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Thoracic temperaturein Sympetruminfuscatum(Selys)

in relationto habitatandactivity

(Anisoptera: Libellulidae)
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INTRODUCTION

Thermoregulation is an important behavioural activity in adult dragonflies,

particularly for species inhabiting open habitats. These dragonflies, such as Sym-

petrum species in rice paddy fields, spend much of their time in direct sunlight

above the rice plants (MILLER et al., 1984; TAGUCHI & WATANABE, 1985;
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The thoracic temperature of adults in a forest-paddy field complex in the cool

temperatezoneof Japanwas measured. After emergence, individuals moved into the

forest gaps, where all sexually immature adults remained on perches. Both 6 6 and

9 9 controlled their thoracic temperaturesagainst a radiant heat load in a similar

manner. After maturation, some of the individuals were seen to fly in tandem over

the rice paddy fields under direct sunlight for oviposition. This study evaluated the

impact of the thermal environment onthe perching behaviour in the forest gaps and

flying behaviour in tandem in the rice paddy fields. Mean thoracic temperaturesof

adults were consistently higher than ambient temperatures. The difference between

the high thoracic and low ambient temperaturewas lower among flying individuals in

the rice paddy fields than in perching individuals living in the forest gaps. The control

of thoracic temperaturein response to ambient and radiant temperaturein perching

mature adults was similar to that in immature adults. In the rice paddy fields, the fly-

ing in tandem resulted in a smaller difference between thoracic over radiation tem-

perature in females than in males in tandem. The high degree of thermoregulation

clearly allowed mature adults tobe active under direct sunlight. The role of perching

in the forest gaps is discussed with regard to thermoregulation.
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MIYAKAWA, 1989; REHFELDT, 1993). Therefore, any behaviour that helps

themto avoid overheating wouldbe more advantageous in these dragonflies than

inother species inhabiting woodlandsand forest understories. Many types of be-

haviour have evolved in dragonflies for the regulation of thoracic temperature

(MICHIELS & DHONDT, 1987). For example, CORBET (1999) found that in

order to minimize solar radiationexposure to the abdomen, some libellulidspe-

cies point their abdomen towards the sun, in an “obelisk position”. Such behav-

iour helps individuals to regulate two major components of heat budgeting, i.e.,

radiationand convection. In particular, however, this is a problem for males and

females in rice paddy fields that fly for long periods in tandem during the late

summer hot season. Because flight requires a high power output of the thoracic

flight muscles, resulting in an increase in the heat load, individuals that engage

in contact guarding beforeor after mating with flying in open areas must make

every effort to maintainbody temperaturewithin a certain range.

For many Sympetrum species in Japan, rice paddy fields are the main habitatfor

the larval stages. After emergence, tenerals generally embark on a maiden flight,

leaving the rice paddy fields, and entering into forests or woods, where they stay

throughout their sexually immaturestages (WATANABE & TAGUCHI, 1988).

After sexual maturation, many Sympetrum species return to the rice paddy fields

for reproduction, while S. infuscatum remains mainly in forest gaps, where a few

trees have been cut down (WATANABE et ah, 2004).

S. infuscatum is referred to as a “flyer” (CORBET, 1999), i.e., the mature adults

of this species fly over the rice paddy fields at relatively high velocity and lay eggs

in tandemon the wing. They have been observed in full sunshine during the late

summer season in the cool temperatezone of Japan. Consequently, both sexes

are exposed to solar radiation, i.e., a free heat source, and the radiant heat load

might effectively contribute to an increase in the body temperature of the flying

dragonflies, for which overheating must be accounted. Therefore, field observa-

tions were carried out to clarify the effects of radiation temperature on dragon-

fly thoracic temperature.

