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Synopsis.  The tingara frog has an advertisement call with two structurally and functionally
distinct components: the whine is both necessary and sufficient for species recognition, and
addition of chucks further enhances call attractiveness. Only the fundamental frequency of
the whine contributes to phonotaxis; the upper harmonics play no role. Furthermore, only
a small portion of the whine, within the first 0-100 msec, is necessary to elicit phonotaxis;
there is some redundancy since either the 0—-50 msec or the 50-100 msec portion elicits a
response. Most of the remainder of the whine’s fundamental further enhances call attrac-
tiveness. Only the amphibian papilla in the peripheral auditory system is involved in decod-
ing the whine. In stark contrast, several chuck variants, which stimulate either the amphibian
papilla or the basilar papilla, and white noise are as effective in enhancing call attractiveness
as is the normal chuck, showing that either peripheral end organ can be involved in the
perception of a more attractive call. Thus there is greater receiver specificity for decoding
stimuli in interspecific mate choice, and greater receiver permissiveness for decoding stimuli
in intraspecific mate choice; it appears that intraspecific mate choice can take advantage of

a greater array of neural pathways for call decoding than can interspecific mate choice.

INTRODUCTION

In many species of animals females choose
males for the purpose of mating. There are
two types of decisions that can be made by
females: first, is the signal acceptable; and
second, which signal is more attractive. Fur-
thermore, females can exhibit choice at two
levels, among species and within their own
species. Interspecific mate choice is usually
demonstrated if the signal is acceptable (rec-
ognized as conspecific), as indicated by a
positive response in the absence of com-
peting signals, or if the conspecific signal is
preferred over a heterospecific signal. Many
species have evolved communication sys-
tems that facilitate such choices. Interspe-
cific and intraspecific mate choice have been
two important themes in evolutionary biol-
ogy but often are treated as disparate phe-

' From the symposium on Mechanisms of Mate
Choice presented at the Annual Meeting of the Amer-
ican Society of Zoologists, 27-30 December 1990, at
San Antonio, Texas.
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nomena. The purpose of this study, how-
ever, is to contrast the degree of specificity
of acoustic signals and receivers in bringing
about interspecific and intraspecific mate
choice.

Although females of some species will
respond to heterospecific signals in the
absence of signals from their own males
(Oldham and Gerhardt, 1975; Gerhardt,
1982; Gerhardt and Doherty, 1988; de Win-
ter and Rollenhagen, 1990), females usually
prefer conspecific signals. This preference
results from the greater congruence between
properties of the signal and receiver between
conspecifics than between heterospecifics.
Thus signal-receiver congruence leads to
species recognition, which generates non-
random mating (conspecifics with conspe-
cifics) and should exert stabilizing selection
on signals.

Variation in signals within a species is
much less than variation among species, but
females still commonly discriminate among
conspecific males, often preferring traits that
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deviate significantly from the population
mean (Ryan and Keddy-Hector, 1992). This
generates non-random mating among con-
specific males, which results in directional
sexual selection on signals.

Interspecific and intraspecific mate choice
can be based on the same male traits. In
these cases, species recognition properties
of the signal define a multivariate space
within which sexual selection by intraspe-
cific mate choice can act on variation in
signal properties. Preferences for signals
outside of this communication space might
be selected against because of the cost of
heterospecific matings (Gerhardt, 1982;
Ryan, 1990b). Thus species recognition
might constrain the degree to which sexual
selection acts. However, in a few cases there
are mating preferences for heterospecifics
due to certain heterospecific traits being
more attractive than the comparable con-
specific traits (e.g., body size, amount of
courtship; Ryan, 19905b).

In some mate recognition systems, signals
are partitioned into components that influ-
ence either interspecific or intraspecific
interactions (Emlen, 1972; Rand and Ryan,
1981; Brenowitz, 1982; Littlejohn and Har-
rison, 1985; Fleischman, 1988). In these
cases sexual selection by female choice is
decoupled from the constraints of species
recognition, and might play a more impor-
tant role in signal evolution.

