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Female choice is an important selective force shaping the evolution of 

communication and speciation in animals. However, predation risk can impose severe 

costs on longer searches and choosiness, thereby limiting the expression of female 

preferences for specific male traits. The work detailed in this dissertation explores how 

mate choice and sexual selection can be influenced by predation risk in túngara frogs. I 

begin by examining the effects of multiple simulated cues of predation risk on female 

search behavior and mate choice, taking a departure from the standard presence/absence 

paradigm used in similar studies to explore responses to quantitative variation in 

perceived predation risk. I demonstrate that light, longer travel times, and acoustic cues 

of predators are all sufficient to sway females away from otherwise more attractive 

conspecific males. Next, I explore the role of predation risk in altering female 

permissiveness, or the range of signals females will respond to. Using an artificial series 

of calls intermediate between heterospecific and conspecific, I demonstrate that predation 

risk dramatically increases the range of signals females will respond to, including a small 
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number of females choosing pure heterospecific calls. Next I attempt to bridge a logical 

gap with our understanding of search costs, testing questions about how female search 

paths change with increasing distance. I demonstrate that females use more direct paths 

and move faster under higher light conditions, potentially reducing sampling but also 

reducing encounter rates with predators. Lastly, I examine factors that influence how 

individual females vary in their response to perceived risk, particularly hormonal state 

and experience. I demonstrate that naïve, captive-bred females respond to acoustic cues 

produced by natural predators in a manner similar to wild females and that, while 

hormonal state is obviously important in determining female receptivity, it has little 

effect directly on how females respond to predators. Together, these studies demonstrate 

that predation risk not only changes how females respond to conspecific males, but also 

increases female permissiveness and constrains search behavior. Predation risk can 

strongly influence and potentially even negate the expression of female preferences, 

having profound consequences for communication and the evolution of reproductive 

isolation between populations. 
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CHAPTER ONE: INTRODUCTION 

While the words “sexual selection” most often conjure to mind images of flashing 

plumage or elaborate courtship dances, we know the way that animals attract and choose 

mates drives many evolutionary processes and can be as strong of a mechanism for 

evolution as the struggle for survival. In addition to elaborate male ornaments or 

weaponry, sexual selection drives the evolution of communication systems in a myriad of 

sensory modalities. Mate choice can eventually lead to reproductive isolation if females 

eventually no longer recognize or discriminate against males from other populations 

(West-Eberhard 1983, Sanderson et al. 1992, Barraclough et al. 1995, Coyne and Orr 

1997, Ritchie 2007). In the absence of sexual selection, this isolation can break down and 

lead to hybridization (Seehausen et al. 1997). Do to the fact that predation risk can cause 

variation in the strength of female preferences and permissiveness (the range of signals 

females will respond to), predation can have important implications for the evolution of 

communication systems and reproductive isolation between populations (Table 1-1). 

PREDATION RISK AND MATE CHOICE 

Standing out amongst competitors to attract mates requires animals to develop means 

of becoming more conspicuous. While sexual selection can drive the evolution of 

conspicuous traits, particularly in males, this conspicuousness comes at a cost: not only 

do these traits get the attention of females, but they may also get the attention of 

predators. In populations with consistently high levels of predation, selection by 

predators can counteract the preferences of females, reducing the amount of investment 

males place in courtship traits (Schwartz and Hendry 2007; Schwartz and Hendry 2006; 
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Basolo and Wagner 2004; Rosenthal et al. 2001). In cases where females and predators 

differ in sensory perception, predation risk may drive shifts in male investment towards 

sensory modalities or channels that only females can perceive, remaining relatively 

cryptic to predators (Cummings et al. 2003). Males can also respond to temporal 

variation in predation risk by temporarily reducing the duration and conspicuousness of 

courtship displays (Koga et al 1998; Taylor et al. 2005). 

Predation does not only impose costs on mate attraction; the search for mates requires 

individuals to spend time evaluating potential suitors and move among them, often in 

high density, reproductive aggregations which attract large numbers of predators (Cade 

1975; Ryan et al 1981; Zuk and Kolluru 1998). It is no surprise, then, that predation risk 

is known to have a suite of effects on how individuals evaluate potential mates (Table 1-

1). In general we can recognize two types of predation risk in mate evaluation: directed 

and ambient.  

Directed predation risk occurs when preferences for specific male traits cause 

females to be more likely to suffer predation costs, such as when females prefer bright 

coloration that attracts predators. This type of predation risk causes females to become 

less choosy or even reverse their preferences for normally attractive mates (Schwartz and 

Hendry 2007; Schwartz and Hendry 2006; Evans et al. 2004; Dunn and Whittingham 

2007).  

Ambient predation risk occurs when increases in encounter rates or detection 

probability by predators increase the cost of searching among potential mates. This can 

cause increased thresholds of mate attractiveness for mating (Vélez and Brockmann 
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2006; Demary et al. 2006; Su and Li 2006), reduced search times (deRiviera et al. 2002; 

Kim et al. 2007; Karino et al. 2000), and reduced mate sampling (Karino et al. 2000). In 

this dissertation, I investigated the influences of predation risk on mate choice and search 

strategies in túngara frogs, a model system for studying questions in sexual selection for 

nearly 30 years. 

STUDY SYSTEM 

The túngara frog is a small leptodactylid frog found throughout Central America, 

ranging from the Yucatán of Mexico to the Llanos of Venezuela (Ryan et al. 1996). 

Breeding takes place in the rainy season, from May to November. Males assemble in 

choruses at seemingly any available body of shallow water, often in extremely ephemeral 

puddles. Females can produce 3-4 clutches per season and visit choruses when they are 

ready to breed. Except in rare cases of high population density, females are mostly 

unimpeded by males as they move through a chorus.  

Female choice is driven by preferences for several properties of the male acoustic 

advertisement signal, which consists of a downward frequency sweep or “whine”. Males 

can produce a simple, “whine-only” call or a complex call, a whine with one to seven 

additional “chucks” (Ryan and Rand 1993). Females strongly prefer complex calls to 

simple calls, and prefer lower dominant frequencies. All males appear to be capable of 

producing chucks, but doing so presents a tradeoff, as complex calls are also more 

attractive to frog-eating bats (Ryan et al. 1982) and corethrellid flies (Bernal et al. 2006). 

Females strongly prefer the calls of conspecific males to those of other congeners when 

presented with both; however, females show permissive mate choice and will falsely 
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approach advertisement calls of congeners as potential mates when presented alone 

(Ryan and Rand 1995; 1999; 2001). 

Female túngara frogs encounter many predators while moving through choruses of 

males. Two large anuran predators share breeding sites with túngara frogs: the smoky 

jungle frog, Leptodactylus pentadactylus, and the cane toad, Bufo marinus, both of which 

are visual predators of frogs moving in the chorus (Ryan et al. 1981). In addition, cat-

eyed snakes, Leptodeira septeptrionalis, ctenid spiders, freshwater crabs, and Philander 

opossums all feed on túngara frogs (Figure 1-1). It is not surprising, then, that females 

respond strongly to cues of predation risk during mate evaluation. Females are less likely 

to travel longer distances for otherwise more attractive males under high light conditions 

(Rand et al. 1997). In addition, associating the advertisement calls of L. pentadactylus 

with calls of normally attractive males can cause females to choose a less attractive male 

(Bernal et al. 2007). 

GUIDE TO CHAPTERS 

The work presented in this dissertation was meant to explore several different aspects 

of how predation risk influences mate choice. In contrast to the predator presence-

absence contrasts used by other authors, I felt it was important to manipulate the 

perception of predation risk using several different types of cues. Whenever possible, I 

presented females with quantitative variation in those cues. In this way, I could avoid 

missing responses by simply simulating too low a level of risk. Cues of predation risk 

were always presented in naturally relevant quantities. For instance, light levels were 

varied according to natural variation in light levels measured at choruses across the lunar 
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cycle. Females were presented with predator signals at volumes ranging from what they 

would experience if the predator was approximately the same distance away as the male, 

to what they would experience at the very longest salient distance of a male 

advertisement signal. In this way, I could be more certain that we were seeing the full 

range of how females would respond to simulations of predation risk. 

In chapter two, I begin by presenting a broad set of experiments where I simulated 

predation risk and changed the way females assessed signals produced by conspecific 

males. In addition, I presented the only compelling evidence to come from extensive 

observations on natural choruses: female evaluation times varied with natural variation in 

light levels across a lunar cycle.  

Chapter three extends these results by looking at how these same methods of 

simulating risk influence the permissiveness of female mate choice. These experiments 

were largely motivated by the results of Ryan et al. (2003), which demonstrated a nearly 

continuous, linear decline in the attractiveness of male advertisement signals with 

increased acoustic distance from the conspecific average, effectively and unequivocally 

ruling out the possibility of purely categorical recognition of conspecific stimuli. 

Permissiveness in mate choice then has important consequences for sexual selection 

within populations and the evolution of reproductive isolation between populations. 

Predation risk, which I showed could greatly influence the expression of female 

preferences, would then have important consequences for sexual selection and speciation 

if it increased the permissiveness of female mate choice. 
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In the previous chapters two and three, I used simulations of longer travel distances to 

simulate increased predation risk, as longer travel distances meant females were more 

likely to encounter a predator while moving towards that male. Females responded very 

strongly to initial doublings of distance, but that response slowed in magnitude as the 

male became further and further away. It became apparent that females were not 

responding to males in a manner directly proportional to the distance of those males. This 

prompted the work presented in chapter four, where I explore how female path lengths 

and initial localization vary with simulated distance.  I also used this as an opportunity to 

test additional questions about whether preferences for the complex call are driven by 

improved localization. Under higher light conditions, female move significantly faster 

and made choices faster. Females also tended to use more direct paths under high light. 

While call complexity strongly influenced how fast females chose, we again found no 

evidence that females are better at localizing complex calls. 

In all previous chapters, I noticed a high degree of variation within and among 

females in how they responded to predation risk. While this is not surprising given that 

female choice in general in túngara frogs follows this pattern, it did prompt me to think 

about what could cause variation among females. While numerous factors including 

expectation of future reproduction, experience, and hormonal state could all influence 

how females responded to predators, hormonal state proved to be the most tractable given 

our understanding of how hormonal state varies over the reproductive cycle of females 

and our ability to artificially manipulate hormone levels with human chorionic 

gonadotropin; chapter five deals with this particular issue. Females injected with higher 
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doses of HCG were more likely to make choices, choose faster, and discriminate in favor 

of complex calls when predation risk was absent. Predation risk counteracted the effects 

of HCG, bringing females in all three treatment groups more in line with each other. 

