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Abstract

Most social insect species are able to regulate the temperature within their
nests. In this review, we examine the variety of mechanisms that social
insect species have evolved to regulate temperature. We divide these mech-
anisms into two broad categories: active and passive. ‘Passive’ temperature
regulation includes such mechanisms as nest site selection to optimize in-
ternal nest temperature, nest structures that permit passive heating or
cooling, or simple behaviour such as brood translocation to regions within
a nest where temperatures are most favourable. ‘Active’ temperature reg-
ulation refers to behaviour where individuals modify nest temperature by
physical activity like wing fanning or evaporative cooling.

Although there is enormous variation in the thermoregulatory mecha-
nisms, there are also many similarities. All thermoregulatory mechanisms
are self-organized and arise from simple rules followed by each individual
worker.
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1 Introduction

Part of the ecological success of social insects (all termites and ants, and
some wasps and bees) is that they have at least some ability to regulate
temperatures within their nests (Wilson, 1971). This often allows them to
be physically active even when non-social insects of similar size would
either be moribund with cold or seeking refuge from heat. Many social
insect species regulate their nest temperatures within specific, sometimes
very narrow, boundaries, despite extremes in ambient temperature. Honey
bee colonies, for example, are able to maintain brood nest temperatures
within the range of 33–36 1C, even when the ambient temperature ranges
from well below freezing to above 45 1C (e.g. Himmer, 1932; Lindauer,
1955; Fahrenholz et al., 1989).

If nest temperatures are not kept within the species-specific boundaries,
there are often undesirable consequences. In some termites and ants, for
example, the growth of the fungi that they cultivate for food may be
affected (Powell and Stradling, 1986; Korb and Linsenmair, 2000a;
Bollazzi and Roces, 2002). In many species, abnormalities can develop in
the brood, or adults may not emerge at all (Himmer, 1927, 1932; Brian,
1963, 1973; Jay, 1963; Ishay, 1973; Kronenberg and Heller, 1982; Roces
and Nunez, 1989; Tautz et al., 2003; Jones et al., 2005; McMullan and
Brown, 2005). In honey bees, even slightly atypical brood rearing temper-
atures can affect the behaviour of the bees as adults (Tautz et al., 2003;
Jones et al., 2005).

In this review we examine the wide variety of mechanisms that social
insect species have evolved to regulate the temperature of their nests and
brood (Table 1). We divide these mechanisms into two broad categories:
active and passive. ‘Passive’ temperature regulation includes such mech-
anisms as nest site selection to optimize internal nest temperature, nest
structures that permit passive heating or cooling, or simple behaviour such
as brood translocation to regions within a nest where temperatures are
most favourable. ‘Active’ temperature regulation refers to behaviour where
individuals modify nest temperature by physical activity like wing fanning
(Fig. 1) or evaporative cooling.

Both active and passive thermoregulation requires mechanisms that co-
ordinate the activities of individual workers so that the outcome is a stable
or more stable brood nest temperature. For active mechanisms of thermo-
regulation, this is obvious: the number of workers engaged in cooling or
heating behaviour must rise and fall according to the current temperature
within the nest. Less obviously, the same holds true for passive mecha-
nisms. For example, a termite mound is constructed by tens of thousands
of workers, none of which has any perception of the overall shape of the
mound, or its intricately engineered ventilation tunnels and appropri-
ate solar orientation. Thus, systems of passive nest thermoregulation



TABLE 1 Active and passive thermoregulatory systems used in different social
insect groups (see text for details)

Social Insect Group Passive Thermoregulation

Nest orientation Nest architecture Nest site selection/

colony emigration

Ants S S M

Bees: Honey bees S S A

Stingless bees ? M A

Bumble bees S A A

Wasps: Polistinae ? S A

Vespinae ? A? A

Termites S S S

Social Insect Group Active Thermoregulation

Clustering/

generating

metabolic heat

Direct incubation Fanning Water evaporation

Ants S N N N

Bees: Honey bees A A� A A

Stingless bees S? ? S N

Bumble bees A A A N

Wasps: Polistinae ? N? A A

Vespinae M M A S

Termites S N N N

S ¼ Some species

M ¼ Most species

A ¼ All species

N ¼ No species
�This behaviour has not been examined in all species, but we suggest that most, if not all,

honey bee species incubate their brood directly.
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require the coordination of the activities of workers that build the nest, so
that the colony-level outcome of stable brood nest temperatures is
achieved.

The mechanisms that coordinate the activities of individual workers are
best understood from the principles of self-organization, which describe
how a system can acquire order and structure ‘‘through interactions in-
ternal to the system without intervention by external directing influences’’
(Camazine et al., 2001). Below we will review our current understanding of
how the behaviour of individuals acting independently can nonetheless
result in the emergent property of a stable nest temperature, and the
apparent importance of inter-individual variance in generating stability.
We begin, however, with a survey of the mechanisms of nest thermo-
regulation, both passive and active, that have evolved across social in-
sect taxa.



FIG. 1 A honey bee (Apis mellifera) worker fanning at the entrance of her nest
(Photo by M. Ricketts).
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2 Passive mechanisms

Nest site selection, nest orientation and nest architecture are the primary
mechanisms used by social insects to regulate their nest’s microclimate.
These passive mechanisms provide a buffer between brood nest temper-
ature and ambient temperature, and therefore greatly affect the ease
with which workers can regulate the temperature inside their nest by
more energetically expensive active mechanisms. For example, Korb and
Linsenmair (2000a) found that the coefficients of variation were not sig-
nificantly different in internal nest temperature of the African termite
species Macrotermes bellicosus, is not different between occupied and un-
occupied mounds (occupied: 0.54 1C, unoccupied: 0.48 1C). However, mean
mound temperatures are lower (�27 1C) in nests heated only by the sun
compared with nests with active termites and fungi (�30 1C). In this sec-
tion, we provide examples of the variety of passive mechanisms used by
social insects for nest thermoregulation.

2.1 NEST SITE SELECTION AND COLONY EMIGRATION

Nest site selection plays a major role in the ability of social insect colonies
to maintain stable nest temperatures. Nest site choice falls into two broad
categories. For many species, the main criterion when selecting a nest site is
physical protection against environmental perturbations; others select sites
where the microclimate provides a relatively stable temperature.
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2.1.1 Bees

Some honey-bee and all bumble-bee and stingless-bee species nest in cav-
ities; predominantly tree hollows, but also in disused rodent burrows,
cavities in old termite nests and under the leaf litter. These cavities provide
insulation, thereby helping colonies to retain metabolic heat and providing
protection from variations in ambient temperature (Wille and Michener,
1973; Heinrich, 1979; Engels et al., 1995). However, the open-nesting
honey bees, which occur in tropical environments, build a nest in the open,
choosing sites with appropriate levels of solar radiation. As the open-
nesting honey bee species form the basal clades of the honey bee tribe
(Engel and Schultz, 1997; Arias and Sheppard, 2005), the colonization of
temperate areas may have been facilitated by the move into protective
cavities (Ruttner, 1988; Oldroyd and Wongsiri, 2006).

In cavity-nesting western honey bees (A. mellifera), cavity selection by
swarms is based on a variety of attributes. In general, favoured cavities
have a volume of at least 15 l, an entrance with a sunny aspect, a small
entrance size (smaller than 75 cm2), an entrance on the floor of the
cavity and an elevation of several metres (>3m) above the ground (Seeley,
1976, 1977; Avitabile et al., 1978; Seeley and Morse, 1978; Jaycox and
Parise, 1980, 1981; Rinderer et al., 1981, 1982; Schmidt and Hurley, 1995;
Camazine et al., 1999). All of these properties enhance nest thermoregu-
lation. Inside the cavity, the workers build a number of vertical combs out
of wax, the upper and peripheral areas of which are used for storing pollen
and honey while the centre contains the brood (Seeley, 1976; Camazine,
1991). The central location of the brood area means that the brood is
insulated by the surrounding honey store.

