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I report the results of a series of studies on the communication behavior of

the Neotropical hylid, Smilisca phaeota.  The S. phaeota advertisement call is

highly variable and contains traits that are correlated with male body weight after

controlling for size. An analysis of female preferences and recognition behaviors

suggests that recognition and discrimination processes are complex and are

unlikely to exist along a simple gradient.  Female preferences for two correlated

traits also interact strongly with male calling behavior.  Female preferences differ

depending on whether they assess two calls in an alternating or overlapping

situation.  Male S. phaeota actively time their calls to overlap or avoid overlap

with the calls of their neighbors.  The interaction of male behaviors and female

preferences produces a fluctuating preference function and an apparent overall
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effect of disruptive sexual selection on the combined variation of two male call

traits.
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Introduction.

The field of anuran communication studies has contributed greatly to our

understanding of the evolution of animal communication systems.  Studies of

anuran communication have addressed nearly all aspects of animal

communication including the mechanistic basis of signal production, the neural

and sensory basis of signal reception, the evolution of female preferences, and the

influence of communication systems on the process of speciation.  Here I present

the results from a series of studies on behavioral aspects of communication in the

Neotropical hylid, Smilisca phaeota that include over six hundred female

preference tests and analysis of more than two hours of acoustic data.  I use the

results of these tests to address questions about the source of variability in S.

phaeota advertisement calls, similarities and differences between the processes of

discrimination and recognition of advertisement calls by S. phaeota females, the

nature of sexual selection on correlated traits, the interaction between male timing

behavior and female preferences.

Smilisca phaeota is a little studied but fairly common species that ranges

from Nicaragua to northern Columbia.  Over most of its range, S. phaeota breeds

in small groups of less than a half a dozen males, but at the field station used in

this study local populations are much larger and breeding congregations often

contain dozens of calling males.  This large population may have been due in part
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to a temporary drainage problem on the station airstrip that led to the creation of a

great number of very large and regular temporary pools during the rainy seasons

of several years, however the problem was fixed and over the years of this study

the population steadily declined.  In this large population, male advertisement

calls were highly variable in comparison to other species of anurans and remained

so as the population declined.  This high variability was one of the initial reasons

for studying this population.  In the first chapter I analyze the variability of a

number of acoustic traits in the S. phaeota advertisement call, and my analysis

suggests that currently popular dichotomous classification schemes for call traits

may be too restrictive for some types of call characters.

In the second chapter I assess female recognition and discrimination

behavior relative to the most variable aspect of the S. phaeota advertisement call,

the relative amplitudes of different frequency bands.  Females have preferences

for two of the most highly variable traits in the advertisement call that are

negatively correlated with each other.  The combined results of female

discrimination and recognition tests suggests that in this system, recognition and

discrimination processes are complex and are unlikely to exist along a simple

gradient.

In the last chapter I assess the interaction between male calling behavior

and female preferences.  Female preferences differ depending on whether they are

choosing between calls that are alternating or overlapped.  Male S. phaeota

actively time their calls to overlap or avoid overlap with the calls of their

neighbors depending on their call type.  This interaction of male behaviors and
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female preferences produces a fluctuating preference function and an apparent

overall effect of disruptive sexual selection on the combined variation of two male

call traits.

The evolution of mating signals is strongly influenced by the effects of

sexual selection.  A recent review of evolution studies demonstrated that the

magnitude of sexual selection is often stronger than viability selection over

periods of months to years (Hoekstra, Hoekstra et al. 2001). The fact that these

studies came from a population that was declining after a sudden surge in

numbers suggests that certain aspects of the communication system related to

chorus size could have experienced rapid change compared to the small

populations that are normally found throughout the species range.  Thus, the

results of this study may not accurately reflect the dynamics of preference and

behavior in the more typical small populations that are found throughout most of

the range of S. phaeota.
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Chapter 1. Complex Determinants of Variability in the Noisy
Advertisement Calls of a Neotropical Hylid, Smilisca phaeota.

SUMMARY

I analyzed variability and sources of variation of acoustic traits in the

advertisement calls of Smilisca phaeota, a Neotropical hylid. The advertisement

calls of S. phaeota are noisy, pulsed calls with up to four major frequency peaks

spaced at intervals of approximately 500 hertz. The call pulse rate and the

frequency of the major peaks showed low to moderate variability within and

between individuals, however the relative amplitudes of the four peaks were

highly variable. At both levels of analysis, dominant frequencies were more

variable than frequency traits in other studies of anuran advertisement calls, which

may be a result of the variability in relative amplitudes. Standard correlates of

variation in anuran call traits, such as male size and call amplitude, did not

explain variation in any of the traits analyzed in this study. Male condition,

however, was significantly correlated with both fundamental frequency and the

relative amplitude of the most common dominant frequency peak.
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INTRODUCTION

The evolutionary process depends upon both existing variation in a trait

and the nature of selective forces that act on that variation (Dobzhansky 1937;

Mayr 1963). Mating signals are frequently used for multiple tasks such as

recognition and intraspecific discrimination that can generate both highly

stabilizing and strongly directional selection (Templeton 1979; Ryan 1980;

Kyriacou and Hall 1982; Butlin, Hewitt et al. 1985; Gerhardt 1991; Ryan and

Keddy-Hector 1992; Zuk, Ligon et al. 1992; Ryan 1996). This duality of function

has led to discussion over how information is distributed within mating signals,

and whether processes with such widely varying selective forces act on the same

or different character traits within a signal. The existing distribution of variability

among traits in a mating signal provides one way to study this question.

Researchers have long assumed that those traits that are primarily influenced by

species recognition should be more invariant because of the stabilizing selection

necessary to maintain a recognition system (Templeton 1979; Paterson 1985;

Coyne and Orr 1989). In contrast to species recognition forces, sexual selection is

often highly directional (Ryan and Keddy-Hector 1992; Ryan 1998), and as such

there is an assumption that traits acted on primarily by sexual selection should be

generally more variable.

Some of the first studies to address the question of how information is

distributed in animal communication signals focused on mating signals in birds.

Many of these studies hypothesized that the song features that vary the least

within a species will be the most reliable cues for species recognition (Marler
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1960; Falls 1963; Emlen 1972). While early literature reviews appeared to

confirm this hypothesis (Emlen 1972), later studies demonstrated that birds also

rely on relatively variable song features in recognizing their own species

(Dabelsteen and Pedersen 1985).

More recently, researchers studying anuran advertisement calls have

begun to investigate trait variability in anuran mating signals and its relationship

to female preferences (Gerhardt 1991; Gerhardt and Watson 1995; Gerhardt,

Dyson et al. 1996). These studies have centered on a hypothesis that acoustic

traits are generally classified into two categories based on the within male trait

variability and the shape of female preference for that trait.  Gerhardt observed

that traits with low within-male variability were associated with weakly

directional or stabilizing selection from female preferences, and traits with high

within-male variability were associated with directional selection from female

preferences (Gerhardt 1991). From these observations he hypothesized that low

variability, or ‘static’, traits are associated with greater morphological constraints

and are more important to species recognition processes, and high variability, or

‘dynamic’, traits, are more likely to carry information relative to male quality or

condition. Several other recent studies in different species have also demonstrated

a relationship between the level of variability in advertisement call traits and

female preferences (Castellano and Giacoma 1998; Bosch, Rand et al. 2000;

Castellano and Giacoma 2000; Castellano, Cuatto et al. 2002). Castellano and

Giacoma have studied the European green toad and the European treefrog, Hyla

arborea, extensively and observed that traits that are morphologically constrained



7

are less variable and the female preferences for these traits tend to be weak

(Castellano and Giacoma 1998; Castellano and Giacoma 2000; Castellano, Cuatto

et al. 2002). They also found that in both low variability and high variability traits

variation increases from within-male to within-population to between population

analyses. However, at least one study to address this hypothesis found both

stabilizing and directional of female preferences on what are typically termed as

static traits (Wollerman 1998).

Ryan and Rand have investigated the preferences and recognition behavior

of the túngara frog, Physalaemus pustulosus, and much of their work has shown

that both intraspecific and interspecific discrimination can be highly plastic with

respect to the traits necessary to initiate the behavior (Ryan and Rand 1993; Ryan

and Rand 1995; Wilczynski, Rand et al. 1995; Ryan and Rand 1999). These

results appear to contrast with the idea that information is discretely segregated in

mating signals, and as such suggest that signal traits should exist along a gradient

of variability and selection rather than fall into distinct categories.

Beyond the question of trait variability, the static / dynamic hypothesis

also suggests that highly variable traits carry information relative to male quality

(Gerhardt 1991). This assertion relies on the “good genes” model of sexual

selection in which female preferences are correlated with male genotypes that

indirectly benefit the female by making her offspring more fit. One study has

demonstrated a link between female preferences for variation in an advertisement

call trait with heritable differences in male quality that can provide indirect

benefits to females (Welch, et al. 1998). This is the only study to demonstrate
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such indirect benefits in anurans, and demonstrations of the good genes model in

other species have not been as numerous as originally predicted by sexual

selection theory (Ryan 1998). Many studies have shown that call characters such

as dominant frequency can carry information about male size (Telford and Dyson

1988; Morris 1989; Morris and Yoon 1989; Sullivan and Hinshaw 1992; Wagner

and Sullivan 1995; Howard and Young 1998; Bee, Kozich et al. 2000), however it

is not clear whether this information is important to females. In contrast, a large

number of studies have now shown that female preferences can exist as a result of

biases in the receiver’s sensory system and thus be independent of any benefit

correlated with a male trait (Christy 1988; Basolo 1990; Ryan and Rand 1995;

McClintock and Uetz 1996; Ryan 1998).

In this study I analyzed within and between male variability in a set of

frequency traits from the advertisement call of the Neotropical hylid, Smilisca

phaeota. In most studies of signal trait variability in anurans, frequency traits have

been found to be relatively invariant (Gerhardt 1988; Gerhardt 1991; Gerhardt

1992; Gerhardt 1994; Bee, Kozich et al. 2000; Castellano and Giacoma 2000;

Castellano, Cuatto et al. 2002), and biomechanical studies have shown that

advertisement call frequency is strongly related to morphological characteristics

that vary with size such as the size and shape of male vocal cords (Martin 1972;

Ryan 1988). In this study I examine the advertisement calls of the neotropical

hylid, Smilisca phaeota to assess variability in the major spectral peaks looking at

both frequency and relative amplitude, a significant source of spectral variation in

this species. I also investigate possible between-male sources of call trait
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variability including male size and condition and within male sources of

variability such as call amplitude and pulse rate.

MATERIALS AND METHODS

Smilisca phaeota is a Neotropical hylid frog that ranges from Nicaragua to

Colombia. I performed this study in Corcovado National Park, Costa Rica, where

there are large populations of S. phaeota around Sirena biological station. These

populations breed in irregular choruses that range from one to over a hundred

individuals. Males form choruses in shallow temporal pools but will also call

from vegetation above or surrounding the water. Male spacing varies widely from

two centimeters to several meters.  Males that are removed from a chorus will

regularly return to the same spot, however I have seen no indication that males

actively defend these territories. Females move among males searching for a mate

and initiate amplexus by touching a male. Males will attempt to amplex any

individual that touches them, which can lead to vigorous scuffles in tightly packed

choruses. Once a female is amplexed she will often leave the pond with the male

on her back and wait on nearby vegetation before returning to deposit eggs –

probably to avoid multiple attempts at amplexus.

With the help of several field assistants, I collected S. phaeota around

Sirena Biological Station during the summers of 1994, 1995 and 1996. All

individuals were weighed, measured, identified by individual markings and

released to their respective capture sites before the end of each night. For a

measure for male size I report both weight and snout vent length (svl). I
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determined male condition by multiplying the inverse of male size (snout-vent

length) with the cube root of the difference between male weight and the expected

male weight as predicted by a regression of male weight on male size (Howard

and Young 1998). The regression analysis of male weight on male size was done

with 183 males and excluded the males used in this study.

I recorded advertisement calls in an open-air field laboratory.  Males were

placed in a shallow bowl filled with 2-3 cm of water and covered with a fine mesh

that was secured over the top with a rubber band.  I used both amplexed and

unamplexed males, however the majority of individuals were amplexed.  Males

that were caught out of amplexus were much more reluctant to call in the

experimental setup.  Amplexed males were removed from amplexus before

recording. We attempted to record individuals over more than one night, however

these were not successful so all recordings come from one night and should be

considered as coming from one bout of calling. There was no difference in water

temperature across recording nights.

I recorded advertisement calls with a Sony Professional Walkman and a

Sennheiser ME66 microphone mounted vertically on a tripod with the

microphone positioned 25 cm over the top of the male. Recordings were made in

ambient light, with an observer sitting three to five meters away behind a half

wall.  I recorded a one second calibration tone of 1.0 kHz at constant amplitude

after every male that was used to calibrate every recording. I also performed a

post-hoc analysis of sound degradation caused by the bowl and mesh by recording

from a speaker placed under the same bowl/mesh setup with a hole cut in the
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bottom of the bowl. I recorded a one second pulsed tone of increasing frequency

both with and without the bowl/mesh setup. A cross-correlation analysis on the

Fast Fourier Transforms of these two recordings showed that the bowl/mesh did

not cause a significant degradation compared to an uncovered speaker.

Although the recording setup caused no noticeable degradation, calibrated

field recordings suggest that males rarely ever produce calls with peak amplitudes

of lower than 80 decibels at 10 cm  (dB SPL re: 20 µPA). In contrast, over half of

the males I recorded in controlled conditions produced at least one call below 80

dB SPL. This difference is probably the result of a reluctance to call in an

unnatural situation. To account for this discrepancy, I separately analyzed only

those calls that had peak amplitudes of greater than 79 dB SPL. I use this dataset

for the analysis presented here, because females in the field should hear mostly

calls of greater than 80 dB SPL.

