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VOCAL COMMUNICATION IN A NEOTROPICAL TREEFROG,
HYLA EBRACCATA: ADVERTISEMENT CALLS

By KENTWOOD D. WELLS & JOSHUA J. SCHWARTZ
Biological Sciences Group, The University of Connecticut, Storrs, Connecticut 06268, U.S.A.

Abstract. We studied the vocal communication of Hyla ebraccata in central Panama. The advertisement
call of this species consists of a pulsed buzz-like primary note which may be given alone or followed by
1-4 secondary click notes. Primary notes are highly stereotyped, showing little variation within or
among individuals in dominant frequency, duration, pulse repetition rate or rise time. Males calling in
isolation give mostly single-note calls. They respond to playbacks of conspecific calls by increasing
calling rates and the proportion of multi-note calls, and by giving synchronized calls 140-200 ms after
the stimulus begins. Responses to conspecific advertisement calls are usually given immediately after
the primary note of the leading call, but the primary note of the response often overlaps with the click
notes of the leading call. Experiments with synthetic signals showed that males synchronize to any type
of sound of the appropriate frequency (3 kHz), regardless of the fine structure of the stimulus. Playbacks
of synthetic calls of variable duration showed that males do not synchronize well to calls less than
150 ms long, but they do to longer calls (200—-600 ms). The variance in response latency increased with
increasing stimulus duration, but modal response times remained at around 140-200 ms. Similar results
were obtained in experiments with synthetic calls having a variable number of click notes. Males
showed no tendency to increase the number of click notes in their calls in response to increasing stimulus
duration or increasing number of clicks in the stimulus. Females preferred three-note to one-notecalls
in two-choice playback experiments, whether these were presented in alternation, or with the one-note
call leading and the three-note call following. Females showed no preference for leader or follower calls
when both were one-note. When two-note calls were presented with the primary note of the follower
overlapping the click note of the leader, females went to calls in which click notes were not obscured.
Our results indicate that male H. ebraccata respond to other males in a chorus in ways which enhance
their ability to attract mates.

Males of many species of frogs gather in dense mental work designed to test this hypothesis.
choruses and call to attract females. Frogs in Most recent work on.female choice in anurans
such choruses are faced with the problem of pro- has focused on features of calls which might pro-
ducing signals which can be perceived and recog- vide females with information about male size
nized by conspecifics in a noisy environment. or genetic quality (Ryan 1980, 1983; Gerhardt
Usually males in choruses do not call indepen- 1982), or on features which are important in
dently, but respond to the calls of other indi- species recognition (Gerhardt 1981a, b, 1982).
viduals by altering their own vocalizations Oaly a few workers have attempted to determine
(Wells 1977a, b). Typical responses include whether males in choruses respond to other
shifting the timing of calls to avoid overlap with males in ways which improve their ability to
those of neighbouring males (Lemon 1971; attract mates (Whitney & Krebs 1975; Passmore

Loftus-Hills 1971, 1974; Rosen & Lemon 1974; & Telford 1981; Rand & Ryan 1981).

Awbrey 1978; Narins & Capranica 1978; Lemon For several years, we have been studying the
& Struger 1930; Narins 1982), increasing the rate vocal communication of a neotropical treefrog,
of calling (Lemon 1971; Ramer et al. 1983), Hyla ebraccata, in Panama. The vocal repertoire

adding notes to the call (Rand & Ryan 1981; of this species consists of two basic t. f call
y c ypes of calls,
Arak 1983a; Ramer et al. 1983) and increasing advertisement calls and aggressive calls. Sona-

the production of aggressive calls (Rosen & grams are given in Wells & Greer (1981) and
Lemon 1974; Gambs & Littlejohn 1979; Schwartz & Wells (in press). Advertisement calls
Brzoska 1982; Ramer et al. 1983). consist of a buzz-like introductory note which

These changes in calling behaviour are as- may be followed by one or more secondary click
sumed to enhance a male’s ability to maintain notes (Fig. 1). Preliminary work showed that
his territory or attract mates (Wells 1977a, b). males give mostly single-note calls when calling
However, there has been relatively little experi- alone. Males respond to the approach of non-
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Fig. 1. Oscillograms of natural and synthetic Hyla
ebraccata advertisement calls: (A) one-note natural call,
similar to that used for stimulus A; (B) three-note
natural call, similar to that used for stimulus B; (C) one-
note synthetic call; (D) three-note synthetic call. Hori-
zontal bar shows time scale.

calling individuals by giving a rapid series of
single-note calls (Wells & Greer 1981). These
may serve as ‘courtship calls’ (Wells 1977b)
which make a male more conspicuous to a near-
by female. Males respond to calls of other indi-
viduals by increasing the proportion of both
multi-note and aggressive calls (Wells & Greer
1981). Aggressive calls are similar to advertise-
ment calls, but have much higher pulse repetition
rates and often are much longer (Wells & Greer
1981).

In this paper, we extend previous work with
playbacks of natural calls to include a wider
range of playback intensities and a detailed
investigation of the timing of male responses to
other males’ calls. We also performed playback
experiments with synthetic calls in which differ-
ent temporal features of calls were systematically
varied. This allowed us to determine which
features of calls are important in evoking re-
sponses from males, as well as the ways in which
male responses change as the stimulus changes.

Methods

Study Area

We conducted field work in June through
August 1980, 1981 and 1982. The study site was
a flooded field in Gamboa, Panama, near the
Panama Canal. H. ebraccata males usually called
from perches 1-2 m high near pools of water,
although they sometimes called from the ground.
Males generally were spaced at least 1-2 m apart.
We did field work on male frogs between 1930
and 2330 hours. Temperatures ranged from 22.5

to 27.5°C (¥=25.3, spD=1.0, N=134 nights)
and rarely changed by more than 1°C during our
work each evening. Relative humidity ranged
from 86 to 1009, (X=95.5, sD==2.8).