The giant mountain honey bee (A. laboriosa) prefers nest sites with
a southerly aspect to build its single exposed comb (Underwood, 1986,
1990). Similarly Doedikar et al. (1977) and Reddy (1993) found a
strong tendency for established nests of the common giant honey bee Apis
dorsata to be orientated in a north-south direction (Fig. 2). Presumably,
this maximizes solar radiation and minimizes exposure to cold winds
(Oldroyd and Wongsiri, 2006). The dwarf honey bees A. florea and A.

andreniformis select shaded sites (Wongsiri et al., 1997) and will migrate
their nest if it subsequently becomes exposed to the sun (Seeley et al.,
1982).

For many stingless bee species, selecting an appropriate cavity appears
to be the primary mechanism for keeping nest temperatures optimal, de-
spite high ambient temperatures. For example, in southern Africa, all
Trigona species nest inside a cavity, either deep underground (60–100 cm in
T. denoiti) or inside a tree hollow. The nest depth of T. denoiti and in-
sulating properties of the tree cavity in the case of T. griboidoi imply that
the nests are rarely thermally stressed (Moritz and Crewe, 1988).



FIG. 2 The giant honey bee Apis dorsata selects sheltered nest sites like this one
on an apartment building in Bangalore India (Photo by B. Oldroyd).

J.C. JONES AND B.P. OLDROYD158
2.1.2 Wasps

Social wasps nest in a variety of locations, including underground and tree
cavities, and in enclosed and open nests suspended from tree branches
(Ishay, 1973). Microclimate has been found to influence nest site selection
and reproductive strategies in Polistes wasps. Females of the temperate
species Polistes fuscatus are more likely to initiate nests in warm sites. Such
sites lead to earlier production of workers and larger founding groups, than
cool sites (Jeanne and Morgan, 1992). These authors suggest that larger
founding groups occur because warm sites are more attractive to female
joiners and usurpers. In addition, philopatry may have evolved due to
selection acting on founding females to nest in climatically favourable sites.

2.1.3 Ants

Ants are one of the most diverse insect suborders comprising 70% of all social
insect species. This diversity is reflected in the range of environments they
occupy, from deep in soil to forest canopies (Holldobler andWilson, 1990). We
identify three main strategies by which ant species regulate nest temperatures.
First, like many social bees, some ant species rely on protection from a cavity,
such as a tree stump or underground burrow (Chen et al., 2002). Second, some
species migrate their nests frequently, varying the amount of cover they select,
depending on the temperature and season (Ofer, 1970; Kuriachan and Vinson,
2000; Miyata et al., 2003). Third, still others move their brood to areas of
optimal temperature within the same nest (Roces and Nunez, 1989, 1995;
Bollazzi and Roces, 2002; Pranschke and Hooper-Bui, 2003).

In some ant species, nest location is important for regulating nest tem-
perature and also affects additional forms of temperature control. In
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northern Idaho, the carpenter ant Camponotus vicinus, for example, nests
mostly in fallen logs and tree stumps (Chen et al., 2002). These ants select
open dry sites, where the temperature is significantly higher, over closed
canopy areas (Chen et al., 2002). Similarly, for the wood ant Formica

polyctena, a temperate species of northern Europe and Scandinavia, nest
site choice is an important aspect of nest temperature regulation and also
affects the nest heating strategy used by the ants. At dry sites, the ants
utilize solar radiation to heat their nests. In addition to orientating the
mound to maximize incident solar radiation, the workers maximize this
effect by basking on the outside of the mound. The dry nest material has a
low thermal capacity and so the thermal energy in the workers’ bodies can
increase the nest temperature, especially in the evening when many heated
workers return to the interior of the nest (Frouz, 2000). The surface of the
dry nest also provides insulation as there is a low loss of thermal energy
during the night. In contrast, nests at wet and shaded sites utilize the de-
composing plant matter in their mounds as a source of heat (Frouz, 2000).

Nest migration is perhaps the most common method of temperature
control used by ants. Migratory species adjust the amount of cover they
select for their nest, depending on the temperature and season. The prim-
itive ponerine ant Onychomyrmex hedleyi, for example, occurring in the
highland rainforests of North Queensland, Australia, migrates frequently
(Miyata et al., 2003). Similarly, the weaver ant Polyrhachis simplex of Israel,
migrates seasonally, in the winter and early spring (Ofer, 1970), and colonies
of the polygynous form of the red imported fire ant (Solenopsis invicta)
often migrate their nests in response to changing ambient temperatures
(Kuriachan and Vinson, 2000). Both O. hedleyi and P. simplex increase the
amount of protection selected for their nests in the cooler seasons.O. hedleyi

colonies bivouac in the upper leaf litter layer in the warm and rainy seasons,
from November to March. In the cool and dry season, from April to
October, most colonies bivouac in the lower litter layer or up to 12 cm below
the ground in natural cavities and cracks or holes dug by other insects or
earthworms (Miyata et al., 2003). During the summer, P. simplex ants build
their nests in the litter of dried leaves, under stones or in the hollow of a tree
stump. In winter, the majority of nests are located within cavities (Ofer,
1970). The transient nature of the nests, in both these species, implies that
selecting appropriate cover is a critical thermoregulatory mechanism.

Although an appropriate brood incubation temperature is primarily
achieved by selecting an appropriate site for the nest, brood incubation
temperature is precisely controlled by workers moving the brood from one
part of that nest to another, depending on the brood’s stage of develop-
ment and temperatures in different parts of the nest (Roces and Nunez,
1989, 1995; Bollazzi and Roces, 2002; Pranschke and Hooper-Bui, 2003)
(Fig. 3). This occurs both in species with large, permanent nests or
mounds, and in species with more transient nests.



FIG. 3 A Solenopsis invictamound, opened on the side closest to the sun, showing
the placement of brood during mid-morning (Photo courtesy of W. Tschinkel.
Reprinted by permission of the publisher from THE FIRE ANTS by Walter S.
Tschinkel, Plate 10, Cambridge Mass.: The Belknap Press of Harvard University
Press, Copyright r 2006 by the President and Fellows of Harvard College). (A)
Intact mound, (B) sunny-side with the mound surface removed, (C) mound cut in
vertical section, after surface removal. During mid-morning, the temperature just
under the mound surface was �30 1C while in the mound core it was 23 1C
(Tschinkel, 2006).
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Camponotus mus nests under stones or in rotting wood on the ground,
where colonies experience large temperature fluctuations. Rather than
constantly moving the brood around within the nest as the temperature
changes, C. mus nurse workers regulate the temperature of their brood by
moving it to the preferred temperature at two fixed times – the hottest and
coolest times of the day (Roces and Nunez, 1995). The brood is therefore
kept well within the daily maximum and minimum, but experience con-
siderable fluctuations in temperature throughout the day. Using artificial
nests housed in a 12 h/12 h light/dark cycle, with two temperature options
(27.5 1C and 30.8 1C) known to be selected by the ants in relation to the
light:dark cycle, Roces and Nunez (1989) found that a total of four to five
workers translocated the brood twice a day. One translocation occurred in
the middle of the light period (at 30.8 1C), when the highest environmental
temperatures occur, and again 8 h later, during the night (at 27.5 1C)
(Roces and Nunez, 1989, 1995). Thus, the threshold of thermal tolerance in
C. mus workers is related to the time of day. Highest thermal sensitivity
occurs during the two daily translocation times: the middle of the pho-
tophase and two hours after the onset of the dark period. At these times,
workers are more likely to transport brood in response to minor temper-
ature changes. For example, shortly after 2 p.m., nurses began moving the
brood as soon as the temperature was increased experimentally by 0.1–
0.2 1C above the selected temperature of 30.8 1C; whereas, later in the day
(anticipating a fall in temperature?), nurse workers will tolerate temper-
atures up to 3.7 1C, above 30.8 1C. Nurse workers of C. rufipes, a dominant
species in subtropical and tropical regions of South America where tem-
perature fluctuations are less marked, also show some circadian rhythmi-
city in sensitivity to temperature changes, but retain a constant preference.
Nurse workers have a higher tolerance for high temperatures in the middle
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of the light period, when differences of 6.7–7.8 1C above the mean pre-
ferred temperature (25 1C) are tolerated (Roces and Nunez, 1995). In the
dark period, on the other hand, workers are more sensitive to temperature
increases and begin to move the brood as soon as the temperature averages
1.9 1C above 25 1C. However, C. rufipes show no rhythm in their trans-
location of brood along an artificial thermal gradient in their nest (Roces
and Nunez, 1995).

