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Introduction

Many butterflies regulate their body temperatures in order to meet the
thermal requirements for flight. Thermoregulation in butterflies is of
interest at two different but complementary levels. First, the physiologi-
cal and behavioral mechanisms by which Lepidoptera regulate their body
temperatures are arguably the most diverse in any group of insects.
Second, because of the importance of flight in butterfly biology, thermo-
regulation provides a vital link relating weather to the population ecology
of butterflies.

This review will focus on these two aspects of thermoregulation. Rather
than provide a comprehensive summary of thermoregulation in all but-
terflies studied to date, I shall try to provide a conceptual framework by
which to categorize the diversity of thermoregulatory characteristics in
butterflies. As a counterpoint to the patterns found in butterflies, I shall
also briefly describe the mechanisms of thermoregulation in moths and
other insects. I shall use this framework to examine the relation of
weather, body temperature, and flight. Finally, I shall summarize recent
work in butterfly demography that illustrates the importance of thermo-
regulation and flight in the population ecology of butterflies.

Mechanisms of Thermoregulation

Most butterflies appear to require elevated body temperatures in order
to fly. A survey of 40 species of temperate US butterflies showed that the
preferred thoracic temperatures during flight were between 30° and 33°C
(Douglas, 1978). (Since the flight muscles are in the thorax, thoracic tem-
perature is the most directly relevant to flight.) More detailed studies of
Papilio (Rawlins, 1980), Colias (Watt, 1968), and Pieris (Kingsolver, in
press) confirm that thoracic temperatures between 28 and 42°C are
required for flight, with rigorous flight restricted to the 33-38°C
subrange.
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Thus, butterflies appear to be quite similar in their body temperature
requirements for flight. These temperatures are similar to those found in
many other thermoregulating insects, although slightly lower than those
in large moths and in bumblebees (Heinrich, 1981). What are the means
by which butterflies achieve and maintain these elevated body
temperatures?

Because body temperature is the result of a balance between the rates of
heat gain and heat loss, there are two ways of regulating an elevated body
temperature: regulation of heat gain, and regulation of heat loss. In addi-
tion, there are two different levels at which this regulation of heat gain
and loss can occur: regulation of heat production and heat transfer
within the body (physiological mechanisms); and regulation of heat
exchange between the body and the external environment (behavioral
mechanisms). We shall examine both physiological and behavioral
mechanisms of thermoregulation, and show how regulation can occur in
both heat gain and heat loss.

Physiological Mechanisms

One means of heat gain for thermoregulation is by the metabolic genera-
tion of heat, called endothermy. In insects, this heat production results
largely from the activity of the thoracic flight muscles, and can occur both
during flight and during preflight warmup. During preflight warmup, the
muscles that are antagonistic during flight (the wing elevator and wing
depressor muscles) are activated simultaneously. These isometrically
contracting muscles thus produce heat but little wing movement.

Endothermic heat generation during preflight occurs in a variety of
moths, including Saturniids (Kammer, 1968), Sphingids (Heath and
Adams, 1967; Kammer, 1970b), and Geometrids and Noctuids (Casey
and Joos, 1983), but appears to be quite uncommon in butterflies. The
only butterfly reported to date to consistently use endothermic preflight
warmup is Danaus plexippus (Kammer, 1970a). In Papilo preflight
endothermy also occurs occasionally, but only in disturbed individuals
under conditions too cool for flight (Rawlins, 1980). In both Papilic and
Danaus, endothermy is less effective than behavioral means for increas-
ing body temperature.

During flight, heat is produced by the rapid contraction of flight muscles.
Heat production during flight under conditions of low solar radiation has
been shown to raise thoracic temperatures by 3-6°C in a number of but-
terflies, including Papilio (Rawlins, 1980), Danaus (Kammer, 1970b),
and Colias (Tsuji et al., in prep.). In contrast, many moths, particularly
large Sphingids and Saturniids, achieve thoracic temperatures during
flight of 10-20°C above air temperature (Heath and Adams, 1965; Hein-
rich, 1971; Heinrich and Casey, 1973; Bartholemew and Epling, 1975).