Recording and Playback Techniques

We recorded calling males on a Uher 4200 Re-
port Stereo IC tape recorder through a Senn-
heiser MKE 802 directional microphone placed
approximately 1 m from the frog. Natural inter-
actions were recorded at a tape speed of 9.5 cm/s,
responses to playbacks at 4.7 cm/s. Playbacks
were made through a University 4401 horn
speaker mounted on a wooden baffle and placed
1 m from the frog. The amplitude—frequency re-
sponse of the speaker was+3 dB from 1.1 to
14.5 kHz. The frog’s responses were recorded on
one channel of a stereo tape recorder through the
Sennheiser microphone, while the stimulus was
recorded on the second channel through a patch
cord from the playback machine. Playback inten-
sities were predetermined with a Gen Rad 1982
precision sound leve! meter set for flat weighting
and calibrated with a Gen Rad 1562A sound
level calibrator. We measured Peak SPL (ex-
pressed as dB SPL re 20 pPa) at 1 m with a ran-
dom incidence microphone. SPL measurements
of calling males in the field were made in the
same way, but with the microphone at 50 cm.
Our standard playback intensities were 85, 90,
95 and 100 dB SPL, corresponding to a separa-
tion of 2.8 to 0.5 m between calling males.

Stimulus Tapes

We made stimulus tapes of natural calls by re-
recording a single call 20 times on a tape at a
standard rate of 10 calls/min. This was close to
the average calling rate of males in the field.
Synthetic calls were produced on a custom-built
sound synthesizer as described in Gerhardt
(1974, 1978). Synthetic signals were band-pass
filtered with a Krohn-Hite 3550 filter and re-
corded on a ReVox A77 or a Nagra S tape
recorder. Bursts of filtered noise were synthesized
with a Gen Rad P390B random noise generator,
filtered with a Bruel & Kjaer 125 graphic spec-
trum analyser, and recorded on the ReVox tape
recorder. All synthetic stimuli were recorded at a
rate of 10 signals/min. The details of synthetic
stimuli used in each experiment are described in
later sections.

When pairs of calls were required for female
choice experiments, they were recorded on two
channels of the same tape. The timing relation-
ship of the calls was fixed in one of two ways. In
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some cases, calls were recorded from the syn-
thesizer onto one channel of the tape at the de-
sired repetition rate. With the ReVox recorder,
it is possible to play calls from one channel and
simultaneously record on the second channel.
The recorded call was used to trigger the syn-
thesizer after a fixed delay, and the new calls
were recorded on the second channel of the tape.
Alternatively, a pair of calls with the desired
timing relationship was recorded on two channels
of a tape. This was converted to a tape loop
and re-recorded at the desired repetition rate.

Analysis of Recordings

Measurements of temporal relationships of
stimulus and response to the nearest 0.5 s were
obtained from strip charts produced on a Heath
SR 206 two-channel recorder. More precise
measurements (48 ms) of response latencies, as
well as measurements of temporal features of
calls, were obtained with a Tektronix 5111 stor-
age oscilloscope. Frequency analysis of calls was
performed on a Uniscan 4500 spectrum analyser
(Unigon Industries). Responses to playbacks
were analysed by computer with SAS statistical
packages (SAS Institute, Cary, N.C., 1982)
following standard non-parametric techniques
(Siegel 1956). A significance level of 0.05 was
used in all tests.

Female Choice Experiments

We conducted experiments in an arena inside
a darkened apartment in Gamboa at about 26°C.
The arena, 3 m long, 1.6 m wide and 1 m high,
had uniformly coloured blankets on each side
which shielded test animals from extraneous
light, but did not restrict their movements. A
25-W bulb was suspended 1 m above the centre
of the arena. Initially, two Heppner mid-range
horn speakers (amplitude—frequency response:
+4dB from 1.1 to 14.5kHz) mounted on
wooden baffles were placed 2.8 m apart at oppo-
site ends of the arena, and females were released
midway between them. In one experiment, the
females showed a bias toward the left speaker, so
we moved the speakers to opposite corners of the
right end of the arena, 1.3 m apart and angled
toward a release point 2.1 m from the centre of
each speaker. Cushions were placed behind the
speakers to minimize sound reflections. Playback
intensities were regulated by separate Realistic
L-pads and equalized at the release point at
85 dB (&4 1 dB) peak SPL. Sound intensities were
spot-checked with the sound level meter at
various points in the arena to ensure that radia-
tion of sound was symmetrical from the two

speakers. When alternating stimuli were pre-
sented from the two speakers, the speaker which
began a playback sequence was determined
randomly. The stimulus being played from a
particular speaker was switched between nights.
We captured females in amplexus between
2230 and 0100 hours and conducted tests the
same night between 2230 and 0300 hours. Each
female was placed at the release point in a plastic
box. Testing usually began within 1 min. After
playbacks were started, the lid was lifted off the
box with a string from outside the arena. A posi-
tive response was scored if the female moved to
within 10cm of one speaker; most moved
directly toward a speaker and made contact with
it. If a female hopped onto the arena walls or
showed extensive undirected wandering, her
response was scored as an escape and she was
tested again later in the evening. Females that
failed to respond within 20 min were removed
and re-tested later. Most females were used in
two playback experiments involving different
stimulus choices each night, but only one re-
sponse per female was scored in each test. Each
female was toe-clipped before being released to
ensure that she was not used twice in the same
experiment. Some were subsequently recaptured
and used in new experiments. Responses were
analysed with two-tailed binomial tests.

