeping body heat and
sustaining high-level thermogenesis activity. The main
impact of such adjustment is to reduce the energetic costs
of cold-induced physiological responses. Actually,
behavioral adjustments during cold exposure consist in a
trade-off between acquiring and conserving energy. The
increase of ingested food is the best way to increase energy
availability, while nest-sharing and basking behaviors are
the most useful to save energy (41).

4.1. Strategies to keep body heat

The ability to preserve heat mainly involves
behavioral strategies, such as observed in humans (42) and
rodents (43). Behavioral adjustments in body posture
provide efficient mechanisms to minimize heat loss.
Among such strategies, resting in nest, huddling or
grouping strategies, using solar radiant heat or Ta increase
are efficient ways to decrease the energetic costs of
thermoregulation.

4.1.1. Specific postures
4.1.1.1. Ball-like posture

Mammal species use specific energy-conserving
postures to limit heat dissipation (Figure 2). Such postures
reduce the surface-to-volume ratio to minimize the contact
surface with air and thus to reduce the area of heat
dissipation. The ball-like posture is particularly useful to
reduce this ratio, and is widely used in small mammals.
Ball-like postures or hunched sitting position have also
been observed in monkeys (44), lemurs (45), rodents (46),
seals (47), and are particularly observed during seasonal
periods of low Tas or during cold exposure. Another
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advantage of ball-like postures is the conservation of lost
body heat in the inner part of the ball which contributes to
create a microclimate. Such postures can be modulated in
response to environmental conditions. For example,
Stelzner and Hausfater demonstrated that free-ranging
yellow baboons were able to change trunk orientation and
posture according to wind direction and air temperature,
respectively (48).

4.1.1.2. Basking

Basking has been identified as a way to decrease
energetic demand in many species from many orders such
as ice rats (49), marsupials (50-54), elephant shrews (55),
bats (56), rock hyraxes (57), noki or dassie-rats (58),
lemurs (59, 60) and other primates (61). Most examples
come from species living in arid or semi-arid habitats. The
principle of basking is to transfer solar radiation into heat
and then passively warm up the body. Such passive heating
can be operated via the exposure of skin surface (especially
dark skinned surface) to sunlight, or via increased Ta while
being inside a shelter. Basking duration increases with
decreased Ta or food availability, pointing out the
relationship between such behaviour and energy
requirements (45, 61, 62). Torpor arousals in heterotherm
species are very costly and passive heating is a very
efficient way to reduce the energy costs of organism
rewarming (Figure 3). As most experimental protocols
were conducted at constant Ta, conclusions on energy
benefits were probably underestimated in captive
conditions as compared to field ones (55). Nevertheless,
radiant heat has a positive impact on animals’ thermal
energetics as exemplified in captive dunnarts for which the
energetic costs of torpor arousal could be decreased by 6
fold when compared to active rewarming (53) or in the
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Figure 3. Representation of the impact of basking behavior on the levels of body temperature (Tb) in a marsupial species (from
50). This graph shows that the arousal from the Tb of 15°C started when the dunnart moved out of its shelter and began basking.
Consequently, Tb rose to values averaging almost 33°C. Interestingly, clouds decreased the beneficial effects of basking on Tb.

Reproduced with permission from Springer.

Gile’s planigale exhibiting a reduction of metabolic rate
due to basking by more than 50% (63). Although basking
initiates torpor arousals, a complete rewarming of the
organism requires the enhancement of physiological
mechanisms such as shivering and non-shivering
thermogenesis (54, 64, 65).

