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SYNOPSIS. Typically, anuran amphibians communicate in a complex
acoustic environment to which the calls of many males contribute.
Although research has demonstrated that male vocal behavior is respon-
sive to changes in this environment, a more thorough understanding of
male-male interactions should benefit from the use of computer based
systems for data acquisition and interactive playback. I discuss how I
have used such systems in studies of note timing behavior, unison bout
singing, aggressive behavior and female choice. In addition, I indicate
how energetic constraints may be involved in shaping the temporal
dynamics of chorusing.

INTRODUCTION

The chorusing of male anurans is an
impressive acoustic phenomenon. Collec-
tively, the calls of both conspecific and
heterospecific males can result in high levels
of background noise in the chorus, posing
a potential problem for effective intraspe-
cific communication. Male frogs of a num-
ber of species are sensitive to changes in
their acoustic milieu and modify their
advertisement calls in ways that can both
increase an individual's relative attractive-
ness to females and reduce acoustic inter-
ference in the chorus (Wells, 1988; Narins
and Zelick, 1988; Klump and Gerhardt,
1992; Gerhardt and Schwartz, 1994). The
flexibility of the vocal behavior of males
may be manifest in additional ways. For
example, the communication systems of a
number of species may incorporate graded
signals, and in particular graded aggressive
calls (see Wells, 1989; Gerhardt and
Schwartz, 1994 and references therein).
However, we have only a rudimentary
knowledge of the functional significance of
changes males make in these signals. In this

1 From the symposium Acoustic Communication in
Anurans and Insects: Common Mechanisms in Behav-
ior, Neurophysiology and Evolution presented at the
Annual Meeting of the American Society of Zoologists,
27-30 December 1993, at Los Angeles, California.

paper I describe some of my recent work
that illustrates the dynamic nature of male
vocal behavior in anurans and its functional
significance. I also discuss some new meth-
ods for investigating communication of frogs
and other acoustically signalling organisms.

TRADITIONAL METHODS

Traditionally, researchers interested in
frog communication have relied on a few
technically simple but dependable methods.
First, one observes the behavior of males
in the field and records on tape their vocal-
izations. Second, after the basic elements of
the vocal repertoire have been identified,
natural recordings of these can be used to
create stimulus tapes. Stimulus calls are
broadcast to males and both the stimuli and
male's responses are recorded. These exper-
iments reveal the types of calls males are
most likely to give in response to different
vocalizations and the temporal relation-
ships between stimuli and responses. Finally,
the preferences of females for particular calls
or call characteristics can be determined
using choice tests. Gravid females, captured
in amplexus, are typically tested within a
few hours in an arena in which speakers
broadcast recorded natural or synthetic calls.
In the usual design, two speakers are placed
at opposite sides of the arena; a female dis-
plays a choice by moving to one of the
speakers (Gerhardt, 1988).
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NEW METHODS

One obvious limitation imposed by the
aforementioned approaches is that stimuli
are temporally invariant during a given test.
For example, in playbacks to males each
stimulus tape usually is prepared with a fixed
inter-call interval. However, the call rate of
males is rarely static, either within a night
(Passmore et al, 1992) or among nights
(Sullivan and Hinshaw, 1992), and we do
not know how the presentation of calls with
fixed inter-call intervals influences male
vocal behavior during playback tests. A tape-
based playback system also is incapable of
responding rapidly to changes in the calling
of the test subject, something a real neigh-
boring male would often do. A more real-
istic approach is to use an interactive, or
call-triggered, system to present stimuli. In
these systems, a timing circuit allows the
experimenter to vary the temporal relation-
ship between the stimulus and the subject's
vocalizations (Narins, 1982), a technique
that is very useful for studying note or call
timing by males (Narins and Capranica,
1978; Schwartz, 1987).

Although an analog synthesizer is cer-
tainly more versatile than a tape recorder,
the hardware imposes limitations on the
design of stimulus calls and the way they
can be presented to the frogs. For this rea-
son, I have developed a computer-based
system whose capabilities are less con-
strained by hardware, but rather only lim-
ited by the skill and imagination of the pro-
grammer. I use a sound digitizer to input
digitized frog calls to a Commodore Amiga
computer, which has been programmed to
present stimulus calls in a specific manner.
Stimulus calls are either digitized from fil-
tered recordings of males or synthesized
using custom software (Schwartz, 1991). A
computer-based playback system also pro-
vides the flexibility often required to more
accurately simulate the acoustic complexity
of a natural chorus during choice tests of
females. For female choice experiments
requiring four or more speakers, I use an
Amiga computer and a custom-built switch-
ing circuit, controlled from the computer,
that can direct calls to up to eight speakers.

