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Abstract  The potential for ornament evolution in response to sexual selection rests on the interaction between the permissive-

ness or selectivity of female preferences and the constraints on male development of signaling related traits. We investigate the 

former by determining how latent female preferences either exaggerate the magnitude of current traits (i.e. elaborations) or favor 

novel traits (i.e. innovations). In túngara frogs, females prefer complex mating calls (whine-chucks) to simple calls (whine only). 

The whine is critical for mate recognition while the chuck further enhances the attractiveness of the call. Here we use a combina-

tion of synthetic and natural stimuli to examine latent female preferences. Our results show that a diversity of stimuli, including 

conspecific and heterospecific calls as well as predator-produced and human-made sounds, increase the attractiveness of a call 

when added to a whine. These stimuli do not make simple calls more attractive than a whine-chuck, however. In rare cases we 

found stimuli that added to the whine decrease the attractiveness of the call. Overall, females show strong preferences for both 

elaborations and innovations of the chuck. We argue that the emancipation of these acoustic adornments from mate recognition 

allows such female permissiveness, and that male constraints on signal evolution are probably more important in explaining why 

males evolved their specific adornment. Experimentally probing latent female preferences for stimuli out of the species’ range is a 

useful means to gain insights about the potential of female choice to influence signal evolution and thus the astounding diversity 

in male sexually-selected traits [Current Zoology 56 (3): 343–357, 2010]. 
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Sexual selection promotes spectacular diversity of 
male ornaments in animals as heterogeneous as birds, 
frogs, fish, and insects. Comparative evidence demon-
strates that closely related species often tend to be simi-
lar in most characteristics but often divergent in sexu-
ally selected traits (Sibley, 1957; Kaneshiro, 1980; 
Dominey, 1984; Ryan and Rand, 1993a). For example, 
many closely related species of cichlids in the Great 
Lakes of Africa differ in their hue and coloration pattern, 
traits used by females in mate choice, but are similar in 
morphology, genetics and behavior (Couldridge and 
Alexander, 2002; Stelkens and Seehausen, 2009). The 
evolutionary lability of sexually selected traits is also 
reflected in the similarity in plumage of females of re-
lated species of birds while males, who are under 
stronger sexual selective pressure, have distinct colorful 
plumages (West-Eberhard, 1983; Price, 1998; Price, 
2008). Although evolutionary biologists have devoted 
considerable attention to understanding why females 

have evolved strong mating preferences (Darwin, 1859; 
West-Eberhard, 1983; Kirkpatrick and Ryan, 1991; 
Andersson, 1994; Endler and Basolo, 1998), there is 
less known about the potential evolutionary trajectories 
and the type of changes promoted by female preferences 
driving ornament evolution (but see Endler et al., 2005). 

The extant association between a female preference 
and a male ornament rests in part on the interaction be-
tween the permissiveness or selectivity of female pre-  
ferences and the constraints on male development to 
produce the signal. Understanding why specific traits 
evolve requires knowing what traits were favored by 
female choice and what types of variation in traits males 
were more or less likely to exhibit. In this study we at-
tempt to assess the potential power of female choice in 
promoting trait evolution by examining latent female 
preferences for various types of ornaments in the tún-
gara frog Physalaemus (=Engystomops) pustulosus. 
Then, given our knowledge of the underlying mecha-
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nisms of trait elaboration we speculate as to how male 
constraints contribute to the current association between 
female preference and male ornaments in this species. 

Exaggerated male traits can arise through elaboration 
or innovation. For example, female choice could favor 
males with either longer tails (exaggeration) or with 
novel pigment patterns (innovation). Following Endler 
et al. (2005), we refer to elaboration as a new form of a 
trait that accentuates the magnitude of the existing trait 
along the current axis of variation in the population (Fig. 
1a). Sexual selection by female choice often favors trait 
exaggeration as evidenced by preferences for a greater 
quantity of a given trait: longer tails in birds (Andersson, 
1982, 1994); brighter colors in fish (Houde, 1997) and 
birds (Andersson, 1994); and longer, louder, and more 
frequent calls in insects and anurans (Ryan and 
Keddy-Hector, 1992). Preferences for traits of greater 
quantity can result from an evolutionary change in fe-
male preference. It might be more likely, however, that 
exaggeration does not require a shift in female prefer-
ence, as in many cases females have a relatively 
open-ended preference for a greater quantity of the trait 
under selection (Ryan and Keddy-Hector, 1992). 

Female preferences can also favor the emergence of 
novel male traits. Again following Endler et al. (2005), 
we refer to such changes in sexually selected traits as 
innovations (Fig. 1b). Some examples of an innovation 
include female preference for males with red leg bands 
in zebra finches (Burley et al., 1982), and female pre-  
ferences by two species of mollies for conspicuous or-
ange tumors on the dorsal fins of conspecific males 
(Schlupp et al., 1999). Receiver biases for novel traits 

also have been described in a variety of organisms (Ba-
solo, 1990; Ryan 1990; McClintock and Uetz 1996; 
Jones and Hunter, 1998). Ornament evolution through 
innovations can, but need not, require an evolutionary 
change in female preference. In zebra finches, for ex-
ample, females have a preference for males with red 
beaks, and red leg bands might exploit that more general 
preference for red. Transference of the red trait from one 
part of the body to another could occur with no change 
in a general preference for red, or it could result from a 
change of a specific preference for color in the particu-
lar body part. 

To date, most examples of preference for trait elabo-
ration or innovation come from studies on single traits 
(for exceptions see Burley, 1985; Burley and Symanski, 
1998; Brooks et al., 2005; Endler et al., 2005; Gerhardt 
and Brooks, 2009). Here, we seek to investigate the de-
gree to which a series of both exaggerated and innova-
tive ornaments are favored by latent female preference 
in the túngara frog. 

Sexual selection and communication in túngara frogs 
has been studied extensively (Ryan and Rand, 2003a; 
Ryan in press). In this species of small Neotropical 
frogs, as in most anurans, males aggregate in puddles 
during the breeding season from where they call to at-
tract females and deter rival males (Ryan, 1985). Male 
túngara frogs produce a frequency modulated whine that 
is both necessary and sufficient to elicit female response. 
Males also facultatively add from one to seven secon-
dary call components, called chucks, appended at the 
end of the whine (Ryan, 1980). Chucks are under op-
posing selection as female túngara frogs (Rand and 

 

Fig. 1  Distinction between elaboration and innovation of male ornaments 
The x- and y-axis represent different features of the signal (i.e. call duration and energy content) or dimensions from an analysis for variable reduc-
tion that accounts for the variability of the trait (i.e. PCA). The open circles indicate the characteristics of the starting traits in the population and the 
closed ones indicate the ones of new ornaments. Based on Endler et al. (2005). 
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Ryan, 1981), as well as frog-eating bats (Ryan et al., 
1982) and blood-sucking flies (Bernal et al., 2006), are 
preferentially attracted to whines with chucks (complex 
calls) than to whines alone (simple calls). Chucks are 
not produced without a whine, and female túngara frogs 
are not attracted to chucks only (Ryan, 1985; Farris et 
al., 2002); thus the chuck acts as an ornament of the 
whine. The whine is about 350 ms long, and during that 
time the fundamental frequency sweeps from 900 Hz to 
400 Hz. The chuck, in contrast, is about 40ms in dura-
tion and has a rich spectrum of 15 harmonics of a fun-
damental of about 220 Hz, with a dominant frequency 
of ca. 2500 Hz. The fundamental frequency of the chuck 
is one-half that of the fundamental of the end of the 
whine. The tail of the fundamental frequency of the 
whine and its odd harmonics intervene between the 
harmonics of the chuck that match those of the whine. 
Subharmonics are diagnostic of chucks (Ryan, 1985; 
Gridi-Papp et al., 2006; Bernal et al., 2009a). The chuck 
is produced by a fibrous mass attached to the vocal folds; 
males with a surgically removed fibrous mass are un-
able to produce chucks even though they increase the 
relative amplitude of the call at the end of the whine 
(Gridi-Papp et al., 2006).  

