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A

nimals use only a fraction of available sensory information
to assess their worlds, and different animals can have access
to different sets of data emanating from the same environmental
or social stimuli (1). An animal’s perception of the world also can
be influenced by how that information is processed. One important factor is whether stimuli are perceived continuously or
in discrete categories. Categorical perception in humans is well
known in color, speech, and facial discrimination (2–4). Other
animals exhibit categorical perception of human phonemes (5,
6). In addition, a few nonhuman animals show categorization of
their own signals: song variants in songbirds (7), ultrasonic
vocalizations in mouse pups (8), and mating/bat echolocation
calls in crickets (9). In these animal studies, and most human
studies, however, stimuli varied along a single dimension. It is not
known, therefore, if categorical perception extends to the vast
majority of communication signals, which covary over multiple
dimensions.
Perception of social signals is a critical stage preceding many
social decisions. One of the most important decisions an animal
makes is deciding with whom to mate. These decisions are
usually informed by signals that vary between and within species
(10). In most instances, females choose to mate with conspecifics
rather than heterospecifics and choose the more attractive males
among conspecifics (11, 12). Mating preferences can lead to
reproductive isolation between groups, which in turn promotes
their divergence into different species. In addition, preferences
for certain variants of signal traits among conspecifics can
generate sexual selection and lead to the evolution of extreme
male traits. Thus the perceptual mechanisms underlying mate
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choice can play an important role in evolution, but they are often
ignored (13).
Many studies investigate how signal variation influences mate
choice. One result of such studies is the ‘‘preference function,’’
in which the strength of preference is represented as a function
of continuous variation in the mating signal (14–16). The
preference function illustrates the nature of selection on male
traits and may influence how traits evolve. Contrary to the results
of the present study, all studies to date show that a continuous
change in a signal parameter covaries with a continuous change
in the strength of preference for that signal. Thus females
respond to mating signals, whether comparing the same or
different species, as being continuously more or less attractive.
An alternative perceptual mode that might underlie mate choice
is categorical perception, in which stimuli are categorized dichotomously as preferred or nonpreferred. There is no evidence
to date for categorical perception of mating signals, although few
studies have explicitly tested this hypothesis. We do so here by
examining female preferences for mating call variation in the
túngara frog, Physalaemus pustulosus.
Most male frogs produce acoustic signals to attract females for
mating, and females discriminate call variation between and
within species (17). Females exhibit these preferences through
phonotaxis, approach toward a mating call (18–21). Although
these experiments do not reveal the absolute potential for
discriminating among stimuli, i.e., just noticeable differences,
they emphasize the more ecologically relevant category of just
meaningful differences and are thus more pertinent to the
behavioral and evolutionary consequences of perceptual processes (7, 9, 22).
The túngara frog’s mating call is a downward frequency sweep,
or ‘‘whine,’’ of ⬇300 ms (Fig. 1). Males can add ‘‘chucks’’ to the
end of this call, which increases its attractiveness. The whine,
however, is both necessary and sufficient to elicit phonotaxis
from females, and all closely related species have whine-like calls
(21). We examined female preferences in response to a series of
synthetic calls that varied continuously between the conspecific
whine and the call of an allopatric heterospecific, Physalaemus
coloradorum. A previous study demonstrated that female túngara frogs recognize the P. coloradorum call but significantly
prefer the conspecific call when given a two-choice test (21).
Seven call parameters were adjusted by the same percentage to
synthesize calls intermediate between each of the species’ calls
(PC series; Fig. 1); for example, the call PC25 has a fall time of
298 ms, which is 25% different from the P. pustulosus fall time
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EVOLUTION

Categorical perception is common in humans, but it is not known
whether animals perceive continuous variation in their own multidimensional social signals categorically. There are two components to categorical perception: labeling and discrimination. In the
first, continuously variable stimuli on each side of a category
boundary are labeled. In the second, there is strong discrimination
between stimuli from opposite sides of the boundary, whereas
stimuli on the same side of the boundary are not discriminated.
Here, we show that female túngara frogs respond categorically to
complex mating calls that vary simultaneously along multiple
dimensions and are within the natural range of signal variation. In
response to a transect of synthetic stimuli that varied continuously
and systematically in seven dimensions, female túngara frogs label
mating calls as either conspecific or not conspecific. For pairs of
stimuli that differed by the same magnitude, females discriminate
those in different categories but not those in the same category. In
addition, latency to respond was significantly shorter when stimuli
were in the same versus different categories. Because responses to
mating calls are critical in generating species recognition and
sexual selection, this finding has implications for both animal
perception and the influences of mate choice on the tempo and
mode of evolution.