Chapters two through five of this dissertation were originally written for publication 

as four separate manuscripts and therefore overlap in some of the information presented. 

In all four cases, the agent “we” is used to reflect the contributions of my advisor and 

collaborator, Michael J. Ryan. 
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CHAPTER TWO: SIMULATED PREDATION RISK INFLUENCES FEMALE 

CHOICE IN TÚNGARA FROGS, Physalaemus pustulosus 

ABSTRACT 

While the presence of predators can influence female mate choice, few studies 

have investigated how females respond to quantitative variation in predation risk. In 

addition, we know little of how females respond to multiple, independent cues of risk. In 

this study, we investigate the effects of simulated predation risk on mate choice in 

túngara frogs, Physalaemus pustulosus, using the advertisement calls of predatory frogs, 

variation in ambient light, and simulated distance.  Females showed aversion to 

conspecific calls associated with the calls of predators, and females were significantly 

less likely to travel perceived longer distances while the calls of predatory frogs were 

broadcast. In both the lab and field, females choose among potential mates significantly 

faster under higher light levels. Female responses to acoustic cues of predation risk were 

significantly influenced by light level, but decisions about travel distances were not. 

These results suggest that females can simultaneously evaluate different cues of predation 

risk and respond to variation in those cues. 

INTRODUCTION 

Choosing and attracting mates is of central importance in the lives of many 

sexually reproducing organisms. This search for mates often brings females into high 

density, reproductive aggregations which attract large numbers of predators (Cade 1975; 

Ryan et al 1981; Zuk and Kolluru 1998). Predation risk imposes strong costs on mate 

evaluation (reviewed in Lima and Dill 1990) and females often respond accordingly by 
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changing the way they evaluate mates. In some cases, elevated predation risk increases 

thresholds of mate attractiveness for mating (Vélez and Brockmann 2006, Demary et al. 

2006, Su and Li 2006). In other cases, however, the presence of predators can make 

animals less choosy or even reverse their preferences for normally attractive mates 

(Schwartz and Hendry 2006; Schwartz and Hendry 2007; Evans et al. 2004; Dunn and 

Whittingham 2007). 

Predation risk also influences the amount of time animals invest in searching for 

mates. In the presence of predators, fiddler crabs and tailspot wrasses reduce the amount 

of time spent searching for mates (deRiviera et al. 2002; Kim et al. 2007; Karino et al. 

2000). Reduced search time also meant a reduction in the number of potential mates 

sampled.      

In most cases, the role of predation risk in shaping mate choice is studied by 

manipulating the presence or absence of risk using a single variable. In this study, we 

investigate the responses of female túngara frogs, Physalaemus pustulosus, not just to the 

presence of risk, but also to variation in predation risk using multiple, independent cues.  

Túngara frogs share choruses with several anuran predators including smoky jungle 

frogs, Leptodactylus pentadactylus (Ryan et al. 1981). In addition, choruses attract other 

visually-orienting predators such as cat-eyed snakes, Leptodeira septeptrionalis. Mate 

choice in túngara frogs is influenced by cues of predation risk. Under dim light, female 

túngara frogs are less willing to travel long distances to find males (Rand et al. 1997). 

Although females exhibit a five-fold preference for the conspecific complex call (“whine-

chuck”) to the simple call (“whine”) (Ryan 1985; Gridi-Papp 2006), appending the 
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acoustic cues of predators to the complex call decreases its attractiveness relative to the 

simple call (Bernal et al. 2007).  Not only do túngara frogs respond to the calls of 

potential predators such as L. pentadactylus, they also monitor the calls of frogs that are 

not a threat to assess predation risk.  Phelps et al. (2007) showed that males rely on this 

public information and begin calling sooner when other sympatric and harmless frog 

species begin to call. We evaluate the responses of females to variation in acoustic cues, 

light, and simulated distance both independently and simultaneously. 

METHODS 

We collected amplexed pairs of túngara frogs from choruses in Gamboa, Panama 

near facilities of the Smithsonian Tropical Research Institute (9˚07.0’N, 79˚41.9’W) 

between August and October of 2008. These frogs were then brought back to lab, tested, 

and released back at their original capture sites with their original mates. Prior to release, 

we gave each female a unique toe-clip combination to prevent retesting. In any test 

involving light levels, we first dark adapted females by holding them in a dark cooler for 

one hour (Cornell and Hailman 1984; Fan et al. 2001; Taylor et al. 2008). 

Female Phonotaxis 

We performed two-choice phonotaxis tests in a 1.8 m x 2.7 m sound attenuating 

chamber (Acoustic Systems, Austin, TX). Females were held in the center of the chamber 

under a plastic funnel for 3 minutes while test stimuli were broadcast antiphonally from 

speakers on either short side of the chamber. We then released the females and observed 

them remotely through a wide-angle video camera and infrared light source (Fuhrman 

Diversified, Inc) mounted on the ceiling of the acoustic chamber. Optomotor studies 
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showed that the females are not sensitive to the IR light being emitted by this source 

(Cummings et al. 2008).  Females were scored as having made a choice when they 

entered a 10 cm zone around either speaker. A female failed to make a choice if she did 

not leave the start zone after 5 minutes, stayed stationary for longer than 2 minutes, or 

failed to enter the choice zones after 15 minutes. 

Acoustic Cues and Light  

To test how females respond to variation in predation risk, we presented female 

túngara frogs a choice between a simple call and a complex call to which we appended a 

natural call of either a Leptodactylus labialis (a harmless sympatric species) or L. 

pentadactylus (a large predator of túngara frogs). The technique of appending calls 

follows that of Bernal et al. (2007).   

The peak amplitude of the whine of each call was 82 dB SPL (re. 20 µPascals) at 

the female’s release point. The calls of the two Leptodactylus species were presented at 

one of three amplitudes: the same peak amplitude as the whine (82 dB SPL); 

approximately twice the peak amplitude of the whine, 86.7 dB; or approximately three 

times the peak amplitude of the whine, 90.2 dB. In addition, we repeated the L. 

pentadactylus series under total darkness in the human visible spectrum and at 0.28 lux 

light conditions (produced using Current USA Lunar light LEDs and measured using an 

Etch 403125 Light meter). These conditions are slightly brighter than levels we recorded 

at choruses on full moon nights (0.23 lux +/- 0.01 SE), and optomotor studies show that 

the frogs are able to see at this light level (Cummings et al. 2008). 
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We used a repeated-measure logistic regression analysis using the general 

estimating equation (GEE analysis) for binary data with logit link function (SAS online 

DocTM, ver. 8, p 1452; SAS Institute, Cary, NC) to assess the effect of stimulus level 

and light on female choice. 

Search Time and Light 

As sound attenuates predictably with distance, under ideal conditions –6 dB with 

each doubling of distance, we varied perceived travel time of the female to the sound 

source by varying the call’s peak amplitude. When played at equal amplitudes, female 

túngara frogs strongly prefer complex calls to simple calls. Females were given a choice 

between a “near” simple call at 82 dB SPL at the female’s release point, which should 

have a perceived distance of 1.5 m, and a “far” complex call, given at: 76 dB SPL (3 m); 

70 dB SPL (6 m); or 64 dB SPL (12 m).  The final amplitude is near the threshold for 

eliciting phonotaxis from female túngara frogs (Marsh et al. 2000). These experiments 

were conducted in the dark and at 0.28 lux. We used a repeated-measure logistic 

regression analysis using the general estimating equation to assess the effect of simulated 

distance on female choice. 

Other Predators and Public Information 

To test how females responded to a suite of potential predators, we used 

phonotaxis to determine a female’s preference between a “near” simple call (82 dB SPL) 

and a “far” complex call (76 dB SPL), while broadcasting calls of other local species 

from a third speaker located at the center of the back wall.  We recorded the 

advertisement calls of Bufo marinus, Hyla microcephala, Leptodactylus insularum, 
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Leptodactylus labialis, and Leptodactylus pentadactylus from túngara frog collection 

sites using a Marantz PMD 660 digital recorder and Sennheiser ME 67 microphone. In 

addition, we synthesized an artificial call bout by repeating the “mew” call of the túngara 

frog (Ryan 1985) at a rate of one call per 2 seconds. The “mew” is used in interactions 

between males and does not elicit female phonotaxis. 

We compared the choices and test latencies of females hearing calls of predators 

(B. marinus, L. insularum, and L. pentadactylus) and harmless species (H. microcephala 

and P. pustulosus “mew”) to females hearing only the conspecific advertisement calls. 

We also tested the responses of females to the calls of L. labialis. Male túngara frogs use 

the calls of L. labialis to assess predation risk (Phelps et al. 2007), but whether or not 

females also used this public information was not known.  

Light Levels in Natural Choruses 

Females encounter variation in risk of attack by visual predators across a lunar 

cycle due to changes in ambient light levels. To see how female responses to light in the 

lab reflected the behavior of frogs in natural choruses, we marked off a section of a pond 

in Gamboa, Panama measuring 1.8 m x 2.7 m, the same size as the floor of the 

phonotaxis arena. Males were allowed to choose calling sites on their own. The number 

of males in the demarcated area was variable, but did not vary significantly across the 

lunar cycle (3.5 +/- 0.03 SE).  

On 26 nights over the course of a single lunar cycle, we measured light levels at 

the chorus and collected females in amplexus from adjacent areas. We released them, one 

at a time, to a release point in the center of the demarcated area. We then followed 
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females as they moved through the area using an infrared video camera (Sony DCR-

HC52 MiniDV Handycam).  As in the laboratory, we did not consider data from any 

female that failed to leave the release point within 5 minutes, stayed stationary for more 

than 2 minutes outside the release point, or failed to make a choice within 15 minutes. 

Again, we scored a choice when a female approached within 10 cm of a male. In every 

trial, this was followed by amplexus. In addition, we also did not consider data from any 

female that left the demarcated area. As in other studies observing movements of females 

throughout choruses (Ryan 1985), females were often observed to approach a calling 

male at a distance of 10-20 cm and pause. We made note of the number of males a female 

approached at this distance and choice latency.     