Sound Analysis

I digitized a total 558 advertisement calls from 51 males at 8 bits and 22

kHz on a Macintosh laptop computer. The number of calls per male ranged from

one to nineteen (mean 10.9 calls ± 4.7 SD). The subset of calls with peak

amplitudes of greater than 79 dB SPL contained 353 calls from 36 males (mean

6.9 calls ± 6.0 SD). I calibrated the calls for absolute sound pressure level by

comparison with digitized calibration tones, and I performed sound analysis with

several signal analysis programs (Sanford, Fitzgerald et al. 1996; Clark 1998). I

did not analyze call rate or inter-call interval because these traits vary greatly with

male interactions, and the frogs I recorded were not interacting with other males.
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For call amplitude I calculated the average sound pressure level for the entire call

(root mean square, RMS SPL) and the peak sound pressure level (dB SPL SPL re:

20 µPA).

For the temporal traits in this study, I calculated pulse rate and call

duration. S. phaeota advertisement calls are amplitude modulated with a moderate

to strongly pulsed structure (mean 115.6 ± 5.9 cycles/sec) (Figure 1.1a). I

calculated pulse rate as the reciprocal of the average period of 20 pulses measured

from the center of the call.

The spectral structure of S. phaeota advertisement calls is complex. The

narrowly spaced sidebands produced by the pulsed structure are filtered into two

or more broad peaks spaced at intervals of approximately 500 hertz. Figure 1.1b

shows an overlay of two Fast Fourier Transforms, one calculated with a narrow

frequency window to show the sidebands and one calculated with a broad

frequency window to show the broad peaks, and figure 1.3 shows the distribution

of dominant frequencies in male calls. These peaks are a very distinctive

component of the calls, and the number and frequency of them varies widely

between individuals. I refer to the lowest of these peaks as the fundamental

frequency. Unlike most anuran calls, there is no single frequency peak that is

dominant throughout the population, and half of the males I analyzed had

dominant frequencies that alternated between two of the broad peaks.

In order to smooth over the narrow amplitude spikes caused by the pulsed

structure of the calls, I calculated Fast Fourier Transforms (FFT) from entire calls

using a wide frequency filter and narrow frequency resolution (352.9 Hz and
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1.358 Hz respectively). From these FFTs I calculated the fundamental, dominant

and secondary dominant frequencies, and the frequency of the midpoint of call

energy. I also measured the frequencies and relative amplitudes of the

fundamental and three major frequency peaks above the fundamental (circa 500

Hz, 1000 Hz, 1500 Hz and 2000 Hz). Relative amplitude is the decibel difference

between the amplitude of the frequency peak being measured and the peak

amplitude of the call (the dominant frequency), and I used this measure to be

consistent with previous studies of calls with more than one frequency peak. I

converted the decibel measurements to a measure of the percent energy of the

highest energy peak in the call, the dominant frequency. Using this method the

dominant frequency has a relative amplitude of 100% and all other frequency

peaks have a relative amplitude of less than 100%. For example, a call with two

frequency peaks that are very close in amplitude might have a secondary peak that

has 98% of the energy of the dominant. In contrast, if the secondary frequency

peak in a call has a relative amplitude of 50%, it would mean that the dominant is

much higher in amplitude than any other frequency peak.

I measured the frequency of the four major peaks as the dominant

frequency within the 500 Hertz interval around each peak. For example the

frequency of the 500 Hz peak would be the frequency of the highest amplitude

peak between 250 and 750 Hz. For calls that had no distinct peaks in one or more

of these intervals, I excluded the frequency measurement for that interval and

measured relative amplitude as the difference between the peak amplitude of the

call and the average amplitude for the entire 500 Hz interval. In calls with a
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missing fundamental I calculated the fundamental frequency as the frequency of

the 1000 Hz peak divided by two.

Many males had two or more of the frequency peaks that were nearly

identical in amplitude, and therefore many individuals had bimodal distributions

of dominant frequencies. As a result, the mean dominant frequencies for some

males do not accurately represent the frequencies of the dominant peaks. To

compensate for this, I also report a modal dominant frequency for males, which I

calculated as the mean frequency of the 500 Hz band that contained the majority

of dominant frequencies of a given male. Thus, if more than half of a male’s calls

had dominant frequencies grouped around 1000 Hz and the rest were grouped

around 2000 hertz, the modal dominant would be the mean frequency of the 1000

Hz peaks from all of that male’s calls.

In addition to the four major frequency peaks at 500 Hz intervals, many

calls contained a higher frequency peak above 2500 Hz that was always

significantly lower in amplitude than the dominant. I analyzed the relative

amplitudes and frequency of this call characteristic and I refer to it as the high

frequency (HF) peak. Unlike the lower frequency peaks, the HF peak would often

exhibit a very slight frequency modulation across the call. I analyzed this

frequency modulation as a trait and found no consistent relationships between it

and any other measured trait. I do not include that analysis in this report, because

the results were not pertinent to the rest of this study.
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Statistical Analysis

For between-male analysis of call trait associations I used the mean values

for the traits of all 50 males. For analyses of within male variation, I used a subset

of the data that contained the calls of 29 males for which I had eight or more

recorded calls, and I used standard ANOVA techniques to determine if there was

significant variation in traits between males for all traits except dominant

frequency. I used a Kruskal-Wallis test to assess the significance of within to

between male variation in dominant frequencies (DF), because dominant

frequencies were not normally distributed. I calculated the variability of traits as

the coefficient of variation (CV: 100*SD/|mean|). For between-male estimates of

variability I calculated the coefficient of variation using the grand mean and

standard deviation of all males CVB. For estimates of relative between-male

variability I used the ratio of within-male CV to between-male CV, CVB/ CVW,

(Gerhardt 1991; Robisson, Aubin et al. 1993; Jouventin, Aubin et al. 1999; Bee,

Kozich et al. 2000).  I assessed repeatability with the Interclass Correlation

Coefficient.

For the between-male analysis of call traits, I focused on associations

between call traits and male size and condition. Due to the large number of traits

in this study, I first assessed correlations with pulse rate and the dominant and

fundamental frequencies and the relative amplitudes of the four major spectral

peaks. I used Bonferroni probability adjustments to control for experiment wide

error of multiple statistical tests on the same dataset (Sokol and Rohlf 1995). In

order to more precisely assess the possible effect of male size and condition on



16

between male variation in relative amplitudes I examined correlations between

and the relative amplitudes of all frequencies measured from course resolution

FFTs (frequency grid size of 173.9 Hz). Statistical analyses were performed on

Systat version 5.2.1 for Macintosh or with custom written macros.

RESULTS

Variability of Call Traits.

In comparison with studies of call trait variability in other species (e.g.:

Gerhardt 1991, Castellano and Giacoma 1998), the pulse rate and the frequencies

of the fundamental and upper peaks of the S. phaeota advertisement call all

showed low variability both within and between males (CV < 12-15). In contrast,

the dominant and secondary dominant frequencies were highly variable at both

levels (Table 1.1). Figure 1.2 shows a comparison of published variability in

dominant frequency and the variability of the dominant and secondary dominant

frequencies in S. phaeota (Zelick and Narins 1983; Gerhardt 1991; Wilczynski,

Mcclelland et al. 1993; Cocroft and Ryan 1995; Grafe 1996; Marquez and Bosch

1997; Ovaska and Caldbeck 1997; Castellano and Giacoma 1998; Howard and

Young 1998; Schwartz and Gerhardt 1998; Wollerman 1998; Bee, Kozich et al.

2000; Bosch, Rand et al. 2000; Witte, Ryan et al. 2001; Castellano, Cuatto et al.

2002). This extreme difference in variability from the published studies in part

reflects a difference in the quantity being measured.

The high variability of S. phaeota dominant frequencies is not due to a

broad normal distribution of a single frequency peak, but to the fact that all of the
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four spectral peaks found in S. phaeota calls are dominant in at least one male.

This can be clearly seen in the multi-modal distributions of mean and modal

dominant frequencies (Figure 1.3 a & b). The dominant frequencies of most males

are distributed around the 1000 and 1500 Hertz frequency peaks. The high

variability of dominant frequencies within many males is due in part to the

existence of multiple frequency peaks of similar amplitude (e.g.: Figure 1.1b).

The calls of most males have at least one secondary peak that is within 3 decibels

of the dominant peak. On average, males had 1.7 (±0.6) major peaks with relative

amplitude of greater than –3 decibels, and in many individuals the dominant peak

fluctuates between two peaks of nearly equal amplitude. However, variation in the

relative amplitudes of the four peaks across males can be extreme. Figure 1.4

shows four FFTs representing some of the extremes of variation in the relative

amplitudes of these major peaks among males.

Correlates of Trait Variation

Male Size and Condition

None of the traits measured, including dominant and fundamental

frequency, were significantly correlated with male size (snout-vent length) (Table

1.2). In contrast, male condition was strongly correlated with fundamental

frequency (R = -0.61, P = 0.013: Figure 1.5a) and with the relative amplitude of

the 1000 Hz peak (R = -0.61, P = 0.005: Figure 1.5b). Figure 1.6 shows the

correlation coefficients between male condition and the relative amplitudes of all

frequencies across the call spectrum. A visual inspection of this graph suggests
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that increasing male condition favors greater energy in the 500 Hz and 1500 Hz

bands and less energy in the 1000 Hz and 2000 Hz bands, however only the

relationship with the 1000 Hz band was statistically supported.

Correlations Among Call Traits

There were many correlations between call traits in the population that are

unsurprising, such as relationships between the dominant frequency and the

relative amplitudes of different frequency bands. Many correlations that would be

expected, however, were absent. Notably, pulse rate was not significantly

correlated with either dominant or fundamental frequency.

Correlations Between Call Amplitude and Other Call Traits

Within males there was a great deal of heterogeneity in the response of

call traits to call amplitude. Within the calls of many males some call traits were

significantly correlated with call amplitude, however most of these relationships

were not homogeneous among males. Among the traits that had homogeneous

correlation coefficients across males, none of the combined correlation

coefficients were significantly different from zero after accounting for error with

a Bonferroni correction for 11 tests (Table 1.3).

DISCUSSION

Studying the nature and source of variability in communication signals is

an important part of understanding the evolution of communication in animal

systems. Communication signals evolve in response to a wide variety of selective
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forces.  These forces can only operate in the presence of sufficient variation

within the population (Mayr 1963), and variation in communication signals is

often related to variation in physical or behavioral characteristics.

In recent years several studies have investigated a hypothesis about the

relationship between variability in anuran advertisement call traits and the type of

selection gradient imposed on traits by female choice (Gerhardt 1991). Most of

these studies have analyzed call traits based on a categorical differentiation

between low and high variability traits. One finding of these studies is that

frequency traits tend to have little variability, while temporal traits such as call

rate tend to be highly variable.

This analysis of call trait variation in the advertisement calls of Smilisca

phaeota yielded three main results: 1) consistent with other studies, variability

was low for most frequency traits in the S. phaeota call, however; 2) dominant

frequencies were highly variable both within and among males due to high

variability in the relative amplitudes of the main spectral peaks; and 3) male body

condition was significantly correlated with two frequency traits but male body

size was not correlated with any call traits.

Variability in Frequency Traits

Variability in the frequency of all four main spectral peaks was low both

within and among males, and in both cases the variability was within the range of

variability of frequency traits analyzed in studies of other species. In contrast, the

dominant frequency of S. phaeota advertisement calls does not follow the pattern

of variability in frequency traits found in other studies. Although the frequencies
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of individual spectral peaks are relatively invariant within and among males, the

frequency of the dominant peak was highly variable at both levels of analysis.

This high variability is likely the result of high variability in the relative

amplitudes of the main spectral peaks. As with most anurans, the base frequencies

of the S. phaeota advertisement call are probably associated with morphological

constraints imposed on the call by the size and shape of the larynx and body

cavities relative to other species (Martin 1971; Martin 1972). Among individuals

these morphological traits may be the primary factor that limits variability in

frequency traits. The results of this study, however, suggest that the relative

amplitudes of the frequency peaks in S. phaeota are less constrained by

morphology, because they show a great degree of variability both between and

within individuals.

Male Size and Call Frequency

At the most basic level, variation in acoustic communication signals is

strongly related to the physical mechanics of sound production. When an acoustic

signal is produced by a vibrating membrane, the frequency of the signal is

correlated with the mass and length of the membrane (Martin 1971; Martin 1972).

In anuran acoustic signals, the underlying energy is created by a vibrating

cartilaginous membrane, and across different species, male body size and call

frequency are correlated in the direction predicted by this basic physical property

(Ryan 1985). The relationship between species is not surprising, because call

frequency varies inversely with vocal cord length, which is generally correlated
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with male body size (Martin 1972). The association between frequency and body

size among species has often been viewed as one of the predominant physical

constraints on the evolution of anuran advertisement calls (Ryan 1988).

Within species, the relationship between body size and call frequency is

less clear and considerably more complicated. Although a number of studies have

found correlations between advertisement call frequency and male body size

(Giacoma, Zugolaro et al. 1997; Howard and Young 1998; Bee, Kozich et al.

2000), other studies, including this one, have not found any relationship (Sullivan

and Malmos 1994). The results from this study show no evidence for a

relationship between either fundamental or dominant frequency and body size

among male S. phaeota.

The lack of evidence for a correlation between body size and call

frequency does not necessarily imply the lack of a biomechanical relationship.

Many anurans can behaviorally regulate the frequency of their calls in response to

male-male competition (Wagner 1989; Wagner 1992; Burmeister, et al. 1999).

Behavioral plasticity such as this can effectively mask a morphological source of

call variation if the males being studied have different levels of motivation. One

study that provides an example of this effect showed that males only exhibit body

size related differences in advertisement call frequency when they are interacting

vocally (Howard and Young 1998). The males in this study were not interacting

with other live males, so there is a potential for motivational differences to

interfere with the detection of correlations between call traits and morphological

traits such as body size. I have no data on whether males can behaviorally modify
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the frequency of their calls, although they do modify the timing of their calls

relative to nearby males (see Chapter 3).

