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SvNnopsis.  Modern frogs and toads possess a structurally unique saccule, endow-
ing them with seismic sensitivity greater than that observed so far in any other
group of terrestrial vertebrates. In synchrony with their advertisement calls, ap-
proximately half of the calling males of one frog species, the Puerto-Rican white-
lipped frog (Leptodactylus albilabris), produce impulsive seismic signals (thumps).
The spectral distribution of power in these seismic signals matches precisely the
spectral sensitivity of the frog's saccule. The signals have sufficient amplitude to
be sensed easily by the frog's saccule up to several meters from the source—well
beyond the typical spacing when these frogs are calling in a group. This circum-
stantial evidence suggests that white-lipped frogs may use the seismic channel in
intraspecific communication, possibly as an alternative to the airborne channel,
which often is cluttered with noise and interference. Using the frog’s vocalizations
as our assay, we set out to test that proposition. In response to playback calls, the
male white-lipped frog adjusts several of its own calling parameters. The most
conspicuous of these involves call timing—specifically the tendency for a gap in
the distribution of call onsets, precisely timed with respect to the onsets of the
playback calls. When the airborne component is unavailable (e.g., masked by
noise), approximately one in five animals produces the calling gap in response to

the seismic signals alone.

INTRODUCTION

The inner ears of frogs and toads (an-
urans) are known to be sensitive to both
airborne sound and substrate borne vibra-
tion. Based on the connections of anatom-
ical elements, Figure 1 shows putetive path-
ways, into and through the inner ear of a
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typical modern frog or toad, for the micro-
scopic structural (acoustic) displacements
induced by these two modes of stimuli at
the animal’s periphery (see Lewis and Na-
rins, 1998). The pectoral girdleis connected
not only to the ground (e.g., via the fore-
limbs) but also to the air (e.g., via the body
wall). The opercular system (comprising a
skeletal element inserted into the oval win-
dow and a muscle connecting that element
to the pectoral girdle) thus may conduct
acoustic displacements from airborne sound
as well as ground-borne vibrations (see
Lombard and Straughan, 1974; Narins et
al., 1988). Whatever their peripheral sourc-
es might be, all pathways converge at the
oval window. The length and diameter of
the bypass channel (periotic duct) dictate
that only atiny fraction of the total acoustic
displacement at the oval window isdiverted
through that channel. Almost all of it passes
through the inner ear sensors.

Being the common element in all three
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Fic. 1. Putative paths by which acoustic waves flow
into and through the ear of a frog. The columellaisan
analog of the mammalian ossicular chain.

paths through the inner ear, the saccule is
especialy intriguing. Making the anuran
saccule even more intriguing is the fact that
the volume occupied by it is approximately
equal to that occupied by al of the anuran
inner ear's seven other sensory organs taken
together. What the saccule evidently gives
frogs and toads is exquisite sensitivity to
substrate vibration, together with an exten-
sion of the range of general acoustic sen-
sitivity to frequencies well below those
covered by the two auditory papillae (am-
phibian and basilar).

Most of the anuran saccular volume is
filled with a viscous suspension of calcium
carbonate crystals (otoconia). The suspen-
sion is bounded on its lateral side by avery
thin epithelial wall. On its medial side it is
bounded in part by the thick connective-tis-
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sue core of the membranous labyrinth. Out-
side the thin epithelial wall is a volume
filled with a sodium-rich aqueous solution
(periotic fluid) and coupled directly to the
oval window. In terrestrial vertebrates, oto-
conia are found in three inner-ear sensors,
the saccule, the utricle, and the lagena. Each
of these sensors is equipped with a pad of
epithelial tissue (the macula) in which the
mechanoreceptor cells (hair cells) are em-
bedded and to which afferent and efferent
axons project. In amost every case, the
maculais embedded in thick connective tis-
sue and appears to be coupled rigidly to the
core of the membranous labyrinth. The one
exception among terrestrial vertebrates is
the saccular macula of the more recently
derived frogs and toads, including Rana ca-
tesbeiana and Leptodactylus albilabris, the
subjects of this paper. In those animals, the
thin epithelial wall is extended and bounds
the viscous suspension of otoconiaventrally
and medially (in part) as well as laterally.
The macular pad forms an island on the
ventromedial part of the thin wall. On one
side of the pad is the otoconial suspension;
on the other side is periotic fluid (rather
than thick connective tissue). In adult North
American bullfrogs (R. catesbeiana), the
saccular macula has approximately 2,500
hair cells (the number increases as the frog
grows) and is innervated by approximately
1,100 axons (Lewis and Li, 1973; Dunn,
1978). It is interesting that this sensor, with
its large investment in volume and its
unique macular structure, is innervated by
fewer axons than all but one of the seven
other sensors in the bullfrog inner ear. The
utricle, for example, has nearly four times
as many axons; and the lagena has nearly
twice as many. Only the basilar papilla has
fewer.