I now describe the application of these
systems to several problems I have

addressed recently, including some which
illustrate the utility of interactive playback
in studies of animal communication.

Note-timing behavior
Males of many chorusing species make

adjustments in timing of their calls or call
notes in response to the calls of other males
(Greenfield, 1994; Narins and Zelick, 1988).
Such behavior may be related to the prob-
lem of background noise or to specific call-
order preferences of females {e.g., Green-
field and Roizen, 1993), among a variety of
possible explanations (Greenfield, 1994).

Schwartz and Wells (1985) discovered that
neighboring males of Hyla microcephala
often give short-latency vocal responses to
one another that result in partial overlap of
multi-note calls. However, the individual
notes of the overlapping calls of the two
interacting males alternate so that there is
rarely any acoustic interference. Also, males
make very rapid adjustments in note tim-
ing, on a note-by-note basis, and can dra-
matically increase inter-note intervals in
response to long interruptions (see Fig. 7 in
Schwartz and Wells, 1985). This further
reduces note interference.

To gain a more thorough understanding
of this behavior, I programmed my com-
puter to interrupt males, following their pri-
mary (i.e., introductory) notes, with syn-
thetic advertisement calls 20-1000 msec
long (Schwartz, 1991). During testing, the
computer used digitized input from a direc-
tional microphone to monitor the male's
vocal activity and stored a record of note
timing. Males significantly increased their
inter-note intervals in response to interrup-
tions of all durations. However, for syn-
thetic notes longer than 200 msec, the
adjustment of note-timing by males was
often insufficient to prevent overlap with
the interruptions. Because males are most
commonly interrupted by the primary and
secondary notes of conspecifics that are less
than 100 msec in duration, the behavior of
males prevents acoustic interference during
most pair-wise vocal interactions.

A more recent experiment indicates that
note alternation by males of//, microcepha-
la may involve both inhibition and disin-
hibition of vocal activity (Schwartz, 1993).
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I interrupted males with 200-msec notes
containing centrally placed gaps of 10, 20,
30 or 40 msec. In response to all stimuli but
the first, males failed to increase their inter-
note spacing enough to accommodate the
200 msec interruption. In natural interac-
tions, males delay giving secondary notes
when interrupted while calling; however, in
order to alternate notes effectively, males
must be responsive to the brief decreases in
sound intensity that occur following the note
of another frog. Such decreases evidently
disrupt any inhibition of vocalizing caused
by the interrupting note.

The results of the studies I have described
indicate how males adjust the relative tim-
ing of their notes during pair-wise interac-
tions but do not address the question of how
they do so under the acoustic conditions in
a dense chorus. To answer this question, I
built an interface board for my computer
that allowed me to monitor simultaneously
the vocal activity of up to eight males (see
Schwartz [1993] for technical details and
Brush and Narins [1989] and Passmore et
al. (1992) for descriptions of similar sys-
tems). I found that males were most respon-
sive to their closest and loudest neighbors
in the chorus. In fact, many males responded
with note-timing shifts to the interrupting
calls of only the loudest neighbor in their
group—even when the estimated call inten-
sities of other males were nearly as great.
Similar behavior has been reported in
another frog (Brush and Narins, 1989) and
insects (Greenfield, 1994). Moreover, data
from neurophysiological recordings of both
crickets and bushcrickets have demon-
strated selective auditory coding to louder
stimuli during presentation of multiple calls
(Pollack, 1988; Romer, 1993). Studies are
needed of the neural mechanisms respon-
sible for selective vocal responses by frogs
to more intense calls.