In túngara frogs, learning is not required for call pro-
duction in males or for preferences in females (Dawson 
and Ryan, 2009). The preference for complex calls, in 
which the chuck simultaneously increases the stimula-
tion of both the amphibian and the basilar papilla of the 
frog’s inner ear, is thought to have evolved through 
sensory exploitation (Ryan, 1990; Ryan and Rand, 
2003a; but see Ron, 2008). Consistent with the sensory 
exploitation hypothesis is the fact that the chuck can be 
replaced by a variety of other sounds that are preferred 
by females. This might be possible because the chuck is 
not involved in mate recognition, and its function seems 
to be to increase auditory stimulation of females once 
they recognize the signaler as an appropriate mate. Thus 
the acoustic details of the chuck are less constrained to 
vary and still incite call preferences in females (Ryan 
and Rand, 1990; Wilczynski et al., 1995). For example, 
only the upper seven harmonics (above 1.5 kHz) of 
synthetic chucks are needed for females to show a pref-
erence for complex calls. The lower seven harmonics 
(below 1.5 kHz) do not influence this preference (Ryan 
and Rand, 1990; Wilczynski et al., 1995). These re-
sponses are not unexpected given that about 90% of the 
energy of the chuck is in the upper harmonics. When the 
upper and lower harmonics each have the sample am-
plitude as a typical full chuck both types of synthetic 

chucks enhance the attractiveness of the whine to fe-
males (Ryan and Rand, 1990; Wilczynski et al., 1995). 
Females are also receptive to variations of the chuck 
that depart substantially from the natural structure of the 
chuck. Whines followed by a burst of white noise that 
lacks the characteristic harmonic structure of the chuck 
(Ryan and Rand, 1990) and a pure tone (2.1 kHz; 
Wilczynski et al., 1995) can substitute for a chuck. 
Similarly, females are flexible regarding the temporal 
placement of the chuck relative to the whine. Whines 
with a chuck placed at different times relative to the 
whine, preceding, overlapping, or following it, are gene- 
rally more attractive than a single whine, and often as 
attractive as a normal whine and chuck (Wilczynski et 
al., 1999; Farris et al., 2005). Females also prefer a 
whine preceded by the prefix of the call of the closely 
related species P. pustulatus (Ryan and Rand, 1993b). 

In this study we examine how variations that include 
elaborations and innovations of a natural ornament af-
fect female call preferences to determine the potential 
for latent female preferences to drive call evolution. We 
include synthetic manipulations of the chuck, calls of 
closely related species and other anurans, sounds pro-
duced by flying frog-eating bats, as well as environ-
mental noises, and man-made sounds, to broadly ex-
plore the acoustic space of sounds that can enhance the 
attractiveness of a whine as does a chuck.  

1  Materials and Methods 
We collected and tested female túngara frogs be-

tween 1988 and 2002 at breeding sites near the research 
facilities of the Smithsonian Tropical Research Institute 

in Gamboa and its surrounding areas (97N, 7942W, 
Panama). Females visiting choruses to select a mate 
were captured in amplexus. We took the pairs to the 
laboratory at the Smithsonian Tropical Research Insti-
tute facilities in Gamboa, and performed standard 
two-choice phonotaxis experiments. Once in the lab, we 
separated the pair and only used the females for our 
experiments. We performed the phonotaxis tests in a  

1.8 m  2.7 m acoustic chamber with speakers placed 
opposite one another in the center of the wall along the 
longer axis of the arena. The females were released at 
the center of the chamber where they waited under a 
funnel for 3 min while calls were broadcast antiphonally 
from the speakers. Calls were adjusted to a maximum 
whine amplitude of 82 dB SPL (re. 20 µ Pascals) at the 
release point of the females, which mimics the male’s 
call at a distance of approximately 0.50 m (Ryan, 1985). 
The females were observed remotely using a video 
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camera and infrared light. A choice was scored if the 
female approached a speaker within 10 cm without fol-
lowing the walls of the chamber. The stimuli were 
broadcast until a female chose a speaker, she failed to 
choose or 15 min passed (see details on the rules used to 
determine a choice/failure to respond in Ryan and Rand, 

2003b). We released the frogs at the end of the night 
after marking them using individual toe-clip numbers at 
the same place where we originally collect them. 

We used a combination of synthetic and natural stim-
uli to attempt to elicit latent female preferences (Figs. 2 
and 3). We classify stimuli as elaborations, including  

 

Fig. 2  Synthetic and natural experimental stimuli used in female preference tests for whines with a variety of sounds as substitutes 
for a chuck 
This figure illustrates 14 stimuli, matching those stimuli used in the tests reported in Table 1. (a) whine plus P. petersi squawk; (b) P. petersi squawk 
plus whine; (c) P. randi (cf. pustulatus) prefix plus whine; (d) whine plus P. randi prefix; (e) whine plus P. petersi; (f) whine plus Leptodactylus 
fragilis; (g) whine plus L. pentadactylus; (h) whine plus Pleurodema brachyops; (i) whine plus Dendrophus phlebodes; (j) whine plus chorus of 
hylids; (k) whine plus 321 ms ñññ; (l) whine plus 45 ms ñññ; (m) whine plus bells & whistles; (n) whine plus mew.  Note that the frequency, on the 
Y- axis, is identical for all stimuli and extends from 0-5 kHz, while time, on the X axis, differs among some stimuli. 
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Fig. 3  Synthetic and natural experimental stimuli used in female preference tests for whines with manipulations and substitutions 
of the chuck in this and previous studies 
This figure illustrates 20 stimuli, matching those used in the tests reported in Table 2 but omitting stimuli already depicted in figure 2. (a) whine plus 
high-half chuck; (b) whine plus low-half chuck; (c) whine plus 2100 Hz tone; (d) whine plus 15 ms chuck; (e) whine plus 23 ms chuck; (f) whine 
plus 90 ms chuck; (g) whine plus 180 ms chuck; (h) whine plus 360 ms chuck; (i) whine plus 580 ms chuck; (j) whine plus proto-chuck low Hz; (k) 
whine plus proto-chuck high frequency; (l) whine with 90% AM; (m) whine with 100% AM; (n) fragmented whine with 30 ms gaps; (o) fragmented 
whine with 2 ms gaps; (p) P. randi prefix plus whine plus P. petersi squawk; (q) whine plus bat wing-beats; (r) whine plus rustling; (s) whine plus 
splash; (t) whine plus white noise. Note that the frequency, on the Y- axis, is identical for all stimuli and extends from 0-5 kHz, while time, on the X 
axis, differs among some stimuli. 
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reductions, or as innovations, as defined by Endler et al. 
(2005; Fig. 1). Although this classification of the stimuli 
is not definitive, it provides insights into the effect of 
different types of ornament variations as a chuck. 
Elaborations we used include variations in the duration, 
amplitude modulation and continuity of the chuck. Inno-
vations consist of adding the aggressive call, call compo-
nents of closely related and non-closely related species, 
and man-made sounds following the whine, as a chuck. 

