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Summary. 1. The leaf cutting ant Atta sexdens 

stridulates using a file-and-scraper device (Markl 

1968). The temporal and spectral characteristics 

of the cuticular vibration and airborne sound are 

fairly typical of  the stridulatory sounds of insects 

that lack specialized radiating structures (Masters 

1980). We used laser-Doppler vibrometry (LDV) 

to measure the velocity of different points on the 

ant's body during stridulation to determine what 

sorts of  body vibration are produced by the impact 

of  the scraper on the file, both in air and with 

mass-loading of the cuticle underwater, and how 

the vibration relates to this radiated sound. 

2. The gaster, on which the file is located, 

appears to be the principal sound-radiating part 

of the ant. From theoretical considerations, we 

would expect four types of gaster vibration to be 

excited by the scraper impact: (I) dipole swinging 

of the entire gaster, (II) quadrupole distortion of 

the gaster shape due to volume flow of the gaster 

contents, (III) monopole pulsation of the gaster 

and (IV) bending waves travelling in the gaster 

shell. Each type of vibration has associated modal 

resonances whose frequencies are predicted in a 

semi-quantitative fashion from a simple mechani- 

cal model of  the gaster. 

3. Vibrometer measurement shows that each 

tooth strike typically excites low frequency 

( ~  1 kHz) and high frequency ( ~  10 kHz) damped 

vibrations that can be detected at most points on 

the gaster. Broadband spectral energy can be de- 

tected up to about 30 to 40 kHz (in rare cases to 

60 kHz). The low frequency resonance appears 

to be due to type I rather than type II vibration, 

and the high frequency resonance due to type III 

rather than type IV vibration. 

* Present address: Department of Biology, University of 
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4. Underwater, both low and high frequency 

resonances were still present, but their frequencies 

were reduced by about 15% and 35% respectively. 

We expect the decrease to be even greater when 

the ant is buried underground. 

5. The rate at which the scraper strikes the teeth 

of the file is close to the ~ 1 kHz modal frequency 

of the gaster, but in contrast to our expectation 

does not exactly match this frequency (Fig. 2). The 

reason for this discrepancy is not clear. 

6. Below about 30 kHz there is fairly good cor- 

respondence between the energy spectra of the air- 

borne sound recorded with a microphone and the 

gaster vibration recorded by LDV. Above this fre- 

quency the sound usually shows a complicated 

power spectrum that we can relate to the vibration 

of the body only in a qualitative fashion. 

Introduction 

Many insects and other arthropods possess special- 

ized devices for producing sounds. Examples of 

the most common of such devices, in which oppos- 

able areas of  the exoskeleton serve as file and 

scraper, can be found in scorpions, spiders, crusta- 

ceans, and many orders of insects (Haskell 1961; 

Dumortier 1963a, b). The scraper is drawn over 

the file, or vice versa, thus setting the exoskeleton 

into vibration and radiating sound. The vibration 

and sound may be used in both intra- and interspe- 

cific communication, for example as a courtship 

call or as an aposematic signal. While a fair 

amount is known about the properties of the ra- 

diated sound (mainly because of the availability 

of good microphones), comparatively little is 

known about the underlying vibration, the details 
of its production, and how it relates to the sound 
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recorded by a microphone. In a few cases, sounds 

produced by insects with specialized sound-radiat- 

ing structures have been examined (e.g., crickets 

whose wings have been modified to aid sound radi- 

ation [Nocke 1971; Sismondo 1979]), but almost 

no work has been done on the vast majority of 

phonic insects which do not appear to be highly 

modified or specialized for efficient sound radia- 

tion. 

We have investigated sound radiation by one 

such seemingly unspecialized insect, the leaf 

cutting ant Atta sexdens, using laser-Doppler vi- 

brometry (LDV) to measure the vibration of the 

insect's surface. This ant stridulates using a file- 

and-scraper mechanism (Markl 1968). If buried 

underground as a result of a nest cave-in, stridula- 

tion attracts other members of the colony who may 

then dig out the trapped individuals (Markl 1967). 

Leaf cutting ants also stridulate when attacked or 

disturbed, and in this case stridulation may serve 

an aposematic function, as it apparently does in 

other insects (Masters 1979), warning perhaps of 

the painful bite these ants can inflict. 

The mechanism of sound production and the 

nature of the sounds radiated by leaf cutting ants 

have been studied by Markl 0968). Briefly, the 

gaster is moved in such a way that a scraper at- 

tached to the posterior edge of the postpetiole 

moves across a striated file plate located on the 

first segment of the gaster (Fig. 1). The ridges of 

the file are roughly triangular in cross-section, are 

about 2 pm high and about 3 gm apart. The 

scraper delivers impulses (tooth strikes) to the file 

at a repetition rate of ~ 1 kHz. These impulse 

clicks appear in the radiated sound as a highly 

damped oscillation whose frequency is on the order 

of 10 kHz and with energy spread over a wide fre- 

quency bandwidth. Each stroke of the scraper 

across the gaster yields a train of these clicks 

lasting about 50 ms and the strokes are repeated 

about five times a second. Since in all these particu- 

lars leaf cutting ants appear to be rather typical 

of those stridulating insects that lack specialized 

radiating structures (Masters 1980), we decided 

that they would be good animals in which to study 

sound production by file-and-scraper devices. 

Materials and Methods 

Large workers of Atta sexdens were obtained from a laboratory 

colony. Individuals ranged in length from about 7 to 11 mm 

and in gaster volume from about 1 to 10 mm 3. We recorded 

both the airborne sound and the cuticular vibration from stridu- 

lating ants at a temperature of 22 to 25 ~ Vibration measure- 
ments were made with a laser-Doppler vibrometer (LDV) 

(DISA Elektronik A/S, DK-2740 Skovlunde, Denmark). This 

instrument detects the Doppler frequency shift, proportional 

to velocity, undergone by light reflected from a moving target 

and produces an analog output voltage corresponding to the 

instantaneous velocity of the target. A laser beam is focused 

on the point to be measured, and light reflected back from 

that point is gathered by the focusing lens and its frequency 

compared with that of an unshifted reference beam. The com- 

ponent of target velocity along the axis of the laser beam is 

measured. On the velocity range setting we used, the frequency 

response is +_ 1 dB from 0 to 100 kHz. (See Buchhave (1975), 

Michelsen and Larsen (1978) and Masters and Markl (1981) 

for further details on LDV). 

