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Males produce conspicuous advertisement signals to attract mates. These signals, 

however, often attract eavesdropping predators as well, so the benefit of obtaining a mate 

is balanced by the cost of an increased risk of predation. The evolution of sexual 

advertisement signals can be understood only through a thorough investigation of both 

predator and prey. 

The Neotropical bat, Trachops cirrhosus, feeds on frogs and uses frog mating 

calls to locate its prey. On the basis of frog calls alone, bats can assess which frogs are 

palatable and which are poisonous. The túngara frog, Physalaemus pustulosus, produces 

two types of calls, simple and complex. Both female frogs and frog-eating bats prefer 

complex calls to simple ones, and as a result, male frogs face opposing forces of sexual 

and natural selection. 

While there has been extensive study of mate choice behavior in the túngara frog, 

there has been comparatively little investigation of foraging behavior in the frog-eating 

bat. In my doctoral research, I investigate the sensory constraints and cognitive flexibility 

that shape foraging success in T. cirrhosus. Specifically, I address the following 
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questions: (1) Are predator preferences for signal complexity influenced by localization 

performance? Do bats show better localization performance for complex calls than 

simple ones in silence, in noise, or in obstacles? (2) How fixed are predator associations 

for prey cues? Given novel foraging contexts, can predators rapidly track prey changes 

and alter pre-existing associations between prey cues and prey quality? (3) What 

mechanisms do predators use to learn about prey cues? Do social interactions play a role 

in prey acquisition behavior? 

My results show that while T. cirrhosus is limited by biophysical constraints in its 

ability to localize prey, within these constraints it shows surprising flexibility. It can 

rapidly alter associations between prey cues and prey quality, and can quickly acquire 

novel foraging behavior via social learning. Together these studies offer new insights on 

the role of eavesdropping predators in the evolution of their sexually advertising prey, 

and shed new light on the role of learning in foraging success. 
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Introduction 

 

BACKGROUND 

Conspicuous advertisement signals can be critical for mate attraction (Darwin 1859, 

1871, Andersson 1994). Across sensory modalities, the more conspicuous a signal is 

(e.g., the brighter, louder, longer, or more complex), often the more attractive it is to 

females (Ryan and Keddy-Hector 1992). Eavesdropping heterospecifics can exploit these 

signals, and use them to detect, locate, and identify their prey (Zuk and Kolluru 1998, 

McGregor 2005). A predator’s perception, assessment, and localization of prey signals 

will influence the costs incurred by prey when they signal (Guilford and Dawkins 1991, 

Zuk and Kolluru 1998, Speed 2000). While considerable attention has been given to 

predators’ use of aposematic cues to assess prey palatability (Guilford 1988, Endler 1991, 

Schuler and Roper 1992, Sherratt 2002), little is known about predators that eavesdrop on 

prey signals that are not intended for them. In the case of predators eavesdropping on 

advertisement signals, prey are faced with opposing selection pressures acting on 

different components of fitness. To attract mates they must be conspicuous to them, but 

to survive they should be inconspicuousness to predators. This conundrum is widespread 

among taxa and sensory modalities (Zuk and Kolluru 1998). 

The frog-eating bat, T. cirrhosus, uses species-specific anuran mating calls to 

detect and locate prey, and to assess prey quality (Tuttle and Ryan 1981). It exhibits a 

strong preference for the calls of palatable species over poisonous ones (Tuttle and Ryan 

1981). A preferred prey species of T. cirrhosus, the túngara frog, Physalaemus 

pustulosus, produces two types of advertisement calls, simple and complex. Both female 

conspecifics and T. cirrhosus prefer complex calls to simple ones (Rand and Ryan 1981, 
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Ryan et al. 1982). Natural and sexual selection thus exert conflicting pressures on male 

túngara frogs: an advertising male must choose between a complex call that is more 

effective for attracting mates and a simple call that is less attractive to predatory bats. 

While the sexual selection forces shaping the evolution of the túngara frog mating signal 

have been studied extensively over the past 25 years, there has been little investigation of 

the predator’s role in this process. In my doctoral research, I focus on the sensory and 

cognitive abilities that shape the foraging behavior of the frog-eating bat, T. cirrhosus. 

Rather than relying exclusively on echolocation to 

hunt, T. cirrhosus relies heavily on passive localization, 

listening for prey-emitted signals to detect and locate food. 