Species recognition requires that signals
convey information regarding the identity
of the species. This constraint should make
species recognition signals evolutionarily
conservative, and suggests that the receiver
should respond preferentially to signals that
convey this species-specific information.
The parameters for making calls more
attractive in intraspecific mate choice can
be less restrictive. Several researchers have
suggested or demonstrated that there are
multiple solutions for increasing signal
attractiveness in the context of intraspecific
mate choice (reviewed in Ryan, 1990aq). This
argues that there is not just one certain type
of information that must be conveyed by
the signals (e.g., species identity). There
might be a premium on general stimulatory
effects which could be achieved by different

means (e.g., increasing stimulus intensity or
stimulus repetition rate; Ryan and Keddy-
Hector, 1992) because the receiver might be
more receptive to a greater range of stimuli
that enhance signal attractiveness, relative
to the range of stimuli that would elicit spe-
cies recognition.

Our purpose here is to review recent and
ongoing studies of the tingara frog, Physa-
laemus pustulosus, in which we attempt to
define those signal properties that are nec-
essary and sufficient to elicit female phono-
taxis (and are thus recognized as conspe-
cific), and those that further enhance call
attractiveness in an acoustic communica-
tion system in which different call compo-
nents mainly influence either interspecific
or intraspecific mate choice decisions.

THE COMMUNICATION SYSTEM

Male Physalaemus pustulosus produce a
call of varying complexity consisting of a
whine that can be produced alone or that
can be followed by one to six chucks (Fig.
1; Rand and Ryan, 1981). When a male is
calling alone he often emits a simple call, a
whine-only, but adds chucks in response to
vocalizations of other males. The whine is
both necessary and sufficient to elicit pho-
notaxis from females and to evoke calling
from males (Rand and Ryan, 1981), and the
direction of the frequency sweep of the whine
must be from high to low to elicit species
recognition from females and calling from
males (Ryan, 1983; Rose et al., 1988). How-
ever, females are attracted preferentially to
calls with chucks, as is the frog-eating bat,
Trachops cirrhosus, which uses the call for
prey localization (Ryan et al., 1982). The
chuck by itself does not elicit a response
from male or female frogs (Ryan, 1983).

The call components also differ signifi-
cantly in structure. A typical whine has a
fundamental frequency that sweeps from
900 to 400 Hz in 300 msec. There is sub-
stantial energy in the second and fourth har-
monics of the whine, and the dominant fre-
quency of the call is about 700 Hz. A typical
chuck is only 35 msec in duration, and has
a fundamental frequency of 250 Hz with 14
harmonics. More than 90% of the energy is
above 1,500 Hz and the average dominant
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Sonograms (left) and oscillograms (right) showing the call complexity series of Physalaemus pustulosus,

as illustrated by calls with 0-3 chucks (top to bottom; from Ryan and Drewes, 1990).

frequency is 2,500 Hz (Ryan, 1985; Ryan
and Rand, 1990).

The peripheral auditory system of the
tangara frog is approximately tuned to the
dominant frequencies of the whine and
chuck. Frogs have two auditory peripheral
end organs which are most sensitive to fre-
quencies characterizing the advertisement
call (Zakon and Wilczynski, 1988). At

threshold intensities the amphibian papilla
is most sensitive to lower frequencies
(<1,500 Hz) and the basilar papilla is most
sensitive to higher frequencies (> 1,500 Hz;
Zakon and Wilczynski, 1988). In P. pustu-
losus, the amphibian papilla is most sensi-
tive to approximately 500 Hz and the bas-
ilar papilla is most sensitive to about 2,100
Hz; thus each end organ tends to be tuned



84 A. S. RAND ET 4L.

Responses Stimuli

DM

N

Responses P

s\h <.001

\Em <.001

. ] 1.00
S 7

T Responses

Fic. 2. The number of phonotactic responses of female Physalaemus pustulosus when given a choice between
variants of the whine containing only the fundamental frequency (left) vs. variants containing only the second
harmonic, only the third harmonic, or harmonics 1-3 (right, top to bottom). The null hypothesis of no preference
was tested with an exact binomial probability. Details of phonotaxis experiments follow Ryan and Rand (1990).

near the dominant frequency of one of the
call components (Ryan et al., 1900).