The Advertisement Call

The advertisement call consists of a pulsed
introductory note which may be followed by one
or more click notes (usually one or two, rarely
more than four; Fig. 1). The calls are very stereo-
typed in dominant frequency, duration, pulse
repetition rate and rise time, with very little
variation either within or between individuals
(Fig. 2). In general, coefficients of variation for
each individual and for all calls pooled were less
than 109%. In designing synthetic advertisement
calls for playback experiments, we used values
for temporal and spectral features near the
average for calls recorded in the field, or at the
modal value if the distribution was skewed. The
intensity of calls given by males in the field also
was very uniform. Seven males calling from un-
obstructed elevated sites had modal intensities of
99-102 dB SPL at 50 cm (median = 100, N= 10—
15 calls per male). Calling rates of males calling
without stimulus playbacks ranged from 5 to
25 calls/min (median=11). The high degree of
variability in calling rate (CV =38 %) resuited in
part from different levels of interaction with
other males in the chorus.
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Fig. 2. Spectral and temporal features of Hyla ebraccata advertisement calls: (A)
dominant frequency; (B) duration of the introductory note; (C) pulse repetition
rate; (D) rise time. Ne=number of calls; N: =number of frogs; CV = coefficient

of variation.

Responses of Males to Natural Call Stimuli
Methods

Two natural call stimulus tapes were used.
Stimulus A was a series of 20 single-note calls
(Fig. 1A), stimulus B a series of 20 three-note
calls (Fig. 1B). In each test, a relatively isolated
male was recorded for I min without a stimulus
and then presented with the first 2-min stimulus
playback. The male was then recorded for
another 1-min no-stimulus period and presented
with a stimulus at a second volume. This alter-
nation of 2-min stimulus and 1-min no-stimulus
periods continued until the stimuli had been pre-
sented at all playback intensities. Because high-
intensity playback sometimes caused males to
move away, most stimuli were presented in order
of increasing intensity (85, 90, 95, 100 dB). How-
ever, in some cases, the 100-dB playbacks were
presented first. The change in playback order did
not appear to alter male responses, but the
sample size at high intensities was so small that
we could not test this statistically. The frogs
usually returned to pre-test calling patterns with-
in a few seconds after the end of a stimulus fape.
Most males were tested with both stimuli, but
some were not tested at every volume. Stimulus
B was not presented at 85 dB to any of the frogs.

In our analysis, all no-stimulus periods for each
frog were pooled and used for comparison with
responses to stimulus playbacks.

Quantitative Changes in Calling Behaviour

The frogs showed a significant increase in
calling rates in response to both stimuli at 90
and 95 dB, but not at 85 dB (Table I). Although
more individuals showed increased calling rates
at higher playback intensities, a Friedman two-
way ANOVA showed that calling rates did not
differ significantly in response to stimulus A at
85, 90 or 95 dB (x2=13.45, 2 df, P>0.10). Re-
sponses to stimulus A did not differ significantly
from those to stimulus B at 90 dB (P=10.542) or
95dB (P=0.802; two-tailed Wilcoxon tests).
Some males exhibited reduced calling rates in
response to stimulus A at 100 dB, but the small
sample size makes meaningful statistical com-
parisons impossible. There was no tendency for
stimulus B to inhibit calling at 100 dB.

Males significantly increased the proportion of
multi-note calls in response to both stimuli at all
playback intensities, except where sample sizes
were very small (Table I). This was true if both
advertisement and aggressive calls were included
in the analysis, or if only advertisement calls
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Table I. Median Calling Rates (calls/min) and Median Proportion of Multi-note
Calls (PMC) During No-stimulus Periods and During Playbacks of Stimulus
A and B at Different Intensities

Intensity Calling PMC

Stimulus N (dBSPL) rate P (all calls) P

None 12 — 9.5 — 043 —
A 11 85 11.5 0.166 0.71 0.023
A 12 90 14.2 0.001 0.69 0.027
A 12 95 133 0.001 0.71 0.005
A 4 100 7.7 0.034 0.65 0.072

None 10 — 11.5 — 0.44 —_
B 10 90 14.3 0.001 0.67 0.004
B 10 95 15.2 0.029 0.78 0.003
B 5 100 10.0 0.251 0.95 0.022

Pvalues are for one-tailed Wilcoxon matched-pairs signed-ranks tests comparing
calling during playbacks with no-stimulus periods.
N =number of frogs tested at each playback intensity.

were used. The proportion of multi-note calls
was not affected by playback intensity for stimu-
Ius A (x2=223, 2 df, P>0.30; Friedman
two-way ANOVA), but it was for stimulus B
(one-tailed Wilcoxon test, P=0.026). The pro-
portion of multi-note. calls given in response to
the multi-note stimulus (B) did not differ signifi-
cantly from that in responses to stimulus A at
90 dB (P=0.312), 95dB (P=10.920) or 100 dB
(P =0.068; two-tailed Wilcoxon tests).

Synchronized Call Responses

The timing of male responses to stimulus calls
was not random. In most cases the first advertise-
ment call was given within a few hundred milli-
seconds after the beginning of the stimulus call
(Fig. 3). We refer to this rapid answering of a
stimulus as a ‘synchronized response,” which we
operationally defined as any advertisement call
given within 1.0 s of the beginning of the stimu-
lus. Since stimulus calls were 6.0 s apart, the ex-
pected percentage of calls falling in each 1.0-s
period would be 16,79 if the frogs called ran-
domly with respect to the stimulus. However,
54 9% of all responses to stimulus A (N=1070)
and 82 % of all responses to stimulus B (N = 470)
fell in the first 1.0 s (P<<0.001 for both; G-test
for goodness of fit; pooled data for all playback
intensities). Most synchronized responses oc-
curred 140-200 ms after the onset of the stimulus
(see synthetic call experiments). This placed the
beginning of most. responses near the end of a
one-note stimulus, but responses usually over-
lapped the click notes of multi-note stimuli
(Fig. 3A, B).