WATANABE et al. (2004) found that many immatureand mature males and

females of S. infuscatum spent the whole day perching in forest gaps: these indi-

viduals are known as “perchers”. Thus, this species can vary in its ability or pro-

pensity to move over different types of habitat. Both habits, i.e., perching and

flying, were expected to be associated with contrasting thermal biologies. In the

present study, we studied the thermal consequencesof S. infuscatum perching in

the shady forest gaps and flying in hot rice paddy fields. This study will consider

adjustments in S. infuscatum, such as changes in site selection, that are related to

changing thermalenvironmental conditions over the course of one day.
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STUDY AREA AND METHODS

The thermoregulationof S. infuscatum was studied in an isolated plain of the Kamishiro region

in Shirouma,Nagano prefecture, Japan in 1998-2003. The plain lies in a cool temperate zoneat an

elevation of 750 m (WATANABE et al., 2004). This plain is mainly composed of rice paddy fields

(ca. 2 km2) and villages surrounded by hills or mountains with coniferous cedar forests. Rice reaping

in thepaddy fields is carried out annually in early October.

Sexually immature adults of S. infuscatum were found in forest gaps near the paddy fields in late

July, After maturation, some of these individuals appeared on the plain in the mornings from late

August to mid-September. Pairs flew over the rice paddy fields in tandem and laid eggs on the wing
above the rice plants (i.e., “non-contact flying-oviposition in tandem”).

The measurement of thoracic temperature in relation to ambient and radiation temperature was

carried out between 0800 and 1600 h on windless sunny days,as most activity occurred between 0900

and 1300 h in late July in the case of sexually immature adults, and in late August in the case of sexu-

ally mature adults. On samplingdays, we patrolled both the forest gaps and the rice paddy fields, and

captured dragonfliesperching and flying, respectively. The age of the dragonfliessampled was iden-

tified by examiningthe degree of wingwear (WATANABE etal., 2004). In late August, the majority

of adults were in the early mature stages and there were no old mature adults.

Only adults of S. infuscatum that were continuously perching or flying in tandem for more than

30 s were followed. Individuals were then collected using a standard aerial net and the thoracic tem-

perature was measured by quickly inserting a copper-constantan thermocouple probe, 0.2 mm in di-

ameter, into the thorax in rapid succession (elapsed time <10 s). Only one measurement was taken

for each dragonfly. The thoracic temperature of feedingdragonflies was not recorded. The detailed

procedureused to measure thoracic temperatureis described in WATANABE (1991) and WATAN-

ABE & TAGUCHI (1993).

Within approximately 30 s of measuring the thoracic temperature, the ambient and radiation tem-

peratures were measured at a level of 0.5 m above the vegetation. An Assmann’s aspiration psychro-

meter was used for measuringthe ambient temperature and the relative humidity.A digitalthermome-

ter with the sensor covered with black vinyl tape was used for measuring the radiation temperature.
Plants in the forest gaps were occasionally trimmed by local residents and farmers. Consequently,

vegetation was less than 30 cm tall, and the approximateperching height of S. infuscatum in the for-

est gaps was usually less than 2 m. In the paddy fields, on the other hand, the height of the oviposi-

tional flight in tandem wasapproximately 1.5 m, or 10-20 cm above the top of the rice plants, and the

height of longer flights in tandem exceeded 3 ra. The number of tandem pairs flying in a rice paddy
field (23 mx23 m) was counted every 5 min around noonin late August.

RESULTS

In late July, both sexually immaturemalesand femaleswere foundperching on

the tips of twigs or tops of grass blades in understories of forest gaps, and made

intermittentfeeding flights, after which they usually returned to the same perch.

There were few interactions among them. For example, there was no courtship

behaviour, no mating behaviour, and no territorial behaviour. Forest gaps ap-

peared to provide good sources of food for the immatureadults.

In late August, there were few immature adults anywhere in the survey field.