While the auditory system of T. cirrhosus is highly modified 

for low-frequency hearing, and may be specially adapted for 

frog call detection (Bruns et al. 1989), T. cirrhosus is 

opportunistic in its acquisition of prey, and feeds on many 

species of insects, frogs, lizards, and, in some cases, other 

bats (Bonato and Facure 2000, Cramer et al. 2001). 

The interaction between the unique sensory adaptations of T. cirrhosus on the one 

hand and its wide foraging breadth on the other raises a number of interesting questions. 

Greenberg (1983) suggested that that there is a relationship between a predator’s 

predisposition for learning and the degree to which it is a specialist or generalist in 

foraging. He found that generalist species of warblers were quick to approach novel 

objects and flexible in their assessment of potential prey, while specialists were more 

likely to be neophobic and stereotyped in their foraging strategies. This relationship has 

been born out in many studies of birds (e.g., Greenberg 1989, 1990, Mettke-Hofmann et 

al. 2002, Sol et al. 2002) as well as some non-avian taxa (e.g., Daly et al. 1982, Bernays 

The frog-eating bat, T. cirrhosus, 
feeding on a preferred prey 
species, the túngara frog (photo by 
A. Baugh).
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and Funk 1999). Thus, while T. cirrhosus has the sensory adaptations of a specialized 

frog predator, its broad diet breadth suggests that it may be flexible and neophilic in its 

foraging behavior. 

 

QUESTIONS AND HYPOTHESES 

Using T. cirrhosus as a model, I investigate predator foraging behavior on two 

levels. First, given a predator’s sensory capabilities, I ask what prey signals are more 

localizable in silence, in noise, and in obstacles, and how a predator’s ability to localize 

prey affects its prey preferences. Second, given a predator’s cognitive abilities, I ask how 

flexibility in predator associations between prey cue and prey quality affect a predator’s 

ability to respond rapidly to changes in prey quality. I investigate the type of learning 

involved in forming prey-cue/prey-quality associations, and the degree to which it is 

possible for a predator to redefine these associations in response to novel foraging 

contexts. 

The objective of this dissertation is to illuminate the roles of sensory and 

cognitive ecology in the formation of predator foraging preferences. Specifically, I 

investigate the following: 

 

1. The effect of sensory perception of prey cues on foraging preferences. T. 

cirrhosus prefers complex túngara frog calls to simple ones (Ryan et al. 1982), 

but it is unclear why it shows this preference. I investigate the hypothesis that bats 

prefer complex calls because the acoustic properties of complex calls make them 

easier for the bats to localize. 
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2. The role of learning in foraging success. Predators use prey cues to assess prey 

palatability, and to avoid consuming poisonous prey. Using reversal learning 

tests, I investigate the degree to which predator associations between prey cues 

and prey quality are fixed or flexible. 

 

3. The mechanisms for the formation of prey cue/prey quality associations. I assess 

the ability of T. cirrhosus to acquire a novel foraging response by observing the 

behavior of experienced conspecifics, i.e., via social learning. 

 

When presented with two speakers, one broadcasting simple túngara frog calls 

and one broadcasting complex túngara frog calls, T. cirrhosus shows a significant 

preference for complex calls (Ryan et al. 1982). Complex túngara frog calls differ from 

simple calls in that they contain “chucks,” broadband signals that are short in duration, 

have fast rise and fall times, and a rich harmonic structure—factors that maximize 

binaural comparisons and increase localizability. On the basis of acoustic properties 

alone, it seems likely that T. cirrhosus prefer complex calls to simple ones because 

complex calls are easier for them to localize. 

In the first chapter of my dissertation, I test the hypothesis that T. cirrhosus 

localize complex túngara frog calls better than simple ones. I quantify localization 

performance in varying levels of localization task difficulty. To mimic conditions in 

nature, I present bats with frog calls with and without intervening obstacles and 

background noise. In addition, I broadcast frog calls either continually and only prior to 

the bat’s flight. Results from these experiments show that in simple conditions, bats are 

equally proficient at localizing simple and complex calls. However, under more difficult 
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localization conditions, bats show increased localization performance for complex calls 

(Page and Ryan, in press). 

Experiments from the first chapter of my dissertation suggest that localization of 

prey is bounded by biophysical constraints: given specific sensory cues, bats are better 

able to localize complex calls than simple ones in some conditions but not in others. 