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Fig. 2. Mate choice results for labeling components of study. The whine (call
value 00) is the túngara frog call. PC calls vary in the percentage (e.g., 6%, 12%,
18%) in which they differ from the conspecific call relative to the call of P.
coloradorum. The proportion of females (n ⫽ 20 for each experiment) that
prefer the conspecific call to each call variant shows that females label the calls
PC-6 through PC6 as conspecific (they do not prefer the conspecific call to these
variants) and label calls PC12 through PC50 as not conspecific (they prefer the
conspecific call to each of these variants). The dashed lines indicate the null
expectation (bottom line) and the critical value for a significant preference
(top line).
Fig. 1. Acoustic stimuli and parameters used in this study. (a) Oscillograms
and spectrograms of the seven synthetic stimuli used in the labeling component of this study and the heterospecific call (PC100) presented for comparison. Dashed lines indicate the beginning and ending frequencies of the
conspecific call (PC00, blue) and arrowheads indicate the duration of the PC00.
(b) A stylized oscillogram (Upper) and spectrogram (Lower) of the synthetic
túngara whine are shown along with the seven acoustic parameters used to
construct stimuli in this study.

(343 ms) and 75% different from the P. coloradorum fall time
[161.7 ms; supporting information (SI) Table S1]. Thus synthetic
calls of any ‘‘acoustic distance’’ (the overall summed difference
of all seven call parameters) from the conspecific call can be
synthesized, and the difference between any pair of stimuli can
be easily ascertained (23); e.g., PC6 is 6% different from both the
conspecific call (PC00) and the PC12 call. We used nine calls:
PC50, PC37, PC31, PC25, PC18, PC12, PC6, PC00, and PC-6.
Synthetic advertisement calls have been used previously to
explore mate choice in túngara frogs, and among other findings
these studies have demonstrated that the synthetic versions of
the calls are treated no differently from natural stimuli (24).
Reproductively active females were collected in Gamboa,
Panamá, and tested with two-choice phonotaxis experiments to
assess their preferences. We used two-choice rather than onechoice tests because they better approximate natural mate choice
conditions. In addition, two-choice tests are more sensitive to
differences between stimuli and are thus conservative when
testing for categorical perception (25).
Results
In the first battery of tests, we used the average synthetic version
of the conspecific call (PC00) as a referent for exploring
categorization. Females discriminated between PC00 and the
four most different calls (PC12, P ⫽ 0.001; PC25, P ⫽ 0.006;
PC37, P ⫽ 0.057; PC50, P ⬍ 0.001; Fig. 2). There was no
preference, however, when PC00 was paired with the two most
similar calls (PC-6, P ⫽ 0.412; PC6, P ⫽ 0.588; Fig. 2). A control
experiment in which PC00 was paired with itself yielded no
preference (PC00, P ⫽ 0.412; Fig. 2). The results of these
experiments demonstrated labeling; when compared to conspecific calls, the test calls were considered to be either conspecific
or not conspecific.
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Another hallmark of categorical perception is a lack of
discrimination between stimuli within a category and strong
discrimination between stimuli of similar difference but in
different categories. Given the suggestion of category labeling in
the above results, we tested the hypothesis that females should
discriminate between two stimuli across categories, but not
within each category, even as the stimuli within each pair
differed by the same amount. We used a repeated-measures
design wherein each female completed three experiments: PC00
versus PC6, PC6 versus PC12, and PC12 versus PC18. We
predicted that females would discriminate between PC6 versus
PC12 but would not discriminate between the other two pairs
even though the calls in each pair differed by 6%. As predicted,
there was no preference in the two within-category experiments
of PC00 versus PC6 (P ⫽ 0.443; Fig. 3a) and PC12 versus PC18,
although the data suggested a trend toward a preference (P ⫽
0.059). There was, as predicted, a strong preference in the
between-category test, PC6 versus PC12 (P ⫽ 0.001). In addition,
there was a significant overall Cochran’s Q for the three experiments (Q ⫽ 6.81, P ⫽ 0.03), resulting from a difference in
preference between PC00 versus PC6 and between PC6 versus
PC12 (Q ⫽ 6.54, P ⫽ 0.01, Bonferonni corrected). The remaining
two pairwise comparisons were not significantly different (Fig.
3a). Further support of categorical perception derives from
pairwise tests at the extremes of each category: PC18 versus
PC25 (P ⫽ 0.412) and PC25 versus PC31 (P ⫽ 0.412).
A common finding in categorical perception studies is that
response times differ for within- and between-category discriminations (26–28). Pisoni and Tash (26) and Bornstein and Korda
(27) found slower response times for evaluating betweencategory stimuli compared with equivalently different withincategory stimuli; this effect, however, was not analyzed statistically. Thus we compared response latencies for the experiments
in Fig. 3a. The one-way ANOVA generated a marginally significant overall effect of experiment on latency (F ⫽ 2.95, df ⫽ 2,
P ⫽ 0.055; Fig. 3b). Planned independent contrasts showed that
the latencies for the between-category comparison were significantly greater than the two within-category comparisons (t147 ⫽
2.406, P ⫽ 0.017; Fig. 3b).