4.1.2. Nest-housing and nest-building
4.1.2.1. Nest-housing

Nesting in a buffered shelter is the most common
way to prevent severe cooling and to rest into a protective
and stable environment. The role of nest-housing as an anti-
predator strategy is also not negligible and could contribute
significantly to improve survival in small mammal species
(66). Nest-housing has been proposed to be a good
alternative to huddling strategy for solitary species (66).
Only little is known on the spontaneous choice of Ta in
heterotherm species and results remain controversial (11,
32, 67-70). Housing in nests is a strategy that is also used
among small-sized primates (71-73). The principle of nest-
housing is based on the constitution of a micro-
environment which prevents from environmental changes.
Thus, the nest characteristics become strongly influenced
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by the organism living in. Indeed, the heat lost by the
organism is conserved into the nest and contributes to
increase the Ta inside the shelter. In addition, evaporative
heat loss induces increased humidity into the nest which
may soften water loss during resting phases. This
characteristic is particularly important during cold and dry
episodes, when environmental water is scarce, which
becomes a major metabolic constraint.

The choice for a shelter that has good insulation
properties is essential for survival in small mammal species
(41, 74-77) and the incidence of tree holes properties on the
Tc daily rhythms has been already described (77, 78).
Indeed, higher energetic costs were recorded in animals
sleeping in tree holes with poor insulation properties, i.e. in
which high amplitude of Ta variations were recorded. In
comparison, resting in trees with thicker walls prevents
animals from severe daily variations in Ta, thus limiting
energy expenditure. As reported, the main benefit of
sleeping in nests is to reduce the energetic costs of
thermoregulation (75, 79). For example, the Siberian
hamster does not perform hypometabolism when given the
possibility to adjust Ta in a thermal gradient (80). The
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Figure 4. Pictures representative of grouping strategies used to counteract low ambient temperature levels. One of the most
famous behaviors to avoid hypothermia during cold exposure is huddling as observed in penguins (A). This strategy is observed
in open spaces but can also be performed in shelters and be assimilated to a nest-sharing strategy (B). Both strategies are very
common among mammal species to lower the energetic costs of normothermia maintenance but this implies high degrees of

tolerance with regard to the closeness between individuals.

importance of shelter choice to optimize the energy savings
has been also demonstrated in bats, even during hibernation
(81, 82), and in lemur species (78, 83).

4.1.2.2. Nest-building

Animals resting in a shelter can either use an
existing nest, that is a nest that which has been deserted by
its previous occupant, or build a new nest. Nest-building
commonly starts with the finding of a natural shelter (a tree
hole for example) that will be specifically improved with
the possible use of tools (84). Glaser and Lustick described
in 1975 the nest-building strategy in white-footed mice
(Peromyscus leucopus noveboracensis) observed during
cold exposure (75). Nest-building strategy is strongly
associated to parental care, the females anticipating birth by
providing shelter with insulation capacities to protect their
future offspring. Such behavior is observable in mammal
species and has been described in sows (85, 86), mice (87),
primates (66, 88), rabbits (89)...

4.1.3. Grouping strategies

In this section, we will distinguish two specific
strategies: outside grouping behavior that will be called
huddling, and inside-nest grouping strategy that will be
called nest-sharing. Actually, both can be considered as
huddling and are observed in gregarious species. The
distinction between the two strategies relies on the
occurrence of such behaviors in closed or open spaces in
the presence or not of a shelter, respectively.

4.1.3.1. Huddling

Huddling strategy consists in the aggregation of
numerous individuals to limit energy dissipation and thus
decrease the energetic needs for body heat production.
Huddling has been recently reviewed (90) and can be
observed in numerous species such as pigs, seals, bats,
rabbits, rats, voles, hamsters, mice, marmots, lemurs,
monkeys.... The most famous example of huddling
individuals is the penguin (Figure 4A). The use of huddling
mainly results in a reduced surface-area-to-volume ratio
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associated to a drop in thermal conductance. Hence, a
microclimate is created between animals that maintain
psycho-physiological interactions. Such adjustments have
been shown to induce decreased levels of energy
expenditure from 6 to 53% (46).

