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INTRODUCTION

It has long been known that during flight some moths maintain thoracic tempera-
tures many degrees above ambient. Some information is now available on the physio-
logical basis of this phenomenon, but data on the flight temperatures of moths are
limited and are based on few taxa. Moreover, ecologically relevant data of a comparative
nature are scarce.

This study reports the body temperatures during flight in tropical moths of a
number of different families and examines the relation of flight temperatures to
ambient temperature, body weight and wing-loading between and within the taxa
represented. It was in part stimulated by the findings of Dorsett (1962) that in some
sphingids flight temperature is a linear function of wing loading.

MATERIALS AND METHODS

The field-work was carried out during June 1971, on the Pacific slope of Costa Rica,
along the Pan American Highway between La Georgina and San Isidro del General.
One study site was at an elevation of 1400 m; the other was at 3100 m. Both were on
steep hillsides overlooking dense stands of forest. The instruments, power pack and
collecting lights were protected from the rain by a plastic shelter.

All measurements of thoracic and abdominal temperatures were made after dark
between 18.30 and 22.30 h, during which time air temperatures were uniform within
2 °C. Moths were attracted to a fluorescent ultraviolet light suspended in front of a
white cloth panel measuring approximately 1 x 2 m and captured as they flew near the
lamp or immediately after they struck the cloth panel. Only flying moths or moths
fluttering against the cloth panel were measured. The insects were held by the wings
and a small glass-bead thermistor (Fenwall, GC32SM2), calibrated with a U.S.
Bureau of Standards thermometer and mounted in epoxy resin on the end of a short
light wand, was thrust through the body wall. Thoracic and abdominal temperatures
were read to the nearest o2 °C on a Yellowsprings telethermometer within 5 sec of
capture. If a longer time elapsed, the measurement and the moth were discarded. After
its temperature was recorded the moth was killed by compressing its thorax, or in the
case of large moths by injecting about 2 mg of ethyl acetate. Each moth was assigned
a number and folded in a paper triangle. Starting at about 23.00 h, each moth collected
during the evening was weighed to the nearest mg on a torsion balance.
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Wing areas were determined after our return to the University of California. Thq
moths were relaxed and pinned with their fore- and hind-wings overlapping in the
normal manner (Fig. 1). After drying, the moths were photographed together with a
millimetre scale. Prints enlarged to natural size were made and the total wing area of
each moth was determined from the photograph with a planimeter.

Data were processed either at the UCLA computer centre, or with a Hewlett-
Packard g100A Calculator-Plotter.

Identifications were made by Julian P. Donahue of the Entomology Section at
the Natural History Museum of Los Angeles County, where all of the moths have
been deposited. The moth fauna of tropical America is incompletely known. Many of
the animals used, particularly the noctuids and geometrids, have proved to be difficult
or impossible to identify to species.

Adequate sampling is often difficult in field studies. The moths we measured were
simply those that could be captured while in flight. We attempted to obtain large
samples of several species in different families and to capture as many saturniids and
sphingids as possible. Some of the species considered are represented by 30 or more
individuals, others by only one or two. Similar differences in sample size exist between
the various families. We have treated the pooled values, regardless of sample size, as
the best available estimates for the taxa involved. We recognize the statistical in-
adequacies of such an approach, but since this study is a reconnaissance of an almost
unexplored sector of insect biology, even limited samples can yield helpful insights if
cautiously interpreted.

RESULTS

Heavy rain fell every night during at least part of the collecting period and our study
sites were often shrouded in heavy fog. However, in every case, even during torrential
rainfall, large numbers of moths of a wide variety of sizes and body forms were
attracted to our light (Fig. 1). We detected no obvious effects of ambient temperature
on the general level of activity of the moths attracted to our light even though at our
study site with an altitude of 3100 m air temperature was 7 °C, while at the study site
at 1400 m, air temperature was 15-17 °C.