The potential for a strong relationship between body size and call

frequency has led in part to the debate over the type of selection that is prone to

act on frequency traits in anuran calls. Several authors have suggested that anuran

males that are too large or too small have a disadvantage in fertilizing a female’s

eggs during amplexus. Male body size is often negatively correlated with call

frequency (e.g.: Bee et al. 2000). In these cases it is argued that highly directional

selection on call frequency should result in selection of males that fertilize less

eggs and thus reduce female fitness. The lack of a correlation between any

frequency traits and snout-vent length in S. phaeota suggests that sexual selection

on frequency traits in this species is unlikely to be constrained by such a

relationship.

Male Condition & Call Traits

The results of this study demonstrate that two call traits, fundamental

frequency and the relative amplitude of one of the most common dominant

frequencies, are significant predictors of male body condition. Males that have a

greater weight relative to their body size are more likely to have a lower

fundamental frequency and relatively less energy in the 1000 Hz region.

This finding contrasts with most previous anuran studies that have found

no link between male body condition and any call attributes (Howard and Young

1998; Bee et al. 2000). There are two possible explanations for this observed

relationship – variation in these call traits may be a purely biomechanical effect of
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differences in body condition, or these call traits may be behaviorally plastic in a

way that is related to body condition.

A non-behavioral association between body condition and the relative

amplitude of different frequency peaks could occur if differential variation in

these traits is a result of secondary filtering of the underlying spectral energy

produced by the vocal cords. The importance of secondary filtering and resonance

in anuran calls is still an unresolved research question. While some studies have

provided evidence that the vocal sac is apparently unimportant as a resonating

chamber (Rand and Dudley 1993), other recent studies have shown that the vocal

sac and other body cavities, including the lung, can act as dynamic resonating

structures in some amphibians (Purgue 1995; Purgue 1997). If dynamic resonance

is an important part of call production in S. phaeota, then it is possible that a

greater mass to size ratio might influence the relative amplitudes of different

frequency peaks by changing the resonance function of an internal body cavity

such as the lung. However, it is difficult to see how male condition would affect

the acoustics of an S. phaeota call trait when the overall size has no effect on the

same trait.

The second possible explanation for the correlation between male

condition and the two traits is that males are behaviorally modifying their calls in

way that is related to an aspect of male condition. For example, males with greater

muscle mass may be able to modify their calls in a way that is difficult for males

with less muscle mass. This hypothesis would suggest that males in better

condition are benefiting from producing a different call type.
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Although I have not tested female preferences for either of these traits

directly, binary choice preference tests show that females have directional

preferences for calls with relatively more energy in the region of the fundamental

frequency and relatively less energy in a high frequency band above 2400 Hz (see

Chapter 2). Male body condition is moderately correlated with variation along the

correlation axis of these two relative amplitude traits in the direction expected by

female preferences (see Chapter 3), however this relationship is not significant

(Pearson’s R = 0.299, P = 0.09). Nevertheless, the relationship between male

condition and the call traits analyzed in this study is complex, as can be seen in

figure 1.6, and there remains the possibility that females have preferences for calls

associated with males in relatively better condition. Such a result would be

consistent with the results of female preferences presented in Chapter two.

Thus, the advertisement calls of S. phaeota do carry information about

males that could potentially benefit females. Without knowing the heritability of

male condition in this species, it is impossible to speculate about whether females

could receive indirect benefits by preferring males in better condition. Males

could be behaviorally modifying their calls in order to make them more attractive

to females or to benefit them in competitive interactions with other males,

however more data is also needed to address these hypotheses.

Conclusion.

Studies of communication in anurans often focus on acoustic traits that

have a long history of study such as dominant frequency, call duration and inter-

call interval. The relative amplitudes of different frequencies in anuran calls are
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rarely studied or reported in the literature of animal communication. As such,

there are few examples against which to compare the results presented here.

Nevertheless, the high variability of the relative amplitude traits examined in this

study and their correlation with male condition suggests that these types of non-

traditional traits are useful targets of research in the study of anuran

communication. Anuran calls are complex, multi-variate acoustic signals, and our

choices of the traits we analyze influences our interpretation of the

communication system we are studying. Further research into traits that are not

historically studied in other species may help elucidate some of the unresolved

questions in the fields of animal communication and sexual selection.

The traits that I analyzed in this study may help provide insight into the

source and nature of variability in anuran calls. The advertisement calls of S.

phaeota have numerous frequency peaks that are relatively invariant, however the

relative amplitudes of these peaks are extremely variable, leading to a great

degree of heterogeneity of calls both within individuals and between individuals

in a population. Although relative amplitudes are rarely measured in anuran call

studies, their variability in this system makes S. phaeota a good model for

addressing questions related to the nature of variability in different types of

anuran advertisement call traits.

The results of this study do not correspond directly with the results of

other recent studies that have found a degree of categorical distinction between

high and low variable traits in anuran calls. Rather, the results were somewhat

mixed and suggest that trait variability in the S. phaeota advertisement call is
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complex and cannot be easily categorized. I found that two traits were correlated

with male body condition, one high variability trait and one low variability trait,

and that male body condition appears to have a complex effect on the distribution

of energies across the frequency spectrum of the S. phaeota advertisement call.

Moreover, many of the frequency traits in these calls, the relative amplitudes of

different frequency peaks, were highly variable, and some of these traits are also

important to interspecific discrimination tasks (see Chapter 2).  Overall, these

results suggest that the classification of call traits into strict low and high variable

groups based on their hypothesized function may not be appropriate for all traits

in anuran advertisement calls.
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Table 1.1: Mean, SD, range and within- and between-male variability for acoustic traits in S. phaeota
advertisement call of greater than 80 dB SPL. Relative amplitudes are expressed as the percent of
energy of a peak relative to the energy of the dominant peak. († – percent energy)

Mean
(SD)

Range Mean CVW
Within

Individuals
(SD)

CVB
Between

Individuals

CVW/
CVB

ICC

Duration (ms) 404.6

(73.3)

266-592 10.6 (4.9) 18.1 1.7 0.89

Pulse rate (cycles / sec) 116.6

(5.5)

107-130 2.0 (1.9) 4.7 2.4 0.71

Dominant Frequency (Hz) 1393

(405)

511-2158 13.5 (18.5) 29.6 2.2 0.50

Midpoint Energy Frequency (Hz) 1525

(279)

1038-2190 5.3 (3.7) 18.3 3.4 0.78

Fundamental Frequency (Hz) 547 (72) 415-707 3.3 (4.2) 13.2 3.9 0.91
1000 Hz Peak, Frequency (Hz) 1005 (79) 815-1220 5.3 (6.5) 7.8 1.5 0.24

1500 Hz Peak, Frequency (Hz) 1550
(100)

1304-1698 2.4 (2.0) 6.4 2.3 0.78
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(100)

2000 Hz Peak, Frequency (Hz) 2031
(120)

1757-2214 3.8 (2.9) 5.9 2.5 0.84

FF Relative Amp. † 48.6

(31.1)

 8 – 100 21.8 (14.4) 64.0 2.9 0.79

1000 Hz Peak, Relative Amp. 74.8
(41.1)

19 – 100 16.7 (13.0) 54.9 3.3 0.95

1500 Hz Peak, Relative Amp. 77.6
(40.4)

15 – 100 14.6 (10.9) 52.0 3.6 0.88

2000 Hz Peak, Relative Amp. 69.4

(44.1)

17 – 100 19.6 (13.7) 63.5 3.2 0.88
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Table 1.2: Pearson’s R and Bonferroni corrected P-values for correlations
between advertisement call traits and male snout-vent length (SVL) and male
condition in Smilisca phaeota.

Call Trait
SVL

Pearson’s r (P)
Condition

Pearson’s r (P)

Pulse Rate -0.03 (1.000) 0.14 (1.000)

Dominant Frequency 0.12 (1.000) 0.22 (1.000)

Dominant Frequency (modal) 0.25 (0.751) 0.32 (0.304)

Midpoint Energy Frequency 0.07 (1.000) -0.10 (1.000)

Frequency of 500 Hz Band -0.20 (1.000) -0.61 (0.013)

Frequency of 1000 Hz Band 0.30 (1.000) -0.10 (1.000)

Frequency of 1500 Hz Band 0.11 (1.000) -0.24 (1.000)

Frequency of 2000 Hz Band -0.26 (1.000) -0.16 (1.000)

Relative Amplitude of 500 Hz Band 0.02 (1.000) 0.28 (1.000)

Relative Amplitude of 1000 Hz Band -0.33 (1.000) -0.61 (0.005)

Relative Amplitude of 1500 Hz Band 0.36 (0.750) 0.18 (1.000)

Relative Amplitude of 2000 Hz Band -0.04 (1.000) -0.08 (1.000)
a – Bold values are significant after a Bonferroni correction for 24 tests.



30

Table 1.3: Within male combined correlation coefficients for different call traits
with peak sound pressure level and pulse rate (PR).

Call Trait
Peak SPL

(Combined R)

Condition

(Combined R)

Pulse Rate / NA

Dominant Frequency / /

Midpoint Energy Frequency 0.72 a -0.14 a

Frequency of 500 Hz Band -0.41 a -0.12 a

Frequency of 1000 Hz Band / /

Frequency of 1500 Hz Band 0.08 a -0.24 a

Frequency of 2000 Hz Band / 0.23 a

Relative Amplitude of 500 Hz Band -0.83 a /

Relative Amplitude of 1000 Hz Band / 0.01 a

Relative Amplitude of 1500 Hz Band / -0.50 a

Relative Amplitude of 2000 Hz Band 0.54 a /

/ – Combined correlation coefficient cannot be calculated because the correlation

coefficients of individual males are not homogeneous.
a – None of the combined correlation coefficients were significantly different from

zero.
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FIGURES.
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Figure 1.1: (A) Oscilligram; (B) Sonogram and (C) Fast Fourier Transform
(FFT) of a Smilisca phaeota advertisement call. The solid filled FFT
was generated with a narrow frequency window and the line above
was generated with a broad frequency window.
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Figure 1.2: A comparison of the between-male coefficient of variation (CV) of
dominant frequency in S. phaeota to the distribution of the same
measure for 46 anuran other species from 15 published studies.
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Figure 1.3: The distribution of mean dominant frequencies (A) and modal
dominant frequencies (B) in Smilisca phaeota.
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Figure 1.4: The diversity of S. phaeota advertisement calls. The first three panes show example FFTs of males
whose calls have one dominant peak (A), two dominant peaks (B), and three or more dominant peaks
(C). The last pane shows an average FFT of all males with 90% confidence intervals (D).
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Figure 1.5: Correlates of male body condition in the S. phaeota advertisement
call: (A) the mean fundamental frequency; and (B) relative
amplitude of the 1000 Hz frequency peak. Error bars show the
within male standard deviation.
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Figure 1.6: Pearson’s correlation coefficients between the body condition and
broad frequency bands in the advertisement calls of 40 S.phaeota
males.
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Chapter 2. Recognition and Discrimination Behavior in the
Neotropical Hylid, Smilisca phaeota.

SUMMARY

The Smilisca phaeota advertisement call contains multiple frequency

peaks that vary greatly within and among males. I investigated the importance of

relative amplitude in these frequency bands to both recognition behavior and mate

discrimination. I assessed female recognition response to the presence and

absence of four frequency bands and found that 1) the one frequency band that

likely stimulates both inner ear organs is sufficient but not necessary to elicit a

recognition response: 2) a combination of two other frequency bands that likely

stimulate both inner ear organs independently is also sufficient for eliciting

recognition 3) the highest frequency band is unimportant to the recognition

process. In a second set of experiments I assessed female discrimination for

variation in the relative amplitudes of the lowest and highest frequency bands,

two traits that are negatively correlated. The results showed that females have

directional preferences for variation in the relative amplitude of the lowest

frequency band, weak preferences for variation in the relative amplitude of the

highest frequency band, and stabilizing preferences for a combination of these

two traits.  The resultant selection gradient described by the discrimination and

recognition tests is complex, showing effects of directional, stabilizing and

correlational selection.  Overall, the results suggest that recognition and mate
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discrimination processes in S. phaeota may be a similar for some traits but

separate for other traits.
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INTRODUCTION

Anurans and many other animals use communication signals for a number

of reproductive behaviors including species recognition, sexual selection and

male-male competition (Blair 1964; Littlejohn 1965; Ryan 1983; Schwartz and

Wells 1985; Wells 1988; Andersson 1994). In anurans, advertisement calls often

carry information for both interspecific and intraspecific discrimination, species

recognition and sexual selection respectively; two behaviors that have very

different consequences on fitness. The ability of one signal to carry information

for two tasks with such apparently different selective consequences has led to a

great deal of interest in the origin and evolution of mating signals among

evolutionary biologists.

The study of anuran communication systems has contributed greatly to our

knowledge of animal communication in general, and there has been a great deal of

discussion in the literature on how information for interspecific and intrascpecific

discrimination tasks are distributed within a single acoustic signal in anurans

(Littlejohn 1965; Gerhardt 1988; Rand, Ryan et al. 1992; Ryan and Rand 1993).

Advertisement calls carry a great deal of information beyond what is needed for

species recognition (Gerhardt 1988; Gerhardt 1994), and as a result part of the

discussion has centered on whether interspecific and intraspecific discrimination

tasks share the same traits and whether they are similar or distinct processes.

Although many authors have discussed this question, most of the research has

focused on only one of the two behaviors (Reviewed in Ptacek 2000). As a result
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the question of how information is distributed in acoustic signals, and mating

signals in general, is still open to debate.

The most basic studies of interspecific discrimination in anurans have

examined the types of traits that are necessary for initiating female phonotaxis

behavior (e.g.: Narins and Capranica 1978; Ryan 1980; Gerhardt 1981).

Wilczynski, Rand and Ryan (1995) studied this type of question in greater detail

by examining which parts of the whine portion of the P. pustulosus advertisement

call are necessary and sufficient for recognition. Their findings demonstrated that

females still recognized calls when different portions of the whine were removed.

