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Abstract. Male grasshoppers of the species Chorthippus 
biguttulus react to female songs with a characteristic turn 
towards the female. The probability of turning towards 
female song models was used to evaluate those parame- 
ters which are essential for a signal to be interpreted as 
female song. 

1. The shape of sound pulses turned out to be most 
decisive; pulses with ramps rising gradually over 3 and 
more ms were efficient (Figs. 2, 3), whereas rectangularly 
modulated pulses evoked only weak responses and only 
when pulse intervals were between 3 and 5 ms (Fig. 2). 
The decline of a pulse did not influence its efficiency 
(Fig. 3). In particular, pulses with sudden onsets and 
gradual declines were as weakly effective as rectangularly 
modulated ones and thus remarkably less effective than 
pulses with ramp-like onsets (Fig. 4). 

2. Intensity tuning curves suggest, that the absolute 
steepness of ramps (expressed as ~tbar/ms) is detected by 
the grasshopper nervous system (Figs. 6, 7), possibly by 
processing the delay in excitation onset of at least two 
receptor types differing in threshold sensitivity. 

3. The sawtooth shape of pulses in female signals is 
suggested to be adaptive with respect to directional hear- 
ing. 

Key words: Acoustic pattern recognition - Envelope of 
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Introduction 

For all orthopteran species investigated so far, a most 
decisive feature for recognition of species specific song is 
amplitude modulation, i.e. a specific temporal pattern of 
sound pulses and intervals. This is evidenced by the 
enormous variety of species specific song patterns in 
various orthopteran groups, and has been confirmed 
experimentally whenever the efficiency of artificially var- 
ied song pattern was tested (for reviews see Dumortier 

1963; Eisner and Popov 1978; v. Helversen and v. Hel- 
versen 1987; Ewing 1989). Short rise times, often referred 
to as 'transients', were found to essentially influence the 
effectiveness of acoustic patterns (Busnel and Loher 
1961; Busnel 1963). Indeed, stimuli with syllables the 
onsets of which had been accentuated by an additional 
short pulse at the beginning, were preferred to rectangu- 
larly modulated ones by females of Ch. biguttulus (v. 
Helversen and v. Helversen 1983). But apart from these 
studies the general importance of such rapid rise times 
never has been investigated. 

However, the shape of pulses might be an essential cue 
for discrimination of male and female song in the grass- 
hopper Chorthippus biguttulus. In this species the pattern 
of stridulatory movements is principally the same in both 
sexes; as a rule, 3 down- and upward movements of the 
hindlegs rubbing against the elythra generate 6 short 
sound pulses, which are grouped to a syllable by insertion 
of a short stop before the next downstroke (Elsner 1974). 
The shape of such pulses, however, is distinctly different 
in the signals of both sexes, male pulses having nearly 
rectangular envelopes, whereas female pulses are charac- 
terized by a rise time in the order of some milliseconds 
(Fig. 1 and v. Helversen and v. Helversen 1983). This led 
to the hypothesis, that slowly rising ramps might be 
important for recognition of female song. 

This can be tested using a peculiar behaviour of Ch. 
biguttulus; a male hearing a female song in reply to its 
own stridulation is immediately alerted and abruptly 
turns toward the sound source, moves forward a short 
distance, then sings again and waits for the next answer. 
This characteristic turn occurs exclusively in response to 
a female signal, never in response to the song of another 
male. Therefore, when a male is tested with artificial 
sound models, its turning probability will indicate to 
what degree a given sound pattern is interpreted as 
female song. 

In a first series of experiments, rise time of pulses will 
be shown to be a decisive feature in recognition of female 
song, then it will be asked whether rising and declining 
ramps are of equal importance, and finally intensity 



634 D. von Helversen: Recognition of ramps 

,, I[ 

10 ms 

syllable interval 
r---- syllable - - {  I 

C 

pulse  pu l se  in te rva l  

Fig. 1. Parts of male (a) and female (b) song pattern in Chorthippus 
biouttulus, demonstrating the different pulse shape in the sounds of 
the two sexes. The characteristic syllable structure of the song was 
present in all song models, represented by two examples with ramp 
times of 0 ms (e) and with a rising and declining ramp of 3 ms (d) 

tuning curves will be measured to reveal whether 'steep- 
ness' or 'duration of rise time' is the parameter detected 
by the nervous system of the animal. 

M e t h o d s  

Chorthippus biguttulus males were taken from the field, kept in cages 
of 40 • 40 x 40 cm, and fed with grass (Dactylis glomerata), oat 
flakes, and fish food. 