When we first began to study the physi-
ology of this organ in our laboratory at
Berkeley, the fact that it was sensitive to
vibration (e.g., finger tapping) had been
known for many years (Ashcroft and Hall-
pike, 1934; Cazin and Lannou, 1975; Gualt-
tierotti, 1968; Ratnikova, 1980). Our early
scanning electron microscope studies of
hair-cell surface morphology in the otocon-
ial and auditory organs (saccule, utricle, la-
gena, amphibian papilla and basilar papilla)
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Fic. 2. Schematic diagram of the laboratory setup for studying seismic sensitivity in the frog ear. The frog
was mounted on the (rectangular) plate, which in turn was mounted on the vibration exciter. Also mounted on
the plate was a small piezoelectric accelerometer to measure the actual vibration stimulus delivered to the frog.
In experiments with noise stimuli, the four corners of the plate were connected to adjustable visco-elastic
elements, designed to reduce mechanical resonances and flatten the frequency response of the system.

of R. catesbeiana revealed six distinct types
of hair bundles (Lewis and Li, 1975). The
detailed maps of the distributions of these
bundle types over the sensory maculae and
papillae of the five organs strongly sug-
gested corresponding functional distribu-
tions, including acoustic function for the
saccule (e.g., see Lewis, 1972; Lewis and
Li, 1975). To test this hypothesis, by con-
structing precise functional overlays for our
morphological maps, we undertook studies
in which single, functionally-identified af-
ferent axons of the frog eighth nerve were
injected with dye and subsequently traced
to the hair cells at which they originated
(Lewis et al., 1982). Two results were es-
pecially relevant to the saccule. (1) We
found that all of the traditional vestibular
functions (sensitivities to head orientation
and to low-frequency motion of the head)
were confined to the maculae of the utricle
and lagena, and the cristae of the three
semicircular canals. (2) All of the twenty-
five axons that we traced to the saccule ex-
hibited sensitivity to substrate vibration
and, in some cases, airborne sound, but not
to the traditional vestibular stimuli (Lewis

et al., 1982; Koyamaet al., 1982). Intrigued
by the seismic component of saccular sen-
sitivity, we undertook the first detailed
study of its properties.

One of the first things that we had no-
ticed about R. catesbeiana saccular afferent
axons was a 60-Hz modulation of their
spontaneous spike rates. The statistical dis-
tributions of their spike-intervals, for ex-
ample, typically were multimodal—the
modes being separated by approximately 17
msec. The floor of our laboratory (in the
basement of Cory Hall) is a concrete slab
directly on bedrock, and the ambient vibra-
tions in that floor are extremely low. Nev-
ertheless, either directly through the floor,
directly through the air, or indirectly
through sympathetic vibration of our ex-
perimental apparatus driven by airborne
sound, 60-Hz energy was being delivered
to our animal subjects. The sources of such
energy (e.g., 60-Hz synchronous motors
and transformers) of course are numerous
in any building in the USA. We achieved
acoustic isolation by constructing a vibra-
tion filter table (depicted in Fig. 2) enclosed
in a room with solid concrete walls and a
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thick, gasket-sealed wooden door. The final
two stages of the isolation table were en-
closed in an inner chamber constructed of
3/4-inch plywood. The total mass of the vi-
bration filter table was greater than 1,000
kg. With this arrangement, over the fre-
quency range 10-1,000 Hz (including 60
Hz and its harmonics) all three ambient vi-
bration components (one vertical, two hor-
izontal) delivered to the animal were below
the noise floor (approximately 0.000002 m/
sec?) of our measuring system.

We elected to use dorsoventral vibration
as the stimulus. Thiswas supplied to athick
plate from an electromagnetic exciter
(Bruel and Kjaer model 4908). Although
the electric leads to the exciter were doubly
shielded, they nonethel ess picked up energy
at 60 Hz and its harmonics from ambient
fields in the laboratory. Initially, the ampli-
tudes of the resulting vibrations of the plate
were kept below the noise floor of our mea-
suring system by an attenuator inserted at
the input terminals of the exciter. Subse-
quently, new equipment added to the neigh-
boring laboratory generated intense 60-Hz
magnetic fields. Acting directly on the ex-
citer, even when its input terminals were
short-circuited, these new fields produced
unacceptable levels of 60-Hz vibration. En-
casing the exciter in a thick mu-metal shell
solved that problem, bringing the plate vi-
brations below our noise floor again. With
frogs mounted on the plate, there was no
visible 60-Hz modulation of spike rate
(from spurious 60-Hz inputs) in any of the
saccular axons that we studied. Our early
experiments with this system were carried
out with sinusoidal stimuli. In more recent
experiments, we employed broadband white
noise. Results with both stimuli are com-
petely consistent with one another.