Other studies that are directly relevant to the issue of interspecific and

intraspecific discrimination are those that have looked at female preferences and

male traits across a hybrid zones. Littlejohn studied a pair of Australian

Leptodactylid species and concluded that interspecific and intraspecific

discrimination tasks are not separate behaviors, but exist along a gradient of

preference behavior (Littlejohn 1965; Littlejohn and Martin 1969; and reviewed

in Littlejohn 1988). This hypothesis is appealing because the basic behavior in

both interspecific and intraspecific discrimination is the same, the initiation of a

decision to choose a mate based on interpretation of an acoustic signal. Gerhardt

studied female traits and preferences in diploid-tetraploid hybrid pair, Hyla

chrysoscelis and H. versicolor, where interspecific discrimination mistakes have

severe consequences (Gerhardt and Doherty 1988; Gerhardt 1994). In this system,

rather than existing on a gradient, stabilizing female preferences act to separate

the species as would be expected by character displacement. In reality acoustic
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signals often vary between heterospecifics in a great number of traits, and this

variation is generally much greater than the variation among conspecifics.

Another line of research has looked at female preferences for

heterospecific traits or signals. A number of other researchers have shown that

females can exhibit preferences for traits that are only found in heterospecifics.

Examples of this have been found in fish (Ryan and Wagner 1987; Basolo 1990),

crickets (Morris, Kerr et al. 1978), anurans (Ryan and Rand 1993), spiders

(McClintock and Uetz 1996) and birds (Searcy 1992). These studies demonstrate

that preferences for individual traits can regularly extend beyond conspecific

variation into the range of a heterospecific, a result that appears to support the

hypothesis that interspecific and intraspecific discrimination tasks are not

independent. Other authors have argued that these results do not imply a link

between interspecific and intraspecific discrimination. Boake et al. (1997) turned

this question around by looking at two closely related Drosophila species that

differ primarily in a trait that is sexually selected in one of the species. A

directional female preference in one species suggested that this preference should

keep the females of this species from hybridizing with the other species, however

the authors found that females did not discriminate against heterospecifics based

on the preferred trait. The authors use this result to suggest that in this drosophila

species, traits used for interspecific discrimination are unlikely to be the same

characters as those that females use in intraspecific discrimination.

Females will also accept entire heterospecific mating signals under the

right conditions, a result that suggests that interspecific discrimination is not a
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categorical process but a continuous process similar to intraspecific

discrimination. Gerhardt demonstrated that female treefrogs will phonotaxis to

certain heterospecific signals in the absence of a conspecific signal (Gerhardt

1982; Gerhardt 1988). Ryan and Rand studied the preferences of female

Physalaemus pustulosus for heterospecific advertisement calls in the presence and

absence of a conspecific call (Ryan and Rand 1993). They found that females

would not phonotaxis to any heterospecific calls in the presence of a conspecific

call, but they would choose some heterospecific calls in the absence of a

conspecific call. Blackwell and Jennions (1993) found a similar result in Hyla

ebracatta, and also demonstrated that females will discriminate among

heterospecifics. Ryan and Rand also tested the preferences of female P.

pustulosus for the calls of related extant species and the inferred calls of recent

ancestral species based on a the results of a phylogenetic study. Females accepted

the calls of three extant species and the inferred calls of four ancestor species,

demonstrating that shared ancestral history can influence call preferences. The

results of these studies demonstrated that interspecific discrimination itself can

exist on a gradient, but they do not provide evidence that the same preference

gradient is involved in intraspecific discrimination.

In this study I report on a series of recognition and preference tests in

which I test the importance of different frequency bands in the advertisement call

of Smilisca phaeota  to the tasks of both interspecific and intraspecific

discrimination. In most anuran species, the dominant frequency of the

advertisement call is low in variability and is often considered important to the
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recognition process (Gerhardt 1994). The advertisement calls of Smilisca phaeota

are highly variable with energies that are broadly distributed across a wide range

of frequencies. Calls can contain one to four broadly spaced frequency peaks and

the relative amplitudes of these peaks are highly variable both within and among

males (see Chapter 1). I report on the results of discrimination and recognition

tests in which I varied the relative amplitudes of some of the broad frequency

peaks, and I discuss the relevance of the results to hypotheses about the

distribution of information in anuran mating signals.

GENERAL METHODOLOGY

I collected female Smilisca phaeota from breeding congregations around

Sirena Biological Station, Corcovado National Park, Costa Rica and brought them

to a field lab for testing.  Only females caught in amplexus were used in choice

tests. All individuals were weighed, measured for snout vent length and identified

by drawing the pattern on their dorsal surface and hind legs. To assess recaptures,

I compared captured individuals to all previous drawings.

Smilisca phaeota Advertisement Calls.

Most dominant frequencies in the S. phaeota advertisement call are

centered around 1000 and 1500 Hz, however the fundamental frequency,

approximately 500 Hz, is dominant in the calls of a few individuals (roughly 4%).

Despite the fact that the fundamental frequency is dominant in some calls, in

many calls the fundamental frequency is weak to the point of missing a

discernible peak altogether. Figure 2.1 shows a sonogram and Fast Fourier
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Transform (FFT) of a typical advertisement call. The brackets show the four

frequency bands that I investigated: the fundamental frequency (200 – 800 Hz);

the frequencies that typically contain the dominant frequencies (800 – 1800 Hz

and 1800 – 2800 Hz); and a high frequency band that contains an unusual

frequency modulated component (2800 – 4500 Hz). Hereafter I will refer to these

four frequency bands as the fundamental frequency band (FF), the first dominant

band (DOM1), the second dominant band (DOM2) and the high frequency band

(HF). The first dominant band contains the two most common dominant peaks

from the population, however I categorized this as a single frequency band for this

experiment before having enough male data to show that there were in fact two

distinct peaks in this frequency range.

Preference Test Methodology:

Females were given binary phonotaxis tests for different combinations of

stimuli consisting of the computer manipulated natural calls described above.  All

phonotaxis tests were conducted in a 1.7 meter diameter circular arena

constructed of foam mats, vines and wire.  A small red filtered light was

suspended above the arena.  Two holes were cut in opposite sides of the arena

behind which were placed two Radio Shack speakers (catalog number 40-1313).

Test stimuli were output to these speakers from a laptop computer or from loop

tapes played from a Sony Professional Walkman.  I calibrated the speakers with a

Radio Shack digital Sound Pressure Level (SPL) meter and a 1000 Hz test tone

that was standardized to the SPL of the playback stimuli.  All of the stimuli were

presented at 95 dB (dB SPL re: 20 µPA) at 10 cm from the speaker, and the
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speakers were re-calibrated regularly to account for changes in SPL due to battery

usage.

I placed females on a water-filled plate in the center of the arena, covered

them with an opaque bowl and allowed them to acclimate.  The playback of

stimuli was started after letting the frog acclimate for two minutes, and the bowl

was removed one minute after beginning the playback.  Females were given ten

minutes to react. An observer seated next to the preference chamber outside of the

red light illumination recorded all the movements of a female in the choice

chamber by drawing her path during the ten-minute test period.  A choice was

scored when any part of the female's body entered one of the holes in front of a

speaker.  Females that did not choose within the ten-minute test period were held

and re-tested at a later time in the same night.  The order of test presentation was

randomized between females and the speakers were switched between each test to

control for side bias. Speaker volume levels were checked every hour.  Individual

females were used in multiple tests, but no female was tested twice for the same

experiment.  All females were released before sunrise to minimize the possibility

of them prematurely dropping their eggs.

RECOGNITION TESTS

The definition of recognition I use in this study is the phonotaxis of a

motivated female to a signal in the absence of any other conspecific signals for

comparison. To test the importance of the four frequency bands to the task of

interspecific discrimination, I created stimuli in which I deleted frequency bands

by band-filtering a recorded natural call taken from the center of male variation.
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When choosing the call that I used as a prototype, I also considered variation in

other traits such as pulse rate to find a call that lay as close to the center of

variation as possible for all the traits that I analyzed. I performed the digital

manipulation with Sound Edit 16 and Canary v.1.2.1. I created eight different test

stimuli: calls without each of the four frequency bands, and calls that consisted of

each of the four frequency bands alone (Figure 2.2). I also assessed the combined

response of females to all stimuli that contained two of the lowest three frequency

bands, the frequencies that contain dominant frequencies in the population.

I tested 15 females for each test stimulus, and to assure that I was using

motivated females I only tested individuals that had previously responded to

another phonotaxis test.  Each test stimulus was paired with a white noise

stimulus of the same duration and amplitude as the test call. Females were given

ten minutes to make a choice. I scored a positive phonotaxis when a female

approached the speaker playing the stimulus, and no phonotaxis was scored when

females did nothing or approached the speaker playing the white noise. Females

so rarely chose the white noise that I include those choices as equivalent to no

choice for all the experiments with test stimuli. I performed two control

experiments; one in which I presented females with a white noise stimulus from

one speaker and nothing from the opposite speaker and one in which I presented

females with a natural call from one speaker and white noise from the opposite

speaker.

The criteria I define for recognition is a response to a stimulus that is

significantly different from the response to noise. I tested this criteria with a
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Fisher’s Exact test for the response of females that phonotaxied to each test

stimulus versus the response of females that phonotaxied to the white noise

control. Although only one of fifteen females responded to a white noise stimulus,

I use this for the null hypothesis because it provides a slightly more conservative

test than a null hypothesis of no response.

RECOGNITION EXPERIMENT RESULTS

Female responses to all of the experiments are shown in Figure 2.3 and the

results of the Fisher’s exact tests are shown in Table 2.1. Females did not respond

strongly to any of the four frequency bands tested alone and only DOM1 elicited a

recognition response from females in the absence of all other frequencies (Figure

2.3, Table 2.1). Female response to the other three frequency bands was no

different than the response to white noise. When each frequency band was

independently removed, all of the stimuli elicited a recognition response except

the stimulus without the FF band and the stimulus without DOM1.

The lack of a recognition response to the stimulus that contained all the

frequency bands except FF does not fit with the results showing that recognized

the stimulus containing only DOM1, because this stimulus also did not contain

the FF band. As such it is unlikely that females require the presence of the FF

band to recognize a call.

Conclusions

In general, the findings of the recognition experiments concur with other

recent work on the recognition response of females to advertisement call
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manipulations. They also are consistent with Gerhardt’s observation that anuran

advertisement calls often contain a large number of traits that are unnecessary for

the task of species recognition (Gerhardt, 1988 and 1994).

None of the frequency bands manipulated in these experiments was

independently both necessary and sufficient for eliciting a recognition response

from females. Only one frequency band, DOM1, was sufficient to elicit a

recognition response on its own, however it was not necessary for call recognition

because female response to calls in which DOM1 was removed did not differ

from their response to natural calls. These results are consistent with the findings

of Wilszynski, Rand and Ryan that the recognition process in females can be

accepting to a fairly wide range of variation depending on the traits studied

(Wilczynski, et al. 1995). In their study of P. pustulosus, females accepted a wide

variety of signals ranging from signals in which various parts had been deleted to

combinations of two pure tones as long as the tones were presented in the same

order as the direction of frequency modulation in the natural call. From these

results the authors developed a model describing a female neural architecture that

requires a temporally specific stimulation of two broad but distinct frequency

regions in the amphibian papilla of the inner ear.

The amphibian inner ear contains two separate auditory organs that are

tuned to different frequency ranges (Zakon and Wilczynski 1988; Wilczynski

1992), the amphibian papilla and the basilar papilla. The amphibian papilla

contains a large number of tonotopically-organized hair cells that are tuned to a

range of frequencies generally lower than 1200 Hz. The basilar papilla typically
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contains fewer hair cells that are not tonotopically organized and are all similarly

tuned to a higher range of frequencies (Lewis and Lombard 1988). Experiments

with other species of amphibians have shown that females can require stimulation

of one or both inner ear organs to elicit phonotaxis (Gerhardt 1974). Although the

range of sensitivity of the amphibian and basilar papilla are not known for this or

any species in the genus Smilisca, based on studies of other anuran species it is

likely that the DOM1 frequency band overlaps the ranges of both the amphibian

papilla and the basilar papilla. Almost without doubt, the FF band stimulates only

the amphibian papilla and the DOM2 and HF bands stimulate only the basilar

papilla. If DOM1 does overlap both papilla, it suggests that females respond best

to calls that stimulate both inner ear organs. This hypothesis would offer a

reasonable explanation for the results showing that females don’t recognize the

FF band alone or the DOM2 band alone, but they do recognize a stimulus

consisting of a combination of the two.

This hypothesis suggests that the FF band is involved in the recognition

process, but that frequencies contained in the DOM1 band can also serve the same

purpose. If this is true, then the relative amplitude of the FF band is related to the

process of interspecific discrimination as the FF band takes up more of the total

call energy, because the call will stimulate the basilar papilla less and less.

Therefore if females need stimulation of both papilla, the call should become less

and less recognizable.
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FEMALE DISCRIMINATION EXPERIMENTS.

Methodology

Test Stimuli and Choice Tests

I used a series of binary choice tests to study female discrimination for

differences in the relative amplitude of the highest frequency band (HF) and

lowest frequency band (FF) in the Smilisca phaeota advertisement call. Relative

amplitude is a measure of the difference in amplitude between a given frequency

peak and the amplitude of the dominant frequency of a call.  It can be measured as

the difference in decibels between the two peaks or as the percent energy

difference between the two peaks.  I used the second method and report the

relative amplitude of a frequency peak as a percentage of the energy dominant

peak in the call. The relative amplitude of a frequency band refers to the relative

amplitude of the highest amplitude peak in the frequency band.  The relative

amplitudes of the FF and HF bands are negatively correlated with each other, and

but they differ in the extent of their variation.  The HF band is always very weak

relative to the dominant frequency peak having relative amplitudes of less than

35%.  In contrast, the FF band ranges from very weak to being the dominant

frequency, with a relative amplitude of 100%.