The experiments were performed in a reflection-attenuating 
room at temperatures between 28 ~ and 30 ~ and under dimmed 
illumination, in order not to disturb the animals by movements of 
the experimenter. During tests the male moved freely on a cloth 
covered platform. Whenever the male began to sing spontaneously, 
its song triggered an artificial female song, broadcast via a small 
loudspeaker (AKG-acoustics, type DKC 29/51) from 20 cm later- 
ally. An efficient model caused the male to turn immediately to- 
wards the loudspeaker. This was recorded as a positive reaction. 
Before the male started the next song, the movable loudspeaker was 
rearranged, and while doing so, the stimulated side of the animal 
was changed frequently. The duet was continued until the male 
stopped turning and singing after about 3 up to 30 responses 
depending on the efficiency of the stimulus. A motivated male 
resumed singing within about 1 min. 

One type of sound model was offered for at least 20 times, then 
the next type was given. Sequence of stimuli was out of order, 
efficient stimuli followed unefficient and reverse. 

The artificial song models had been stored on a tape recorder 
(Racal 4 Ds). They passed an attenuator, which allowed the inten- 
sity to be varied in steps of 0.375 dB. Intensities are given in dB SPL. 
For this purpose, the intensity of a continuous noise the amplitude 
of which referred to the maximal amplitude of a test stimulus was 
measured (Bruel & Kjaer microphone 4133 and amplifier 2231). The 
frequency spectrum was between 2 and 12 kHz with a main band 

between 4-8 kHz, which is typical for the sound spectrum of the 
Chorthippus biguttulus female. 

Because in Chorthippus biguttulus the characteristic pattern of 
syllables and intervals turned out to be most important for recog- 
nition of species specific song when investigated in females (v. 
Helversen 1972), the characteristic species-specific song pattern was 
maintained in all artificial sound stimuli presented here. Syllables 
were between 70 and 80 ms with intervals of 12 to 15 ms inbetween, 
which is in the optimal range of efficiency. 

R e s u l t s  

(i) Efficiency o f  ramps 

I t  is imposs ib le  to  va ry  the shape  o f  pulses wi thou t  
s imul taneous ly  affecting the ra t io  o f  pulses and  intervals  
in a song model .  W i t h  r a m p s  becoming  less steep, effec- 
tive pulse in tervals  necessar i ly  increase  because  th resho ld  
in tens i ty  o f  a u d i t o r y  receptors  will be a t t a ined  la ter  in 
each pulse.  Therefore ,  to de te rmine  whe ther  r a m p s  o f  
pulses are  decisive for  a sound  pa t t e rn  to be recognized  
as female song,  a set o f  response  curves had  to be mea-  
sured,  in which  the pulse in terval  was var ied  for  each 
given r a m p  time. Pulses were c o m p o s e d  o f  r ising and  
fal l ing r a m p s  be tween which  the amp l i t ude  was kep t  
cons tan t .  T o t a l  d u r a t i o n  f rom the beg inn ing  o f  the r ising 
r a m p  to the  end o f  the fal l ing r a m p  was 8 ms. In  Fig.  2 
the p r o b a b i l i t y  o f  a tu rn ing  reac t ion  is p lo t t ed  for  4 
different  r a m p  t imes o f  pulses.  St imul i  wi th  r ec tangu la r ly  
m o d u l a t e d  pulses  el ici ted tu rn ing  responses  inf requent ly ,  
wi th  m a x i m u m  response  rates  o f  20% for pulse in tervals  
be tween 3 and  5 ms. However ,  efficiency o f  s t imuli  was 
ra ised dras t ica l ly ,  when  rise t ime o f  pulses was length-  
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Fig. 2. Turning probability of Ch. biguttulus to artificial song models 
(means of 6 males). Ramps of pulses (0, 1.2, 3, and 4 ms) were 
constant for each curve, duration of pulses was 8 ms, intensity was 
58 dB SPL at the maximum amplitude. Pulses were grouped to 
syllables of 70 to 80 ms duration, separated by pauses of 15 ms, 
pulse interval was varied. (n/data point: 91-153, 123-158, 105-184, 
129-206 for 0, 1.2, 3, 4 ms ramp time). Bars indicate 95% confidence 
intervals 
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Fig. 3. Turning probability to increasing ramp time of pulses (means 
and standard deviations of 6 males; n/data point: 198 273). Two 
types of pulses were used, one with symmetrically rising and declin- 
ing ramps, which allowed ramp times up to 7 ms at a constant pulse 
duration of 14 ms. The second type allowed rise times up to 13 ms, 
as the decline was within 1 ms. Pulse interval was 2 ms, intensity was 
55 + 3 dB at the maximum amplitude 

ened to 3 and 4 ms; the animals then continued the 
dialogue over 10 to 30 replies. With such ramp times 
pulse intervals of even 0 and 1 ms became effective, which 
indicates, that slower rise times created sufficiently long 
intervals between pulses. From this set of response curves 
it can be concluded, that the shape of pulses is decisive 
for recognition of female song. 