Vibration was recorded dorsally from the postpetiole near 

the scraper and from the gaster near the file, and sometimes 

from additional positions (dorsal, lateral and ventral mid- 

gaster, gaster tip, and dorsal mid-thorax - see Fig. 1). Leaf 

cutting ants stridulate when held, and for recording, an ant 

was usually grasped by its head and thorax between thumb 

and forefinger. For thorax measurement it was held by its legs 

with forceps. The laser beam was aligned approximately per- 

pendicular to the ant's surface so that the velocity component 

normal to the surface was measured. Due to the struggles of 

the ant, however, the beam could occasionally be as much as 

45 ~ off normal incidence, leading to possible errors of measure- 

ment of up to ~ 30%. Points to be measured on an ant were 

painted with a small spot (diameter ~0.5 ram) of white type- 

writer correction fluid to improve the signal-noise ratio of the 

LDV signal and to make it easier to determine the point from 

which the vibration was recorded. The paint loaded the surface 

slightly ( ~  30 gg/mm z) but probably not significantly. 

Airborne sound was recorded with a Briiel and Kjaer 

1/4-inch microphone Type 4135 (+  1 dB from I to 100,000 Hz) 

located 5 mm from the ant. In a number of cases airborne 

sound and vibration signals were recorded simultaneously on 

two tracks of an instrumentation tape recorder (Hewlett 

Packard Model 3964A, frequency response at 38.1 cm/s_+ 3 dB 

from 250 to 75,000 Hz). 

Since these ants stridulate when trapped underground 

where radiation conditions are different than in air, we recorded 

vibration with the ant underwater to simulate the effect of earth 

loading on the cuticle. Water rather than sand or earth was 

used because it is possible to measure vibration by LDV in 

a transparent medium such as water. Preliminary observations 

indicated that shortly after submersion (within about 1 rain), 

the ant's movements become noticeably weaker. Also, since 

it is possible that a water film might develop between the file 

and scraper thus lubricating the interface and causing unwanted 

changes, we tried to keep immersion as brief as possible. Ants 

were held underwater no longer than 45 s, were used only once, 

and only one point (near the file on the gaster) was measured. 

Sound and vibration signals were analysed on the 100 kHz 

range of a fast Fourier transform. (FFT) computing spectrum 

analyser (Nicolet Scientific Corp. Model 446A). On this range 

setting a 4 ms portion of the signal is digitized (1,024 points) 

and a 400 point power spectrum (i.e., frequency resolution of 

250 Hz) of this time segment is produced. This study is based 

on ~250 spectra and ~350 time waveforms from 23 ants. The 

noise floor of the spectra was set by the LDV and varied some- 
what between samples but in general was equivalent to a veloci- 

ty of ~ 60 pm/s. 
To measure the speed of propagation of a tooth-strike 

impulse through the ant's cuticle we mounted the ant by its 

thorax with beeswax on a small accelerometer (Brfiel and Kjaer 

type 8307). Since the accelerometer was thus fixed in a stable 

position relative to the vibration-producing apparatus, its 
output could be used as a reference with which the time of 
arrival of the impulse at different points on the ant's surface 
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detected by LDV could be compared. The results are given 

with respect to the time of occurrence of the impulse at the 

near-file point of measurement, that is, the delay between the 
beginning of the accelerometer signal and the beginning of the 
impulse near the file was subtracted from all measurements. 

The amount of air in the gaster tracheal system was deter- 
mined by cycling the isolated gaster underwater a number of 
times through a sequence of evacuation and repressurization. 
This procedure forces most, although not all, of the air out 
of the trachea and replaces it with water. The fraction of air 
in the gaster was then estimated from the weight gain of the 
gaster, and the filled weight was used to estimate the total 
volume of the gaster, assuming its density to be that of water. 
Measurement of the gaster volume from its dimensions and 
its volume as determined by its filled weight were in good agree- 
ment. 

Two-tailed probabilities are reported for all statistical tests. 

Background Theory of Sound Radiation 

Presentation and discussion of  the results will be 

simplified if we first consider the vibration and 

radiation of sound from Atta from a theoretical 

viewpoint. Measurements of  the airborne sound 

have shown (Markl 1968) that most of  the energy 

is radiated from the gaster, since removal of  the 

gaster (except for the file) reduces the total sound 

energy by > 50%, although the gaster itself forms 

only about  one quarter of  the ant by volume. For 

a first analysis, then, it is sufficient to consider 

only the vibration of  the gaster. The anterior two 

thirds of the gaster is covered by dorsal and ventral 

plates, the dorsal plate being about  twice as large 

and having the file on its anterior end (Fig. 1). 

The remainder of  the gaster is covered by several 

overlapping pairs of  plates, and thin, flexible mem- 

branes connect the plates to each other. 

Vibration of  the gaster shell is excited by pas- 

sage of  the scraper over the file. This would be 

expected to generate a low frequency wave in the 

cuticle due to the passage of  the scraper over the 

file ridges, and a superimposed impulse as the 

scraper strikes each ridge (Markl 1968). The shape 

and amplitude of  these two components would 

depend on the details of  the file/scraper interac- 

tion. 

