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Abstract Banner-tailed kangaroo rats, Dipodomys
spectabilis, footdrum to produce substrate-borne and
airborne acoustic energy. Previous studies show that
they communicate territorial ownership via airborne
footdrumming signals. The research reported here used
simulated footdrum patterns generated by an arti®cial
`thumper' to address the question of whether kangaroo
rats communicate through seismic components of these
acoustic signals. With microphones suspended in sealed
burrows, we found that airborne sounds were attenuated
by approximately 40 dB as they passed through the
burrow wall into the burrow chamber. The substrate-
borne vibrations from the thumper yielded sound ap-
proximately 40 dB greater in peak amplitude than the
attenuated airborne sound. Thus, 99.9% of the peak
power of the thumper was transmitted directly through
the substrate into the burrow. The rats in sealed burrows
timed their responses to playbacks of footdrums from
the thumper and a loudspeaker so they did not initiate a
drumming sequence during either the seismic or airborne
signals. When these signals were masked by loud noise,
the rats continued to drum to the seismic signal but
drummed randomly during the airborne playback.
These results suggest that the sealed burrow provides a
quiet place in which D. spectabilis can listen for sub-
strate-borne communications from conspeci®cs.

Key words Kangaroo rat á Footdrum á Seismic á
Communication á D. spectabilis
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Introduction

There are two obvious channels for transmission of
acoustic energy in terrestrial animals: the air and the
substrate. When the airborne channel is ®lled with
acoustic noise, the substrate or seismic channel may
provide a relatively noise-free alternative for transmis-
sion of signals to remote locales.

A wide variety of terrestrial animals create seismic
signals by mechanically rubbing, tapping, drumming or
banging parts of the body on a substrate. As a result, a
substantial portion of the resulting acoustic energy is
transmitted in the seismic channel rather than in the air
(Markl 1983; Narins et al. 1992; Randall 1993). Some of
these animals have structures specialized for sensing the
seismic vibrations; in a few cases, there is evidence that
the animals use the seismic channel for intraspeci®c
communication (Koyama et al. 1982; Pratte and Jeanne
1984; Narins 1990; Heth et al. 1991; Baurecht and Barth
1992; Narins et al. 1992). Among terrestrial vertebrates,
evidence for communication is limited to white-lipped
frogs, Leptodactylus albilabris, that thump the ground
with their vocal sacs to generate vibrations in the soil
(Lewis and Narins 1985; Cortopassi and Lewis 1992)
and to two fossorial mole-rat species. Spalax ehrenbergi
drums its head on the top of the burrow (Heth et al.
1987; Rado et al. 1987, 1989) and Georychus capensis
drums its feet on the burrow ¯oor (Jarvis and Bennett
1991; Narins et al. 1992).

Banner-tailed kangaroo rats, Dipodomys spectabilis,
interact by footdrumming. These nocturnal, desert ro-
dents drum a complex pattern of individual footdrum-
ming signatures that they can discriminate as originating
from a neighbor or a stranger (Randall 1984, 1989, 1993,
1994a). When presented with the sound of footdrums,
either generated directly by another rat or recorded
previously by an experimenter and played through a
loudspeaker, a rat typically responds with footdrums of
its own (Randall 1984, 1994a, 1995). In footdrumming
exchanges, each rat tends to begin its own drumming
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pattern when the other rat is not drumming. The con-
sistency of response to footdrumming played through a
loudspeaker and ®eld observations show that interac-
tions between two rats involve airborne sound (Randall
1984, 1994a).

D. spectabilis footdrums almost exclusively on terri-
tories consisting of large dirt mounds, approximately 2±
3 m in diameter, in which the rats store large caches of
seeds, their main food source (Randall 1984). Each
mound is defended by a single animal of either sex, ex-
cept when young rats are in natal mounds with mothers
(Randall 1984). The kangaroo rats drum on the surface
of the mound or on the ¯oor of the burrow chamber
inside the mound (Randall 1984, 1993). When inside the
mound for any length of time, the rats typically seal the
burrow entrance with several centimeters of dirt. When a
mound caves in, its height is reduced to the level of the
surrounding ground to suggest that the volume of the
mound is equal to the volume of the rat's chamber di-
rectly beneath it.