SALIENT FEATURES OF THE WHINE

We addressed two general questions about
features of the whine that might elicit pho-
notaxis from females: first, what is the most
effective stimulus; and second, what is the
minimum stimulus needed for eliciting
phonotaxis.

The whine has a rich harmonic structure;
we determined the influence of these har-
monics on female phonotaxis. Only the fun-
damental frequency influences female
phonotaxis; the other harmonics are super-
fluous. Females preferred a call containing
only the first harmonic of the whine to calls
containing only the second or only the fourth

harmonic (Fig. 2). Also, there was no pref-
erence when females were given a choice
between a call with only the first harmonic
and a call with the first, second, and fourth
harmonics combined; the addition of the
upper harmonics does not enhance the
attractiveness of the call when the energy in
the fundamental frequency of each stimulus
is equal (Fig. 2). The efficacy of only the
fundamental of the whine in eliciting pho-
notaxis demonstrates that only the amphib-
ian papilla is used in species recognition
since the hair cells in the basilar papilla are
all tuned to much higher frequencies; the
whine harmonics in the frequency region to
which the basilar papilla is sensitive were
ignored.

We also determined the minimum por-
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Fic. 3. An oscillogram (top) and sonogram (middle) of a model whine. Hash marks and crosses illustrate
portions of the call that were used in various combinations for phonotaxis experiments. The numbers imbedded
in the oscillogram indicate the proportion of total acoustic energy in that portion of the call. The horizontal
lines in the bottom panel show the portions of the model call that were used for the stimulus. On the left, the
number of phonotactic responses exhibited by female Physalaemus pustulosus to the stimulus (whine variant)
vs. the entire whine are shown. The null hypothesis of no preference was tested with an exact binomial probability.
On the right is shown the number of phonotactic responses by females to the stimulus when the alternative
stimulus was white noise. A “no response” indicates that females either did not exhibit phonotaxis or approached
the speaker broadcasting noise. In experiments in which only white noise was broadcast from one speaker
(bottom right, “null hypothesis”) 17 females exhibited no responses while 2 approached the silent speaker. Using
a Fisher exact test, we tested the hypothesis that female phonotactic preferences between the whine variant and
noise did not differ from their response to noise only (17-2, “null hypothesis™).

tion of the fundamental of the whine nec- offset of these whine variants included the
essary for eliciting phonotaxis. We synthe- following boundaries: 0 msec, 900 Hz; 50
sized portions of the fundamental frequency msec, 680 Hz; 100 msec, 560 Hz; 150 msec,
of the whine (Fig. 3). The onset and the 500 Hz; 264 msec, 430 Hz; 300 msec, 430
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Hz (Fig. 3). As is shown in the oscillogram
in Figure 3, not all portions of the whine
had the same amount of call energy.

The full whine is more effective at elic-
iting female phonotaxis than any other
smaller portion of the whine, with two
exceptions. The full whine was significantly
preferred over all of the following whine
variants (Fig. 3): 0-50 msec + 100-300
msec; 0-50 msec + 150-300 msec; 50-150
msec; 0—100 msec; and 100-300 msec. Only
when females were given a choice between
the full whine and a portion of the whine
from 0 to 264 msec or from 50 to 300 msec
was there no significant preference for the
full whine (although the latter case is almost
statistically significant).

However, we found that many smaller
portions of the whine were sufficient to elicit
phonotaxis from females when the alter-
native stimulus was a burst of white noise
with the envelope of the whine. Five whine
variants were effective stimuli: 0-264 msec;
0-100 msec; 50-300 msec; 0-100 msec +
150-300 msec; and 0-50 msec + 100-300
msec (Fig. 3). There was no unique 50 msec
portion that was necessary to elicit phono-
taxis. However, all five effective stimuli did
contain at least 50 msec of the first 100 msec
(Fig. 3).

