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Summary

Cicada barbara lusitanicanales presented a stereotyped song analysis. Males discriminated frequencies within
singing response behaviour when exposed to a playback of 3-15kHz, clearly preferring 6 and 9kHz; both these
the conspecific song. Males preferred (as measured by the frequencies matched the main spectral peaks of the song.
time taken to sing) the conspecific signal to heterospecific The preference for specific frequencies was not associated
songs that differed markedly in temporal pattern. with maximum neuronal excitation as estimated by
Manipulation of the gross temporal pattern ofC. barbara  auditory nerve recordings, which suggests that this
calling song significantly reduced stimulus attractiveness. frequency-dependent behaviour is not based on the
Indeed, C. barbaramales stopped responding to stimuli in  strength of the auditory system’s response to different
which the temporal pattern approached the characteristic frequencies. Rather, it is likely to reflect fine frequency
C. orni song, a sympatric and closely related species. If resolution in the central nervous system.
present in females, the preference for stimuli with pauses
not exceeding 30ms could reflect the evolution of a Key words: cicadaCicada barbara lusitanicasong discrimination,
behavioural pre-copulatory isolating mechanism based on temporal pattern, frequency discrimination.

Introduction

In acoustically active insects (e.g. crickets, grasshopperguality of the sender at a short distance (Doolan and Young,
mole crickets, cicadas), males often advertise by means of1889).
conspicuous song. This song may encode information about Cicadas have traditionally been difficult to work with in the
the identity of the species (e.g. Popov et al., 1974), which cdaboratory, and female flight phonotaxis has been difficult to
be used by other individuals to discriminate conspecifics frombserve in some species (Daws et al., 1997). On the other hand,
heterospecific sympatric species. male cicadas have been described to respond by calling when

The ability to discriminate the conspecific signal fromstimulated with the conspecific song (Villet, 1992; Fonseca,
heterospecific songs has been studied in different insect group894). Cicada barbaramales are such an example and,
(e.g. crickets: Popov and Shuvalov, 1977; Weber et al., 1984jternatively, the response of males towards natural and
grasshoppers: von Helversen and von Helversen, 198&)odified songs can be used to determine the relative
Stumpner and von Helversen, 1994). In order to assess thmportance of song parameters in song discrimination. This
relative importance of particular song parameters in sonmethod has proved reliable for some orthopteran species in
discrimination, most studies have used the phonotactiwhich either males or females respond to a song stimulus by
preference of reproductively receptive females or any othainging a response song (Skovmand and Pedersen, 1983).
stereotyped response to a modified or a natural song playba&imilarly, Simmons et al. (1971) induced cicada males to sing
Both the time pattern (e.g. Pollack and Hoy, 1979; Hennig andy presenting sound stimuli and used this behaviour to
Weber, 1999) and the frequency spectrum (e.g. Popov et ahyestigate song production and hearing in periodical cicadas.
1975; Oldfield, 1980) of the signal have been shown to be Hence, we used the stereotyped singing response behaviour
involved in species discrimination. In cicadas, however, fewof males to analyse song discriminationGn barbara We
studies have addressed this question, and the relativevestigated the following questions: (i) c@nbarbaramales
importance of the song parameters in species recognition is stiliscriminate the conspecific calling signal from the songs of
poorly known. Some evidence indicates that the frequencgther sympatric cicadas? If so, (ii) which parameters of the
spectrum of the signal carries information about the specieseng are involved in song discrimination? We demonstrate
identity of a calling male (Doolan and Young, 1989; Daws ethat, in contrast to what is presently known for cicadas (Doolan
al., 1997), whereas the temporal pattern might reveal thend Young, 1989; Daws et al., 1997), the temporal pattern
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can influence long-range communication. Moreover, the
mechanism underlying the frequency-related behavio@.in

barbara males differs from what has been described foi
another cicada species (Daws et al., 1997).
4 (D <« Amplifier
Materials and methods e I
i S— T —
Animals m Attenuata
Adult males of the specie€icada barbara lusitanica
Boulard, were caught on the south-west coast of Portugal ai I
transported on a feeding plant to the experimental site. Tt Laptop
cicadas were kept indoors at room temperature (20-25°C) ¢ 5 mm

anOlea europaedree branch.