I created digitally manipulated stimuli that varied the relative amplitude of

the FF and HF bands by band-filtering and amplifying the frequency bands of a

recorded natural call from the center of male variation (Figure 2.4a). I then

equalized the resulting stimuli for total energy. When choosing a prototype call to

use for creating the stimuli, I considered variation in traits other than relative
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amplitude of the FF and HF bands to find a call that lay close to the center of

variation for the widest possible range of traits that I analyzed. I performed the

digital manipulation with Sound Edit 16 and Canary v.1.2.1. To control for any

possible artifacts of digital manipulation so that the females would not be

choosing between a manipulated and a non-manipulated call, I created the center

stimuli by sham manipulating a natural call first away from and then back to the

center using the same band-filtering and amplification processes that were used to

create the other stimuli.

Using the digital manipulation described above I produced a series of

stimuli that lay within and outside the natural variation of male calls, varying the

traits both independently and jointly around the negatively correlated two-trait

space (Figure 2.4b). I created test stimuli along the correlation axis and the

orthogonal axis of the two traits, the first and second principal components

respectively (Figure 2.4b). Four test stimuli lie at the center of variation and at 1.5

standard deviations relative to the variation along both the correlation and

orthogonal axes. I chose 1.5 standard deviations for two reasons because variation

along the correlation axis is over-distributed and skewed and as a result 2 standard

deviations is below zero at the low end of the scale. On the correlation axis, 94%

of the males fall within 3 standard deviations and on the orthogonal axis 89% of

the males fall within 3 standard deviations. On the orthogonal axis I also created

test stimuli 3 standard deviations beyond the center call on the side with a

stronger FF and HF band (Figure 2.4b). Lastly I created four stimuli pairs that

independently varied the relative amplitudes of both the FF or HF bands between
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the +1.5 SD stimulus on the correlation axis and the center stimulus (Figure

2.4.b).

For the binary choice tests I paired each stimulus with the stimulus at the

center of male variation. I also included six other binary choice tests that paired

non-center stimuli with each other. I assessed the significance of the results with

an exact binomial test, and results indicating a significantly different number of

females exhibiting phonotaxis to one stimuli over another were considered

evidence for directional female preference. The number of females tested for each

pair of stimuli varied slightly depending on how many preference tests were

completed by the end of the field season and because test presentation was

randomized. For all but one stimuli pair I tested 20 to 25 females. The one

exception was a stimuli pair that was also involved in another separate

experiment. For this pair of stimuli 37 females were tested in total. I assessed the

significance of the results with an exact binomial test.

Assessing Preference Functions

I used the results of the binary preference tests to assess the preference

space based on the percentage of females that chose an alternate stimulus over the

center stimulus and calculated the shape of the preference function with a cubic

spline analysis in order to avoid assumptions imposed by standard parametric

methods on the shape of the curve (Schluter 1988).  I assessed preference

functions for each trait individually and then on the first and second principal

components of the traits under study (e.g. Land & Arnold 1983; Schluter & Smith

1986).  In cases where the cubic spline predicted a linear function I assessed
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directional trends across the two-trait preference space with a logistic regression

analysis, a maximum likelihood method for assessing trends in proportional data

that retains sample size information and restricts the predicted variable to a

binomial distribution (see Janzen & Stern 1998).  For the center call I used data

from a series of control preference tests in which females chose between two

center calls.

Results

Female Preferences for Variation of the FF and HF Bands

Figure 2.5 shows the results of preference tests for stimuli in which the

relative amplitudes of the FF and HF bands were varied independently of each

other. Females exhibited preferences for variation in both FF and HF when varied

independently, however the results of both tests differed depending on the value

of the other trait. Moreover, the preferences for both tests differed depending on

where the traits were varied relative to the correlation axis. Below the correlation

axis females preferred stimuli with a relatively stronger FF band and stimuli with

a relatively stronger HF band. Above the correlation axis females had no

preference for variation in the FF band, and they had a weak preference for

stimuli with a relatively weaker HF band. I used a Fisher’s Exact test to compare

the FF and HF test results from above and below the correlation axis (PC1), and

both sets of preference tests were significantly different from their equivalent test

pair on the other side of PC1 (FF band tests: P = 0.022; HF band tests: P < 0.001).

Figure 2.6 shows the results of the cubic spline analysis of all the tests on

variation in the FF and HF bands.  On the FF band the cubic spline predicted a
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linear preference function, which was significant when tested with a logistic

regression (P = 0.003, DF = 6).  On the HF band, the optimal preference function

was very slightly peaked, and the predictive power was clearly low.

Female Preferences for Variation on PC1 and PC2

Among the tests on PC1 females exhibited directional preferences towards

calls that have relatively more energy in the FF band and relatively less energy in

the HF band, however only one of the two tests was significant (Figure 2.7).  On

PC2, more females chose the center stimulus than any of the other stimuli,

however only the test against the –1.5 SD stimulus was statistically significant

(Figure 2.8).  The second set of points in Figure 2.8 show the tests against the +3

SD stimulus on PC2 that is outside the natural range of variation. Among these

tests only the –1.5 SD was preferred less by females (Figure 2.8), suggesting that

the steepness of the preference function is not uniform on either side of the center

stimulus.

Using all test results, the cubic spline analysis predicted a linear

preference function on PC1 and a strongly peaked but asymmetric function on

PC2 (Figure 2.9).  A logistic regression on PC1 also confirmed a significant linear

trend on this axis (P = 0.007, DF = 6).

Conclusions

Females have directional preferences across most of the natural range of

variation in the relative amplitude of the FF band and along PC1, the correlation

axis of the two traits assessed in this study. In both cases, female preferences are

in the direction of greater energy in the FF band relative to the energy of the entire
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call.  The female preference function over variation in the HF band relative

amplitude was very shallow, suggesting that preferences along this axis are very

weak.  In contrast, female preferences on the PC2 axis are very strongly peaked

but asymmetrical, suggesting a stabilizing preference.  Overall these differences

suggest that there are directional preference acting on a single trait variation,

while the stabilizing preference is acting on the combined variation of the HF and

FF band relative amplitude traits together.

ASSESSING SELECTION RESULTING FROM PREFERENCE AND RECOGNITION
BEHAVIOR

Methods

I estimated selection gradients due to both female discrimination tests

alone and a combination of discrimination and recognition tests.  In order to

combine the discrimination and recognition data into one analysis, I performed

two data transformations.  The discrimination tests were based on a measure of

relative amplitude because of ease of measurement in the field, however a better

measure to compare with the deletion experiments of the recognition tests is the

percent of total call energy in each frequency band.  In S. phaeota advertisement

calls these two measures are highly correlated (96.2 and 91.7% respectively), and

I transformed the relative amplitude measurements into percent energy

measurements so the two experiments are on the same scale.  The results from the

recognition experiments that apply directly to the interpretation of the

discrimination experiments are that: 1) females do not appear to recognize stimuli
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that consist of only the FF band or only the HF band; and 2) female response to a

call without the HF band is no different than their response to a natural call from

the center of male variation. The stimuli in which the FF and HF bans were

deleted can be summarized as stimuli in which the FF and HF bands contain

100% of the call energy respectively.

Secondly, I transformed the recognition test results into binary

equivalents.  Although the recognition tests were performed as single stimulus

experiments, the female response to the tests containing only the FF and HF bands

did not differ from their response to noise.  In a binary choice test with a natural

call, females never choose a noise stimulus.  Therefore the appropriate binary

equivalent is zero choices out of N tests, which is the transformation I used for the

HF band.  For the FF band I used the upper end of the binary confidence interval

for a zero response, because the female recognition response to a stimuli with the

FF band removed also differed significantly from their response to a natural call.

I estimated selection gradient with a combination of linear and non-linear

multiple, logistic regression analyses (Janzen & Stern 1998) on the results of the

preference and recognition tests and the two male traits, the percent of total call

energy in the FF and HF bands for all stimuli. For each set of analyses (with and

without including the recognition test results) I first performed a standard multiple

logistic regression on the two traits alone to assess directional selection, b (e.g.:

Lande & Arnold 1983), and I then included the quadratic and cross-product terms,

the squared value of the standardized traits and the product of the traits.

Regression coefficients of these terms in a multiple regression against
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standardized traits can reveal whether females exert directional, stabilizing,

disruptive or correlative selection (Lande & Arnold 1983; Arnold & Wade 1984;

Schluter & Nychka 1994; Jang & Greenfield 1998; Janzen & Stern 1998).  Using

this method, the partial regression coefficients of the quadratic and cross-product

variables (gii and g ij respectively) can detect stabilizing selection when gii is less

than zero and correlational selection when gij is significant.  I used a logistic

regression to assure that female response and errors were correctly predicted for

the binomial data (Janzen & Stern 1998), and I present the transformed logistic

regression coefficients as estimates of selection.  The transformed logistic

regression coefficients are direct correlates to least squares partial regression

coefficients as predictors of selection when properly transformed (Janzen & Stern

1998).  Lastly I plotted the full fitness surface as predicted by the non-linear

logistic regression equation.

Results

The regression analyses with and without the recognition test results

represent estimates of the selection gradient for the range of male variation and

beyond respectively. When the recognition tests are not included the only

significant targets of selection are the FF band and the cross product of the FF and

HF bands (Table 2.2).  The positive directional selection coefficient (b) on the FF

band identifies a directional selection for calls with proportionally more energy in

this frequency range, and the negative non-linear selection coefficient (g) on the

cross-product identifies a selection for a negative correlation in the proportion of
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energy in the FF and HF bands.  These results are completely consistent with the

results of the analysis of preference functions from the previous section.

When the results of the recognition tests are included, which are far

beyond the natural range of variation, the selection gradient analysis produces

very different results (Table 2.2).  Selection on the cross-product of FF and HF is

still significant, however g, the non-linear selection coefficient is much weaker.

In contrast with the analysis over the natural range of male variation, the FF band

is not a target of directional selection, but variation in the relative proportion of

energy of the HF band is identified as a target of directional selection.  The

negative value of b  in this case suggests that selection favors calls with

proportionally less energy in the HF band.  Another great difference in the

selection is that the non-linear selection gradient for the squared traits were both

significant with negative values, indicating that selection on FF and HF is acting

to reduce variation over this range of trait values.

Figure 2.9 shows the selection gradient estimated by the multiple logistic

regression analysis.  Overlaying the range of male trait values on the selection

gradient shows that although there is a strong stabilizing component to the fitness

surface, the highest peaks are outside the natural range of male variation (Figure

2.9b).  Compared to the total area predicted by the regression analysis, the

preference and regression tests in this study cover only a small area and the

majority of the data comes from an area representing only a little more than half

the male variation.  The highest fitness peak estimated by the regression analysis

is in an area that was not covered by any preference tests suggesting that this area
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is prone to error.  Regardless of these issues, however, the analysis clearly shows

that male variation is very close to a narrow selective ridge created by female

preferences.

GENERAL DISCUSSION

The broad-band advertisement call of Smilisca phaeota is a highly variable

and complex acoustic signal that carries information needed by females for both

species recognition and intraspecific discrimination.  I used female choice

experiments to assess the importance to these two behaviors of one of the most

variable aspects of the S. phaeota advertisement call, the relative amplitude of

several broad frequency bands.  Many studies of species recognition behavior

make use of experiments that delete or otherwise remove some character from a

natural or simulated call. This set of experiments tested female recognition with

these sorts of deletion experiments and also assessed female discrimination for

variation in relative amplitude. The combination of these two sets of experiments

provides information that is relevant to the question of how discrimination and

recognition interact in a male signal.

Recognition and Discrimination Behavior in Response to Variation in the
Relative Amplitude of the Fundamental Frequency (FF) Band

The results of the recognition experiments on the presence and absence of

the FF band, although contradictory, suggest that the presence of the FF band

plays an active role in species recognition. Theory suggests that traits involved in

recognition are unlikely to be targets of directional selection, yet the results of the

discrimination experiments also demonstrate that there is a strong directional
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preference gradient across the natural variation in the relative amplitude FF band.

Moreover, the preference gradient is in the direction of a signal that consists of

energies only in the FF band range, a signal that is not recognized by females.

The hypothesis that interspecific and intraspecific discrimination are part

of the same preference gradient suggests that a signal that is not recognized lies at

the end of a declining preference gradient, however the preferences measured in

this study are increasing in the direction of a non-recognized stimulus. This raises

the question of whether preferences for variation in the relative amplitude of the

FF band are stabilizing at some point beyond the natural range of male variation

and this is what is suggested when the results of the recognition tests are included

in a selection gradient analysis.  The hypothesis that preference and

discrimination are part of the same functional gradient requires this to be the case

– the preference function must drop to zero before reaching a point at which a

signal is not recognizable by females.  Unlike the preferences for variation in the

HF band relative amplitude, the directional preferences across the FF band

relative amplitude that were measured by the discrimination tests give no

appearance of being close to a preference peak unless the shape of that peak is

very sharp. Nevertheless, several other pieces of evidence point to an alternative

hypothesis.

The combined results of the recognition experiments suggest that females

require stimulation of both the amphibian and the basilar papilla in order to

recognize a call. Stimuli that only contain energy in the FF band, stimulate only

the amphibian papilla and are not recognized. If discrimination and recognition lie
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on a gradient, then the same process that makes a stimulus recognizable should

also result in a preference gradient. In this case, females should have preferences

for a gradient in the relative amounts of stimulation received by the amphibian

and basilar papillae. In this scenario, the preference gradient should be stabilizing

for a certain balance of stimulation between the two inner ear organs. Preferences

for this type of variation would need to compare inputs from both inner ear

organs, and as such must be processed at a place higher than the periphery of the

auditory system.

In this experiment, however, there was no difference among the stimuli in

the balance between the peak amplitudes of the frequencies that should stimulate

the two inner ear organs. The highest amplitude frequency peaks that fall into the

range of each inner ear organ are those that exist between the FF and HF bands

and as such were varied together. Moreover these peaks were the highest

amplitude peaks in all the stimuli. Thus, for these experiments, the processes that

apparently determine recognition are unlikely to be the same processes that

influenced discrimination.