For both stimuli, the number of synchronized
responses increased with increasing playback

intensity, but it declined at 100 dB for stimulus A
(Fig. 4). There was no difference in the number
of synchronized responses to stimuli A and B at
90 dB (P=0.509) or 95 dB (P=0.07; two-tailed
Wilcoxon tests). For both stimuli, the most
common synchronized response was a two-note
call (Fig. 5). There was no significant difference
in the proportion of one-note (P=0.258), two-
note (P=0.604), or three- or four-note (P=
0.194) calls given to the two stimulus tapes (two-
tailed Wilcoxon tests).

200ms
=

Fig. 3. Synchronized responses to synthetic advertisement
calls. The stimulus is on the bottom in each panel, the
response on top. (A) One-note response to three-note call.
(B). Three-note response to three-note call. Note overlap
of responses with click notes of stimulus. (C) Double-call
response to 600-ms synthetic call. The interval between
responses was 338 ms. (D) Double-call response to four-
click synthetic call. The interval between responses was
363 ms. Horizontal bar shows time scale.
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Fig. 4. Percentage synchrony to stimuli A and B. Percent-
age synchrony was the proportion of stimulus calls out of
the total presented (usually 20) which elicited a response
within 1.0 s of stimulus onset. Bars show median values.
Numbers above each bar show the number of frogs tested.

Responses of Males to Synthetic Stimuli
Methods

In our presentations of synthetic stimuli to
males, we were concerned with comparing re-
sponses to different stimuli with each other, but
not with calling behaviour during no-stimulus
periods. Therefore, we recorded the test male
during an initial 1-min no-stimulus period to
ensure that he was calling at a normal rate, but
we did not record the male between stimulus
presentations. If the male gave a substantial
number of aggressive calls or stopped calling
during a stimulus presentation, he was allowed
to resume normal calling before testing began
again.

Because background noise levels varied from
night to night, playback intensities had to be
adjusted for each frog. If playback intensities
were too low, males would not synchronize with
the tape. If playback intensities were too high,
males would give aggressive calls to virtually any
stimulus. In most experiments, playbacks were
started at 90 dB SPL. If a male gave mostly
aggressive calls, the intensity was lowered to
85 dB. If a male gave very few synchronized re-
sponses, the intensity was raised to 95dB. On
very quiet nights, some males gave aggressive
calls almost exclusively, even at low playback
intensities. In those cases, testing was discon-
tinued.

In all tests, the stimulus most similar to a
natural advertisement call was played first and
used as a standard against which other stimuli
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Fig. 5. Types of advertisement calls given as synchronized
responses to stimulus A (open bars) and stimulus B
(diagonal lines). Data for playbacks at 90-100 dB are
pooled. The data include only those males (N = 9) which
were tested with both stimuli. Bars show median propor-
tions of each call type.

were compared. Once the playback intensity had
been set for the standard stimulus, the same
volume was used for all other stimuli presented
to the same male. The goal was to find the inten-
sity at which the standard call elicited the maxi-
mum rate of synchrony and then compare that
with responses to other stimuli. When more than
two stimuli were presented, the order of presen-
tation was varied.

Pulsed Versus Unpulsed Signals

To determine whether the pulses characteristic
of natural calls were necessary to elicit syn-
chronized responses, we presented males with
three types of synthetic stimuli: (1) 200-ms
pulsed calls with a dominant frequency of 3 kHz
and a pulse repetition rate of 95 pulses/s, (2) 200-
ms 3-kHz pure tones, and (3) 200-ms bursts of
filtered noise centred at 3 kHz with a one-third-
octave nominal bandwidth. Because pure tones
concentrated energy into a narrower frequency
band than calls, we reduced playback intensities
of tones by 5dB below those used for calls;
otherwise, males gave mostly aggressive calls to
the tones instead of synchronizing with them.
This adjustment was purely operational: we did
not attempt to adjust the stimuli to precisely
equal energy levels.

Both pure tones and filtered noise were as
effective as pulsed calls in eliciting synchronized
responses (tones: P=0.80; noise: P=0.31; two-
tailed Wilcoxon tests). The three types of syn-
thetic stimuli elicited an average of 12-14 syn-
chronized responses (60-70 %), equivalent to re-
sponses elicited by the natural calls at 90 dB or
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above (Fig. 4). In another experiment (Schwartz
& Wells 1984), we presented males with pure
tones and pulsed calls at a range of dominant
frequencies from 1 to 6 kHz; those at 3 kHz, near
the dominant frequency of natural calls, elicited
the highest rates of synchronized responses. In
general, we have found that males will syn-
chronize their calls to virtually any sound with
energy in the appropriate frequency range.

Variation in Call Duration and Number of Click
Notes

These experiments were designed to determine
(1) whether calls of different durations elicit
different numbers of synchronized responses,
(2) whether the timing of male responses is inde-
pent of stimulus duration, and (3) whether males
increase the number of click notes in their calls
in response to increasing stimulus duration or
increasing numbers of click notes. Males would
be expected to increase the number of click notes
in their calls if they attempted to match the calls
of their neighbours (Arak 1983a) or to out-signal
their competitors (Wells & Greer 1981; Arak
1983a).

Methods. The first set of stimulus tapes con-
sisted of single-note calls similar to those pre-
sented in the previous experiment (3 kHz, 95
pulses/s), but varying in duration from 50 to
600 ms. This encompassed a range from less than
the duration of a typical click note to more than
the duration of most long aggressive calls (Wells
& Greer 1981; Wells & Schwartz, unpublished
data). These stimuli varied in rise time, because
the rise time of a natural call note is longer than
the duration of the shortest synthetic stimulus.
However, we have found that rise time did not
affect the number of synchronized responses and
had only minor effects on timing of responses
(Wells & Schwartz, unpublished data).