Most of them had matured, and were also foundperching solitarily in the under-

stories of forest gaps, and theirbehaviourdidnot differfrom thatof the immature

adults. On the other hand, a considerablenumber of mature adults flew continu-
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ously in tandemabove the rice paddy fields without landing, where they laid eggs in

tandemon the wing. The levelof activity during tandemflight appeared to be de-

pendent inpart on solar radiationintensity in the rice paddy fields, since most indi-

Fig. I. The relationshipin radiation temperatureof forest gaps (G) and rice paddy fields (P) in late

July and late August, 2003. The broken line indicates the diagonal line. Each regression line indicates

a different day, when the mean ambient temperaturesin the forest gaps and in the rice paddy fields

were asfollows: 19.3°C and 21.5°C for (a), 21.4°C and 26.3°C for (b), 21.4°C and 24.9°C for (c), 23.1 °C

and 28.4°C for (d), and 23.3°C and 27.4°C for (e), respectively. — a; G = 8.30+0.53 P (r
2
=0.75, p

<0.01); - b: G = 20.60+0.05 P (r
2 = 0.02, n.s.); - c: G = 17.38+0.13 P (r 2= 0.60, p <0.01); - d: G

= 21.37+0.02 P (r
2
= 0.02, n.s.); - e: G = 19.00+0.13 P (r2 = 0.05, 0.05> p >0.01).
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viduals disappeared during

any extended cloudy peri-

ods during the morning,

the reproductive period.

The number of forest

gaps examined was 27,

and the mean extent of the

gaps was approximately 15

m x 15 m, which was sur-

roundedby cedars of 20 m

in height. Both the size of

forest gaps and the cedar

size surrounding the gaps

affected the light intensity

at the understories of the

gaps. There was some di-

rect sunlight on the under-

stories of the forest gaps in

the middleof the day dur-

ing which ambient temper-

atures peaked. This sunlit

area was occupied by S.

infuscatum adults in both

months. Figure 1 shows the

relationship betweenradia-

tion temperature of forest

gaps and that of rice pad-

dy fields during the daytime, reflecting the typical summer thermalconditions in

Shirouma. The mean ambient temperature corresponding to the measurements

of thoracic temperatures in late July was 22.4°C (Tab. I), and the radiation tem-

perature was always higher thanthe ambient temperature,and varied from20.9°C

to 30.8°C. In late August in the forest gaps, the mean ambient temperature was

22.0°C and the radiationtemperature varied from 21.0°C to 28.0°C. On the other

hand, the ambient and radiation temperatures in the rice paddy fields were about

10°C higher than those in the forest gaps. The relationship in the relative humid-

ity between forest gaps and rice paddy fields around noon showed that the for-

est gaps had more humidair than the rice paddy fields in both months (Fig. 2).

Therefore, the climatic environment of the forest gaps was shady, with a more

cool and humid atmosphere than that of the rice paddy fields.

Late July is the hottest season in Japan; the temperature is high and the light

intensity is strong. Thus, the radiation temperature of the understories of forest

gaps increased, most likely affecting the body temperature of perching S. infus-

Fig. 2. The relationship in the relative humidity (RH) between

the forest gaps and the rice paddy fields around noonof both

late July (open circle) and late August (solid circle). The broken

line indicates the diagonal line.
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catum. In fact, every immatureadult was capable of immediateand rapid flight

withoutprior warm-upafter a long durationof perching. Basking and shivering

were not observed; moreover, wing beating, and consequently heat production,

were not observed. All such flight behaviour lasted less than a few seconds, after

which the insects perched again. The thoracic temperature of the perching adults

in late July was thus around 30°C, which was higher than the radiation tempera-

ture as well as the ambient temperature(Tab. I). In late August, the ambient tem-

perature decreased a little and the radiation temperature also decreased in the

forest gaps. The thoracic temperature of the perching mature adults decreased

at this time. However, both sexes flying in tandem in the rice paddy fields had

high thoracic temperatures (around 40°C), exceeding the ambient temperature

by more than 10°C.Furthermore, the thoracic temperature of males was signifi-

cantly higher than that of females.