Similar brood and fungal garden translocations, in response to temper-
ature variation, are carried out by workers in species with more permanent
nests (Weber, 1957; Navarro and Jaffe, 1985; Lapointe et al., 1998; Roces
and Kleineidam, 2000; Bollazzi and Roces, 2002; Pranschke and Hooper-
Bui, 2003). Workers of the thatching grass cutting ant Acromyrmex heyeri,
for example, construct a thatch mound with dry grass and soil that protects
a central fungus garden. The thatch mound provides insulation, but as with
C. mus and C. rufipes, workers also translocate the brood and fungal food
that they culture, in response to low and high temperatures (Bollazzi and
Roces, 2002). Similarly, in red imported fire ant (S. invicta) populations of
Louisiana, the presence of brood in the above-ground section of the nest
(the mound) is strongly associated with mound temperature (Pranschke and
Hooper-Bui, 2003) (Fig. 3). S. invicta brood are only found in mounds when
mound temperatures are between 25 1C and 30 1C. The brood is moved by
workers to subterranean parts of the nest when the temperature in the
above-ground section exceeds 32 1C (Pranschke and Hooper-Bui, 2003). By
using a controlled temperature gradient, Bollazzi and Roces (2002) showed
that A. heyeri uses a similar strategy: workers quickly translocate all items of
brood and fungus when the temperature exceeds 36 1C, and prefer temper-
atures between 24 1C and 25 1C. For A. heyeri, the probability of brood and
fungus removal was less at the lower end of the temperature gradient (10 1C)
and the temperatures selected by the workers were also slightly lower, 22 1C
and 21 1C. Brief exposure to low temperatures may not compromise the
growth and development of the fungus (Bollazzi and Roces, 2002).

Migration within the nest is also used by some termites to track the
best brood rearing temperatures (Cabrera and Rust, 1996; Cabrera and
Kamble, 2001).

2.2 NEST ORIENTATION

In some termite and ant species, nest temperatures are moderated by nest
orientation. Nest orientation often influences the amount of solar radiation
absorbed by a nest and the time of day that the highest radiation is re-
ceived. Many species orientate their nests so that it is warmed by solar
radiation in the cool of the morning. Other species orientate the nest so
that it offers the smallest possible profile to incident solar radiation during
the middle of the day (Table 1).
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2.2.1 Termites

Two termite species (Amitermes meridionalis and A. laurensis) occurring in
northern Australia rely on the structure and orientation of their mounds
for regulating nest temperature. These termites build wedge-shaped ‘mag-
netic’ mounds where the long axis of the mounds is oriented north–south
(Grigg and Underwood, 1977; Jacklyn, 1992) (Fig. 4). Mean mound ori-
entation differs significantly between populations, depending on their lon-
gitude. Jacklyn (1992) changed the orientation of some mounds by giving
them ‘a nudge with a four-wheel drive vehicle’. He showed that the tem-
perature gradient between the east and west faces was significantly altered
by the change in orientation. Similarly, the rate of cooling on the eastern
face during the afternoon was consistently affected by mound orientation.
During the cooler dry season, mounds of natural orientation experience
rapid morning heating on their eastern face, followed by a temperature
plateau until the sun sets. Thus, the geographic variation in mean mound
orientation is an adaptive response to environmental variation across
northern Australia (Jacklyn, 1992). During the dry season, when daily
minimum temperatures decline, large numbers of termites, including work-
ers, larvae and reproductive nymphs, move to the eastern face in the
morning and stay there during the day, probably to reduce the variation in
temperature they experience.

2.2.2 Ants

The orientation and shape of ant nests influence the amount of solar ra-
diation that reaches the surface of the nests (Hubbard and Cunningham,
1977). Imported fire ant (S. invicta) mounds are oval in shape, with the
majority of the long axes oriented north–south. This shape and orientation
means that the sides of the mound with the greatest surface area face
the sun early in the morning and late in the afternoon. Nest mounds of
Formica ulkei near Chicago are also asymmetrically shaped, with the long
slope aligned so that it receives maximum solar radiation (Scherba, 1958).
If a nest is experimentally shaded to alter the aspect receiving greatest
radiation intensity, the ants adjust the alignment of the longest slope of the
nest. A further example is found in the nests of Formica truncorum in
northern Norway, where workers only place nesting material against the
southern face of tree stumps (Elton, 1932).

Mounds of the North American harvester ant Pogonomyrmex occi-

dentalis are constructed to maximize exposure to solar radiation on one
slope of the dome and minimize it on another (Cole, 1994). The nest cones
slope more towards the south and east because the peak of the mound is
displaced from centre to the north and west. The mainly south–eastern
direction of the nest cone increases the collection of solar radiation in the



FIG. 4 Magnetic termite, Amitermes meridionalis, mounds in Litchfield National
Park, North West Australia. The long axix is oriented (A) north-south, and (B)
east-facing parts are heated by the morning sun. (C) Several of these mounds can be
found in the same area (Photos courtesy of Nathan Lo).

NEST THERMOREGULATION IN SOCIAL INSECTS 163
morning (Cole, 1994). In addition, the nest entrance is oriented towards the
south–east, allowing workers at the nest entrance to make maximum use of
solar radiation falling on the south–eastern slope. Interestingly, these ad-
aptations result in a range of temperatures (although not as extreme as
ambient temperature variation) within the mound. The temperature of the
nest 5 cm below the ground varies from 12.9 1C to 41.8 1C while the range
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of temperature fluctuation at a depth of 5 cm below the peak of the cone
varies between 10.7 1C and 43.3 1C. Workers appear to take advantage of
the range of temperatures available by moving their brood to appropriate
areas of the nest cone (Cole, 1994), similar to the brood movements of the
ant species discussed above.

2.3 NEST ARCHITECTURE

Social insects’ nests vary enormously in both structure and materials, but
the different designs all have a common end point – maintenance of a more
stable brood nest temperature than ambient. Some structural features are
important for retaining heat, while others are effective in dissipating it.

2.3.1 Bees

In many bee species, the nest is insulated by the cavity chosen as the nest
site. More precise temperature regulation is achieved through the con-
struction of protective layers around the nest, comb shape and brood po-
sition in the comb.

Bumble bees, add materials such as grass and plant parts to the nest in
order to improve insulation. In addition, the workers build a canopy of
wax over the nest to trap metabolic heat. If the temperature in the nest
increases, the workers may partially remove the wax canopy.

Similarly, many stingless bee species build nests insulated by three main
layers (Fig. 5). First, the cavity is lined with batumen (a Portugese word
meaning ‘‘wall’’) made of propolis (plant gums, saps or resins collected
outside the hive) or a mixture of wax and propolis, and sometimes veg-
etable matter and mud (Wille and Michener, 1973). The batumen seals the
nest cavity, except for the entrance and, in some species, ventilating holes.
The batumen layer, is also used to seal off sections of the cavity that are
too large for the nest (Wille and Michener, 1973). Second, immediately
within the batumen lining there is often a layer of storage pots for pollen
and honey made of cerumen (a mixture of wax and propolis). Third,
inside the layer of storage pots there is an involucrum made of thin vertical
leaves of cerumen joined to each other and to the pots. Usually, the
involucrum encloses the brood comb completely (Wille and Michener,
1973).

