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Summary. In behavioral experiments on females 
of the acridid grasshopper species Chorthippus bi- 
guttulus the relationships between pattern recogni- 
tion and directional hearing were examined. 

1. The grasshoppers displayed no capacity for 
direction-specific pattern recognition. That is, 
when two effective sound patterns were presented 
from different directions, superimposed in time so 
as to form an ineffective pattern, neither signal 
elicited a singing response no matter how different 
the directions were (Fig. 1). 

2. The behavior of unilaterally deafened grass- 
hoppers was used to study the attenuation of con- 
tralateralty incident sound (and to obtain a direc- 
tional characteristic). With pulsed noise signals 
(bandwidth 3-40 kHz), the threshold curve for 
contralateral presentation was shifted by ca. 8 dB 
as compared with ipsilateral presentation (Figs. 2 
and 3). 

3. The grasshoppers responded to two ineffec- 
tive patterns superimposed to form an effective 
pattern, even when each tympanal organ was re- 
ceiving only one of the ineffective patterns (Figs. 5 
and 7). Therefore the pattern of excitation that 
corresponds to an effective sound pattern could 
only be produced in neurons above the receptor 
level, presumably in the metathoracic ganglion. 
Evidently the input functions of the two tympanal 
organs are added (or processed in a manner equiv- 
alent to addition), before they enter the process 
of pattern-recognition. 

Introduction 

Auditory communication among grasshoppers re- 
quires two major forms of auditory-system func- 
tion: the conspeeific signals must be recognized- 

that is, detected as distinct from many other envi- 
ronmental acoustic events, some of them very simi- 
lar, and responded to in a selective manner - and 
the partner emitting the signals must be located, 
at least to the extent that its direction is deter- 
mined. In acridid grasshoppers of the genus 
Chorthippus, the female bears most of the responsi- 
bility for the first task, recognition of the conspe- 
cific song. That is, when the female is ready to 
mate, she responds (by singing) only to the calling 
song of males of her own species. The male, on 
the other hand, is chiefly responsible for determin- 
ing the location of a responding female and going 
to her. 

That acridid grasshoppers, both male and fe- 
male, have a fairly elaborate system for analyzing 
the direction of sound stimuli has already been 
demonstrated by a number of excellent neurophy- 
siological studies. For example, the directional 
characteristic of the tympanal organs is quite well 
known (Autrum et al. 1961; R6mer 1976; Adam 
1977; Miller 1977), as are the basic features of 
directional analysis at the level of thoracic inter- 
neurons (Rheinlaender and M6rchen 1979; R6mer 
et al. 1981); the latter work has examined the influ- 
ence of latency as well as that of differences in 
spike frequency. In fact, a beginning has been 
made in the study of the central nervous represen- 
tation of sound directions (Adam 1977). Adam 
found central neurons with specific, narrow direc- 
tional sensitivity, which could not be explained 
from the directional characteristics of the tympanal 
organs simply by amplification or inhibition. It 
seems possible, then, that the grasshoppers might 
be capable of relatively complex behavioral 
achievements such as direction-specific pattern rec- 
ognition. 

The behavioral experiments described here 
were designed to explore the extent to which these 
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two processes, pattern analysis and determination 
of direction, are coupled, and to reveal whether 
in various instances they operate in parallel. Are 
the grasshoppers capable of  direction-specific pat- 
tern recognition? That is, can they distinguish from 
one another the signals emitted simultaneously 
from several sound sources? Are the input func- 
tions from the two ears conducted independently 
to a pattern-analyzing system, or are they first pro- 
cessed to give a single function which is then input 
to a pattern detector? 

Material and methods 

Animals. All experiments employed virgin female Chorthippus 
biguttulus, which had been caught as subadult larvae in the 
field (southern Germany) or raised from eggs in the laboratory. 

Apparatus. Most of the experiments were done in a sound- 
attenuating room heated to 28~ ~ C. Two piezoelectric loud- 
speakers (LI and L2) were mounted about  1.2 m above the 
floor, 2 m apart  from one another. A third speaker (L3) was 
attached to a movable arm so that  it could be rotated about  
the midpoint  of the line connecting L1 and L2. (In some of 
the experiments condenser loudspeakers were used.) In the 
center of  this arrangement was the experimental animal, entirely 
free to move on a small disk of foam rubber. The socket bearing 
this disk could be shifted so that  if the animal walked or turned 
so as to change its position with respect to the loudspeakers, 
it could be gently brought  back to the standard position. A 
marker suspended from the ceiling served as a reference, by 
which the grasshopper could be positioned in the center of 
the sound field to within a few millimeters. A red lamp in 
the otherwise dark room warmed the central position, which 
gave the animal an incentive to stay there. 