As shown in Figure 3, excess thoracic temperatures (thoracic temperature mi-

nus ambienttemperature) increased as differences between the radiationand am-

bient temperatures increased. The regression coefficient (= slope) of the excess

temperature against the difference between the radiationand ambient tempera-

tures was 1.36 and 1.51 for immaturemalesand females, respectively, indicating

that both sexes share a similar thermoregulation mechanism.

In the forest gaps during late August, the excess thoracic temperaturein mature

adults also increased as differencesbetween the radiation and ambient tempera-

tures increased. The regression coefficients for males (1.34) and females (1.66)

were roughly similar to those for immature males and females, respectively (Fig.

3). Theendothermalheating mechanismcannot change during maturationamong

perching individuals.

In the rice paddy fields of late August, the mean radiation temperature was

33.7°C, which was much higher than the ambient temperature. The regression
coefficients for males and females flying in tandemwere lower than those in the

forest gaps (0.68 for males and 0.43 for females). Therefore, flying dragonflies

(): number of samplings; — a: immature adults perching; — b: mature adults perching; - c: adults

ovipositing in tandem

Table I

Thoracic temperatures of S. infuscatum at immature and mature stages

and their thermal environment (°C±SD)

Ambient temperature Males Females

Forest gaps

- late July* 22.411.8 (26) 31.814.2(16) 29.315.4(10) U=54.5 P>0.05

- late August* 1 22.010.6(105) 25.412.6 (34) 26.112.5(71) U=959 P>0.05

Rice paddy fields

- late August* 28.712.3 (21) 40.811.7(20) 38.312.5(13) U=56.5 P<0.01
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may have an additional thermoregulation mechanism, and mature femaleswere

particularly apt at thermoregulation in comparison with mature males, although

they flew together in tandem.

Fig. 3. The correlation between excess thoracic temperatureand ambient temperature and the differ-

ence between radiation and ambient temperature for immature adults in the forest gaps in late July

and mature adults in both the forest gaps and the rice paddy fields in late August. A solid and an

open circle show amale and a female,respectively. In the rice paddy fields, each data was taken from

a singlepair in tandem flying for oviposition. The broken line indicates the diagonalline.
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Pairs in which the thoracic temperaturewas measured were laying eggs, which

required several minuteswhen a pair movedto twoor three differentsites, as some-

times happened even in the absence of any apparentdisturbance. Figure 4 shows

that the mean numberof pairs flying at heights of approximately 3 m in the rice

paddy fields was ca 15 in each rice paddy field (23 mx23 m). Some of the pairs

flying in tandemflew more than 3 m above the rice paddy fields; at such heights,

insects were not captured. The pairs seemed to move across the rice paddy fields.

Although in general, the ambient temperature decreased with height above the

ground, the radiationtemperatureremained relatively constant with height. There-

fore, the insects must have been exposed to similar radiation temperatures.

DISCUSSION

Although dragonflies are poikilotherms, their body temperatureis thought to

be regulated with respect to ambientand radiation temperatures. Several studies

of thermoregulation have thus far focused on the radiant heat loadobtainedfrom

thermistors with the probe painted black (MAY, 1976). Thebehavioural posture

required for thermoregulation in response to radiationhas been analyzed inmany

odonate species (CORBET, 1999). Perchers display a wide range of behaviours

that are possibly related to thermoregulation (HEINRICH & CASEY, 1978), as

Fig. 4. Number of pairs flyingabove rice paddy fields (23 mx23 m) and respective heights. Each bar

represents the S.E. The numbers indicate the number ofmeasurements taken during the 2-hpeak activ-

ityperiod in the rice paddy fields in late August, 2003. ** and ***

represent the significantly difference

from the number of pairs flying in 0-3 m for the probability less than 0.05 and 0.01, respectively.
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most of these individuals perch in sun-exposed areas and thermoregulate prima-

rily by making postural adjustments which involve the body and wings (CORBET,

1980). Otherelaborate physiological adaptations, as well as perching behaviour,

also help odonate species to regulate body temperature (MILLER, 1987).

