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Tibicen winnemanna (Davis) produces a broad-band frequency- and amplitude- 
modulated advertisement call. Observations of  the animals in the field show that 
the cicadas produce varied acoustic output. This work investigates the connec- 
tion between the acoustic behavior o f  the cicada and the body temperature of  
the calling animal. The results show there is strong evidence to support the 
hypothesis that both acoustic output and song intensity are highly dependent on 
body temperature. 
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INTRODUCTION 

Most male cicadas produce a loud calling song to attract conspecific females. 
These calling songs are produced when rib-strengthened chitinous membranes 
on the dorsolateral surface of the first abdominal segment, the timbals, are 
buckled by the action of timbal muscles to produce sound pulses. These sound 
pulses are then modified by several body components (Pringle, 1954; Bennet- 
Clark and Young, 1992) before being radiated through the tympana (Young, 
1990). 

Production of the calling song is essential in bringing the sexes together 
for reproductive activities. Cicadas are capable of producing their species spe- 
cific song over a restricted body temperature (Tb) range (Heath, J. E., 1967; 
Heath and Wilkin, 1970; Heath et al., 1971; Heath, M. S., 1972; Sanborn, 
1990; Sanborn et al., I992; Sanborn et al., 1995). Song production, and ulti- 
mately reproduction, is therefore dependent on Tb. 
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Tibicen winnemanna (Davis) is an endothermic cicada (Sanborn, 1990) 
which produces several distinct calls (see below). Davis (1912) described the 
call of T. winnemanna as a "low-pitched uniform note" and a "rising and 
falling note." I have described the changes to calling song structure of several 
endothermic cicadas during their activity period (Sanborn, 1990). A monotonous 
buzzing, similar to a "warm-up" period, precedes song production. The length 
of time spent "warming up" appears to increase at lower ambient temperatures 
(TO or when ambient conditions force the cicadas to raise their T b endother- 
mically. These changes in acoustic behavior may be related to the Tb of the 
calling individuals. Acoustic behavior has been shown to be temperature depend- 
ent in planthoppers (Vrijer, 1984), grasshoppers (Skovmand and Pedersen, 1983), 
crickets (e.g., Doherty and Callos, 1991; Ciceran et al. ,  1994), and katydids 
(e.g., Gwynne and Bailey, 1988; Stiedl et al., 1994), but the relationship has 
not been investigated in cicadas. There is, however, indirect evidence of song 
coordination being temperature dependent in cicadas. Several authors (Davis, 
1894a, b; Myers, 1926; Beamer, 1928; Jacobs, 1953; Alexander, 1956) have 
noted that songs are produced at a rate slower than normal at low ambient 
temperatures or without access to solar radiation. Josephson and Young (1979) 
have shown that small changes in T b due to activity in an ectothermic cicada 
alter song cycle period slightly. The objective of this paper is to determine if 
the observed changes in the acoustic behavior and intensity of T. winnemanna 
calls is related to changes in Tb. 

MATERIALS AND METHODS 

Tibicen winnemanna were captured in Greenbelt Park in the city of Mary- 
ville, Blount County, Tennessee. The animals were recorded and captured dur- 
ing their normal evening activity period during August and September from 
1987 to 1991 and in 1993. Individuals were recorded with an Uher 4000 Report 
Monitor tape deck and an Electro-Voice RE55 dynamic microphone. All songs 
were recorded on -34-in. audiotape at a tape speed of 19 cm/s. The microphone 
was placed between 0.15 and 2 m from the singing animal in an effort to reduce 
the background noise on the recording. A Kay Elemetrics Corporation Digital 
Sona-graph 7800 was used to analyze the recordings. Permanent copies were 
made with a Sona-graph printer. An intermediate-bandwidth analysis filter was 
used on the Sona-graph to produce sufficient resolution in both the frequency 
and the time domains. 

As an animal was approached in the field the sound an animal was pro- 
ducing was classified into one of five categories. These categories were designed 
so there was little subjectivity in assigning an animal to the correct category. 
Silent animals were those animals that produced no sound. Buzzing animals 
produced a characteristic "warm-up" buzz at the beginning of the activity period 
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without adding any frequency or amplitude modulations to the call. An animal 
classified as producing the buzzing/slow song initially produced the warm-up 
buzz but ended the acoustic bout by adding one or more frequency and amplitude 
modulations at the end of the call. Slow song animals produced the characteristic 
frequency and amplitude modulated call at a slow modulation rate. The slow 
song animals began their acoustic bout without producing a warm-up buzz but 
produced the modulated pattern from the beginning of the call. Finally animals 
classified into the fast song category were producing the call characteristic of 
the species when fully active again without producing a warm-up buzz at the 
beginning of the calling bout. No females were close to the calling males used 
in this study so sound output by an individual male was not altered due to 
production of a courtship call. 