Using synthetic versions of the chuck, we evaluated 
the responses of females to whines with chucks that 
were altered in duration and amplitude modulation. We 
synthesized stimuli based on the mean values of the 
parameters of the chuck in the population by shaping 
sine waves using custom software (J. Schwartz, Pace 
University at Pleasantville, NY; sample rate 20 kHz and 
8 bit). The experimental chucks were appended to syn-
thetic whines. Variables for constructing the synthetic 
whines were based on mean values of a combination of 
the following eight spectral and temporal call parame-
ters: maximum frequency, final frequency, duration, rise 
time, fall time, whine shape, rise shape, and fall shape 
(details in Ryan and Rand, 1995). 

We used six synthetic versions of the chuck that vary 
in duration: two variants were shorter (15 ms, 23 ms), and 
four were longer (90 ms, 180 ms, 360 ms and 580 ms) 
than the average chuck in the population (43.8 ms, Ryan 
and Rand, 2003a). This variation in chuck duration ex-
pands beyond the duration of natural chucks, and the 
longer variants may be perceived as supernormal stimuli 
(Tinbergen, 1953; Enquist and Arak, 1993). With the 
exception of the duration of the chuck, all the other 
properties of this call component were kept constant. 

The amplitude of the chuck relative to the whine 
varies between calls. Often as males start adding chucks 
in a calling bout, the relative amplitude of the chuck is 
low and, as the bout progresses the chuck increases in 
relative amplitude. An increase in the amplitude of the 
chuck also results in one bout of amplitude modulation. 
We asked if introducing amplitude modulation (AM) to 
the whine would make it more attractive, independent of 
an increase in the peak amplitude of the call as occurs 
with the addition of a chuck. We used two synthetic 
whines, the amplitude of both was modulated by a sine 
wave with a period of 4 ms. In one stimulus the depth of 
AM was 90% and in the other it was 100%. This manipu-
lation changes the distribution of sound energy within the 
whine with no effect on the whine’s peak amplitude. 

The addition of a chuck makes the call discontinuous 
and sounds fragmented. Males of some species of frogs 

partition the end of their call into separate or 
near-separate components in response to an approaching 
female. In Pleurodema brachyops, for example, males 
seem to fragment their calls in response to approaching 
females, and the resulting calls sound similar to a call 
with a túngara frog chuck (Ryan pers obs). To examine 
the effects of the discontinuity added by the chuck, we 
fragmented the whine into four sections of 78 ms each. 
In one stimulus these sections were separated by 30 ms 
and in the other stimulus they were separated by only 2 
ms gaps. The total energy of the calls was kept intact 
but the duration of the calls was longer than the standard 
whine. 

We used a variety of natural calls as substitutes for 
the chuck including aggressive calls of túngara frogs, 
calls of other species, and man-made sounds. The ag-
gressive call of túngara frogs, the “mew”, functions in 
interactions among males in the chorus and might play a 
role in maintaining fixed spatial distances among calling 
males (Ryan, 1985). The aggressive call is clearly dif-
ferent from the whine; it is longer in duration and has 
higher frequency and amplitude modulation than the 
advertisement call. We first examined whether mews are 
attractive to females, and then determined the response 
of females to whines with a mew in the position of the 
chuck. To investigate if the mew alone was recognized 
by females, we paired it with a burst of white noise from 
a second speaker in the phonotaxis experiment (more 
details about recognition tests is found in Ryan and 
Rand, 1995). The mew used in this study was recorded 
on BCI on May 1st, 1965. If this, or any other stimulus, 
failed to be recognized as a call by the females, we did 
not test it against the whine chuck. Similarly, if any 
stimulus was not as attractive as a whine we did not 
compare it to the whine chuck. We did, however, deter-
mine if a mew in the position of a chuck made the 
whine more attractive. 

To investigate the selectivity of females to ornaments 
added to the whine, we examined the responses of fe-
males to whines with chuck-like ornaments from the 
sister clade to túngara frogs. Complex calls are known 
in some populations of the sister species of túngara 
frogs, P. petersi and P. freibergi (Ryan and Drewes, 
1990; Boul and Ryan, 2004; Boul et al., 2007). 
Cannatella et al. (1998) described the sister clade of P. 
pustulosus as these two species, but given that species 
boundaries and distributions have not been defined for 
them, here we follow Funk et al. (2007) and refer to 
both species as P. petersi. In P. petersi, males from some 
populations facultatively add a secondary component to 
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the main whine-like component of their call. This sec-
ondary component, the squawk, seems to be homolo-
gous to the chuck produced by túngara frog males. 
Phonotaxis experiments demonstrated that P. petersi 
females from populations where complex calls are pro-
duced strongly preferred the simple call plus a squawk 
to the simple call alone (Boul et al., 2007). We added a 
P. petersi squawk, in the position of the chuck, to the 
whine of P. pustulosus. The squawk was recorded at 
Tambopata, Peru. Although other species in the P. pus-
tulosus group do not produce complex calls, some spe-
cies produce a short burst of sound preceding the whine 
known as the “prefix” (Ryan and Rand, 1993b; Ron et 
al., 2005). We added the prefix of the call of P. randi 
(the current name for the populations of P. pustulatus 
we studied) to the whine of P. pustulosus. We tested the 
effect of the prefix when added prior to the whine, its 
natural position, and also in the position of the chuck at 
the end of the call. 

We also added calls of more distantly related species 
to the túngara frog whine, to further broaden our inves-
tigation of how the addition of other sounds in place of 
a chuck might enhance the attractiveness of the whine. 
We chose the call of a closely related species (P. petersi), 
the calls of other Leptodactylid species sympatric with 
túngara frogs (Leptodactylus fragilis and L. pentadacty-
lus), calls of an allopatric member of the family (Pleu-
rodema brachyops), and the calls of a distantly related 
hylid (Dendropsophus phlebodes). We also offered fe-
males whines followed by a recording that contained the 
calls of several species commonly found at the breeding 
areas of túngara frogs. This recording of a chorus of 
mixed species was dominated by D. ebraccatus, D. mi-
crocephalus and D. phlebodes. All the calls, with the 
exception of the call of P. petersi, were recorded in cen-
tral Panama. 

We also investigated two arbitrary human-made 
sounds as substitute for chucks. One of us (ASR) pro-
duced a 321ms ‘ñññ’ nasal sound which we appended to 
a whine. As a variant we also tested a fragment of the 
‘ñññ’ that approximated the duration of a chuck, 45 ms 
long. In addition, the sounds of simultaneous bells and 
whistles were added to a whine. Both stimuli, the ‘ñññ’ 
and the bells and whistles, represent novel ornaments 
that share few features with chucks and had not been 
previously heard by the frogs. Finally, we compiled the 
results of previous studies on female phonotaxis in tún-
gara frogs that have explored the effect of variations and 
replacements of the chuck for different purposes.  

We tested the null hypothesis of no preference (50:50) 

by computing the exact binomial probability for each 
experiment (pair of stimuli presented together). If sig-
nificantly more females exhibited phonotaxis to one of 
the stimuli this was considered evidence for female 
preference. In most experiments we tested a total of 20 
females, but for a few only 10 females were tested (i.e. 
90% and 100% AM) and for others more females were 
tested (i.e. 90 ms chuck, n=42). Sample sizes for each 
test are presented in Table 1. 