. Fig. 1. Experimental arrangement. Only one half (180 °) of the cage
Experimental arrangement is represented. At the centre of the arena base, a small hole (5cm in

All behavioural experiments were conducted outdoors in diameter) allowed a 60cm long and 1 cm thick wood stick to project

cylindrical cage, 100 cm in diameter and 60 cm high, supportefrom a platform situated 15cm below the base of the cage. The

by four legs (60 cm) and covered with green insect net (Fig. 1stimuli were presented by a loudspeaker positioned 60cm away from

The structure of the arena was made of iron rods 0.8 cm thicthe centre of the arena and 90 cm from the ground.

During the experiments, stimuli were individually presented by

a loudspeaker (Dynaudio D28/2) positioned 60 cm away fror

the centre of the arena. A laptop (Toshiba 230 CX) equippeepresented a control for possible responses in the absence of

with a Yamaha OPL3-SAx soundboard generated the stimulsound stimuli and the number of these stimuli equalled the

delivered at a D/A rate of 44 kHz to an amplifier (Phoenix Goldhumber of intensities tested (e.g. if the stimuli were tested

QX 4040) through a step attenuator, allowing an accuratat two different intensities, two NC would be randomly

control of the signal amplitude. The amplitude of the soungbositioned among the T). The positive and negative control

stimulus at the stick was calibrated with a Radio Shackesponses are not presented in the Results section. They were

(catalogue no. 33-2050) sound-level meter. used to evaluate the motivation of each animal during a test
_ _ series and not for statistical comparisons with the test stimuli.
Experimental design Animals that did not respond to the PC within 40s or that

Each male was tested individually under one or two of theesponded to the NC within 120 s were not used for analysis.
five different behavioural experiments (see Stimulus design).
For each experiment, the test procedure was as follows: Stimulus design
individual males were placed on the base of a wooden stick Five behavioural experiments were designed to investigate
60cm long placed at the centre of the arena, and thespecific questions related to song discriminatioblparbara
immediately walked upwards. When an animal entered thmales.
arena, a sound stimulus was presented by the loudspeaker and
singing activity by a male was taken as a positive responsExperiment 1
The time elapsed from the onset of the playback was recordedAre C. barbaramales able to discriminate the conspecific
and the stimulus was turned off. A failure to respond duringong from the calling songs of other sympatric cicada species?
3min of consecutive playback was taken as a negativielales were presented with four test stimuli, consisting of the
response. In either case, the experiment continued with tlelling songs ofC. barbara Tibicina quadrisignataHagen),
presentation of a different stimulus after moving the cicaddettigetta argentata(Olivier) and Cicada orni L. (Fig. 2).
back to the base of the stick. To avoid pseudoreplication problems (Kroodsma, 1989;
Each behavioural experiment consisted of a predefined sklcGregor et al., 1992), recordings from four different animals
of test stimuli (T) presented in random order. To control foof each species were used. The calling songs were presented
motivational changes, a positive control (PC, the conspecifiat 70 and 90dB SPL.
song at 90dB sound pressure level (SPL) was always required
before and after two consecutive test stimuli. An animal witHExperiment 2
high motivation would always respond to this positive control; Is song discrimination affected by manipulation of the gross
failure to respond to this stimulus would mean that the resultemporal pattern? The gross temporal pattern of the songs of
from the two previous stimuli were discarded before resumin@. barbaraandC. orni(sympatric and closely related species)
the series. Thus, the sequence of stimuli was always PC-T-Wwere modified while retaining the characteristic frequency
PC-T-T-PC and so on, until all the stimuli to be tested werspectrum. The continuous trill 6f. barbarawas modified into
presented. Among the test stimuli there were always blank train of sound pulses by inserting 120 ms pauses every 64 ms.
stimuli in which no sound was presented (NC); thesd?auses of 40-120ms are found in natGradrnicalling songs.
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C. orni song was modified by removing the pauses betweewas performed with purpose-designed software. For each
echemes, resulting in a continuous trill signal. Naturamale, the auditory nerve suprathreshold response was
conspecific songs were also used in this experiment to compasstimated as the average peak amplitude of the summed
the attractiveness of the modified songs. All stimuli wereexcitation of the auditory receptors for the five repetitions of
presented at 70 and 90dB SPL. each frequency and intensity.