Immatureadults of S. infuscatum stays in coolerareas withmoist air, i.e., for-

est gaps, than rice paddy fields. The habitat preference was not altered when they

matured. MAY (1976) pointed out that the cuticle of the immature adults was

generally vulnerable to hot dry air. It seems that thoracic temperatureis regulated
in the same way by immature and mature adults.

In some species, thoracic temperatures are achieved either by basking (MAY,

1976) or by bothmetabolic heatproduction (shivering) and basking (MAY, 1977,

1979). Small perchers such as Leucorrhinia hudsonica, S. obtrusum, and S. vici-

num require a thoracic temperature of more than 16°C above ambient tempera-

ture for flight (VOGT & HEINRICH, 1983). ISHIZAWA (1998) reported that

S. frequens femalemade a level flight with a thoracic temperature of 15°C. Small

animals have a rapid rate of heat exchange between their bodies and the ambient

thermal environmentbecause they have a large surface area-to-mass ratio (MAY,

1979). Rapid rates of cooling may preclude appreciable endothermy in the cool

temperate zone of Japan. During the present experiment, none of S. infuscatum

observed showed basking or shivering behaviours. Since S. infuscatum is a me-

dium-sized dragonfly, it may adopt metabolicheat production for thermoregula-

tion. In fact, the thoracic temperatureof the individuals was always higher than

the radiation temperature, which was also higher than the ambient temperature

in the summer season, when the air temperature was higher than 20°C enough

for S. infuscatum to be active.

Bothmales and females of S. infuscatum that remainedin the forest gaps gen-

erally used a sit-and-wait foraging tactic in order to catch prey throughout the

entire day. HIGASHI (1973) observed the feeding behaviour of S. frequens in

coniferousforests, where there was an excess of females. An active S. infuscatum

perching in the forest gaps depends on being able to fly instantly and quickly as

it catches prey in flight and escapes frompredators such as birds in the same way.

UEDA (1988) estimatedthe upper limit of the most suitable ambient tempera-

ture in the shade for S. frequens at 23°C. On the other hand, dragonflies, which

retain much heat in their thorax, require high muscle temperatures in order to

maintain sufficient power output to continue flight (HEINRICH, 1974). Physi-

ologically, the advantage of maintaining a high thoracic temperature probably

lies in permitting active flight (MAY, 1977). The thoracic temperatureof 25-30°C

for both immature and mature adults of S. infuscatum perching in gaps seemed

to ensure the possibility of taking off quickly without any particular behaviour

required for ectothermic thermoregulation.

Many dragonflies are known to regulate the temperature of their thoracic flight

muscles, by endothermically altering heat production and by heat loss from the
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flight muscles themselves (CORBET, 1999). The “fliers” appear to thermoregu-

late exclusively through controlling bloodcirculation (HEINRICH & CASEY,

1978). In general, most flying insects have higher rates of metabolism, and hence

heatproduction, than otheranimals(HEINRICH, 1974), because flight metabo-

lism is inefficient, with approximately 80% - 90% of the energy converted to heat

(SRYGLEY & CHAI, 1990). For dragonflies, their internal source of heat is a

result of flight muscle metabolism. Thus, flying (and consequently heat produc-

tion) must contributeto increases in body temperature(MAY, 1976). Since most

flights of S. infuscatum were in tandem, some heat, which was probably derived

from the flying muscles, must have beenadded to the thoracic temperature as well

as to the radiation temperature. Controlling the radiant heat load may thus be

a more important factor for regulating body temperature during flight over rice

paddy fields, as these individuals were constantly exposed to direct sunlight, and

therefore, received solar input.