2  Results 

2.1  Elaborations: chuck manipulations 
Chuck duration increased the attractiveness of the 

whine over almost an eight-fold range in duration (23 to 
180 ms, Fig. 4). Females were preferentially attracted to 
whines with chucks that were 23, 90 or 180 ms long 
compared to whines only. This variation extended from 
approximately -2 to +12 standard deviations from the 
mean chuck duration in this population (mean = 43.8, 
SD = 11.0; Ryan and Rand 2003a). Longer chucks were 
not, however, perceived as supernormal stimuli; that is, 
they were no more attractive than a normal whine-chuck. 
Chucks with durations of 15, 360 and 580 ms did not 
enhance the attractiveness of the call. Whines followed 
by these extremely short (-3.5 SD) or long (+28.8 and 
+48.8 SD) chucks were similar in attractiveness to a 
whine-only. 

 

Fig. 4  Female preferences in phonotaxis test in which the 
duration of the chuck of a whine-chuck call was varied 
Open circles indicate tests of a whine-chuck against a whine only. 
Close circles are test versus a whine followed by an average duration 
chuck (mean = 43.8, SD = 11.0; Ryan and Rand, 2003a). In each test 
N=20 females, with the exception of whines with chucks of 90 ms 
versus simple whine where n=42. The asterisk indicates P < 0.05, 
exact binomial probability test. 
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Female preferences were sensitive to amplitude 
modulation of the whine. When whines were altered 
with either 90% or 100% amplitude modulation over a 4 
ms period, amplitude modulated whines were less at-
tractive than standard whines; when presented with a 
AM whine versus an average whine, none of the fe-
males chose the former (exact binomial P < 0.001; 90% 
AM: 0 out of 10 females; 100%AM: 0 out of 10 fe-
males). This lack of preference might result from the 
AM part of the whine being perceived as a short whine 
followed by multiple but very short duration chucks 
reducing the attractiveness of the call. 

Fragmenting a whine into four 78 ms sections sepa-
rated by gaps of either 30 ms or 2 ms did not influence 
its attractiveness either positively or negatively. The 
number of females that chose the fragmented whine was 
about the same to those that chose the normal whine (30 

ms gaps, 4/6, exact binomial P = 0.754; 2 ms gaps, 7/13, 
exact binomial P = 0.344). 

2.2  Innovations: chuck substitutions 
When a mew was presented in recognition tests (i.e. 

competed against a speaker producing white noise of 
equal duration to the whine, (Ryan and Rand, 1995)), 
only three out of 30 females chose the mew (Table 1). 
Thus the mew did not signal an appropriate mate to fe-
males. Adding the mew to the whine, however, had no 
effect on the attractiveness of the call. 

The squawk of P. petersi and the prefix of P. randi 
made the whine more attractive than a simple call (Table 
1). Each of these stimuli could be at the end or the be-
ginning of the call and they still increased the attrac-
tiveness of a whine. A whine preceded by a prefix and 
with a squawk appended to it, however, did not act as a 
supernormal stimulus. 

Table 1  Results of phonotaxis experiments in female túngara frogs for whines with a variety of sounds as substitutes for a chuck 

 Stimuli  Female choices P 

 whine+chuck vs. whine 18:2 <0.001 

     

Aggressive call     

 mew (only) vs. noise 3:30 0.251 

  vs. whine   

 whine+mew  12:8 0.503 

Ornaments from other species     

 whine+squawk   14:6 0.115 

 squawk+whine  18:2 <0.01 

 prefix+whine  16:4 0.012 

 whine+prefix  18:2 <0.01 

  vs. whine+chuck   

 whine+squawk   12:8 0.503 

 squawk+whine  11:9 0.823 

 prefix+whine  8:12 0.503 

 prefix+whine+squawk  12:8 0.503 

Calls from other species of frogs  vs. whine   

 whine+P. petersi  16:4 0.012 

 whine+L. fragilis  11:9 0.823 

 whine+L. pentadactylus  7:13 0.263 

 whine+P. brachyops  10:10 1.000 

 whine+D. phlebodes  6:14 0.078 

 whine+ chorus hylids  2:18 <0.01 

Man-made sounds     

 ‘ñññ’ - 321 ms  0:20 <0.01 

 ‘ñññ’ - 45 ms  7:13 0.263 

 bells & whistles  21:8 0.016 

Female choices as the number of females that choose the whine with the chuck substitute: females that choose the whine or whine+chuck depending 
on the test. P-value for a two-tailed exact binomial test. 
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The call of other species of frogs appended to a 
whine increased, decreased, or had no effect on the at-
tractiveness of a whine (Table 1). While the call of P. 
petersi in place of a chuck made the call more attractive, 
the calls of L. fragilis, L. pentadactylus and Pleurodema 
brachyops did not make the whine more attractive. The 
call of D. phlebodes, or a chorus of frogs dominated by 
small hylids, made the whine less attractive than a 
whine only. The man-made sounds we used made the 
whine more or less attractive. Appending the sounds of 
bells and whistles enhanced whine attractiveness while 
the long (341 ms long) nasal sound ‘ñññ’ made it less 
attractive and the short (45 ms long) ‘ñññ’ made the 
stimulus as attractive as a whine. The preference for 
whines with bells and whistles, however, was not sig-
nificantly different from the preference for whine-chuck 
(Table 1; Fisher’s exact test, P=0.098, n=51). 

3  Discussion 
Latent female preferences have the potential to drive 

the evolution of male ornaments. The results we present 
here show that such latent potential in túngara frogs is 
considerable. To evaluate the generality of our findings, 
we further broadened the stimuli examined by compi-  
ling the results of previous studies on female phonotaxis 
in túngara frogs that explored the effect of variations 
and replacements of the chuck for different purposes.  

Table 2 summarizes the results of this study com-
bined with those of previous ones. The results from pre-
vious studies are consistent with those found here. A 
broad array of stimuli increased attractiveness of the 
whine to females. Frequency manipulations of the chuck 
that constrain its frequency range so it would only 
stimulate one of the two inner ear organs (amphibian 
papilla or basilar papilla) were, for instance, effective at 
eliciting a preference as long as each stimulus had the 
total amount of energy as in the normal chuck. The 
lower-frequency chuck, however, did not make the 
whine more attractive if it had the relatively low energy 
content it typically has in nature, while the 
higher-frequency chuck did make the whine more at-
tractive with its natural, fairly high, energy content 
(Ryan and Rand, 1990, 1995). Similarly, a burst of 
white noise following the whine increased the attrac-
tiveness of the whine (Ryan and Rand, 1995). 

Some manipulations of the chuck did not enhance the 
attractiveness of the whine. Males from other species of 
Physalaemus in western Ecuador produce calls in which 
they increase the amplitude at the end of the whine 
maintaining the spectral structure of the whine. Those 

secondary components mimic the general waveform of 
a whine-chuck without creating the subharmonics that 
characterize chucks, which include a fundamental fre-
quency one-half that of the fundamental of the whine 
(Ryan, 1985; Gridi-Papp et al., 2006; Bernal et al., 
2009a). We thus refer to these calls as proto-chucks. 
Female túngara frogs did not discriminate in favor of 
whines followed by a proto-chuck. There was, however, 
a strong tendency to prefer the whine with a 
proto-chuck when the dominant frequency in that last 
section of the call was shifted upwards to match that of 
the natural chuck (unpublished data). Whines with a 
proto-chuck were less attractive to females than normal 
whine-chuck calls even when the dominant frequency of 
the proto-chuck corresponds to that of a chuck (unpub-
lished data). 

On a few occasions, sounds appended to a whine re-
duced the attractiveness of the call. Sounds associated 
with an increased risk of predation, such as those pro-
duced by the wing-beats of a frog-eating bat or ap-
proaching predators, made the whine less attractive 
(Bernal et al., 2007). Interestingly, the call of D. phle-
bodes or a small chorus of small hylids appended to a 
whine was also discriminated against by female túngara 
frogs. 