The female grasshoppers are very easily disturbed by vibra- 
tion, drafts and the like, in which case they cease to sing in 
response to male song (sometimes for long periods). The room 
was darkened so that  the animals would not be excessively 
disturbed by the movements of  the experimenter. 

The artificial songs presented to the females were noise 
pulses (syllables) with an approximately flat spectrum (_+ 6 dB) 
in the range of about  3 4 0  kHz. In order to present patterns 
via the two loudspeakers that  were in a precisely defined phase 
relation to one another (see Results), the onset of one pulse 
triggered a delay element, the output of which in turn triggered 
a timed modulator  that  determined the durat ion of the delayed 
pulse. The original pattern (noise syllables of 80 or 40 ms, sepa- 
rated by pauses of 20 or 60 ms, respectively) was sent to loud- 
speaker L1 by way of a power amplifier, and the delayed pat- 
tern, amplified by a second power amplifier, could be switched 
between loudspeakers L2 and L3. The gain of the power ampli- 
fiers could be reduced in 1-dB steps. The intensity of the two 
patterns could be changed simultaneously in fixed steps by 
means of an at tenuator at the output of the noise generator. 

The output voltage of the power amplifier (frequently 
tested with a digital voltmeter) was used as the measure of 
sound intensity. Calibration was done with a B&K precision 
sound level meter in dB SPL (Briiel & Kjaer, measuring amplifi- 
er 2606 with microphone 4133, using 22.4-Hz filter). 

In general, the same noise source was used to produce both 
patterns. In the experiments in which two effective patterns 
were superimposed to form an ineffective one - that  is, coherent 
noise signals from two directions were superimposed - interfer- 

ence phenomena at the site of the animal were to be expected. 
Therefore the experiments were controlled with an arrangement 
in which noise signals independent of one another were pro- 
duced by two sources of identical spectral composition. (This 
was accomplished by recording the output  of the noise genera- 
tor on two channels of a tape recorder (Racal 4D) in two sepa- 
rate operations, and using the two recorded channels as noise 
sources.) This modification of the experiment produced no dif- 
ference in the behavioral results. The problem of interference 
does not arise in the experiments in which two ineffective pat- 
terns were superimposed to produce an effective one, because 
in this case the patterns were shifted in time such that  the 
two speakers were never active simultaneously. 

Experimental procedure. An individually identified female in 
responsive condition was carefully placed on the foam-rubber 
disk and brought  into the correct position with respect to the 
speakers by adjusting this substrate. Then the (5 s long) stimuli 
were presented, separated by an interval of about  30 s or more 
so as to allow the influence, if any, of the preceding stimulus 
to die out, and to minimize fatigue. The sequence of stimulus 
situations was continually altered, so as to average out  short- 
term changes in responsiveness. 

For  the measurements of threshold curves the traditional 
procedure, in which all the intensities to be tested are presented 
equally often and the response is expressed as the percentage 
of stimuli that  were effective, was rejected because the very 
long time required to complete a curve would make it essentially 
impossible to compare several threshold curves (for various 
stimulus conditions or directions). Therefore, because differ- 
ences in threshold were of the greatest interest, the following 
abbreviated procedure was used. 

Beginning with low intensities, an artificial male song 5 s 
duration was presented every 30 s, at intensities progressively 
adjusted as follows : if the female responded at a certain intensi- 
ty, the next stimulus was reduced in intensity by one step; 
if a stimulus elicited no response, the intensity of the next stimu- 
lus was increased by one step. With this procedure the stimuli 
are always at near-threshold intensities, so that  the female does 
not become fatigued by too-frequent exposure to high-intensity 
stimuli. A quiescent female could be presented with about  10 
to 30 stimuli in succession - often always responding at the 
same intensity - before it moved, at which time the series was 
terminated and the animal was repositioned. 