Thoracic flight temperature in relation to ambient temperature

‘We measured the flight temperatures of substantial numbers of moths of the families
Sphingidae, Arctiidae, Noctuidae and Geometridae, at ambient temperatures of both
7 © and 15-17 °C. In the geometrids the mean thoracic temperature of moths flying at
an air temperature of 7 °C was significantly lower than of those flying in air tempera-
tures of 15-17 °C. However, at the lower air temperature thoracic flight temperatures
averaged 10 °C above ambient, while at the higher they averaged only about 6 °C
above ambient (Table r). In the Sphingidae, Arctiidae and Noctuidae mean thoracic
flight temperatures at an air temperature of 7 °C did not differ significantly at the 59,
level from those at 15-17 °C.

We obtained flight temperatures for five species (two sphingids, one arctiid, one
noctuid, and one ctenuchid) at both the high-altitude and the low-altitude stations.
Although the ambient temperatures at the two sites differed by 8-10 °C, thoracic
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Fig. 1. Representative wing shapes and body forms traced from photographs used to determine
wing areas (see Methods); 1, Ophisma tropicalis (Noctuidae) ; 2, Ennominse sp. (Geometridae);
3, Cosmosoma sp. (Ctenuchidse); 4, Machaerosema norax (Saturniidae); 5, Pholus triangulum
(Sphingidae); 6, Pericopis fortis (Pericopidae); 7, Prorifrons near muelleri (Lasiocampidae);
8, Amastus aconia (Arctiidae).

flight temperatures of moths of a given species at the two sites were statistically
indistinguishable.

From these data we draw the following inferences: (1) In these sphingids, arctiids,
and noctuids thoracic flight temperatures are regulated within a narrow range that is
characteristic for each species and is independent of ambient temperature at least
between 7 and 17 °C. (2) In geometrids thoracic flight temperature remains above
ambient but decreases with decreasing ambient temperature, and the difference
between flight and ambient temperatures is inversely related to ambient.

Thoracic flight temperatures of various species
We measured thoracic flight temperatures at an ambient temperature of 15~17 °C
in samples of 16-34 moths of individual species belonging to each of the following
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Table 1. Relation of mean thoracic flight temperatures (T ) to ambient
temperature (T ,) in °C
(N is number of individuals.)

Teg
f—%
Family T, x 8.E. N
Sphingidae 7 394 081 7
15-17 381 048 42
Arctiidae 7 299 063 13
15-17 286 o060 6o
Noctuidae 7 285 030 52
15-17 302 053 81
Geometridae 7 169 083 17
15—-17 232 0'45 101

families: Sphingidae, Lasiocampidae, Pericopidae, Geometridae and Arctiidae. Each
species had characteristic ranges of temperatures, and within each species thoracic
flight temperatures of the individual moths appeared to be independent of body weight,
wing area and wing loading, at least over the range of these parameters included in
our samples (Figs. 2, 3). A similar situation was observed in species of the Saturniidae
and Ctenuchidae, although in these cases sample sizes were smaller.

Comparison of thoracic flight temperatures of species in the same family

In each of the families sampled thoracic flight temperatures, body weight, and wing
loading vary over a considerable range. In the Sphingidae, Noctuidae, Arctiidae,
Geometridae, Saturniidae, and Ctenuchidae the mean thoracic flight temperatures of
the various species increased directly with wing loading (Table 2, Fig. 4). In our
collections the Pericopidae and Lasiocampidae were represented almost exclusively
by single species so in these families interspecies comparisons were not made.

There was no apparent correlation between thoracic flight temperature and body
weight within the sphingids, noctuids, geometrids and saturniids, but the two were
correlated at the 5%, level of significance in arctiids and ctenuchids (Fig. 5). It should
be noted that in the Arctiidae and Ctenuchidae body weight and wing loading are
correlated positively with a statistical significance at the 19, level. Consequently, in
these two families we cannot separate the effects of body weight and wing loading on
flight temperature.