RESULTS 

Acoustic Cues and Light 

Female túngara frogs were significantly more likely to choose the complex call 

over the simple call (GEE analysis intercept -2.1972, p = 0.009). Females were 

significantly more likely to choose the complex call when L. labialis calls were appended 

to it than when L. pentadactylus calls were appended (Wald Chi square = 9.411, p = 

0.002). Stimulus level had a significant effect on female choice (Wald Chi Square = 

11.720, p = 0.008; Fig. 2-1), though this is driven solely driven by responses to L. 

pentadactylus calls, as indicated by a significant interaction term between stimulus level 

and stimulus identity (Wald Chi Square = 11.261, p = 0.010). Female túngara frogs also 

took significantly longer to make choices in tests with L. pentadactylus calls than they 

did in tests with L. labialis calls (General Linear Model: stimulus p = 0.015; Fig. 2-2). 
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Although there was a tendency for females to be less likely to approach the 

complex calls with an appended predator call under higher light conditions, there was no 

significant effect of light level on female preference at any amplitude of L. pentadactylus 

call. Females, however, chose significantly faster under higher light levels (General 

Linear Model: Light p < 0.001, Stimulus Level p = 0.072, Stimulus x Light p = 0.008; 

Fig.2-3). 

Search Time and Light Level 

Given a choice between a simple call simulated at a distance of 1.5 m and a 

complex call simulated at distances of 3, 6, and 12 m, females were overall less likely to 

choose the farther complex call than the closer, simple call (Wald Chi Square = 20.941, p 

< 0.001; Fig 2-4). Light level had an overall significant effect on which call females 

chose (Wald Chi Square = 6.047, p = 0.014), but this is largely driven by responses at a 

simulated distance of 3 meters and is thus not generalizable (interaction term for Light x 

Distance Wald Chi Square = 9.901, p = 0.019). While the simulated distance of the 

complex call had no effect on latency to choose, females, again, chose significantly faster 

under high light conditions (General Linear Model: Distance p = 0.763, Light p < 0.001, 

Light x Distance p = 0.484; Fig. 2-5). 

Other Predators and Public Information 

Given a choice between a “near”, simple call and a “far”, complex call, females 

were significantly less likely to choose the complex call when we also broadcast call 

bouts of the three predatory frogs: L. pentadactylus (p < 0.001), B. marinus (p = 0.027), 

and L. insularum (p = 0.011). While broadcasting call bouts of H. microcephala and 
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synthetic P. pustulosus “mew” repetitions had no effect on what females chose, females 

subjected to L. labialis calls were significantly more likely to choose the “far” complex 

call (p = 0.032). These results are summarized in Table 2-1. 

Light Levels in Natural Choruses 

Light levels were highest on full moon nights (0.23 lux +/-  0.01 SE) and too low 

to measure on new moon nights. Females chose significantly faster on full moon nights 

(General Linear Model p = 0.031), but did not approach fewer males (Fig. 2-6). 

DISCUSSION  

Female túngara frogs actively use information about predation risk when making 

mate choice decisions, both in terms of what they choose and how long they spend 

evaluating males. The placement of a risk cue (predator advertisement calls or distance) 

in association with a normally preferred stimulus was sufficient to reverse female 

preferences in several tests. Ambient information about potential risk (light levels) on its 

own did not affect what females chose, but strongly influenced how long females spent 

evaluating males, both in the lab and in the field.  Public information, in the sense of L. 

labialis calls, is known to influence male call latencies after a simulated predation event 

(Phelps et al. 2007), appear to be interpreted similarly by females in their phonotaxis 

decisions. 

From information theory, we understand that the amount of information needed to 

distinguish between two options increases as the similarity of those two options increases 

(see discussion in Phelps et al. 2006). This means that we would expect to see the highest 

latencies when either we present females with identical options or the attractiveness of 
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one option is offset enough by predation risk to make the two options equivalent (Bosch 

et al. 2000). We must also recognize that predation risk itself may impose a cost on 

evaluation time. If females suffer increased vulnerability to predators during mate 

searching, we might then expect to see that females spend less time evaluating as 

predation risk increases. This tradeoff may explain the pattern seen in Fig. 2-2. 

While female túngara frogs actively assess predation risk, it has been suggested 

that females could also gain information about predation risk by relying on male calls, the 

idea being that if males are calling, they must not have detected predators. Phelps et al. 

(2007) also showed that male túngara frogs attend to heterospecific calls in assessing 

predation risk.  Our results suggest that females do the same. Females were more likely to 

choose the farther, but more attractive complex call while hearing the calls of L. labialis. 

This suggests that females, as do males, use the advertisement calls of this species to 

make decisions about predation risk. 

It is clear from our results that female túngara frogs are able to respond not only 

to the presence or absence of predation risk, but to finer scale variation in risk. It is 

important to point out that studies using a presence/absence design may result in false 

negatives if the manipulated level of predation risk is too low. While Bernal et al. (2007) 

also appended the calls of L. pentadactylus to the complex call, they used a level of the 

predator stimulus corresponding to our “low” stimulus level. At higher amplitudes, 

females show a considerably stronger, significant response. Our study is the first 

demonstration that females are able to simultaneously use independent cues of risk (as in 

our trials where light and travel distance were manipulated simultaneously). For túngara 
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frogs, this finding suggests that mate evaluation and sampling, and thus the strength of 

sexual selection, vary not only spatially with respect to the locations of predators, but also 

temporally across a lunar cycle. 
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CHAPTER THREE: PREDATION RISK AND PERMISSIVENESS FOR 

HETEROSPECIFIC ADVERTISEMENT CALLS IN TÚNGARA FROGS 

ABSTRACT 

Factors that influence the strength of sexual selection within a population may have 

important consequences for the evolution and maintenance of reproductive isolation 

between populations. Here we examine the role of one such factor, predation risk, and 

how it influences female permissiveness for heterospecific stimuli. Specifically, we tested 

the effect of simulated predation risk, using variation in ambient light levels, travel time, 

and the presence of auditory cues of local predators, on mate choice in female túngara 

frogs, Physalaemus pustulosus. Simulated predation risk increases female permissiveness 

for advertisements along an artificial transect of calls intermediate between conspecifics 

and a congener, P. enesefae. Across the entire transect, the presence of auditory cues of 

the predatory frog, Leptodactylus pentadactylus, in association with the conspecific call 

dramatically increased the likelihood of females choosing the intermediate call. In 

addition, higher ambient light levels and simulation of increased travel distances 

increased the likelihood that females would choose intermediate calls over conspecific 

calls. These results suggest that, although mate choice may be important in causing 

reproductive isolation between allopatric populations, spatial or temporal variation in 

predation risk may strongly influence the expression of mate choice, and thus the 

outcome of secondary contact. 
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INTRODUCTION 

Sexual selection in allopatry can lead to reproductive isolation if females no longer 

recognize or discriminate against males from other populations (West-Eberhard 1983; 

Sanderson et al 1992; Baraclough et al. 1995; Coyne and Orr 1997; Ritchie 2007). In the 

absence of sexual selection, this isolation can break down and lead to hybridization 

(Seehausen et al. 1997). It stands to reason, then, that any factors in the environment that 

cause even temporally- or spatially-limited variation in the permissiveness of female 

preferences can have important implications for the evolution and maintenance of 

reproductive isolation between populations. 

Search costs associated with predation risk have a strong influence on mate 

evaluation by females (reviewed in Lima and Dill 1990). Predation risk can increase 

thresholds of mate attractiveness (Vélez and Brockmann 2006; Demary et al. 2006; Su 

and Li 2006), or even reverse preferences for normally attractive traits (Schwartz and 

Hendry 2007; Schwartz et al. 2006,; Evans et al. 2004; Dunn and Whittingham 2007). 

Predation risk can also reduce evaluation time and mate sampling (Booksmythe et al. 

2008; deRiviera et al. 2002; Kim et al. 2007; Karino et al. 2000).  

While numerous studies have investigated the role of predation risk in shaping how 

females respond to variation in conspecific advertisement signals, how predation 

influences permissiveness for heterospecific signals remains unexplored. To this end, we 

examined the effects of simulated predation risk on mate choice in female túngara frogs, 

Physalaemus pustulosus. Túngara frog choruses are predated upon by several species, 

including smoky jungle frogs, Leptodactylus pentadactylus (Ryan et al. 1981). Female 
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túngara frogs respond strongly to cues of predation risk during mate evaluation, including 

light levels and search times (Rand et al. 1997), as well as vocalizations of predators 

(Bernal et al. 2007). Túngara frogs are allopatric with all congeners except Physalaemus 

enesefae which shares a small region of overlap in Llanos of Venezuela (Ryan et al. 

1996). Female túngara frogs discriminate against the advertisement calls of congener 

males when given a choice between a conspecific and heterospecific (Ryan and Rand 

1995; 1999; 2001); however, female túngara frogs exhibit permissive species recognition 

and will recognize and approach heterospecific as conspecific when offered alone. In this 

study, we investigate the influences of predation risk on permissiveness to understand 

how predation may affect the outcome of secondary contact between species. 

METHODS 

We collected amplexed pairs of túngara frogs from choruses in Gamboa, Panama near 

facilities of the Smithsonian Tropical Research Institute (9˚07.0’N, 79˚41.9’W) between 

August and September of 2009. These frogs were then brought back to the lab, and 

released back at their original capture sites with their original mates after testing. Prior to 

release, we gave each female a unique toe-clip combination to prevent retesting. In any 

test involving light levels, females were first dark adapted by holding them in a dark 

cooler for one hour (Cornell and Hailman 1984; Fan et al. 2001). 

Female Phonotaxis 

We performed two-choice phonotaxis tests in a 1.8 m x 2.7 m sound attenuating 

chamber (Acoustic Systems, Austin, TX). Females were held in the center of the chamber 

under a plastic funnel for 3 minutes while test stimuli were broadcast antiphonally from 
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speakers on either short side of the chamber. We then released the females and observed 

them remotely through a wide-angle video camera and infrared light source (Fuhrman 

Diversified, Inc) mounted on the ceiling of the acoustic chamber. Optomotor studies 

showed that the females are not sensitive to the IR light being emitted by this source.  

Females were scored as having made a choice when they entered a 10 cm zone around 

either speaker. A female failed to make a choice if she did not leave the start zone after 5 

minutes, stayed stationary for longer than 2 minutes, or failed to enter the choice zones 

after 15 minutes. 