Although evidence for footdrumming in territorial
communication is strong for D. spectabilis, the question
remains whether these semi-fossorial animals use the
seismic channel to communicate (Narins 1990). Foot-
drumming produces considerable substrate-borne
acoustic energy (easily detected with geophones) as well
as airborne acoustic energy. The rats often footdrum
from inside their mounds when the airborne channel
seems unusable or unused. In two instances, using geo-
phones to monitor footdrums from the ¯oors of the
sealed chambers of neighboring rats whose mounds were
approximately 10 m apart, J.A. Randall (unpublished
observations) heard rats exchanging footdrums between
burrows, despite strong winds over the surface of the
ground that in one case rendered the airborne footdrums
inaudible to the human observer. We doubted that the
airborne sounds, attenuated by passing twice from air
through burrow walls, could have been e�ective com-
munication signals. Therefore, we considered it likely
that the footdrumming was transmitted between bur-
rows through the substrate, in the seismic mode, from
one burrow to the other.

Our research addressed the e�ectiveness of trans-
mission of footdrumming signals into a sealed burrow.
Can the kangaroo rats really sense the seismic compo-
nent of the drumming? We performed both behavioral
and physical experiments to answer this question. We
designed behavioral experiments to test whether a rat in
a burrow chamber responds to arti®cial footdrums when
the airborne sounds of the drums are masked by high-
amplitude noise (sound comprising random ¯uctuations
of the instantaneous sound pressure). We designed the
physical experiments to determine the relative ampli-
tudes of acoustic signals transmitted to the burrow
through the air and through the substrate. We hypoth-
esized that, despite poor acoustic conditions for sound
transmission through the air outside the burrow, the rats
could listen for substrate-borne (seismic) footdrums in

the quiet acoustic environment provided by a burrow
chamber.

Materials and methods

Study site and subjects

We conducted tests in June 1990, from 1 to 10 August 1991, and
in August 1992 on a 3.6-ha (150 ´ 240 m) study site that was
established by J. Randall in 1980 approximately 7 km northeast
of Portal, Arizona (Randall, 1989, 1994a, 1995). Active mounds
were identi®ed and numbered with stakes and plastic ¯ags, and
distances between neighboring mounds measured with a 100-m
tape.

Population densities in 1990 were the highest in 8 years, and
80% of the mounds on the study site were occupied with a total
of 40 animals an average of 18 m apart. Densities declined in
1991 to 19 animals averaging 33 m apart and reached a low in
1992 with only 14 animals present at 41 m apart. We increased
the number of animals available for testing in 1991 by expanding
the site to the west of the original study site to include 10 ani-
mals.

Generation of seismic drumming

We generated seismic footdrumming for both physical and be-
havioral experiments with a mechanical `thumper' designed to
simulate the footdrums of a drumming rat (Fig. 1). The thumper
consisted of a striking device from an electric typewriter which was
mounted on an aluminum box to strike a pad consisting of a small
aluminum disk sandwiched between two rubber sheets in direct
contact with the ground beneath the thumper. The mass of the
thumper was increased by mounting its power source (a 12-V lead-
acid battery) inside the aluminum box. An electronic pulse gener-
ator triggered from a tape recording of a rat's footdrumming
pattern drove the thumper.

Fig. 1 Con®guration of sound transmission tests showing rat
chamber with position of the microphone in proximity to the buried
thumper and thumper and speaker on a vibration-isolation platform.
Enlargements are of the thumper and its position in the ground and
on the vibration-isolation platform
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Physical measurements

The physical experiments were designed to determine: (1) the
amount of attenuation provided by the burrow wall for airborne
sounds, and (2) whether that attenuation is circumvented by the
substrate-borne (seismic) footdrums. This design provided a direct
physical test of our hypothesis that the rats use the sealed burrow
chambers as quiet places in which they can listen for footdrum-
ming.

We measured the sound inside each of three rat burrow
chambers by suspending a microphone in a vertical hole drilled in
the chamber ceiling. (Rats occupied the burrow chamber in all
three tests, and the entrance hole was plugged.) We used small
electret microphones (Realistic model 33-1052) with good fre-
quency characteristics (nearly ¯at response from 50- to 20 000 Hz)
for all sound measurements in the burrow chamber. Each micro-
phone was tested in the lab for sensitivity to substrate vibrations by
mounting it on a vibration table driven by a Bruel & Kjaer 4810
minishaker. Responses were observed over the frequency range of
the minishaker and found to be below the microphone noise ¯oor
until the vibration amplitudes were increased su�ciently to yield
audible airborne sound. At that stimulus level, the responses of the
microphones were the same when placed immediately above the
table and isolated from the table vibrations as when mounted di-
rectly on the table. Thus, the microphone response at each fre-
quency was attributable entirely to the airborne sound component.

