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Summary. The frog-eating bat, Trachops cirrhosus
(Phyllostomatidae), locates frogs by using the
frogs’ vocalizations and shows a behavioral re-
sponse to constant frequencies in the sonic range.
The minimum intensity needed to elicit a behavior-
al response to a constant frequency (i.e. threshold
intensity) increased as the frequency decreased
from 15 kHz to 5 kHz. This is consistent with au-
diograms of other bats that have been tested in
the sonic range. However, the threshold of T. cir-
rhosus decreases with frequencies below 5 kHz,
which is unusual among bats so far tested in this
frequency range. This decreased threshold coin-
cides with the frequencies which characterize frog
calls that the bats use to locate their prey.

Introduction

Microchiropteran bats are well known for their
ability to emit ultrasonic calls, and to use the
echoes of these calls to form an acoustical image
of their environment (e.g. Griffin 1958; Simmons
etal. 1979). As is the case with other small
mammals (e.g. Sales 1975; Heffner and Heffner
1980), microchiropteran bats are usually most sen-
sitive to ultrasonic frequencies (¢.g. Henson 1970;
Pollak etal. 1972; Long and Schnitzler 1975;
Brown et al. 1978; Suga and O’Neill 1981). We
have shown that the bat Trachops cirrhosus (Phyl-
lostomatidae) eats frogs and uses the frogs’ vocali-
zations to locate the frog (e.g. Tuttle and Ryan
1981; Ryan and Tuttle, in press). In general, the
energy in frog calls is concentrated in frequencies
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below 5 kHz (Loftus-Hills and Johnstone 1970).
T. cirrhosus produces, and presumably hears, an
echolocation call which contains energy from
50-100 kHz (Barclay et al. 1981). This raises an
immediate question. How sensitive is T. cirrhosus
to the relatively low frequencies which characterize
frog calls?

The question of microchiropteran sensitivity to
low frequency sounds is of general interest because
it seems that 7. cirrhosus might not be the only
species to use sonic acoustic cues to locate prey
(e.g. Macroderma lIyra, Fiedler 1979; Eptesicus
Sfuscus, Buchler and Childs 1981; Antrozous palli-
dus, Bell 1982; Tonatia sylvicala, Tuttle et al. sub-
mitted), and many studies of bat audition have
not investigated sensitivity to sonic frequencies (i.e.
<20 kHz). In this study we determine a behavioral
audiogram for T. cirrhosus using constant frequen-
cies of 0.2-15 kHz. We then compare this audio-
gram to the average power spectrum of the calls
of the most common species of local frogs.

Materials and Methods

The experiments were conducted in a large, outdoor, flight cage
at the Smithsonian Tropical Research Institute’s field station
on Barro Colorado Island (BCI), Panama, in March and April,
1981. Bats were mist netted along streams and were returned
to their original site of capture after the experiments.

The minimum intensity needed to elicit a behavioral re-
sponse (i.e. the threshold intensity) from T. cirrhosus to a vari-
ety of sonic frequencies was determined. Four bats were tested
and each bat was tested in two trials. High levels of background
noise from chorusing frogs and insects prohibited testing during
the night. Therefore, all experiments were conducted from
800-1600 h and only during times when there was a relatively
low level of background noise.

Bats hung from the screened ceiling during the experiments,
and a speaker was mounted on a tripod at the same height
as the bat’s head. The speaker was 1-3 m from the bat and
90° from the front of the bat. The order of stimulus presentation
was random, and each pure tone stimulus was presented at
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Fig. 1. Power spectrum (frequency vs relative amplitude, top)
and an oscillogram (time vs relative amplitude, bottom) of the
200 Hz stimulus used to determine the behavioral frequency
audiogram of Trachops cirrhosus in 1982. Stimulus was ana-
lyzed with a Nicolet model 444A spectrum analyzer

a rate of 1 stimulus/2.3 s with a Nagra IV-D tape recorder
and a small extension speaker. A response was noted when
the bat cocked its ears and turned toward the speaker. When
a response was noted, we recorded the playback level of the
tape recorder, waited approximately 30s, and then repeated
the stimulus presentation beginning at an intensity slightly
lower than the intensity to which the bat had just responded.
We continued this procedure until the bat responded at the
same minimum intensity in two successive stimulus presenta-
tions of a given frequency. This was considered the threshold
intensity for the frequency tested. The intensity of the stimulus
was then measured at the bat’s head with a Britel and Kjaer
sound pressure level meter.