In our very first studies, we found that
afferent axons of the R. catesbeiana saccule
are exquisitely sensitive to dorsoventral vi-
brations, often exhibiting conspicuous re-
sponses for stimulus amplitudes as low as
0.00005 m/sec? (Koyama et al., 1982). The
only animals that had been demonstrated to
have seismic sensitivity comparable to this
were snakes (Hartline, 1971) and the Amer-
ican cockroach, Periplaneta americana,
(Autrum and Schneider, 1948), both of
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which were reported to have thresholds of
0.0002 m/sec?. We also found that bullfrog
saccular axons are well tuned for at least
one aspect of the natural seismic environ-
ment; their tuning structures strongly reject
energy in the frequency range (below 5 Hz)
where microseismic noise in the ground be-
comes very large (Frantti et al., 1962).
Most are broadly tuned, with single pass
bands (frequency ranges of maximum sen-
sitivity) centered below 100 Hz, and with
steep band edges on both the high- and low-
frequency sides of the pass band.

In 1981, the study was extended to the
Puerto Rican white-lipped frog, Leptodac-
tylus albilabris, a ground-dwelling animal
commonly found at the rain-forest sites
used by P M. Narins and colleagues for
field studies of the arboreal Puerto Rican
coqui frog, Eleutherodactylus coqui. Narins
and his students had noticed that, in re-
sponse to footfalls, even very gentle ones
many meters away, isolated L. albilabris
males often cease calling. Studies of these
animalsin our Berkeley laboratory revealed
saccular afferent axons with measurable re-
sponses for dorsoventral vibration ampli-
tudes as low as 0.0000063 m/sec? (Lewis
and Narins, 1981; Narins and Lewis, 1984).
The tuning of saccular axons in L. albila-
bris proved to be similar to that in R. ca-
tesbeiana. Most axons are broadly tuned,
with pass bands centered below 100 Hz.

Assuming that the male frog was si-
lenced by the seismic component of the
footfall, we planned to carry out a simple
experiment: using geophones placed close
to calling malesin the field, we would mea-
sure the amplitudes of the seismic stimuli
required to cause them to stop calling. We
never carried out that experiment. Having
placed a geophone and a microphone ap-
proximately 1.0 m from our first subject in
the field, we found that when the frog even-
tually recovered from the disturbance and
began to call again, each of its airborne
calls was accompanied by a conspicuous,
precisely-synchronized seismic wave (Fig.
3, see Lewis and Narins, 1985). The air-
borne call (Fig. 4) comprised a short, lower-
frequency tone burst (approximately 1.1
kHz), followed by alonger, higher-frequen-
cy burst (approximately 2.2 kHz). Spectral
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Fic. 3. Sound pressure waveform of the airborne call
(upper trace) and vibrational velocity waveform of the
vertical component of the accompanying seismic
thump (lower trace) of a male white-lipped frog. Both
were recorded at approximately 1 m from the source.
The peak vertical acceleration of the thump, measured
at 1.0 m, was approximately 5 X 104 g (1.0g = 9.81
m/sec?). Horizontal line = 10 msec.

analysis reveaed that the power of the ver-
tical component of the seismic wave was
concentrated in the 20—70 Hz range. The
tuning of the saccular afferent axons to dor-
soventral vibrations is well matched to this
spectrum.

In the habitat of L. albilabris, the air of-
ten is filled with the sound of the wind and
the calls of other, mostly arboreal, frog spe-
cies (especialy E. coqui). We immediately
were struck by the possibility that, under
such circumstances, L. albilabris might use
the relatively quiet seismic channel as an
alternative. Therefore, we set out to obtain
definitive evidence of involvement of the
seismic wave in the male-male communi-
cation of that animal. In attempting to do
so, we undertook what has evolved into a
long series of behavioral studiesin thefield.
These have involved artificial thumps, gen-
erated by a mechanical device (thumper),
and have focused on a gap in the temporal
distribution of the male frog's call onsetsin
the presence of calls of conspecific males.
A constant problem in this study has been
the inevitable presence of an airborne sound
accompanying the seismic wave produced
by the thumper. In this paper, we begin by
illustrating some of the relevant results
from physiological studies of both the L.
albilabris and R. catesbeiana inner ears.
Then we describe, in a general way, the
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Fic. 4. Sound pressure waveform of the airborne call
of a non-thumping male white-lipped frog.

methods we employed in the field and some
of the results we have obtained.

