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DEDICATION

h is hardly original, yel still true, to observe that apparently trivia! incidents may prove to be

turningpoints in life. Onesuch moment that remains vividin my mind occurred on aspringmorning

in 1969 as /stood ankle deepin Harm waterat the edge ofalake in the sandhills ofPutnam County,

Florida. One ofmy companionsnetted twosmall insects and handed one to me. along with his ever-

present hand tens. "Here. you can see the difference in color pattern ". / had collected insects for

years and was already seriously interested in their biology. hut I seemed to see this insect with new

eyes, so striking did its exquisite form seem. / had to see andknow mure.

The insect was Ischnura ramburii, which / later came to know asa very common damselfly. The

companion was WINTER WESTFALI,,whom /came to know asanuncommonman. teacher, and

friend, h is with pleasure and affection that / dedicate this paper to him on the occasion ofhis

70th birthday.

Temperatures ofthe thorax head and abdomen(T ofA. junius were

investigatedin free-flying individuals in the field, during endothermic warming, and

during heating ofthe thorax with anexternal heat source. Field data show that is

well-regulated and is strongly elevated and closely coupled to variation in

T
a (j

is consistent with previous suggestions that heat is pumped via hemolymph

circulation from thorax to abdomen duringperiods ofheat stress. During wingshiver-

ing in the laboratory, rises in parallel with T while T does not rise during

warming of Tth but often increases by several degrees after peak T
th

is reached.

External heatingexperiments suggested that is coupled to by anactive process

that requires an intact circuit for hemolymphcirculation but canbe controlled in part

independently of circulation between the thorax and abdomen.
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INTRODUCTION

Not until the 1960’s was the ability of large insects to elevate and regulate body

temperature widely appreciated (DORSETT, 1962; HEATH, 1967; HEATH &

ADAMS, 1965). Subsequent studies demonstrated this ability and revealed the

mechanisms that support it in many insects, both endotherms and ectotherms

(HEINRICH, 1974, 1981; MAY, 1979, 1985). Odonata, also, were found to be

excellent thermoregulators (CORBET, 1963; HEINRICH & CASEY, 1978;

MAY, 1976, 1977).

Initial studies concentrated on T
th,

since the thorax is the site of the flight
mechanism and hence of heat generation. HEINRICH (1970, 1971) found that

sphinx moths use theirabdomen at high temperature as a sink for heat produced
in the thorax, but only recently has T

h
been studied insome insects. In honeybees

(HEINRICH, 1979), sphinx moths (HEGEL & CASEY, 1982), and carpenter

bees (BAIRD, 1985) there is evidence for regulation of T
h

; in other insects, T
h

is

at least elevated (MAY, 1986; MAY & CASEY, 1983). Certainly T
h

is of

potential importance, since the head is the major center of sensory input and

higher neural processing, but surprisingly littleis known ofthe effects of tempera-

ture on these phenomena. DURUZ & BAUMANN (1968) showed that receptor

potentials in the eyes ofApis are temperaturesensitive, but no published work on

dragonfly vision or other head functions takes temperatureinto account. A major

aim of the present paper is to demonstrate that T
h normally is elevated in

dragonflies and is potentially controllable. As a result, it could have important

effects on the major neural centers.

METHODS

Body temperatures were measured as described by MAY (1976) but using a 0.002-inch diameter

copper-constantan thermocouple embedded in a 0.4 mm diameter hypodermic needle and read on a

Bailey BAT-4 portable thermocouplethermometer. The probe was inserted in rapid succession into

the thorax, head, and 2nd abdominal segment. Measurements were completed within 10-15 s. Air

temperature (T
a

) in the shade was read immediately afterwards with the same probe, and solar

radiation intensity (SR) near the point ofcapture wasusually recorded from the output ofa Science

Associates Dome Solarimeter. Other weather conditions and behavior were noted as appropriate.

Endothermic warm-up was measured at room temperature (about 23° C) in the laboratory.

Copper-constantanthermocouples were implantedin the thorax as described by MAY (1976) and

also in the base of the third abdominal segment and in the head about 3 mm beneath the

antero-medial margin of the left eye; leads were held in placewith contact cement.The thermocouple

output was recorded at 5-15 s intervals on a Honeywell Electronik 112 Multipoint thermocouple

recorder.

Effects of on the temperatures of the other tagmata were also studied by restraining live

dragonflies on an insect spreading board while heatingthe thorax with a microscope lamp focused

onto the thoracic dorsum. No light from the lamp appeared tofall directly onthe head orabdomen,

but reflected or diffuse light may have done so. Thermocouples implantedas described above were

used to monitor Tj,, and T After heating and cooling, each insect was killed by injection of
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ethyl acetate, then, with the dragonfly and

lamp still in exactly their original position,

retested after death. In a few experimentsthe

head was heated directly.