We drilled vertical holes into the mound through the ceiling of
the burrow chamber with a 1.27-cm masonry bit. The wall over the
chamber at the site of the hole drilled for the microphone was
approximately 12 cm for the ®rst and third chamber and 5 cm for
the second. We suspended the microphone at the bottom of the
drilled hole, sealed the entrance to the hole with a small rock and
covered it with a small mound of dirt. This con®guration was re-
peated for all three burrow chambers.

In the ®rst two burrow chambers, we generated airborne thump
sounds with a Minimus-7 speaker on a vibration-isolation platform
located 4 m from the microphone hole and seismic thumps from a
buried thumper also positioned 4 m from the microphone (Fig. 1).
Airborne thumps sounds emitted from the buried thumper and
from the speaker on the platform were calibrated with a Sennheiser
ME88 microphone at a distance of 0.5 m.

We conducted an experiment in a third burrow chamber to
measure the e�ectiveness of the two channels (airborne and sub-
strate-borne) for acoustic energy generated by thumping on the
substrate. We generated seismic thumps by tapping on the ground
2.3 m from the drilled microphone hole and 1.8 m from the edge of
the mound at approximately 1 tap/s with a rubber mallet. To
provide nearly identical airborne sound without accompanying
seismic components, the sound of the rubber mallet tapping the
ground was recorded on the Marantz cassette recorder and played
on another cassette recorder (Aiwa HS-G370) through the speaker,
which was mounted on the vibration-isolation platform 2.5 m from
the microphone hole. We used a rubber mallet, instead of the
mechanical thumper, because the amplitude of the thumper could
not be adjusted and the metal box on which the striker was
mounted added high-frequency airborne sound components. The
mallet allowed us to adjust the amplitude of the thumps, and the
fast footdrumming of the rats emitted by the thumper was unnec-
essary for the physical measurements. A small piece of plywood,
2.54 cm thick, was placed over the sealed microphone hole, and a
second, identical microphone was placed on top of the board, al-
lowing us to record the sound of each thump simultaneously inside
and outside the chamber at each end of the drilled hole.

We also constructed a simulated rat chamber, consisting of a
cube-shaped excavation approximately 0.6 m ´ 0.6 m ´ 0.6 m in
the ¯at ground and measured the sound inside with a microphone
sealed into the chamber. We suspended the microphone inside the
arti®cial burrow on a vibration-isolation ®lter comprising three
compliant springs and three lead ®shing weights to produce a six-
pole, low-pass ®lter with a corner frequency of approximately 1 Hz
for each octave above that frequency. We covered the burrow with
a plywood board and piled a mound of the soil approximately

12 cm thick onto the board and placed a matching microphone on
the dirt that covered the chamber. Thumps were generated by
tapping lightly on the ground with a rubber mallet or ®ngers. We
generated airborne thump sounds as before by recording the thump
sounds with a microphone and playing them through the speaker.
Airborne noise sound also was presented from the speaker.

Behavioral experiments

We tested adult kangaroo rats and dispersed juveniles living in
separate mounds for their responses to playbacks designed to
separate responses to the airborne and seismic signals. We tested a
total of 6 animals (2 females and 4 males) in 1990 and 16 (10 males
and 6 females) in 1991. To simulate the footdrum pattern for the
behavioral experiments, a tape recording of a drumming rat trig-
gered the thumper electronically so that it replicated each individ-
ual thump in the rat's pattern. Playbacks consisted of a 31-s tape
loop continuously playing two D. spectabilis footdrumming bouts.
The ®rst and longest bout occurred in seconds 1±4 with the second
bout beginning in second 19 and ending in second 21. The two
bout, therefore, consisted of 7 s of playback drumming and 24 s of
no drumming.

We tested the rats for their responses to seismic and airborne
footdrumming in three steps. We presented:

1. Simultaneous seismic footdrums from the mechanical
thumper buried in the ground and high-amplitude noise broadcast
through a loudspeaker to mask the airborne sound from the buried
thumper.