Flight in tandem for S', infuscatum is essential in looking for oviposition sites,

laying eggs, and moving to new habitats. Pairs may have come from a great dis-

tance (WATANABE et al., 2004), as occurs in some other Sympetrum species

(MICHIELS & DHONDT, 1989; M1YAKAWA, 1994; McMILLAN, 1996)

that lay eggs during flight above the rice paddy fields. Although there is no direct

evidence in Odonata, flight efficiency probably continues to increase with body

temperature (GIBO, 1981). The length of time of flight among S. infuscatum in

the rice paddy fields is associated with increases in body temperature. However,

SINGER (1987) recorded that 20 s of tandem flight didnot significantly elevate

body temperature. Although wing-beating produces so much heat that mature

males may be unable to continue to fly with females for a long timeover rice pad-

dy fields, they still have to complete oviposition in a single day. After oviposition,

every female retained few mature eggs in her ovaries.

High frequency of wing beating in S', infuscatum always occurred, seemingly

particularly in males. We did not observe differences in the frequencies of wing

beating between sexes during tandem flight. In addition, males did not soar or

glide, but they were observed to hover in order to maintainthe mates’egg laying

process. Since the energy cost of hovering is larger than that for normal flight

(MAY, 1991), the wing beat frequency ofmales hovering intandemmustbe higher

thanthatof femalesflying in tandem, suggesting a higher production of heat from

the flight muscles of males than fromthoseof females. The thoracic temperature

of males in tandem was 2°C higher thanthat of females. The same oviposition

behaviour was observed in S. frequens (ISHIZAWA, 1998) and S. darwinianum

(TAGUCHI & WATANABE, 1995), which also have little site preference as re-

gards oviposition within paddy fields. In the latter species, the durationof a sin-

gle oviposition bout was about461 seconds, during which the males withstood a

1°C higher thoracic temperature in tandem flight than females.

We foundthat S. infuscatum flying above the rice paddy fields underwenta de-
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crease in the excess of thoracic temperature typically associated with increased

radiation temperatures. Much of the heat provided by solar irradiance and the

heat produced by flight muscles is expected to be lost fromthe body under these

conditions. Rice paddy fields are open areas with little shade, and flying drag-

onflies cannot escape intense solar radiation. They also do not adopt any pos-

tures to reduce solar heating during flying, although the regression coefficient of

the excess of thoracic temperature on the differencebetween radiation and am-

bient temperature for flying adults was observed to be lower here than that of

perching adults in the forest gaps. These individuals might cool their body us-

ing the ambient air of a low temperature. Forward air speed contributes to the

convectional cooling of the thorax of flying insects, as was previously shown by

WATANABE & IMOTO (2003). Because flying dragonflies are exposed to air

movements, flight itself is expected to contribute to decreases in body tempera-

ture. Thus, heat loss occurring by means of behavioural thermoregulation dur-

ing flight may be an important adaptation for S. infuscatum inhabiting the open

habitats a cool temperatezone.

behaviours such as changing locationover

forest-rice paddy field complexes may extend the rangeof individual thermal en-

vironmentsin which they are able to function.This extension might allow more

time for breeding, resulting in more offspring. Since behavioural adjustments

are generally less expensive in terms of energy than physiological regulation, it is

adaptively advantageous for

WATANABEet al. (2004) stated that S. infuscatum fly extensively over a wide

area of the cool temperate zone. Some of our results concur with the fragmen-

tary informationreported by UEDA (1997), i.e., this species has been shown to

always fly over rice paddy fields in warm temperate zones of Japan in autumn,

when the ambient temperature has decreased. Diurnal activity patterns of ma-

ture adults of the Sympetrum species have been well documented, particularly

with respect to the relationship with the thermalenvironment of rice paddy fields

(ISHIDA, 1969; UEDA, 1979; ARAI, 1983; TAGUCHI & WATANABE, 1987;

TSUBUKI, 1987). For S. infuscatum,

S. infuscatum to utilize behavioural mechanisms to

cope with changes in the thermalenvironment.