Cyclical chorusing
Males of//, microcephala alter their long-

term call production as well (Schwartz,
1991). Choruses of males call in bouts (last-
ing usually less than 30 sec) and punctuate
these with periods of relative quiet of about
the same duration. This behavior, termed
unison bout singing, has been reported in

other species of frogs (Rosen and Lemon,
1974; Whitney and Krebs, 1975) and acous-
tic insects (Greenfield, 1994). Two funda-
mental questions about unison bout singing,
which may be addressed at both the prox-
imate and ultimate level, are (1) why do
males call together and (2) why do males
periodically stop calling. Whitney and Krebs
(1975) suspected that male frogs may stop
calling because of lactate buildup in their
calling muscles; however, their data as well
as results of more recent studies of anuran
energetics (Pough et al., 1992) do not sup-
port this hypothesis. I tested a number of
additional hypotheses to learn why males
periodically stop calling (Schwartz, 1991).

Males might call cyclically because
females prefer males that do so. To test this
hypothesis, I gave females a choice between
stimuli that mimicked a cyclical (on/off) and
a non-cyclical chorus. The periodic high note
rate of the former stimulus was double the
note rate of the non-cyclical stimulus so that
the long-term average note rates of the two
stimuli were equal. Females did not dis-
criminate, and so the data failed to support
the female preference hypothesis.

A second hypothesis is that noise levels,
which often become quite high as a bout
progresses, inhibit calling. I used my com-
puter system to test this idea in two ways.
First, I used the system in a non-interactive
mode to expose individual males to simu-
lated choruses at intensities of 90, 95, and
100 dB SPL (re 20 MPa). The computer
broadcast bouts of calling followed by peri-
ods of silence that were both of random
duration between 5 and 25 sec; this pattern
mimics that of a natural chorus. If loud cho-
rus noise causes males to stop calling, then
test males should have shifted their calling
into the quiet periods between stimulus
broadcasts of high intensity. This did not
happen.

Second, I designed an interactive exper-
iment to test whether males are inhibited
from calling when many other males call.
For this test it was critical that the simulated
chorus not drive the subject's cyclical call-
ing pattern. Rather, I wanted the stimulus
calling pattern to conform to that of the
subject. To accomplish this, the stimulus
was repeatedly triggered by the calls of the
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subject but ceased if the subject stopped
calling. Using a digitized three-note call
stored in the computer's memory and the
four sound channels of the Amiga, I simu-
lated one, two, or 12 calling males.

The noise hypothesis predicted that males
would end their calling bouts sooner in
response to broadcast of the large simulated
chorus than when exposed to the one or
two-male simulated choruses. Although calls
were broadcast at 100 dB SPL, males actu-
ally lengthened rather than shortened their
bouts during the large chorus stimulus. Thus,
both playback tests failed to support the
noise hypothesis.

With two colleagues, Stephen Ressel and
Catherine Bevier, I recently tested an energy
conservation hypothesis. It proposes that by
periodically quieting males are able to extend
the portion of the night or the number of
nights in which they call, while maintaining
the ability to call at high rates. This may
improve a male's chances of mating. H.
microcephala often call more than four hours
each night and can produce over 6000 notes
per hour (Wells and Taigen, 1989).

We tested the energy conservation
hypothesis by estimating the amount of gly-
cogen stored in trunk muscle that is used
by H. microcephala males during calling.
We did this by analyzing muscle tissue from
males collected near the beginning and end
of chorusing activity. For some of the males
collected in late evening, we obtained a
complete record of vocal activity by using
the multi-channel computer system. Based
on our estimate of the cost of producing
notes, most males, starting with an average
level of glycogen, would exhaust their
reserves of trunk muscle glycogen in under
3 hr if they called continuously at the rate
characteristic of chorusing bouts. Thus there
is support for the hypothesis that males of
H. microcephala cease calling in order to
conserve energy, although the precise prox-
imate cues that cause males to periodically
cease calling are unknown.

Advantages of calling in a group
Why males gather in choruses to advertise

for females has been the subject of debate
for many years (Bradbury, 1981; Ryan,
1985; Arak et al, 1990). Males may join

groups for reasons unrelated to female
behavior {e.g., to reduce predation risk) or
because females are more attracted to groups
of males than to individual callers. In the
second case, females may prefer males in
groups because it facilitates a comparison
of males. Alternatively, the pooling of the
calls of many males may result in a more
potent phonotactic stimulus.