Tb was recorded during the different stages of  acoustic behavior to deter- 
mine if there is any relationship between T b and the type of sound being pro- 
duced. After classifying the sound the animal was producing into one of the five 
categories described above, the specimen was captured with an insect net and 
Tb was measured with a Physitemp Model BAT-12 digital thermocouple ther- 
mometer with a Type MT-29/1 copper/constantan hypodermic microprobe accu- 
rate to +0.1°C.  The microprobes were calibrated with a National Bureau of 
Standards mercury thermometer prior to use. T b was determined by inserting 
the thermocouple through the net midway into the dorsal mesothorax. Each 
cicada was constricted within the net and oriented for insertion of the thermo- 
couple probe to prevent heat transfer between the insect and the experimenter. 
Each Tb was measured within 5 s of the cicada being captured. All statistics are 
presented as mean + SE. 

Peak sound pressure levels were measured with a Briiel & Kjaer 2235 SPL 
meter, a Type 4155 ½-in. prepolarized condenser microphone, and an UA 0237 
wind screen which had been calibrated with a Briiel & Kjaer 4230 portable 
sound pressure calibrator. Measurements were taken using the procedures out- 
lined by Sanborn and Phillips (1995). All intensity measurements are relative 
to 1 x I0 -16 W/cm 2. There was no vegetation between a calling cicada and 
the microphone during measurements in the field. 

Since intensity is measured on a logarithmic scale, all intensity measure- 
ments (dB readings) were converted to power levels (W) prior to calculating 
statistical measures using the equation Q = 4rr2(I) ,  where Q is the sound power 
(W), r the distance from the source (=  50 cm), and I the intensity reading for 
the individual (dB). Mean power output was then used to calculate mean sound 
intensity at 50 cm for each species. Power levels were logarithmically trans- 
formed before performing an ANOVA on the intensity measurements because 
there was a positive correlation between variances and means. This logarithmic 
transformation of the data made the variances independent of  the mean so the 
ANOVA could be performed (Sokol and Rohlf, 1995). 
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RESULTS 

The species-specific calling song of  T. winnemanna is a broad-band fre- 
quency- and amplitude-modulated call (Fig. 1). Recordings of the alarm call 
produced by T. winnemanna while manipulating the abdomen show that the 
emphasized frequency is lower when the abdomen is raised. Major sound energy 
is between 2000 and 8000 Hz. The peak frequency is 4.70 + 0.106kHz 
(n = 11) during the constant-frequency portion of the call and 3.56 + 0.080kHz 
(n = 11) after the frequency modulation. Song intensity is greatest during the 
frequency sweep. 

Tb of singing T. winnemanna was recorded to determine if the Tb affected 
the acoustic output. Silent animals have the lowest T b (Table I). Tb increases as 
the animals begin to produce sound (buzzing) and continues to increase as the 
sound progresses toward the fast song. There is strong evidence that the mean 
Tb differs during the various categories of acoustic output (ANOVA, F = 72.123, 
df = 4,103. P < 0.00001). This suggests that the type of sound produced by 
an animal is highly dependent on the Tb. 

Sound intensity also increases as T. winnemanna acoustic output moves 
toward the fast song (Table I). There is strong evidence to support the inference 
that intensity is dependent on T b (ANOVA, F = 356.784, df = 3,59, P = 0). 
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Fig. 1. Calling song of Tibicen winnemanna. The call is frequency and amplitude modulated, 
with the peak sound energy approximately 4.7 kHz during the constant-frequency portion of the 
call and 3.6 kHz after the frequency sweep. Song intensity is greatest during the frequency 
sweep. Upper trace is the time wave; lower trace is the sonogram. 
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Table I. Mean (+SE) Body Temperature and Sound Intensity Levels During the Different 
Categories of Acoustic Output in Tibicen winnemanna ° 

i 

Sound produced Body temperature (*C)* Intensity (dB)** 

Fast song 35.36 + 0.218 105.74 + 0.232, -0.251 
(n = 53) (n = 40) 

Slow song 31.99 :/: 0.294 101.76 + 0.499, -0.560 
(n = 20) (n = 12) 

Buzzing/slow song 30.56 -1- 0.706 97.51 + 0.710, -0.844 
(n = 10) ( n = 6 )  

Buzzing 30.38 :t: 0.521 79.64 + 0.722, -0.866 
(n = 11) (n = 5) 

Silent (no activity) 27.91 + 0.525 
(n = 14) 

aNote that body temperature and intensity levels increase as the sound produced by the cicada 
progresses to the fast song. Intensity measurements are relative to 1 x 10 -~6 W/cm 2 (=2 x 10 -4 
dynes/era 2) at a distance of 50 cm. The logarithmic intensity scale produces the unequal deviation 
about the mean intensity values. 