2. Airborne footdrumming without the seismic components and
without noise from the loudspeaker.

3. Simultaneous presentation of the airborne thump sounds
from a vibration-isolation platform (without seismic components)
and high-amplitude noise as a control to verify that the high-am-
plitude noise masked any airborne sound. The noise presented in
step 1 had the same amplitude and spectral composition as that
presented in step 3. In each case, the noise source (loudspeaker) was
placed directly on top of the source of the thump sounds, so that
the azimuths of the thump sounds and noise were the same relative
to the subject rat.

Our goal in the seismic tests in step 1 was to produce seismic
footdrumming vibrations while masking any airborne sound. We
®rst reduced the amplitude of the airborne sound produced by the
mechanical thumper by burying it in a hole 30 cm deep and cov-
ering it with a plywood box which we covered with a mound of soil
(Fig. 1). We played the high-amplitude, masking noise from a
speaker placed on top of the mound of soil. This noise was re-
corded with a spectral compensation to make the playback ¯at
from approximately 40 to 15 000 Hz when presented through the
speaker used in these studies. The noise level typically had a root-
mean-square amplitude 30±40 dB louder than the thump sounds
generated by the buried thumper.

We positioned the buried thumper adjacent to the edge of the
mound at a distance of 4 m from the rat's sealed entrance hole. One
of us monitored the footdrumming pattern generated by the
thumper with a vertical geophone in a hole between the thumper
and the mound to adjust pattern output. The other recorded the
rat's footdrumming with another vertical geophone placed directly
on the surface of the mound near the burrow entrance, which is the
best place to obtain good recordings of rats footdrumming inside
the mound (Randall 1989, 1995).

Our goal in step 2 was to transmit airborne footdrumming to
the rat without a seismic component. For consistency, we wanted
to transmit airborne sound with a mechanical thumper identical to
the buried one. We therefore placed a mechanical thumper on a
mound of dirt on the vibration-isolation platform and covered it
with a plywood box identical to that covering the buried thumper
(Fig. 1). Because the rats did not respond well to the airborne
sounds from the thumper, and we knew from prior studies that they
responded to airborne footdrumming from a speaker (Randall
1984, 1994a; Randall and Matocq, in press), we broadcast the
airborne footdrumming from a speaker on the vibration-isolating
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platform for most of the experiment. The peak amplitude of the
airborne sound generated from the platform was approximately
20 dB higher than that generated by the buried thumper, and the
platform served to attenuate the ground-borne vibrations from the
thumper by more than 60 dB. We recorded footdrumming re-
sponses of the rat with geophones as in step 1.

For the control in step 3, we combined step 2 with the masking
noise from step 1 to show that the masking noise was of high
enough amplitude to mask any airborne sound. We usually began
the high-amplitude noise after the rat had begun to footdrum in
response to the airborne sound to verify that the rat heard the
airborne footdrumming.

We used a Sennheiser ME88 directional microphone with ¯at
frequency response from 75 to 14 000 kHz to calibrate the airborne
sounds produced by the buried thumper, and the thumper and
speaker on the isolation platform. The low amplitude of the sounds
from the buried thumper usually required calibration at a distance
of 0.5 m from the sound source, rather than at a common point
over the rat mound. The responses from geophones and the mi-
crophone (for sound calibration) were recorded on a Marantz
model PMD 430 two-channel cassette recorder and on a Sony
Professional WM-D6 two-channel cassette recorder. Noise stimuli
were played through the speaker on an Aiwa cassette player with
low-frequency compensation. Footdrumming responses to the
playback stimuli were recorded via the geophone on a Uher 4200 or
4000 reel-to-reel recorder.

We analyzed recordings in which we could hear both the
playback and the footdrumming response. The repetitive pattern of
the thumper and di�erences in sound quality enabled us to dis-
tinguish between the playback and the drumming of the rat in the
seismic tests. It was more di�cult for us to hear the airborne
drumming through the geophones, and we omitted any recordings
in which we were unable to hear clearly the playback stimuli.

We scored the time during the 31-s playback when the test
subject initiated a footdrumming sequence from the recorded tapes
by starting the stopwatch every 31 s and either writing or checking
the time on a data sheet when we ®rst heard a rat begin to foot-
drum. Later, in the laboratory, we used a computer to count the
drums.