In each trial the threshold intensities for eliciting behavioral
responses to frequencies of 0.2 kHz, 0.5 kHz, 1 kHz, 3 kHz,
5 kHz, 7 kHz, 9 kHz, 11 kHz, 13 kHz and 15 kHz were deter-
mined. Each bat was tested in two trials. Stimuli were produced
with an Eico model 377 sine wave generator, and were of con-
stant frequency. We attempted to produce all stimuli with dura-
tions of 500 ms and rise and decay times of 50 ms. Prior to
the playback experiments, the stimuli were monitored with a
Sennheiser MKH 104 microphone and a Tektronix model 212
oscilliscope, as they were played through the speaker over the

range of intensities used during the experiments. Visual inspec-
tion of the waveform did not reveal distortion of the stimuli.

Although we attempted to produce stimuli with the same
durations, and rise and decay times, lack of facilities prohibited
us from having these properties precisely standardized. This
was of some concern, since in another study we have shown
that 7. cirrhosus can discriminate among species of frogs using
primarily the temporal features of the frogs’ calls (Ryan and
Tuttle, in press). Therefore, in 1982 stimuli of the same constant
frequencies used in 1981 were generated with a Hewlett Packard
model 200 CDR wide range oscillator and pulses were formed
with a Grason-Stadler model 1200 series modular programming
system. All of these stimuli had identical durations of 500 ms,
and rise and decay times of 50 ms (Fig. 1). During a brief visit
to Panama in March, 1982, the behavioral frequency audio-
gram of a T. cirrhosus was determined using these stimuli and
the methods just described.

For two bats we determined the threshold intensity for
the simple advertisement call of the frog Physalaemus pustulo-
sus. This call is a frequency modulated ‘whine’ which has a
dominant frequency that sweeps from approximately 1 kHz
to 0.4 kHz in 400 ms (Rand and Ryan 1981). This is one of
the most common frogs on BCI, and suffers heavy predation
from T. cirrhosus (Ryan et al. 1981).

The logarithmic measure of dB SPL was converted to the
linear measure of absolute pressure (0 dB SPL=2x 1073
Nm ~2) for the determination of means and standard deviations,
and absolute pressures were then converted back to dB SPL
for graphical presentation. Therefore, in Fig. 3 the standard
deviations are asymmetric around the means.

We also determined the average power spectrum (frequency
versus relative amplitude) of the advertisement calls for the
16 most common frogs in the area. The calls were recorded
at various times by MJR or Dr. A. Stanley Rand of the Smith-
sonian Tropical Research Institute, using a Nagra III or IV-D
tape recorder and a Sennheiser MKH 104 microphone. The
calls were analyzed with a Princeton Applied Research model
Fast Fourier Transform real time spectrum analyzer.

Results

The minimum intensities needed to elicit a behav-
joral response from T. cirrhosus at each frequency
for all trials are shown in Fig. 2A-D. Not all bats
responded to all frequencies. In the six trials in
which bats responded to the higher sonic frequen-
cies (9 kHz, 11 kHz, 13 kHz, 15 kHz), the thresh-
olds increased as the frequencies tested decreased
from 15-5 kHz. In 7 of 8 trials the highest thresh-
old was at SkHz. In all trials the thresholds were
lower at the lower frequencies tested (0.2 kHz, 0.5
kHz, 1 kHz) than at the middle frequencies (3 kHz,
5 kHz, 7 kHz).

The mean (+1 S.D.) audiogram shows consid-
erable consistency both among and within individ-
uals. There were lower thresholds at the upper and
lower range of the frequencies tested, and thresh-
olds were higher at middle frequencies. The highest
threshold was at 5 kHz (Fig. 3). Figure 3 also
shows thresholds for the bat tested in 1982, in
which all stimuli had identical durations, and rise
and decay times. These thresholds usually fall with-
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Fig. 3. Mean (+1 S.D.) threshold intensities needed to elicit
behavioral responses to various constant frequencies from Tra-
chops cirrhosus (Fig. 1). Large dark circles represent the re-
sponses from the bat tested in 1982. Solid line is the mean
threshold response of two bats to the simple Physalaemus pustu-
losus advertisement call

in the standard deviations of the mean responses,
and the audiogram from 1982 has the same general
form as the mean 1981 audiogram. This suggests
that audiograms of the bats tested in 1981 result
from spectral differences among the stimuli, and

FREQUENCY, kHz

Fig. 4. Average power spectrum (frequency vs relative ampli-
tude) of advertisement calls of the 16 most common local frog
species

are not an artifact of minor inconsistencies in the
temporal properties of the stimuli.