Experiments 3 and 4 Statistics

Which parameters of the temporal pattern are use@.by  All behavioural experiments were conducted in a within-
barbaramales to discriminate their song from the song of thesubjects (repeated-measures) design, i.e. each animal was
sister specie€. orni? These experiments were designed taested for all the experimental conditions of a particular test
investigate the effect of varying the sound pulse duratiorseries (see Ferguson, 1981; Schweigert, 1994 for details of this
pause duration and the duty cycle (i.e. pulse duration/pulssxperimental design). When data met the assumptions for
period). In experiment 3, the pause was kept constant at 30 imderential statistics, a one-way or two-way within-subjects
while the pulse duration was varied between 30 and 240 ms. &nalysis of variance (ANOVA) was performed. Data that could
a second variant of experiment 3, the pause was set to 15mst meet these assumptions were log-transformed before use
while the pulse duration varied between 15 and 180 ms. By subsequent analysi& posteriori comparisons of means
contrast, in experiment 4 the pulse duration was set at 60 mgere performed using the Tukey HSD test; in this case, only
whilst the pause varied between 7.5 and 120 ms. This rangiee P-level for the comparison is presented. In experiments
was selected to include pauses that were shorter (7.5 anith one repeated-measures factor with only two levels, a
15ms), similar (30 and 60ms) and larger (120 ms) than theeslatedt-test was used for statistical comparisons.
average pause found in mast orni songs. The test stimuli The average time taken by individuals to sing following
were presented at 80dB SPL in both experiments. sound stimulation, i.e. the response latency, is expressed as the

mean+95 % confidence interval.
Experiment 5

Can differences in frequency spectrum be used to improve
song discrimination between two trilled song3? barbara Results
males were presented with six pure-frequency tones (3, 4, 6, Experiment 1: cai€. barbaranales discriminate the
9, 12 and 15kHz) and the conspecific calling song. This conspecific song from the calling songs of other sympatric
experiment also allowed us to investigate frequency cicada species?
discrimination. All test stimuli were presented at 80dB SPL. Individual males were presented with the calling songs of

four cicada specie€iicada barbara Tibicina quadrisignata
Auditory nerve recordings Tettigetta argentatand Cicada orni(Fig. 2).

Seven cicada males, wings and legs removed, were waxedMales were clearly able to discriminate the conspecific song
to a holder by their pro- and mesonotum with the ventral sidéCS) from the calling signals af. argentataand C. orni, as
facing upwards. The auditory nerves were exposed by ventraleasured by the time taken to respond to these stimuli
dissection and the preparation was kept moist with inse¢Fig. 2A). Indeed, the CS elicited singing activity significantly
Ringer. Each auditory nerve was recorded with a singléaster than did both heterospecific songs(0.001, both
Vaseline-insulated tungsten hook. Computer-generated souedmparisons). The calling song a@f quadrisignata very
stimuli (100kHz conversion rate, 12 bit resolution) weresimilar in temporal pattern to that &f. barbarg proved as
delivered at the ipsilateral side as pure-tone sound pulsesfective as the CS in promoting singing behaviour at both 70
(25ms duration, 5ms ramps, frequency range 0.5-25kHz) gnd 90dB SPLR>0.05, both comparisons).

a Dynaudio D28/2 loudspeaker. The sound stimulus amplitude Thus,C. barbaramales presented a consistent stereotyped
was conditioned by two serially connected computer controlletiehavioural response towards the CS that was statistically
attenuators. One allowed compensation for the frequendifferent from the behavioural responses towards the songs of
response of the loudspeaker and the other delivered the sighab other sympatric cicada specieSjcada orni and T.

in 5dB steps ranging from 30 to 90dB SPL (+0.5dB). For eachrgentata This experiment also indicated that pulsed somgs (
frequency and intensity, five stimuli were presented. Aargentata C. orni) were less attractive than trilled songs (
microphone B&K 4135 calibrated with a piston phone (B&K barbara T. quadrisignat®, suggesting a role of the temporal
4220) and placed at the position later occupied by the cicageattern in song discrimination.