ACKNOWLEDGEMENTS

We would like to thank H,TANI,T. MURAKAMI, K. HOSOI, K.NISHIMURA, M. TAGUCHI,

Y. MIMURA, T. HIGASHI, Y. NAKANISHI, M. BON’NO, T. IMOTO, N. KATAYAMA, and K.

FUTAMURA for their assistance in the field. This work was supported in part by a grant to MW

from the University ofTsukuba Research Projects.

REFERENCES

ARAI, Y, 1983, Mating behaviour of Sympetrum risi risi. Inseclarium 20: 150-154. - [Jap.1

CORBET, P.S., 1980. Biology of Odonata. Annu. Rev. Ent. 25:189-217.



282 M. Watanabe, H. Matsuoka, K. Susa & M. Taguchi

CORBET, RS., 1999. Dragonflies: behaviour and ecology of Odonata. Cornell Univ. Press, New

York.

GIBO, D.L., 1981. Some observations on slope soaring in Pantala flavescens (Odonata: Libellulidae),

JIN Y. ent. Soc. 89; 184-187.

HEINRICH, B., 1974. Thermoregulationin endothermic insects. Science 185; 747-756.

HEINRICH, B. & T.M. CASEY, 1978. Heat transfer in dragonflies; ‘fliers’ and ‘perchers’. J. exp.

Biol. 74: 17-36.

HIGASHI, K
,

1973. Estimation of the food consumptionfor some species of dragonflies. 1. Estima-

tion by observation for the frequency of feedingflights of dragonflies. Rep. Ehino biol. Lab.,

Kyushu Univ. 1: 119-129. — [Jap., with Engl, s,]

ISHIDA, S., 1969. Insects’ life in Japan
,

Vol. 2: Dragonflies. Hoikusha, Osaka. — [Jap.]

ISHIZAWA, N., 1998. Thermoregulation in Sympetrum frequens Selys, with notes on other Sym-

petrum species (Anisoptera: Libellulidae).Odonatologica27: 317-334.

MAY, M.L., 1976. Thermoregulationand adaptationto temperaturein dragonflies(Odonata: Ani-

soptera). Ecol. Monogr.46: 1-32.

MAY, M.L., 1977. Thermoregulationand reproductive activity in tropical dragonflies of the genus

Micrathyria. Ecology 58: 787-798.

MAY, M.L., 1979. Energymetabolism of dragonflies (Odonata: Anisoptera) at rest and during en-

dothermic warm-up.
J. exp. Biol. 83: 79-94.

MAY, M.L., 1991. Dragonfly flight: power requirements at high speed and acceleration. J. exp. Biot.

158: 325-342.

McMILLAN, YE., 1996. Notes on tandem oviposition and other aspects of reproductive behaviour

in Sympetrumvicinum (Hagen) (Anisoptera: Libellulidae).Odonatologica 24: 187-195.

MICHIELS, N.K. & A.A. DHONDT, 1987. Coexistence of three Sympetrumspecies at Den Diel,

Mol, Belgium (Anisoptera: Libellulidae). Odonatologica 16: 347-360.

MICHIELS, N.K. & A.A. DHONDT, 1989. Differences in male and female activity patternsin the

dragonfly Sympetrum danae (Sulzer) and their relation to mate-finding (Anisoptera: Libel-

lulidae). Odonatologica 18: 349-364.

MILLER. A.K., P.L. MILLER & M.T. SIVA-JOTHY, 1984. Pre-copulatory guarding and other

aspects of reproductive behaviours in Sympetrum depressiusculurn (Selys) at rice fields in

southern France (Anisoptera: Libellulidae).Odonatologica 13:407-414.

MILLER, P.L., 1987. Dragonflies. Cambridge Univ. Press, Cambridge.

MIYAKAWA, K., 1989. Observation of SympetrumfrequensSelys inhabitingthe forest canopies in

lowland Sayama Hills duringsummer. Tombo 32; 33-38. — [Jap. with Engl, s.]

MIYAKAWA, K., 1994. Autumnal migration of mature Sympetrum frequens (Selys) in western

Kanto plain, Japan (Anisoptera: Libellulidae).Odonatologica 23: 125-132.