However, beyond these biophysical constraints, bats are surprisingly flexible. In the 

second and third chapters of my dissertation, I investigate behavioral flexibility in food 

acquisition and the extent to which associations between prey and acoustic stimuli are 

learned and malleable. 

On the basis of acoustic cues alone, T. cirrhosus can discriminate palatable frogs 

from poisonous ones, and frogs that are small enough to eat from frogs that are too large 

to eat (Tuttle and Ryan 1981). In the second chapter of my dissertation I ask, are the 

associations that T. cirrhosus forms between prey cue (the frog calls) and expected prey 

quality (the frog’s palatability) fixed or are they flexible? If they are flexible, to what 

degree can they be redefined given novel reward contingencies? In a series of reversal 

experiments, I test the flexibility of the associations of T. cirrhosus for the calls of a 

preferred prey species, the túngara frog, P. pustulosus, and a toxic one, the marine toad, 

Bufo marinus. Results from the reversal learning tests demonstrate that T. cirrhosus is 

highly flexible in its ability to rapidly redefine prey-cue/prey-quality associations (Page 

and Ryan 2005). 

Given this flexibility, how are these associations formed? There are a number of 

non-mutually exclusive possibilities. A bat could have a fixed acoustic template: it could 

key in on certain frog calls because of sensory biases for specific call parameters. 

Alternatively, bats could learn largely by trial-and-error. As long as the bat’s interactions 
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with unpalatable frogs were not lethal, a bat could build a repertoire of prey-cue/prey-

quality associations via individual learning. 

Another method of acquiring novel prey-cue/prey-quality associations, however, 

is through social learning. Social learning can expand the foraging repertoire of a given 

individual and enhance predator foraging success without the time and risk often 

associated with trial-and-error learning (Galef 1995, Lefebvre and Giraldeau 1996, Galef 

and Giraldeau 2001). Time spent foraging can increase exposure to predators; if learning 

socially increases foraging efficiency, it could simultaneously decrease predation risk. 

Like many bats, T. cirrhosus form stable social groups. Bats are long-lived animals, and 

they often feed on temporally and spatially fluctuating resources. As such, it is likely that 

social learning is common in bats, but surprisingly, few studies have documented social 

learning in bat foraging behavior (Gaudet and Fenton 1984, Wilkinson 1992, 1995, 

Ratcliffe and ter Hofstede 2005). In the third chapter of my dissertation, I test for social 

learning in the frog-eating bat, T. cirrhosus. My results demonstrate that novel foraging 

behavior can be rapidly transferred from bat to bat. This is the first case to document 

predator social learning of an acoustic prey cue (Page and Ryan 2006). 

By understanding the ways in which an eavesdropping predator assesses and 

localizes prey cues, we gain a better understanding of the forces that shape prey signal 

evolution and the opposing selection pressures faced by sexually advertising prey. My 

doctoral research integrates results from three studies of foraging behavior to give 

insights into the roles of the sensory constraints and cognitive flexibility in predator 

foraging success. 
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Chapter 1: The effect of signal complexity on localization performance 

 

ABSTRACT 

The fringe-lipped bat, Trachops cirrhosus, uses frog mating calls to detect and locate its 

prey. The túngara frog, Physalaemus pustulosus, a preferred prey species of this bat, 

produces two types of sexual advertisement calls, simple and complex, and both female 

frogs and predatory bats prefer complex calls to simple ones. Complex calls differ from 

simple ones in that they contain chucks: short, broadband suffixes with distinct onsets 

and offsets, acoustic properties that should maximize binaural comparisons and facilitate 

localization. We investigated the hypothesis that frog-eating bats prefer complex túngara 

frog calls to simple ones because they find complex calls easier to localize. We tested 

bats in experimental conditions that mirror the conditions they encounter in nature: we 

broadcast túngara frog calls with and without background noise, and with and without 

intervening obstacles. We broadcast calls either continually during the hunting approach 

or only prior to the bat’s flight to mimic the condition in which frogs have detected an 

approaching bat and ceased calling. Bats showed a trend for better localization 

performance of complex calls than simple ones in all treatment conditions. Significant 

differences in localization performance were found in some but not all levels of 

localization task complexity. This study is the first to offer evidence that an 

eavesdropping predator shows better localization performance for a preferred signal 

variant of its prey. 
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1.1 INTRODUCTION 

In many species, males produce conspicuous advertisement signals to attract mates 

(Darwin 1859, 1871, Andersson 1994). Well known examples include the bright, 

colourful plumage of many male birds, the loud nightly choruses of male frogs, and the 

intense pheromonal displays of sexually advertising insects. Many predators and parasites 

eavesdrop on these sexual advertisement signals, and use them to locate their prey. This 

phenomenon is widespread across taxonomic groups and sensory modalities (reviewed in 

Zuk and Kolluru 1998). 