REVIEW OF PHYSIOLOGICAL RESULTS

Physiological measurements were made
by penetrating individual eighth-nerve af-
ferent axons with microelectrodes and re-
cording spike traffic on the way from the
intact ear (otic capsule unopened) to the
brainstem. Each axon, along with the hair
cellsit innervates and the peripheral tuning
structures connected to those hair cells, is
defined to be a sensory unit. Figure 5 shows
the results, for one saccular unit, of a typ-
ical experiment with dorsoventral sinusoi-
dal vibration applied directly to an L. al-
bilabris subject. At each stimulus ampli-
tude, several thousand cycles of the stimu-
lus sine wave were applied, and the phase
of the sine wave at the onset of each spike
was determined. The histograms construct-
ed from these data (phase histograms) show
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Fic. 5. Phase histograms for a saccular unit of amale
white-lipped frog responding to 100 Hz dorsoventral
sinusoidal vibration. The peak accelerations of the
stimuli are given in gravity units (see Fig. 3 legend).

the number of occurrences of spike onsets
as a function of stimulus phase.

What one clearly sees is a phase-by-
phase modulation of the probability of
spike production (often called the instanta-
neous spike rate) by the stimulus sinusoid.
The phase is given in radians, with zero
phase corresponding to the positive-going
zero-crossing of the stimulus (zero phase
for a sine function). The stimulus for the
bottom panel (approximately 0.000016 m/
sec?) corresponds to peak-to-peak vibratory
displacement approximately equal to 8 X
101 m. At higher stimulus levels, the
smooth sinusoidal modulation of instanta-
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Fic. 6. Phase histogram for a male white-lipped frog
saccular unit responding to a 120 Hz sinusoidal vibra-
tion. The stimulus amplitude in the lower panel is ap-
proximately half of that of the vertical component of
a male frog's thump measured at 1.0 m.

neous spike rate gives way to strong phase-
locking—all spikes tend to be congregated
around a single phase (as seen in Fig. 6 for
another L. albilabris saccular unit). Figure
7 shows awide range of peak instantaneous
spike rate responses plotted against stimu-
lus amplitude for a saccular unit from R.
catesbeiana (from Lewis, 1986). The peak
responses in the smooth-modulation region
at lower stimulus levels (open circles) were
computed by discrete Fourier transform ap-
plied to the phase histograms. For the
strong-phase-locking region at higher stim-
ulus levels, the peak responses (open boxes)
were computed by subtracting the mean
spike rate in the absence of stimulus (the
spontaneous spike rate) from the peak spike
rate in the presence of the stimulus. The
overall result is thoroughly representative
of very large subpopulations (those with
substantial spontaneous spike rates) of the
saccular units of both frog species. Essen-
tialy linear response is seen over a very
large dynamic range—three orders of mag-
nitude (60 dB) in the case of Figure 7. The



Seismic COMMUNICATION IN FROGS

1000

1

SINUSOIDAL STEADY STATE
AT 50 Hz

-
=)
o

PEAK RESPONSE (SPIKES/SEC.)
S

197 | L . | .\ L | L )
105 10%g
R PEAK STIMULUS AMPLITUDE

Fic. 7. Stimulus-response plots for a bullfrog saccu-
lar unit. The stimulus was a 50-Hz sine wave. The
amplitude of the stimulus, given as peak acceleration
in gravity units (9.81 m/sec?), is plotted along the hor-
izontal axis. At 50 Hz, 10-¢ g corresponds to a peak
displacement of approximately 1 Angstrom (10-1° m).
Triangles show mean spike rate, error bars show pos-
itive and negative root-mean-square deviation from
that mean. Circles and squares show peak instanta-
neous spike-rate responses computed by two different
methods (see text).

very top of the range shown here corre-
sponds to a peak displacement dlightly less
than 10-7 m, which is near the very bottom
of the sensitivity range for most vertebrate
somatosensory vibration sensors.

A feature thoroughly representative of all
saccular units that we have studied in both
frog species is the dependence of the mean
spike rate (open trianglesin Fig. 7) on stim-
ulus frequency and amplitude. As the stim-
ulus amplitude increased, there was a shift
from the mean spontaneous (zero-stimulus)
rate (approximately 37 sp/sec in this case)
to a spike rate matching the stimulus fre-
quency as the unit became strongly phase
locked (producing one spike per stimulus
cycle in this case). The error bars in Figure
7 show the root-mean-square deviations of
the instantaneous spike rate from its mean
value, computed separately for positive and
negative excursions. The tightening of the
error bars at higher stimulus levels reflects
increasingly precise phase locking of there-
sponse spikes to the stimulus sinusoid.