A plot of these data that  could be compared with tradi- 
tional threshold curves was obtained as follows. First a list 
was made of all the intensities at which the animal responded 
for the first time (when intensity was being increased) or the 
last time (decreasing intensity), and the frequencies of occur- 
rence of these transitional intensities were determined. This dis- 
tribution was plotted as a cumulative function (% of the total 
number  of all transitions - i.e., ' f i rs t '  or ' las t '  responses 
observed). This cumulative function coincides with the thresh- 
old curve (R-logI-curve) found by the more elaborate method 
mentioned above when the animals are highly motivated and 
respond persistently. (When they are less responsive, the cumu- 
lative functions may rise somewhat more steeply than the asso- 
ciated R-logI-curves.) Because the plot is based on the number  
of transitions between answering and not answering that  actual- 
ly occurred, all the curves reach the 100% level, even those 
for which the stimulus was a relatively ineffective pattern, which 
in an effectiveness test would not  elicit 100% responses (cf. 
threshold curve d in Fig. 7 and the effectiveness of patterns 
in which the 2nd half of the syllable was reduced by 6-9 dB, 
Fig. 6). 

Surgical operations. Some of the female grasshoppers were deaf- 
ened on one side by cutting a window in the cuticle of the 
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thoracic sternum through which the tympanal nerve was cut 
near its entry into the metathoracic ganglion; then the window 
was replaced and fixed in position with wax-colophonium. In 
an earlier series of experiments several animals had been deaf- 
ened by destruction of the receptor organ itself, with a very 
fine-tipped hot soldering needle inserted through the tympanal 
membrane in the vicinity of the receptor cells. In both cases 
some of the animals soon began to respond again, so that they 
could be tested by the usual procedures. The results of the 
surgery were confirmed by post-mortem examination. 

Results 

Is there direction-specific pattern recognition ? 

The experiment designed to answer this question 
was as follows: Synthetic sounds representing 
modifications of  the conspecific song were pre- 
sented to a female grasshopper simultaneously by 
two loudspeakers. In one case each of  the two stim- 
uli was a pattern effective in eliciting a singing re- 
sponse, but superposition of the two stimuli in a 
single source produced an ineffective pattern. In 
the second the reverse was true: two stimuli inef- 
fective in themselves formed an effective pattern 
when superimposed in a single source. When the 
two loudspeakers are side by side, one would ex- 
pect the grasshopper to give no response in the 
first case and to respond in the second case (super- 
position to give an effective pattern). If  the angle 
between the two loudspeakers is increased step by 
step, with one speaker kept in position and the 
other moved over an arc about the female, her 
behavior must reveal whether her identification of  
the sound is direction-specific. If so, in the first 
case she should begin to respond as soon as the 
speakers are far enough apart that she can identify 
the sound as two separate, effective patterns com- 
ing from different directions. In the second case 
she should cease to respond as soon as she can 
detect that the two components of the sound are 
coming from different directions. 

The pattern of  the song of  Chorthippus biguttu- 
lus (von Helversen 1972) is such that two suitable 
artificial pattern combinations can easily be con- 
structed, as illustrated in Fig. 1. A pattern that very 
effectively elicits a response of female Chorthippus 
biguttulus is a simple series of noise pulses (sylla- 
bles), 80 ms in duration and separated by 20-ms 
pauses (termed pattern 80/20). This syllable-pause 
sequence was presented for 5 s (giving a total of  
50 syllables). When two such patterns are pre- 
sented 180 ~ out of  phase, the result is a 30/20 pat- 
tern, in which relatively loud syllables alternate 
with lower-intensity 'pauses'  (see Fig. 1, upper 
left). A 30/20 pattern is entirely ineffective for fe- 
male Ch. biguttulus, even if the 20-ms pauses are 
silent. 

Conversely, two patterns can be found that are 
in themselves ineffective, whereas together they 
produce the effective 80/20 pattern. Two 40/60 pat- 
terns (40-ms syllables, 60-ms pauses) are timed 
such that the syllables are contiguous, forming a 
continuous 80-ms noise pulse (Fig. 1, upper right). 

Figure 1 shows the results of  this experiment. 
The effective pattern 80/20, when presented alone 
over one of the two speakers, regularly elicits a 
response (hatched columns in the left half of  the 
picture). When the same pattern is also presented 
over the second speaker, but 50 ms shifted in time 
with respect to the first, as expected the female 
fails to respond (white columns, left half of  the 
picture). When the angle between the two speakers 
is increased she still does not respond - even when 
the speakers are opposite one another, on the right 
and left sides of the animal (as can be seen, e.g., 
in Fig. 5). 

Evidently the female grasshopper cannot dis- 
tinguish the patterns coming from different direc- 
tions; whatever the positions of the loudspeakers, 
the sounds they emit are superimposed to form 
an ineffective pattern. 