Because the flight muscles are in the thorax, it is thoracic temperature
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that is generally regulated most precisely. A variety of studies have
documented that insects do not regulate abdominal temperature as pre-
cisely as thoracic temperature during flight. The transfer of heat between
thorax and abdomen can, however, affect thoracic temperature. One
physiological means of regulating this heat transfer is to regulate the cir-
culation of hemolymph.

This mechanism, which has been described for a number of large moths
and bees, has been explored in detail in Manduca sexta (Heinrich, 1971).
During endothermic preflight warmup, thoracic temperature rises
rapidly, but abdominal temperature remains near ambient air tempera-
ture. During flight at low air temperature, abdominal temperature
remains near ambient, but at high air temperatures the abdominal tem-
perature is nearly as high as thoracic temperature. This means that at low
air temperature the abdomen loses little heat, but at the high tempera-
ture heat loss from the abdomen is substantial (Kammer, 1981).

These patterns result from the hemolymph flow between thorax and
abdomen. At high air temperatures the rate of heartbeat is high and the
hemolymph flow is rapid. Heat generated in the thorax is rapidly
transferred to the abdomen, which is poorly insulated and loses heat
rapidly. At low air temperatures the heart and hemolymph flow rates are
low, and little heat is transferred and lost through the abdomen. This pro-
vides a rather precise mechanism for regulating heat loss and thus
thoracic temperature.

While this mechanism occurs in large Sphingid and Saturniid moths, it
has not been described in butterflies. The most detailed study to date for
thermoregulation during flight in butterflies found no evidence for
hemolymph flow regulation (Tsuji et al. in prep.). Rawlins (1980) has des-
cribed abdominal pumping in restrained Papilio polyexenes at high air
temperatures, which resulted in increased heat loss, but the quantitative
importance of this mechanism under natural conditions is unclear.

Another potential means by which hemolymph circulation could affect
heat loss is flow in the wing veins. Clench (1966) suggested that
hemolymph flow in the wing veins could facilitate heat transfer between
the wings and thorax, and contribute to thoracic heating. However, all
studies of basking to date refute this hypothesis (Watt, 1968; Wasserthal,
1975; Douglas, 1978). Recent careful measurements of hemolymph flow
rates in the wing veins indicate that, at rest, these flow rates are far too
slow to significantly affect thoracic temperature (Wasserthal, 1984). The
possibility that more rapid flow in the veins during flight could enhance
heat loss remains, but this hypothesis will be difficult methodclogically to
test.

In summary, physiological mechanisms such as preflight endothermy
and regulation of hemolymph circulation do not appear to be of general
importance in butterflies, while they do occur in many moths and other



4 J. Res. Lepid.

insects. Recent mathematical models of heat exchange suggest that,
because of the relatively slender body and poor insulation in butterflies,
endothermy is simply too expensive energetically (Tsuji et al. in prep.).
Butterflies rely instead on a variety of behavioral mechanisms for
thermoregulation.

Behavioral Mechanisms

The principal way that butterflies regulate heat gain is by behavioral
orientation and posture relative to the sun, called basking. Detailed
behavioral studies of basking began in the 1950’s (Vielmeter, 1954, 1958),
and Clench (1966) proposed a classification of basking postures based on
wing position. We can describe basking posture in terms of a body orienta-
tion angle relative to the sun, and a wing angle (Fig. 1). Using these we
can categorize the different basking postures of butterflies (Fig. 2). In dor-
sal basking, the dorsal surfaces of the thorax and of the wings are
positioned perpendicular to the sun (Y= 0°, 6=90°). In lateral basking
the wings are folded tightly over the dorsum and orient the body and ven-
tral wing surfaces perpendicular to the sun (Y = 90°, 6= 0°). Body bask-
ing posture is similar to dorsal basking except that at least the forewings
are only open at a small angle (Y= 0°, 8 >5°).

In body basking, which occurs in Lycaenids and many skippers, the
body directly absorbs solar radiation. In the other basking postures, the
wings contribute to radiation interception and heat gain. For these pos-
tures, wing position and wing color have important thermal effects, which
we shall consider in detail.