The presence of robust linear response
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alows us to define a sensor gain for each
saccular unit at each sinusoidal frequency.
For the unit of Figure 7, for example, at 50
Hz, the sensor gain (peak spike rate divided
by peak acceleration) is approximately 2 X
106 spikes/sec per g (or approximately 2 X
10° sp/sec per m/sec?). With a sequence of
sine waves, one could estimate the frequen-
cy dependence (tuning) of a unit’'s sensor
gain, one frequency at a time. An aterna
tive method that is far less time consuming
is to apply al frequencies at once, in the
form of a non-repeating, random (noise)
stimulus, then find the cross-correlation be-
tween that stimulus and the times of the
spikes. This yields a waveform segment
that is the mean of the random waveform
segments that immediately preceded the
spikes (i.e., the mean of what it was in the
random stimulus that led to spikes). When
that waveform segment is reversed in time,
it becomes the first-order Wiener kernel
(sometimes called the REVCOR function
by hearing researchers), an estimate of the
unit’s response to an impulsive stimulus (de
Boer and de Jongh, 1978; Yu et al., 1991,
Eggermont, 1993). The first-order Wiener
kernel has proven to be a faithful model of
sensory-unit dynamics. With it, one can
predict with remarkable precision the tem-
poral pattern of a unit’s instantaneous spike
rate in response to a novel stimulus wave-
form of arbitrary spectral content (de Boer
and de Jongh, 1978; Wolodkin et al., 1997).
The amplitude part of the Fourier transform
of the first-order Wiener kernel is a plot of
the corresponding frequency dependence of
sensor gain. The solid lines in Figure 8
show a first-order Wiener kernel and the
amplitude part of its Fourier transform for
a saccular unit from R. catesbeiana, com-
puted from spike responses to a random
dorso-ventral vibration stimulus. Owing to
the manner in which they were derived, the
kernel itself and its Fourier transform both
are noisy. The noise floor, for example, in
the upper panel of Figure 8 is approximate-
ly —20 dB. A notable feature of the sensor-
gain tuning curve of Figure 8, common to
the vast majority of saccular units observed
so far in both frog species (whether studied
with random stimuli or with sine waves,
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Fic. 8. First-order Wiener kernels (bottom panel) and
their Fourier transforms (top panel) for seismic (solid
line) and auditory (dashed line) stimuli applied to a
bullfrog saccular unit. The waveforms in the lower
traces are estimates of the instantaneous spike rate as
functions of time following impulsive seismic (solid
line) or auditory (dashed line) stimuli. For comparison,
the root-mean-square amplitudes of the two waveforms
have been scaled to make them approximately equal.
Abscissavaluesin the top panel are estimates of sensor
gain (sp/sec per unit stimulus amplitude) plotted log-
arithmicaly (0 dB = 1.0, —20 dB = 0.1). Values in
both plots in the top panel were scaled to make the
maximum sensor gain approximately 1.0 (0 dB).

one frequency at a time), is its broad band
width (more than an octave).

A large proportion of frog saccular units
are responsive to airborne sound (auditory
stimuli) at moderate levels (see Moffat and
Capranica, 1976; Yu et al., 1991). The
dashed lines in Figure 8 show the first-order
Wiener kernel and the amplitude part of its
Fourier transform for the same saccular
unit, computed from its spike responses to
random sound (noise) delivered through a
closed-field system (a tube, sealed around
the perimeter of the tympanum). Although
there clearly are differences between the
two sensor-gain tuning curves of Figure 8,
both are broad. Furthermore, the centers of
both lie clearly below 100 Hz. This was
true for all saccular units that we studied.

As some saccular units respond to audi-
tory stimuli, so do some amphibian-papillar
and basilar-papillar units respond to seismic
stimuli (Frishkopf and Goldstein, 1963; Yu
et al., 1991; ChristensenDalsgaard and Na-
rins, 1993). We found that seismic tuning
in R. catesbeiana and L. albilabris papillar
units covered the same frequency range as
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auditory tuning (approximately 100 Hz to
1.0 kHz for amphibian-papillar units, above
1.0 kHz for basilar-papillar units). Yu et al.,
(1991) estimated the seismic sensitivity of
such units in R. catesbeiana to be approx-
imately one third to one sixth that of typical
R. catesbeiana saccular units.

REvIEW oF BEHAVIORAL RESULTS WITH
CALL PLAYBACKS

In our initial field work in 1983, we
found that approximately half of the L. al-
bilabris males that we studied produced
thumps with their calls. Except during a
prolonged dry spell, this has been borne out
in our subsequent studies through the years.
During the dry spell we found no animals
thumping. Immediately after the first rain,
thumping animals were abundant once
again. We believe that striking of the gular
pouch against the ground produces the
thumps. This is supported by two pieces of
evidence: (1) In one instance, fortuitously,
we observed waves being produced on the
surface of a thin layer of water in which a
thumping frog was sitting. The waves em-
anated from the gular pouch and were syn-
chronized to the calls. (2) In thumping
frogs, the envelopes of the airborne calls
tend to show deep amplitude modulations
(Fig. 3); those of nonthumping frogs do not
(Fig. 4). We presume that these modulations
are caused by deformations of the gular
pouch as it strikes the ground.