(22cm from the loudspeaker) allowed for adjustments in

stimulus intensity and echo control. The echoes wer&EXperiment 2:is song discrimination affected by manipulation
minimised by lining the Faraday cage and the apparatus close of the gross temporal pattern?

to the preparation with sound-absorbing material (illsonic). Four stimuli were used: two calling songs. parbaraand

Stimulus and nerve activity were stored in a DAT tapeC. orni) and the same songs but with the gross temporal pattern
recorder (TEAC RD-120TE). Off-line analysis of digitised manipulated €. barbara with pauses andC. orni without
nerve recordings (10kHz, Data translation DT 2821-F-8 dipauses).
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Fig. 2. (A) Time taken byCicada barbara )
males to respond to the songs of four I m ittt oscillogram
sympatric cicadas presented at 70 and 90dB.q g - . " L . 200ms
Values are means = 95% confidence20dB- /) A i N . ’ i
intervals =8). (B) Oscillograms and power —40 dB-| +/ NV R \n Power spectra

spectra of the songs clicada barbars 051015200 51015200 51015200 5 10152
Tibicina quadrisignata Tettigetta argentata

andCicada orni. Frequency (kHz)

The modified C. barbara song (with pauses) was Significant differences were found between stimuli as the
significantly less attractive than the natural calling songause duration was variedF4(1644.9, P<0.001). The
(P<0.001). Moreover, the modifie@€. orni song (without efficiency of a stimulus with a 60ms sound pulse duration
pauses) proved as attractive as @hebarbarasong P>0.05, decreased significantly as the pause duration in the song
Fig. 3). Hence, manipulation of the gross tempora!

characteristics o€. barbaraand C. orni songs significantly 070 dB W 20 pB
affected the attractiveness of both stimuli. Note that th
frequency spectrum was not manipulated in either modifie 180+
song.
)
Experiments 3 and 4: which parameters of the temporal 3 1204
pattern are used b§. barbaranales to discriminate their %
song from that of the sister spect@sornt? ] T
Manipulation of the gross temporal pattern had a stron & gpd
effect on song discrimination. Hence, in the following §
experiments three parameters of the temporal pattern (pul h
duration, pause duration and duty cycle) were manipulated at odLL
signal discrimination investigated. O LI FEEEEED
In Experiment 3, a constant pause duration (30ms) an 200ms
variable pulse duration (30-240ms) was used (Fig. &) C.barbara C.barbara C.orni C.omi
significant differences were observed between stimul (with pauses) (without pauses)

(Fa,26=2.5, P>0.05). A stimulus in which a 30ms pause _ _

alternated with a 30ms sound pulse was as effective iF.Ig. 3 !Effe.cts of.manlpulatlon .of the gross temporal pattern on song

stimulating singing activity as a stimulus with 30 ms pausedlscrlm_lnatlon. Time take_n bgicada barbaramales to respond_ to

alternating with 240 ms pulses, although the duty cycle (Dcunmanlpulated and manipulated sonngofbarbaraand C. orni.
Oscillograms are presented below the histogram. When pauses were

. 0 0 .
had increased from 50% to 8.9 . Hencg, pulse' du.rat.lon,a'inserted intoC. barbarasong the stimulus became unattractive and
duty cycle do not seem to influence signal discriminatior

i o : -~ 'males could not discriminate it from the songoforni. Removing
significantly. Similar results were obtained when usinghe pauses withic. omi song resulted in a very attractive stimulus,
constant 15ms pausessf40.7,P>0.05). indicating that males are not able to discriminate between these