The second stimulus set consisted of calls with
a 200-ms introductory note and 1, 2, 4 or 6 click
notes. Males frequently give calls with one or
two click notes, but seldom with four or six. The
same males were presented with both sets of
stimuli. In all tests, the 200-ms single-note call
was the standard call used to adjust playback
volumes and was always presented first. The
order in which the other stimuli were presented
was randomized, but all single-note calls were
presented before the calls with variable numbers
of clicks.

Variable duration. Males synchronized poorly
to calls of very short duration, but calls more
than 200-300 ms long were equally effective in

eliciting synchronized responses (Fig. 6). In ex-
periments described in more detail elsewhere
(Schwartz & Wells, in press), we found that much
of the variation in responses of male H. ebraccata
to playbacks of heterospecific calls could be
explained by differences in call duration.

When data for all frogs were pooled, latencies
to first advertisement call response increased
significantly with increasing stimulus duration
(Kruskal-Wallis ANOVA, P << 0.0001). This also
was true for nine of 11 individual frogs. Fried-
man two-way analyses of variance using median
and modal latencies for each individual showed
a significant effect of stimulus duration (medians:
¥2=49.02, 6 df, P<0.001; modes: y2=17.54,
6 df, P<0.01). This was due mainly to differ-
ences between the extremes of stimulus dura-
tions: responses to intermediate durations were
very similar. Modal latencies for all frogs con-
bined showed very little change, with most re-
sponses coming within 140-200 ms (Fig. 7). This
indicates that males tend to give most of their re-
sponses at a relatively fixed interval after the
beginning of a stimulus. However, if a male
misses synchronizing with the beginning of a
call, a response apparently can be triggered by
later pulses in the call.

Some males gave a second synchronized re-
sponse 432-736 ms (X=612 ms, N=25) after
the onset of the first response (Fig. 3C). These
double-call responses were given only to long
stimuli and apparently occurred because the
stimulus continued after the male’s initial re-
sponse. Generally, double-call responses oc-
curred when the initial response latency was very

20
N=t
pP<0.001
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Stimulus Duration (ms)

Fig. 6. Number of synchronized responses (out of a
possible 20) to synthetic calls of different durations. Data
for 11 males are included. Bars show means +2 sg. P is
for a Friedman two-way ANOVA (6 df).
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onset are included. N =number of calls. The 50-ms stimulus elicited very low numbers of synchronized calls from all
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short. Initial latencies for double-call responses
to the 600-ms stimulus (median = 144 ms, N =25)
were significantly shorter than those for single-
call responses to the same stimulus (median=
336 ms, N = 105; Mann-Whitney U-test, P=0).

There was no tendency for males to increase
the proportion of multi-note calls as the duration
of stimulus calls increased. Two-note calls were
the most common responses to stimuli of all
durations except 600 ms; males gave mostly
single-note calls to that stimulus (Fig. 8). Thus,
the hypothesis that males might increase call
duration in response to longer stimuli is not
supported, and the results for 600-ms playbacks
suggest that very long stimuli may inhibit the
production of click notes.

Variable numbers of click netes. The results of
playbacks of calls with variable numbers of click
notes were similar to those for the variable-
duration playbacks. However, in this experiment
the introductory notes of all calls were the same
length (200 ms), and the frogs gave an average of
14-15 synchronized responses (70-75%) to all
stimuli. The responses to different stimuli were

not significantly different (Friedman two-way
ANOVA, x2=1.29, 4 df, P>0.7). Combined
data for all frogs showed a significant increase in
response latency with increasing number of click
notes (Kruskal-Wallis ANOVA, P <0.0001),
but this was true for only two of 10 individual
frogs. Again, modal response latencies showed
virtually no change (Fig. 9). A Friedman two-
way ANOVA using median and modal latencies
for each individual showed no significant effect
of number of click notes (medians: ¥2=46.51,
3 df, P>0.05; modes: ¥2=4.59, 3 df, P >0.2).
However, there were distinct secondary peaks in
response latencies at the times expected if males
were synchronizing to click notes (Fig. 9). Hence,
if a male misses synchronizing with the beginning
of a stimulus, he may synchronize with any one
of the clicks.

As in the previous experiment, some males
gave double-call responses, but only to very long
stimuli (four-click and six-click calls; Fig. 3D).
These calls are outside the range of conspecific
call durations normally encountered by males in
the field, but they are within the range of some
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calls of H. microcephala and H. phlebodes, to
which male H. ebraccata also respond (Schwartz
& Wells 1984). Latencies to the first response
were significantly shorter for double-call re-
sponses to four- or six-click stimuli (median =
160 ms, N=>52) than for single-call responses
{median = 240, N = 242; Mann-Whitney U-test,
P=0). Again, males gave double-call responses
when the stimulus continued past the end of their
first calls.

Males showed no tendency to increass the
number of click notes in their calls as the number
of click notes in the stimulus increased, and
again, the most common response to all stimuli
was a two-note call (Fig. 10). Hence, there is no
evidence that males adjust their responses to try
to out-signal competitors, nor is there any evi-
dence of call matching. This is consistent with the
results of natural call playback experiments,
which showed no differences in responses to
single-note and three-note calls.

Female Choice Experiments

Experiment 1

Since males typically respond to other males’
calls by adding click notes to their calls, we pre-
sented females with alternating single-note and
three-note ¢alls from speakers at opposite ends
of the test arena. Each speaker produced calls at
a rate of 10 calls/min, and the delay from the on-
set of each call to the onset of the other was 3 s.
Females clearly preferred the three-note calls
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Fig. 9. Latencies to first advertisement call response to
synthetic calls with different numbers of click notes. Data
as in Fig. 7. The total duration of each stimulus is given
in parentheses. Arrows indicate synchronized responses
to click notes.