In order to design experiments to test
whether or not the seismic waves of the
thumps can be used as alternatives to air-
borne calls in male-male interactions, we
decided first to study the interaction involv-
ing the airborne call. To do so, we carried
out playback experiments with the recorded
calls, including that of Figure 4, which was
used extensively, played at various repeti-
tion rates and at various intensities. In re-
sponse to playback of recorded calls, a call-
ing frog typically made subtle changes in
several parameters (e.g., spectrum, repeti-
tion rate, amplitude) of its own call (Lopez
et al., 1988). Much more conspicuous,
however, was its call timing relative to the
playback calls. Figure 9 is representative of
our results over avery large number of sub-
jects. The stimulus was the waveform of
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Fic. 9. Histogram showing the call-timing pattern of
male white-lipped frogs responding to repetitive play-
back of the recorded call of Figure 4. Data were ac-
cumulated from 25-sec trials with four isolated frogs.

Figure 4 repeated at a rate of 3.74 sec?
(period of 267 msec), which very close to
the natural calling frequency of most of the
subjects. Figure 9 shows the sum of the dis-
tributions of the onset times, over the 267-
msec stimulus period, of the calls of four
responding male L. albilabris subjects. The
value zero on the horizontal axis corre-
sponds to the onset of each stimulus call.
The patterns of responses by many subjects
to many repetition rates, from 1 to 22 stim-
ulus calls per second, showed that the dis-
tribution of Figure 9 resulted largely from
three general features of the male L. albi-
labris calling pattern (Moore et al., 1989).
(1) There is a tendency to produce calls at
a rate of approximately 4 sect. (2) There
is an absolute refractory period of approx-
imately 160—200 msec (see Fig. 10). (3)
There is a strong tendency not to begin a
cal during an interval of about 30 msec or
more, beginning approximately 30 to 40
msec after the onset of the stimulus call.
The last feature we labeled the calling gap,
and we decided to use it as our assay for
responsiveness in our male L. albilabris
subjects. Would those animals produce call-
ing gaps in response to seismic signals?

FURTHER EXPERIMENTS WITH AIRBORNE
SOUNDS

To learn more about the calling gap, we
employed artificial calls. With those we
were able to vary the call duration and
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Fic. 10. Distribution of calling intervals for a male
white-lipped frog with a 200 msec refractory period.
Intervals shorter than approximately 160 msec were
never seen.

spectral composition. We elected to fix the
repetition rate of the artificial calls at 4.0
per sec—close to the natural calling rate of
our subjects. We elected to use pure tone
bursts, with cosine-modulated onsets and
offsets to reduce the spectral spread.
Among the tone frequencies employed were
some selected to be especially excitatory
for specific sensors: e.g., 2,200 Hz for the
basilar papilla, 650 Hz for the amphibian
papilla, and 50 Hz for the saccule. Aslong
as we were dealing with a male frog that
was acoustically isolated (not interacting
with a nearby calling neighbor), the higher-
frequency tone bursts (i.e.,, 250 Hz and
above) elicited conspicuous calling gaps.
As the tone-burst duration was increased,
the frogs divided into two groups with re-
spect to the pattern of gaps. Figure 11 and
12 show examples of these patterns in re-
sponse to 2,200-Hz tone bursts with dura-
tion ranging from 20 msec to 120 msec.
Tone-burst amplitude was 70 dB SPL at the
frog's location (where dB SPL refers to
decibels of sound pressure level relative to
20 X 10 Pa, the decibel measure of sound
level familiar to most people). The horizon-
tal lines depict the durations and timing of
the stimulus bursts. The consistency of the
response patterns can be inferred from Fig-
ure 13, which shows histograms for 20-, 40-
and 80-msec bursts (2,200-Hz, 70 dB SPL
at the frog) summed over seven members
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Fic. 11. Caling patterns of a male white-lipped frog
in response to repetitive 2,200 Hz tone bursts of var-
ious lengths (presented at 4 per sec, 70 dB SPL at the
frog). The horizontal line in each histogram indicates
the timing and duration of the tone burst.

of one group and five members of the other.
In one group, the calling gap commences
approximately 40 msec after the onset of
the stimulus call and continues until ap-
proximately 70 msec after the end of the
stimulus call. In the other group, there are
two calling gaps. one commencing approx-
imately 40 msec after the onset of the stim-
ulus call, the other commencing approxi-
mately 40 msec after the end of the stimu-
lus call. The second gap is somewhat nar-
rower than the first.