The behavior of a female presented with a 
sound in which two ineffective patterns combine 
to give an effective pattern is consistent with this 
result (right half of  Fig. 1). Regardless of the angle 
between the two speakers, the grasshopper always 
responds to the composite sound (black columns). 
That is, the females respond to components that 
come from different directions and at the tympanal 
organ superimpose to form an effective pattern, 
just as though this pattern were from a single 
source. Together with the result of  the first experi- 
ment, this behavior demonstrates that the informa- 
tion reaching the pattern-recognition apparatus is 
the sum of the signals arriving from various direc- 
tions, the total input function of a tympanal organ. 

The grasshopper, then, is not capable of  dis- 
secting a sound pattern into its component direc- 
tions before it is classified. 

How do the inputs to the two tympanal organs 
interact in pattern analysis'? 

The preceding experiment shows that no direction- 
al analysis of  the components of a sound signal 
precedes its processing in the pattern-recognition 
apparatus. 

Taking the experiments a step further, we can 
learn whether the grasshopper will still respond 
even when each of the two tympanal nerves is 
transmitting an ineffective pattern, so that the two 
ineffective patterns can combine to form an effec- 
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Fig. 1. Response frequencies of Chorthippus 
biguttulus females to patterns from two loudspeakers. 
Loudspeaker L1 (black) was fixed at a distance 1 m 
in front of the grasshopper, while loudspeaker L2 
was moved in 30 ~ steps along a circle centered on the 
animal. The bar graphs at each L2 position show the 
frequency of responses to L1 alone (left bar in each 
graph) and to L1 + L2 (right bar in each graph) as 
a percentage of the stimuli presented (25-28 tests at 
each position), In the left half of the circle two 
effective stimulus patterns combined to give an 
ineffective pattern, in the right semicircle two 
ineffective patterns combined to give an effective one 
(see schematic representations of the sound at the 
top of the picture) 

tire one only inside the animal, at the neuronal 
level. 

This experiment requires that each tympanal 
organ is stimulated independently, which could be 
done with miniature earphones. However, it is im- 
possible to attach such earphones to a freely mov- 
ing grasshopper. The situation can be simulated, 
though, by presenting loudspeaker stimuli at an 
intensity just great enough to elicit a response on 
the side toward the sound source but  too low to 
activate the side away from the source. 

To do such an experiment, one must know the 
directional characteristic of the tympanal organ. 
Moreover, the attenuation of the sound by the ani- 
mal's body must be sufficient, in comparison to 
the slope of  the threshold curves. The following 
sections describe this attenuation and the slope of  
the threshold'curves as measured in several fe- 
males. 

Attenuation of laterally incident sound. The degree 
to which sound coming from one side is attenuated 
on the opposite side by the grasshopper's body 
can be measured in a behavioral experiment, by 
comparing the threshold curves for response of 
unilaterally deafened feniales to sounds coming 
from the two sides. The difference between the two 
curves corresponds to the attenuation. The attenu- 

ation was measured with the same artificial sounds 
- the same carrier-frequency spectrum, in particu- 
lar - as in the other experiments reported here, 
to facilitate comparison. 

In order to leave both tympanal organs com- 
pletely intact, so that their sound-attenuating 
properties would be retained, the measurements 
were done with two females, in each of which one 
tympanal nerve had been transected. Despite this 
surgery, both animals continued to respond in the 
experimental situation for many days. The two 
threshold curves were found by presenting stimuli 
from the right and left sides in continuous alterna- 
tion. 

In Fig. 2 the threshold curves so obtained (see 
Methods) from female 81-bl are shown as an exam- 
ple. Measurements were taken on two days, and 
although the thresholds were different (because of  
differences in motivation) the distances separating 
the two curves, the measure of  attenuation, were 
nearly identical, 8.5 and 9 dB. 

Comparable results were obtained with 5 other 
females in which, for earlier measurements, the re- 
ceptor cells and the tympanal membrane near them 
had been destroyed mechanically and by the action 
of heat (see Table 1). On the average, then, the 
attenuation of laterally incident sound at the side 
away from the source can be taken as about  8 dB. 
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Fig. 2. Threshold curves for the response to laterally presented 
sound signals (carrier frequency spectrum ca. 3-40 kHz) of a 
female Ch. biguttulus with transected left tympanal nerve. The 
female was tested on two days. On 23.7 the threshold was lower, 
but the distance between the curves for sound from the left 
and from the right remained the same. Transitions between 
not responding and responding are plotted cumulatively (see 
Material and methods), with 21 and 22 transitions on 21.7 and 
38 and 34 on 23.7 

Table 1. See text 

Animal Method of eliminating Attenuat ion 
tympana1 input from ipsi- to 

contralateral 

77-s 
77-19 
77-23 
80 li Fe bl 
80 r Fe bl 
81-bl 
81-r 

Tympanal  membrane 
pierced, cells of tympanal  
organ destroyed by heat 

Tympanal  nerve transected 

8 and 9.5 
7.4 
8.4 
7.5 
6 and 6.5 
9 
8.5 and 9 

With one of the unilaterally deafened animals 
(2 77-23), after the lateral attenuation had been 
measured a complete directional characteristic (in 
30 ~ steps) was obtained. The result is shown in 
Fig. 3. 