The involucrum section of the nest is very important for heat conser-
vation in many stingless bee species (Fletcher and Crewe, 1981; Roubik
and Peralta, 1983; Engels et al., 1995). Melipona build more involucrum in
cooler climates than in equatorial forests (Engels et al., 1995; Roubik,
2006). In T. denoiti nests, the layers of the involucrum act as baffles, which
inhibit air movement and reduce loss of heat by convection (Fletcher and
Crewe, 1981). Similarly, in S. postica the leaves of the involucrum provide



FIG. 5 Nest structure of Austroplebeia australis. The main nest layers for this
species are the storage pots and involucrum enclosing the brood cells. (A) Honey
pots, (B) involucrum, (C) storage pots (honey or pollen), and (D) brood cells
(Photos courtesy of Peter Oxley).
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effective insulation – during cool nights the temperature difference between
the outer and inner layers of the involucrum (a distance of 1 cm) can be as
much as 5 1C (Engels et al., 1995). Also, in Melipona rufiventris and M.

seminigra nests, in Brazil, the temperature inside the involucrum near the
brood fluctuates less than ambient (ranging from 31 1C to 32.3 1C, where
ambient ranged from �23 1C to 30 1C) (Roubik and Peralta, 1983). The
ability of Melipona species to maintain stable nest temperatures is mostly
achieved by the involucrum, which traps much of the heat produced by the
metabolism of the brood (Roubik and Peralta, 1983). Other stingless bee
species, such as Leurotrigona muelleri and Frieseomelitta varia, do not build
closely packed brood combs, but construct brood cells in a loosely-joined
matrix. It seems likely that a spiral brood comb efficiently conserves heat
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generated by the brood, whereas the matrix-style of brood cell construction
facilitates heat dissipation (Fletcher and Crewe, 1981; Engels et al., 1995).
Interestingly, three sibling species of Australian stingless bees, temperate to
tropical Trigona carbonaria, sub-tropical T. davenporti and tropical
T. hockingsi (Franck et al., 2004) differ strikingly in the construction of
their brood comb, with T. hockingsi and T. davenporti constructing an
open matrix of brood cells, whereas temperate T. carbonaria builds a
densely packed spiral brood comb (Fig. 6). It remains to be seen if these
two hugely variant forms of nest construction arise from environmental
(temperature) cues or if these are truly species-specific traits.

In those stingless bee species that construct nests in the open, the nest is
covered by insulating layers of batumen. Open-nesting species such as
Trigona corvina and T. spinipes may also construct openings in the batu-
men, which are probably used for ventilation and temperature regulation
(Wille and Michener, 1973).
FIG. 6 Nest structure of two stingless bee species (Trigona hockingsi and
T. carbonaria). (A) T. hockingsi builds an open matrix of brood comb and (B)
T. carbonaria builds densely packed spiral brood comb (Photos by B. Oldroyd).
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Other aspects of nest architecture also help regulate the temperature in
stingless bee nests. Species that construct a compact spiral brood comb
(Fig. 6) utilize small cavities for nesting and can thus reduce the amount of
heat lost via convection relative to species that utilize larger cavities. In
addition, the absence of wax pillars used for access to the combs allows for
a reduction in the space between the combs (Fletcher and Crewe, 1981). In
many species, the entrance tube, which projects from the substrate or the
nest surface in exposed nests, is closed over at night with soft cerumen from
around the entrance. Closing the nest is mostly useful for defence but may
also aid temperature regulation (Wille and Michener, 1973; Chinh et al.,
2005; Roubik, 2006). Species occurring in subtropical regions sometimes
leave the opening closed for several days in cold weather (Wille and
Michener, 1973). The long narrow entrance tube in species such as
T. denoiti encumbers cooling by fanning, but the depth of the nests (60–
100 cm) in the ground is sufficient to achieve a stable nest temperature even
when ambient temperatures are high (Moritz and Crewe, 1988). WhenMoritz
and Crewe (1988) recorded the temperature in nests of T. denoiti in Transvaal,
South Africa, at an outside air temperature of 60.9 1C the internal temper-
ature of a T. denoiti nest remained at 32 1C (Moritz and Crewe, 1988).

2.3.2 Wasps

Some social wasp species also build specific structures, sometimes within
existing cavities, which help maintain stable nest temperatures. These
mechanisms vary from constructing combs inside a cavity to building an
exposed comb of heat-conserving shape and size, and even producing heat-
generating thermoelectric pupal caps.

Species in the wasp subfamilies Vespinae and Polistinae utilize different
thermoregulatory mechanisms and differ in their abilities to regulate nest
temperature. These differences are mainly due to the contrasting nest ar-
chitecture between the two groups. Polistinae nests consist of exposed
comb, so effective thermoregulation of the brood relies predominantly on
the environment at the site chosen for the nest (Jeanne and Morgan, 1992).
Vespinae nests are enclosed by a thick paper jacket, which for many species
is constructed inside a naturally-occurring cavity. Therefore, heat gener-
ated inside the nest can be stored and the nest temperature regulated (Gibo
et al., 1974a, 1974b; Seeley and Heinrich, 1981; Martin, 1988, 1992).

Foundresses or Polistes riparius of northern Japan, build what has been
called a ‘functional envelope’ (Yamane and Kawamichi, 1975). The foun-
dress constructs a number of empty cells at the side and lower periphery of
the vertical nests and elongates the cells beyond the length of the pupal
cocoons (Fig. 7). Other species, also occurring in cooler regions, construct
their nests in this way (Yamane, 1988; Hozumi and Yamane, 2001).
Hozumi and Yamne (2001) used paper models under field conditions to



FIG. 7 The ‘functional envelope’ of the nest comb of Polistes riparius (Photos
courtesy of Satoshi Hozumi). (A) View from the cell entrance of a P. riparius nest,
the white circle indicates the brood area of the nest bordered by empty cells. (B)
Lateral view of P. riparius nest, white lines show elongation of the cells beyond
cocoon lengths. The nest shown in (A) and (B) was collected during the founding
stage, just before the emergence of workers. (C) A mature nest of P. riparius in the
field.
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identify the role of the functional envelope in thermoregulation. Models
with more or longer cells maintained temperatures above ambient for most
of the night (Hozumi and Yamane, 2001). The extra cells presumably
increase the ability of the colony to retain warmth, and provide some
protection from wind and dew.

Comb shape also influences the thermal characteristics of exposed wasp
nests. Yamane (1988) compared brood cell temperatures between two nest
architectures in the tropical region of Padang, Sumatera Barat – the
slender vertical comb of Ropolidia variegata jacobsoni and the oblong ver-
tical comb of R. fasciata. When exposed to solar radiation, the slender
combs of R. variegata were significantly cooler than those of R. fasciata.
This difference probably arises because at least one side of the wall of all
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FIG. 8 The effect of exposure of the nest of the hornet Vespa orientalis to solar
radiation during a 24 h period (courtesy Professor Jacob S. Ishay, reproduced with
permission of Elsevier (Ishay and Barenholz-Paniry, 1995) and Rentokil Pest Con-
trol). The silk pupal caps help keep the temperature of the pupa stable.
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cells of R. variegata are exposed, which facilitates radiation of heat (Yamane,
1988). This difference may explain the preferred nest sites of these two spe-
cies. R. variegata often nests at sites constantly exposed to direct sunlight,
whereas R. fasciata nests in shady sites, like the underside of broad evergreen
leaves (Yamane, 1988).

The silk caps of pupal cells of Vespa orientalis assist in thermoregulating
the brood (Ishay and Barenholz-Paniry, 1995). There are two main char-
acteristics of the silk coating and the layer between the silk and pupa that
help in thermoregulation. First, the silk layer insulates the pupae. Second,
it acts as an energy accumulator which stores electrical charge during pe-
riods when there is heat available and releases the energy as heat during
cooler temperatures (Ishay and Barenholz-Paniry, 1995). Figure 8 shows
that the silk surrounding the pupae, particularly the silk caps, help regulate
pupal temperature. The regulating effect of the silk is also localized and
cells containing no brood (and having no cap) have a lower temperature
(Joseph and Ishay, 2004).