This study, combined with results from previous 
studies, shows that a variety of stimuli increase the at-
tractiveness of the simple whine call to female túngara 
frogs. These stimuli thus mimic the chuck’s effects but 
never surpass it; that is, these stimuli when added to the 
whine do not make that call more attractive than a 
whine-chuck. Up to this point, we have not found a su-
pernormal stimulus relative to the whine-chuck. Lack of 
a supernormal stimulus response to the whine is ex-
pected given its critical role for species recognition 
(Márquez and Bosch, 1997), but it is surprising to find 
that a variety of stimuli can replace a chuck but so far 
none of the ones tested increases call attractiveness be-
yond that of a natural whine-chuck. Contrary to our ex-
pectations, extra-long chucks (+28.8 and +48.8 SD) did 
not trigger a supernormal stimulus response but instead 
had no effect on the attractiveness of the whine. Overall 
we found that latent female preferences for ornaments 
can be in the form both of elaborations and innovations. 

In terms of elaborations, the basic chuck still main-
tained its attractiveness to females with changes within 
certain ranges of duration, including a drastic increase 
in duration up to 12 standard deviations from the mean, 
and a drastic reduction in frequency range, including 
replacing the 15 harmonic frequency spectrum of the 
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Table 2  Summary of the responses of female túngara frogs in phonotaxis to whines with manipulations and substitutions of the chuck 
compiling results from this and previous studies 

Type of ornamentation Stimulus energy content 1 vs. whine vs. whine+ chuck References 

Elaborations   ns +  ns +   

Chuck manipulations Frequency alterations        Ryan and Rand (1990,1995)

 whine+high Hz chuck relat        

 whine+low Hz chuck relat        

 whine+ high Hz chuck full        

 whine+ low Hz chuck full        

 whine+tone (2.1 kHz) full        

 Duration        This study 

 whine+15ms full        

 whine+23ms full        

 whine+90ms full        

 whine+180ms full        

 whine+360ms full        

 whine+580ms full        

 Proto-chucks        unpublished 

 whine+protochuck low Hz manip        

 whine+protochuck high Hz manip        

 Amplitude Modulation        This study 

 whine+90%AM manip.        

 whine+100%AM manip.        

 Fragmented whine        This study 

 30 ms long gaps full        

 2 ms long gaps full        

Innovations          

Chuck substitutions          

 Aggressive call        This study 

 whine+mew full        

 P. petersi squawk        This study 

 whine+squawk full        

 squawk+whine full        

 P. randi prefix        This study 

 prefix+whine full        

 whine+ prefix full        

 prefix+whine+squawk full        

 Heterospecific call        This study 

 whine+P. petersi full        

 whine+L. fragilis full        

 whine+L. pentadactylus full        

 whine+P. brachyops full        

 whine+D. phlebodes full        

 Whine+ chorus hylids full        

 Predator related sounds        Bernal et al. (2007) 

 whine+bat wing full        

 whine+rustling full        

 whine+splash full        

 Man-made sounds         

 whine+bells & whistles full       This study 

 whine+321ms ‘ñññ’ full       This study 

 whine+45ms ‘ñññ’ full        

 whine+white noise full       Ryan and Rand (1995) 
1 full: The chuck variant has the total energy content of a full chuck. Typically the chuck/variant is scaled to have a maximum peak amplitude twice 
that of the whine. relat: the higher and lower half harmonics are in an energy ratio of 9:1, as in the wild (Ryan et al., 1990). manip: the chuck variant 
has an arbitrary amplitude. 
Dark grey boxes indicate: ns= no significant preference (P > 0.05), + = significant increase on the attractiveness of the whine (P < 0.05), - = signifi-
cant reduction on the attractiveness of the whine (P < 0.05). Light grey box indicates a strong tendency (P < 0.08). 
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chuck with a single tone. Disrupting the whine with 
amplitude modulations, fragmenting it, or appending a 
proto-chuck to it did not enhance its attractiveness. Al-
though some manipulations defeat the chuck’s function 
of increasing whine attractiveness, substantial changes 
of this component do not disrupt this function. 

The more surprising set of results from this study and 
some previous ones (Ryan and Rand, 1990, 1995; 
Bernal et al., 2007), is the range of innovations as at-
tractive as the true chuck. Call prefixes and suffixes 
from other closely related species, and even a burst of 
white noise, enhance the attractiveness of the whine to a 
similar degree as a chuck. This would give the impres-
sion that all “bells and whistles” that could be added to 
the whine would make it more attractive. That assertion 
is true in a literal sense, as bells and whistles shaped to 
the waveform of a chuck mimic the chuck’s effects on 
the whine. In the real sense not all “bells and whistles” 
enhance the whine, as there are a number of stimuli that 
do not make the whine more attractive, including addi-
tion of the túngara frog’s aggressive call, a human nasal 
sound, and sounds associated with predators. A wide 
range of innovations elicit enhanced attractiveness of 
the simple mating call, but there are also sounds that do 
not trigger this response including some that probably 
behoove the female to avoid, such as sounds that might 
indicate approaching predators. 

3.1  Evolution of the chuck 
We have shown a wide degree of latent preferences 

that could have directed the evolution of more attractive 
male traits along various evolutionary pathways. Why 
did males evolve chucks and not bursts of noise or bells 
and whistles? The answer seems to be the starting con-
dition of the male’s morphology. This is a constraint in 
the sense of Maynard Smith et al. (1985) — an aspect of 
the animal’s biology that biases the production of vari-
ant phenotypes. As noted previously, túngara frogs have 
large extensions of the vocal folds, known as fibrous 
masses, which extend into the region in which the lungs 
connect to the larynx. It has been suggested that these 
masses are responsible for the production of the chuck 
(Drewery et al., 1982). The suggestion was borne out by 
comparative studies linking laryngeal morphology and 
bioacoustics among closely related species and between 
populations of P. petersi that did and did not produce 
complex calls (Ryan and Drewes, 1990; Boul and Ryan, 
2004). This hypothesis received experimental verifica-
tion when Gridi-Papp et al. (2006) surgically ablated the 
fibrous masses resulting in the inability of males to 
produce chucks. Although males attempted to produce 

chucks by increasing call amplitude at the end of the 
whine, discrete call components with subharmonics did 
not appear. Recently, Bernal et al. (2009a) speculated 
about the biophysics underlying chuck production. They 
stated that the subharmonics of the chuck provide evi-
dence for a nonlinear phenomenon that appears to be 
caused by nonlinear mechanical dynamics of the vocal 
production mechanism. Specifically, fibrous masses 
attached to the vocal folds might undergo impact oscil-
lation at a sufficiently high excitation level to produce 
the subharmonics in the chuck. Subharmonic generation 
by impact oscillation, also known as clapping or impact 
nonlinearity, has been documented in many dynamic 
systems (Hindmarsch and Jefferies, 1984; Tournat et al., 
2004; Pippard, 2007). Thus to understand why males 
evolved chucks, we need to understand why males 
evolved large fibrous masses. Is there something about 
the male’s laryngeal morphology that biases to do so? 