Results

Physical measurements

Measured outside the burrow chamber, we found that
the peak amplitude of airborne thump sounds from the
speaker was 27 � 1 dB greater than airborne thump
sounds from the buried thumper. Inside the burrow
chamber, however, the sound from the thumper had
considerably higher amplitude than that from the
speaker. Thump sounds from the buried thumper re-
corded on the microphone suspended in the burrow
chamber were 18 dB above the noise ¯oor of the mi-
crophone and were clearly audible to a listener moni-
toring the microphone output with headphones. The
airborne thump sounds from the speaker were su�-
ciently below the noise ¯oor of the microphone [ap-
proximately 50 dB sound pressure level (SPL)] to be
inaudible to the listener. The same result occurred when
the airborne thump sounds were generated by the second
thumper on the vibration-isolation platform. In the
burrow chamber, those sounds were su�ciently below
the noise ¯oor of the electret microphone to be inaudi-
ble, while the thump sounds from the buried thumper
remained audible.

In the second burrow chamber, we measured the ef-
fectiveness of transmission of airborne sound into the
burrow by increasing the amplitude of the airborne
thump sounds from the speaker until they produced a
response in the microphone in the burrow chamber that
was approximately the same as that produced by the
buried thumper. (Subsequent measurement of the re-
corded peak responses showed that airborne sounds
from the speaker actually were 3 dB greater than those
from the buried thumper with both responses in the
neighborhood of 60 dB SPL.) When we calibrated the
airborne sounds with the Sennheiser ME88 microphone
at a distance of 0.5 m from each source, we found that
the amplitude of the airborne thump sound from the
buried thumper was 6 � 3 dB above the noise ¯oor of
the Sennheiser. The amplitude of the airborne thump
sound from the speaker was 53 � 1 dB above the Sen-
nheiser noise ¯oor making it approximately 47 dB
greater than that from the buried thumper. Thus,
transmission into the burrow of acoustic energy from the
speaker was approximately 44 dB less e�ective than it
was from the buried thumper.

We conducted tests in the third rat chamber to verify
our results in the ®rst two chambers and found that the
peak amplitude of the airborne thump sound from the
speaker was 36�1 dB greater outside the chamber than
it was inside the chamber. Furthermore, at a distance of
2.3 m from the site of the thump, the peak acoustic
power in the sound of the seismic thump was 6 dB
greater inside the chamber than it was outside the
chamber at the same location.

Results from the suspended microphone in the sim-
ulated burrow chamber matched those from the other
three tests. The peak amplitude of the airborne thump
sound, without accompanying seismic components, re-
corded outside the simulated chamber was 36 � 1 dB
greater than that recorded inside. The rms amplitude of
noise played through the speaker and recorded outside
the simulated chamber was 44 � l dB greater than that
recorded inside. The noise spectrum changed as the
sound passed through the chamber wall: the wall tended
to pass low frequencies somewhat more readily than
high frequencies. Thumps with seismic components were
generated (by tapping on the ground) at two distances
from the drilled hole ± 3 m and 10 m. From 3 m, the
peak amplitudes of the thump sounds recorded inside
the chamber and those recorded simultaneously outside
were the same (within 1 dB). From 10 m, the peak am-
plitude of the thump sounds recorded in the chamber
was 4 dB less than those recorded simultaneously out-
side the chamber. These results were the same for both
®nger tapping and mallet tapping.

With the microphone suspended inside the simulated
chamber, we recorded the footdrumming by the rat in
the mound nearby. By listening at the mound, we were
able to locate the rat within approximately 0.3 m to
make its estimated distance from the simulated chamber
3.3 m. The peak amplitude of the recorded footdrum
sounds was approximately equal to 47 dB SPL.
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Behavioral tests

D. spectabilis footdrummed to both the seismic and
airborne components of the footdrumming signal. Five
rats drummed at high rates to all three stimuli. Of these,
four rats avoided initiating a drumming sequence during
the stimulus of airborne footdrumming presented with-
out noise and to seismic drumming presented with noise.
In contrast, the rats drummed randomly during the
control when they presumably were unable to hear either
a seismic or airborne footdrumming signal (Fig. 2). The
®fth rat drummed less consistently, but it also showed a
trend similar to the other four. Other rats stopped
drumming before enough footrolls were available to
quantify their responses to all three stimuli. It was es-
pecially di�cult to keep rats drumming during the
control when they presumably could not hear drumming
to stimulate them to drum in return.