RESULTS

Body temperature data for Anax

junius in the field fall into two

groups, those from individuals

collected while feeding at dusk

(negligible SR) over beach dunes in

Florida and those from individuals

patrolling or ovipositing in sunlight

in New Jersey. In thefirst group,Tth

was mostly in the lower range of

reported values for A. junius

(MAY, 1976), while the second

group had higher T
th; in both cases,

the effect ofT
a

on T
th was similar to

previous findings (Fig. I).

In all individuals studied, T
h

was

markedly elevated while T
ab was

slightly or moderately elevated.

Head temperature excess (T h

was closely related to thoracic

temperature excess (T th
-T

a
) regard-

less of variations in SR exposure or

site ofcapture. Elevation of T
ab

was

distinctly greater in the individuals

exposed to strong SR (Tab. 1).

Figure 2 shows variation in T
tb,

Tb ,
and T

ab during a typical boutof

endothermic warming. Thoracic

temperature rose rapidly and al-

most linearly from the onset of

wing-shivering until attempted takeoff. This individual then became quiescent

and cooled passively. Changes in T
h mostly paralleled those of T

tb,
but head

temperature excess was never more than half the thoracic temperature excess.

The rise in T
b

was more sigmoid, and a few irregularities (No. 3 of Fig. 2) in

the pattern of T
h change did not correspond to simultaneous changes in T

th .

The time course of change in T
ab was very different in that this temperature

Fig, I. RelationshipofT
tb (circles), T

b (triangles),

and T
ab (squares) to T

a
in collected in

the field; T
b

refers to body temperature without

specifying a particular tagma. Filled points aredata

from 2 males and 12 females collected while feeding
in Florida at SR < 40 W nr

2 (these data are from

MAY, 1984); open points are from specimens

captured in sunlight (SR between about 350 and

800 W nr2 ). Arrows indicate data from a female

ovipositing alone with the tip of her abdomen

submerged; all other open points are from males.

Hatched area describes an envelope surrounding
data on T,b

from MAY (1976). Solid oblique lines

are regressions on T
a

for the individuals in sunlight

only: T
th

= 0.35T
a

+ 32.2, r
2 = 0.724; T

h
= 0.66

T
a

+ 17.7, r2 = 0.879; T
ab

= 1.08T
a

+ 2.5, r
2 =

0.956. Dashed line is the isothermal line.

Anaxjunius
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was constant or even declined slightly during wing-shivering, then increased

rather abruptly when shivering ceased and T
th

and T
h began to decline.Elevation

of T
ab was always less than of T

th or T
h .

A record from another individual (Fig. 3)

contrasts with Figure 2 in that this insect did not

attempt takeoff, but after attaining a T
th

of 35-

-38° C, it maintained T
th by continuous wing-

-shivering for periods of several minutes,

interspersed with periods of passive cooling and

rewarming. During the first prolonged bout of

shivering, T
th

reached a peak (No. 1), then

declined a few degrees (No. 2), even though

visible shivering continued. Again. T
h

generally

changed in parallel with T
th except that it

remained nearly constant (No. 3) during the,

initial decline of T
th . Abdominal temperature

was constant or dropped slightly (No. 4) during

rapid increase in T
th

and sometimes during

the initial parts of sustained shivering and T
th

maintenance, but T
ab rose (No. 5) during the

latter parts of sustained shivering bouts, before

the onset of passive cooling.

Data in Table II summarize warm-up characteristics of A. junius; in each

case only the initial warming bout is included if more than one occurred. These

confirm that the rate of T
h

increase and maximumT
b

excess were about half the

corresponding values for T
th . Abdominal temperature changed little during

warming, and elevation of T
ab

at the time of the initial maximum of T
th

was

slight and not correlated with T
tb excess (r = 0.16). Peak T

ab was delayed by
15-40 s and its magnitude was correlated with T

th excess (r = 0.66).

1 R
h

= (Th-
Ta)/( T

th-
Ta)- R

ab
= ( Tab-

Ta>/(Tth-
T

a
)-

2 r
b

= correlation coefficient of R
b

with T
a

; rab
= correlation coefficient of R

ab
with T

a
;

boldface type indicates that the correlation is significant at p
< 0.05.

Table I

Correlation of the effect of the presence or absence of solar radiation with elevation of body

temperature above air temperature in Anax junius in the field. Values are given as mean ± S.D.;

means within a column having different letter superscripts are significantly different (p < 0.05)

Fig. 2. Simultaneous variation in

T
(h,

T
b , and T

ab during endo-

thermic warm-up and subsequent

cooling in a male Anax junius
Numbers indicate times of events

discussed in text.