Although the large fibrous masses in túngara frogs 
and some species of P. petersi are responsible for chuck 
production, other species also have fibrous masses, al-
beit smaller ones (Drewry et al., 1982; Ryan and 
Drewes, 1990; Boul and Ryan, 2004). One function of 
these structures is to load mass onto the vocal cords and 
thus lower the call’s frequency (Martin, 1972). There 
are some general advantages to lower-frequency calls: 
they transmit for longer distances in the environment 
(Morton, 1975), and in túngara frogs female prefer 
lower-frequency chucks (Ryan, 1980; Ryan, 1985) and 
lower-frequency whines (Bosch et al., 2000). Thus there 
might be selection favoring large fibrous masses and the 
resultant lower-frequency calls. An exaggerated re-
sponse to that selection could lead to the evolution of a 
mass large enough that when subjected to impact oscil-
lation at sufficiently high excitation levels results in a 
chuck (Bernal et al., 2009a). Despite the latent prefer-
ences for a variety of adornments, the general presence 
of smaller fibrous masses could have biased males to-
wards eventually evolving a chuck and thus the con-
straints on male sound production could lead to the as-
sociation we see today between male chucks and female 
preferences for them. This is why males did not evolve 
bells and whistles. 

3.2  Evolution of preference for chucks 

The above argument assumes the existence of latent 
female preferences and asks why the chuck but not 
other sounds evolved. We can also ask why females 
have this particular set of latent preferences. One possi-
bility is that the preference for this set of adornments 
results from the additional neural stimulation added to 
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the whine. This argument suggests that the whine is 
critical for species recognition, as has been aptly de-  
monstrated (Wilczynski et al., 1995), and once the fe-
male recognizes the male as conspecific added acoustic 
energy functions to further stimulate her, even if this 
energy is not very specific. This latter point has been 
demonstrated in this study. 

Frogs have two inner ear-organs that are sensitive to 
air-born sound: the amphibian papilla (AP), which is 
most sensitive to frequencies below 1200 Hz, and the 
basilar papilla (BP), which is most sensitive to frequen-
cies above 1200 Hz (Capranica, 1977; Gerhardt and 
Schwartz, 2001). The low-frequency of the whine pri-
marily excites the AP. The chuck’s dominant frequency 
is fairly close to the most sensitive frequency of the BP. 
Thus the chuck might be especially efficient at increas-
ing neural stimulation (Ryan et al, 1990). But adorn-
ments that do not stimulate the BP, such as a synthetic 
chuck with only the lower harmonics, also make the 
whine more attractive. Thus both inner ear organs can 
serve as conduits for increased stimulation favored by 
sexual selection. By this argument, the preference for 
call adornments in general, and the chuck specifically, is 
a by-product of the general design and function of the 
frog’s auditory system. 

An alternative, and not mutually exclusive, view is 
that selection has favored females to prefer calls with 
adornments. In one scenario, calls with adornments 
might be easier to localize by females, and thus reduce 
search time, or might be more efficient at stimulating 
the female’s reproductive state. If so, selection could 
favor preferences for adornments added to the whine. It 
is also possible that there is an association between male 
quality and the ability to produce complex calls, 
whether the call ends in a chuck or in some other 
adornment. If so, selection would favor females to pre-
fer complex calls to simple calls regardless of the 
acoustic details of the complex call. It might then follow 
that either the chuck was the most likely adornment to 
be produced given the male’s calling morphology, or for 
some reason chucks were better indicators of male qual-
ity than other adornments. The latter seems less likely 
since we have shown that other adornments can be as 
attractive as chucks.  

There are two types of quality that could be indicated 
by the call. One is genetic. Males that produce more 
complex calls might advertise heritable variation for 
survivorship. This has never been directly tested and 
thus remains a possibility. Another quality relates to the 
direct benefits that females obtain from males, and there 

is evidence for this sort of benefit (Ryan 1985). In tún-
gara frogs, males only provide sperm and assist in 
nest-building. Females mating with larger males enjoy 
lower numbers of unfertilized eggs (Ryan, 1985). Male 
size correlates with the dominant frequency of both the 
chuck and the whine, and the female’s preference for 
larger males results from their preference for 
lower-frequency chucks (Ryan, 1980, 1985) and, to a 
lesser extent, for lower-frequency whines (Bosch et al., 
2000). Thus females might gain a benefit from prefer-
ring complex calls because it gives them added infor-
mation about male size. As males tend to escalate call 
complexity in response to calls of other males (Ryan, 
1985; Bernal et al. 2009b; Goutte et al. 2010), the num-
ber of chucks being produced is a good indication of 
male density and thus a larger pool of males from which 
females can sample, which might also be advantageous 
to females (Bernal et al. 2007).  

Earlier comparative analysis suggested the prefe-   
rences for chucks existed before the chucks evolved 
(Ryan and Rand, 2003a), deeming it not parsimonious 
to invoke an adaptive advantage for the origin of the 
preference for chucks. Recent studies by Ron (2008), 
however, have shown that some other species of Phy-
salaemus are repelled by their own mating calls to 
which chucks of a túngara frog call are added. In addi-
tion, Boul et al. (2007) have shown that although there 
are not statistically significant differences in the strength 
of preference for complex calls between females from 
populations with and without complex calls, the trend is 
for a stronger preference in populations with complex 
calls. Thus the presence of preference for complex calls 
in species lacking complex calls themselves is more 
labile that we had previously suspected, and at this point 
it is equivocal as to whether the behavioral preference 
for the chuck arose prior to and coincident with the 
chuck.  

3.3  Latent preferences in other taxa 
Responses to novel stimuli, such as sticklebacks at-

tacking red postal vans and geese retrieving large balls 
instead of eggs into their nests, are a hallmark of early 
ethological studies (Tinbergen, 1953). A number of 
studies have used artificial traits to test the responses of 
females to novel stimuli in a variety of taxa. Adding 
sexually selected traits from heterospecific males to 
conspecific males has shown that females often prefer 
males with foreign and novel traits. For example, fe-
males from an unsworded relative of swordtail fish, 
Xiphophorus maculatus, prefer males with a sword 
(Basolo, 1990, 1995). Similarly, in wolf spiders of the 
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species Schizocosa rovneri, females are attracted to 
males with tufts of bristles on their forelegs, as the ones 
present in males of the closely related species S. ocreata 
even though conspecific males lack tufts (McClintock 
and Uetz, 1996). Manipulating males to evaluate female 
preferences has gone a step further adding novel traits, 
not present in closely related species and often chosen 
arbitrarily. In a series of elegant studies, Burley and her 
co-workers (1982, 1986) added leg bands and feather 
ornaments to zebra finches, Taeniopygia guttata. Fe-
male zebra finches are more attracted to males wearing 
red leg bands, white crests or flashy anklets of red, yel-
low, lavender or power blue than to standard conspecific 
males. Similarly, in two species of grassfinches (Burley 
and Simanski, 1998) and in Javanese mannikins (Witte 
and Curio, 1999) females prefer artificially added crests, 
and female American goldfinches are more attracted to 
males wearing orange bands (Johnson et al., 1993). Fe-
male mating preferences for novel traits in birds can 
arise through sexual imprinting (Witte et al., 2000; 
Burley, 2006). This probably is not the case, however, 
for other taxa in which imprinting has not been as 
clearly demonstrated. Besides the examples of platy-
fishes and wolf spiders noted above, this would in-
clude female preferences for novel traits in sailfin 
mollies using visual signals (Ptacek and Travis, 1997; 
Schlupp et al., 1999), jumping spiders producing seis-
mic signals (Elias et al., 2006) and flat lizards using 
chemical cues (Lewis et al., 2007). As this short sum-
mary illustrates, latent female preference are apparent 
in a broad diversity of taxa and across sensory modali-
ties. Although perhaps more intensely investigated in 
túngara frogs, these frogs do not appear to be an ex-
ception to the rule. 