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studies have investigated in great detail the scaling of male
signals in sexual selection (33); our study suggests that scaling
of female preferences for these signals is worthy of similar
attention.
We suggest that understanding perception of mating signals is
critical to a deep understanding of how species recognition
evolves and how sexual selection generates some of the most
extreme behaviors and morphologies in the animal kingdom.
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Fig. 3. Mate choice and latency results for disrimination component of
study. (a) Females were tested with pairs of stimuli in which one stimulus (row
A on abscissa) is more similar to the conspecific call compared to the alternative (row B). Females do not show a preference between a pair of calls that
differ by 6% within the category that is labeled as conspecific (whine versus
PC6), whereas they do show a preference between calls that differ by 6%
between the categories that are labeled as conspecific and not conspecific
(PC6 versus PC12). The difference in the strength of preference between the
within- and between-category is statistically significant. There is, however,
discrimination between calls that differ by 6% within the not-conspecific
category (PC12 versus PC18), but the strength of this discrimination between
categories was not statistically significant. NS, not significant. (b) The z scores
of the latency to respond from the same phonotaxis tests in a show that
females take significantly more time to make a choice in the betweencategory comparison than in either of the within-category comparisons.

Discussion
Our data show that female túngara frogs respond to stimulus
variation in a manner that is similar to categorical perception in
humans and some other animals. Unlike previous animal studies,
we demonstrate that categorical perception can occur in a mate
choice context and is not restricted to a single acoustic dimension, as is true in all other studies of categorical perception, but
can also emerge in response to acoustic signals that vary in
multiple dimensions, a common feature of virtually all social
signals. In addition, the synthetic stimuli used in this study
comprised a range of acoustic variation that falls within that of
the study population’s calls as evaluated by using multidimensional scaling (Fig. S1). This natural intraspecific variation has
not yet been examined for patterns of continuous or categorical
mate choice.
One interpretation of this study is that mate preference and
stimulus variation is not always a simple function as is implicit in
studies of sexual selection by female choice. If that is the case,
then we might expect male traits to evolve in a more punctuated
mode (29, 30). It also might suggest reexamination of the notion
that females assess continuous quantitative variation in display
traits as indicators of male genetic quality (31, 32). Recent
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Female frogs were collected between 1900 and 2200 h and tested between
2200 and 0600 h during the summers of 2006 and 2007. After testing, females
were toe-clipped to avoid retesting them and returned to their original
capture site within 12 h of collection. Collection permits in Panamá were
approved by the Autoridad Nacional del Ambiente, and animal care and use
approval was done under the University of Texas Institutional Animal Care and
Use Committee (6041701). We tested 167 females (410 choice trials) during the
course of this study. For the repeated measures component we randomized
the order in which the experiments were conducted. The average number of
tests that each female participated in was 2.57, and the average number of
transects per female was 1.11. Females were highly responsive with successful
choices performed in 91.1% of trials.
Frogs were tested under infrared light in a sound attenuating chamber
(Acoustic Systems) measuring 2.7 ⫻ 1.8 ⫻ 1.78 m. Female behavior was
observed on a video monitor connected to an infrared camera on the chamber
ceiling. At the beginning of each phonotaxis test a female was placed under
a small cone in the center of the chamber floor. We broadcast the two test
stimuli antiphonally from speakers located in the center of the walls at the two
poles of the chamber. Stimuli were presented at a rate of one call per 2 s from
each speaker, and speakers were calibrated to a peak amplitude of 82 dB
sound pressure level (20 Pa). Between successive trials, stimuli were alternated between the two speakers to avoid a stimulus ⫻ side bias. We concurrently tested for side bias by using identical stimuli. Those results and an
analysis of the present data strongly demonstrate the lack of a side bias in this
study.
Stimuli were presented for 3 min while the female was under the cone.
Then the cone was raised and a phonotactic choice was scored if a female
approached one of the two stimuli within a 10-cm radius without simply
following the wall. A female failed to exhibit a phonotactic choice if she was
motionless for the initial 5 min after the cone was raised or during any 2-min
interval thereafter. Finally, a female did not exhibit phonotaxis if she failed to
make a choice within 15 min after the cone was raised. In addition to
measuring choice we recorded latency to choice.
We used a binomial test (one-tailed) to evaluate each experiment against
the null prediction of no preference (P ⫽ 0.5); there was the a priori expectation that females prefer the conspecific call to alternatives (20). For repeated
measures experiments we also used the nonparametric Cochran’s Q test to
evaluate each female’s response under one experiment compared with the
other two experiments. Response latencies for repeated-measures experiments were converted to subject z scores and analyzed with a one-way
ANOVA.
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