The threshold curves of  7 females, all highly 
motivated, are shown in Fig. 4. In all cases the 
response saturates at ca. 6-8 dB above the thresh- 
old intensity. Therefore, if an intensity is chosen 
at which the response probability is just at the 
100% level or slightly below it, it can be assumed 

f ronta[  
0 o 

180 o 
Fig. 3. Directional characteristic of the tympanal organ of a 
unilaterally deafened female Ch. biguttulus, measured with a 
stimulus pat tern having a carrier-frequency spectrum from 3 
to 40 kHz. At  each position the intensity was raised from a 
low level in 3-dB steps, until a level was reached at which the 
female began to respond. Each point represents the mean of 
8 to 14 such trials, with the positions tested in various sequences 
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i 
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Fig. 4. Threshold curves for the singing response of 7 intact 
female Ch. biguttulus to pattern 80/20 presented from the side. 
The individual curves are based on between 17 and 45 transi- 
tions between not responding and responding (see Material and 
methods) 
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Fig. 5. Effectiveness of composite 
artificial sound stimuli from two 
directions. The upper row of drawings 
(A, B, C) shows positions of the 
loudspeakers with respect to the female 
for which the response frequencies 
shown in the middle were obtained. 
Left bar graph corresponds to the 
pattern 40/60 shown at lower left, 
which together formed the effective 
pattern 80/20. In the right bar graph 
the patterns shown at lower right were 
tested: two effective patterns 80/20 
combined to form an ineffective 
pattern 

that the intensity at the side away from the sound 
source will be so attenuated as to elicit very few 
or no responses. This allows to study the interac- 
tion of  two acoustical inputs from both sides of  
the animal, each of which is only suprathreshold 
on the side of the sound source. 

Interaction of binaural inputs. It follows from the 
above considerations that the intensity of sound 
from a loudspeaker on one side of  the animal can 
be adjusted so as to be suprathreshold (for a be- 
havioral response) on that side and subthreshold 
on the other. With two such loudspeakers, one on 
each side of  the animal, independent patterns can 
be presented to the two sides, and the question 
whether an effective pattern of excitation can be 
generated within the animal by two ineffective stim- 
uli can be investigated. 

This experiment is illustrated in Fig. 5. The 
speakers are 1 m apart, one on each side of the 
female. The stimuli were the same sound patterns 
as in Fig. 1, but now emitted lateral to the animal 
at an intensity adjusted individually for each ani- 
mal so that it was just under the saturation level 
of the threshold curve. 

First consider the result of  presenting the two 
ineffective patterns (again 40/60), superposition of  
which produces an effective pattern. In this situa- 
tion - as expected - the single pattern alone elicits 
hardly any response (case A), whereas the grass- 
hopper responds strongly to the composite pattern 
produced with the speakers side by side (case B). 
In the critical experiments, in which both sides are 
stimulated with ineffective patterns (case C), the 
animal also responds. The effectiveness of  the corn- 

bined stimulus was only slightly less in case C than 
in case B. And precisely the reciprocal result is ob- 
tained with two effective patterns that in combina- 
tion form an ineffective one: in arrangement C 
the grasshopper hardly responds, even though each 
tympanal organ in itself receives an effective pat- 
tern. 

This outcome means that the two tympanal in- 
puts must be put together somehow in the CNS 
of the grasshopper before pattern analysis occurs. 
That is, the grasshopper is responding to a pattern 
that has only been completed on the neuronal level 
within its CNS. 