The mean threshold intensity needed to elicit
a response to the P. pustulosus call was 35 dB SPL
(Fig. 3). This intensity is lower than the threshold



416 M.J. Ryan et al.: Behavioral Responses of Frog-Eating Bat to Sonic Frequencies

Table 1. Spectral characteristics of advertisement calls of the
16 most common local anurans in the Barro Colorado Island
area, Panama

Species Frequency (kHz)
Dominant 2° Frequency
frequency or harmonic

Peak Min. Max. (Min./Max./Peak)

Bufo typhonius 1.85 0.89 243

Bufo marinus 0.67 0.50 0091

Leptodactylus 048 0.39 0.73

pentadactylus

Smilisca sila 045 0.62 1.15 1.15, 1.63, 2.23
Hyla foliomorta 0.81 2.64, 4.79, 5.68
Hyla phlebodes 3.68 225 4.10 5.58, 6.66
Hyla microcephala  6.06 523 6.88 2.15, 2.97, 4.00
Hyla rufitela 094 075 1.09 1.53, 1.80, 2.63
Hyla boulengeri 282 196 4.05

Colostethus 7.08 596 7.67 1.13, 1.63
nubicola®

Agalychnis 1.57 119 242

callidryas

Centrolenella 526 4.55 549

fleischmanni

Eleutherodactylus  3.64 3.06 4.04 588, 6.22, 6.42
diastema

Eleutherodactylus  2.07 136 3.93
fitzingeri

Physalaemus 220 094 4.07 0.48, 0.65, 0.94

pustulosus®

? Colostethus nubicola is diurnal, thus probably has little
overlap in activity pattern with 7. cirrhosus

® Physalaemus pustulosus advertisement call is a whine plus
one chuck (see Rand and Ryan 1981)

for any of the constant frequencies that are within
the range of the dominant frequency of the frog
call.

Spectral properties of the advertisement calls
of the 16 most common local species of frogs are
presented in Table 1. The average power spectrum
of these calls (Fig. 4) is an estimate of the distribu-
tion of frequencies available for localization to T.
cirrhosus when hunting for frogs. Peak energy con-
centration of these calls was 1.8 kHz, with second-
ary peaks of energy at 0.6 kHz and 2.8 kHz. There
also was a minor concentration of energy at 5.9
kHz. A comparison of the mean frequency audio-
gram (Fig. 3) with the power spectrum (Fig. 4)
demonstrates that these bats are especially sensitive
to those frequencies that characterize frog calls.

Discussion

It is assumed that T. cirrhosus can hear frequencies
in its echolocation calls, 50-100 kHz (Barclay et al.
1981). If T. cirrhosus is similar to some other bats
investigated, its hearing should be maximally sensi-
tive in this frequency range (Neuweiler 1968;
Pollak etal. 1972; Long and Schnitzler 1975;
Brown et al. 1978; Schuller 1980; Suga and O’Neill
1981). Our previous studies have shown that these
bats are able to locate frog calls, and can even
use the calls to discriminate among species and
call types within species (e.g. Tuttle and Ryan
1981; Ryan et al. 1982). This study shows that 7.
cirrhosus responds to the relatively low frequencies
which characterize frog calls. In fact, the thresh-
olds of the bat increase from 15 kHz to 5 kHz,
but thresholds then decrease at frequencies below
5 kHz, the frequency range which contains most
of the energy in frog calls. These results as well
as those of another study (Ryan and Tuttle, in
press) demonstrate that 7. cirrhosus is quite able
to distinguish frog species by using spectral and
temporal features of the sonic frequencies in the
frogs’ calls.