(Table II). Call preference was independent of
the speaker position (G =1.23, P>0.2).

Experiment 2

In experiment 2, females were presented with
the same calls as in the first experiment, but with
the three-note call following immediately after
the single-note call (Fig. 11A). This simulated a
male responding to a single-note call with a syn-
chronized three-note call. In this experiment and
in experiments 3 and 4, the two speakers were in
opposite corners of one end of the test arena, as
described in the methods section. Again, females
preferred the three-note call (Table II), and call
preference was independent of the speaker
position (G=0.58, P>0.3).
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Experiment 3

Since males time their responses to other
males’ calls so that the introductory note of the
response often overlaps with one or more click
notes of the leading call, we presented females
with two-note calls from each speaker in a
leader-follower arrangement, with the introduc-
tory note of the second call completely over-
lapping the click note of the first call (Fig. 11B).
If the second call masks the click note of the
first, then females should go to the second call,
since it would have a more distinctive click note.

This was precisely the behaviour observed (Table
II), and call preference was independent of the
speaker position (G=0, P=1.0).

Experiment 4

In the last experiment, we presented females
with a choice of two single-note calls in the same
leader—follower timing relationship used in
experiment 3. This experiment served as a control
for experiments 2 and 3 by testing for a prefer-
ence for the leading versus the following call
when the two calls are the same. This is import-
ant, because the results of experiments 2 and 3
could be explained by a tendency of females to
go to the second call. However, females exhibited
no such preference in this experiment (Table I1); -
again, call preference was independent of the
speaker position (G=0.12, P> 0.8).

Discussion
Our results show that male H. ebraccata respond
to conspecific calls by modifying their advertise-
ment calling in two ways: (1) they synchronize
their responses to the calls of nearby males, and
(2) they add click notes to their calls. Virtually
any sound in the appropriate frequency range
will trigger this response. A male does not neces-
sarily wait for the end of a call before beginning
his response; most responses are given at a rela-
tively fixed time (140-200 ms) after the onset of a
stimulus. Our experiments with natural and syn-
thetic calls showed that males tend to give similar
responses to all stimuli, regardless of their dura-
tion or complexity. These results are not sur-
prising, given the timing of a male’s responses.
Since a male often begins his own call before the
stimulus has ended, he cannot anticipate the

Table II. Resuits of Two-choice Playback Experiments with H. ebraccate Females

Experiment Stimuli Nt Nz Number of females choosing: P

i Alternated 44 40 1-note call 3-note call 0.018
1 and 3-note calls 12

2 1-note leader, 25 15 1-note call 3-note call 0.008
3-note follower 2 13

3 Masked and masking 21 15 Masked call Masking call 0.036
2-note calls (leader) (follower)

3 12

4 1-note leader and 26 19 Leader call Follower call 0.648

follower calls 11 8

P values are for two-tailed binomial tests.
Nz =number of females tested.
Nr =number of females responding.



WELLS & SCHWARTZ: VOCAL COMMUNICATION IN TREEFROGS 415

200ms

L ieass vone

Fig. 11. Timing relationships of stimulus calls used in
two-choice playback experiments with females. (A) One-
note leader and three-note follower used in experiment 2.
The delay from the onset of the first call to the onset of the
second call was 250 ms. (B) Overlapping two-note calls
used in experiment 3. The delay from the onset of the
first call to the onset of the second call was 200 ms.
Horizontal bar gives time scale,

length of the stimulus or the number of click
notes it will contain. However in a natural
chorus, males give mostly one- or two-note calls
with introductory notes 150-200 ms long. Hence,
if a male starts his responses 140-200 ms after
the onset of another male’s calls, most of his calls
will not overlap the introductory notes of his
neighbours’ calls. If he adds click notes to his
own calls, these generally will fall after the end
of the neighbour’s calls (Fig. 3B).

The results of our playback experiments with
females showed that females approach calls with
click notes in preference to single-note calls in a
two-choice test, regardless of whether the calls
are presented in alternation or with the one-note
call leading and the three-note call following.
However, there was no preference for leading or
following calls when the calls were identical.
When a male overlaps the click notes of another
male’s call with the introductory note of his own
call, he effectively reduces the attractiveness of
the neighbour’s calls, apparently by partially
masking the notes most attractive to females.

Presumably his advantage is increased if he also
adds click notes to his own call. The implications
of these results for female choice in natural
choruses will be discussed in more detail below.

Functional Interpretations and Comparisons with
Other Species

Changes in caliing rate. Many features of the
vocal behaviour of H. ebraccata are character-
istic of chorusing frogs in general and, indeed,
of most acoustically signalling animals. For
example, males of many species call at faster rates
in choruses than in isolation (Emlen 1968 ; Rosen
& Lemon 1974; Garton & Brandon 1975; Pass-
more 1977, 1978; Wells 1977b, 1978). This
probably is true of most chorusing frogs,
although increases in calling rates have been
demonstrated experimentally for only a few
species (Lemon 1971 ; Ramer et al. 1983). In some
species which do not normally call in dense
choruses, males show little or no response to
playbacks of conspecific calls (Dubois 1977;
Greer & Wells 1980). In H. ebraccaia, increased
calling rates were largely a consequence of males
responding to individual calls in the stimulus
sequence. Males that failed to increase their
calling rates or showed little change almost
always had initial calling rates which matched
or exceeded that of the stimulus tape (see also
Wells & Greer 1981). We have not yet tested the
responses of females to calls presented at differ-
ent rates, but a preference for higher calling rates
has been demonstrated for Bufo woodhousei
(Sullivan 1982) and Hyla cinerea (H. C. Gerhardt,
personal communication). The fact that male H.
ebraccata give a rapid series of single-note calls
when females are nearby suggests that females of
this species might show a similar preference for
high calling rates. By responding to each call
given by a neighbouring frog, a male ensures
that a competitor will not enjoy a large advant-
age in mate attraction simply because he calls at
a faster rate.