The stimulus lacking 0-100 msec did not
elicit phonotaxis, while the 0-100 msec
stimulus alone was effective. Either the 0-
50 msec or the 50-100 msec stimulus elic-
ited phonotaxis if it was combined with the
rest of the whine (i.e., 100-300 msec). 0-50
msec alone or when combined with 150-
300 msec, and 50-150 msec alone did not
elicit phonotaxis (although this might be true
of larger sample sizes). Therefore, neither
of the first two 50 msec portions alone is
sufficient but at least one is necessary to
elicit a female response. We realize that in
not demonstrating a significant preference
between stimuli we might commit a Type
I1 error, especially with some of the smaller
sample sizes.

In summary, the fundamental frequency
of the whine is both necessary and sufficient
for eliciting female phonotaxis. It appears
that the upper harmonics of the whine are
irrelevant. They are neither necessary nor
sufficient to elicit phonotaxis, and their

addition to the fundamental frequency has
no statistical effect on the call’s attractive-
ness. Only a small portion of the whine is
necessary for eliciting phonotaxis, and that
portion is within the 0-100 msec portion of
the whine’s fundamental. There is some sig-
nal redundancy since either the first or the
second 50 msec portion is necessary. How-
ever, the rest of the fundamental does influ-
ence female phonotaxis. With the exception
of two portions, the full whine is signifi-
cantly preferred by females over the other
portion tested.

SALIENT FEATURES OF THE CHUCK

By itself the chuck does not contain stim-
ulus features that can elicit female phono-
taxis. However, when added to a whine it
makes the call more attractive to females.
We addressed two questions about features
of the chuck that enhance call attractive-
ness: first, what are the features of the chuck
that would enhance the attractiveness of a
call without chucks; and second, what fea-
tures of the chuck would enhance call attrac-
tiveness to the greatest extent.

The chuck differs from the whine in its
short duration, broader frequency range, and
higher dominant frequency. The dominant
frequency of the average chuck, 2,500 Hz,
is close to the average tuning of the female’s
basilar papilla, about 2,100 Hz (Ryan et al.,
1990). However, the broad frequency range
encompasses the spectral sensitivity of both
auditory organs of the inner ear. Therefore,
we constructed chuck variants that con-
tained only the lower half of the frequency
range of the normal chuck (harmonics 1-7,
frequency range 215-1,505 Hz) and only the
higher half of the frequency range (harmon-
ics 8-14, range 1,720-3,010 Hz; Fig. 4).

We asked whether these stimuli were
effective in enhancing the attractiveness of
a whine-only by giving females a choice
between a whine followed by each of the
half-chuck variants and a whine-only. We
also determined the attractiveness of the
half-chuck variants relative to the full, nor-
mal chuck. The full chuck contained the
spectral properties of the two half-chucks
combined, but in all experiments we equal-
ized the amount of total energy in the chucks
being compared. Finally, we determined the
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Fic. 4. The number of phonotactic responses of female Physalaemus pustulosus in response to stimuli in which
a whine followed by a chuck containing only harmonics 1-7, a chuck containing only harmonics 8-14, or
followed by a burst of white noise with the same duration as the chuck (middle, top-bottom). Preference for
each of these stimuli when paired with either only a whine (left) or whine followed by a normal chuck (right)
was determined. The null hypothesis of no preference was tested with an exact binomial probability. See Ryan

and Rand (1990) for details.

importance of the harmonic structure per
se. We did this by adding to a whine a white-
noise burst that was of the same duration
and amplitude envelope as the chuck (Fig.
4).

Each of the half-chuck variants, when
added to a whine, was more attractive than
the whine-only (Fig. 4). Thus these half-
chucks would be favored by sexual selection
because they increase the attractiveness of
the call relative to the simple call. Also, there
was no significant difference in female
responses to these half-chuck variants and
the normal chuck. Finally, we found that
the addition of a white-noise burst in the
place of the chuck also enhances the attrac-
tiveness of the call relative to the simple
call, and is no less attractive than the call

with a normal chuck. This also shows that
temporal coding of the chuck’s periodicity
is not likely to play a role in chuck prefer-
ence.