The physical mechanisms of heat transfer during dorsal basking have
been studied in Papiiio. Wasserthal (1975) showed that the presence of
wings could increase the thoracic temperature excess above ambient air
temperature by 40-50% in Papilio, and that most of these thermal effects
are produced by the basal parts of the wings within 5-10 mm of the thorax.
These effects appear to be due to two mechanisms. First, radiation is
absorbed by the dorsal, basal wing surfaces and the heat is conducted
along the wing to the thorax. Because the wing is a relatively poor conduc-
tor of heat, only the parts of the wing within a few mm of the thorax can
contribute to this process (Kingsolver and Koehl, in press). Second, warm
air heated by the wings and body can accumulate beneath the wings,
reducing convective heat loss from the thorax (Douglas, 1978). The rela-
tive importance of these mechanisms probably depends on wind speed,
the latter mechanism dominating at low wind speeds.

Rawlins’ (1980) detailed study of dorsal basking in Papilio polyxenes
also demonstrates the importance of abdomen position relative to the
hindwings. During basking, the abdomen is raised above the wings, and is
exposed to direct solar radiation. At high ambient temperatures,
however, the abdomen is positioned below and shaded by the wings,
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Diagram illustrating the definitions of body orientation angle (Y) and
wing (6) during basking. From J. G. Kingsolver (1985a), Oecologia,

in press.

Fig. 1.
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Fig. 2. Diagram illustrating several common basking postures of butterflies.

From J. Kingsolver (1985a), Oecologia, in press.
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reducing radiation load and increasing convective heat loss from the
wind. In addition, at high temperature the angle of the wings (§) de-
creases, and the body orientation becomes nearly random, reducing
radiation load.

Dorsal basking is found in many species of Nymphalids, Danaiids,
Papilionids, and Heliconiids (Douglas, 1978). A variation of dorsal bask-
ing, termed conduction basking, occurs in Parnassius and perhaps in
other alpine and artic butterflies found in rocky or bare-ground habitats.
In conduction basking, the wings are open and the body and ventral wing
surfaces are oppressed to the ground, trapping warm surface air and con-
ducting heat from the substrate to the body.

Perhaps the most comprehensive examination of the role of orientation
and wing color in butterfly thermoregulation has been in the laterally
basking Colios by Watt {1968, 1969) and associates (Hoffman, 1974;
Tsuji, 1980; Kingsolver, 1983a; Kingsolver and Moifat, 1982; Kingsolver
and Watt, 1984). As body temperature increases, Colizs change their
body orientation relative to the sun from perpendicular to random to
parallel. During lateral basking the basal parts of the ventral hindwing
absorb radiation, and heat is conducted along the wing to the thorax. The
proportion of black, melanin scales on the basal, ventral hindwings deter-
mines the butterfly’s solar absorptivity (defined as the fraction of radia-
tion striking the butterfly which is absorbed by it), and affects thoracic
temperature. There is variation among species, and among seasons
within species, in the degree of hindwing melanization; in addition in
some species temperature and photoperiod conditions during the larval
stages can influence adult wing melanization. The result of this variation
is that Colias cceurring in colder hahitats have increased melanization;
and highly melanized forms can achieve body temperature excesses
above air temperature of 15-80% greater than lighter forms. These results
are the clearest demonstration of the adaptive significance of wing or
body coloration in thermoregulation of insects.

A gimilar case of photoperiodic effects on melanization for ther-
moregulation occurs in the lateral basker Nathalis iole (Douglas and
Grula, 1978). This system of environmental determination of melaniza-
tion has been implicated in the recent range expansion of this species.
Lateral basking is common among Pierids (Coliadinae), and is found in
some Lycaenids, Satyrids, and Hesperiids.

There have been no detailed thermal studies of body basking, although
it is quite common in Lycaenids, Satyrids, and Hesperiids. It is not clear
that radiation absorption by the wings has any thermoregulatory effects
in body baskers. It may be that the wing position functions largely to
reduce convective heat loss by altering air flow patterns around the
body.

A novel basking posture recently described in Pieris butterflies













