Modes of  Vibration 

It is helpful to examine briefly the possible vibra- 

tion modes of the gaster system in order to see 

what we should expect their frequencies and radia- 

tion characteristics to be. This can be done with 

the aid of  a conceptual model of  the gaster and 

its file/scraper excitation system which is on the 

one hand detailed enough to include most of  the 

features of the real system and on the other hand 

contains virtually no unknown parameters so that 

semi-quantitative predictions of resonance f r e -  

quencies and radiation characteristics can be made. 

Such a model treats the gaster as a roughly 

ellipsoidal body attached by the petiole and post- 

petiole, which are filled with springy muscle and 

cuticular tendons, to the thorax of  the animal. The 

rigidity of  the cuticular plates covering the gaster 

is appreciable but the flexible folds connecting 

them allow the gaster to expand, contract and 

deform relatively freely. To simplify the model still 

further we may take the gaster to be a simple 

sphere clad in a slightly stiff elastic skin. The gaster 

is filled with tissue containing, in capillary tubes, 

an air volume equal to about  20% of the total 

gaster volume (see Results). The gaster contents 

can therefore reasonably be approximated by a 

uniform fluid having 80% of the density of  water 

and 20% of the compressibility of  air, these values 

following immediately from the facts that the 

density of air is insignificant relative to that of 

water, while the compressibility of water is insigni- 

ficant relative to that of  air. This leads to an effec- 

tive acoustic wave velocity c' within the gaster fluid 

of 

C' =~Kai r Fairl�89 
L K' r' J (i) 

where Cair, Kai r and rai r are the wavespeed, compres- 

sibility and density of  air, and K' and r' are the 

effective compressibility and density of the gaster 

contents (Rayleigh 1896, p. 30). If  the fraction of  

air is 20%, Eq. (1) predicts a velocity of about  

30 m/s inside the gaster. 

We can now identify the possible vibration 

modes of  the gaster and estimate their frequencies. 

Mode L The gaster oscillates up and down, pendu- 

lum like (dipole motion), about  its point of attach- 

ment to the thorax, the restoring force being sup- 

plied by the springy petiole/postpetiole. (In the real 

ant, of course, the center of mass of the whole 

insect must remain nearly fixed so there must be 

a contrary vibration of  the thorax.) 

Mode II. The gaster deforms in a ' tidal' oscillation 

without any change in volume, becoming succes- 

sively prolate and oblate, with the symmetry axis 

passing through the postpetiole (quadrupole 
motion). 

Mode III. The gaster undergoes spherically sym- 

metric expansions and contractions - there are sev- 

eral possible modes of this type (monopole 
motion). 
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Mode IV. The gaster cuticle supports oscillations 

of small wavelength, not penetrating far into the 

interior (this type of mode is a higher order form 

of Mode II). 

It is difficult to estimate the frequency of 

Mode I since this oscillation depends upon the 

muscular tension in the petiole/postpetiole during 

stridulation. This is presumably under the control 

of the insect and the frequency could range from 

a low value up to perhaps 1 kHz. 

The frequency of Mode II tidal oscillations 

depends upon the value assumed for the average 

elasticity of the cuticular shell. As a minimum we 

can take the surface tension of water, in which 

case the oscillation frequency will be equal to that 

of a water drop of the same size; for a drop about 

2 mm in diameter it is a few hundred Hertz (Ray- 

leigh 1896, pp. 371-375). Even with its folds the 

cuticle is probably a good deal stiffer than this 

and, since the resonance frequency increases as the 

square root of the surface elastic modulus, we 

should expect a resonance frequency on the order 

of 1 kHz. 

Mode III oscillations are the easiest to treat 

theoretically, though there are some subtleties in 

the mathematics (Morse 1948, pp .  311 ff.). These 

are compressive modes, in contrast to Modes I and 

II in which the gaster volume remains constant, 

and their frequencies are determined primarily by 

the wave propagation properties of the gaster con- 

tents. For the particular type III modes considered, 

the resonance frequencies are those for which the 

sphere diameter is an integral number of wave- 

lengths. For a 2 mm gaster (roughly the size of 

a large worker) and a propagation velocity of 

30 m/s, for example, we expect the first resonance 

at about 15 kHz with subsequent resonances at 

harmonics of this frequency. 

The properties of type IV modes are deter- 

mined largely by the cuticular plates. These modes 

will be important only if the plates are very stiff 

so that their behavior dominates that of  the con- 

tained fluid, a situation which seems unlikely to 

apply at the relatively low frequencies so far con- 

sidered. At higher frequencies, however, the plate 

stiffness becomes increasingly important and sur- 

face waves may propagate around the shell of  the 
gaster or perhaps even within a single plate. These 

waves may be either longitudinal or transverse to 

the plates but in the latter case they will unavoid- 
ably couple to some extent to the contained fluid. 

In either case it seems unlikely that such modes 

will become dominant much below 50 kHz. 

It should be pointed out that, because of the 
nature of biological tissues and particularly the air 

included in the capillaries of the gaster, the quality 

factor (Q value) of these resonances will not be 

high. Indeed it is unlikely to exceed 10 and a value 
of 3 (or even less) may be more typical. Q is a 

measure of the sharpness of tuning and is defined 

as the center frequency divided by bandwidth 

across which the resonant response is within 3 dB 

of its value at the resonance peak. The lower the 

Q, then, the more the resonance peak is spread 

out. 

The modes discussed above are, of course, 

highly idealized as far as the ant gaster is con- 

cerned. However, the 'non-ideality'  of the real 

insect will modify the modes only in detail without 

altering their essential nature or greatly changing 

their frequencies. 

The sharp impulses imparted to the gaster by 

the file and scraper will tend to drive all possible 

resonant modes but will favor those whose fre- 

quencies lie close to the fundamental or to one 

of the harmonics of the excitation frequency. Since 

the tooth strike rate is about I kHz it should lead 

to a relatively large amplitude for mode II and 

perhaps also for mode I if the petiolar support is 

stiff enough. All the mode III components are high 

enough in frequency and broad enough in band- 

width that they will encompass a number of har- 

monics of the excitation and thus emphasize them 

in the manner familiar in relation to vocal for- 

mants in human speech. Modes of type IV are not 

likely to be excited appreciably because there will 

be very little input energy at these frequencies. 