In the experiments so far, pulse duration was kept 
constant at 8 ms, which allowed rise and decay times up 
to 4 ms only. To investigate the efficiency of longer ramp 
times, a pulse duration of 14 ms (still accepted by males; 
v. Helversen, unpubl.) was chosen, allowing symmetrical 
pulses up to 7 ms ramp time (filled circles in Fig. 3) 
Further lengthening of ramps could be achieved, when 
the decline was reduced in favour of rise time (open 
circles in Fig. 3). With increasing ramp time mean turn- 
ing probabilities increased, too, reaching a saturation 
level at about 5 to 7 ms, regardless of whether the pulse 
ended abruptly or not. 

( ii) Efficiency of declining ramps 

As shown in Fig. 3, the 7 ms rise time pulses were equally 
effective irrespective of ending abruptly or declining 
gradually suggesting, that only rise time is important. 
This was tested directly in the following experiment, the 
results of which are given in Fig. 4. Three types of stimuli 
were presented; syllables, the pulses of which had slowly 
rising ramps (10 ms) and an abrupt end, and the mirror 
imaged ones, starting with a sudden onset and declining 
towards the end of the pulse. The third type of pulse was 
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Fig. 4. Efficiency of pulses with rising or declining ramps (means 
and standard deviations of 13 males) and rectangularly modulated 
pulses (mean and standard deviation of 8 males). Duration of pulses 
was 10 ms, intervals between pulses 2 ms 
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Fig. 5a, b. Turning probability to female model songs as function 
of intensity at 3 different rise times of pulses (1, 3 and 10 ms). a 
Reaction curves of an individual male (n/reaction curve: 215, 120 
and 182), b mean reactions of 6-8 males to the same stimuli at two 
different intensities. Note, that the animals discriminate between fiat 
and steep ramps already at threshold intensities (n/configuration of 
rise time and intensity: 161-237). Bars indicate 95% confidence 
intervals 
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Fig. 6. Intensity tuning 
curves of 10 males for 
model songs with pulses of 
10 ms (a) and 3 ms (b) 
ramps. Same symbols in a 
and b refer to the same in- 
dividual (n/reaction curve: 
91-369) 

modulated rectangularly at beginning and end, and thus 
was of  higher energy than the first two, which were of  
equal energy. Stimuli with rising ramps were significantly 
( P <  0.001; t-test) more efficient than stimuli the pulses 
of  which had declining ramps. The efficiency of  such 
pulses, however, when compared with purely rectangu- 
larly modulated ones were not significantly different 
(0.1 < P < 0.2; t-test). Thus, declining ramps do not sub- 
stantially influence efficiency. A comparison,  however, is 
problematic insofar, as the pulses to compare  differ with 
respect to intensity and gap width between pulses. 

(iii) Intensity dependence 

Pulses with different rise times - though equal with re- 
spect to their maximum amplitude ( = equal intensity, as 
defined here) - differ with respect to sound energy. 
Therefore, to find out whether the effectiveness, especi- 
ally the low effectiveness of  steep ramps,  might be due to 
differences in sound energy of  stimuli, intensity tuning 
curves were measured. In Fig. 5a a typical example of  
three response curves with rise times of  1, 3 and 10 ms 
is given for one individual male. Response curves for 3 
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Fig. 7. Turning probability 
plotted as function of 
steepness of pulses in 
female model songs. The 
turning probabilities refer 
to the data of 3 individual 
males (open symbols in 
Fig. 6a). For  each male 
two reaction curves are 
plotted, one derived from 
10 ms ramp time stimuli 
(open symbols) and one 
derived from 3 ms ramp 
time stimuli (filled sym- 
bols). Note that  every two 
curves of  a male have the 
same decline 

and 10 ms rise time are clearly bell-shaped, increasing at 
about the same threshold, but declining at different inten- 
sity levels. The efficiency of 1 ms rise time stimuli re- 
mained below 20% turning probability throughout the 
whole range of intensities. Figure 5b summarizes this 
result for several males; when the efficiency of pulses with 
abrupt onsets (0 or 1 ms ramp time) was compared to 
such with slowly rising ramps (3 and 10 ms) at a low 
intensity of 41+3 dB and at the most effective of 
56+ 3 dB, it turned out, that discrimination between 
steep and slow ramps is present already at threshold 
intensities. 