Changes in number of call notes. A second
vocal response which H. ebraccata shares with
other anurans is the addition of secondary notes
to the advertisement call when other males are
calling nearby. This also occurs in Hyla micro-
cephala, H. phlebodes (Schwartz & Wells, in
preparation) and H. minuta (Wells, unpublished
data). It probably is characteristic of many other
species in the H. microcephala and H. leucophyl-
lata species groups, all of which have complex
multi-note calls (Duellman 1970, 1978; Cardoso
1981).
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Similar behaviour has been reporied. in frogs
from various families around the world, includ-
ing a Central American leptodactylid, Phy-
salaemus pustulosus (Rand & Ryan 1981), a
Central American hylid, Smilisca sila (Tuttle &
Ryan 1982), a rhacophorid treefrog, Philautus
leucorhinus, from Sri Lanka (Arak 1983a), and
the North American green frog, Rana clamitans
(Ramer et al. 1983). Complex multi-note calls
also are characteristic of the North American
bullfrog, R. catesbeiana (Capranica 1968),
African ranids of the genus Ptychadena (Pass-
more 1977, 1978), and some hyperoliid frogs
(Schistz 1967), but these species have not been

studied experimentally. In Smilisca, males give-

more multi-note calls in response to multi-note
stimuli than to single-note calls, and in Philautus,
males usually match numbers of call notes with
their neighbours. The behaviour of these species
contrasts with that of H. ebraccata, which shows
no tendency to give more multi-note responses
to muiti-note stimuli. In Physalgemus, females
preferred complex calls with ‘chuck’ notes to
simple ‘whine’ calls in two-choice experiments, a
result which parallels our results for H. ebraccata.
The responses of females have not been tested in
the other species.

There seems to have been convergent evolution
of complex multi-note calls in chorusing frogs
from several different families, but the advantage
of complex calls is still not clear. In Smilisca, the
production of multi-note calls facilitates over-
lapping of calls by neighbouring males. This
results in a synchronous burst of calling which is
confusing to predatory bats (Tuttle & Ryan
1982). On the other hand, production of complex
calls by Physalaemus males increases the risk of
bat predation (Ryan et al. 1982). Unfortunately,
we have no information on the risk of predation
for H. ebraccata, so we cannot even speculate on
how it might have affected the evolution of this
species’ calls.

Complex multi-note calls could be a product
of sexual selection (Arak 1983b). Rand & Ryan
(1981) and Ryan (1983) suggested that female
Physalaemus prefer complex calls because the
secondary chuck note contains information
about male body size. This cannot be a general
explanation, because in the other species the fre-
quency spectra, and hence potential information
about male body size, are the same in simple and
complex calls. Females might prefer long or
complex calls because they provide information
about the genctic quality of the male, or because
the females’ male offspring would produce

especially attractive calls (Arak 1983b; Ryan
1983). We originaily hypothesized that males
would attempt to out-signal competitors by pro-
ducing calls which matched or exceeded those of
their neighbours in number of notes, as has been
suggested for Philautus leucorhinus (Arak 1983a).
However, our experiments with natural and syn-
thetic calls clearly showed that males do not be-
have this way. Furthermore, we have found no
evidence of consistent individual variation in the
complexity of calls given by males in a chorus.
Our data do not strongly support the sexual
selection hypothesis, but it cannot be completely

‘ruled out.

An alternative explanation relates to the ability
of females to perceive calls in a noisy environ-.
ment. Females entering a chorus are generally
confronted with a nearly continuous din of back-
ground noise which will tend to obscure the calls
of individual males (Ehret & Gerhardt 1980).
This noise may be derived from the calls of con-
specifics, calis of other species of frogs (Schwartz
& Wells 1983a, b), insect sounds, wind, or
moving vegetation. Calls consisting of highly
stereotyped, repetitive notes with very rapid
amplitude transitions, such as a series of
click-like notes, are most likely to contrast with
continuous background noise undergoing ran-
dom amplitude fluctuations (Schleidt 1973;
Green & Marler 1979; Richards & Wiley 1980).
This may make it easier for females to detect and
locate calling males in a noisy environment. A
similar explanation has been proposed for the
evolution of click-like calls in frogs calling near
noisy waterfalls (Dubois 1977).

Timing of vocal respenses. In many frogs
(Lemon 1971 ; Loftus-Hills 1971, 1974; Rosen &
Lemon 1974; Wells 1977a; Awbrey 1978; Narins
& Capranica 1978; Lemon & Struger 1980;
Narins 1982), insects: (Alexander 1975; Otte
1977; Greenfield & Shaw 1983), and birds (Todt
1970; Wasserman 1977; Gochfeldt 1978;
Hultsch & Todt 1982) males call or sing at some
relatively fixed time interval after the calls or
songs of their neighbours. Depending on the
precise timing of the response, this has been
termed antiphonal calling, call alternation, or
synchrony. As in other papers on frog calls
(Dubois 1977; Narins 1982; Tutile & Ryan
1982), we use the term ‘synchronized response’
to describe calls given very shortly after the on-
set of another male’s call. In. the insect literature,
the term ‘synchrony’ generally has been applied
to situations in which individual call elements of
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different males are precisely in phase (Otte 1977).
This type of synchrony is unknown in frogs.
The timing of a male’s responses often depends
on where the stimulus falls in the male’s calling
period. In most species, males probably have a
refractory period following the initiation of their
own calls in which they will not respond to
stimuli (Loftus-Hills 1974; Lemon & Struger
1980). In H. ebraccata, the behavioural refrac-
tory period is about 210 ms (Narins 1982). This
means that the faster a male responds to another
male’s calls, the less likely the leading male is to
respond with a second call of his own. However,
in a natural chorus, there often will be a third
male that responds to the second male’s calls, a
fourth male that responds to him, and so forth.
The result will be a nearly continuous bout of
calling by all males in the immediate area.