Comparison of thoracic flight temperatures between families

Body weight. In general, when the families of moths are considered as entities,
the greater the mean body weight the higher the mean thoracic flight temperature
(Fig. 6). However, the relation of flight temperature to body weight can also be
considered in terms of the total range of these variables observed in each family (Fig.
7). From this figure, which includes body weights from 30 mg to more than 6 g, it is
apparent that thoracic flight temperature has a non-linear relationship to body weight
with the dependence being most apparent at weights below about 750 mg. Near this
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Fig. 2. Relation of thoracic flight temperature to body weight in species from six families of
moths. Ambient temperature, 15-17 °C.

weight, thoracic flight temperatures approach 40 °C, and beyond this point they are
relatively unaffected by further increases in body weight.

Wing loading. Within each of the families for which samples containing 12 or more
species were obtained, thoracic flight temperature was a function of wing loading
(Table 2). When all of the families are considered together, the dependence of thoracic
flight temperature on wing loading is most apparent below approximately 8o mg/cm?
(Fig. 8). The curve fitted by eye to all of the points on which Fig. 8 is based
approaches a flight temperature of 40 °C at a wing loading of 80-100 mg/cm?. Since
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Fig. 3. Relation of thoracic flight temperature to wing loading in species from six families of
moths. Ambient temperature, 15-17 °C.

flight temperatures rarely exceed 44 °C, the dependence of flight temperature on wing
loading diminishes at higher wing loadings such as those characteristic of many
sphingids.

Abdominal flight temperature. Abdominal flight temperatures were measured at air
temperatures of 15-17 °C in 111 moths belonging to eight families (Sphingidae,
Noctuidae, Arctiidae, Geometridae, Lasiocampidae, Ctenuchidae, Saturniidae and
Pericopidae). In this sample the mean abdominal temperature of the sphingids was
23-3 °C while the means for the other families ranged from 18:4 to 21-1 °C.

Thoracic flight temperature and behaviour. We gathered no quantitative data on pre-
flight warm-up during this study, but we had abundant opportunity to observe the
warm-up behaviour of animals that alighted near our fluorescent light and remained
at rest long enough to cool down. It is, of course, well known that sphingids and
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Table 2. Regression of thoracic flight temperature (°C) on wing loading (mg[cm?®)

(N is number of species. T'emperature measurement of geometrids made at 15~-17° C;
other families measured at both 7 and 15-17°C.)

Mean
Family Intercept Slope N P wt. (mg)
Sphingidae 340 0055 13 < 005 1260
Saturniidae 32°2 0 141 13 < o'10 572
Arctiidae 19°5 0173 16 < ool 342
Noctuidae 21°4 0178 112 < o001 225
Geometridae 183 0-227 56 < 001 127
Ctenuchidae 17°4 0'12§ 13 < ool 101
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Fig. 4. Linear least-squares regressions of thoracic flight temperature on wing loading in three
families of moths. Each point represents the mean value for a species. C is the intercept and m
is the slope. See also Table 2.
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Fig. 5. Linear least-squares regressions of thoracic flight temperature on body weight in three
families of moths. Each point represents the mean value for a species. C is the intercept and m
is the slope. See also Table 2.
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Thoracic flight temperature (°C)

saturniids undergo a period of pre-flight warm-up in which the thoracic temperature
rises sharply as a result of heat produced by contraction of the flight muscles (see, for
example, Heinrich & Bartholomew, 1971; Hanegan & Heath, 1970). We observed pre-
flight wing vibrating in members of the families Lasiocampidae, Noctuidae, Peri-
copidae, Arctiidae and Ctenuchidae, but not in members of the Geometridae and
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Fig. 6. The relation of mean thoracic flight temperature to mean body weight in ten families of
motha, Pyralids, notodontids, geometrids, pericopids and lasiocampids measured at 15-17 °C;
other families measured at both 7 and 15-17 °C. The correlation coefficients of both the linear
and exponential least-square regressions are significant at the 1%, level but the exponential