REHFELDT, G.E., 1993. Heterospecific tandem formation in Sympetrum depressiusculum (Selys)

(Anisoptera:Libellulidae). Odonatologica22: 77-82.

SINGER, F., 1987. A physiological basis of variation in postcopulatory behavior in a dragonfly,

Sympetrumobtrusum. Anim. Behav. 35: 1575-1577.

SRYGLEY, R.B, & R CHAI, 1990. Predation and the elevation of thoracic temperature in brightly

colored neotropical butterflies. Am. Nat. 135: 766-787.

TAGUCHI, M. & M. WATANABE, 1985. Ecological studies of dragonflies in paddy fields surround-

ed by hills. 2. Diurnal behavior of Sympetrum pedemontanumelatum Selys. Rep. emir. Sci.

Mie Univ. 10: 109-117. — [Jap., with Engl, s.]

TAGUCHI, M. & M. WATANABE, 1987. Ecological studies of dragonflies in paddy fields surrounded

by hills. 4. Spatial distribution of Sympetrum eroticum eroticum in relation to seasonal fluc-

tuation of the shaded area. Bull. Fac. Edu. Mie Univ. (Nat. Sci.) 38: 57-67. - [Jap.]

TAGUCHI, M.& M. WATANABE, 1995. Ecological studies of dragonfliesin paddy fields surrounded

by hills. 6. “Non-contact flying-ovipositionby tandem” and thoracic temperatures of Sym-



Thoracic temperature in Sympetrum infuscatum 283

petrum darwinianum Selys. Bull. Fac Edu. Mie Uni\. (Nat. Sci.) 46: 25-32.
- [Jap.]

TSUBUKI, X, 1987. The flightactivity of the libellulid dragonfly, Sympetrum frequens Selys (Odona-

ta) in relation to the environmental factors. New Entomol. 36; 12-20. — [Jap, with Engl, s.]

UEDA, T., 1979. Plasticity of the reproductive behaviour in a dragonfly,Sympetrum parvulum Bar-

teneff,with reference to the social relationship of males and the density of territories. Res.

popul. Ecol. 21: 135-152.

UEDA, X, 1988. Diversity in the life history of the dragonfly Sympetrum frequens (Odonata: In-

secta). Bull. Ishikawa agr. Coll. 18: 98-110. - [Jap, with Engl, s.]

UEDA, X, 1997. On the increasing trends of Sympetrum infuscatum, Symnet 6: 6-7. - [Jap]

VOGT, F.D. & B. HEINRICH, 1983. Thoracic temperaturevariations in the onset of flight in drag-

onflies (Odonata: Anisoptera). Physiol. Zool. 56: 236-241.

WATANABE, M., 1991. Thermoregulationand habitat preference in twowingcolor forms of Mnais

damselflies (Odonata: Calopterygidae). Zool. Sci. 8: 983-989.

WATANABE, M. & T. IMOTO, 2003. Thermoregulation and flying habits of the Japanese sulfur

butterfly Colias erate (Lepidoptera:Pieridae) in an open habitat. Ent. Sci. 6; 111-118.

WATANABE, M., H. MATSUOKA & M. TAGUCHI, 2004. Habitat selection and populationpa-

rameters of Sympetrum infuscatum during sexually mature stages in a cool temperatezone

of Japan (Anisoptera:Libellulidae).Odonatologica33; 41-51.

WATANABE, M. & M. TAGUCHI, 1988. Community structure of coexisting Sympetrum species

in the central Japanesepaddy fields in autumn (Anisoptera:Libellulidae).Odonatologica 17:

249-262.

WATANABE, M. & M. TAGUCHI, 1993. Thoracic temperatures of Lestes sponsa (Hansemann)

perching in sunflecks in deciduous forests of the cool temperatezone of Japan (Zygoptera:

Lestidae). Odonatologica 22: 179-186.