One hypothesis is that females are dis-
proportionately attracted to assemblages,
and so males that join groups have a greater
mating success than those that do not. This
possibility has been tested with insects using
playbacks or advertising males, with mixed
results (Morris et al, 1978; Cade, 1981;
Doolan, 1981; Walker, 1983; Greenfield and
Shelly, 1985; Arak et al., 1990; Shelly and
Greenfield, 1991). Moreover, some of the
methods used make it difficult to interpret
findings. For example, in the study of Mor-
ris et al. (1978), choice stimuli simulating
calling by a single versus two male katydids
were broadcast to females from two rather
than three speakers. Therefore, discrimi-
nation by females in favor of the multi-male
stimulus may have resulted from a prefer-
ence for a male with a higher call rate rather
than a preference for a group of males. In
Cade's (1981) study, although individual
speakers were used to mimic individual
calling crickets, calls directed to different
speakers were broadcast simultaneously
from the same tape recording; this synchro-
nous temporal pattern is certainly unnatu-
ral.

Playback tests on frogs similar to those
conducted with insects have not been
reported, but some field data address the
relationship between female attraction and
the size of male aggregations. Ryan (1985)
found that larger choruses attracted more
females per male in Physalaemus pustulo-
sus, but these data were gathered at the same
spot over different nights rather than at dif-
ferent spots on the same night. Similar data
are available from the study of Wagner and
Sullivan (1992) on Bufo valliceps at two
ponds. In Bufo calamita, the per-capita
attraction of females to males in groups of
different size did not vary significantly within
nights (Tejedo, 1993).

Using a multi-speaker design, I recently
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Randomly To Speaker Pairs

1 2 3 4 5 6 7 8

CALLS.

COMPUTER HHHH DIGITALLY CONTROLLED

SWITCH

From Parallel Port
FIG. 1. Diagram of the choice arena and equipment used in tests of female discrimination of chorus sizes.
Illustrated is a choice between two and six sound sources during the broadcast of 3-note calls. Calls of 1-5 notes
were directed to randomly chosen pairs of adjacent speakers until broadcasts of each call type had been completed
to all speakers. As shown, calls are being first directed to speakers 3 and 4 and next to speakers 1 and 2. The
four stereo amplifiers (Realistic SA-10) interposed between the switch and the speakers are not illustrated.

tested the responses of female H. micro-
cephala to different numbers of calling
males. I avoided some of the problems of
certain insect studies by using an Amiga
computer and a custom-built circuit incor-
porating digitally controlled analog switches.
This system enabled me to broadcast non-
interfering calls from up to eight speakers
(Realistic Minimus 0.3) and also to simulate
much of the temporal dynamics of a natural
chorus (see Shelly and Greenfield, 1991, for
another example of a "computerized cho-
rus"). The basic methods were identical to
those I have used previously with this spe-
cies (Schwartz, 1993) except that the arena
was larger (Fig. 1).

During testing, the computer stored in
memory two copies of a digitized, natural,
five-note call. The second call was delayed
by 122 msec so that the calls, when output
in stereo using the left and right channel of
the computer, did not interfere (intensity =
90 dB Peak SPL at central female release

point). Calls from each channel could be
directed to any of 4 speakers by sending the
appropriate bit pattern to the switching cir-
cuit via the parallel port. Because males of
H. microcephala typically commence cho-
rusing bouts with calls of few notes and pro-
gressively add notes to their calls before
pausing (Wells and Taigen, 1989), I had the
simulated males in my artificial chorus
behave the same way. Bouts began with
1-note calls and progressed through 2, 3, 4,
and finally, 5-note calls. For 5-note calls the
computer was programmed to broadcast the
stored stimulus calls in their entirety. Each
bout was followed by 10 sec of silence. Calls
were output from the left and right sound
channels of the computer and directed to
speaker pairs (chosen randomly without
replacement) until all speakers had broad-
cast a call. Then calls with the next highest
number of notes were played. Thus, each
speaker pair mimicked a pair of neighboring
males in a chorus, which often overlap calls
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TABLE 1. Chorus sizes female choice tests. TABLE 2. Note rates of mated and unmated males.

1

1

2

Females choosing

spkr
6

spkr
13
spkrs

5

7 spkrs
50

2 spkrs
20

6 spkrs
35

Fe-
males
tested

64

37

47

Chi-Sq

0.163

0.545

3.333

f

0.686

0.460

0.068

n

<0.001

0.134

<0.001

Chi-square statistic tests for deviation from expec-
tation that equal numbers of females chose each speak-
er.