(iiii) What  is decisive - 'rise t ime'  or 'absolute 
steepness'  ? 

At a given maximum intensity the steepness of a ramp is 
entirely defined by the duration of increasing amplitude, 
but, of course, when the intensity level is changed, the 
absolute steepness of a ramp (measured as amplitude/ 
time) will change also. Therefore, a comparison of inten- 
sity tuning curves with different ramp times should re- 
veal, whether the 'duration of rise time' is measured or 
whether an 'absolute steepness' is detected by the 
auditory system. 

In Fig. 6 the turning probabilities of 10 males are 
plotted in dependence of intensity for two different rise 
times, 10 ms (a) and 3 ms (b). Whereas response thresh- 
olds were scattered over a broad range of intensities 
(though being similar for both response curves in in- 
dividual animals), the declines of reaction curves differed 
much less and were shifted about 10 dB in mean towards 
higher intensities for 10 ms ramp time stimuli. Such decli- 
nes at different levels of intensities should be expected 
when 'absolute steepness' of ramps is detected by the 

animal. Stimuli beyond a critical value become inefficient 
as they are classified as too steep to be accepted as female 
specific. Of course, for short rise times this critical value 
will be reached at lower intensities than for longer rise 
times, which causes the two curves to decline at different 
intensity levels. 

In Fig. 6 both curves (3 and I0 ms ramp time) had 
been measured for 7 animals. When for each male the 
shift between the two curves was calculated at a turning 
probability of 50%, a mean shift of 10.1 • 1.4 dB was 
found. This value is quite near to 10.46 dB which is the 
expected shift between the declines of two response cur- 
ves with ramps of 3 and 10 ms when steepness is detected. 

Therefore, when plotted against steepness, the declin- 
ing parts of the two intensity tuning curves with 10 and 
3 ms ramps should fall together. This is shown for the 
reaction curves of 3 individual males (open symbols in 
Fig. 6a). In Fig. 7, for each male the turning probability 
is different at a given steepness, but the declines for every 
two curves of a male are the same regardless whether 
derived from 3 or 10 ms rise time stimuli (filled and open 
symbols, respectively). When, similar to the calculation 
of the mean dB-shift, the steepness of every two intensity 
tuning curves is compared at the interpolated turning 
probability of 50 % a mean difference of only 3 :t: 15 nbar/ 
ms (n = 7 males) results between both reaction curves. 

Discussion 

The experiments reported here reveal sawtooth shaped 
pulses to be a decisive feature for recognition of female 
song in the grasshopper species Chorthippus biguttulus. 
Sound patterns with ramps beyond a critical steepness 
are classified as female sound. Moreover, only increasing 
ramps are decisive. Declining ramps seem neither to 
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improve nor reduce effectiveness of a signal, as shown in 
Figs. 3 and 4. 

For perception of a specific temporal pattern of sound 
and intervals, as it is so essential for all the species 
investigated so far, sawtooth pulses are surely not par- 
ticularly suited, as for the receiver, the pattern changes 
with increasing distance. Pulses are perceived to be short- 
er (reduced by that amount remaining below threshold) 
while the intervals appear enlarged. Therefore, the Innate 
Releasing Mechanism of a male for female song should 
accept sound patterns within a broad range of pulses and 
intervals. 

Not only the temporal pattern, but also steepness as 
such is perceived differently by a receiver nearby or far 
away. However, steepness below a critical value is impor- 
tant for female recognition. Therefore, with increasing 
distance a pattern will appear even more effective, as 
ramps will be perceived more fiat. Thus, there is no need 
for the grasshopper to evaluate a 'relative steepness', 
which would require some sort of gain control some- 
where in the neuronal network. 

Recognition of steepness may not be restricted to 
Ch. biguttulus. Flat ramps were also decisive for female 
recognition in Ch. brunneus, which is closely related to 
Ch. biguttulus, but this may be of significance in many 
other insect species, too, producing songs with charac- 
teristic rise times of pulses or syllables. The discrimina- 
tion ability between 'steep' and 'flat' is in the order of 1 
to 2 ms rise time at medium intensities, and must be 
based on a mechanism different of rise time recognition 
as e.g. in anuran auditory sytems, in which far longer rise 
times (ca. 10 to 20 ms), are discriminated neuronally 
(Hall and Feng 1988). 