Ten rats drummed during the seismic playbacks with
airborne noise frequently enough to quantify their
drumming responses. When we compared the number of
footdrumming sequences initiated during the 7 s of
playback stimuli to the number initiated in the 7 s before
and after the playback, we found that the rats initiated
signi®cantly fewer drumming sequences during the seis-
mic playback than either before or after the playback
(Freidman: P < 0.02) (Fig. 3). In contrast, similar
drumming sequences were initiated before, during, and
after the playback stimuli in the ®ve rats that foot-
drummed during the control (P � 0:53, NS).

Discussion

Sound transmission

Measurements of sound transmission in the rats' bur-
rows strongly suggest that when a thump sound created
a seismic vibration, the vast majority of the peak power
in the resulting sound in the burrow chamber was
transmitted directly through the ground from the site of
thumping to the burrow wall and then radiated as air-
borne sound into the burrow chamber. In the ®rst rat
chamber, the peak amplitude of the thump sound in the
chamber was increased by at least 18 dB by the presence
of accompanying seismic components, which corre-
sponded to an 80-fold increase in power. Thus, at least
98% of the peak in the thump sound recorded inside the
chamber was transmitted directly through the ground
from the thumper to the chamber. The results from the
second burrow chamber yielded an even greater ampli-
tude of sound in the burrow. We veri®ed these results
with the third burrow chamber. More than 99.99% of
the peak acoustic power in the thump sound recorded
inside the rat chamber was transmitted directly through
the ground from the site of the thump, and then radiated
into the chamber. We conclude that, because the mi-
crophone inside the chamber was sensitive to airborne
sound but insensitive to vibrations, the acoustic power

Fig. 2 A typical example of footdrumming responses in adult
D. spectabilis to playbacks of footdrumming transmitted seismically
underground from a buried thumper with airborne sound masked,
through the air from a thumper or speaker on a vibration-reduction
platform and a control of airborne sound masked with noise. The
dark bars represent the 7 s during which footdrums were transmitted
in a continuous-playing 31-s tape loop. Intervals are quiet

Fig. 3 Frequency of footdrumming sequences (n � 10) initiated
during 7 s of playbacks of seismic footdrumming to the number
initiated in the 7 s before and after the playback (P < 0.02) compared
with footdrums initiated during and before and after airborne
playbacks masked by noise (n � 5)(NS)
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transmitted through the ground must have been radiated
by the chamber wall as airborne sound.

Results from the simulated burrow chamber support
results from the rat burrows, especially those from the
third rat chamber. The airborne thump sound was
attenuated by 36 � 1 dB as it passed through the
chamber wall. From a thumping site at a distance of
3.0 m from the simulated chamber, the peak acoustic
power in the sound of the thump with accompanying
seismic components was the same inside the chamber as
outside. From the site 10 m from the simulated cham-
ber, the peak acoustic power of the thump sound inside
the chamber was only 4 dB less than it was outside the
chamber. Thus, at both distances, at least 99.9% of the
peak power in the thump sound in the chamber had been
transmitted through the ground to the burrow chamber.

Our results indicate that when the banner-tailed
kangaroo rat is in its underground chamber, with its
entrance hole plugged, the vast majority (more than
99.9%) of the power in the footdrum sounds that it
hears has been transmitted directly through the ground
from the footdrumming rat and then radiated through
the walls of the chamber. Furthermore, the walls of the
chamber provide good acoustic insulation from outside
noise such as wind with an attenuation of airborne
sound greater than 30 dB (power reduction greater than
1000-fold). Thus, the sealed chamber provides a quiet
place in which the rat can listen for substrate-borne
communications from conspeci®cs. Virtually any sealed
chamber (such as our simulated rat chamber) will pro-
vide the same features; and they should be available to
fossorial and semi-fossorial animals in general.

Communication

Our results demonstrated that D. spectabilis can use the
seismic channel for communication by footdrumming.
The data imply that the rats were unable to hear the
airborne thump sounds in the presence of noise inside
the burrow chamber and thus were unable to time their
own drumming patterns to the stimulus pattern. The
rats soon ceased drumming during playbacks of the
control, presumably because they could not hear
drumming and were no longer stimulated to drum in
return.