4.1.3.2. Nest-sharing

Nest-sharing (Figure 4B), is particularly useful to
reduce the energetic costs of thermogenic mechanisms.
In heterotherm species, nest-sharing buffers the effects
of cold or food scarcity on torpor expression of each
shelter inhabitant. The arousing of the group becomes
less demanding in energy, the part of each individual
involved in the group arousal being decreased (91). This
strategy has been observed in many species such as
marsupials (92), mice (28, 92), white-footed mice (93),
mouse lemurs (73)...As small mammals, most bats use
sheltered day roosts and thus profit energetically from
social thermoregulation by mutual warming and warm
microclimate in roosting cavities. More, roost temperature
has great influence on torpor expression and reproduction
(81, 94, 95). Energy saved by social thermoregulation may
vary from 7 to up to 50% depending on the group size and
on the species (75). Such strategy could be used in
solitary species when environmental conditions become
harsher, and more particularly during food scarcity
periods (96-98). In addition to energetic benefits, nest-
sharing behavior has also been recently demonstrated to
improve immunological status in a non-human primate
species (99).

Grouping behavior implies that individuals
must be tolerant to each other to support social
aggregation in an enclosed space. Several genetic
studies revealed that individuals that congregate were
genetically related (96, 100). Nest-sharing and huddling
behaviors appear thus as a compromise between different
factors including ecological constraints, physiological
demands, protection against predators, and relatedness
components.
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Figure 5. Representation of the ambient temperature dependent changes in locomotor activity in a non-human primate species
(from 104). Variations of nocturnal and diurnal locomotor activity (LA, mean/5 min + SEM, arbitrary unit) in response to
ambient temperature varying from 18 °C to 34 °C. * p < 0.05. Reproduced with permission from Springer.

4.2. Strategies to enhance body heat production

The high needs for increased thermogenesis
during cold exposure can be behaviorally supported by the
enhancement of motor activities and the increase in energy
intake.

4.2.1. Increased locomotor activity

Among the available sources of body heat
production, muscular work is one of the most efficient. The
contribution of muscular activity in thermogenesis
responses to mild cold exposure has been already discussed
(97, 101). As an example, locomotor activity recorded in a
non-human primate exposed to Ta below the TNZ
increased significantly and especially during the resting
period (Figure 5 — (102-104)). Such changes in activity/rest
rhythms were also evidenced in hamsters, in which high
levels of locomotor activity during cold exposure were
dependent of the motivational context (105). However,
even though muscular work constitutes a huge source of
body heat, it is very costly and needs to be constantly
fuelled with high levels of energy intake.

4.2.2 Increased energy intake

To fuel the increased needs in energy and
maintain a positive energy balance during cold exposure,
animals need to adapt their food intake behaviour in
consequence. Many years ago, food has been proposed to
take part in temperature regulation (106). Actually, increase
in caloric intake has been widely described in many
species, adults or juveniles, to counteract cold-induced
costs of thermoregulation (103, 107-110). In response to
cold exposure, catabolic mechanisms are enhanced,
promoting energy intake and energy expenditure. A
specific endocrine signalling involving orexigenic
hormones is triggered, increasing caloric intake (111). As

1434

an indirect consequence of increased food intake, body heat
derivated from food digestion is produced and represents 5-
15% of total energy expenditure (112). The magnitude of
the post-prandial thermogenic effect is assumed to average
10% of the ingested calories over a given time period,
though the effect substantially varies according to food
composition and the cost devoted to food seeking
behaviour.

5. HYPERTHERMIA AVOIDANCE

Hyperthermia may occur from two different
processes, one depending on the organism (i.e. fever), and
the other depending on environmental factors. Increase in
Tc during fever is due to a change in Tc set point, a
physiological mechanism known to improve immune
system defense. Fever occurrence after pyrogen
administration reflects both increase in oxygen
consumption and reduction of heat loss (113). More, to
optimize immune response, selected Ta by organisms
would be biased towards warm Ta, as demonstrated in rats
(22). However, when fever is associated with inflammation,
cold-seeking behaviors were evidenced in rats (114).