Permissiveness and Predation Risk Along a Conspecific-Heterospecific Transect 

We presented females with a choice between a conspecific call and one of nine 

synthetic “intermediate calls”. These “intermediate calls”, originally synthesized by Ryan 

et al. (2003), represent a transect, from 100% conspecific to 100% Physalaemus enesefae, 

in seven parameters of the frequency-modulated whine (Table 1). In a parallel set of 

experiments, we presented females with a choice between each of the nine intermediate 

calls and a conspecific call to which we appended a call of L. pentadactylus (a large 

predator of túngara frogs). 

Acoustic Cues and Light  

We presented female túngara frogs a choice between a 0.375 Physalaemus enesefae 

intermediate call and conspecific call to which we appended a call of L. pentadactylus. In 

the absence of predation risk, females discriminate between the pure conspecific call and 

the 0.375 P. enesefae intermediate call to a degree similar to their discrimination against 
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natural variation in conspecific calls (Ryan et al. 2003).   The technique of appending 

calls follows that of Bernal et al. (2007).   

     We presented females with calls at a peak amplitude of 82 dB SPL for the whine 

portion (re. 20 µPascals) at the female’s release point. L. pentadactylus calls were 

presented at one of three amplitudes: the same peak amplitude as the whine (82 dB SPL); 

approximately twice the peak amplitude of the whine, 86.7 dB; or approximately three 

times the peak amplitude of the whine, 90.2 dB. The entire experiment was performed 

under both complete darkness and 0.28 lux light conditions (produced using Current USA 

Lunar light LEDs and measured using an Extech 403125 light meter). These conditions 

are slightly brighter than levels we recorded at choruses on full moon nights (0.23 lux +/- 

.01 SE), and optomotor studies show that the frogs are able to see at this light level 

(Cummings et al. 2008). 

     We used a repeated measure logistic regression analysis using the general estimating 

equation (GEE analysis) for binary data with logit link function (SAS online DocTM, 

ver. 8, p 1452; SAS Institute, Cary, NC) to assess the effect of stimulus level and light on 

female choice. 

Search Time and Light 

We varied perceived travel time of the female to the sound source by varying the 

call’s peak amplitude. Females were given a choice between a “near” 0.375 P. enesefae 

intermediate call at 82 dB SPL at the female’s release point, which should have a 

perceived distance of 1.5 m, and “far” complex calls, given at: 76 dB SPL (3 m); 70 dB 

SPL (6 m); and 64 dB SPL (12 m).  The final amplitude is near the minimum threshold 
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for eliciting phonotaxis from female túngara frogs (Marsh et al. 2000). To test for an 

effect of ambient light levels on how females assessed the risk of longer search times, we 

conducted these experiments in both darkness and at 0.28 lux (near full moon 

conditions). We used a repeated measure logistic regression analysis using the general 

estimating equation to assess the effect of simulated distance on female choice. 

RESULTS 

Perceived Risk and Signal Permissiveness 

Female túngara frogs were overall more likely to choose the pure conspecific call 

over the synthetic intermediate calls (Fig. 3-1). Binary logistic regression analysis 

indicates that both the proportion of Physalaemus enesefae call (Wald Chi Square = 

42.971, p < 0.001) and the presence of the predator stimulus (Wald Chi Square = 19.559, 

p < 0.001) had significant effects on what female chose.  

Acoustic Cues and Light 

Female túngara frogs did not show an overall preference for the conspecific call over 

the 0.375 Physalaemus enesefae call, regardless of the level of the predator call appended 

to it (GEE analysis intercept -1.036, p = 0.843). Predator stimulus level overall had a 

significant effect on female choice (Wald Chi Square = 23.675, p < 0.001; Fig. 3-2). 

Overall, females were less likely to approach the conspecific call with an appended 

predator stimulus under higher light conditions (Wald Chi Square = 11.004, p = 0.001), 

though this trend is driven largely by responses under the high predator stimulus level 

(interaction term for Light x Stimulus level, Wald Chi Square = 12.038, p = 0.007). 
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Neither light levels nor predator stimulus level had a significant effect on choice latency 

(Fig. 3-3). 

Search Time and Light Level 

Given a choice between an intermediate call simulated at a distance of 1.5 m and a 

complex call simulated at distances of 3, 6, and 12 m, females showed no overall 

preference (GEE analysis intercept 1.036, p = 0.625; Fig. 3-4). Increasing the distance of 

the conspecific call greatly increased the likelihood that females would choose the 

intermediate call (Wald Chi Square = 24.852, p < 0.001). Light level had an overall 

significant effect on which call females chose (Wald Chi Square = 9.078, p = 0.003), but 

this is largely driven by responses at a simulated distance of 6 meters and is thus not 

generalizable (interaction term for Light x Distance Wald Chi Square = 9.346, p = 0.025). 

While the simulated distance of the conspecific call had no effect on how long females 

took to make choices, females chose significantly faster under high light conditions 

(General Linear Model: Distance p = 0.281, Light p < 0.001, Light x Distance p = 0.109; 

Fig. 3-5). 

DISCUSSION  

 Simulated predation risk, whether in the form of increased search times, improved 

detection by visual predators, or proximity of predators, caused an increase in 

permissiveness in mate choices made by female túngara frogs. Females, given a choice 

between a pure conspecific call and a call intermediate between P. pustulosus and P. 

enesefae, never chose calls that were greater than 0.375 P. enesefae in the absence of 

predator cues; however, when we associated the conspecific call with predator cues, at 
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least a small portion of females chose all the intermediate calls including the pure P. 

enesefae call. This demonstrates that cues of predation risk can profoundly influence 

permissiveness of female mate choice. This result also strengthens the conclusion of 

Ryan et al. (2003) that female mate choice in túngara frogs is permissive and generalized 

(Shepard 1987), rather than categorical (Ehret 1987), although there is categorical 

perception along certain vectors of call variation (Baugh et al . 2008). 

The addition of cues of predation risk in association with conspecific calls greatly 

increased the likelihood that females would choose the 0.375 P. enesefae intermediate 

call. In addition, we demonstrated that simulating longer travel times to reach the 

conspecific call caused females to choose the intermediate call more often. While not 

universal, we presented evidence that light conditions could exaggerate the way females 

responded to other cues of predation risk. In the case of our manipulations of perceived 

travel times, females chose significantly faster under higher light conditions. A reduction 

in search times in response to predation risk has been demonstrated in other systems as 

well (Booksmythe et al. 2008; deRiviera et al. 2002; Kim et al. 2007; Karino et al. 2000). 

While the effect of reduced search time is somewhat unclear in the context of these two-

choice tests in the laboratory, reduced search times in the more complex arena of natural 

choruses may mean that females sample fewer calls from each potential mate and/or 

sample fewer mates. Both could cause an overall decrease in the strength of sexual 

selection acting on male signals. 

These results strengthen the role of predation risk in limiting the expression of female 

choice. In addition our results demonstrate that the permissiveness of female mate 
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choices can be dramatically increased under higher levels of perceived predation risk. 

Due to the fact that predation risk can vary over time within populations, notably as light 

levels change with lunar phases and detection by visually hunting predators improves, the 

overall strength of selection acting on male advertisement signals may be inconsistent 

and wax and wane over time. In addition, spatial variation in the abundance and variety 

of predators feeding on different populations can cause variation in the strength of female 

preferences over a geographical area. If predation regimes remain constant over time, 

these differences in the strength of sexual selection may have profound consequences for 

the evolution of reproductive isolation between populations. In addition, we can make the 

prediction that females from populations subject to high predation pressure may exhibit 

greater permissiveness and be more likely to make mate choice decisions that result in 

hybridization. 
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CHAPTER FOUR: LOCALIZATION ERROR AND SEARCH COSTS  

DURING MATE CHOICE IN TÚNGARA FROGS 

ABSTRACT 

Search costs can have profound influences on female choice, causing females to become 

less choosy or sample less of the diversity of available mates. Predator foraging 

strategies, however, determine exactly how search time affects predator encounter rates. 

Ambush predators are more likely to be encountered by females travelling longer 

distances to evaluate males, but evaluation time is unlikely to influence encounter-rate 

with this type of predator. Actively searching predators, however, may be more likely to 

be encountered by females employing longer travel times and evaluation times. In this 

study, we examine the effects of perceived search costs on both temporal and spatial 

aspects of the search behavior of female túngara frogs, Physalaemus pustulosus. Females 

were collected from natural choruses and presented with conspecific calls at a distance of 

50, 115, or 180 cm from their release point. Assays were conducted either in darkness or 

simulated full moon light levels.  Longer starting distances caused longer choice 

latencies, but choice latency was considerably lowered under higher light conditions. 

Females spent considerably less time moving under higher light conditions, however light 

levels did not affect path length. Females were more likely to leave the release point with 

more accurate orientation to the sound source under higher light conditions. We 

demonstrate that females can respond to perceived search costs by altering spatial and 

temporal aspects of female search behavior. The overall emphasis of females on reducing 
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time spent moving and increasing movement speed indicates that predation by actively 

searching predators represent a stronger cost to females than ambush predators. 

INTRODUCTION 

While females of many taxa exhibit strong preferences for a myriad of sexual 

ornaments and signals, being choosy about potential mates is not without its costs as 

evaluating males requires an investment of time and females must often move among 

males to evaluate them, increasing their chances of encountering predators along the way. 

Searching among potential mates then represents a tradeoff, where the benefits of 

additional sampling of the distribution of available mates must be weighed against 

additional costs incurred by moving between males (Real 1990). When search costs are 

high, females should theoretically respond by reducing overall search times, whether by 

evaluating fewer males, evaluating each male for less time, or discriminating less 

between males (Pomiankowski, 1987; Real 1990; Crowley et al. 1991). In fact, increased 

search costs can cause females to become less choosy or even reverse their preferences 

for normally attractive mates (Schwartz and Hendry 2007, Schwartz and Hendry 2006, 

Evans et al. 2004, Dunn and Whittingham 2007), increase thresholds of mate 

attractiveness for mating (Vélez and Brockmann 2006, Demary et al. 2006, Su and Li 

2006), reduce search times (deRiviera et al. 2002, Kim et al. 2007, Karino et al. 2000), 

and reduce mate sampling (Karino et al. 2000).  