Exposure T
.h-

T
a

T
th-

T
a

T
ab‘

T
a

,R
h

2r h ,Rab
2r

ab

Sun a 13.57 a7.93 a4.75 a0.588 0.254 a0.373 0.766

±2.78 ±1.71 ±1.00 ±0.073 ±0.151

Shade
b

l0.57
b

5.96
b 1.14 ‘‘O.SOl 0.302

b
0.110 0.386

±2.20 ±1.77 ±0.31 ±0.097 ±0.025
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With one exception, T
th was lower and T

h
and T

ab higher during external

heating of insects heated while alive than while dead (Tab. III). The single

exception was a female that behaved abnormally after thermocouple implanta-
tion. Owing to small sample size and high variability of data, the significant
differences cannot be demonstratedexcept for the higher T

h
of living individuals

(p < o.on.

Figure 4 records body temperatures during external heating in the individual

with the most dramatic differencebetween heating while alive vs. dead. Besides

the marked difference in magnitudes of T
th vs. Tb and T ab,

the pattern of

temperature variation in life is noteworthy. Both T
tb

and T
ab changed relatively

smoothly, although a slight drop in T
tb (No. 1) occurred more or less simultane-

ously with a distinct peak in T
ab,

and a plateau (No. 2) following a rise in T
th

1 Maximum temperature (° C) attained by the head or abdomen during a warming bout; this usually

occurred after peak T
(b,

and the mean time delay (min) is shown in parentheses.

Table II

Temperaturecharacteristics of the thorax, head and abdomen of Anax Junius during endothermic

warm-up. Values are mean ± S.D. for seven male individuals; T
a
= 21.5-23.5° C

Fig. 3. Simultaneous variation in T
.h-

T h- and Tab during an extended period ofalternate endother-

mic warm-up, maintenance of high T
th-

and passive coolinginmale Numbers indicate

times of events discussed in text. Dark bars indicate periods of wing-shivering.

Anaxjunius.

Tagma Warm-up

rate

°C min'1

Temperatureat

maximum T,^
°C

'Maximum temperature

(time delay)

°C; (min)

Thorax 4.7 ± 0.9 12.2 ± 3.9 —

Head 2.8 ± 1.2 5.3 ± 1.8 5.9 ± 2.1 (0.07)

Abdomen 0.2 ± 0.5 1.9 ± 1.0 2.6 ± 0.9 (0.40)
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corresponded to a rise in T
ab following a fall. Two major, abrupt drops in T

h

(No. 3) were much more marked thanchanges in othertemperatures. Both began

at about the time of much smaller rises in T
ab

and continued after T ab
had

peaked and declined. Numerous minor fluctuationsfollowed the two major dips.

Comparable large changes were not observed on other specimens, but T
b was

consistently more variable on a short timescale than other body temperatures.

Table III

Maximum elevation of T
th-

T
h-

and T
ab

during external heating of living or dead Anax junius.

Values are mean ± S.D., n = 6. Means within a column having different letter superscripts are

significantly different (p < 0.05)

Fig. 4. Simultaneous variation in T
(b ,

Tb , and T
ab

duringexternal heatingwith a lamp focused on

the thorax in a live male (upper panel) and in the same individual after being killed

without altering its position (lower panel). Upward pointingarrows indicate when the lamp was

turned on, downward pointing arrow when it was turned off. Numbers indicate times of events

discussed in the text.

Anax Junius

Condition T
th-

T
a

T
h-

T
a

Alive a 16.63 ± 3.28 a 11.40 ± 2.32 a 9.03 ± 2.77

Dead a 18.67 ± 1.83 b 7.45 ± 1.86 a6.37± 1.27
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Figure 5 shows the results ofinterrupting circulation during external heating in

another individual. After T
th

stabilized at about 42° C, a small metalclamp was

applied across the 6th abdominalsegment. Abdominalpumping, associated with

elevated tracheal ventilation at high temperature, continued after clamping. As

soon as the clamp was applied, T
th rose and T

h
fell sharply; T

ab
initially rose

slightly, then dropped. When the

clamp was released, T
h

remained

high, but T
h quickly rose about

halfway to its former level, whileT
ab

also approached its original, higher

level, after an initial further drop. The

preliminary rise in T
ab

after clamping

and fall after release were probably
due to the fact that positioning the

clamp raised the abdomen somewhat,

exposing it more directly to the

heating lamp, while removing the

clamp lowered the abdomen.

DISCUSSION

The low slope of the regression of

T
th on T

a

indicates that T
th

is well-

-regulated, as found previously

(MAY, 1976). The reasons for the

differences in level of T
tb among the

various sets offielddata are not clear.

They may include differences in

technique between the 1976and later

data (thermistor thermometers were

used earlier), differences in tempera-

ture characteristics between New Jersey and Florida populations, behaviour-

-related differences in flight metabolism, and differences in SR. 1 earlier argued

(MAY, 1984) that the many low values from the low SR group may have been

associated with slope soaring and reduced flight metabolism. On the other hand,

SR intensity can in principle have a strong effect on body temperatures offlying

dragonflies (MAY, 1986) and may account for the elevation of T
th

in the

individuals flying in sunlight.