Hyperthermia following a heat stress causes
deleterious effects on metabolism and water loss and may
lead to potential cellular damages in the central nervous
system. When exposed to extreme heat, animals have to
move to cooler places (housing in buffered shelters,
thermal refuge in a burrow, immersion in water) and/or to
promote heat dissipation through adaptive behaviors (115-
117). Such behaviors are driven by the pre-optic and
anterior hypothalamus (4) and are underlined by the
dopamine system (114). Indeed, when the dopamine system
is inactivated, mice do not exhibit escape behaviour in
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response to elevated Ta (118). From experimental studies
on heatstroke, behavioural thermoregulation to prevent
hyperthermia was achieved by selection of cool Ta (119).
Fluid intake to ensure sufficient hydration and to avoid
water stress is well documented in animals exposed to heat
environment (115-119).

5.1. Strategies to dissipate body heat
5.1.1. Habitat selection and specific postures.

Most mammals avoid the heat of their
environment during the hours of the day by retreating in
shaded cooler places. Nocturnal small species, especially
those inhabiting arid or semi-arid ecosystems, decrease
their energy and water expenditure by spending day time in
a thermal refuge, burrow or tree hole (66, 120). The retreat
in a burrow can consistently reduce body temperature by 1
to 2 degrees as exemplified in the ground squirrel (121).
Moreover, in diurnal species changes in daily activity have
been observed to face extreme or hot conditions, (122).

Only a few postures are available for mammal
species to promote body heat loss. Behavioral posture
strategies mainly consist in increasing the surface-area ratio
or the gradient between the organism and the air to promote
the conductive heat exchanges between the warm skin and
the air. Within these strategies, exposition to wind, prone
position, posting on rocks are regularly observed during the
warm season in many species. The heat dissipation has
been clearly demonstrated to be dependent on mammal fur
characteristics: with less than 1000 hairs/cm?, a 14-km/h
wind may penetrate deep into the fur, while at a greater fur
density, even a 32-km/h wind penetrates little into the fur
(120). Haired species exhibit thus difficulties to dissipate
excess body heat. More, the main part of body heat
dissipation comes from sweat through evaporative water
loss which remains extremely limited to peripheral regions
such as nose, ears, hands and feet in furred species (123). In
rodents, the role of tail has been stressed as an effective
heat loss process, involving the sympathic fibers regulating
tail blood flow (121, 124).

One famous behavior for promoting heat loss and Tc
regulation is ear movements in elephants (102, 103). The
ears are highly vascularized and muscular movements
improve the convection on ears surface. African species
have larger ears than Indian ones and this size difference
would be related to higher Ta between the two continents
(123), requiring higher heat dissipation in African species.
However, owing to the difference in body mass between
the two species, the heat dissipation might be less
challenging for Indian species.

5.1.2. Panting

The increase in respiratory rhythm frequency via
panting contributes to dissipate huge amounts of body heat
induced by water loss (125). This mechanism is a good
alternative to sweating in small mammal species and is
particularly observed in dogs (126), but also in sheeps
(127). Panting mechanism is related to thermosensitivity
and integration by the hypothalamus (109). In addition, this
pathway to dissipate excess body heat has been identified
to be particularly efficient to cool the brain. This process
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has been observed in many mammalian species, but not in
humans.

5.2. Strategies to decrease body heat production

During hyperthermia risk, a decrease in body
heat production can be behaviorally achieved via the
reduction of energy intake and motor activities, inversely to
what observed to enhance heat production.

5.2.1. Decreased energy intake

Exposure to high Tas has been already described
to be a potential modulator of energy intake (106, 110, 128-
130). Because heat exposure induces reduced energetic
costs, needs for caloric intake are reduced. Besides, energy
intake is source of heat generating, meaning that an
accurate adaptation to high Ta would be to decrease energy
intake. Such behavior has been observed in piglets (128,
131). Anorexigenic pathways are actually activated,
inducing catabolic reactions to decrease energy intake
(111).