There has been extensive study of female mate choice based on variation in male 

sexual advertisement signals (reviewed in Kirkpatrick and Ryan 1991, Andersson 1994, 

Johnstone 1995), however, the preference of heterospecific eavesdroppers for one signal 

variant over another has received much less attention (but see Moodie 1972, Hass 1976, 

Endler 1980, Slagsvold et al. 1995, Wagner 1995, Lehmann et al. 2001, Rosenthal 2001, 

Bernal et al. 2006). Why would a predator prefer one signal variant over another within a 

prey species? Hypotheses fall into three categories that are not mutually exclusive: (1) 

prey quality: a specific signal variant may indicate higher quality, more profitable prey; 

(2) ease of capture: prey with a specific signal variant may be easier for the predator to 

detect, localize, or capture; and (3) sensory bias: the sensory system of the eavesdropper 

could be such that a particular signal variant is more excitatory than other signal variants, 

eliciting an increased predatory response. 

The fringe-lipped bat, Trachops cirrhosus, feeds on frogs and uses frog mating 

calls to detect and localize its prey (Tuttle and Ryan 1981). The túngara frog, 

Physalaemus pustulosus, is a preferred prey species of T. cirrhosus (Tuttle and Ryan 

1981). Male túngara frogs produce two types of sexual advertisement call, a simple call 

that consists of a frequency modulated sweep called a “whine”, and a complex call, 
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which consists of a whine plus one to six or seven suffixes termed “chucks” (Ryan 1985, 

Bernal et al. 2007; Fig. 1.1). Both female túngara frogs and frog-eating bats prefer 

complex túngara frog calls to simples ones (frogs: Rand and Ryan 1981, Gridi-Papp et al. 

2006); bats: Ryan et al. 1982). While there have been numerous studies investigating the 

sexual selection forces that shape females’ preference for calls with chucks (e.g., Ryan 

1985, Ryan et al. 1990, Ryan and Rand 2003a), it is not clear why bats share this 

preference. 
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a.

b.

 
Figure 1.1. Graphical depictions of P. pustulosus mating calls: (a) simple call, whine 
only; (b) complex call, whine plus three chucks. For each call, the waveform is shown 
above (with time on the x-axis and amplitude on the y-axis) and the spectrogram is shown 
below (with time on the x-axis and frequency on the y-axis). 
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Microchiropteran bats have a specialized ability to process echo information and 

devout a considerable amount of their brains to this function (Popper & Fay 1995). Even 

with specializations for echolocation, however, they are typically mammalian in their 

auditory processes (Pollak et al. 1995) and, like other mammals, they localize sound 

sources using binaural comparisons of the arrival times, sound pressure levels, and 

frequency spectrums of the sounds arriving at each ear (Popper & Fay 2005). Bat species 

that listen for prey-emitted acoustic cues compensate for their small heads by having 

large and elaborate pinnae which serve to amplify and increase the directionality of lower 

frequency sounds (Obrist et al. 1993, Popper and Fay 1995, Neuweiler 2000). T. 

cirrhosus is unusual among bats in its ability to detect very low-frequency sounds. Like 

other echolocating bats, T. cirrhosus is highly sensitive to ultrasonics of its own 

echolocation calls (50-100 kHz for T. cirrhosus, Barclay et al. 1981), and less sensitive to 

sounds of lower frequencies. Unlike other bats, behavioral audiograms show that T. 

cirrhosus has an additional sensitivity peak below 5 kHz, enhancing its detection of the 

low-frequency sounds that characterize anuran mating calls (Ryan et al. 1983). T. 

cirrhosus has three peaks of cochlear neuron density (two more than most mammals; one 

more than most other species of bat). The third peak is located in the apical portion of the 

cochlea, which is thought to detect low-frequency sounds (Bruns et al. 1989). As such, 

the auditory system of T. cirrhosus is likely specially adapted for frog call detection. 