Control experiment. A fundamental requirement 
for the experiment illustrated in Fig. 5 is that the 
tympanal organ contralateral to each loudspeaker 
not be exposed to a suprathreshold stimulus from 
that speaker (because of  its directional characteris- 
tic). If  this condition is not met, the interpretation 
of the result can be called into question. In experi- 
ments on intact animals, 'suprathreshold'  can 
mean only a behavioral threshold - in this case 
the singing response of  the female. Clearly, a sound 
intensity too low to elicit a behavioral response 
might still be exciting some or even many units 
in the tympanal nerves, so that their subthreshold 
influence might have made itself felt in the special 
situation imposed by the experiment. As a check 
on the binaural-mixing experiment, therefore, an- 
other experiment was done in which the line of  
argument does not require that the excitation on 
the contralateral side be subthreshold, as follows. 

Consider the situation in which speakers ar- 
ranged as in Fig. 5 C, one on each side of  the ani- 
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Fig. 6a, b. Effectiveness of simulated songs with graded pulse amplitudes. Pattern 80/15 was modified by reducing the intensity 
of the second half of the syllable (a) or the first half (b) in 3-dB steps. (The curves for the individual females are based on 
40-200 stimulus presentations per data point) 

mal, are emitting the sound patterns shown on the 
left in Fig. 5. The patterns produced at the two 
tympanal organs are then mirror images of one 
another. On the side of the speaker first activated 
the first half of  the syllable is unattenuated and 
therefore louder than the second, which undergoes 
8 dB attenuation by the body of the animal. On 
the other side the second half of  the syllable is 
louder, by the same amount, than the first. The 
assumption in the above binaural-mixing experi- 
ment was that the lower-intensity half of  each syl- 
lable is not detected by the tympanal organ as it 
was below the threshold. If, on the contrary, the 
responses observed resulted not from internal mix- 
ing but from detection of the entire composite syl- 
lable by each tympanal organ, one ought to be 
able to elicit equivalent responses by presenting 
similar 'graded-intensity'  syllables to only one 
tympanum. If graded-intensity syllables prove inef- 
fective in unilateral presentation, it follows that 
the effectiveness of bilaterally presented phase- 
shifted pulses is due to internal processing rather 
than to superposition at the periphery. 

The response to graded-intensity patterns was 
measured within intact females in a computer-con- 
trolled testing device. The two mirror-image pat- 
terns have very different effects on the females. 
When the beginning of the syllable is less loud than 
the rest, even by only a small amount, the pattern 
becomes much less effective (Fig. 6b). Conversely, 

if the syllable is loud at the beginning and becomes 
softer only in the second half, its effectiveness is 
no less and can be even greater when the intensity 
difference is small. Attenuation of the second half 
by 9 dB, however, makes the signal unattractive 
(at intermediate intensities) to most females 
(Fig. 6a). 

This experiment therefore leaves open the pos- 
sibility that the female in the experiment of Fig. 5 
might have been responding to the graded-intensi- 
ty pattern to which the tympanum on the side of 
the speaker first activated was exposed (i.e., louder 
in the first half of  the syllable). Therefore a further 
test was required, as illustrated in Fig. 7. Here 
threshold curves were obtained simultaneously for 
the same female under three conditions: (a)with 
phase-shifted half syllables of equal intensity from 
speakers opposite one another on either side of 
the animal (situation C of Fig. 5); (b) with phase- 
shifted half syllables of equal intensity from speak- 
ers next to one another on one side of the animal 
(control, corresponds to situation B in Fig. 5); 
(c) with phase-shifted half syllables from speakers 
next to one another on one side of the animal, 
the second half syllable being attenuated by 6 or 
8 dB (simulation of the pattern produced on one 
side in (a)). 

Figure 7 shows that the threshold curves for 
(a) and (b) practically coincide with one another, 
whereas with the graded-intensity patterns asso- 
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Fig. 7. Threshold curves for the 
response of a Ch. biguttulus female to 
pattern 80/20 coming from a single 
direction (b) or produced by 
superposition of patterns from the 
right and left (a). Curves (c) and (d): 
threshold curves for patterns with 
graded amplitudes (second half of the 
syllable reduced by 6 (c) and 8 (d) 
dB, respectively), which when 
presented on one side simulate the 
pattern produced at the tympanal 
organ in the stimulus situation of (a). 
Inset illustrates schematically the 
patterns produced at the 
grasshopper's tympanal organs. 
(Number of transitions between not 
responding and responding for curves 
a to d: 60, 61, 62 and 24) 

ciated with curves (c) and (d) the overall intensity 
has to be increased by ca. 6 and 8 dB, respectively, 
to make them equally effective. Evidently, then, 
the latter patterns become effective only when the 
less loud parts of the pattern become suprathresh- 
old. 