5.2.2. Decreased locomotor activity

Decreased levels of physical activity in response
to elevated Ta, such as observed in rats (132), should be the
most appropriate response to limit hyperthermia risk.
However, the reduction of motor activities is not
systematically observed (115), owing to the complex
control of locomotor activity patterns. Lastly, the stress
induced by heat exposure probably induces severe
physiological disturbances that could impede animals to
trigger accurate behavioral adjustments.

6. FACTORS AFFECTING
THERMOREGULATION

BEHAVIORAL

Thermoregulation is a key function in
homeostasis maintenance and is controlled by central,
metabolic, energetic and endocrine systems. Some
characteristics such as body mass and body geometry
through their relation to basal metabolic rate (133, 134) but
also more subtle morphological parameters such as fur
color (44), can affect the use of behavioral adjustments.
Thermoregulatory capacities play a determinant adaptive
role to survive in an environment when resources and Ta
vary. This implies that local conditions, season, gender and
aging may have major effects on the display of
thermoregulatory behaviors and their frequency.

6.1. Season

Thermoregulatory ~ capacities are  highly
dependent on seasonal changes (116, 135-138) and refer to
seasonal changes in body composition, thermal
conductance and hormonal status. According to season-
dependent effects on autonomic thermoregulation,
behavioral adjustments and their efficiency were described
in many species to vary along seasons (49, 60, 73, 139).
For example, the Golden Hamster exhibits preference for
Ta averaging 8°C in pre-hibernating state, but a preference
for Ta over 24°C in the post-hibernating period (12). In
bats, thermal preferences and group size also vary with the
secason (81, 94, 140). Likely, thermoregulatory behaviors
such as selection of Ta and nest-sharing seasonally differ in
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Figure 6. Effect of aging on the spontaneous selection of
ambient temperature (Ta) in a non-human primate species
(from 37). Aging induced selection of higher levels of Ta
during both night and day periods in a nocturnal primate
species (Microcebus murinus) experimented in a thermal
gradient. Reproduced with permission from Elsevier.

the mouse lemur, evidencing that cold-induced behavioral
adjustments during winter are switched to heat-induced
strategies during summer (37).

6.2. Gender

Gender is today well known to affect
thermoregulatory capacities (12, 13). Effects of gender on
behavioral adjustments have been described in various
species such as rodents and primates (44, 96, 141). In
female rodents that exhibit greater capacities for cold-
induced heat production (142, 143), gender has been
proposed to interfere with vasomotor capacities rather than
with heat production feature (144). Females would
particularly promote Tc stability as compared to males in
regards to the trade-off between energy required for
thermoregulation and energy allocated to their reproductive
fitness. Indeed, energetic constraints during the breeding
period rely on energy allocation for offspring growth and
parental care. Females would thus promote behavioral
thermoregulation and thereby maintain low levels of energy
expenditure. In field conditions, female mouse lemurs use
torpor to a greater extent than males do (96, 141, 145) and
congregate in larger groups with greater insulation
properties comparatively to males (77). Likely, female bats
change their thermoregulatory behavior to optimize the
juvenile development by selecting warm places in order to
limit torpor occurrence (95, 146).

6.3. Aging

Numerous epidemiological studies describe
increased prevalence of death in the elderly from hypo- or
hyperthermia (147-151), suggesting that thermoregulation,
as well as other biological functions, is impaired with age.
Indeed, among deleterious effects of age on autonomic
thermoregulation can be listed impaired vasomotor
capacities (4, 152-160), which strongly disturb the
interaction between the organism and the changing
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environment. During cold exposure, data show that
physiological capacities for producing body heat are
decreased with age (161-168). In addition, evaporative heat
loss capacity has been shown to decline during aging (8,
169) and could participate to increase the risk of
dehydration during heat exposure (4).