Sound Radiation 

The radiation of sound from a vibrating system 

such as the ant gaster is a moderately complex 

process to analyze (Morse 1948; Harris 1964). 

First we must recognize that the pressure field near 

the gaster (within about 2/4 where 2 is the wave- 

length) is different from the true radiated sound 

field in which the radiated energy is lost to the 

system. Ideally measurements should be made in 

the far field since they are then easier to interpret, 

but in order to achieve an adequate signal-to-noise 

ratio it is necessary to place the microphone at 

a position that is in the near-field region for fre- 

quencies below ~20 kHz. Such placement gives 

much more emphasis to low frequency vibrations 
than would be apparent in the true radiated sound. 

We should remember, however, that the animal 

receiving the sound may itself often be located in 
the near field and the consequences of this fact 

depend on the type of detector (pressure, pressure 

gradient, velocity) the animal uses (see Michelsen 

and Nocke 1974). 
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The most efficient modes for sound radiation 

are the monopole modes of type III in which the 

gaster volume changes. If  a is the gaster radius 

and 2 the sound wavelength then, for a given sur- 

face velocity, the radiated sound intensity contains 
a factor (a/2) 2. Since 2 is small for the high-fre- 

quency type III modes, they radiate relatively ef- 
fectively. 

The waggling motion described as mode I con- 

stitutes an acoustic dipole and its radiated intensity 
contains a factor (a/2) 4. The tidal motion of 

mode II is an acoustic quadrupole and contains 

the even stronger reduction factor (a/2) 6. These 

two oscillations would occur, as we have discussed, 

at roughly the fundamental tooth-strike frequency 

of 1 kHz so that 2 is large and radiation efficiency 

in air is almost vanishingly small. 

In the very near-field region these radiation- 

efficiency factors disappear from the expressions 

for pressure variation so that, in the limit of  a 

microphone placed very close to the gaster, the 

measured pressure contains only the single factor 

(a/2) for all modes. Such near-field measurements 

therefore exaggerate immensely the importance of 

modes I, II and IV in the radiated sound. Never- 

theless they provide a good check on surface vibra- 

tion measurements and do show up the higher fre- 

quency type III modes that are primarily responsi- 
ble for radiation. 

Buried Insects 

One of the purposes of the stridulation mechanism 

is apparently to facilitate the location of buried 

workers by rescue teams (Markl 1967). Several in- 

teresting aspects of  sound production in this situa- 

tion can be elucidated by preliminary theoretical 

analysis. For this purpose we can use the same 

model as before for the gaster but assume it to 

be immersed in an elastic medium with density 

about 3 times that of  water and appropriately low 

compressibility. Solution of this problem for 

type III modes shows that, to a first approxima- 

tion, a spherical jacket of  the surrounding medium 

with thickness about equal to half the radius of 

the gaster effectively moves along with it. This add- 

ed mass loading decreases the resonance frequency 

for each type III mode to about one third its value 

in air. The effect on dipole (type I) and quadrupole 

(type II) modes should be rather less but their reso- 
nance frequencies will also be decreased. 

The amplitudes of  all vibration types will be 

reduced underground. The increased impedance of 
the medium will have a stronger effect on type I 

and II vibrations, since now the motion must be 

accomplished against a high rather than a low re- 

sistance. Type III and IV vibrations, on the other 

hand, must act against the relatively high internal 

impedance of the gaster contents even when the 

ant is in air, so the effect of  moving from a low 

impedance to a high impedance medium will be 

less pronounced for these two types. The radiation 

efficiency at a given wavelength increases as the 

characteristic impedance of the medium increases 

(see Markl 1968), so radiation conditions are much 

better underground than in air. The energy coupled 

to the medium may therefore be larger under- 

ground even though the vibration of the exoskele- 
ton is smaller. 

Results 

Typical velocity waveforms recorded from the 

gaster are shown in Fig. 1. Such waveforms usually 

show a sharp peak in the inward direction (down- 

ward in the figures) caused by the impact of  the 

scraper on the file. At the postpetiole the direction 

of the impulse is always inward, and it was nearly 

always inward at points on the gaster (except gen- 

erally outward at ventral mid-gaster). The impulse 

and its direction are sometimes difficult to see, 

especially on the thorax, at the gaster tip and on 

the ventral side of the gaster. The tooth-strike 

impulse may be followed by a high-frequency, 

damped oscillation with a frequency of about 

10kHz (e.g. Fig. lc)  and by a low-frequency, 

damped oscillation at about 1 kHz (e.g., Fig. 1 d), 

which we will refer to as HF and LF oscillations 

respectively. The HF oscillation is not always dis- 

tinguishable, especially at points distant from the 

file and scraper, but the LF oscillation is nearly 

always present and usually becomes more pro- 

nounced away from the file and scraper. 