In situations where females encounter ambush predators rather than active searching 

predators, search time per se may be less of a factor in determining encounter rates than 

travel distance. In this case, female spatial paths may be shorter under increased 



 

 42 

predation risk, even though choice latency and movement speed are unaffected. Thereby, 

predation strategy can potentially influence how females respond to perceived search 

costs. In this study, we examine how females respond to perceived risk incurred during 

longer travel times to males; particularly how long searches and light levels influence 

spatial paths, choice latency, and localization during phonotaxis in túngara frogs, 

Physalaemus pustulosus. 

The túngara frog is a small leptodactylid frog common throughout Middle America, 

from the Yucatán of Mexico to the Llanos of Venezuela (Ryan et al. 1996). Breeding 

takes place in the rainy season, from May to November in Panama, and males assemble 

in choruses at seemingly any available body of shallow water, often in extremely 

ephemeral puddles. Females can produce 3-4 clutches per season and visit choruses when 

they are ready to breed. Except in rare cases of high population density, females are 

mostly unimpeded by males as they move through a chorus (Ryan 1985).  

Female choice is driven by preferences for several properties of the male acoustic 

advertisement signal, which consists of a downward frequency sweep or “whine”. Males 

can produce a simple, “whine-only” call or a complex call, a “whine” with one to seven 

additional “chucks” (Ryan and Rand 1993). Females strongly prefer complex calls to 

simple calls, and prefer lower dominant frequencies. All males appear to be capable of 

producing chucks, but doing so presents a tradeoff, as complex calls are also more 

attractive to frog-eating bats (Ryan et al. 1982) and corethrellid flies (Bernal et al. 2006).  

Female túngara frogs encounter many predators while moving through choruses of 

males. The smoky jungle frog, Leptodactylus pentadactylus, and the cane toad, Bufo 
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marinus, both share choruses with túngara frogs and largely act as ambush predators of 

frogs moving in the chorus (Ryan et al. 1981). On the other hand, cat-eyed snakes, 

Leptodeira septeptrionalis, juvenile fer-de-lance, Bothrops asper, ctenid spiders, and 

Philander opossums actively move throughout choruses, feeding on calling males and 

females visiting the chorus. Given the suite of predators they encounter, it is not 

surprising that females respond strongly to cues of predation risk during mate evaluation. 

Females are less likely to travel longer distances for otherwise more attractive males 

under high light conditions, presumably because higher light levels experienced on full 

moon nights improve detection by visual predators (Rand et al. 1997). Overall, females 

choose males significantly faster at higher light conditions, in both the lab and natural 

choruses (Chapter 2).  

METHODS 

We collected amplexed pairs of túngara frogs from choruses in Gamboa, Panama near 

facilities of the Smithsonian Tropical Research Institute (9˚07.0’N, 79˚41.9’W) in 

September and October of 2009. These frogs were then brought back to the lab, tested, 

and released back at their original capture sites with their original mates. Prior to release, 

we gave each female a unique toe-clip combination to prevent retesting. In any test 

involving light levels, we first dark adapted females by holding them in a dark cooler for 

one hour (Cornell and Hailman 1984; Fan et al. 2001). 

Female Phonotaxis 

We observed the phonotaxis behavior of female túngara frogs in 1.8 m x 2.7 m sound 

attenuating chamber (Acoustic Systems, Austin, TX). A female was held under a plastic 
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funnel for 3 minutes at a distance of 50, 115, or 180 cm from a speaker broadcasting 

either simple calls or complex calls. We then released the female and recorded her 

movements using a wide-angle video camera and infrared light source (Fuhrman 

Diversified, Inc) mounted on the ceiling of the acoustic chamber. Optomotor studies 

showed that the females are not sensitive to the IR light being emitted by this source 

(Cummings et al. 2008).  A female was scored as having made a choice when she entered 

a 10 cm zone around either speaker. A female failed to make a choice if she did not leave 

the start zone after 5 minutes, stayed stationary for longer than 2 minutes, or failed to 

enter the choice zones after 15 minutes. We repeated these tests under total darkness in 

the human visible spectrum and at 0.28 lux light conditions (produced using Current USA 

Lunar light LEDs and measured using a Extech 403125 Light meter). These conditions 

are slightly brighter than levels we recorded at choruses on full moon nights (0.23 lux +/- 

0.01 SE), and optomotor studies show that the frogs are able to see at this light level 

(Cummings et al. 2008). 

Analysis of Phonotaxis 

From the video recordings, we calculated several temporal features of phonotaxis 

behavior: latency to first movement, test duration, and total time spent moving towards 

the sound source (test duration – latency to first movement). Videos of the phonotaxis 

behavior were broken into JPEG single-frame image stacks using Virtual Dub v1.9.8 

(virtualdub.org).  From those image stacks, we were able to produce a single composite 

image of the spatial path taken by females (Fig. 4-1) using the Extended Depth of Field 

plugin (Forster et al. 2004) for ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes 
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of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2009). From the 

composite image, we calculated spatial path length and the angle of first movement out of 

the start zone (Fig 4-2). We corrected path lengths for female body length using snout-

vent length measurements take prior to release, allowing us to calculate an average 

movement speed for each female (path length corrected for SVL / total time spent 

moving to the sound source).  

We used full factorial general linear models with Type III sum of squares to assess 

the effects of light levels, stimulus distance, and call complexity on all measurements of 

phonotaxis behavior: choice latency, latency to first movement, total time spent moving, 

path length, exit angle error, and movement speed. 

RESULTS 

Stimulus distance, call complexity, and light levels all had strong effects on temporal 

aspects of female phonotaxis behavior. Females left the starting zone considerably faster 

when presented with the complex call rather than the simple call (F = 9.067, p = 0.003, 

Fig. 4-3). Females chose significantly faster when listening to complex calls than when 

listening to simple calls (F = 15.689, p < 0.001; Fig. 4-4) and also chose significantly 

faster, overall, under higher light conditions (F = 12.846, p < 0.001); however light level 

had a considerably stronger effect when females were presented with only simple calls 

(light by stimulus interaction: F = 6.353, p = 0.012). Overall, time to choice increased 

with stimulus distance (F = 5.926, p = 0.003).  

Females spent considerably less time moving to the speaker under higher light levels 

(F = 21.007, p < 0.001; Fig. 4-5), although this effect was much weaker at longer 
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stimulus distances (F = 5.425, p = 0.005). Overall, females spent more time moving when 

they started at farther distances to the stimulus (F = 6.570, p = 0.002), but this effect was 

considerably more noticeable when females were presented with complex calls (F = 

5.319, p = 0.006). 

Overall females were more likely to exit the starting zone at angles smaller relative to 

the true direction of the speaker under higher light conditions (F = 8.855, p = 0.003; Fig. 

4-6). Although the accuracy of exit angles tended to improve with longer distances to the 

stimulus, this effect was not significant (F = 1.882, p = 0.155). Path lengths increased 

with distance to the speaker and were, in all cases, significantly longer than the most 

direct possible path (F = 204.611, p < 0.001; Fig. 4-7). Because females differed in total 

body size (snout vent lengths of  to 3.4cm), we corrected path length for SVL and 

calculated an average movement speed. Females moved significantly faster under higher 

light levels (F = 463.308, p < 0.001; Fig. 4-8). 

DISCUSSION 

Females responded to perceived search costs by altering many aspects of phonotaxis 

behavior. Similar to previous studies with túngara frogs, we found that females chose 

significantly faster under higher light conditions and in response to complex calls (Baugh 

and Ryan 2010a; Chapter 2).   

Female túngara frogs often pause for an extended period of time before leaving the 

start zone. While it seems likely that females are evaluating male signals at the start 

before determining which direction to move in, we know from updating tests that females 

continue to assess male signals while moving towards a speaker (Baugh and Ryan 
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2010b). Longer travel times and higher light levels did not influence how long females 

remained at the release point, although females did leave sooner when presented with the 

complex call. This only supports a well established function of the “chuck” component in 

increasing attractiveness and motivating females. Differences in test duration were 

instead driven by movement speed, with females moving considerably faster and thus 

taking less time to reach the speaker under higher light levels. In a natural chorus, this 

would reduce the time females spent moving between males, reducing encounter rates 

with actively searching predators, but not necessarily ambush predators. 

Although path lengths were, in all cases, significantly longer than the minimum 

possible path length (the distance to the speaker), we found no evidence that the 

magnitude of this difference varied at all with perceived search costs. This suggests that 

females do not respond to increased search costs by taking more direct paths. Likely, 

female search paths are more strongly determined by constraints imposed by their 

sensory system on localization of sound sources than tradeoffs in search strategies. 

However, we did find that females had more accurate initial orientation to the sound 

source at higher light levels. It is possible that light improved the females’ ability to see 

the speaker and thus orient to it, but previous studies strongly contradict this as females 

do not seem to recognize the speaker as the sound source (Farris et al. 2005; Taylor et al. 

2008). In both of these studies, localization was not impaired by the presence of 

additional speakers or visual models of males. Instead, we suggest that females are 

indeed responding to light levels with more accurate initial paths, but this contributes 

little to the length of spatial paths at these distances. We also find no evidence that 
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females are better at localizing complex calls than simple calls. While enhanced 

localizability of complex calls has been suggested as a potential reason why females so 

strongly prefer complex calls, there remains, to date, no compelling evidence to support 

this within túngara frogs, although frog-eating bats (Page and Ryan 2008), but not blood-

sucking flies (Bernal et al. 2006) are able to localize complex calls more accurately than 

simple calls. 

Our results further support the role of predation risk in determining the search 

strategies of females. We specifically highlight ways females can alter temporal aspects 

of search strategies to minimize encounter rates with actively foraging predators. The 

results of this study suggest that responses to search costs can vary with the foraging 

strategy of predators, and that any study of female search strategies should incorporate 

temporal components of search strategies in addition to spatial paths. 
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CHAPTER FIVE: HORMONAL STATE AND RISK ASSESSMENT DURING 

MATE CHOICE IN TÚNGARA FROGS, PHYSALAEMUS PUSTULOSUS 

ABSTRACT 

Hormonal state can strongly influence mate choice, changing the way individuals 

perceive, sample, and discriminate among conspecific signals. These decisions are 

influenced by factors other than mate quality as individuals must remain vigilant against 

the possibility of attack by predators. While perception of predation risk and hormonal 

state both influence mate choice, hormonal state also contributes to individual variation 

in response to predation risk. We address this issue by studying the effect of gonadotropic 

hormone treatment on female response to predation risk during mate assessment in 

túngara frogs, Physalaemus pustulosus. Captive females were treated with subcutaneous 

injections of 0, 100, or 500IU of human chorionic gonadotropin (HCG), which mimics 

natural changes in reproductive state in that species. We presented each female with a 

choice between a simple call and the more attractive complex call, to which we then 

appended the call of a predator, Leptodactylus pentadactylus, to determine the effect of 

hormonal state on various aspects of mate choice decisions that females made under 

different levels of simulated predation risk. Females were more likely to make mate 

choices at stronger doses of HCG as well as under higher predator stimulus levels. 