For several reasons, we expect that our experi-
ments provide only minimal estimates of the sensi-
tivity of T. cirrhosus to low frequency sounds.
First, bats were tested in a flight cage in a forest,
thus there were always a variety of background
noises, although the intensity of the background
noises during daylight hours was usually very low.
Second, bats were tested during a time of day when
they might not have been maximally motivated to
respond to sound stimuli. And finally, the bats had
lower threshold intensities in response to the frog
call tested than to the pure tones within the range
of the dominant frequency of the frog call, suggest-
ing that the pure tone stimuli were not optimal
for eliciting a response from the bats. Based on
our experience with this species, we think that the
absolute threshold is considerably lower than our
experiments show, but this will be demonstrated
only in a more controlled experimental situation.

A common feature of bat audition is that mi-
crochiropterans appear to be maximally sensitive
to those frequencies in the echolocation call, and
sensitivity decreases with lower frequencies (e.g.
Henson 1970; Long and Schnitzler 1975; Brown
et al. 1978; Suga and O’Neill 1981), although few
studies have investigated sensitivity to frequencies
outside the range of the echolocation call, and
especially to sonic frequencies. Among the few bats
tested with frequencies less than 15 kHz, the sensi-
tivity almost always decreases with lower frequen-



M.J. Ryan et al.: Behavioral Responses of Frog-Eating Bat to Sonic Frequencies 417

Table 2. Rate of threshold increase over low frequency ranges (<15 kHz) in various microchiropteran bats. All studies cited
also tested responses to ultrasonics. If 15 kHz was not tested the threshold was estimated from that of the nearest higher and
lower frequency tested. Methods: 7 cochlear microphonic potentials; 2 evoked potentials from the inferior colliculus; 3 behavioral

response
Species Methods Rate of increase Frequency

(dB/kHz)

Range Reference

Tadarida brasiliensis 1 39 15-1 kHz Henson 1964
Tadarida molossa 1 35 15-2 kHz Henson 1964
Desmodus rotundus 1 1.1 15-1 kHz Vernon and Peterson 1966
Rhinolophus ferrumequinum 2 59 15-1 kHz Neuweiler et al. 1971
Hipposideros speoris 2 5.0 15-10 kHz Schuller 1980
Hipposideros bicolor 2 9.0 15-10 kHz Schuller 1980
Rhinolophus rouxi 2 6.0 15-10 kHz Schuller 1980
Rhinolophus rouxi 2 —1.5 15-5 kHz Schuller 1980
Rhinolophus ferrumequinum 3 7.3 15-2 kHz Long and Schnitzler 1975
Eptesicus fuscus 3 6.2 15-3 kHz Dalland 1965
Antrozous pallidus 3 1.0 15-5 kHz Brown et al. 1978

cies (Table 2). The sensitivity of T. cirrhosus also
decreases with frequencies from 15-5 kHz. How-
ever, T. cirrhosus is unusual among most bats
tested in that sensitivity then increases at frequen-
cies below 5 kHz.

Although most of the other bats exhibit de-
creasing sensitivities with decreasing frequencies,
the rate of sensitivity decrease is not the same for
all bats. Particularly interesting is the relatively
slower decay of sensitivity in Antrozous pallidus
and Desmodus rotundus. Recently, it has been sug-
gested that A. pallidus uses sounds that result from
wing fluttering to locate moths. The frequencies
in those sounds range 1.4-14.2 kHz, and the peak
energy concentration is 4.7-8.6 kHz, depending on
the size of the moth (Bell 1982). The vampire bat,
D. rotundus, preys upon large mammals and it is
not inconceivable that acoustic cues produced by
the prey, either from vocalizations or movements,
might be used in prey localization.

The hearing sensitivity of some bats was not
tested below 10 kHz. Schuller (1980) tested one
Rhinolophus rouxi down to 10 kHz and another
individual to 5 kHz. In the former test, the results
are similar to those of other bats tested; hearing
sensitivity decreases with decreasing frequencies
(Table 2). However, the bat tested to 5 kHz shows
an increased sensitivity to frequencies below 10
kHz (Table 2). These results suggest that it is not
prudent to make generalizations about the sensitiv-
ity of microchiropteran bats to sonic frequencies
until more species are tested over a greater range
of frequencies. Clearly, knowledge of the extent
to which other microchiropterans rely on sonic
acoustic cues to locate prey, and their sensitivites
to these frequencies is essential to an understand-

ing of the sensory basis of prey localization by
bats.
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