2.3.3 Termites

Termite nests are often significant structures, which include intricate
features for controlling the temperature of the chambers within. In mound-
building species, variation in wall thickness, mound surface design or
projecting structures, and as we have already seen, mound orientation,
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are some of the nest characteristics that help provide a stable nest tem-
perature. In addition, termite mound architecture is important for gas
exchange.

The nest architecture of the termite Macrotermes bellicosus is an im-
portant contributor to effective nest thermoregulation. This species
inhabits the Comoé National Park of the north-eastern Ivory Coast in
West Africa, where there are two main habitat types: shrub savannah and
gallery forest (Korb and Linsenmair, 1998b). Temperatures in the shrub
savannah are generally higher and more variable than in the gallery forest.
M. bellicosus appropriately adjusts the architecture of its nest to optimize
nest thermoregulation in these different habitats. Mounds in the warmer
savannah are relatively thin-walled and ‘decorated’ with numerous ridges
and turrets. By contrast, mounds in open stands of the cooler gallery forest
are dome-shaped and have thick walls with few projecting structures
(Fig. 9). Thus, relative to the heat-dissipating architecture of the savannah
mounds, mounds in the forest have reduced surface area and retain more
heat (Korb and Linsenmair, 1998a,b, 1999).

Korb and Linsenmair (1998b) demonstrated the importance of nest ar-
chitecture in thermoregulation by reducing the level of shading of forest-
dwelling mounds, so that they experienced temperatures more like those in
the savannah. In response to this manipulation, workers increased the
surface complexity of their mounds until they resembled mounds in the
savannah. Mounds in the gallery forest were found to have higher heat
capacities than mounds of similar height in the shrub savannah, due to
their thick walls. The temperature at the centre of the nest, where the brood
chambers, fungus garden and the royal cell are, are kept at about 30 1C in
the shrub savannah habitat. The cooler forest habitat, and ventilation re-
quirements (see below), means that the interior of the mounds of the gal-
lery forest are about 2 1C lower than those in the shrub savannah, despite
the structural modifications to the nest’s exterior. This means that the
gallery forest is a suboptimal thermal habitat because 30 1C is the optimal
temperature for the growth and development of termites, and for fungus
cultivation (Korb and Linsenmair, 1998b).

The architecture of termite mounds is also important for effective ven-
tilation of the nest and a large variety of nest structures are used to control
ventilation; from enormous chimney projections, to air passages close to
the surface in enclosed mounds with no chimney (Luscher, 1961; Weir,
1973; Darlington, 1984; Turner, 1994, 2001; Korb and Linsenmair, 2000b).
The structure of the nest must satisfy the dual needs of effective ventilation
and temperature regulation. For example, Korb and Linsenmair (2000b)
showed that there is a trade-off between temperature regulation and gas
exchange in the mounds of M. bellicosus in the cooler habitat of the gallery
forest. In the forest habitat, the termites construct dome-shaped mounds
with thick walls and reduced surface areas to reduce heat loss, but the



FIG. 9 Macrotermes bellicosus mounds in the Comoé National Park, West Africa
(Photos courtesy of Judith Korb, reproduced with permission of Springer Science
and Business Media; Korb, 2003). (A) Large gallery forest mound, (B) large sa-
vannah mound, and (C) small gallery forest mound.
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reduction in surface area is constrained by the need to exchange respiratory
gases; termites and their fungi have a high metabolic rate. In these mounds,
gas exchange is limited almost entirely to the surface at the crest of the
mound. By contrast, in savannah mounds, temperature does not restrict
the amount of surface area available for gas exchange and respiratory
gases are exchanged by holes across the entire surface of the mound.
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Consequently, the interior of forest mounds have higher CO2 concentra-
tions than savannah mounds (Korb and Linsenmair, 2000b).
3 Active nest thermoregulation

In addition to passive thermoregulatory mechanisms, at least some species
from most major social insect taxa actively heat or cool their nests. Some
behaviour, such as clustering and generating metabolic heat to keep the
colony warm at cool ambient temperatures (ants, termites, bees and wasps)
and fanning of the wings to drive warm air out of the colony at warm
ambient temperatures (bees and wasps), are common to different species,
and even orders.

3.1 ACTIVE COLONY RESPONSES TO LOW TEMPERATURES

3.1.1 Bees

One of the behavioural responses of most, if not all, social bee species to
low temperatures is clustering. Workers are able to maintain stable brood
nest temperatures at low ambient temperatures by forming tight clusters on
or around the brood area and generating metabolic heat. Workers adjust
the cluster shape and density by moving closer together or further apart,
allowing them to fine-tune their response to temperature change.

Clustered bees generate metabolic heat (Free and Simpson, 1963;
Fahrenholz et al., 1989), primarily by rapidly contracting and releasing
their thoracic flight muscles (Kronenberg and Heller, 1982), while the
muscles are disengaged from the wings. Below an ambient temperature of
about 15 1C, honey bee (A. mellifera) workers, for example, gather together
in a compact spherical cluster covering the brood (Kronenberg and Heller,
1982). Clustering reduces colony heat loss because the surface area
available for heat exchange is minimized (Seeley, 1985). Both cavity- and
open-nesting Asian honey bees have similar clustering behaviour to the
European honey bee (Dyer and Seeley, 1991). For example, in the open-
nesting species A. florea and A. dorsata, the workers who form a curtain
over the comb move closer together at low ambient temperatures (Fig. 10).
In A. mellifera, the threshold for clustering may be lower in the absence of
brood than when it is present (Kronenberg and Heller, 1982). During
winter, when there is no brood, variations in the colony temperature
is larger than when the brood is present, despite the fact that workers
still form clusters and generate metabolic heat using their flight muscles
(Fahrenholz et al., 1989; Stabentheiner et al., 2003).

Stingless bees use strategies similar to that of honey bees for warming
their nests. When exposed to cool ambient temperatures Trigona denoiti and



FIG. 10 Apis florea colony (Photo courtesy of Nadine Chapman). Workers that
form the protective curtain covering the comb move closer together at low ambient
temperatures, and further apart at high ambient temperatures.
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Scaptotrigona postica workers are able to generate heat within the nest,
presumably by clustering on the brood and quivering their flight muscles
(Fletcher and Crewe, 1981; Engels et al., 1995). However, S. postica also
uses other mechanisms to retain thermal energy; workers gather small pieces
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of cerumen in their mandibles and plaster the coldest area of the brood nest
with a thick layer. Also, foraging is curtailed and the comb surface is cov-
ered with 1–2 layers of slowly moving bees (Engels et al., 1995).

3.1.2 Wasps

Like honey-bee colonies, mature colonies of Vespine wasps can maintain
constant nest temperatures (Gibo et al., 1974a,b; Makino and Yamane,
1980; Martin, 1988, 1992). As their nests are enclosed, heat generated
inside can be retained to keep the nest warm. Adult wasps congregate on
top of the brood to increase nest temperature (Ishay, 1973) and probably
produce heat in a similar fashion to honey-bee workers. In addition, adults
also warm the nest by blowing warm air from the tracheal openings to-
wards the pupae in their cocoons or even on pupae that have been ex-
tracted from their cocoons (Ishay and Barenholz-Paniry, 1995). The larvae
of hornet brood are also thought to play a role in nest warming by ac-
tivating their muscles (Ishay and Barenholz-Paniry, 1995). However, in
some species, the ability of a colony to produce heat and maintain an
elevated nest temperature depends on the season and reproductive stage of
the colony. After the production of reproductives, and when the nest
population declines, the thermoregulatory ability of the colony may also
decline (Gibo et al., 1974a,b). Martin (1988) suggests that the key to
maintaining a constant nest temperature (�29 1C in Vespa simillima xanth-

optera) is the maintenance of the colony biomass/worker activity above a
level where heat production is greater than heat loss, even in the absence of
the founding queen.