In conclusion, many studies have examined in great 
detail how and why females exert preferences for ex-
tant male traits to gain some understanding about the 
process of sexual selection. Here we employed a more 
expansive view of female preferences, and we ex-
ploited the female potential to generate selection for 
traits that do not exist. We have uncovered in female 
túngara frogs an amazing range of latent preferences 
for traits that do not exist in túngara frogs nor have any 
history of existing in their antecedents. Studies of this 
latent potential of females, we suggest, might provide 
some additional insights into how sexual selection by 
female choice is responsible for the evolution of the 
incredible diversity of morphologies and behaviors 
that so impressed Darwin and most of his intellectual 
descendents. 

Acknowledgements  We are especially grateful to the assis-
tants who aided in the phonotaxis experiments that contributed 
to this study. The suggestions of M. Stevens, R. Márquez and 
an anonymous reviewer greatly improved the quality of the 
manuscript. We also wish to thank Autoridad Nacional del 
Ambiente of the Republic of Panama for research permits. The 
Smithsonian Tropical Research Institute provided invaluable 
logistic support. The frogs were marked following the Guide-
lines for the Use of Live Amphibians and Reptiles in Field 
Research compiled by the American Society of Ichthyologists 
and Herpetologists (ASIH), the Herpetologists’ League (HL), 
and the Society for the Study of Amphibians and Reptiles 
(SSAR) and all procedures were approved by animal care 
committees at the University of Texas and STRI. This work 
was funded by several grants from both the National Science 
Foundation and the Smithsonian Scholarly Studies Program 
for which we are most grateful. 

References 

Andersson MB, 1982. Female choice selects for extreme tail length in 

a widow bird. Nature 299: 818820. 

Andersson MB, 1994. Sexual Selection. Princeton: Princeton 

University Press. 

Basolo AL, 1990. Female preference predates the evolution of the 

sword in swordtail fish. Science 250: 808810. 

Basolo AL 1995. A further examination of a preexisting bias favoring 

a sword in the genus Xiphophorus. Anim. Behav. 50: 365375. 

Bernal XE, Page RA, Rand AS, Ryan MJ, 2007. Cues for 

eavesdroppers: Do frog calls indicate prey density and quality? Am. 

Nat. 169: 409415. 

Bernal XE, Page RA, Ryan MJ, Argo IV TF, Wilson PS, 2009a. 

Acoustic radiation patterns of mating calls of the túngara frog 

Physalaemus pustulosus: Implications for multiple receivers. J. 

Acous. Soc. Am. 126: 27572767. 

Bernal XE, Akre KL, Baugh AT, Rand AS, Ryan MJ, 2009b. Female 

and male behavioral response to advertisement calls of variable 

complexity in túngara frogs Physalaemus pustulosus. Behav. Ecol. 

Sociobiol. 63: 12691279. 

Bernal XE, Rand AS, Ryan MJ, 2006. Acoustic preferences and 

localization performance of blood-sucking flies Corethrella 

coquillett to túngara frog calls. Behav. Ecol. 17: 709715. 

Bosch J, Rand AS, Ryan MJ, 2000. Signal variation and call 

preferences for whine frequency in the túngara frog Physalaemus 

pustulosus. Behav. Ecol. Sociobiol. 49: 6266. 

Boul KE, Ryan MJ, 2004. Population variation of complex advertise-

ment calls in Physalaemus petersi and comparative laryngeal 

morphology. Copeia 2004: 624631. 

Boul KE, Funk WC, Darst CR, Cannatella DC, Ryan MJ, 2007. 

Sexual selection drives speciation in an Amazonian frog. Proc. R. 

Soc. B 274: 399406. 

Boul KE, Ryan MJ, 2004. Population variation of complex 

advertisement calls in Physalaemus petersi and comparative 

laryngeal morphology. Copeia 2004: 624631. 

Brooks R, Hunt J, Blows MW, Smith MJ, Bussiere LF et al., 2005. 

Experimental evidence for multivariate stabilizing sexual selection. 

Evolution 59: 871880. 

Burley NT, 1985. The organization of behavior and the evolution of 

sexually selected traits. Ornithol. Monog. 37: 2244. 



356 Current Zoology Vol. 56  No. 3 

Burley NT, 1986. Comparison of the band-colour preferences of two 

species of estrildid finches. Anim. Behav. 34: 17321741. 

Burley NT, Krantzberg G, 1982. Influence of colour-banding on the 

conspecific preferences of zebra finches. Anim. Behav. 30: 

444455. 

Burley NT, 2006. An eye for detail: Selective sexual imprinting in 

zebra finches. Evolution 60: 10761085. 

Burley NT, Symanski R, 1998. “A taste for the beautiful”: Latent 

aesthetic mate preferences for white crests in two species of 

Australian grassfinches. Am. Nat. 152: 792802. 

Cannatella DC, Hillis DM, Chippindale PT, Weigt L, Rand AS et al., 

1998. Phylogeny of frogs of the Physalaemus pustulosus species 

group, with an examination of data incongruence. Syst. Biol. 47: 

311355.  

Capranica RR, 1977. Auditory processing in anurans. Fed. Proc. 37: 

23242328. 

Couldridge VCK, Alexander GJ, 2002. Color patterns and species 

recognition in four closely related species of Lake Malawi cichlid. 

Behav. Ecol. 13: 5964. 

Darwin C, 1859. On the Origin of Species. London: Murray. 

Dawson E, Ryan MJ, 2009. Early experience leads to changes in the 

advertisement calls of male Physalaemus pustulosus. Copeia 2009: 

221226. 

Dominey WJ, 1984. Effects of sexual selection and life history on 

speciation: Species flocks in African cichlids and Hawaiian 

Drosophila. In: Echelle AA, Kornfield I ed. Evolution of Fish 

Species Flocks. Orono, Maine: University of Maine Press, 

231249. 

Drewery G, Heyer WR, Rand AS, 1982. A functional analysis of the 

complex call of the frog Physalaemus pustulosus. Copeia 1982: 

636645. 

Elias DO, Hebets EA, Hoy RR, 2006. Female preference for complex/ 

novel signals in a spider. Behav. Ecol. 17: 765771. 

Endler JA, Basolo AL, 1998. Sensory ecology, receiver biases and 

sexual selection. Trends Ecol. Evol. 13: 415420. 

Endler JA, Westcott DA, Madden JR, Robson T, 2005. Animal visual 

systems and the evolution of color patterns: Sensory processing 

illuminates signal evolution. Evolution 59: 17951818. 

Enquist M, Arak A, 1993. Selection of exaggerated male traits by 

female aesthetic senses. Nature 361: 446448. 

Farris HE, Rand AS, Ryan MJ, 2005. The effects of time, space and 

spectrum on auditory grouping in túngara frogs. J.Comp. Physiol. 

A 191: 11731183. 

Farris HE, Rand AS, Ryan MJ, 2002. The effects of spatially separated 

call components on phonotaxis in tungara frogs: Evidence for 

auditory grouping. Brain Behav. Evol. 60: 181188. 

Funk WC, Caldwell JP, Peden CE, Padial JM, De la Riva I et al., 2007. 

Tests of biogeographic hypotheses for diversification in the 

Amazonian forest frog Physalaemus petersi. Mol. Phylog. Evol. 

44: 825837. 

Gerhardt HC, Schwartz JJ, 2001. Auditory tunings and frequency 

preferences in anurans. In: Ryan MJ ed. Anuran Communication.  

Smithsonian Institution Press, Washington D.C.: 7385. 

Gerhardt HC, Brooks R, 2009. Experimental analysis of multivariate 

female choice in gray treefrogs Hyla versicolor: Evidence for 

directional and stabilizing selection. Evolution 63: 25042512. 