The spectra of vibration waveforms usually 

showed a low-frequency peak at ~ 1 kHz corre- 

sponding to the LF oscillation, and in about half 

the cases a peak or corner at roughly 10 kHz (e.g., 

Fig. 4b). Above 10 kHz spectra normally showed 

a steady decline in energy with no obvious reso- 

nance peaks, except rarely the file or scraper vibra- 

tions contained a broad peak at about 30 to 

50 kHz (e.g., Fig. 4b). In general, the farther from 

the file and scraper, the less high-frequency energy 

was contained in the vibration signal as can be 

seen from the average signal energy at 10 kHz giv- 

en in Table 1. The highest measurable frequency 

also decreased away from the file and scraper. At 

the gaster tip, for example, the highest frequency 

at which the signal was above the background 
noise level of  ~ 60 gm/s was 13.5 _+ 1.5 kHz (mean 

and standard deviation) (n=8  ants) and at mid- 
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a ~ 4 dmt 
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4 ~ ling 
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1 ms 

Fig. 1. Drawing of the abdomen and part of the thorax of 
a leaf cutting ant (modified from Markl (1968)) with typical 
stridulatory velocity waveforms recorded by LDV at different 
points on the ant. drag dorsal mid-gaster; dmt dorsal mid- 
thorax (not shown in drawing): gt gaster tip; ling lateral mid- 
gaster; nfnear file on gaster; p petiole;pp postpetiole; so stridu- 
latory organ; vmg ventral mid-gaster. Arrows in a and e mark 
the tooth strikes 

thorax was 12 kHz (n--2), but  near the file on the 

gaster it was 2 7 + 4 k H z  (n=8)  and near the 

scraper on the postpetiole was 45 4-16 kHz. 

Modes  I and H 

Measurement  of  the average LF  period for 15 ants 

gave a value of  0.94 +__ 0.11 ms, which corresponds 

to a mean frequency of  1,050 Hz. The tooth-strike 

60 
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Fig. 2. Distribution of (a) low frequency (LF) oscillation periods 
(n=249) and (b) tooth strike intervals (n=307) determined 
from velocity waveforms such as those shown in Fig. 1 

rate for these ants was lower, with an average inter- 

strike interval of  1.7 _+ 0.4 ms. Furthermore,  as can 

be seen by comparing the histograms of  tooth- 

strike interval and period of  LF  oscillation (Fig. 2), 

impulses f rom the file and scraper only rarely occur 

with a spacing of  1 ms, that  is, at a rate corre- 

sponding to the frequency of  the LF  component .  

In fact the tooth-strike distribution is bimodal,  

with 1 ms being a sort of  ' forbidden zone' .  The 

peak in the distribution at ~0 .5  ms is due to 

' double '  tooth  strikes such as shown in Fig. 1 b. 

These occur intermittently in most  stridulation 

signals a l though some ants tended to produce them 

more often than others. How these ' doub le '  strikes 

arise is no t  clear. There was no correlation between 

the tooth-strike interval and the period of  the LF  

oscillation; 249 paired observations where both  

could be measured gave a correlation coefficient 

of  0.04 (d f=  247, ns.). The period of  LF  oscillation 

also did not  correlate with the gaster volume of  

the ant (r = 0.05, d f =  13, ns.). 

The L F  oscillation occurs in a frequency range 

appropriate for either mode I or mode II. The fact 

that, as shown in Table 1, the amplitude of  LF  

mot ion  is generally small at the postpetiole and 

near the file, greater at dorsal mid-gaster and again 

small at lateral mid-gaster (all measured perpendic- 

ular to the surface) suggests the gaster undergoes 

an up and down oscillation in the vertical plane 

of  the ant with a pivot point  near the anterior 

end of  the gaster. In addition, the fact that  follow- 

ing an impulse the initial LF  deflection is outward  

from the surface at dorsal mid-gaster and inward 
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Table 1. Average energy in the vibration spectra at 1 and 10 kHz. Values are given as mean-+s.d, in dB re 1 mm/s;  n is the 

number  of ants used in determining the mean. Several spectra were used for each ant 

Freq. Dorsal Postpetiole Near file Dorsal Lateral Gaster tip 

mid-thorax on gaster mid-gaster mid-gaster 

(n = 2) (n = 8) (n = 9) (n = 5) (n = 9) (n = 3) 

1 kHz 9.4 ~ 10.4+4.1 8.2+4.6 13.1 +3.6  3.5_+7.9 19.6_+3.4 

10 kHz - 1 9 "  -6.7_+3.2 -7 .5-+3.0  - 1 1 . 0 + 3 . 6  -19.5-+4.3  -17 .2-+3.9  

a Standard deviation not given due to small sample size (values were 7.4 and 11.4 dB at 1 kHz and - 1 6 . 4  and - 2 1 . 6  dB at 

10 kHz) 

at ventral mid-gaster (i.e., in the same direction 

in space, see Fig. 1 d and f) supports this interpreta- 

tion. However, if the gaster behaved as a rigid pen- 

dulum we would not expect to see, as we do (Ta- 

ble 1), large amplitudes measured perpendicular to 

the tip of the gaster. We also find that the initial 

LF deflection is inward at the postpetiole and near 

the file (Fig. 1 b and c) but outward at dorsal mid- 

gaster and at the gaster tip (Fig. 1 d and g), which 

also conflicts with the idea of a simple, rigid pendu- 

lum. 

These discrepancies could be explained if the 

gaster were not vibrating rigidly, but they might 

also be considered evidence of type II motion in 

which the shape of the gaster is distorted due to 

internal volume flow of its contents. To try to sepa- 

rate these two possibilities, we measured the period 

of LF oscillation before and after covering the 

gaster of one ant with nail varnish. The frequency 

of mode II depends principally on the average stiff- 

ness of the gaster covering and since nail varnish 

should make the expansion joints between seg- 

ments much less compliant, it should raise the reso- 

nance frequency noticeably. We observed, how- 

ever, a slight decrease in the LF frequency with 

the period increasing from 1.04+0.08ms to 

1.17+_0.10 ms (t=4.1,  df=32,  P<0.001). The in- 

crease in period is about what we would expect 

for type I motion, since adding the nail varnish 

increased the mass of the gaster by about 20%. 

If the stiffness of petiole is assumed to remain con- 

stant, then an increase in the mass (moment of 

inertia) of  20% should lead to an increase in the 

period of about 10%, i.e., about what we observed. 