In Experiment 4, constant pulse duration (60ms) anispecies using only the differences in the frequency spectra. Values
variable pause duration (7.5-120ms) was used (Fig. 4Bare means *+ 95% confidence interviNs5).
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A Pause duraticrB0 ms B Puse duratior60 ms
Puse (ms) DC Pause (ms) DC
30 H-EHEE-EHEHERRHRHR 0.50 7.5 HHEHE RN 0.39
60 - BB 067 15 IEHEHEH- - 0.80
120 IS N N W 0.30 30 IHEHE-IHHIE I 0.67
) . i 180 IS IS BN W 0.86 60 —E— - 05
Fig. 4. The effect of varying pulse and pause duration on 5, = I N 0 S0 1200 — B 033
signal discrimination. The pulses for all stimuli were g5 _ 180-
obtained fromC. barbaracalling song. (A) The pause & F=2.5,NS F=44.9, P<0.001
duration was kept constant at 30ms while the puI§
duration was varied from 30 to 240ms. All stimuli wereg 120 ]

equally effective l=8). (B) The pause duration was3
varied between 7.5 and 120ms while the pulse durati¢® 60.

11[ 1201 [

—_—

was fixed at 60ms. Stimulus efficiency (measured J l [ 601 l

response latency to stimulus) decreased significanily l_I_l ’—[—‘

with increasing pause duration. Values are means +95% 0 i . ! i ' i . . i .
confidence intervals N=5). DC, duty cycle (pulse 30 60 120 180 240 75 15 30 60 120
duration/pulse period); NS, not significant. Puse duration (ms) Pause duration (ms)

approached the range found @ orni songs (40—-120ms). latency between the 6 and 9kHz tones indicate that these are
Experiment 3 demonstrated that both the duty cycle and thenlikely to enhance song discrimination significantly between
pulse duration were not correlated with the response latenc§, barbaraandT. quadrisignatasongs.
suggesting that duty cycle variation is unlikely to be
responsible for the effects observed in Experiment 4. Rather, Auditory nerve recordings
C. barbaramales respond preferentially to continuous songs C. barbaramales were more stimulated to sing by some
or to signals with short periodic pauseslf ms). frequencies than others. Importantly, the previous experiment
The previous experiments demonstrate t@atbarbara also demonstrated that cicadas were able to discriminate
males discriminate continuous trills from pulsed songs (ifrequencies differing by only 1kHz (e.g.v@rsus4 kHz). To
pulses=30 ms). Using this temporal cue alone, however, is noinvestigate if this discrimination could be attributed to
sufficient to discriminate the conspecific song from the songdifferences in overall excitation of the auditory system,
of some sympatric species (e.@ibicina quadrisignata, frequency-dependent excitation at the auditory nerve (AN) was
Fig. 2B). Hence, we further investigated if differences in thaneasured in seven males (Fig. 6). The frequencies 3kH and
frequency spectrum might be used as a complementary cue #kHz induced the largest but similar levels of AN excitation
species discrimination. at the three intensities tested. This demonstrated that the

frequency discrimination observed in the behavioural
Experiment 5: can differences in frequency spectrum be used

to improve song discrimination between two trilled songs?

Both C. barbaraandT. quadrisignatasongs are continuous 180 -
trills, but the former has a main frequency spectrum pea
around 6kHz whereas the latter is centred around 9kH
(Fig. 2B). Hence, spectrum differences might be used to he 120 1 [ {
discriminate between these signals. We investigated if (i
significant differences in response could be observed betwe l
different frequencies and (ii) if certain frequencies alone couls 607
be sufficient to elicit singing behaviour as well as the
conspecific song (Fig. 5). - |_I_‘

Significant differences in the response latency wert 3 4 5 9 15 15 C. barbara
observed between frequenci€s {g=24.2,P<0.001), withC. '
barbaramales discriminating tones differing by 1-2kHz (e.g. Stimulus frequency (kHz)
3 versus4 kHz, P<0.01; 4versus6kHz, P<0.01). The most

e.ffec':tllve tO”E:‘S were 6 and 9kHz, bUt, ma.Ies could MCmale was stimulated with six sinusoidal tones at 80 dB SPL and the
significantly discriminate between these stimétQ.05). On time taken by males to respond was measured. The conspecific song

the other hand, only the 6 kHz tone induced singing behaviol,; the same sound intensity was presented for comparison. The 6 and
as rapidly as the conspecific sofyQ.05). 9kHz tones were the most attractive. Singing behaviour was

Thus, althouglC. barbaramales responded better to somefrequently not induced with 3 and 15kHz tones within 180s. Values
frequencies than to others, the small differences in the resporare means + 95 % confidence interv&ls14).