Goutee S, Kime NM, Argo TF IV, Ryan MJ 2010. Calling strategies of 

male túngara frogs in response to dynamic playback. Behaviour 

147: 6583. 

Gridi-Papp M, Rand AS, Ryan MJ, 2006. Complex call production in 

the túngara frog. Nature 441: 38. 

Hindmarsch MB, Jefferies DJ, 1984. On the motions of the offset 

impact oscillators. J. Phys. A 17: 17911804. 

Houde AE, 1997. Sex, Color, and Mate Choice in Guppies. Princeton: 

Princeton University Press. 

Johnson K, Dalton R, Burley NT, 1993. Preferences of female 

American goldfinches Cardulis tristis for natural and artificial 

male traits. Behav. Ecol. 4: 138143. 

Jones IL, Hunter FM, 1998. Heterospecific mating preferences for a 

feather ornament in least auklets. Behav. Ecol. 9: 187192. 

Kaneshiro KY, 1980. Sexual isolation, speciation and the direction of 

evolution. Evolution 34: 437444. 

Kirkpatrick M, Ryan MJ, 1991. The evolution of mating preferences 

and the paradox of the lek. Nature 350: 3338. 

Lewis BA, Whiting MJ, Stapley J, 2007. Male flat lizards prefer 

females with novel scents. Afric. Zool. 42: 9196. 

Márques R, Bosch, J, 1997. Female preference in complex acoustical 

environments in the midwife toads Alytes obstetricans and Alytes 

cisternasii. Behav. Ecol. 8: 588594. 

Martin WR, 1972. Evolution of vocalizations in the genus Bufo. In: 

Blair WF ed. Evolution of the Genus Bufo. Austin: University of 

Texas Press, 279308. 

Maynard Smith J, Burian R, Kauffman SA, Alberch PA, Campbell J et 

al., 1985. Developmental constraints and evolution: A perspective 

from the Mountain Lake conference on development and evolution. 

Quart. Review Biol. 60: 265287. 

McClintock WJ, Uetz GW, 1996. Female choice and pre-existing bias: 

Visual cues during courtship in two Schizocosa wolf spiders 

(Araneae: Lycosidae). Anim. Behav. 52: 167181. 

Morton ES, 1975. Ecological sources of selection on avian sounds. 

Am. Nat. 109: 1734. 

Pippard AB, 2007. The driven anharmonic vibrator, subharmonics, 

stability. In: Pippard AB ed. The Physics of Vibration. Cambridge: 

Cambridge University Press, 1: 247252. 

Price T, 1998. Sexual selection and natural selection in bird speciation. 

Phil. Trans. Roy. Soc. Ser. B. 353: 251260. 

Price T, 2008. Speciation in Birds. Greenwood Village, Colorado: 

Roberts & Company Publishers. 

Ptacek MB, Travis J, 1997. Mate choice in the sailfin molly Poecilia 

latipinna. Evolution 51: 12171231. 

Rand AS, Ryan MJ, 1981. The adaptive significance of a complex 

vocal repertoire in a neotropical frog. Z. Tierpsychol 57: 209214. 

Ron SR, 2008. The evolution of female mate choice for complex calls 

in túngara frogs. Anim. Behav. 76: 17831794. 

Ron SR, Coloma LA, Cannatella DC, 2005. A new, cryptic species of 

Physalaemus (Anura: Leptodactylidae) from Western Ecuador 

with comments on the call structure of the P. pustulosus species 

group. Herpetologica 61: 178198. 

Ryan MJ, 1980. Female mate choice in a Neotropical frog. Science 

209: 523525. 

Ryan MJ, 1985. The Túngara Frog: A Study in Sexual Selection and 

Communication. Chicago: University of Chicago Press. 

Ryan MJ, 1990. Sexual selection, sensory systems and sensory 

exploitation. Oxf. Surv. Evol. Biol. 7: 157195. 

Ryan MJ, in press. The túngara frog: A model for sexual selection and 

communication. In: Breed MD, Moore J ed. Encyclopedia of Ani-

mal Behavior. Oxford: Academic Press. 

Ryan MJ, Drewes CD, 1990. Vocal morphology of the Physalaemus 



 M. J. RYAN et al.: Female choice and ornament evolution 357 

pustulosus species group (Family Leptodactylidae): Morphological 

response to sexual selection for complex calls. Biol. J. Linn Soc. 

40: 3752. 

Ryan MJ, Fox JH, Wilczynski W, Rand AS, 1990. Sexual selection for 

sensory exploitation in the frog Physalaemus pustulosus. Nature 

343: 6667. 

Ryan MJ, Keddy-Hector A, 1992. Directional patterns of female mate 

choice and the role of sensory biases. Am. Nat. 139: S4S35. 

Ryan MJ, Rand AS, 1990. The sensory basis of sexual selection for 

complex calls in the túngara frog Physalaemus pustulosus (sexual 

selection for sensory exploitation). Evolution 44: 305314. 

Ryan MJ, Rand AS, 1993a. Sexual selection and signal evolution: The 

ghost of biases past. Phil. Trans. Royal. Soc. Ser. B. 340: 187195. 

Ryan MJ, Rand AS, 1993b. Species recognition and sexual selection 

as a unitary problem in animal communication. Evolution 47: 

647657. 

Ryan MJ, Rand AS, 1995. Female responses to ancestral 

advertisement calls in túngara frogs. Science 269: 390392. 

Ryan MJ, Rand AS, 2003a. Mate recognition in túngara frogs: A 

review of some studies of brain, behavior, and evolution. Acta 

Zool. Sinica 49: 713726. 

Ryan MJ, Rand AS, 2003b. Sexual selection in female perceptual space: 

How female túngara frogs perceive and respond to complex population 

variation in acoustic mating signals. Evolution 57: 26082618. 

Ryan MJ, Tuttle MD, Rand AS, 1982. Bat predation and sexual 

advertisement in a Neotropical anuran. Am. Nat. 119: 136139. 

Schlupp I, Waschulewski M, Ryan MJ, 1999. Female preferences for 

naturally-ocurring novel male traits. Behaviour 136: 519527. 

Sibley CG, 1957. The evolutionary and taxonomic significance of 

sexual dimorphism and hybridization in birds. The Condor 59: 

166191. 

Stelkens RB, Seehausen O, 2009. Phenotypic divergence but not 

genetic distance predicts assortative mating among species of a 

cichlid fish radiation. J. Evol. Biol. 22: 16791694. 

Tinbergen L, 1953. The Social Behavior of Animals. London: Butler 

and Tanner, Ltd. 

Tournat V, Gusev VE, Castagnède B, 2004. Subharmonics and noise 

excitation in transmission of acoustic wave through unconsolidated 

granular medium. Physics Letters A 326: 340348. 

West-Eberhard MJ, 1983. Sexual selection, social competition, and 

speciation. Quart. Review Biol. 58: 155183. 

Wilczynski W, Rand AS, Ryan MJ, 1995. The processing of spectral 

cues by the call analysis system of the túngara frog Physalaemus 

pustulosus. Anim. Behav. 49: 911929. 

Wilczynski W, Rand AS, Ryan MJ. 1999. Female preferences for 

temporal order of call components in the túngara frog: A Bayesian 

analysis. Anim. Behav. 58: 841851. 

Witte K, Curio E, 1999. Sexes of a monomorphic species differ in 

preferences for mates with a novel trait. Behav. Ecol. 10: 1521. 

Witte K, Hirschler U, Curio E, 2000. Sexual imprinting on a novel 

adornment influences mate preferences in the Javanese mannikin 

Lochura leucogastroides. Ethology 106: 349363. 

 