Analogously, we would expect reducing the gaster 

mass to lead to a decrease in period for mode I. 
Cutting off the distal half of  the gaster of an ant 

lowered the period from 0.94_+0.08 ms to 

0.37_+0.06ms (t=9.9, df=4,  P<0.001) corre- 
sponding to an increase in frequency from about 

1 to 2.7 kHz. When immersed in water, the average 

LF period of 5 ants increased from 0.94+0.14 to 

1.08+0.09 (paired t=2.8,  df=4, P<0.05),  the 

change being in the direction expected for in- 

creased mass loading. 

The evidence seems to indicate, therefore, that 

the LF oscillation is of type I rather than II, but 

that the motion of the gaster is not strictly perpen- 

dicular to the gaster axis, there being a component 

along this axis as well. 

Modes III and IV 

The average period of the HF oscillation for 

17ants was 95__14gs, corresponding to a fre- 

quency of about 10.5 kHz. The period was corre- 

lated with the gaster volume of the ant (r=0.78, 

dr= 12, P<0.01),  with larger ants tending to have 
a lower resonant frequency. 

Based on our frequency estimates, the HF oscil- 

lation is probably of type III. The frequency of 

mode III is determined by the average wave propa- 

gation velocity within the gaster contents. This, 

according to Eq. (1), depends on the amount of 

air in the gaster tracheal system. We measured this 

for 17 ants whose gaster volume ranged from 2 

to 7.5 mm 3. The fractional content of  air averaged 

17.4+7.4% and showed no correlation with the 

volume of the gaster (r=0.007, df=15,  ns.). The 

true fraction of air is likely to be slightly greater 

than 17%, since it is not possible to replace all 

the air in the tracheae with water. Taking 20% 

as a reasonable estimate of the fractional air 

content, Eq. (1) gives a predicted velocity of about 

30 m/s. This value is not strongly dependent on 

the precise fraction of air, values of 10% and 30% 

giving velocities of 40 and 26 m/s respectively. 

The average gaster volume of those ants for 
which the HF period was determined was 6.8 mm 3, 

equivalent to a sphere about 2.4 mm in diameter. 

For a sphere this size filled with a fluid whose 

wave velocity is 30 m/s, the predicted first reso- 

nance should occur at about 12.5 kHz. This is the 
undamped resonance frequency, but damping 

reduces the frequency of free oscillation by an 

amount related to the Q of the system. Q can be 

determined by the fractional change in height from 
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one peak in the oscillation to the next. For a Q 

of 3, the successive peaks show a ratio of 2.8 to 

1, and this ratio increases with lower Qs. The HF 

oscillation generally shows a ratio of 3 or larger 

(for example, Fig. 1 c and f), which indicates that 

Q is normally under 3, and in fact, since about 

half the time we do not see the HF oscillation, 

the damping in these instances may be so heavy 

that the free oscillation is completely suppressed. 

However, for those waveforms we were able to 

measure, Q was about 1 to 3. The free oscillation 

frequency is about 10% below the undamped reso- 

nance frequency for Qs of this magnitude, so the 

predicted resonance of 12.5 kHz must be reduced 

by this amount, bringing us quite close to the mea- 

sured value of 10.5 kHz. 

Viscous losses generally increase with increas- 

ing frequency, so the higher modes of type III pre- 

dicted from theory probably will be even more 

strongly damped, and therefore their peaks even 

more flattened. This might explain why we found 

no consistent evidence of such peaks at multiples 

of 10 kHz in the vibration spectra. 

Conceivably, the HF resonance could be of 

type IV, if the cuticular wavespeed were appro- 

priate. The wavelength must be equal to the cir- 

cumference for the lowest resonance of this type, 

which means that, for a sphere 2.4 mm in diameter, 

the wavespeed should be on the order of 75 m/s. 

To determine the speed of propagation in the 

cuticle, we measured the difference in arrival time 

of the tooth strike impulses at different points on 

the gaster. The delay between the near file and 

dorsal mid-gaster was 5.5+1.8 gs, and between 

near file and gaster tip was 7.9 + 1.2 gs. The dis- 

tances travelled in the two cases were 1.8 r a m +  

20 % and 3.2 mm __ 15 %, translating into velocities 

of 330 and 400 m/s. The uncertainty in these esti- 

mates is rather large and arises mainly from the 

difficulty of determining the exact distance trav- 

elled, since the instantaneous point of measure- 

ment could not be precisely determined due to the 

ant's struggles. The velocities, nevertheless, are 

clearly higher than 75 m/s. We should remember, 

however, that this method of measuring wavespeed 

gives us the group propagation velocity rather than 

the phase velocity, and it is the phase velocity that 
is important in determining resonances. For a 

bending wave in a thin plate (a rough approxima- 

tion of the gaster shell), the group velocity may 
be as much as twice the phase velocity (Cremer 

et al. 1973). The phase velocity might therefore be 

as low as 150 m/s, but this is still too high for 
a mode IV resonance at 10 kHz, and it seems most 

likely that the HF oscillation is of type III. 

I 

dB 

20 

I I I I I i 
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o 

o 50 kHz 100 

Fig. 3. Airborne sound recorded ~ 5 mm dorsal to the gaster. 

Inset shows the pressure waveform (maximum amplitude 

0.17 Pa peak to peak, RMS sound pressure level 63 dB re 

20 ~tPa). The 0 dB level in the spectral energy distribution of 

this waveform is at approximately the level of the background 

noise ( ~  160 gPa RMS) 

When the ant is placed underwater the HF peri- 

od increases, as would be expected due to the add- 

ed mass of the water. The mean period for 5 ants 

measured before and after immersion changed 

from 97+_9 gs to 135+8 gs (paired-t-- 5.3, df=4, 
P < 0.01), corresponding to a 35% reduction in fre- 

quency. 