curve has the higher value for r (0-905 versus 0-852).
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Fig. 7. The relation of thoracic flight temperature to body weight in six families of moths. The
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Fig. 8. The relation of thoracic flight temperature to wing loading in six families of moths. The
geometric figures enclose the mean values for each of the species studied in each family.
Ambient temperatures as in Fig. 7.
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Fig. 9. The intercepts of the regression of mean thoracic flight temperature on wing loading
(see Table 2) plotted against mean body weight for six families of moths. The line is fitted by
the method of least squares and is significant at the 5%, level.
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Fig. 10. The slopes of the regression of mean thoracic flight temperature on wing loading (see
Table z) plotted against mean body weight for six families of moths. The line is fitted by the
method of least squares and is significant at the 5% level.

The responses of moths which came to rest near our lights followed several distinct
patterns. When disturbed, the pyralids and geometrids took off immediately. The
noctuids and the lasiocampid, Prorifrons near muelleri, released their footholds and
fell to the ground as if feigning death. The saturniids performed their familiar display
(Blest, 1957) of exposing the eye spots on their hind-wings. The locally most abundant
pericopid (Pericopis fortis) dropped to the ground and lay motionless, and in addition
exuded a fluid with an acrid odour which caused inflammation and itching of our
hands and arms. The larger arctiids also exuded a noxious fluid. The adaptive signifi-
cance of these patterns of behaviour in relation to flight temperature seems obvious
(see Discussion).

DISCUSSION

Body weight and flight temperature. A flying moth produces heat by the contraction
of its flight muscles. The larger its flight motor and the more rapid its wing-beat, the
greater the amount of heat produced. Heat loss is, of course, an inverse function of
size, and other things being equal small moths will cool faster than large ones. Never-
theless, even relatively small moths may have thoracic flight temperatures near 40 °C
at an ambient temperature of 15-17 °C. For example, in an ambient temperature of
17 °C, we measured noctuids weighing 88 and 232 mg which had thoracic flight
temperatures of 35'4 °C and 41-3 °C respectively. One 216 mg noctuid had a flight
temperature of 36-9 °C in an air temperature of 7 °C. If this last moth had the same
rate of heat production while flying in an air temperature of 17 °C, its thoracic tempera-
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re could have attained the unreasonably high level of 47 °C. It seems apparent that,
above 100-150 mg, body weight per se does not constitute a major constraint on the
attainment of high flight temperatures for moths, at least in the family Noctuidae.
There is a maximum flight temperature (about 45 °C) which is normally never
exceeded. Since some moths weigh 5 g or more, it is apparent that flight temperature
must be a non-linear function of body weight. From Fig. 7 it is apparent that thoracic
flight temperature is relatively unaffected by increases in weight beyond a critical
value which is less than 1 g.

Wing loading and flight temperature. In synchronous fliers like moths (Kammer,
1968) the heat produced by wing muscles of given mass will depend in part on freqg-
uency of contraction (i.e. on rate of wing beat). In theory, a moth of a given weight
can fly either by having small wings that beat rapidly or large wings that beat slowly.
If one considers only the frequency of muscle contraction, a small-winged moth of a
given weight will produce more heat than a large-winged moth of the same weight.
This is to say, heat production should increase directly with wing loading (see
Dorsett, 1962, for a more extended discussion).

Although the mean thoracic temperatures of moths increase directly with mean wing
loading, this correlation has some dependence on body weight. The slopes of the linear
regression of mean thoracic flight temperature on mean wing loading of the various
families are inversely related to mean body weight, while the intercepts of the slopes
of these regressions increase directly with mean body weight (Figs. 9, 10).

Thoracic flight temperatures correlate nicely with wing loading when the regressions
are based on species of the same family, but species that have the same wing loading
but belong to different families can have markedly different flight temperatures. For
example, a ctenuchid with a wing loading of 60 mg/cm? has a flight temperature of
25 °C, while arctiids and sphingids with the same wing loading have flight tempera-
tures of 30 and 37 °C respectively (Fig. 4).