Possible neuronal mechanism of steepness detection 

On the neuronal level the information on steepness can 
hardly be transmitted by a single receptor element. 
Spikes on a low frequency receptor fibre follow each 
other at about 5-10 ms (22 ~ Ronacher and R6mer 
1985). Such intervals and even spike intervals of 3 ms, as 
recorded in Ch. biguttulus at high intensities (Stumpner, 
pers. com.) would hardly suffice to reliably transmit 
information on rise times of the same order. Addition- 
ally, short pulses or pulses of low intensity would elicit 
only a single spike per pulse in most cases, and thus 
information about rise time would be lost. 

Therefore, more than one receptor type will have to 
cooperate for coding rise time. Information on rapid and 
slow rise time could be coded by a mechanism similar to 
that proposed for gap detection by Ronacher and R6mer 
(1985), in which the degree of synchronization in a group 
of receptor elements could be used to neuronally distin- 
guish between rapid and slow rise times. However, it is 
difficult to imagine, how the difference between rapid and 
slow rise times could be coded at low intensities, at which 

- according to Fig. 5a, b - the animal is able to discrimi- 
nate between rapidly and slowly rising ramps. 

In principle, two types of receptors with different 
thresholds would be well-suited to translate steepness 

into a latency difference. Rectangularly modulated pulses 
then would excite both types of receptors simultaneously, 
whereas slow rise times would bring about a delayed 
onset of activation of the less sensitive receptor type. This 
time delay in excitation could be processed by postsyn- 
aptic interneurons, functioning either as detector ele- 
ments for steep ramps (excitation only when both recep- 
tor types are active simultaneously) or smooth ramps 
(inhibitory influence of the less sensitive receptor type 
would lead to excitation only when delayed). 

Anatomical and physiological data are consistent with 
this hypothesis of steepness detection. In the low fre- 
quency range three receptor types, mainly characterized 
by their different thresholds, have been described (R6mer 
1976, for Locusta and Stumpner, Ronacher unpubl, for 
Ch. biguttulus). These elements may not only function in 
intensity partitioning (R6mer 1976), but permit rise time 
recognition as well. 

On the level of interneurons, too, many examples have 
been described, demonstrating the complex interactions 
of inhibitory and excitatory inputs on interneurons 
(R6mer et al. 1981; R6mer and Marquart 1984; Mar- 
quart 1985) for Locusta; and Stumpner and Ronacher 
1991; Stumpner et al. 1991 for Ch. biguttulus). Further 
electrophysiological studies should reveal, whether such 
units could work as detector for smooth ramps. 

It seems worthwhile to mention that males were able 
to discriminate between slow and steep ramps even at 
very low intensities (Fig. 5). If the proposed mechanism 
is working, one asks for the threshold of the sensitive 
receptor type. We observed in a highly motivated male, 
that the threshold for a turning response was 3 dB above 
the threshold for a stridulatory answer. Possibly, turning 
needed excitation of receptor elements with different 
thresholds. A sensitivity difference of 3 dB between two 
receptors seems to be a very low value, but - see v. 
Helversen and Rheinlaender (1988) - it might be suf- 
ficient for evaluation of a detectable time delay. 

Consequences of sawtooth shaped pulses for directional 
hearin 9 

At first sight, clicks or pulses with steep ramps seem to 
be best suited for directional analysis of sound, and that 
is actually true for vertebrates, which evaluate the time 
lag between the arrival of sound at their two ears. Grass- 
hoppers also could evaluate time delays (M6rchen et al. 
1978; Rheinlaender and M6rchen 1979) but these delays 
are created internally by the intensity dependent latency 
of the tympanal elements. Such binaural time differences 
between excitation on both sides would be further en- 
larged by ramped pulses, as threshold will be reached 
later on the side away from sound. This was already 
pointed out by Adam (1977) who showed that the inten- 
sity dependence of latency becomes less steep with rising 
ramps. That time delays in the order of a ms are indeed 
relevant in the lateralization process could be demon- 
strated in behavioural experiments on the acuity of lat- 
eralization in Ch. biguttulus; lateralization of a sound 
source was possible entirely on the basis of temporal 
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differences in the t y m p a n a l  nerves (v. Helversen  and  
R h e i n l a e n d e r  1988). 

The  neu rona l  m e c h a n i s m  o f  l a te ra l i za t ion  based  on  
t ime d e p e n d e n t  inh ib i t ion  a n d  exc i ta t ion  m a y  be very 
s imi lar  to  the  one d iscussed for  s teepness  detec t ion .  In  
b o t h  mechan i sms  a t ime de lay  is eva lua t ed ;  for  la te ra l iza-  
t ion,  be tween  r ecep to r  e lements  o f  the  same th resho ld  
bu t  on  different  b o d y  sides, and  for  s teepness  de tec t ion ,  
be tween  recep to r  e lements  o f  different  th resho lds  on the 
same b o d y  side. 
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