HH

——

Regonse &tency (s)

T

Fig. 5. Frequency discrimination b@icada barbaramales. Each
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1r structure for long-range communication, a feature common to
other insects (molecrickets: Ulagaraj and Walker, 1975;
crickets: Pollack and Hoy, 1979; grasshoppers: von Helversen
and von Helversen, 1994). Still, and unlike the present
findings, Doolan and Young (1989) reported that long-range
song recognition by tethered flyinGystosoma saundersii
females was not affected by gross manipulation of the song
structure. A near ninefold increase in the pause separating
individual pulses had no significant effect on female steering
preferences. However, in the cicadgstosoma saundershe
frequency spectrum of the song could be used as a sufficient
cue for species recognition since, to our knowledge, there are
no other sympatric insect species using the same frequency
ol v v v v e channel (800Hz). Thus, evolutionary pressure to develop a

08}
06}
04} !

0.2

Auditory nervesuprathreshdlresponse(mV)

0 3 6 9 12 15 18 21 24 long-range recognition system sensitive to the temporal
Frequercy (kHz) properties of the signal might not have occurred.

_ ) On the other hand, f@. barbarathe temporal pattern alone
Fig. 6. Frequency-dependent auditory nerve  suprathreshold o ot syfficient for correct discrimination between all
response, estimated by the s_ummed excitation of the aUd'torP{eterospecific sympatric cicadas, since some also have
receptors. Values are meanN={). Error bars represent 95% . - —
confidence intervals. Variability at 70 and 90 dB SPL was similar t ontlnuogs SoNngs . (e.gT. qyadr|5|gnataa. We initially
that shown at 80 dB SPL. ypothesised that differences in the frequency spectrum could
enhance discrimination in such cases. Indeed, the frequency
content of a song was demonstrated to be important for species
experiments between 3 and 4kHz (Fig. 5) cannot be explaingdcognition in various insect groups (Popov et al., 1975;
by differences in overall auditory afferent excitation.yjagaraj and Walker, 1975; Bailey et al., 1990). However,
Moreover, aIthough 6kHz was the most effective tone ||’h|th0ugh the main Spectra| peaks Of barbara and T.
behavioural experiments (Fig. 5), the AN excitation inducedquadrisignatadiffer by approximately 3kHz, these differences
by this frequency was lower than the excitation at 3 and 4 kHzyere not observed to enhance song discrimination significantly.
both at 70 and 80dB SPL. Above 8kHz, AN excitation Thus, the song recognition system presen€inbarbara
decreased even further. males is able to discriminate songs that differ significantly in
the gross temporal pattern. This clearly reflected the ability to
. i discriminate stimuli on the basis of the pause duration
Discussion (Fig. 4B). A high-pass filter, possibly based on its temporal
Behavioural experiments: the role of time and frequency summation properties, may be responsible for the
domains in song discrimination discrimination ability described here (Weber and Thorson,
Cicada barbarais found sympatrically and synchronously 1989; Stumpner et al., 1991; von Helversen and von Helversen,
distributed with other cicada species, including the cloself1994). If present in females, such a recognition system would
relatedCicada orni These cicadas have specific mating signalgllow for efficient behavioural discrimination betwedéh
(Fonseca, 1994), and a pre-copulatory isolating mechanisbarbaraandC. orni males.
based on song analysis is believed to have evolved to maintain
species integrity. Indeed, some behavioural evidence indicate§requency-dependent behaviour: preferential attraction for
that acoustic analysis is important for the isolation of closely particular frequencies due to the tuned auditory system or
related insect species (Perdeck, 1957; von Helversen and von  active choice based on fine frequency analysis?
Helversen, 1994; Hennig and Weber, 1999). For cicadas, C. barbaramales demonstrated a behavioural preference for
however, only two studies have addressed the role of thepecific frequencies (Fig. 5). This behaviour is thought to be
different song parameters in species recognition (Doolan argbssible in cicadas through at least two mechanisms: (i) a tuned
Young, 1989; Daws et al., 1997), namely the temporal pattenperipheral auditory system that allows only some frequencies
and the frequency spectrum of the signal. to excite the central nervous system (CNS) (Daws et al., 1997)
We have demonstrated that specific manipulation of thand (ii) active choice based on fine frequency analysis in the
gross temporal pattern of the song significantly affected songNS (Fonseca et al., 2000).
discrimination. Indeed, experiments in which pauses were Daws et al. (1997) have shown that female frequency-
introduced into the conspecific song revealed thabarbara  selective phonotaxis in the bladder cicadzystosoma
males stopped responding when these pauses exceeded 3Gasndersiiwas associated with the strength of the auditory
(see Fig. 4B), a pause approaching what can be found in tkgstem’s response to an acoustic signal. At a defined sound
song of the closely related speci2sorni. Hence, the acoustic intensity, frequencies that evoked a stronger auditory
system ofC. barbaraclearly uses the gross temporal songexcitation were more attractive than frequencies causing a
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weaker excitation. Hence, the attractiveness of a particuldrand channel important for the detection of echolocation calls
sound frequency i€. saundersireflected the tuning curve of of bats (Nolen and Hoy, 1984). Hence, in cricket species only
the auditory system, as obtained by auditory nerve recordinga.categorical perception of frequencies seems to take place in
A similar mechanism has been suggested for other insetite brain (Wyttenbach et al., 1996).
species (Ulagaraj and Walker, 1975; Huber, 1983; Bailey et Cicadas are also likely to have a high frequency resolution
al., 1990; Pollack and El-Feghaly, 1993). at the periphery, with up to 2000 receptor cells in each ear.