When the footdrumming reached D. spectabilis
through the alternative, seismic, channel, the rats timed
their drumming response so they did not drum over the
drumming of the stimulus. They responded the same to
footdrumming patterns transmitted seismically as they
responded to the transmission of airborne footdrum-
ming signals both in this study and in playback experi-
ments (Randall 1994a). This behavior is similar to
observed footdrumming behavior of the kangaroo rats
in natural encounters. During footdrumming exchanges,
a rat usually does not drum until the other rat stops
(Randall 1984, 1994a). The rats transmit long-distance,
airborne signals during footdrumming exchanges be-

tween territories. Closer distance communication occurs
when a rat enters the territory of another and drums on
the mound in a territorial challenge or during mating
(Randall 1984, 1991). In this case, the signal is probably
both airborne and seismic. The sound outside the bur-
row is airborne and the sound inside the chamber would
be substrate borne. At high population densities when
territories are close together, the kangaroo rats can
communicate underground between burrows (Randall
1984, 1995). In 1990, 40% of the territories had a
neighbor 9±10 m away and underground footdrumming
exchanges between territories 10 m or less apart oc-
curred.

The question remains, however, how an animal with
an ear adapted to receive low-frequency, airborne
sounds can perceive substrate vibrations transmitted
through the ground. D. spectabilis has never been ob-
served placing its head against a burrow or the ground
to receive footdrumming signals, although there is a
possibility they do this inside the burrow. As far as we
know, these mammals have no specialized receptor for
direct seismic reception as is found in anurans (Koyama
et al. 1982; Narins and Lewis 1984). The best alternative
explanation is that the kangaroo rats use their sensitive
ear for airborne reception of low-frequency sound to
hear the seismic signals when they become airborne in
the burrow chamber. Audiograms reveal that kangaroo
rats (D. merriami) possess excellent low-frequency
hearing with a threshold of 50 Hz at 55 dB SPL (Web-
ster and Webster 1972; He�ner and Masterton 1980).
The lowest threshold could not be measured, so kan-
garoo rats probably hear even lower frequencies at
60 dB (He�ner and Masterton 1980). Sensitivity of the
cochlear nucleus of D. spectabilis goes below 100 Hz
(Moushegian and Rupert 1970). Our physical data show
that sound enters the burrow chamber via the seismic
channel 40 dB louder than sound entering from the air.

The ability to receive footdrumming signals via two
channels a�ords kangaroo rats the opportunity to
communicate by footdrumming both in and out of the
burrow. They can communicate out of the burrow to
distant neighbors via airborne sound on a windless night
and in the burrow to close neighbors on windy nights. In
burrow-dwelling mammals, both fossorial and semi-
fossorial rodents exhibit adaptations to transmit and
receive low-frequency, seismic vibrations. Among
fossorial mammals, members of at least two families
(Spalacidae and Bathyergidae) exhibit adaptations for
generating and receiving low-frequency, seismic signals
(Rado et al. 1987; Heth et al. 1991). Spalacid mole rats
(S. ehrenbergi), for example, drum their heads against
the ground. Although fossorial species such as these may
exhibit an attenuated range of hearing in the higher
frequencies and be less sensitive to sound with lower
thresholds than other mammals (He�ner and He�ner
1990, 1992), S. ehrenbergi evidently enhances its ability
to sense the head-drumming signals of a rat in a neigh-
boring burrow by placing its jaw against the wall of its
own burrow and invoking bone conduction to transmit
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the vibrations to its inner ear (Rado et al. 1989). Many
semi-fossorial mammals have ears specialized for sensing
low-frequency vibrations (He�ner et al. 1994). Modi®-
cations to the cochlea in the inner ear function in con-
junction with middle ear specializations to result in a
highly specialized hearing organ designed to detect low-
frequency airborne sounds (Petter 1961; Lay 1972, 1993;
Webster and Webster 1984; Plassmann et al. 1987;
Webster and Plassmann 1992).

The creation of sound by footdrumming occurs in a
wide assortment of semi-fossorial rodents that inhabit
open, arid environments (Randall 1994b). These rodents
include the kangaroo rats, Dipodomys, in the family
Heteromyidae from North America, and at least seven
genera of gerbils (family Muridae, subfamily Gerbil-
linae) from north and south Africa, the Middle East and
Eurasia (Randall 1993, 1994b). Gerbils and kangaroo
rats footdrum in distinct, species speci®c footdrumming
rhythms (Randall 1994b). The widespread use of foot-
drumming by desert rodents, coupled with the results of
this study, suggest that semi-fossorial rodents have the
¯exibility to communicate to each other both above and
below ground.
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