3.1.3 Termites

Some termites generate metabolic heat and cluster together to achieve
stable nest temperatures. In the Australian termites Coptotermes acinaci-

formis and C. frenchi, the bark and wood of the living tree, and the walls of
the nursery provide effective insulation, retaining heat within the nursery
(Greaves, 1964). In colonies of both species, a difference of up to 20 1C is
recorded between the metabolically-generated temperature at the centre of
the nursery and the centre of an uncolonized tree (Greaves, 1964). The area
of elevated temperature in the nursery is smaller in winter than in summer,
suggesting that the termites aggregate in winter (Greaves, 1964).

3.1.4 Ants

Ants also gather together and generate heat. Similar to bees, both open-
and mound-nesting species use comparable mechanisms for maintaining
stable nest temperatures.
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On cold days in early spring, workers of the red wood ant Formica

species often engage in ‘sunning behaviour’ in which clusters of workers
aggregate on the nest surface to absorb solar radiation (see above). How-
ever, in a behaviour remarkably similar to that of clustering honey bees
and Vespine wasps, Formica workers in large nests are able to aggregate at
the centre of their nest where they can generate an internal nest temper-
ature of 25–30 1C, even when the ambient temperature is around 0 1C
(Rosengren et al., 1987). Thus, large nests are mostly independent of the
need for solar radiation to achieve nest temperatures at which workers can
be metabolically active. In contrast, workers in smaller colonies must en-
gage in basking to allow nests to achieve a temperature where workers can
be active. In large colonies, the heat-dependent activation of ant metab-
olism after the winter dormancy period may rely on positive feedback,
where once some of the ants become warm enough for their metabolism
to be activated, their activity warms other workers, and this can take
place within the nest rather than relying on basking (Rosengren et al.,
1987).

Army ants form nests or bivouacs in which the bodies of workers
make up the shelter by interlocking their tarsal claws. The thermoregu-
latory properties of bivouacs have been studied in Eciton hamatum and
E. burchelli, two neotropical species that nest above the ground in open
cavities, such as under the trunks of fallen trees (Schneirla et al., 1954;
Jackson, 1957; Franks, 1989). The workers of both species maintain
a uniform temperature in the centre of the bivouac where the brood is
located. For example, E. burchelli workers maintain the central nest tem-
perature at about 28 1C with a variation of only 2 1C, although the ambient
temperature of their rainforest habitat only varies by about 6–7 1C (peak-
ing at 27 1C and falling to a minimum of 22 1C). In E. burchelli colonies, the
heat required to maintain optimal temperatures for the brood is attained
by the metabolic activity of the workers within the bivouac. Workers
regulate the temperature by forming or closing ventilation channels within
the nest structure (Franks, 1989). Bivouacs also change shape diurnally,
becoming smaller and reducing their surface area to volume ratio when
it is cold (Franks, 1989). Thermoregulation in honey-bee swarms (see
Section 4.1) has remarkable parallels with army ant bivouacs.

3.2 DIRECT INCUBATION

3.2.1 Bees and wasps

In embryo nests of Vespa simillima, queens warm their brood by 2.5–4 1C
above ambient by ‘curling’ behaviour, in which the queen curls her body
around the pedicel of the nest (Makino and Yamane, 1980). When the first
larvae appear, they too contribute to heat production in the colony (Gibo



FIG. 11 A bumble bee (Bombus terrestris) queen incubating her brood clump (A)
and (B) (Photos courtesy of Madeleine Beekman).
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et al., 1977). Hornet workers directly incubate the brood by entering empty
cells adjacent to pupae and placing their abdomen against the cocoon and
pumping their abdomen to generate heat (Ishay, 1973).

During colony founding in bumble bees, the queen wraps herself around
the brood clump and faces towards the honey pot whenever she is not
foraging (Fig. 11). The queen presses her abdomen on to the brood clump
to both insulate and incubate the brood (Heinrich, 1974a).While incubat-
ing, the queen produces heat in her thorax and distributes it to her ab-
domen (Heinrich and Kammer, 1973) by abdominal contractions
(Heinrich, 1979). She also deposits a pheromone when she lays eggs,
which allows her to restrict her incubation efforts to the area of the nest
that contains the brood (Heinrich, 1974b). As the colony size increases,
adult bees (both workers and drones) incubate the nymphs. By modulating
metabolic activity, adults are able to regulate their abdominal temperature
and therefore maintain the brood temperature within a narrow range
(Heinrich, 1972). Incubating bees maintain their thorax (which provides
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heat flow to the abdomen) between 34.5 1C and 37.5 1C even when the
ambient temperature varies from 3 1C to 33 1C.

Incubation behaviour in response to low temperatures has also been
reported for individual honey-bee workers (Bujok et al., 2002). Incubating
workers assume a crouched posture, in which they press their warm tho-
races onto the brood cell caps. Bujok et al. (2002) used thermographic
infrared images of brood comb to reveal ‘hot spots’ on the capped brood
area, where individual workers had been pressing their thoraces. Similar to
social wasps, workers also heat the brood by entering empty cells directly
adjacent to brood cells and maintaining a warm thoracic temperature
(Kleinhenz et al., 2003).

3.3 ACTIVE COLONY RESPONSES TO HIGH TEMPERATURES

3.3.1 Bees and wasps

Social insects, predominantly bees and wasps, also use behavioural re-
sponses to cool moderately high nest temperatures (Table 1). The most
common cooling behaviours, possible only in species where workers are
alate, are wing fanning (where workers fan their wings, while standing in a
stationary position, to drive warm air away from the nest, as shown in
Fig. 1) and evaporative cooling (where workers collect water and place
droplets on the surface of the brood comb).

At high ambient temperatures, both cavity- and open-nesting honey-bee
workers fan the nest with their wings (Hazelhoff, 1954; Dyer and Seeley,
1991). Cavity-nesting bees fan on the combs inside their nest and also at
the nest entrance, while open-nesting bees fan on the surface of workers
that form the protective curtain over the nest (Oldroyd et al., 1994). Fan-
ning direction appears to be important in temperature regulation. For
example, Apis mellifera workers face towards the nest when fanning,
whereas A. cerana and A. koschevnikovi, which are also cavity-nesting
species, workers face away from the nest (Sakagami, 1960). In the open-
nesting dwarf species A. florea, workers fan facing up the comb, whereas A.
andreniformis, another open-nesting dwarf species, workers fan facing
down the comb (Thapa and Wongsiri, 1994). It would be interesting to
model what effect fanning direction has on nest thermoregulation.

Bumble bees, stingless bees, and Polistes and Vespula wasps also fan
their nests to regulate nest temperature (Hasselrot, 1960; Moritz and
Crewe, 1988; Jeanne and Morgan, 1992; Hunt et al., 1995; Riabinin et al.,
2004; Roubik, 2006).

Honey bees, paper wasps and hornets use water evaporation to cool
their nests. In this behaviour, workers distribute water throughout the nest,
placing it in the small hollows that form on the margins of capped brood
cells (Lindauer, 1954; Ishay and Barenholz-Paniry, 1995). Honey bees



FIG. 12 An Apis dorsata colony. Workers are spread out on the comb to reduce
brood nest temperature (Photo by Ben Oldroyd).
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(both cavity and open nesting) also spread water across the rim of open
cells. Tongue lashing is also employed, in which workers draw a water
droplet into a thin layer with their tongue (Lindauer, 1954; Dyer and
Seeley, 1991; Jacklyn, 1992). Effective evaporative cooling requires appro-
priate coordination between water foragers and workers using water in the
nest (Lindauer, 1954; Moritz and Southwick, 1992). The unloading time
experienced by returning water foragers provides them with information
on the water demands of the colony. In a heat-stressed colony, returning
foragers are rapidly unloaded by hive bees and this informs the other
foragers that they should continue foraging (Lindauer, 1954).