Other studies have demonstrated that females can have preferences for a

balance of energy between the amphibian and basilar papilla (Gerhardt 1976;

Gerhardt 1981), but the advertisement calls of these species have two very distinct

frequency peaks, one in the frequency range of each inner ear organ. So variation

in the relative amplitudes of these peaks necessarily reflects a gradient in the

balance of energy between the amphibian and basilar papilla. It is possible that

female S. phaeota also have preferences for a gradient in the balance of energy
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between the two inner ear organs.  The S. phaeota advertisement call, however,

has many more frequency peaks, and variation in the relative amplitude of any

one of the frequency peaks is not necessarily correlated with the balance of

energy between the amphibian and basilar papilla. Despite this, extreme variation

in the amount of energy in any one of these peaks will lead to the same point – a

lack of stimulation of one of the two inner ear organs. Figure 2.10 shows the

relationship among natural calls between the percent of call energy in the FF band

and the balance of energy between the amphibian and basilar papilla. There is

only a relationship beyond the point at which the FF band is dominant. Thus the

importance of this trait to the recognition process is not a linear function, it

becomes important to the recognition process only over a portion of the total

range of variation in the trait.

The results of the discrimination experiments showed that as long as the

FF band is less than 50% of the total call energy females have strong preferences

for calls with a relatively stronger FF band. For most of the variation in this trait,

female preferences clearly would not affect the balance of energy between the

amphibian and basilar papilla. Beyond this point, as the FF band gets stronger, the

female preferences should be more and more likely to influence the recognition

process as is predicted by the selection gradient analysis. Studies showing that

females of other species can discriminate calls based on the balance of energy

between the amphibian and basilar papilla, suggest that such a preference could

counter-balance the directional preferences for a relatively stronger FF band as
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the calls get closer to having no energy in the basilar papilla range. Species

recognition theory would support such a counterbalancing preference.

The other possibility is that the neural process that requires stimulation of

both inner ears is very permissive, and that females will accept any stimulus as

long as there is a minimum amount of stimulation in both the amphibian and

basilar papilla. Although females appear to require the stimulation of both inner

ear organs, the calls of S. phaeota still vary greatly in the balance of energy

between the two frequency regions (Figure 2.10). In this case the directional

preference could be pushing variation up against a very narrow boundary of

recognition versus non-recognition. Two pieces of evidence provide some support

for this idea. Variation in the percent energy of the FF band increases with the

mean relative amplitude (Figure 2.13.a). Thus, males with more attractive calls

also have more variance around their calls. Extrapolating on this trend, as the

average relative intensity of the FF band increases, the likelihood also increases

that those males will produce a greater number of calls that are very close to the

recognition boundary. This simple statistical trend would provide a selection

effect that could counterbalance a purely directional preference for greater relative

amplitude in the FF band.  As the percent energy of the FF band increases, the

mean attractiveness of the call increases due to female preference, but a greater

proportion of the males calls become unrecognizable. Figure 2.13.b shows this

trend in combination with the real distribution of variation among males.  The

range of male variation stops at the point beyond which males are likely to

regularly produce calls that are not recognized.
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Recognition and Discrimination Behavior in Response to Variation in the
Relative Amplitude of the High Frequency (HF) Band

The HF band is not important to the recognition process on its own –

presence or absence of the HF band makes no difference in whether or not

females recognize a stimulus as an appropriate mating signal. However, as with

the FF band, extreme variation in the relative amplitude of this trait will decrease

the presence of other traits that are important to the recognition process. In this

sense, variation in the amount of total call energy taken up by the HF band is

relevant to the recognition process.

In contrast to female preferences for variation in the FF band,

discrimination experiments showed that preferences for variation in the HF band

relative amplitude are weak but slightly peaked. Unlike the preferences found for

the FF band, the stabilizing preferences on the HF band could fit the hypothesis

that interspecific and intraspecific discrimination lie on a gradient of preference.

Based on the shape of the preference function that best fits the discrimination test

results, calls at the far end of variation would be greatly discriminated against,

having a preference value of very close to zero.

The data from these experiments do not point to one answer. The

preferences on the relative intensity of the HF band appear to be consistent with

the hypothesis that interspecific and intraspecific discrimination exist along a

gradient. In contrast, the combination of the recognition experiment results and

the preference gradients on the relative intensity of the FF band are more

consistent with the hypothesis that recognition and discrimination are different
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processes.  Wilczinski et al. (1995) performed a detailed set of experiments on the

whine portion of the P. pustulosus advertisement call and developed a neural

model that represented the temporal and frequency components necessary to

induce a recognition behavior in females. From their results they concluded that

although the recognition process was permissive in several ways, it appeared to

have aspects about it that separated it functionally from the intraspecific

discrimination processes that they have studied in the same species. In another

very different set of experiments, Ryan and Rand (1995 and 1999) measured

female preferences and recognition responses for combinations of extrapolated

ancestral calls. In these experiments female responses in recognition and

preference tests to the same set of stimuli were significantly different, suggesting

again that in P. pustulosus recognition and discrimination are somewhat different

processes.

One of the main results of this study is the finding that the importance of a

trait to the process of recognition is not constant and can vary dramatically across

the range of variation in that trait. Overall, the findings are more supportive of the

hypothesis that recognition and discrimination are somewhat separate processes.

The results from the preferences for FF band variation suggest that there can be

complex interactions between directional preferences and recognition boundaries

within one signal. However, the results from the preferences on the HF band

suggest that preference gradients may also contribute to the recognition process.

This study only looked at a portion of the total variation in male calls.

Discrimination and recognition processes obviously put different selection
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pressures on the traits that are involved in the different behaviors. One review

study of hylid and bufonid calls also found that morphological and behavioral call

traits in the hylid family evolve at different rates (Cocroft and Ryan 1995).

Neural and sensory biases are also likely to differ between traits that are assessed

at different levels of the auditory system, for example traits that are assessed at a

higher level such as the task of comparing the intensity of stimulation between the

two inner ear organs is likely to have very different biases than traits that are

based in the auditory periphery itself such as the different response to frequencies

as a result of the tuning curves of the basilar papilla.

This complex mix of influences on signal evolution make it likely that the

interaction between discrimination and recognition processes vary greatly from

trait to trait and between species depending on their phylogenetic history.

Moreover, as this study demonstrated, even the concept of a trait gradient can be

complex when a signal varies in a large number of dimensions. Thus, trying to fit

recognition and discrimination processes onto a simple gradient may ultimately be

a difficult hypothesis to resolve.
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Table 2.1: Results of the recognition experiments and Chi-sq analysis. Significant P values are in bold. P-values of
greater than 0.003 are not significant due to a Bonferroni correction.

Number of Females Fishers exact P value compared to:

To stimulus No response Noise Natural Call
FF Band Only 3 12 0.600 0.009
DOM1 Only 7 8 0.037 0.264
DOM2 Only 3 12 0.600 0.009
HF Band Only 0 15 0.464 <0.001

FF Band Deleted 2 13 1.000 0.003
DOM1 Deleted 6 9 0.084 0.139

DOM2 Deleted 9 6 0.006 0.700
HF Band Deleted 12 3 <0.001 1.000
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Table 2.2: Regression analysis of the results of female discrimination and recognition tests on the percent of total
call energy in the FF and HF bands (FF and HF respectively).  b and g are the transformed directional
and non-linear selection coefficients respectively.

a SE P b g
Recognition Tests Not Included

FF 0.48 0.16 0.002 0.10
HF 0.05 0.11 0.674 0.01
FF x FF -0.32 0.22 0.142 -0.05

HF x HF 0.42 0.23 0.066 0.07
FF x HF -1.54 0.57 0.007 -0.26

Recognition Tests Included

FF 0.13 0.09 0.143 0.03

HF -0.11 0.04 0.009 -0.02
FF x FF -0.24 0.08 0.002 -0.05
HF x HF -0.06 0.03 0.022 -0.01
FF x HF -0.42 -0.19 0.022 -0.09
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FIGURES

Figure 2.1: (A) Sonogram and (B) Fast Fourier Transform (FFT) of a Smilisca
phaeota advertisement call. The solid filled FFT was generated with
a narrow frequency window and the line above was generated with a
broad frequency window. The brackets represent the frequency
bands altered in this study.
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Figure 2.2: Illustration of the deletion stimuli used for the recognition tests.
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Figure 2.3: Results of female recognition experiments. Open bars indicate a positive response to a test stimulus,
black bars indicate no response and hatched bars indicate a response to the noise stimulus.
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Figure 2.4: A) The relative amplitudes of the FF band and the HF band and the 1.5 SD elipse; B) Discrimination
test stimuli in the two-trait space. The solid lines represent preference tests that were performed between
the eight stimuli.   For example, a line between two dots indicates that there was a preference test
comparing the stimuli represented by those two points.
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Figure 2.5. The results of the preference tests for the relative amplitudes of the
HF and FF bands when varied independently of each other.  The
proportions indicate the results of the preference tests: the numerator
is the number of females that chose the stimulus pointed to by the
arrow and the denominator is the total number of tests.   Asterisks
indicate probability values from an exact binomial test (* P < 0.05,
** P < 0.01).  In the non-significant test, the greater number of
females chose the center stimulus.
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Figure 2.6. Estimated female preference functions for variation in the relative
amplitudes of the FF and HF bands.  The points represent the
proportion of females choosing a given stimulus over the center
stimulus, and the bars are 95% binary confidence intervals for those
tests.
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Figure 2.7: The results of the preference tests on PC1, the two-trait correlation
axis. The proportions indicate the proportion of females going to the
stimulus next to the proportion versus the center stimulus.  Asterisks
indicate probability values from an exact binomial test (* P < 0.05,
** P < 0.01).
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Figure 2.8: The results of the preference tests on PC2.  The black circles in the
preference diagram above represent binary choice tests against the
center stimulus, and the open diagonals are tests against the +3 SD
stimulus. The proportions indicate the proportion of females going to
the stimulus next to the proportion versus the center or +3 SD
stimulus.  Asterisks indicate probability values from an exact
binomial test (* P < 0.05, ** P < 0.01).
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Figure 2.9: Fitness gradient predicted by the multiple logistic regression analysis
shown in 3 dimensions (A) and 2 dimensions (B).  The extent of
natural male variation is shown with a white elipse in the 2
dimensional graph.



79

Figure 2.12: The relationship between the relative amplitude of the FF band and the balance of energy between the
frequencies that stimulate the amphibian and basilar papilla in 250 calls from 36 males.
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Figure 2.13: Recognition boundaries in relation to male variation in the relative
amplitude of the FF band. A) The relationship between variation and
mean FF band relative amplitude; and B) The distribution of mean
FF band relative amplitudes (histogram) and the proportion of calls
expected to be unrecognizable extrapolated from male variation.
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Chapter 3. Disruptive Selection Resulting from Fluctuating
Female Preferences and Adaptive Male Behavior in the

Neotropical Hylid, Smilisca phaeota.

SUMMARY

Male Smilisca phaeota frequently call in a manner that greatly overlaps

the advertisement call the call of their neighbor. I used female preference tests and

male recordings to assess how this behavior influences sexual selection for two

traits in the S. phaeota advertisement call, the relative amplitudes of two

frequency bands.  Female S. phaeota have directional preferences along the

correlation axis of these two negatively correlated traits when calls are presented

alternately. When calls were overlapped by 75%, female preferences were

stabilizing over the same range of variation. These preferences suggest that there

is disruptive selection over one end of male trait variation, and the distribution of

male traits along this axis supports this hypothesis. Based on these results, certain

males should benefit from overlapping their calls with neighbors, while others

should benefit from calling alternately. I recorded male-male interactions and

found that males overlap or alternate their calls appropriately based on the benefit

that would be predicted by the female preference tests. Thus, female preferences

differ depending on male calling behavior and males adapt their behavior

appropriately leading to an overall disruptive selection.
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INTRODUCTION

Selection exerted by female preferences is generally assumed to be highly

directional. Sexual selection studies often focus on the role of female preferences

in the evolution of exaggerated male traits, and the evolution of these traits

suggests a strong directional selection. There are many well-documented

examples of strongly directional female preferences, and it is well accepted that

this action accounts for a great degree of diversity in the animal kingdom (Ryan

and Keddy-Hector 1992; Andersson 1994).  Nevertheless, a substantial body of

work has documented examples of female preferences that have quite different

selective effects.

A number of fairly recent studies have shown that stabilizing female

preferences are common across a large number of traits found in anuran mating

signals (Gerhardt 1991; Gerhardt 1992; Gerhardt and Watson 1995; Castellano

and Giacoma 1998; Castellano, Cuatto et al. 2002).  Other recent studies have

shown that sexual selection can be more complex when the female preferences

interact with behavioral, ecological or environmental factors (Greene, Lyon et al.

2000; Boughman 2001). For instance, when the sensory system has different

biases in different environments the resulting selection can be much more

complex than the underlying preference functions. In guppies, female preferences

vary depending on the color and intensity of the light environment in which

females choose their mates. In these systems, the natural biases of the sensory

system favor those colors that stand out most distinctly against the background

rather than the colors that tend to have the highest energy level such as red and
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orange (Endler 1992). The end result of such preferences can be an overall

diversifying selection on male color, as male color and female preferences co-

evolve to different endpoints in different environments (Boughman 2001).

Disruptive sexual selection has also been documented as a result of the

combinatory effects of male behavior and female preferences. In lazuli buntings

females choose males by the quality of their territory, however male-male

interactions lead to the best territories being occupied by the brightest and dullest

individuals to the exclusion of the mid-colored males. The end result is a net

disruptive selection on male color, though females apparently do not discriminate

males on the basis of this trait alone (Greene, et al. 2000).  These last two

examples demonstrate that it can be difficult to interpret the ultimate effects of

sexual selection from the results of female choice tests alone, because both female

choice and its effects can be influenced by external forces such as male behaviors

and external environmental factors.