In any case, T
b was strongly elevated even at low SR. The ratio of T

b
-T

a
to

T
th

-T
a

is independent of T
a

or SR (Tab. I); considering that the coefficient ofheat

transferofthe head is probably about 3 times thatofthe thorax (MAY, 1986, and

unpublished), this observation suggests strong thermal coupling between these

Fig. 5. Simultaneous variation in T
(b , Tb , and

T
ab

in a live male during external

heatingofthe thorax. At the time indicated by the

downward pointing arrow, a clamp was applied

to the 6th abdominal segment to occlude

hemolymph circulation; the clamp was removed

at the time indicated by the upward pointing

arrow.

Anax junius
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tagmata. There is no indication, however, that T
b

is independently regulated over

this range of T
a

.
In individuals in sunlight the slope ofT

ab on T
a

is slightly, although not signifi-

cantly, greater than 1.0. The true relationship may be non-linear, as the elevation

«fT
ab

relative to T
th

is especially marked at T
a

= 35° C. The increase, if real, is

not due to effects of SR since the latter was 590-780 W/m2 during measure-

ments at T
a
< 26° C but, owing to haze, only about 450 W/m

2 when T
a
> 30° C.

This pattern is consistent with previous evidence that heat loss from the thorax

is augmented by increased circulation to the abdomen at high T
th (HEINRICH

& CASEY, 1978; MAY, 1976). Elevation ofT
ab was slight under low SR condi-

tions. This might be due either to a direct effect of SR on T
ab

or to relatively low

T
tb resulting in less heat transfer to the abdomen.

Observations of endothermic warm-up also show strong thermal coupling

between head and thorax, since changes in T
b were large and mostly in parallel

with changes in T
th

.
Instances when T

b
showed evidence of independence from

eitherT
tb or T

a
(No. 3 ofFigs 2 and 3) suggest that this coupling was not entirely

passive but involved a variable, active process such as hemolymph circulation.

The evidence is indirect, however, and the irregularities in T
b were small, so no

firm conclusion is possible. As with the situationin the field, transferofheat to the

head represents an important heat drain from the thorax at a time when maximal

heat retention is clearly advantageous (HEGEL & CASEY, 1982; MAY, 1986)

and again suggests that elevation of T
b

is adaptive.

Changes in T
ab during warm-up were consistent with previous observations

that heat transfer from thorax to abdomen is virtually nil during vigorous

warming and that the restriction of heat exchange relaxed after completion of

warming (HEINRICH & CASEY, 1978; MAY, 1976). Thus passive conduction

through tissues to the abdomen is negligible, because otherwise T
ab

would rise as

T
th rose, and nearly all transfer is probably by circulation.

Tn some respects results from external heating experiments are the most

interesting. The fact that T
th

is lower and T
b
and T

ab higher during heating oflive

than ofdead specimens was expected, since circulationof hemolymph in life must

carry some heat from the thorax to other body regions, in the absence of special

mechanisms to retard heat flow (e.g. HEINRICH, 1976). Extreme differences, as

in Figure 4, do suggest active augmentation of heat exchange to prevent thoracic

overheating. In fact, elevation of T
ab,

and therefore perhaps ofT
h ,

in deadinsects

may have been entirely due to inadvertant heating of those tagmata or the

surrounding air by the lamp, since during endothermic warm-upno passive heat

transfer from thorax to abdomen occurred. Direct heating of the head gave no

indication that the latter was cooled by increased circulation, but furtherexperi-

ments are needed.

During heat stress, stabilization or decline of T
tb

under constant external

heat load is often correlated with increased T
ab (Fig. 4, and MAY, 1976), as
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expected if head transfer to the abdomen is used to regulate T
th. The most

remarkable features of Figure 4, however, are the abrupt drops in T
h,

which are

not obviously related to changes in T
th,

T
ab,

or T
a

. Their functionalsignificance,

if any, is not clear, but they do strongly suggest that heat transfer to the head is

under the insect’s control, as found by HEGEL & CASEY (1982) in sphinx

moths, and is to some degree independent ofheat exchange with the abdomen. In

turn this points to the possibility of an adaptive mechanism for control of heat

exchange between head and thorax and conceivably for control of T
h

itself. On

the other hand, clamping the abdomen, thereby presumably occluding the dorsal

vessel and interrupting circulation in general, also caused a rapid, partly reversi-

ble drop in T
h (Fig. 5). Thus it seems likely that the heat transfer mechanismto the

head involves hemolymph circulation and requires an intact dorsal heart but is

controlled in part independent of circulation to other regions.
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