When the stimulus intensity was below the 
threshold for the curve (c), therefore, the female 
must have been responding to patterns generated 
in the CNS by putting together the two inputs, 
which confirms the result described in the previous 
section. 

Discussion 

Directional characteristic 

In the large acridid species (Locusta and Schisto- 
cerca) the directional characteristic of  the tym- 
panal organ has been measured by several authors, 
chiefly with electrophysiological methods. With re- 
gard to the right-left difference of interest here, 
Autrum et al. (1961) found 15-22 dB in Locusta 
(multi-unit recording at 7 kHz). R6mer (1976) 
found that single receptor cells tuned to low fre- 
quencies had right-left differences between 8 and 
24 dB, whereas the high-frequency receptors (mea- 
sured at 20 kHz) all exhibited larger differences, 
between 18 and 28 dB. In his multi-unit recordings 
from the tympanal nerve Adam (1977) found that 
on average 8 dB was the maximum difference at 
6 kHz, and Miller (1977) made a corresponding 

finding. Michelsen (1971) and later, more exten- 
sively, Miller (1977) studied the tympanal organ 
with both electrophysiological and physical meth- 
ods. It turned out that at low frequencies a consid- 
erable amount of  sound was transmitted through 
the grasshopper body, so that the tympanal organ 
was operating as a pressure-gradient receiver, 
whereas at high frequencies little sound was trans- 
mitted through the body, which thus casts an ap- 
preciable sound shadow. As a consequence of these 
different effects, the sound-pressure-level differ- 
ence between sounds from ipsi- and contralateral 
sources over the entire frequency range is about  
9 dB. 

The disadvantage of the experiments done pre- 
viously was that the measurements required some 
dissection of the grasshoppers; for example, the 
hindlegs were almost always amputated. But the 
hind femora are immediately in front of the tym- 
panal organs, shadowing them in certain positions 
of the legs, so that removing them or even fixing 
them in a not-quite-natural position could have 
considerable influence on the directional character- 
istic (Adam 1983). 

For this reason, and because the results in Lo- 
custa cannot necessarily be applied directly to a 
considerably smaller animal such as Ch. biguttulus, 
it seemed advisable to measure the right-left differ- 
ence and a directional characteristic by behavioral 
criteria with freely moving animals. To make these 
measurements comparable with the other experi- 
ments described here, broad-band noise was used 
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(ca. 3-40 kHz), so that the results presumably re- 
flect an average over the two physical effects that 
predominate in different parts of  this range. The 
mean value of 8 dB is also confirmed by multi-unit 
recordings from the tympanal nerve of Ch. biguttu- 
lus done in collaboration with Adam. 

No direction-specific pattern recognition 

Our experiments show that the filter-system for 
species specific song of the grasshopper is not capa- 
ble of distinguishing different simultaneously pre- 
sented acoustic signals by their direction. In princi- 
ple, therefore, if two males were singing simulta- 
neously (and equally loudly and not in phase) the 
song of each would make that of  the other unre- 
cognizable. It is questionable whether this situation 
arises very often in nature, because the patterns 
of two males would be unlikely to be superimposed 
in precisely such a way as to disguise an entire 
chirp, and because the distances of the singers from 
the female would usually be different, so that the 
pattern of the nearer male could be distinguished. 
But this finding should not be ignored in discus- 
sions of the 'choral singing' of  insects. In experi- 
ments with tape-recorded sound simulating two or 
more simultaneously singing males as done by 
Morris et al. (1978) and Otte (1979) the phase rela- 
tion of the signals may greatly influence the effec- 
tiveness of the simulated song, if it produces pat- 
terns that do not correspond closely to the conspe- 
cific pattern. On the assumption that a male does 
not join in the song of another male specifically 
in order to disturb the latter's signal, one way for 
this concealment of the pattern by superposition 
to be avoided would be for the singers to synchro- 
nize their songs exactly. Indeed, synchronization 
has been observed in many species in the field 
(Walker 1969; Alexander 1975). In the case of 
Chorthippus biguttulus, however, the period of the 
pattern, at most ca. 100 ms (with pauses lasting 
only 10-20 ms), would probably be too small for 
exact synchronization of the song of two males. 
Male Ch. biguttulus can be observed to incide one 
another to sing, which in the field often leads to 
a chorus-like buildup of the singing of an entire 
small population, but males sitting close to one 
another tend to join in the song of a neighbor 
only after a relatively long latency, so that there 
are always fairly long periods during which only 
one animal is singing. 