It has long been recognized that asymmetry in reproductive success of

males can occur as a result of female preferences for certain males or male

domination of resources necessary for reproduction, intersexual and intrasexual

selection respectively (Darwin 1871; Andersson 1994).  Most often, the effect of

male-male competition on sexual selection is to reduce or eliminate the effect of

female preferences.  For example dominant males can interrupt the courtship

display of other males and less dominant males can intercept females before they

mate with a preferred male (Ward and FitzGerald 1987; Hoelzer 1990; McLennan

and McPhail 1990; Forsgren, Kvarnemo et al. 1996; Kangas and Lindstrom
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2001).  This has led to a general tendency of researchers to control for the effect

of male-male competition when studying sexual selection (Bateson 1987;

Andersson 1994).

In this study I assessed female preference, male-male interaction behavior

and trait distribution to assess the mechanisms and ultimate effect of sexual

selection on a pair of correlated male call traits – the relative amplitudes of two

frequency bands in the noisy advertisement call of the Neotropical hylid, Smilisca

phaeota.  These two traits are neither necessary nor sufficient for initiating female

phonotaxis, however females have preferences for variation in both traits.  I

assessed call overlapping behavior in male-male interactions and female

preferences over one portion of male variation in the two-trait space under

different degrees of call overlap.  The results of these tests show that female

preferences change depending on the degree of call overlap, and males adjust

their behavior in a manner that should benefit them based on the female

preferences.  I present the preference tests, male behavior experiments and trait

analysis as separate sections, and I then draw on the results of these experiments

to assess the importance of examining both multi-trait variation and external

factors when trying to understand the ultimate effects of sexual selection in a

natural setting.



85

FEMALE PREFERENCE TESTS

Materials and Methods

For the female preference tests I collected female Smilisca phaeota from

breeding congregations around Sirena Biological Station, Corcovado National

Park, Costa Rica and brought them to a field lab for testing.  Only females caught

in amplexus were used in choice tests.  For the male behavior tests I recorded

pairs of males in the field, and I weighed and measured them after recording.  All

individuals were weighed, measured for snout vent length and identified by

drawing the pattern on their dorsal surface and hind legs.  To assess recaptures,

we compared captured individuals to all previous drawings.

Creation of Test Stimuli

Figure 1 (chapter 1) shows a sonogram and Fast Fourier Transform (FFT)

of a typical S. phaeota advertisement call. The two low amplitude regions of the

calls that I investigated for the female discrimination tests are the fundamental

frequency (FF) and the high frequency (HF) peak. The relative intensities of the

HF and FF bands are negatively correlated such that males with more energy in

the region of the fundamental frequency have less energy in the frequencies above

2400 Hz.

In a previous set of experiments I created a series of test stimuli to assess

female preferences for variation in the relative amplitudes of the FF and HF band

in and around male the natural range of male variation (see Chapter Two). I

created these stimuli by band-filtering and amplifying these frequency bands in a

recorded natural call from the center of male variation. For this experiment I used
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the same stimuli and the same binary choice tests as described in Chapter Two,

however I presented the stimuli to females in an overlapping rather than

alternating manner.  Preference tests presented in Chapter Two (figures 2.5

through 2.7) showed that when calls are alternating females have directional

preferences along the main axis of variation in these two traits and stabilizing

preferences over the secondary axis.

Preference Test Methodology:

Females were given binary phonotaxis tests for different combinations of

stimuli consisting of the computer manipulated natural calls described above.  All

phonotaxis tests were conducted in a 1.7 meter diameter circular arena

constructed of foam mats, vines and wire.  A small red filtered light was

suspended above the arena.  Two holes were cut in opposite sides of the arena

behind which were placed two radio shack speakers (catalog number 40-1313).  I

output test stimuli to these speakers from a laptop computer or from loop tapes

played from a Sony Professional Walkman.  We calibrated the speakers with a

Radio Shack digital Sound Pressure Level (SPL) meter and a 1000 Hz test tone

that was standardized to the SPL of the playback stimuli.  All of the stimuli were

presented at 95 dB (dB SPL re: 20 µPA) at 10 cm from the speaker, and the

speakers were re-calibrated regularly to account for changes in SPL due to battery

usage.

I placed females on a water-filled plate in the center of the arena, covered

them with an opaque bowl and allowed them to acclimate.  The playback of

stimuli were started after letting the frog acclimate for two minutes, and the bowl
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was removed one minute after beginning the stimulus playback.  Females were

given ten minutes to make a choice between the two speakers.  An observer was

seated next to the preference chamber outside of the red light illumination.  The

observer recorded all the movements of a female in the choice chamber by

drawing her path during the ten-minute test period.  A choice was scored when

any part of the female's body entered one of the holes in front of a speaker.

Females that did not choose within the ten-minute test period were held and re-

tested at a later time in the same night.  The order of test presentation was

randomized between females and the speakers were switched between each test to

control for side bias. Speaker volume levels were checked every hour.  Individual

females were used in multiple tests, but no female was tested twice for the same

experiment.  All females were released before sunrise to minimize the possibility

of them prematurely dropping their eggs.

To assess females’ preferences when calls are overlapped I performed

three different sets of binary choice tests. For the first set of experiments I

performed binary choice tests in which the two stimuli overlapped by 75% of the

stimulus duration, and I alternated the leading stimulus so that there was no

consistent leader (Figure 3.2). I performed this set of experiments on all of the

binary discrimination tests except the two in which FF and HF were

independently varied above the correlation axis (see Chapter Two).

For the second set of overlapping experiments I focused on one pair of

stimuli in which the preferences differed between the non-overlapping

experiments and the first set of overlapping experiments. I performed two tests in
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which the calls overlapped by 75% and two in which the calls overlapped by

50%. In each pair of tests (75% and 50%) I alternated the leader between tests

rather than within a test so that each test had one consistently leading call. I tested

the significance of female preferences with an exact binomial test for each pair of

choice tests.

Results

Discrimination Tests with 75% Overlapping Stimuli and Alternating Leader.

Figure 3.4 shows the results of preference tests for stimuli pairs when they

are overlapped by 75% with the lead stimuli alternating between calls, and Figure

3.3 shows a summary of the test results from the preference tests with alternating

stimuli in Chapter Two. For most of the choice tests female preferences did not

differ from the alternating experiments. Two of the seven tests, however, differed

significantly from the alternating experiments (Figure 3.3 and 3.4). Female

preferences differed for the stimuli pair in which FF was varied independently and

the pair between  (Fishers Exact: FF varied independently P = 0.022; test on

correlation axis P < 0.001) (Figure 3.4).  In the test with the stimuli pair in which

the FF band was manipulated independently, females exhibited a significant

preference in the alternating test but not in the overlapping test, suggesting that

preferences were eliminated or substantially reduced (Figure 3.4, bottom right).

A Fishers Exact test on the results of the alternating and overlapping test for this

stimuli pair showed the responses to be significantly different (P = 0.022).  For

the other stimuli pair on the correlation axis, female preferences reversed in the

overlapping test (Fishers Exact P < 0.001; Figure 3.4).
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Discrimination Tests with 75% and 50% Overlapping Stimuli and Non-
Alternating Leader.

These four tests were performed only on the stimuli pair that differed

between the first two sets of experiments, the center stimulus and the stimulus on

the correlation axis with a stronger FF band. When calls were overlapped by 75%,

females preferred the center stimulus if it was the leading call, however they had

no preference if the stimulus with the stronger FF band was the leading call

(Table 3.1). When calls were overlapped by 50%, females preferred the stimulus

with the stronger FF band regardless of which of the two stimuli was leading.

Conclusions

Female preferences for differences in the relative amplitudes of the FF and

HF bands differed depending on whether the stimuli were presented in an

alternating or overlapping manner.  For most of the stimuli pair tested, there was

no difference in female preferences between the alternating and overlapped

experiments.  In contrast, female preferences did differ among these experiments

in a portion of the two-trait space where calls have a relatively stronger FF band.

Along the two-trait correlation axis, females had preferences for a stimulus with a

relatively stronger FF band over the stimulus from the center of male variation

when calls were alternating (Chapter 2) or overlapped by 50%. When calls were

overlapped by 75%, females preferred the center call.

The effect of overlapping signals on female preference has been studied in

several other systems including anurans and katydids. These studies have

demonstrated that females can have preferences for leading signals that take
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precedence over preferences displayed when the signals are not overlapped

(Whitney and Krebs 1975; Dyson and Passmore 1988; Greenfield 1993; Grafe

1996). The results of these studies are consistent with neurobiological

experiments on selective attention demonstrating that animals often have

difficulty paying attention to more than one incoming signal at time (e.g.: Pollack

1988). When females have preferences for signal precedence, it is assumed that

they direct their attention to the first signal they hear, thus losing the ability to pay

attention to the second signal. In anurans, it has been demonstrated that this

phenomena can eliminate female preference for calls of a lower dominant

frequency (Dyson and Passmore 1988; Greenfield and Roizen 1993; Howard and

Young 1998).

In this system, preferences for signal precedence do not adequately

explain the results, because female preferences were altered even when the

leading stimulus was alternated. Also, even when the leading stimulus was

consistent, female preferences were also unexpected.  Female preferences were

eliminated when the preferred stimulus was the consistent leader but the calls

were greatly overlapped.  In contrast, when the non-preferred stimulus was the

consistent leader and the calls were greatly overlapped, females switched their

preference to the non-preferred stimulus.  A preference for signal precedence

should result in either the leading stimuli being preferred in both cases or the

preferred stimulus from the alternating experiment being preferred when it was

the leader but no preference when the non-preferred stimulus was the leader.

These results suggest that signal precedence is not the primary cause of variation
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in preferences resulting from male behavior, however there may be an interaction

between signal precedence preferences and pure preferences.

Another more likely hypothesis can be constructed by comparing the

results of the alternating and overlapping experiments on the stimuli pairs in

which the two traits were independently manipulated.  In the alternating

experiment, females strongly preferred stimuli with a relatively stronger FF band

over stimuli with a relatively weaker FF band.  They also had preferences for

stimuli with a relatively stronger HF band over stimuli with a relatively weaker

HF band.  In the 75% overlapped experiment, female preferences for stimuli with

a relatively stronger FF band were eliminated, however females retained their

preferences for stimuli with a relatively stronger HF band.  There should be no

precedence effect in these experiments, because the leader was alternated.

The difference in female preferences between these tests can have two

possible explanations, both of which are based on potential constraints of the

sensory system. When two stimuli with FF bands of different relative amplitude

are overlapped by 75%, either the female auditory system has a greater difficulty

recognizing the stimulus with a relatively stronger FF band, or the overlapping

interferes with the ability of females to ascertain the direction of the preferred

stimulus. These two hypotheses are qualitatively supported by behavioral

observations that were taken during the female discrimination tests.  In the

overlapping tests, females spent more time listening and more time moving

around the preference chamber, suggesting that the discrimination task was more

difficult under the overlapping conditions.  It is impossible to discriminate
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between the two hypotheses above from these experiments, however the results

do suggest that the most likely explanation for the fluctuating female preferences

found in this study is some type of sensory constraint caused by the overlapping

of calls by such a large percentage.

MALE-MALE INTERACTIONS

Materials and Methods

In order to assess the tendency of males to overlap or alternate their calls

with a neighbor of differing call type, I recorded vocally interacting pairs of males

that were audibly different.  I identified pairs of males with different call types by

listening to natural interactions of males in the field.  When an obviously differing

pair of males was located, I isolated the two interacting males by removing all

other vocally interacting individuals from the chorus except the two focal males.

I then recorded the vocal interactions between the two focal males.  In this way I

recorded fourteen pairs of males. I made the recordings on a Sony Professional

Walkman using a stereo microphone positioned between the two males at an

equal distance from each individual.  I digitized these recordings into a Macintosh

computer at 8 bits and 22 kHz, and with the non-overlapped calls I calculated the

mean call duration for each individual as well as the mean call frequency, the

frequency at the midpoint of call energy.

I was not able to accurately calculate the relative amplitudes of the FF and

HF bands directly, because the distance between males was not controlled and

these measures rely on an accurate recording distance for comparison with the

relative amplitude measurements used in the original analysis of S. phaeota
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advertisement calls.  However, mean call frequency is highly correlated with

these two measures and provides an adequate substitute measure (Pearson’s R =

0.68 for FF relative amplitude and 0.77 for HF relative amplitude; P < 0.001 for

both). I only recorded pairs that were audibly different in their overall call

frequency, and as a result I tested two groups that differed greatly in their mean

call frequency, a low frequency group and a high frequency group.  Figure 3.5

shows the estimated distributions of the high and low frequency males along the

correlation axis for the two study traits.

I calculated the degree of overlap for every interaction between high and

low frequency males. For each male I assessed the tendency to overlap calls by

calculating the degree of call overlap for every interaction in which that male’s

neighbor called first.  In this way I measured only those times in which an

individual had a behavioral opportunity to overlap or not overlap the call of their

neighbor.  Based on the results of female preference tests, low frequency males

should be preferred when alternating their calls with high frequency males or

when overlapping by 50% at most.  In contrast, high frequency males should

benefit most by overlapping their calls with low frequency males by

approximately 75%.  I did not record any interactions between pairs of males with

similar calls, for example high frequency males interacting with high frequency

males.

Results

Males from the high frequency group overlapped their calls with those of

their neighbors to a much greater degree than males from the low frequency group
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(P << 0.001, T-Test on average call overlap, N=14).  Figure 3.6 shows the

frequency of different degrees of call overlap exhibited by each group.  There was

no great difference between the two groups in the frequency of moderately

overlapped interactions, however the two groups differed strongly in the

frequency that they would greatly overlap their calls (90% or more) and in the

frequency that they would completely alternate their calls.  Males from the low

frequency group called in complete alternation much more frequently, and males

from the high frequency group greatly overlapped their calls much more

frequently (Figure 3.6).