These results suggest that sexual selection
by female choice would favor multiple evo-
lutionary pathways for the evolution of more
complex calls. If males could append to their
whine the full chuck, either half-chuck vari-
ant, or a white-noise burst, they would be
equally attractive to females. Because the
two half-chuck variants would primarily
stimulate different peripheral end organs,
this also suggests flexibility in the neural
pathways whose stimulation results in calls
being perceived as more attractive. There-
fore, the female phonotaxis experiments help
us understand the forces that favored the
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evolution of more complex calls, but not
the particular type of complex calls. Two
possible explanations for why full chucks
instead of half chucks or white noise evolved
seem likely: morphological constraints and
natural selection. First, it is possible that
the male’s vocal morphology that was
ancestral to the evolution of the chuck was
predisposed to produce a full chuck rather
than a half-chuck variant or a white-noise
burst. An analysis of the vocal morphology
of P. pustulosus and its close relatives lends
credence to this hypothesis (Ryan and
Drewes, 1990). Second, although complex
calls are favored by sexual selection, there
is a natural selection cost incurred due to
higher predation risk (Ryan et al., 1982). It
is possible that the full chuck would attract
fewer predators than the other stimuli tested,
but based on our knowledge of hearing in
the frog-eating bat, a major predator on the
tangara frog (Ryan, 1985), this does not seem
likely (Ryan et al., 1983; Bruns et al., 1989).

DiscussioN

In P. pustulosus the whine is both a nec-
essary and sufficient stimulus for species
recognition and the presence of the chuck
is favored by sexual selection because it fur-
ther enhances the attractiveness of the call
to females. These disparate functions of the
call are related to differences in the female’s
perceptual system that define biologically
relevant stimuli.

The whine carries information that iden-
tifies the species. This information is not
encoded in all parts of the whine. The upper
harmonics contain no information relevant
to females whatsoever; their presence or
absence has no effect on female phonotactic
responses. Although the fundamental is
necessary, either only the first or only the
second 50 msec need be communicated for
the females to recognize the call as conspe-
cific. Thus as with other species-specific sig-
nals, only a portion, and in this case a rel-
atively small portion, of the signal is
necessary to elicit female response. How-
ever, most of the other information in the
fundamental frequency of the whine, but
not in the upper harmonics, is relevant in
that it adds to the attractiveness of the whine.
Only the beginning (0-50 msec) or only the
end (264-300 msec) of the call can be omit-

ted with no effect on call attractiveness.
Therefore, we have identified portions of
the signal necessary for recognition; there is
redundancy since either 0-50 msec or 50-
100 msec is necessary. We also have iden-
tified those portions of the call that are rel-
evant but neither necessary nor sufficient,
and those portions of the call that are super-
fluous. Thus the whine can not be classified
strictly into constituent parts that either are
or are not needed to elicit phonotaxis. True,
some parts are superfluous and some criti-
cal, but others enhance call attractiveness
although by themselves could not elicit
phonotaxis. In this way comparisons of por-
tions of the whine parallel comparisons of
the whine and chuck, and suggests that the
partitioning of interspecific and intraspe-
cific mate choice between the two call com-
ponents is not an absolute dichotomy.

Based on our knowledge of the frequency
sensitivities of the two auditory end organs
(Ryan et al., 1990), it seems that at least at
threshold intensities, in the peripheral audi-
tory system the biologically relevant infor-
mation in the whine is processed by the
amphibian papilla, and the basilar papilla
plays no role in the processing of species-
specific recognition. Furthermore, the form
of stimulation of this end organ is impor-
tant. Previous research has shown that the
sweep must decrease in frequency (Ryan,
1983; Rose et al., 1988), and the call from
0-100 msec, that portion that is necessary
for recognition, approximates the most sen-
sitive frequencies of the amphibian papilla.
However, once this information is present
in the whine, further stimulation of this end
organ by other portions of the whine further
enhances its attraction to the female.

Since the close relatives of P. pustulosus
all have whine-like calls with similar
dominant frequencies and similar tuning
properties of the auditory periphery
(unpublished data), this aspect of the com-
munication system appears to be a trait
inherited in this lineage.