Obviously, flight temperature is affected by body weight and insulation as well as
by wing loading. Most of the ctenuchids shown in Fig. 4 weigh less than 100 mg; all
of the sphingids weigh more than 500 mg, while the arctiids are of intermediate
weight. Moreover, sphingids are heavily insulated ; the ctenuchids are lightly insulated
while the arctiids are intermediate. Saturniids have higher body temperatures, and
ctenuchids have lower body temperatures, than would be expected on the basis of
wing loading alone (Fig. 8). It is noteworthy that saturniids have a dense covering of
long scales while the wasp-like ctenuchids are only sparsely covered with scales.

Among the families considered in the present study, only in the Arctiidae and the
Ctenuchidae was there positive correlation between the mean thoracic temperature
and mean body weight (Fig. 5). However, in these two closely related families wing
loading and body weight were significantly correlated, so the effects of wing loading
and body weight cannot be separated on the basis of our data.

The slope of the regression of flight temperature on wing loading in sphingids which
we report here (Table 2) is about half that reported by Dorsett (1962). However, our
data cover a wider range of wing loadings (40-186 versus 75-125 mg/cm?) than his.
It is possible that in sphingids, as in moths as a group, thoracic flight temperature is a
curvilinear, rather than a linear, function of wing loading. Unfortunately our data do
not resolve this issue; for the sphingids shown in Fig. 4 the r values for power curve
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and linear regressions of thoracic temperature on wing loading are almost identic:‘
(o-70 versus 0-68).

Escape behaviour and flight temperature. When compared with the geometrids and
pyralids, which at moderate ambient temperatures can fly without prior warm-up,
resting sphingids or lasiocampids which must warm up before flying must be relatively
vulnerable to terrestrial predators such as frogs, lizards, mice and shrews. Moreover,
the wing vibrations which accompany pre-flight warm-up are both audible and
visible.

Moths which undergo pre-flight warm-up have evolved several strategies which
could reduce their vulnerability to predation. Most of them are cryptically coloured
when at rest. When disturbed, some large forms such as saturniids and sphingids
perform a threat display, often involving eye spots on the hind-wings. Smaller forms,
such as some of the noctuids and lasiocampids, drop to the ground and lie motionless
with folded wings. Many ctenuchids mimic wasps, while some arctiids and pericopids
produce noxious secretions.

The geometrids and pyralids which we observed were characterized by both small
size and light wing loading and could fly with thoracic temperatures near 20 °C. They
showed none of the responses described above. At ambient temperatures of 15-17 °C
they simply flew away as soon as they were disturbed. The capacity for instant take-off
has apparently minimized or eliminated the selective advantage of the various strategies
for reducing vulnerability to predation that were shown by moths with high flight
temperatures.

SUMMARY

1. Flight temperatures were measured in representatives of ten families of moths —
Sphingidae, Noctuidae, Geometridae, Arctiidae, Saturniidae, Ctenuchidae, Peri-
copidae, Lasiocampidae, Notodontidae and Pyralidae.

2. In all cases thoracic flight temperatures and abdominal flight temperatures were
higher than ambient, and thoracic temperatures far exceeded abdominal tempera-
tures.

3. Within the individual species, thoracic flight temperature was relatively uniform,
and independent of ambient temperatures from 7 to 17 °C.

4. Within the various families, flight temperature was independent of body weight
except in the Ctenuchidae and Arctiidae; in these two closely related families, in
contrast to all the others, body weight and wing loading were positively correlated.
When the families are considered as units, mean thoracic flight temperature increased
with mean body weight.

5. Between species in the same family and between families thoracic flight tempera-
tures increased directly with wing loading. However, because thoracic flight tempera-
ture is affected by insulation and body weight, species with the same wing loading but
belonging in different families may have markedly different flight temperatures.

6. Members of those families that have high flight temperatures and must undergo
a pre-flight warm-up have attributes that reduce vulnerability to predation when at
rest — threat display, death feigning, production of noxious secretions, and mimicry
of stinging insects.
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