*ANOVA, F = 72.123, df = 4,103, P < 0.00(301. 
**ANOVA, F = 356.784, df = 3.59, P = 0. 

Table I shows how the acoustic output o f  T. winnemanna  varies with and 
is dependent on Tb. These Tb changes occur while the animals warm endo- 
thermically at dusk (Sanborn, 1990). Numerous measurements from a single 
individual also illustrate the relationship between Tb and SPL. As the individual 
T. winnemanna proceeds from the " w a r m - u p "  buzz to full song production, 
there is an increase in the call SPL as the acoustic output of  the individual 
changes with increasing Tb. Although the intensity changes with the type o f  call 
produced, there is also considerable variation in SPL within a single call cate- 
gory. These data illustrate how physiological  state can affect the acoustic output. 

D I S C U S S I O N  

The " low-pi tched uniform note"  and a " r i s ing  and falling no te"  described 
by Davis (1912) probably refer to the warm-up buzz and the full calling song, 
respectively. The fundamental frequency o f  a cicada call i sde t e rmined  by the 
natural vibration period o f  the t imbal (Pringle, 1954) and is related to the body 
size (Daniel et al . ,  1993; Bennet-Clark and Young, 1994). The mean measured 
peak frequency o f  T. winnemanna  calls before / tnd  after the frequency sweep is 
within the 95 % confidence interval for the predicted frequency based on the 
scaling relationship determined by Bennet-Clark and Young (1994). Modifica- 
tions to the fundamental frequency during the calls are accomplished through 
abdominal movements in the dorsal-ventral  plane. 

Changes in calling song intensity are produced by increasing the strength 
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of timbal muscle contraction (Josephson and Young, 1979), changing the activ- 
ity in the timbal tensor muscle (Pringle, 1954; Simmons and Young, 1978; 
Weber et al., 1987; Fonseca, 1991; Hennig et al., 1994), or altering the position 
of the abdomen. Extension of the abdomen brings the abdominal air sacs into 
resonance with the timbals, increasing the sound intensity (Pringle, 1954). Inten- 
sity changes of 5-6 dB have been reported by Young (1972, 1990) due to 
abdominal movements. Periods of increased intensity correspond to the time the 
abdomen is elevated in T. winnemanna. The song intensity of multiple cicada 
species has been reported to be greatest when the abdomen is raised (Beamer 
and Beamer, 1930; Hagiwara and Ogura, 1960; Alexander and Moore, 1962; 
Young, 1973; Weber et al. ,  1987; Villet, 1988). The sound intensity is increased 
by changing the tension on the timbal, folded membrane, and tympanum when 
the abdomen is raised (Pringle, 1954; Weber et al. ,  1987; Villet, 1988; Young, 
1990; Hennig et al., 1994). 

Changes in acoustic behavior in T. winnemanna may also be related to 
timbal muscle temperature. Measurements of timbal muscle temperature during 
activity show that muscle temperature is elevated well above ambient (Josephson 
and Young, 1979; 1985; Sanborn, in preparation). The buzzing observed in 
T. winnemanna may serve to elevate the timbal muscle temperature. Thermal 
constraints of the timbal muscles may necessitate a "warm-up" period prior to 
the production of the calling song. Timbal muscle temperature and contraction 
kinetics in T. winnemanna will be discussed in a forthcoming paper. 

The correlation between Tb and intensity in T. winnemanna (Table I) can 
be explained by the same physiological factors affecting the acoustic behavior. 
If the nerve and muscle systems which alter call intensity are temperature 
dependent, this makes intensity temperature dependent. The variability within 
the species is thus probably related to temperature and other factors such as age, 
physiological state, or the presence of rivals in the habitat. This type of SPL 
variation has been shown in other cicada species (Sanborn and Phillips, 1995). 

The increased song intensity produced by cicadas with an elevated Tb may 
increase the reproductive success of individual cicadas. Warmer cicadas produce 
louder calls which will travel farther in the environment. A warmer cicada thus 
has the potential to interact with a greater number of prospective mates within 
a habitat. This may be one of the factors that stimulated the development of 
endothermy in cicadas. 
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