The response to chuck variants differs
drastically from the response to whine var-
iants. Either the lower or the upper half of
the chuck both can enhance the attractive-
ness of the call and make it as attractive as
the normal chuck (provided total energy is
equal). The dominant frequency of the full
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chuck is slightly below the most sensitive
frequency of the basilar papilla and contains
very little energy in the range to which the
amphibian papilla is sensitive. However, the
half-chuck variants show that it is not
important which end organ in the periphery
is stimulated. As long as the total energy is
the same, it can be concentrated in the fre-
quency range to which either the amphibian
papilla or the basilar papilla is sensitive.
Furthermore, the harmonic structure is not
important since a white noise chuck, which
lacks such a structure, is as attractive as a
full chuck. The receptor system is not totally
permissive, however. Some stimuli do not
enhance the call attractiveness (e.g., only
two lower harmonics of the chuck, unpub-
lished data). But in stark contrast to the
whine, we see that there are several parts of
the chuck and some novel stimuli that are
sufficient for enhancing call attractiveness
and that no single part of the chuck is nec-
essary. At the neural level this reveals great
flexibility in the response of the auditory
system to these stimuli.

Our results are consistent with some views
of how species recognition and sexual selec-
tion will have different effects on the evo-
lution of male traits (Ryan, 1990b). A signal
involved in species recognition must con-
vey certain information about the genetic
compatibility of the soliciting male relative
to the solicited female, i.e., that they are
conspecific. Dobzhansky (1937) and Pat-
erson (1982) have promoted different views
of the evolution of mate recognition sys-
tems. Dobzhansky suggests that species rec-
ognition is an adaptation that evolved under
selection to avoid heterospecific matings,
while Paterson argues that it is an epiphe-
nomenon of divergence of taxa evolving in
allopatry. Nevertheless, both hypotheses
agree on the specificity of the encoded infor-
mation and predict that such signals usually
should be under strong stabilizing selection.
The enclosed information needs to be spe-
cific because of stringency in the decoding
parameters utilized by the receiver. This is
what our results show. There are parts of
the whine that are required for recognition,
and the majority of the fundamental fre-
quency of the whine is needed to produce
the stimulus that is maximally attractive to
the female.

Sexual selection favors signals that are
more attractive to females, and ever since
Darwin, researchers have been impressed
by the remarkable divergence of signals
under sexual selection (e.g., Darwin, 1871;
Mayr, 1963; West-Eberhard, 1983), although
in general females prefer traits that increase
the amount of stimulation of the female
(Ryan and Keddy-Hector, 1992). This
observation of natural patterns of diversity
is consistent with our findings that there are
multiple pathways by which male tingara
frogs can increase the attractiveness of their
calls to females. The sexually selected trait
that we observe in nature, the full chuck, is
only a single solution to the problem of
increasing call attractiveness. When the
male’s signals are not constrained to com-
municate information about species iden-
tity, they are able to exploit the various
means of increasing overall stimulation of
the signal to the female. The neural correlate
of multiple evolutionary pathways is per-
missiveness of the receiver, as has been
shown in female preferences for chuck var-
iants and white noise. Besides our studies
reviewed here, other investigations of crabs
(Christy, 1988), fish (Ryan and Wagner,
1987; Basolo, 1990) and birds (Burley, 1985;
Searcy, 1992) show that females can prefer
male traits that are not expressed by con-
specific males.

Good genes hypotheses predict that
females prefer mates with genetic consti-
tutions that promote greater survivorship
(Pomiankowksi, 1988). There also might be
more than one way to signal genetic quality,
thus the permissiveness of the receiver for
signals under sexual selection does not nec-
essarily conflict with a good genes hypoth-
esis, nor does it lend support.

These studies have shown that selection
for species recognition and sexual selection
can act on different components of the male’s
advertisement signal and that the parame-
ters used by the receiver to decode the sig-
nal, produce a behavioral response, and
eventually mate selection, are very different
under these two forms of selection. Our
results from studies of the tiingara frog might
contrast with systems in which selection for
species recognition and sexual selection both
act on the same signal components. Under-
standing such a contrast in detail might lead
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to a better understanding of how interspe-
cific and intraspecific mate choice interact
in the evolution of mate recognition sys-
tems.
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