Regarding the effects of aging on autonomic
thermoregulatory capacities, the needs for behavioral
adjustments become greater with age to counter
physiological deficiencies, especially during harsh
environmental conditions. Recent studies in a non-human
primate species (Figure 6) demonstrated that aging induced
greater use of behavioral adjustments in aged animals as
compared to adults (37). These results confirmed that
behavioral thermoregulation is very useful to limit the
energetic costs of normothermia maintenance and might be
beneficial to counteract the negative energy balance
evidenced during cold exposure (170, 171). This
association between behavioral adjustments and metabolic
requirements has also been demonstrated in rodents (5,
172). Such data may reflect that aging is associated with
decreased levels of sex steroids (173, 174), these hormones
participating to thermogenesis mechanisms.

However, impaired behavioral adjustments in
response to Ta challenges have been evidenced in humans
(7), partly due to decreased sensitivity for thermal changes
leading to inappropriate adjustments of Ta. Indeed, the
decline in thermo-sensitivity described in the elderly (4, 7,
156, 175, 176) could contribute to delay the detection of Ta
variations, and consequently delay the appropriate
operating adjustments (4, 9, 153). Moreover, aging has
been associated with impaired capacities for regulating the
indoor Ta when given the possibility to adjust Ta in
response to thermal changes (9), which could be related to
decreased cognitive performances as already demonstrated
in non-human primate species (177, 178). Although the
subjective thermal comfort zone does not seem to be
changed with age (4), the accuracy of the control of Tc
variations, which is operated by the hypothalamus (2, 3,
179, 180), could be defective in aged individuals and lead
to abnormal Tc values during cold or high events. Central
impairments (4) are potential sources to explaining the age-
related  deteriorations  observed in  behavioral
thermoregulation capacities. For example, aging impairs
cold-induced increase in locomotor activity levels (163).
During heat exposure, dehydration is a consequence of
reduced thirst sensation and lack of fluid intake to restore a
positive water balance in old rats (181), as well as in
elderly people (182). Finally, aging could be characterized
by a disruption in the overlap between TNZ and thermo-
preferendum described in adult individuals. For example,
aged mouse lemurs showed greater preference for warm
Tas as compared to adults (37), but this behaviour could
not reach the energy/water requirements for homeostasis
maintenance, thus threatening survival.

7. CONCLUSIONS

The first aim of this review was to give an
overall catalogue of all the behavioral processes used by
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mammals to counteract thermal challenges. To date, there
were only specific reviews on each adjustment available,
but none summarizing all the strategies known.

The diversity of thermoregulatory behaviors
becomes larger when extending the considerations to whole
animal reign, as metabolic reactions only depends on Ta
management in ectothermic species.

Thermoregulatory behaviors are primarily used
to reduce the energetic costs of autonomic thermoregulation
and to adjust Ta to the thermal comfort zone of the animals.
However, we can notice that behavioral strategies, such as
nest-housing or huddling, have also been proposed to have
beneficial effects on longevity (183, 184). These strategies
would be beneficial only in extreme environmental conditions,
i.e. during severe cold or food scarcity periods, and their role
on longevity could be reduced as compared to the anti-
predation or social transmission of information benefits (185).

Behavioral adjustments towards increased Tas
are only few as compared to cold-induced behavioral
responses, increasing the risk of deleterious effects during
heat episodes, a fortiori with age. Such failure to
behaviorally avoid hyperthermia and dehydration would be
at the origin of high prevalence of deaths during heat wave
episodes as recorded in US or in Europe in 2003.

The use for thermoregulatory behaviors depends
on organism needs and is complementary to autonomic
responses. Hence, gender, season and aging are parameters
that strongly interfere with behavior occurrence and can
modify their efficiency. Thus, because of the importance of
behavioral adjustments on energy balance maintenance,
greater attention should be paid to thermoregulatory
behaviors in the understanding of overall thermoregulation
function. Finally, if climate changes (global warming and
current upward trend in heat wave incidence) and anthropic
constraints continue, behavioral studies have to be a
necessary component for conservation ecologists to
preserve the key elements of habitats required for efficient
expression of thermoregulatory behaviors within small
mammalian  species, especially those with low
thermoregulation flexibility.
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