Airborne Sound 

The airborne stridulation sound recorded about 

5 mm above the file region showed evidence of the 

LF and HF components seen in the gaster vibra- 

tions. For example, in Fig. 3 the LF component 

is obvious in the time waveform, and the HF com- 

ponent, while overlaid in the time waveform by 

still higher frequencies making it difficult to recog- 

nize, is also present as can be seen by the spectral 

peak at about 10kHz. With the microphone 

located lateral to the gaster, as was required for 

simultaneous recording of the airborne sound and 

cuticular vibration, the LF component is usually 

less pronounced in the airborne pressure waveform 

(Fig. 4a). This is to be expected if, as we believe, 

the LF component is type I (dipole) oscillation. 

For a dipole vibrating along the axis through its 

poles, the sound pressure radiated in the equatorial 

plane will be zero (see Harris 1964), and the micro- 

phone is approximately in this plane when it is 

lateral to the gaster. The HF oscillation, being of 

type III (monopole), should be about equally well 

radiated in all directions, and this energy is de- 

tected by both dorsally or laterally placed micro- 
phones (Figs. 3 and 4a). 
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Fig. 4. a Airborne sound and associated energy spectrum as 

in Fig. 3 except that  the microphone was located 5 mm lateral 

to the gaster. 5 Cuticular velocity waveform (inset) recorded 

near the scraper on the postpetiole and its energy spectrum. 

Maximum peak amplitude of the time waveform in a is 

~0.31 Pa (total RMS sound pressure level 62 dB re 20 ~tPa) 

and in b is 47 mm/s. 0 dB is slightly below the noise level of 

the recording and is 200 ~tPa RMS in a and 33 gm/s RMS 

in b. Upper  cutoff frequency of the tape recorder was ~ 75 kHz, 

and spectral peaks above this frequency are due to recorder 

noise. In b the upper signal limit is ~ 65 kHz 

Discussion 

The usual motion that results from a tooth-strike 

impulse appears to consist of  a low-frequency 

(~1  kHz) oscillation of type I and a high-fre- 

quency ( ~  10 kHz) oscillation of type III. Type II 

motion seems to be relatively unimportant, and 

type IV motion, although not of  great importance 

in the range we were able to measure ( < ~ 40 kHz), 

may well be significant at higher frequencies. In 

other stridulating insects with different body struc- 

ture the relative importance of these various types 

of vibration might well be different. Some beetles, 

for instance, have their stridulatory organs ar- 
ranged so as to vibrate their elytra, and for these 

type IV vibration might be dominant. 

We can divide the energy in the radiated air- 

borne sound into three frequency regions, the first 
two corresponding to the LF and HF peaks of 

the vibration spectrum, and the third extending 

above about 20 or 30 kHz. In the lower two 

regions energy in the sound spectrum can be inter- 

preted rather directly in terms of the measured vi- 

bration. Energy in the range 0.5 to 1.5 kHz can 

be attributed to the LF oscillation and the tooth- 

impact rate. This low-frequency component has 

been found in other stridulatory insects and may 

be an important carrier of  information (Broughton 

etal .  1975; Skovmand and Pedersen 1978). The 

amplitude of the LF oscillation which appears in 

the airborne pressure waveform appears to depend 

on the relationship between the point of  measure- 

ment and the direction of the LF oscillation. In 

the range from about 5 to 20 or 30 kHz the energy 

comes mainly from the HF oscillation. Generally 

the vibration signal peak at about 10 kHz appears 

at a slightly higher frequency in the airborne sound 

pressure spectrum (e.g., Fig. 4a). The shift to .high- 

er frequencies is attributable to the increasing radi- 

ation efficiency of the gaster as frequency rises. 

Radiation efficiency reaches a plateau value at a 

wavelength of 27~a, where a is the gaster radius,' 

representing a frequency of about 40 kHz for a 

typical ant, and above this frequency radiation is 

about equally efficient at all frequencies, although 

of course the amplitude of vibration will be small 

at such high frequencies. 

Atta radiates a large amount of sound energy 

in the ultrasonic range, in contrast to the results 

of  Kermarrec et al. (1976) for a related species of 

ant, but in accord with measurements made on 

many other types of insects (e.g., Dumortier 

1963 b; Masters 1980). Relating sound to vibration 

in this upper frequency range is difficult, however. 

Only rarely was the vibration energy at frequencies 

> 30 kHz above the LDV noise floor. When we 

did record a signal with a great deal of  energy 

in this range, for example in Fig. 4b, the sound 

spectrum envelope had roughly the same form as 

the vibration spectrum, but with a more compli- 

cated pattern of peaks and valleys (Fig. 4 a). (The 

same effect could be seen below 30 kHz, but usual- 

ly it was not as strong). Peaks in the sound spectra 

did not occur at the regular harmonic intervals 

we might expect from our simple model, but then 

of course the real system is more complicated than 

our model. For instance, the measurements of 

high-frequency energy in the signal given in Ta- 

ble i show that the vibration amplitude is not 
equal over the whole surface of the gaster, which 

is not surprising since it is essentially being driven 

at a point. At high frequencies, therefore, we would 

expect the radiation pattern to be directional (see 

Kinsler and Frey 1962, pp. 169ff.), so the spectral 
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pattern we see will depend critically on the place- 

ment of the microphone. Modes of type IV will 

also start to play an increasingly important role 

as the frequency increases, and the radiation 

pattern of these modes will also be directional. In 

our model we also neglected radiation from the 

head and thorax because they contribute little to 

the total sound energy, but they will nevertheless 

have some effect on the spectral pattern. Further- 

more, reflection of sound from nearby objects (e.g., 

the microphone diaphragm, our fingers and 

forceps) can lead to high-frequency standing waves 

that will also modify the envelope of the sound 

spectrum. For all these reasons predicting the spec- 

tral pattern at high frequencies, except in a qualita- 

tive fashion, is an extremely difficult task. 