* f-value associated with the Chi-square statistic.
t Two-tailed binomial probabilities under the null

hypothesis that females chose chorus sizes equally.

but alternate notes within calls (Schwartz,
1993).

I simulated three different chorus choices
for the females: 1 vs. 7 males, 2 vs. 6 males,
and 1 vs. 2 males. In two of the three tests,
the side of the arena with more speakers
attracted significantly more females; how-
ever, there was no difference in the per cap-
ita attractiveness between large and small
"choruses" (Table 1). Although these results
suggest that males of H. microcephala do
not increase their chances of mating by
aggregating, this conclusion should be con-
sidered tentative for several reasons. First,
even though I used a large testing arena,
females may have interpreted their choice
as one among different males in a single
chorus rather than among different numbers
of males. Second, because males of H.
microcephala in groups may increase their
note rates in response to the calls of com-
peting males, females may be more attracted
to natural groups than to my artificial groups,
in which average note rates per speaker were
the same. Because of these possibilities my
experimental data should be supplemented
with field observations of the number of
females visiting choruses of different sizes
on the same nights.

Mate choice in the field
Although female-choice tests allow the

researcher to determine female preferences
in a well-controlled acoustic environment,
female selectivity may be reduced when
acoustic complexity is increased (Gerhardt,
1988; Telford et al, 1989). To learn how

Ir

1
5

10
15
30
60

iterval

min
mm
mm
mm
min
min

Matedt

2.82 (14)
1.89(14)
1.71 (14)
1.64(14)
1.71 (14)
2.04 (14)

Unmated

3.29 (53)
3.60 (56)
3.66 (58)
3.68 (59)
3.68 (62)
3.63 (63)

z
-1.43
-2.42
-2.67
-2.79
-2.79
-2.67

p

0.152
0.016*
0.008*
0.005*
0.005*
0.008*

t Values are mean ranks of notes given in different
time intervals prior to amplexus for nine nights. Num-
bers in parentheses give the number of males in each
catagory. For example, in the 15 min prior to pairing,
14 males ranked, on average, between first and second
in note production relative to the males which did not
pair in their choruses. Z and /"-values are for a Wil-
coxon Signed Ranks test performed on the mean notes
given by mated and unmated males calculated for each
of the 14 instances of amplexus.

* Significant using the Sequential Bonferroni Test
(Rice, 1989).

male vocal behavior influences mating suc-
cess in nature, workers have recorded the
calls of focal males in the chorus periodi-
cally, over short intervals during the night,
and observed which males obtained mat-
ings (e.g., Sullivan, 1983; Lopez and Narins,
1991; Sullivan and Hinshaw, 1992). In gen-
eral, data from such studies support the
hypothesis that females prefer males that
produce more sound. However, sampling
during brief periods provides only an esti-
mate of a male's overall calling performance
and may miss potentially important data on
variation in calling (but see Runkle et al.,
1994).

Females of//, microcephala discriminate
in favor of call sources with higher note rates
relative to those with lower note rates in
two-choice tests (Schwartz, 1986). I have
used my multi-channel computer system for
monitoring male calling to determine how
well female behavior in a natural chorus
setting resembles what I have observed in
the well-controlled acoustic environment of
a choice arena. I also gathered data on vari-
ation within and among males in note pro-
duction. With such a device one can acquire
an unbroken record of calling for many
males over a number of hours, eliminating
problems associated with the traditional
sampling schemes.

I monitored choruses of 2-7 males on 12
nights in 1991 and 1993. On nine of these
nights one or more males went into
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amplexus. Females of//, microcephala pre-
ferred males with high note rates relative to
those of their neighbors in the chorus, and
most often selected the caller with the high-
est note rate. This preference was significant
when note rates were calculated over the 5,
10, 15, 30, and 60 min prior to amplexus,
but not the minutejust before pairing (Table
2). Males also were consistent in their rates
of note production relative to other males
on a minute to minute basis during the entire
time period prior to amplexus (Kendall's
Coefficient of Concordance, P < 0.01 for
each of 11 nights). Passmore et al. (1992)
reported similar results for Hyperolius mar-
moratus.