Females were more likely to discriminate against calls associated with cues of higher 

predation risk, but females treated with control saline alone showed less discrimination 

overall. Higher doses of HCG significantly reduced search latencies, particularly in the 

absence of cues associated with predation risk. We demonstrate that, although both 
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predation risk and hormonal state influence mate choice, the relationship between these 

two forces is not clear, which suggests that hormonal state does not directly influence the 

perception of predation risk. 

INTRODUCTION 

Changes in female hormonal state can have an important impact on individual 

variation in female preferences and search strategies. At the height of reproductive cycles 

females can become more receptive, choose males faster, sample fewer males, and even 

reduce discrimination (Delville and Balthazart 1987; Boyd 1994; Rhen et al. 1999; Rhen 

and Crews 2000; Wilczynski et al. 2005; Lynch et al. 2006). Mate choice decisions are 

not based only on mate quality because females also must be attentive to cues of potential 

predators and the costs of longer search times while evaluating males. 

Search costs associated with predation risk strongly influence mate evaluation by 

females (reviewed by Lima and Dill 1990). Predation risk can increase thresholds of mate 

attractiveness (Vélez and Brockmann 2006; Demary et al. 2006; Su and Li 2006), or even 

reverse preferences for normally attractive traits (Vélez and Brockmann 2006; Demary et 

al. 2006; Su and Li 2006). Predation risk can also reduce evaluation time and mate 

sampling (Booksmythe et al. 2008, deRiviera et al. 2002, Kim et al. 2007, Karino et al. 

2000) and increase permissiveness (Chapter 3).  

While both hormonal state and predation risk can influence how females make 

decisions about mates, relatively little is known about how these two factors interact 

(although see Bell 2004). Two possible predictions predominate: if females who are more 

motivated to mate respond more permissively and discriminate less, they may display a 
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stronger response to predation risk because perceived differences between male 

advertisement signals are weakened. Alternatively, high motivation to mate may override 

perception of predation risk entirely, as demonstrated by Skals et al. (2005), where highly 

motivated male moths were effectively deafened to bat echolocation cues. To understand 

the relationship between hormonal state and predation risk, we artificially manipulated 

hormonal state in female túngara frogs, Physalaemus pustulosus, and evaluated its effect 

on their responses to simulated predation risk in two-choice phonotaxis tests. 

METHODS 

Study System 

The túngara frog is a small leptodactylid frog common throughout Middle America. 

Mate choice in túngara frogs is influenced by cues of predation risk. Under dim light, 

female túngara frogs are less willing to travel long distances to find males (Rand et al. 

1997). Although females exhibit a five-fold preference for the conspecific complex call 

“whine-chuck” to the simple call “whine” (Ryan 1985; Gridi-Papp 2006), appending the 

acoustic cues of predators to the complex call decreases its attractiveness relative to the 

simple call (Bernal et al. 2007).   

Female choice in túngara frogs varies considerably over the female reproductive 

cycle (Lynch et al. 2005), being more likely to make choices and accept a wider range of 

variation in advertisement signals as they near the time of egg release. Reproductive state 

can be artificially induced by treating females with subcutaneous injections of human 

chorionic gonadotropin, which stimulates levels of estrogen similar to those of wild, 

reproductively receptive females (Lynch et al. 2006).  
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Females used in this study were obtained from a captive colony of frogs housed at 

The University of Texas campus at Austin. Frogs were maintained in 5-20 gallon glass 

aquaria and fed on a diet of fruit flies and one week old crickets three times a week. The 

frogs were kept on a 12 hr:12 hr light:dark cycle. We randomly selected adult females 

and assigned them into one of three groups, each receiving a different dose of human 

chorionic gonadotropin (HCG; Sigma). HCG stimulates production of gonadal hormones 

in anurans (Lynch et al. 2006). Females received a subcutaneous injection of one of the 

following doses 20 hours prior to phonotaxis testing, 50 µl of 0.9% saline, 100IU HCG in 

50 µl of 0.9% saline, and 500 IU HCG in 50 µl of 0.9% saline. Females injected with 

100IU of HCG show behavior similar to that of wild females before they enter choruses, 

while females injected with 500 IU more closely approximate the behavior of females 

captured in amplexus (Lynch et al. 2006). 

Female Phonotaxis 

We performed two-choice phonotaxis tests in a 1.8 m x 2.7 m sound attenuating 

chamber (Acoustic Systems, Austin, TX). Females were held in the center of the chamber 

under a plastic funnel for 3 minutes while test stimuli were broadcast antiphonally from 

speakers on either short side of the chamber. We then released the females and observed 

them remotely through a wide-angle video camera and infrared light source (Fuhrman 

Diversified, Inc) mounted on the ceiling of the acoustic chamber. Optomotor studies 

showed that the females are not sensitive to the IR light emitted by this source 

(Cummings et al. 2008).  Females were scored as having made a choice when they 

entered a 10 cm zone around either speaker. A female failed to make a choice if she did 
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not leave the start zone after 5 minutes, stayed stationary for longer than 2 minutes, or 

failed to enter the choice zones after 15 minutes. We used a logistic regression analysis 

using the general estimating equation (GEE analysis) for binary data with logit link 

function to assess the effect of stimulus level and HCG dose on female receptivity and 

choice. 

Acoustic Cues of Predation Risk 

To test how hormonally manipulated females respond to variation in predation risk, 

we presented female túngara frogs a choice between a simple call and a complex call to 

which we appended a natural call of Leptodactylus pentadactylus (a large predator of 

túngara frogs). The technique of appending calls followed that of Bernal et al. (2007).  

Peak amplitude of the whine of each call was 82 dB SPL (re. 20 µPascals) at the female’s 

release point. Predator calls were presented at one of three amplitudes to simulate 

differences in the proximity of a predator: the same peak amplitude as the whine (82 dB 

SPL); approximately twice the peak amplitude of the whine (86.7 dB); or approximately 

three times the peak amplitude of the whine (90.2 dB). 

RESULTS 

Both HCG dose and predator stimulus level had significant effects on the probability 

of a female exhibiting phonotaxis (dose Wald Chi Square = 220.296, p < 0.001; stimulus 

Wald Chi Square = 622.590, p < 0.001; Fig. 1), however, there was no significant 

interaction between the two (Wald Chi Square = 7.462, p = 0.188). Females injected with 

saline alone were less likely to exhibit phonotaxis in general, but the females, more likely 
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to make choices in tests with the high level of predator stimulus, somewhat counter-

intuitively. 

Across all HCG doses and predator stimulus levels, female túngara frogs did not 

show an overall preference for the complex with the appended predator call over the 

simple call (GEE analysis intercept 0.001, p = 0.980), although 100IU and 500 IU 

females did prefer the complex call when predator cues were absent. Predator stimulus 

level overall had a significant effect on female choice (Wald Chi Square = 8.501, p < 

0.014; Fig. 2).  Females were less likely to approach the complex call with an appended 

predator stimulus under higher stimulus levels. HCG dose also had a significant effect on 

which stimulus females chose (Wald Chi Square = 16.051, p = 0.001), though this seems 

to be largely driven by saline-only treated females being less likely to choose the 

complex call than females in the other treatment groups (dose by stimulus level 

interaction Wald Chi Square = 16.199, p = 0.013).  

Higher HCG doses significantly reduced choice latency (General Linear Model: dose 

F = 7.057 p < 0.001; Fig. 3). While predator stimulus level alone did not have a 

significant effect on choice latency, there was a significant interaction between hormonal 

state and predator stimulus level (F = 2.225, p = 0.024), although this is driven mainly by 

differences between HCG dose groups when predation risk was absent. 

DISCUSSION 

Although both treatment dose and predator stimulus level strongly influenced female 

choice, we found no consistent pattern for how the two factors interact. While females 

treated with higher doses of HCG were more likely to make choices, females treated with 
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saline alone were also more likely to make choices when simulated predation risk was 

increased. This is counter-intuitive, because other authors demonstrated previously that 

predation risk can cause females to be less responsive to male advertisement signals 

(Demary et al. 2006; Su and Li 2006; Vélez and Brockmann 2006).  

Females injected with saline alone showed less discrimination in favor of the complex 

call with the appended predator cue than females treated with HCG, similar to the results 

reported by Lynch et al. (2006). Females treated with HCG showed less discrimination of 

the complex call under higher levels of simulated risk, but the 100 IU and 500 IU 

treatment groups did not differ in the magnitude of this effect. While females treated with 

HCG showed shorter latencies than females treated with saline alone, latencies were 

similar for females in the 100 IU and 500 IU treatment groups. While we find a 

significant effect of predator stimulus level on choice latency, that effect is driven by 

differences within the saline treatment, although females did tend to have longer latencies 

under higher levels of predation risk, similar to wild females given similar phonotaxis 

assays (Chapter 2). 

On a final note, interestingly, females used in this study were captive born and bred, 

in some cases 3-4 generations so, and therefore had no prior experience with the calls of 

the natural predator, Leptodactylus pentadactylus. Despite this lack of experience, 

females in this study showed responses similar to those of wild females in both direction 

and magnitude, suggesting that changes in female choice are driven by hard-wired 

instinctive recognition of this predator’s calls. In a previous paper (Chapter 3), we 

suggested that female responses to calls of predatory anurans may be generalized by their 



 

 60 

dominant frequencies and therefore body size, with the lowest dominant frequencies 

being perceived as predators and higher dominant frequencies being perceived as 

harmless. The fact that females naïve to the calls of Leptodactylus pentadactylus still 

respond aversively supports that suggestion. 

Hormonal state, within the range we manipulated it, does not change how females 

perceive predation risk during mate choice. However, it is perhaps telling that the 

magnitude of differences between hormone treatments are strongest when predation risk 

is absent, suggesting that predation risk may impose significant enough costs that it 

brings the behavior of highly motivated females more in line with less motivated females. 