Simple mechanical considerations, applied to 

our model, lead in most cases to the prediction 

that the frequency of any particular mode should 

be inversely proportional to the linear dimensions 

of the ant. There is in fact a tendency for larger 

insects to exhibit a slightly lower HF oscillation, 

but the LF oscillation seems to be essentially inde- 

pendent of ant size. It is not surprising that this 

linear scaling law does not hold since i t  assumes 

that all parts of  the anatomy scale similarly and 

this is known not to be correct (or physically rea- 

sonable) for other animals. The transverse dimen- 

sions of elastic supporting structures must increase 

more rapidly than linearly in order to bear the 

increasing weight. This applies in particular to the 

petiole, whose stiffness is important for mode I and 

to the cuticle for mode III. If  the resonance at 

1 kHz is important for some (as yet undetermined) 

reason, then it is easily possible for evolutionary 

modifications of the scaling law to have main- 

tained it at this frequency for ants of  different sizes. 

One puzzling observation, however, is that the 

LF oscillation is at 1 kHz rather than closer to 

the tooth-strike rate (Fig. 2). Maximum ampli- 
tudes of LF motion would be achieved by driving 

the system at its resonance frequency of 1 kHz, 

but impulses seldom occur this fast even in the 

mid-portion of the stroke where the rate is about 

750 Hz. The 'double '  tooth-strikes which occur 

with an interval of  <0.7 ms (Fig. 2b) are at too 

high a frequency for the LF oscillation. 

One possibility is that the LF resonance would 

be found to match the tooth-strike rate if we could 

measure it in the situation where stridulation is 

probably of most importance to the ant, that is, 

when it functions as an 'underground SOS' to 
attract nest mates to a cave-in. The frequency of 
mode I would be reduced underground and the 

change would probably be a good deal more than 

the 15% decrease we found with the ant under- 

water. However, the tooth-strike rate is also lower 

when the ant is buried (Markl 1970). The fre- 

quency of mode I also depends on the muscle ten- 

sion within the petiole, and this too might be differ- 

ent in underground stridulation, so it remains an 

open question whether the resonance and driving 

frequencies would be equal in this case. 

Further work on the details of the file/scraper 

interaction might help clarify the situation. As 

mentioned earlier, we would expect, a priori, the 

excitation waveform to be composed of a low fre- 

quency component caused by the passage of the 

scraper over the grooved file and a high flequency 

component caused by impacts of the scraper 

against the file teeth. We have clear evidence for 

the presence of the impact component but the file 

contour component is difficult to separate from 

the LF resonance. On might even suppose that 

the LF oscillation is not a resonance at all, but 

rather simply a result of  forced motion over the 

uneven file. This, however, seems unlikely because 

we often see two or more cycles of damped oscilla- 

tion following an isolated tooth-strike (e.g., 

Fig. lc). Furthermore, the displacement of the 

scraper (Fig. 5 b) which can be calculated from the 

velocity signal at the postpetiole (Fig. 5 a), usually 

has an amplitude larger than the height of the file 

ridges, for example in Fig. 5b the displacement is 

~7  gm, about three times the ridge height. Al- 

though this amplification could have other expla- 

nations, it tends to make us think that the LF 

oscillation is a true resonance. 

The waveform in Fig. 5 b does not exactly cor- 

respond to the ridge profile, which is roughly trian- 

gular. This is no doubt due in part to the LF reso- 

nance, but the flattened portion of the waveform 

just before each tooth strike suggests that the 

scraper may be momentarily caught at the top of 

each ridge, i.e., that it moves in a jerky, catch-slip 
fashion. How this might be accomplished mechani- 

cally is not clear. If  the feedback from the resonat- 

ing gaster were strong enough, scraper motion 

would tend to lock to the mode I (or mode II) fre- 

quency, just as the stick-slip motion under the bow 

of a violin is locked to the string's resonance fre- 
quency. For Atta, however, the feedback is appar- 

ently not strong enough for this explanation to 

hold (since the excitation and resonance frequen- 
cies are not equal). However, it might be accom- 

plished though, catch-slip movement would permit 

storage of energy in cuticular deformation during 

the catch time and rapid release of this energy dur- 
ing the tooth strike, as in other examples of lock- 

release mechanisms (e.g., the jump of a flea [Alex- 
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Fig. 5. a Velocity waveform recorded near the scraper on the 
postpetiole showing two tooth-strike impulses, b Displacement 
waveform at the same point, calculated by integrating a. The 
large velocity changes at the tooth strikes correspond to the 
small, rapid displacement changes marked by arrows in the 
displacement waveform 

ander  1968]). In stridulation this process would 

tend to b roaden  the bandwidth  o f  the signal (band- 

width is inversely p ropor t iona l  to the impulse du- 

ration) while generating max im um  energy within 

this band  (energy depends on impulse amplitude). 

The details o f  file/scraper interaction will need fur- 

ther study before these speculations can be verified. 

Of  course condit ions are different under-  

ground.  One result will be that  the frequency of  

all modes  will be lowered. Fo r  mode  I I I  we can 

calculate that  the frequency should be reduced 

f rom ~ 1 0 k H z  to ~ 3 k H z ,  rather  than the 

7 kHz  we measured underwater ,  and this would 

put  the main energy in the range found  by Markl  

(1968) for buried workers. But while shifts in the 

resonance frequencies are certainly important ,  

there are also impor tan t  changes in wave propaga-  

tion behavior  underground ,  since sand or earth has 

an appreciable shear modulus  and can suppor t  

p ropaga t ion  of  transverse elastic waves. These 

waves are coupled quite effectively to the medium 

by mot ions  of  type I and will coexist with longitu- 

dinal waves o f  the type found  in air, which are 

coupled especially well to type I I I  motions.  These 

effects, together with the a t tenuat ion properties o f  

earth or sand at high frequencies, will tend to em- 

phasize the low frequency par t  o f  the stridulation 

output ,  and it is precisely these frequencies to 

which leaf cutt ing ants are sensitive (50 Hz  to 

4 kHz,  Markl  1970) and  which at tract  excavators 

to a buried individual or to a nest cave-in. 
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