In contrast, our results indicate that there is no correlatiorlowever, recently it was demonstrated that a good frequency
between the behavioural response and auditory excitation in resolution is maintained in the CNS (Fonseca et al., 2000). At
barbaramales. Indeed, the 3 and 4 kHz tones induced simildeast eight ascending interneurond ettigetta joseare tuned
peripheral auditory responses but a significantly differento different frequencies with Q4s values similar to most
behaviour, as measured by the response latency (Figs 5 andl6yer vertebrategwhere Q is a measure of frequency tuning
In the same way, there was a sevenfold difference in AMnd can be derived from a neuron’s tuning curve)ded
excitation between 4 and 12kHz at 80 dB, but both tones wedrresponds to the quotient between the frequency at which a
similarly effective in the behavioural experiments. Thus, thexeuron shows the lowest threshold and the bandwidth at 10dB
frequency-dependent behaviour observe@.ibarbaramales  above that threshold), providing that cicada with a capacity for
is not a consequence of differential excitation of the tunefine frequency resolution in the brain that is remarkably high
peripheral auditory system (see alseeBsus6 kHz, Figs 5 and for insects. Here, we showed that individ@albarbaramales
6). Rather, this behaviour seems to involve fine frequencgan discriminate frequencies that differ by 1-2kHz (see
analysis in the central nervous system (CNS), which has be@&+6kHz, Fig.5). Thus, this behavioural data similarly
physiologically demonstrated in another cicada speciemdicates that cicadas have fine representation of frequencies
(Tettigetta joseiFonseca et al., 2000). Indeed, frequencies thah the CNS.
induced similar responses at the auditory nerve were
discriminated in behavioural experiments. Moreover, the most We thank Tim Guilford, Rafael Marquez and Manuel
attractive frequency was 6 kHz. This frequency corresponds 0armo Gomes for earlier discussions on the experimental
the main spectral peak of the calling song but induces a weakg#gsign. M.A.R. was funded by PRODEP, Medida lIl.
peripheral excitation than other frequencies (e.g. 3 and 4 kHz).
If the frequency information was instead processed through an
intensity-dependent system, as is believed to occuC.in References
saundersiiDaws et al., 1997). barbaramales would present Bailey, W. J., Cunningham, R. J. and Lebel, L(1990). Song power, spectral
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