It is interesting to consider whether tettigoniid 
and gryllid crickets are also incapable of direction- 
ally selective recognition. When gryllids hear two 
different simulated signals presented simultaneous- 

ly over two loudspeakers, they choose one of the 
patterns and track it phonotactically (see, e.g., Po- 
pov et al. 1977; Weber et al. 1981). When identical 
simulated songs are presented (with the chirps al- 
ternated so as to avoid acoustical interference) at 
equal intensity from two directions, the crickets 
could select one of the two sound sources, but they 
changed course fairly often, aiming first toward 
one and then toward the other (Weber et al. 1981). 
However, cricket tympanal organs are movable 
with respect to the body and the cricket was al- 
lowed to adjust its body axis freely, so that the 
demand of equal intensities on both sides could 
not be maintained throughout the experiment. 
These slight differences in loudness caused by the 
gryllids' turnings might have sufficed to extract the 
effective pattern from the superimposed. 

Summation of the stimulus pattern 
at the two tympanal organs 

The experiments have shown that the grasshopper 
evidently responds to a pattern that can be gener- 
ated at the earliest in its metathoracic g a n g l i o n ,  
Evidently there is some kind of addition (not neces,  
sarily in the exact mathematical sense) of the infor- 
mation carried in by the two tympanal nerves, be- 
fore the information is sent on to the 'pattern de- 
tector'. The effectiveness of patterns thus gener- 
ated in the CNS is usually not as great as that 
of  the same pattern presented externally on one 
side of the animal (cf. Fig. 5). This effect would 
be understandable on the assumption that the ad- 
dition process includes phasic components already 
present in the pattern. For example, at the summa- 
tion point an on-excitation would coincide with 
an off-excitation, and these might by no means 
compensate but rather produce and deliver to the 
pattern-recognition system a pattern that was not 
quite ' right'. 

The neuronal addition of signals arriving from 
the two sides could take place at a level as low 
as one of the auditory neuropils in the metathorac- 
ic ganglion. Kalmring (1975) found various inter- 
neurons in Locusta that summate contra- and ipsi- 
lateral excitation (and in some cases operate in a 
fairly intensity-independent manner). It is conceiv- 
able that interneurons of this sort are inputs to 
the ' pattern-recognition system'. 

Directional hearing and pattern recognition 

When female Chorthippus biguttulus respond to 
patterns with components coming from different 
directions, this of  course does not mean that the 
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grasshoppers are unable to discern the direction 
of a sound source but only that the pattern-recog- 
nizing apparatus cannot distinguish the directions 
of the components. If a female is sufficiently moti- 
vated, for example, she can make her own way 
to a singing male. Unfortunately, females pre- 
sented with a male chirp do not exhibit a character- 
istic, reliably elicited directional response, so that 
it is difficult to determine experimentally a female's 
directional perception of a composite stimulus pat- 
tern originating in two places. Males, on the other 
hand, have a very characteristic turning response 
toward a perceived female chirp. Their excellent 
lateralization ability requires only very small 
sound-intensity differences between the right and 
left organ (about 1 dB; von Helversen and Rhein- 
laender, in preparation). When experiments like 
those described here are done with male Ch. bigut- 
tulus, a pattern ineffective in itself being presented 
on each side so that the superposition of the two 
produces an effective signal equivalent to the fe- 
male chirp, it is evident that the male's innate re- 
leasing mechanism for female chirps does respond 
to composite sound patterns from different direc- 
tions. The males give the typical turning reaction 
and begin to sing, whereas either component pre- 
sented alone elicits neither turning nor singing. The 
observation that turns to the right and left are 
equally common, and that forward jumps fre- 
quently occur, indicates that the incomplete pat- 
terns presented at the same intensity on the two 
sides are perceived by the male grasshopper as an 
effective pattern coming from in front (or behind) 
of him. 

It would seem, then, that the two important 
neuronal evaluating processes, direction analysis 
and pattern analysis are to a large extent indepen- 
dent of  one another. The same inputs to the two 
tympanal organs are used for both tasks: whereas 
directional hearing is essentially based on recipro- 
cal inhibition of the two inputs (see, e.g., Rhein- 
laender and M6rchen 1979), the channels carrying 
excitation to the pattern-analyzing filter evidently 
receive excitatory inputs from both sides. It is con- 
ceivable that the paths leading to the two processes 
might diverge immediately after the sense cells, at 
the level of the first synapses or at the latest just 
before entering the 'pattern-recognition-network'.  
In any case, directional hearing and pattern recog- 

nition must involve largely independent and paral- 
lel processing of the same input functions. 
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