The function of graded aggressive calls
Male frogs may exchange aggressive calls

with other calling males and their propen-
sity to give these vocalizations is influenced
by proximity (Wells, 1988). Use of aggres-
sive calls may escalate to and accompany
fighting, and in some species males change
these vocalizations in a graded fashion dur-
ing agonistic interactions. For example,
males of P. crucifer (Schwartz, 1989) and//.
microcephala (Schwartz and Wells, 1985)
give aggressive calls of longer duration to
louder calls than to calls of lower intensity.
Males of Pseudacris crucifer and H. ebrac-
cata respond to increases in the duration of
aggressive call stimuli with increases in the
duration of their aggressive call responses
(Schwartz, 1989; Wells, 1989). Therefore, if
two males approach one another during an
aggressive encounter, they increase the
duration of their calls. Similar data, from
natural interactions and playback tests, are
available for other hylids (see Wells, 1989);
however, aspects of agonistic behavior
important to a more thorough understand-
ing of the function of graded aggressive calls
may be missing in such data. One reason is
that it is difficult to observe aggressive
encounters among male frogs from their
onset. Usually, I have become aware of such
interactions only by hearing distant males
trade aggressive calls. Another reason is that
individual playback tests have typically used
stimuli which incorporate calls of fixed
duration and rate.

Because of the dynamic nature of aggres-

sive interactions among male anurans, and
the potential role of graded signals in male-
male assessment, playback experiments
using an interactive system are very useful
in testing hypotheses about graded signal
function. Indeed, McGregor et al. (1992)
have used an interactive approach in their
studies of the function of strophe length in
birds. I conclude by briefly describing work
in progress on the function of graded aggres-
sive calls in anurans which further illus-
trates the usefulness of a computer-based,
interactive playback-system.

One hypothesis (strength assessment)
proposes that long aggressive calls are ener-
getically expensive, and thus their produc-
tion is an honest indicator of a male's
resource holding potential (Clutton-Brock
et al, 1979). Under this hypothesis, males
should increase the duration of their aggres-
sive calls during agonistic interactions in
order to assess asymmetries in strength or
condition. Assessment of relative strength
should be difficult for males when call dif-
ferences are small. Therefore, individuals
would be more likely to engage in protracted
aggressive displays with males that are close
to their own strength than with those that
are either much weaker or stronger than
themselves (Enquist et al, 1990). In inter-
actions with individuals of similar strength,
males should give more aggressive calls and
escalate vocal encounters to a stage where
longer calls are exchanged.

As one test of the strength assessment
hypothesis, I simulated the calling behavior
of males that are weaker (give shorter calls),
stronger (give longer calls), or of the same
strength as the subject. A computer program
determined call duration of the subject in
real time and used this information to dis-
tinguish between his advertisement and
aggressive calls. Aggressive call stimuli were
generated only in response to the aggressive
calls. The primary and secondary notes of
H. microcephala were distinguished using
inter-note timing information, and the
computer responded with a stimulus broad-
cast only to the primary note. Aggressive
calls of the desired durations for the differ-
ent experimental treatments (0.5, 2.0, 1.0
times the duration of the subject's note) were
created by repeating a stored digitized pulse
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and inter-pulse interval the appropriate
number of times. Thus each test subject was
exposed to a simulated rival that he may
have regarded as weaker, stronger or equiv-
alent in strength. Preliminary results for H.
microcephala are consistent with a predic-
tion of the strength assessment hypothesis:
males gave more and longer aggressive calls
when confronted with aggressive calls of
similar duration than when exposed to
broadcasts of shorter or longer aggressive
calls (Friedman Test, P < 0.01, n = 15
males). However, although I expected bouts
of aggressive calling given in response to
longer stimulus calls to be the shortest, bouts
were similar in numbers of calls to bouts
during broadcasts of shorter calls. I plan
additional measures of males' physical con-
dition (e.g., size, VO2-max, endurance dur-
ing exercise) and their relationship to calling
behavior.

In work with other species where an inter-
active playback approach is desirable, more
sophisticated algorithms may prove useful
in discriminating different vocalizations of
test subjects as well as in simulating various
calling strategies. For example, a neural net-
work program could be trained to perform
the call discriminations. With such software
tools and electronic hardware of ever
increasing speed and sophistication, biolo-
gists interested in the dynamic aspects of
animal signalling can look forward to
increased opportunities to understand com-
plex communicative processes.
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