Conclusions

Male S. phaeota time their advertisement calls to overlap or alternate with

the calls of nearby competing males in a way that should benefit them based on

female preferences for call variation under alternating and overlapping conditions.

The difference in the behavior of the high and low frequency males could be a

result of either two distinct behavioral phenotypes that are correlated with male

call types, or a behaviorally plastic phenotype in which males assess their rivals

and behave accordingly.  The data from these experiments cannot distinguish

between these two hypotheses.

THE DISTRIBUTION OF TRAIT VARIATION

The presence of disruptive sexual selection for any given trait can be

assessed by comparing the variance of the trait in a lek to the variance of the

males selected by female choice.  In this study, unamplexed males were rarely

motivated to call and so nearly all of the calls are from amplexed males.
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Moreover, relatively few of the males recorded came from the same lek.  These

problems made it impossible to measure the change in trait variance resulting

from sexual selection, however an examination of the trait distributions provides

some insight.  If disruptive selection has been actively occurring in the

population, then the traits subject to that selection should be over-distributed

relative to a normal distribution and possibly exhibit a bimodal distribution.

Figure 3.7 shows the distribution of variation along the correlation axis.

Variation along this axis is appears to be bimodal and is significantly different

from normal when assessed with a Lilliefors test, a variant of the Kolmogorov-

Smirnov test for normality (Table 3.2).  The Kurtosis statistic for the variation on

this axis is also highly negative as would be expected from the effect of disruptive

or diversifying selection. In contrast, the distribution of relative amplitudes in the

FF band does not differ significantly from normal, and variation in the relative

amplitudes of the HF band and variation along the PC2 axis do not differ

significantly from normal (Table 3.2).

GENERAL DISCUSSION

Examples of disruptive selection are uncommon in nature and rare in

sexual selection studies where female preferences typically exert highly

directional selection on secondary sexual traits. The results of this study

demonstrate that female preferences for two correlated call traits in the Smilisca

phaeota advertisement call can switch direction depending on whether females

hear the calls in alternation or overlapped.  Male S. phaeota of differing call types

apparently take advantage of this difference in female preferences by overlapping
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or alternating of their calls in a way that should maximize their fitness.  This

combination of female preferences and male behavior suggests that the overall

effect of sexual selection along the correlation axis of the two study traits is

disruptive over time, and the distribution of variation along the correlation axis of

the two study traits is significantly over-distributed, a finding that is consistent

with the hypothesis of disruptive selection.

Call overlap is fairly common in both anurans and insects and a number of

other studies have examined the effect of call overlap on female preferences

(Greenfield 1994).  Many anurans either actively avoid overlapping calls or they

overlap their calls but avoid overlapping individual pulses.  The avoidance of

overlap itself can be quite sophisticated. Some species of hylid adjust the pulse

rate of their advertisement calls to alternate with the pulses of a competing male

(Schwartz and Wells 1984; Schwartz and Wells 1985; Schwartz 1987).  Studies of

these species have generally found that call overlap tends to degrade female

preferences (Schwartz 1987; Schwartz 1993).  One well studied anuran species

that avoids call overlap, Eleutherodactylus coqui, can respond to an acoustically

open space in less time than would be possible if the reaction took a standard

neural pathway from the auditory periphery to the vocal musculature apparatus

(Narins 1982).  A similar result has also been found in another species of

Smilisca, S. sila, in which males actively overlap the calls of other males, and the

timing of synchronization is also faster than was predicted by a standard neural

pathway (Ryan 1986).  Call synchronization in this species plays a part in

predator avoidance – males overlap their calls more frequently on bright nights
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(Da Silva 1988) and frog eating bats approach non-synchronized calls more

frequently than synchronized calls (Tuttle & Ryan 1982).

The benefit of signal overlap behavior in anurans is generally less well

understood.  One study has demonstrated evidence for signal overlap as a

mechanism for predator avoidance (Tuttle and Ryan 1982), however it is unlikely

that this hypothesis explains the behavior in the majority of species that actively

overlap calls.  It has also been hypothesized that call overlap can function to

increase the group fitness by increasing the overall chorus amplitude and thus

attracting more females from a wider area (Greenfield 1994).  These hypotheses

suggest that selection for signal overlap is independent of female preferences, and

in some species where call overlap is common the overlap can degrade female

preferences (Ibanéz D. 1993) or have no effect on female preferences (Schwartz

1991).

Other studies have found that call overlap can interact with female

preferences in a way that benefits the behavior by producing a precedence effect

in which the leading call is preferred despite the attractiveness of the following

call (Dyson and Passmore 1988; Dyson, Henzi et al. 1994; Howard and Young

1998).  In this instance, call overlap can clearly be viewed as an example of direct

male competition because of the potential to change the outcome of female

choice.  This type of behavior, also known as signal jamming, has also been well

documented in insects (Greenfield and Roizen 1993).  In this study, male S.

phaeota either avoided overlap or intentionally overlapped calls depending on

their call type.  The call overlapping behavior of the high frequency males is
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similar to the signal jamming in other species, but the effects of this behavior on

female preferences clearly differs from the effects of call precedence by

benefiting only one call type rather than the leading call in general. It is this

difference in the effects of the signal jamming behavior on female preferences

that leads to the fluctuating preferences on the two call traits found in this study,

and as such results in an apparent disruptive selection.

Nevertheless, the results presented in this study provide only partial

evidence for how such a disruptive selection must arise. The male-male

interactions I recorded for this study involved only pairs of males that differed

greatly in call type.  These results show how female preferences can fluctuate in

direction and thus lead to a disruptive selection, however when the frequency of

call overlap by the different male call types is combined with the results of the

female preference tests it appears that low frequency males should have a

significant advantage over high frequency males.

When low frequency males have a choice, they alternate their calls with a

high frequency neighbor, the behavior that should make their call preferred based

on the results of female choice tests (Table 3.1). In contrast, when high frequency

males have a choice, they will greatly overlap the call of a low frequency

neighbor, the behavior that should most benefit their call type.  This benefit,

however, is not as great as the benefit received by the low frequency males.  The

results from the female preference tests suggest that high frequency males will

only be preferred when their calls greatly overlap the calls of a competing low

frequency male and are the leading call.  When the low frequency call is the
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leader and the high frequency male follows with a greatly overlapping call,

females have no preference for either call type (Table 3.1).  Thus, in a one on one

contest, the best that a high frequency male can do is to eliminate the advantage of

the low frequency male, because if the high frequency male calls first the low

frequency male has the choice of how to respond. This suggests that in a one on

one contest overall selection should favor low frequency males over high

frequency males.  Making the simplifying assumption that female preferences do

not change when calls are overlapped by more than 75% and using the

distribution of call overlap from male recordings, low frequency males should be

preferred 51.3% of the time in one on one contests, high frequency males should

be preferred 13.9% of the time and females should have no preferences for the

remaining 34.8% of the time (Figure 3.8).

In real choruses females encounter a much greater diversity of situations

under which they must discriminate between males.   In reality, S. phaeota

choruses can range in size from a lone individual to several dozen calling males,

and the temporal structure of call timing in these choruses appears to be highly

complex.  The timing of calls varies greatly depending on the size of the chorus

and the amount and timing of recent rainfall events. In the largest choruses, males

generally call in what is termed as unison bout chorusing – semi-synchronous

waves of calling activity that are interspersed by periods of relative silence.  The

waves of calling can last for up to four times the duration of a single call,

suggesting that the males in the chorus are behaving in different ways with

respect to the timing of their calls.  A small number of individual males often call
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out of sync with the waves, and these males are audibly recognizable as very low

frequency males, those that should benefit most from calling in alternation.

Nevertheless, it appears that the majority of male calls in large choruses are

significantly overlapped by the calls of other males.  Thus, the overall effect of

sexual selection in large choruses may be directional for high frequency males.

This suggests that the number of matings that occur in large versus small choruses

may greatly influence the end effect of sexual selection in this system, however

this hypothesis cannot be tested with the data gathered in this study.

This study indirectly assessed the existence of disruptive selection by

examining the mechanisms of selection due to female choice and male-male

interactions.  The only way to directly assess the ultimate selection exerted by the

complex set of female preferences and male behaviors is to compare the

distributions of the two study traits in mated versus unmated males from the

population as a whole and separately in small and large choruses.  Unfortunately,

these experiments are difficult in this system, because males that are caught out of

amplexus are generally not motivated to call in a field lab situation.  Thus, while

this study provides some convincing evidence of disruptive sexual selection, the

possibility cannot be excluded that there are other selective forces acting on the

two study traits that could also have caused the bimodal, over-dispersed pattern of

variation.

This study presents evidence suggesting the existence of a disruptive

selection due to a combination of 1) limitations of the female sensory system to

assess overlapping signals; 2) flexible male behavior for the timing of calls; and
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3) variation in the size of breeding congregations. As such, these results

demonstrate not only that sexual selection can be complex, but also that the

ultimate effect of sexual selection can differ greatly from the effect predicted by

basic female preferences.  This conclusion is consistent with other studies that

show significant effects of behavioral or environmental factors on female choice,

however most of those studies have found that the main effect of external factors

is to eliminate the effect of sexual selection.

One other study has provided an example of disruptive sexual selection. In

Lazuli buntings, a combination of female preferences and male behaviors also

results in a net disruptive selection on a male trait.  In this case, however, the

disruptive selection is an indirect effect of female preferences.  Female Lazuli

buntings prefer males with higher quality territories.  The highest quality

territories are held by the most brightly colored and dullest males, while males

with intermediate coloration are excluded from the high quality territories by the

brightest males.  As with this study, the disruptive selection is a result of the

combined effects of male-male competition and female preferences. In this study,

however, the resulting disruptive selection is a direct result of disruptive

preferences that are maintained by male behavioral interactions.

The fluctuating preferences found in this study appear to result from a

sensory limitation in females’ perception of overlapping signals.  If this is the

case, this study is consistent with an accumulating body of evidence supporting

the importance of sensory biases in the evolution of communication systems,

however most of these studies show that the overall effect of sexual selection
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resulting from sensory biases is highly directional.  Sexual selection studies

typically focus on exaggerated traits, which is likely to be biased towards the

finding of highly directional selection.  Although examples of disruptive sexual

selection are likely to be rare in any case, more studies of traits that are not

exaggerated may provide useful information on the processes leading to

speciation that cannot be gained from the study of exaggerated traits alone.

Studies of anurans, fish and insects continue to provide evidence that female

preferences are also widely present in traits that are not extreme or exaggerated,

and many of these studies have blurred the distinction between interspecific and

intraspecific mate discrimination.

In summary, this study demonstrates the importance of assessing female

preferences in a variety of contexts. Sexual selection on multi-trait variation in the

S. phaeota advertisement call is highly complex and is influenced by a wide

variety of forces including female sensory limitations, male behavioral

interactions and chorus size dynamics in breeding populations.  The end result of

this complex mix of forces appears to be a disruptive sexual selection leading to

the diversification of advertisement call variation in the species Smilisca phaeota.
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Table 3.1: Results of Binary Choice Tests with Overlapping Stimuli and Non-Alternating Leaders.

Number of Females to
Center Stimulus

Number of Females to
Strong FF Band

Stimulus

Probability
(Exact Binomial)

75% Overlap,
Strong FF stimulus Leading

9 11 0.412

75% Overlap,

Center stimulus Leading

16 4 0.001

50% Overlap,

Strong FF stimulus Leading

5 15 0.021

50% Overlap,

Center stimulus Leading

6 14 0.058
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Table 3.2: Distribution Statistics for the Relative Amplitudes of the Fundamental Frequency and the High
Frequency Bands and for Variation Along the Correlation Axis and Orthogonal Axis of FF and HF.

Probability of Normality
(Lilliefors)

Kurtosis ª Skew ª

FF Relative Amplitude 0.071 -1.44 0.67

HF Relative Amplitude 0.406 0.35 2.14 b

Correlation Axis Variation 0.044 * -1.45 0.68
Orthogonal Axis Variation 0.066 0.46 2.30 b

ª – The values of kurtosis and skew given here are normalized based on the expected distribution of kurtosis and

skew for the given sample size.
b – The high skew in the distribution of HF and the orthogonal axis variation is due to two calls with distant outliers.
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FIGURES

Figure 3.1: (A) Sonogram and (B) Fast Fourier Transform (FFT) of a Smilisca
phaeota advertisement call. The solid filled FFT was generated with
a narrow frequency window and the line above was generated with a
broad frequency window. The brackets represent the frequency
bands altered in this study.
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Figure 3.2. Examples of overlapping stimuli for female preference tests:  A)
75% overlapped, alternating leader;  B) 50% overlapped, with
consistent leader.
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Figure 3.3. Summary of female preferences for variation in the relative
amplitudes of the FF and HF bands when stimuli are presented in an
alternating fashion (see Chapter Two for full results).
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Figure 3.4. Results of female preference tests with stimuli overlapped by 75%
and the lead call alternating.  The tests that differed significantly
from the non-overlapping preference tests in a Fisher’s Exact test are
indicated by: † P<0.05; †† P<0.01.  The proportions are the number
of females that approached the stimulus next to the proportion versus
the stimulus at the opposite end of the line. The stars indicate tests in
which females showed a significant directional preference (exact
binomial test: *P<0.05; ** P<0.01).
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Figure 3.5. The expected distributions along the two-trait correlation axis of A)
the low and high frequency males; B) the difference between all
recorded male pairs based on the frequency at the midpoint of call
energy and its correlations with the FF and HF band relative
amplitudes.
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Figure 3.6. Distributions of the percent of the leading call overlapped by males
with low and high frequency call types in interactions between the
two.  The bars represent the average and standard deviation of all 14
males for each category of overlap.
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Figure 3.7. The distribution of variation along the two-trait correlation axis for
35 males.  The dashed line shows expected normal distribution.
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Figure 3.8. The different types of female preferences under different levels of
call overlap and their frequency of occurrence based on the
frequency of call overlap by low and high frequency males.
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