Because the power of the L. albilabris
thump is highly concentrated in the fre-
quency range of the saccule (well below
100 Hz), extending very little into the low-
est-frequency parts of the amphibian papil-
la, we were especially interested in the abil-
ity of 50-Hz tone bursts to elicit calling
gaps. Figure 14 shows a result from one of
the subjects from the left-hand column of
Figure 13. To avoid excessive spectral
spread, we selected 60 msec (three periods)
as the minimum duration for our 50-Hz
bursts. Both tone bursts used for Figure 14
had 70 dB SPL amplitudes at the location
of the frog. Of the eleven subjects for which
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Fic. 12. Cadling patterns of another male white-
lipped frog. The stimuli were the same as those used
for Figure 11.
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Fic. 13. Cumulative histograms taken over the two
groups of white-lipped frogs (see text), showing the
calling patterns for a subset of the stimuli used in Fig-
ures 11 and 12.
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Fic. 14. Calling patterns of a male white-lipped frog
in response to tone bursts at 50 Hz and 2,200 Hz pre-
sented at 4 per sec, with amplitudes of 70 dB SPL
measured at the frog.

this experiment was carried out (eleven of
the twelve frogs represented in Fig. 13),
only two responded to the 50-Hz tone burst
with calling gaps as conspicuous as this.
Even with those two subjects the depth of
the gap was inconsistent from one tria to
another. As a crude but simple measure of
the tendency to produce this gap in re-
sponse to the 50-Hz tone burst (60 msec,
70 dB SPL), we took the ratio of call re-
sponse call onsets in the first half of the
250-msec stimulus period to the total num-
ber of call onests. Figure 15 shows a his-
togram of the results taken over all fourteen
trials that we carried out on the eleven sub-
jects (labeled A through K). Each trial was
carried out for 120 sec and accumulated ap-
proximately 450 response calls. Although
the stimulus clearly was effective, its actual
effects were inconsistent within and be-
tween subjects.

EXPERIMENTS WITH SEISMIC THUMPS

Figure 16 shows the device (thumper) we
currently use to produce thumps. We found
that seismic waveforms (observed with
geophones) produced by impulsive me-
chanical stimuli (including those produced
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Fic. 15. Distribution of responses of 14 male white-
lipped frogs to 50-Hz tone bursts. Frogs A, B and C
each were subjected to two trials. In each trial, calls
were accumulated over a period of 120 sec, yielding
approximately 450 response calls.

by the thumper), are largely determined by
the physical properties of the ground and
largely independent of the stimulus source.
Therefore we were able to match very well
the amplitude, shape, and spectrum of the
seismic thump waveforms produced by the
frogs. Our experiments were carried out at
night (between 1800 and 0200 hr), in the
Luquillo Mountains of eastern Puerto Rico.
Figure 17 depicts our general setup in the
field. Not all of the elements of Figure 17
were actually deployed in all of the specific
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Fic. 16. Configuration of the thumper used in our
most recent experiments.
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Fic. 17. Generalized diagram of the field setup. Two tape players and one tape recorder were used. Prerecorded
stimulus patterns, comprising periodic trigger/synch pulses and auditory stimuli (e.g., thump sounds, recorded
calls, artificial calls, noise bursts) synchronized to those pulses were presented from one tape player. Prerecorded,
continuous, broad band auditory noise was presented from the second tape player. The response calls (chirps)
from the frog and the periodic trigger/synch pulses from the first tape player were recorded simultaneously on

separate channels of the tape recorder.

setups. Because it is impossible to generate
impulsive seismic waves without concomi-
tant impulsive airborne sounds, we had to
take special care to rule out the possibility
that our L. albilabris subjects were respond-
ing to the airborne components rather than
the seismic components of our stimuli. As
one can infer from Figure 17, we attempted
to do this in severa ways. In our earlier
experiments, we observed the minimum
amplitude of airborne sound (noise or tone)
bursts that would evoke gap production.
Then, with the thumper (on the ground)
covered by three wooden boxes (one more
than shown on the left in Fig. 17), we ad-
justed the thump amplitude until the peak
thumper sound level was between one third
and one tenth of that observed minimum.
In our later experiments, we attempted to
determine the responsiveness of each sub-
ject to simulated thumper sounds either by
playing recordings of those sounds or by
generating approximations of those sounds
with a thumper mounted on a vibration iso-
lation platform (shown on the right in Fig.
17). Then we added continuous airborne
noise (20 Hz—16 kHz) to mask the thumper

sounds. Effective levels for masking were
determined by applying the noise together
with simulated thumper sounds. In all of
these experiments, we presented periodic
stimuli (thumps, simulated thumper sounds,
and calls) at a rate of 4 sec™.

In both our earlier and later experiments,
inconsistency within and between subjects
was comparable to that with auditory stim-
ulation of the saccule (bottom panel of Fig.
14, Fig. 15). In both cases approximately
15-20% of subjects produced conspicuous
caling gaps in response to seismic thumps
whose concomitant sound was masked or
reduced to subthreshold levels. The mask-
ing-noise experiments, for example, were
carried out on fifteen subjects. Among those
fifteen animals, only three showed conspic-
uous gap production in response to the
combination of thumps and masking noise.
Figures 18 and 19 show results from two
of those three animals.