Perception of predation risk may reduce the effectiveness or level of hormones that 

promote expression of female choice, a possibility that warrants further investigation. 
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CHAPTER SIX: CONCLUSIONS 

The work presented in this dissertation aimed to explore how predation risk 

influences mate choice in túngara frogs, Physalaemus pustulosus. This species proved to 

be particularly tractable for asking these types of questions, because female choice is 

mediated chiefly though aspects of male acoustic advertisement-signals. This allows us to 

use recordings and synthetic calls to simulate the presence of males, provide females with 

signals that vary in specific features, and test female responses to signals that do not exist 

naturally, such as caricatures or synthetic intermediates between species. Female choice 

is readily assayed thanks to the strength of phonotaxis behavior. In the wild, females face 

a variety of visual predators, including both ambush and actively searching species, 

allowing us to simulate predation risk in a variety of ways. 

In chapter two, I demonstrated that female choice in túngara frogs is strongly 

influenced by predation risk. Associating cues of predation risk with normally preferred 

signals caused females to reverse their preferences. In addition, I demonstrated that 

females respond to increased light by choosing considerably faster. The work presented 

in this chapter draws attention to the importance of female perception of quantitative 

variation in cues associated with predation risk. While most studies look specifically at 

differences in female choice in the presence and absence of predation risk, I demonstrated 

that females perceive and respond differently to different levels of variation in predation 

risk. Whereas Bernal et al. (2007) did not find a significant effect of appending 

Leptodactylus pentadactylus calls to conspecific calls, I demonstrated that simulating 

increased proximity of the predator to the female’s starting location dramatically 
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increases their response to the predation risk. To my knowledge, the work in this chapter 

also represented the first demonstration that females are able to assess multiple cues of 

predation risk simultaneously, with light levels influencing how females respond to 

perceived travel times. 

In chapter three, I specifically focused on how predation risk influences the 

permissiveness of female mate choice. These results demonstrated that increased 

predation risk can dramatically weaken the strength of selection that females impose on 

male advertisement signals. While I discussed the implications of this for maintaining 

reproductive isolation between populations within that chapter, it seems possible that 

spatial variation in predator abundance and risk may also explain geographical patterns in 

hybridization.  

When species share broad ranges of overlap, hybridization does not uniformly occur 

throughout the zone of overlap, but instead usually occurs in isolated populations or 

limited hybrid zones (Sanderson et al. 1992, Hewitt 2003). Although hybrid zones can 

form in areas of ecological clines (Barton and Hewitt 1985), this does not seem to always 

be the case. Given the results of my study, we can make a prediction that populations 

subject to high rates of predation should have females that respond more permissively to 

heterospecific stimuli. If species share a broad area of overlap, hybridization may be 

more likely to occur in populations with higher rates of predation. “Stable” hybrid zones 

may then form according to more conventionally posited means, such as selection against 

hybrids (Bazykin 1969), but may also be then a side effect of the geographical limit of 

those larger predator populations and assemblages, with females in hybrid zones showing 
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less discrimination than females from outside the hybrid zones (a prediction counter to 

that of reinforcement; Dobzhansky 1937). This question could be tested by performing a 

study similar to the work presented in chapter three, and repeating it with females from 

various populations that differed in predation risk in hybridization rates. If hybridization 

was more likely to occur in populations that had higher average rates of predation, and 

females from high predation populations responded more permissively to heterospecific 

signal, at least under perceived predation risk, then a strong case could be made for 

predation driving the patterns of hybridization seen in these populations. 

Chapter four changes focus somewhat to explore how female search strategies are 

influenced by perceived search costs. At higher light levels, females moved significantly 

faster and showed more accurate orientation to sound sources, but did not take shorter 

paths to get to sound sources. These results indicated that females were responding to 

increased risk of encountering actively searching predators, but not necessarily ambush 

predators. To my knowledge, this is the first demonstration that the foraging strategy of 

predators should be considered when exploring how females respond to perceived search 

costs. 

In the work discussed thus far, I observed a great deal of individual variation in how 

females responded to predation risk. Even within individuals, females were not always 

consistent in their responses to predators. While this is perhaps not surprising given that 

female túngara frogs show this same pattern of high variation within and across 

individuals in mate choice, it did lead me to consider factors that might influence how 

individual females responded to predation risk. Early on, I considered that age of 
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individual females might influence the costs of predation, with younger females having 

more to lose from predation than older females. This proved an intractable question 

because female túngara frogs cannot be readily aged; however, mark-recapture efforts 

strongly suggest that females do not live long enough to reproduce in more than a single 

breeding season. Across the three years I spent studying túngara frogs in Panama, I had 

assayed female behavior in a window stretching most of the breeding season, with data 

from females collected in June through November. I found no evidence that females 

showed stronger responses to predation risk earlier in the breeding season, though this 

question may still merit further investigation. 

Instead I decided to focus on hormonal state as a potential source of individual 

variation, as we know that female choice varies predictably across reproductive cycles in 

this species. Chapter five explores this particular question. Overall I demonstrated that 

both predation risk and hormonal state independently have strong influences on various 

aspects of female choice, but it did not appear that hormonal state itself could influence 

how females perceived predation risk. If anything, high levels of predation risk seemed to 

reduce variation in female choice caused by hormonal state, bringing females injected 

with high doses of gonadotropins more in line with females injected with saline-alone. 

This suggests that predation risk may in some way influence female hormonal state, 

which could be readily tested for by exposing females to simulated predation risk and 

measuring changes in hormone levels. 

With the importance of female choice in driving the evolution of communication 

systems and reproductive isolation between populations, it is essential to understand 
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factors that change how females respond to predation risk. Performing mate choice 

studies in controlled environments, we often neglect that female choice can be strongly 

influenced by the presence of predators, which can dramatically reduce discrimination 

and evaluation time, and increase permissiveness. This dissertation presents robust 

evidence that female choice is strongly influenced by quantitative variation in predation 

risk, that predation risk itself may cause increases in permissiveness with implications for 

patterns of reproductive isolation, and suggests that predation risk may proximately act 

on female choice by changing hormonal state. 
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Figure 1-1. Common predators of túngara frogs: a) the cane toad, Bufo marinus; b) the 

cat-eyed snake, Leptodeira septeptrionalis; c) the smoky jungle frog, Leptodactylus 

pentadactylus; d) the fer-de-lance, Bothrops asper; e) ctenid spiders; f) the gray four-

eyed opossum, Philander opossum (this image is copyrighted by Jon Hall of 

mammalwatching.com and is used with permission; all other photographs were taken by 

the author).  
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Figure 2-1. Phonotaxis choices made by female túngara frogs. Females were presented 

with a simple call (82 dB in center) and a complex call (82 dB) to which we appended a 

natural call of either Leptodactylus labialis (a harmless sympatric species) or L. 

pentadactylus (a large predator of túngara frogs) at one of three levels (same amplitude as 

whine: 82 dB, 2x whine: 86.7 dB, 3x whine: 90.2 dB). Standard errors were calculated 

based on binomial distribution. n = 20 females in each test. 
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Figure 2-2.  Choice latencies for female túngara frogs. Females were presented with a 

simple call (82dB in center) and a complex call (82 dB) to which we appended a natural 

call of either Leptodactylus labialis (a harmless sympatric species) or L. pentadactylus (a 

large predator of túngara frogs) at one of three levels (same amplitude as whine: 82 dB, 

2x whine: 86.7 dB, 3x whine: 90.2 dB). Error bars represent 95% confidence limits. n = 

20 females in each test. 
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Figure 2-3. Choice latencies for female túngara frogs under dark and high light (.28 lux) 

conditions. Females were presented with a simple call (82 dB in center) and a complex 

call (82 dB) to which we appended a natural call Leptodactylus pentadactylus (a large 

predator of túngara frogs) at one of three levels (same amplitude as whine: 82 dB, 2x 

whine: 86.7 dB, 3x whine: 90.2 dB). Error bars represent 95% confidence limits. n = 20 

females in each test. 
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Figure 2-4. Phonotaxis choices made by female túngara frogs under dark and high light 

(.28 lux) conditions. We presented females with a choice between a “near” simple call 

(simulated at 1.5 m, 82 dB at center) and a “far” complex call simulated at 3 m (76 dB), 6 

m (70 dB), or 12 m (64 dB). Standard errors were calculated based on binomial 

distribution. n = 20 females in each test. 
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Figure 2-5. Choice latencies for female túngara frogs under dark and high light (.28 lux) 

conditions. We presented females with a choice between a “near” simple call (simulated 

at 1.5 m, 82 dB at center) and a “far” complex call simulated at 3 m (76 dB), 6 m (70 

dB), or 12 m (64 dB). Error bars represent 95% confidence limits. n = 20 females in each 

test. 
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Figure 2-6. Choice latencies and search times for female túngara frogs. We released 

females into a natural chorus in Gamboa, Panama and followed them using an IR video 

camera on 26 nights across a single lunar cycle. Error bars represent 95% confidence 

limits. n = 24. 
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Figure 3-1. Phonotaxis choices made by female túngara frogs. Females were presented 

with a choice between one of eight synthetic hybrid calls along a call transect from 100% 

conspecific to 100% Physalaemus enesefae; 82dB at chamber center) and a pure 

conspecific call (82 dB) to which we appended a call of Leptodactylus pentadactylus (a 

large predator of túngara frogs) 86.7 dB). Standard errors were calculated based on 

binomial distribution with a sample size of 20. 
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Figure 3-2. Phonotaxis choices made by female túngara frogs under dark and high light 

(0.28 lux) conditions. Females were presented with a synthetic hybrid call (0.375 

Physalaemus enesefae; 82dB at chamber center) and a conspecific call (82dB) to which 

we appended a call of Leptodactylus pentadactylus (a large predator of túngara frogs) at 

one of three levels (same amplitude as conspecific call: 82 dB, 2x: 86.7 dB, 3x: 90.2 dB). 