Call Interference

Most authors have suggested that timed vocal
responses reduce acoustic interference between
neighbouring males (Alexander 1975; Littlejohn
1977; Otte 1977; Wasserman. 1977; Wells 1977a;
Gochfeldt 1978; Hultsch & Todt 1982; Narins
1982; Zelick & Narins 1982). Greenfield (1983)
suggested that males might attempt to call at the
end of a bout to reduce acoustic interference
from conspecifics. Acoustic interference could
have two consequences: (1) a female might have
difficulty localizing an individual male in the
chorus, and (2) critical temporal features of the
call may be obscured. Passmore & Telford (1981)
found that female Hyperolius marmoratus could
easily locate speakers broadcasting either simul-
taneous or temporally spaced calls. Since the
calls broadcast simultaneously were exactly in
phase, species-specific temporal patterns were
not obscured. Therefore, their experiment did not
address the second consequence of acoustic
interference.

We have found that female H. ebraccata more
readily approach unobscured calls than those
overlapped by either individual calls or choruses
of H. microcephala (Schwartz & Wells 1983b,
in press). Presumably the heterospecific calls not
only make the calls more difficult to hear, but
they also obscure the temporal pattern of the
calls. Overlapping of introductory notes of con-
specific calls might have a similar effect, since
it would be very rare for the calls of two males to
be exactly in phase. However, Otte & Loftus-
Hills (1979), working with grasshoppers (Syrbula
admirabilis), found that females were equally
attracted to calls of a single male and the calls of

two males which overlapped. Consequently, the
extent to which overlap of similar call notes
results in interference remains unclear.

Because H. ebraccata has multi-note calls, syn-
chronized responses often overlap the click notes
of other males. Some authors have suggested
that frogs and insects may have evolved a
strategy of interfering with the signals of other
males (Otte 1974, 1977; Partridge & Krebs 1978;
Otte & Loftus-Hills 1979). A counter-argument
is that males which overlap similar call notes will
experience equal interference and will derive no
net benefit (Alexander 1975; Otte 1977; Wells
1977a). In H. ebraccata, long introductory notes
are overlapped with short click notes, so the
leading male suffers the greatest interference. It
is not clear whether this represents an evolved
interference strategy or is simply a fortuitous
consequence of the timing of vocal responses.
However, in nightingales (Luscinia megarhynchos)
some males appear consistently to overlap the
beginning of their songs with the end of other
males’ songs. Hultsch & Todt (1982) suggested
that this might obscure features in the last part
of the song which enable a female to locate a
singing male, but this has not been tested experi-
mentally.

Implications for Female Choice in Natural
Choruses

One of the difficulties in interpreting the re-
sults of two-choice playback experiments with
females is that the conditions in the test arena
are very different from those in a natural chorus.
Background noise levels are much higher in
choruses, and females usually will be confronted
with more than two calling males. Consequently,
clear preferences for certain types of calls ob-
served in a test arena may be obscured or erased
in a real chorus (Gerhardt 1982). This raises the
question of whether the vocal responses of males
described in this paper actually have much effect
on a female’s choice of mates.

We believe that at least on nights of low to
moderate calling activity, the adjustments in
male calling behaviour described in this paper
probably would enhance a male’s’ ability to
attract females. Females generally move into the
chorus from the periphery of the field early in
the evening (2000-2200 hours). Usually a female
sits for several hours in an area where several
males are calling. Eventually, the female orients
toward a calling male and makes a relatively
rapid approach, going into amplexus within a
few seconds to a few minutes (see also Miyamoto
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& Cane 1980a). In making her choice, a
fernale probably is infiuenced only by a few
males in her immediate vicinity, with other
males in the chorus simply contributing to back-
ground noise. We have seen no evidence of
females moving through large segments of a
chorus in search of mates. Most unpaired
females located early in the evening were found
in amplexus in the same place a few hours later.

We suggest that males whose calls are most
easily detected during the brief period when a
female is choosing a mate will be the most
successful. Since a male cannot predict when
this will be, he should make his calls distinctive
at all times by responding appropriately to the
calls of near neighbours. Males may enhance
their competitive position by aggressively ex-
cluding both conspecific (Wells & Greer 1981)
and heterospecific males (Schwartz & Wells in
press) from nearby calling sites. In addition, males
that see an approaching female and switch to
rapid ‘courtship’ calling may enjoy a slight edge
over those that continue to call at the normal
rate. Finally, in demse choruses, when vocal
competition becomes very intense, some males
may profit by switching to a satellite strategy and
attempting to intercept fomales (Wells 1977a;
Perrill et al. 1978, 1982; Miyamoto & Cane
1980b).

Other factors may affect a male’s chances of
obtaining a mate on a given night, including the
intensity of the male’s calls, the effect of his call-
ing site on sound propagation (Wells & Schwartz
1982), and the proximity of heterospecific
choruses which interfere with his calls (Schwartz
& Wells 1983a, b). Mating success over an entire
season also would be affected by such factors as
the number of nights a male is in a chorus (Greer
& Wells 1980; Woodward 1982; Ryan 1983) and
the arrival schedule of females. Because of the
size of our population and the difficulty of loca-
ting all mated pairs in our study area, it is not
possible to obtain good data on individual
mating success. Nevertheless, we believe this
type -of experimental study provides at least a
first step in understanding the functional signifi-
cance of complex vocal repertoires in anurans.
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