Also, cavity-nesting honey-bee workers partially evacuate their nest
(Dunham, 1931) at high ambient temperatures. Similarly, in open-nesting
species, temperature is regulated by changes in the density of the curtain of
workers that surround the nest – at high temperatures the curtain becomes
very loose (Dyer and Seeley, 1991) (Fig. 12). Evacuation, and presumably
large spaces between bees on an exposed comb, reduces brood nest tem-
perature because workers avoid releasing the waste heat of metabolism
within the nest. Thus, leaving the nest is more efficient than actively reg-
ulating the temperature (Dunham, 1931). The giant honey bees (A. dorsata
and A. laboriosa) have an additional mechanism that may also help reduce
the temperature of the nest (Seeley et al., 1985; Mardan, 1989; Batra, 1996;
Kastberger et al., 1996; Woyke et al., 2000). A large number of the bees
(approx. 20% of the colony) depart from the nest for 3–5min before re-
turning to the nest (Kastberger et al., 1996; Woyke et al., 2003). On some



NEST THERMOREGULATION IN SOCIAL INSECTS 179
occasions, the departing bees synchronously defecate – possibly helping to
rapidly reduce the temperature of heat-stressed insects (Mardan and
Kevan, 1989). In cavity-nesting bees (A. mellifera), workers may shield the
brood comb from high ambient temperatures by positioning themselves on
hot interior regions of the nest walls (Starks and Gilley, 1999).

During the warmest part of the day, workers of the nocturnal neotrop-
ical wasp Apoica pallens retreat from the margins of their nest, exposing
numerous cell rows. At the same time, wasps at the margins of the cluster
rest with their heads inside comb cells (Hunt et al., 1995). Similar to the
giant honey bees, hundreds of wasps may briefly depart their nest in the
early evening (Hunt et al., 1995). This behaviour may also be related to
regulating nest temperature.

Stingless bees also actively ventilate their nests; workers fan their wings
within the nest while facing outwards, towards the entrance (Moritz and
Crewe, 1988; Roubik, 2006). Fanning allows the nest to ‘breathe’, whereby
air is exchanged frequently in a ‘tidal’ fashion. In two African species, T.
denoiti (ground-nesting) and T. gribodoi (tree cavity-nesting), all air in the
nest is exchanged every 1–7 h (Moritz and Crewe, 1988). Despite small
entrance tubes being the only opening in some nests, fanning probably also
helps regulate nest temperature (Fletcher and Crewe, 1981; Moritz and
Crewe, 1988). As with some termite nests, there appears to be a trade-off
between ventilation and temperature regulation in T. denoiti, where gas
exchange is reduced during the day to prevent the nest becoming over-
heated. During the day, the volume of air moving in and out of a T. denoiti

colony is considerably less than at night. Reduced air circulation during the
day apparently prevents overheating, as only a small amount of fresh but
hot air is drawn into the nest. However, lack of ventilation is associated
with an increase in CO2 levels. During the night, when the outside air is
cooler, the volume of air moving through the nest is significantly greater
than during the day. Therefore, CO2 levels are reduced by active venti-
lation only at night. In contrast, in T. gribodoi the ‘breathing’ frequency is
higher than in T. denoiti, probably because the temperatures experienced
by nests are not as severe (a maximum of 36 1C outside in the shade of the
tree, compared with as high as 60 1C during the day at the soil surface
outside a T. denoiti nest entrance). Moritz and Crew interpreted this
‘breathing’ in both nest types as evidence for worker fanning within the
nest cavity. Both species were able to maintain constant nest temperatures
despite variations in ambient temperature (Moritz and Crewe, 1988). It
would be interesting to test the mode of gas exchange in individuals of each
species. We suggest that gas exchange mechanisms at the individual level
may be in line with ventilation (by fanning) mechanisms at the colony level.
Under the chthonic hypothesis for the evolution of the discontinuous gas
exchange cycle (DGC) in insects, where the DGC is thought to optimize
gas exchange in hypoxic and or hypercapnic environments (Lighton, 1998;
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Chown et al., 2006), we might expect T. denoiti to use the DGC and T.

gribodoi to use a more continuous gas exchange system. In addition, it may
be possible that T. denoiti uses the DGC during the day and a more con-
tinuous mode of gas exchange at night, similar to the colony-level variation
in ventilation.

Fanning by stingless bee workers has also been reported in S. postica

(Roubik and Peralta, 1983; Engels et al., 1995), where workers fan towards
and inside the entrance tube, and we have personally observed workers
fanning in nests of Asutroplebia australis. However, like bumble bees,
stingless bees apparently do not use evaporative cooling for thermoreg-
ulation; spreading of water across the cells or tongue lashing has never
been reported (Engels et al., 1995). For species occurring in warm climates,
the nest cavity is the colony’s primary means of protection from high
ambient temperatures. Thus, for species like S. postica, which nest inside
tree trunks above the understorey vegetation, exposure to extremely high
temperatures is unlikely and cooling is probably unnecessary. In contrast,
temperatures significantly lower than the brood nest range (3273 1C) oc-
cur nearly every night, and therefore warming is a daily requirement for
effective nest thermoregulation (Engels et al., 1995).
4 Coordination of thermoregulation

In the previous sections, we surveyed the many active and passive mech-
anisms that social insect colonies use to regulate the temperature of their
brood. We have described the activities of individual workers that engage
in behaviour such as wing fanning or brood transportation to help regulate
temperature. However, the efforts of individual workers (Table 1) would
be in vain if there were no overarching mechanisms that result in a colony-
level outcome of a stable brood nest temperature that is close to that
required for normal development of the brood. Understanding these over-
arching systems is currently an area of active research (see Camazine et al.
(2001) for a recent comprehensive review).

When we humans install an air-conditioning system, we install a control
unit that monitors the temperature of the rooms and directs the refrig-
eration unit to turn on or off in response to the current temperature. Such
a control system is completely centralized. A social insect nest, in contrast,
has no such centralized control. Control is distributed among all the
workers of the nest. Each worker monitors the condition of her own en-
vironment and will engage or not engage in a task, depending on her
perception of the appropriate response. Key to understanding these sys-
tems of distributed control is to perceive how the simple rules followed by
individual workers in response to very localized information can nonethe-
less result in well-regulated colony-level outcomes.
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4.1 THE TASK THRESHOLD MODEL

Social insect nests can be regarded as ‘complex systems’; those in which
patterns at the global level emerge solely from many interactions among
the lower-level components (Camazine et al., 2001). The emergent behav-
iour of the group of interacting agents cannot be predicted from the be-
haviour of any one agent, yet the group behaviour is often highly
predictable from the behaviour of an average agent. In the case of social
insect nests, the agents are individual workers, and the emergent ‘self-
organized’ behaviour is the colony-level phenotype – some phenomenon
like a stable brood nest temperature.

Modelling studies have shown how a colony-level outcome, such as the
temperature at the centre of a swarm of honey bees or a bivouac of army
ants can be precisely regulated solely by individual bees responding to their
own body temperature, and without the need for communication among
workers. A honey-bee swarm is a combless cluster of about 10,000 work-
ers, a queen and a few drones. The swarm issues from a parent colony and
hangs in a rugby football-shaped clump some metres from its parent col-
ony. The swarm needs to regulate its core temperature in such a way as to
conserve food reserves (contained in the stomachs of the workers), while
maintaining a large number of active workers who are sufficiently warm so
that they can scout for new nest sites (see Winston, 1987 for review).

Empirically, we know that workers in the centre of a honey-bee swarm
maintain a temperature very close to 35 1C. These warm bees are surrounded
by a mantle of cooler bees, whose temperature is about three degrees above
ambient (Nagy and Stallone, 1976). Workers regulate the temperature of the
swarm cluster by producing metabolic heat and by adjusting the compact-
ness of the swarm cluster – denser when it is cold, and looser when it is warm.