Standard errors were calculated based on binomial distribution. n = 20 females in each 

test. 
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Figure 3-3.  Choice latencies for female túngara frogs under dark and high light (0.28 

lux) conditions. Females were presented with a synthetic hybrid call (0.375 Physalaemus 

enesefae; 82dB at chamber center) and a conspecific call (82 dB) to which we appended a 

call of Leptodactylus pentadactylus (a large predator of túngara frogs) at one of three 

levels (same amplitude as conspecific call: 82 dB, 2x: 86.7 dB, 3x: 90.2 dB). Error bars 

are 95% confidence intervals. n = 20 in each test. 
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Figure 3-4. Phonotaxis choices made by female túngara frogs under dark and high light 

(0.28 lux) conditions. We presented females with a choice between a “near” hybrid call 

(0.375 Physalaemus enesefae; simulated at 1.5 m, 82 dB at center) and a “far” 

conspecific call simulated at 3 m (76 dB), 6 m (70 dB), or 12 m (64 dB). Standard errors 

were calculated based on binomial distribution. n = 20 females in each test. 
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Figure 3-5. Choice latencies for female túngara frogs under dark and high light (0.28 lux) 

conditions. We presented females with a choice between a “near” hybrid call (0.375 

Physalaemus enesefae; simulated at 1.5 m, 82 dB at center) and a “far” conspecific call 

simulated at 3 m (76 dB), 6 m (70 dB), or 12 m (64 dB). n = 20 females in each test. 

Error bars represent 95% confidence limits. 
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Figure 4-1. Example composite image of a phonotaxis spatial path of female túngara 

frogs. Composite images were produced by merging single-frame still images from video 

recordings using the Extended Depth of Field plugin for ImageJ (see methods). 
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Figure 4-2. Exit angle error, defined as the angular deviation between the true direction 

of a speaker broadcasting a stimulus and the bearing females took while moving towards 

the stimulus. Bearings were recorded at the point females exited the 5 cm radius release 

zone. 
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Figure 4-3. Choice latencies for túngara frogs released at 50, 115, or 180 cm from a 

speaker presenting either “whine-only” simple calls, or “whine-chuck” complex calls. 

Tests were conducted under either dark conditions or under 0.28 lux of simulated 

moonlight. Error bars represent 95% confidence limits, n = 20 females in each test. 



 

 85 

 

Figure 4-4. Latency to first movement for túngara frogs released at 50, 115, or 180 cm 

from a speaker presenting either “whine-only” simple calls, or “whine-chuck” complex 

calls. Tests were conducted under either dark conditions or under 0.28 lux of simulated 

moonlight. Error bars represent 95% confidence limits, n = 20 females in each test. 
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Figure 4-5. Movement time for túngara frogs released at 50, 115, or 180 cm from a 

speaker presenting either “whine-only” simple calls, or “whine-chuck” complex calls. 

Tests were conducted under either dark conditions or under 0.28 lux of simulated 

moonlight. Error bars represent 95% confidence limits, n = 20 females in each test. 
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Figure 4-6. Exit angle error (illustrated in Fig. 4-2) for túngara frogs released at 50, 115, 

or 180 cm from a speaker presenting either “whine-only” simple calls, or “whine-chuck” 

complex calls. Tests were conducted under either dark conditions or under 0.28 lux of 

simulated moonlight. Error bars represent 95% confidence limits, n = 20 females in each 

test.
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Figure 4-7. Total path lengths for túngara frogs released at 50, 115, or 180 cm from a 

speaker presenting either “whine-only” simple calls, or “whine-chuck” complex calls. 

Tests were conducted under either dark conditions or under 0.28 lux of simulated 

moonlight. Error bars represent 95% confidence limits. Solid horizontal lines indicate the 

minimum path length needed to reach the stimulus, n = 20 females in each test. 
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Figure 4-8. Movement speed (path length corrected for body length / movement time) for 

túngara frogs released at 50, 115, or 180 cm from a speaker presenting either “whine-

only” simple calls, or “whine-chuck” complex calls. Tests were conducted under either 

dark conditions or under 0.28 lux of simulated moonlight. Error bars represent 95% 

confidence limits, n = 20 females in each test. 

 

 



 

 90 

 

Figure 5-1. Proportion of females injected with saline-only (white), 100 IU HCG in 

saline (grey), or 500 IU HCG in saline (black) that made a choice in phonotaxis 

experiments. Females were presented with a simple call (82 dB in center) and a complex 

call (82 dB) to which we appended a natural call of Leptodactylus pentadactylus (a large 

predator of túngara frogs) at one of three levels (low = 82 dB, med = 86.7 dB, high = 90.2 

dB). Standard errors were calculated based on the binomial distribution. n = 20 females. 
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Figure 5-2. Phonotaxis choices of females injected with saline-only (white), 100 IU HCG 

in saline (grey), or 500 IU HCG in saline (black). Females were presented with a simple 

call (82 dB in center) and a complex call (82 dB) to which we appended a natural call of 

Leptodactylus pentadactylus (a large predator of túngara frogs) at one of three levels (low 

= 82 dB, med = 86.7 dB, high = 90.2 dB). Standard errors were calculated based on 

binomial distribution. n = 20 females. 
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Figure 5-3. Choice latencies of females injected with saline-only (white), 100 IU HCG in 

saline (grey), or 500 IU HCG in saline (black). Females were presented with a simple call 

(82 dB in center) and a complex call (82 dB) to which we appended a natural call of 

Leptodactylus pentadactylus (a large predator of túngara frogs) at one of three levels (low 

= 82 dB, med = 86.7 dB, high = 90.2 dB). Error bars represent 95% confidence limits. n 

= 20. 
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Table 1-1. A summary of studies that examined the effects of predation risk on mate 

choice and courtship 

 
System Predators Target of 

Predation Risk Response Citation 

Guppies 
Poecillia 
reticulata 

Visually hunting 
fish 

Brightly colored 
males 

Males in low predation 
sites are brighter than 

males in high predation 
sites 

Schwartz and 
Hendry 2006, 
Schwartz and 
Hendry 2007 

  
Females 

associating with 
bright males 

Females discriminate 
against bright males in 
high predation sites but 

not in low 

Schwartz and 
Hendry 2007 

  
Females 

associating with 
bright males 

Females from Tacarigua 
population prefer bright 
males in high predation 

environment 

Evans et al. 2004 

Golden Orb Web 
spiders Nephila 

plumipes 

Unknown. Birds 
likely Searching males Choosier males had 

higher mortality 
Kasumovic et al. 

2006 

Tree Swallows 
Tachycineta 

bicolor 
None specified Searching females 

Handicapped females 
more likely to mate with 

closer males 

Dunn and 
Whittingham 2007 

Field Cricket, 
Gryllus rubens Phorid flies Females near 

calling males 

Females are less 
attracted to male calls 
when parasitoids are 

more abundant 

Vélez and 
Brockmann 2006 

  Calling males 

Males more likely to 
call at times of day 

when phorid flies are 
less active 

Bertram et al. 
2004 

Firefly,  
Photinus greeni 

Photuris 
fireflies 

Females 
responding to 
flashing males 

Females are less 
responsive and are more 

likely to mate with 
males that maintained 

high display rates in the 
presence of the predator 

Demary et al. 
2006 
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Jumping spider 
Jacksonoides 

queenslandicus 

Jumping spider 
Portia fimbriata 

Females 
searching for 

mates 

Males displayed for less 
time, females made 

fewer displays to males 
Su and Li 2006 

Wolf spider  
Pardosa milvina 

Wolf spider 
Hogna helluo 

Males courting 
females 

Males increased time to 
courtship, decreased 

palpal insertions 
(inseminations), and had 

more failed insertion 
attempts 

Taylor et al. 2005 

Green 
Swordtails, 

Xiphophorus 
helleri 

Piscivorous 
fishes Males 

Males in high predation 
sites have smaller 

swords 

Basolo and 
Wagner 2004 

Fiddler Crabs, 
Uca beebei 

Grackles, 
Quiscalus 
mexicanus 

Searching males 
and females 

Both sexes reduced 
search time when 
perceived risk was 

higher 

deRivera et al. 
2002 

  Courting males 

Males produced fewer 
claw waving displays 
and built fewer mud 

pillars 

Koga et al.1998 

Wax moths Bats Searching males 

Males did not respond 
evasively to predator 
stimuli when female 

pheromones were 
present 

Skals et al. 2005 

Sailfin Mollies, 
Poecilia 

lattipinna 
Piscivorous fish Evaluating 

females 
No effect on female 

choice 
Gabor and Page 

2003 

Túngara frogs, 
Physalaemus 

pustulosus 

Fringe-lipped 
bats,  

Trachops 
cirrhosus 

Calling males 
Stop calling and take 

longer to resume calling 
when a bat is present 

Tuttle et al. 1982 

 

Smoky jungle 
frogs, 

Leptodactylus 
pentadactylus 

Searching females 
Noticeable, but not 
significant effect on 

female choice. 
Bernal et al. 2007 

Tailspot wrasse, 
Halichoeres 
melanurus 

Piscivorous fish Searching females Moved less distance, 
sampled fewer males Karino et al. 2000 
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Table 2-1. Phonotaxis responses of female túngara frogs given a choice between a 

conspecific simple “whine” call simulated at a distance of 1.5 m and complex “whine-

chuck” call simulated at a distance of 3 m. A third speaker at the center of the back wall 

of the chamber played either silence or one of six experimental stimuli: call bouts of Bufo 

marinus, Hyla microcephala, Leptodactylus insularum, Leptodactylus labialis, 

Leptodactylus pentadactylus, or synthetic bouts of the “mew” call of Physalaemus 

pustulosus. Binomial probabilities with a p < 0.05 are indicated in bold. 

Experimental Stimulus Effect Dominant Frequency (kHz) Binomial Probability Tuning 

L. pentadactylus - 0.5 <.001 BP only 

B. marinus - 0.6 0.027 BP only 

L. insularum - 0.8 0.011 BP only 

P. pustulosus "mew" None 1.22 0.5  AP & BP 

L. labialis + 1.9 0.032 AP & BP 

H. microcephala None 2.9 , 6  0.363 AP & BP 
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Table 3-1. Average values of seven measurements of the frequency modulated whine, 

representing endpoints on the synthetic “hybrid” transect between the two species. 

Modified with permission from Ryan et al. 2003 

Species Maximum 
frequency 

Final 
frequency 

Rise 
time 

Fall 
time 

Frequency 
sweep shape 

Fall 
shape 

Rise 
shape 

Physalaemus 
pustulosus 

 

884 484 24.02 342.80 .33 .50 .33 

Physalaemus 
enesefae 

976 692 301.50 445.70 .51 .54 .55 
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