Figure 18 shows the results for an iso-
lated subject on the grounds of the El Verde
Field Research Station. The top panel
shows the distribution of call onsets in re-
sponse to recorded thumper sounds, played
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Fic. 18. Call patterns of a male white-lipped frog in
response to recorded thumper sounds (top panel), to
thumps with accompanying sounds (middle panel), and
to thumps with accompanying sounds plus masking
noise (bottom panel).

with peak amplitude of 54 dB SPL (set to
match the amplitude of the sounds from the
thumper on the ground), with no masking
noise. The middle panel shows the distri-
bution in response to periodic thumps from
the thumper on the ground, with no mask-
ing noise. The bottom panel shows the dis-
tribution in response to the thumper in the
presence of masking noise (20 Hz-16 kHz),
presented at 72 dB SPL. The peak ampli-
tude of the sound from the thumper was 54
dB SPL. The power of the thumper sound
was distributed largely between 100 Hz and
3 kHz. In response to the thump sounds
aone there appears to have been a subtle
tendency not to initiate acall in the first half
of the stimulus period. In response to the
unmasked thumper on the ground, this ten-
dency became distinct, and is followed by
the usual rebound of calling activity. When
masking noise was added (bottom panel), a
conspicuous gap appeared (between 62.5
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Fic. 19. Call patterns of another male white-lipped
frog in response to thumps (top panel), to thumps plus
masking noise (middle panel), and to thumps plus
masking noise at a slightly higher level (bottom panel).

and 87.5 msec following the onset of the
stimulus).

Figure 19 shows the results for a subject
in a small patch of wet meadow. The frog
was within a few meters of other calling
males. The top panel shows the distribution
of call onsets in response to periodic
thumps from the thumper on the ground,
with no masking noise. The middle panel
shows the distribution in response to the
same thumps, presented with noise (20 Hz—
16 kHz) at 77 dB SPL. The bottom panel
shows the distribution in response to the
same thumps, presented with the same
noise at 80 dB SPL. In that panel, a con-
spicuous gap is evident between 50 and
87.5 msec following the stimulus onset.
The peak thumper sound was 50 dB SPL,
again with its power distributed largely be-
tween 100 Hz and 3 kHz. The results in
these three panels suggest that the subject
was focusing on the sounds of calling
neighbors and ignoring the thumper—until
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the presence of the high level of noise ef-
fectively blocked the airborne channel.
With both of these subjects (that of Fig. 18
and that of Fig. 19), the peak vertical ac-
celeration amplitudes of the seismic thumps
were in the low 10-4 g range, matching the
typical amplitude at 1 m distance of the
thump from a calling frog. From Figures 6
and 7, it can be seen that these amplitudes
are sufficient to produce very strong, highly
synchronized responses among the frog's
saccular units.

DiscussioN

The three elements of circumstantial ev-
idence presented in the synopsis now can
be restated as follows: When the ground is
damp, approximately half the calling male
white-lipped frogs assume a posture that al-
lows the gular pouch to strike the ground
during each call. Each of the resulting seis-
mic signals has a waveform shape and spec-
trum that is typical of those from impulsive
stimuli in general (such as predator foot-
falls) applied to the same substrate. The
white-lipped frog saccule is exceedingly
sensitive and is well-tuned to impulsive
seismic signals in that substrate.

Thus one can argue that the seismic sig-
nal produced by the male white-lipped frog
is an accidental byproduct of calling pos-
ture. On the other hand, calling posture
might be an adjustable parameter of com-
munication for the calling male. We have
not addressed that possibility in our exper-
iments. Whether or not the seismic signal
is accidental, the frog's saccule clearly is
well-suited for sensing it. The question we
have addressed in our behavioral experi-
ments so far is whether or not there are cir-
cumstances under which other male frogs
would adjust their own calling parameters
in response to it. Figures 18 and 19 provide
definitive evidence that there are. In Figure
18, the combination of seismic stimulus and
auditory stimulus (thump sound) produced
a conspicuous adjustment by an isolated
subject (center panel), where the same au-
ditory stimulus by itself did not (upper pan-
el). When the auditory stimulus was thor-
oughly masked by continuous airborne
noise, so that only the seismic stimulus re-
mained, there also was a conspicuous ad-
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justment (bottom panel). The same thing is
true for the bottom panel of Figure 19;
when auditory stimuli (from other frogs in
this case) were masked by continuous air-
borne noise, the subject responded conspic-
uously to the seismic stimulus. Because the
saccule itself is sensitive to airborne sound,
one expects that there would be a level of
acoustic noise in the air sufficient to mask
the saccular response to any given seismic
stimulus. Figure 19 suggests, however, that
there is a range of such noise levels suffi-
ciently high to mask airborne calls yet suf-
ficiently low to allow the saccule to detect
thumps.
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