Two mathematical models based on partial differential equations describ-
ing heat flux through a swarm cluster that changes density in response to
temperature show that a qualitatively similar outcome to real-world swarms
(stable core temperature and changing density of the cluster) can be achieved
solely by workers responding to their own core temperature by adjusting
their metabolic rate and closeness to their neighbours (Myerscough, 1993;
Watmough and Camazine, 1995). These models demonstrate that commu-
nication among workers within the swarm is not required in order to achieve
the colony-level phenotype – the outcome is entirely self-organized. Of
course, these modelling results do not mean that workers in a swarm do not
communicate (for example, by pheromones or sounds) to help them regulate
the temperature of the swarm, only that communication and coordination is
not necessary to achieve a precise core temperature. As we have no evidence
that there is communication about thermoregulation within a swarm of
honey bees, it seems likely that mechanisms such as those postulated by
Watmough and Camazine are a good approximation of reality.
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4.2 COORDINATION WITH COMMUNICATION

Although the models discussed above are prima faci evidence that com-
munication among individual workers is not necessary to regulate the
temperature in the core of a swarm of honey bees, in other systems workers
do communicate with each other. Communication is necessary when in-
dividual workers are required to assess the needs of their colony as a whole
and cannot directly make such an assessment individually. These mech-
anisms requiring communication are still entirely self-organized, and op-
erate in the absence of a centralized control.

A good example of a self-organized system in which inter-individual
communication is important is the means by which a honey-bee swarm
selects a new nest site (Seeley and Buhrman, 1999, 2001; Britton et al.,
2002; Seeley and Visscher, 2003, 2004; Janson et al., 2005). Other examples
include the regulation of water collection by honey-bee colonies (see
Seeley, 1995 for review).

A further example in which communication using pheromones and en-
vironmental cues is important, is the construction of termite mounds.
Modelling studies, based on behavioural studies using varying levels of
‘real’ life parameters, have shown how following simple communication
rules, such as ‘I will build here because others have’, can result in intricate
nest mounds of large proportions. ‘Architectural’ differences in mound
structures can emerge, not necessarily because of a change in individual
behaviour, but due to changes in local environmental cues. Diversity in the
landscape, often caused by previous building activities of the termites
themselves or variation in pheromone levels, and differences in environ-
mental conditions, such as wind, enable the construction of different ar-
chitectural components of the nest, such as pillars or walls (Bonabeau et

al., 1998; Ladley and Bullock, 2005). For example, evenly spaced pillars are
constructed by termite builders which are attracted to ‘cement pheromone’
given off by recently deposited building material. A positive feedback loop
is established where initially, building material is picked up, moved and
deposited at random, but a tendency to deposit material where there is a
high level of cement pheromone causes a concentration of deposition in
certain spots, thus generating the pillars. More complex structures can
arise from variations in this theme, caused by environmental cues. For
example, a more open structure may be built at high temperatures when
pheromones disperse rapidly.

4.3 THE IMPORTANCE OF INTER-INDIVIDUAL VARIABILITY

As we have seen, an effective thermoregulation system such as that which
probably occurs in honey-bee swarms and army ant bivouacs can emerge
from a set of simple rules followed by each individual worker (e.g.
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Bonabeau et al. (1996)). In theory, the number of individuals involved in
nest ventilation could be regulated by the simple rule: ‘if air temperature is
above 35 1C then fan wings’. If the temperature is high, the stimulus to act
is high, whereas if the temperature is low, no worker will ventilate. Such a
rule would result in a brood nest temperature that is closer to 35 1C than
ambient. However, nest thermoregulation is so precise that in all proba-
bility more sophisticated systems are used to regulate the number of fan-
ning workers.

Returning now to our air-conditioner analogy, consider a single old-
fashioned wall unit with its single thermostat situated within itself. As the
thermostat detects that incoming air is lower than a certain user-set tem-
perature, it switches off the refrigerator unit. As the temperature of the
incoming air rises, the thermostat then switches the refrigerator back on.
Since this kind of a system can only be either on or off, and because the
regulatory unit and the cooling unit are co-located, there is a strong ten-
dency for the room temperature to oscillate around the desired temper-
ature while rarely being at the desired temperature. A system that is more
likely to achieve a stable temperature will deploy multiple thermostats
distributed around the room and several refrigeration units whose output
can be modulated. Such a system is capable of a graded response to tem-
perature change: when only one thermostat achieves its threshold temper-
ature, only one cooling unit is switched on.

We argue that intrinsic variability of workers comprising a social insect
colony can be an important component of an efficient thermoregulatory
system. Agent-based modelling by Myerscough and Oldroyd (2004) has
shown that if all members of a social insect colony have precisely the same
threshold for engaging in a task like nest heating, the emergent property of
the system can be unstable. Rather, like the old-fashioned air-conditioner,
the workers are either all on or all off, leading to wild oscillations in
temperature around the threshold temperature (Myerscough and Oldroyd,
2004; Graham et al., 2006). In contrast, modelling shows that if workers
in a nest have a range of thresholds for engaging in nest thermoregula-
tion, and these thresholds average out at the target temperature, then the
colony-level outcome is much more stable than if all workers have the same
threshold. This somewhat counter-intuitive outcome is analogous to the
room monitored by several thermostats regulating independent cooling
units.

In bumble-bee colonies, workers do indeed differ in their response
thresholds for the behaviour of fanning (O’Donnell and Foster, 2001;
Weidenmuller, 2004) and in other response parameters important for nest
climate control. Some individuals fan every time they are exposed to a
stimulus intensity exceeding their threshold, while others fan only rarely
(Weidenmuller, 2004). Workers also vary in how persistently they respond
to a given stimulus intensity. Weidenmuller’s (2004) study provides
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evidence that reinforcement is important for task specialization. The tem-
perature threshold that would induce individual workers to commence
fanning decreased across trials; thus workers with low thresholds are
more likely to become specialists because their threshold will be reached
more often. For bumble bees, where the queen usually mates with a single
male, it is unclear what causes these differences in individual respon-
siveness.

In some species, especially honey bees, variance in task threshold seems
to be genetically determined (reviewed in Oldroyd and Thompson, 2007)
while in others, e.g. some termites whose colonies arise from a single king
and queen, variance can arise from environmental factors such as larval
feeding (reviewed in Oster and Wilson, 1978; Fraser et al., 2000). Jones
et al. (2004) provided empirical support for the intuitions derived from
modelling: a direct link between genotypic diversity, genetically-based task
specialization and an improved colony-level phenotype. First, Jones et al.
(2004) demonstrated that genetically diverse colonies are, on average, bet-
ter able to regulate the temperature of their brood nest during a short (1 h)
period of extremely high temperature (40 1C) and at fluctuating ambient
temperatures over a period of one week. Second, they showed that the
distribution of patrilines in fanning and non-fanning workers is non-
random. Third, they illustrated that the distribution of patrilines in fanning
and non-fanning workers changes with ambient temperature.
5 Conclusions

In this review we have shown that temperature regulation in social insect
nests can be remarkably precise and may involve a variety of heating and
cooling mechanisms coordinated without the benefit of an individual
thermo-director. We have highlighted two main issues. First, a variety of
often very similar strategies for temperature regulation have evolved in
different social insect groups. Some mechanisms, such as clustering and
building nest structures that aid in temperature control, span many taxa.
Others, such as the bizarre electro-heating pupal caps of Vespa orientalis

appear to be unique. Second, we have explored how the simple actions of
many individuals combine to form a colony-level outcome that can main-
tain optimal brood nest temperatures. We have given examples of the rules
and mechanisms behind coordinated colony responses to temperature
change in honey bees. Examples of collective thermoregulatory behaviour
from other species are less well explored.

Nest thermoregulation is a useful model system for studying the mech-
anisms of self-organization in social insect nests, because temperature,
both ambient and inside the nest, can be easily quantified and compared
across species.
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