The interaction of the acoustic structure of a signal and the auditory system of the 

receiver can constrain the receiver’s localization performance. Marler (1955) illustrated 

the convergence of signal structure and function in bird vocalizations. He observed that 

signals that should be under selection to be difficult to localize, such as the ‘seeet’ alarm 

calls produced by passerine birds to warn others of the threat of a nearby predator, tend to 

have acoustic properties that make them ventriloquial. Such signals tend to be tonal and 



 12

long in duration, to have indistinct onsets and offsets, and to lack segmentation. In 

contrast, signals that should be under selection to be easy to localize, such as the mobbing 

calls that both attract conspecifics to aid in predator deterrence and alert predators that 

they have been noticed, tend to be characterized by call properties that increase 

localizability. They consist of multiple components of short duration with fast rise and 

fall times and a broad frequency range. Marler also observed that because receivers 

integrate binaural comparisons of frequency, intensity, and arrival time, calls that have 

properties that maximize all three comparisons should be easiest to localize. He thus 

predicted that signals of greater complexity would be more easily localized than simple 

ones. 

Complex túngara frog calls differ from simple calls in that they contain chucks, 

broadband signals that are short in duration (~35 ms), have fast rise and fall times, and a 

rich harmonic structure (a fundamental frequency of approximately 250 Hz with up to 15 

harmonics, Ryan 1985; Fig. 1.1). These acoustic properties increase the information 

available from binaural comparisons and should increase localizability. Thus, it seems 

likely that T. cirrhosus prefer complex calls to simple ones because complex calls are 

easier for them to localize. This hypothesis, however, has never been tested. 

The ability to localize a sound source is a function of how well an individual is 

able resolve a spatial location given the spectral, temporal and intensity information 

present in a signal. Other factors also affect localization, however, including the extent to 

which the individual must focus on other tasks during localization, its level of motivation, 

selective attention, etc. Here we test the null hypothesis that the ability of a frog-eating 

bat to locate a túngara frog’s call does not vary with call complexity. Thus we measure 

the final output of all these factors, which we term localization performance and which 

we quantify by measuring the distance between the bat’s landing position and the call. 
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We predict that bats would show increased localization performance in response to 

complex calls compared to simple calls. In addition, we predict that this effect would be 

accentuated the more complex the localization task. 

We tested wild-caught bats in a large outdoor flight cage. We broadcast either 

simple or complex túngara frog calls from a speaker. Because we were eliciting natural 

predatory behavior, no training was required prior to testing; the bats approached the 

speaker as though they were approaching a calling frog. To quantify localization 

performance, we measured the distance between the bat’s landing position and the 

position of the speaker broadcasting the frog call. In addition, we quantified two 

additional variables that described the bat’s approach: latency to flight (time between the 

onset of the frog calls and when the bat flew from its perch) and approach time (time the 

bat circled the speaker before landing). 

We varied the complexity of the localization task by mimicking conditions bats 

encounter in nature. Túngara frogs commonly call from streams, ponds and puddles in 

open areas or in vegetation. When locating calling frogs in vegetation, bats typically 

increase their production of echolocation calls to detect intervening obstacles, and 

physically maneuver to avoid collisions. Evidence from experiments with pallid bats, 

Antrozous pallidus, suggests that there could be tradeoffs between actively producing 

echolocation calls and passively listening for prey-emitted acoustic cues (Barber et al. 

2003). To increase the complexity of the localization task, we mimicked the presence of 

vegetation in a hunting approach by conducting trials in which the bats were forced to 

navigate through an array of obstacles to reach the prey. This task should be not only 

perceptually difficult because the bat must process two streams of sensory information, 

but physically challenging because the bat must maneuver through obstacles in flight. 
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Túngara frogs can call alone, in small groups or in large choruses of up to several 

hundred individuals (Ryan 1985). In addition to the calls produced by the túngara frogs 

themselves, there are many other sources of noise in the forest at night: e.g., the sounds of 

rain, wind, insects, and other species of frog. Bats are faced with a variety of background 

noises from which they must detect and locate the advertisement calls of their prey. To 

simulate a noisy acoustic environment in the flight cage, we positioned speakers on either 

side of the bat at the perch and broadcast background noise in addition the frog calls. 

Calling frogs detect approaching bats using vision, and respond with evasive 

behavior (Tuttle et al. 1982, Jennions and Backwell 1992, Phelps et al. 2007). A frog that 

detects an approaching bat stops calling, deflates its vocal sac, submerges so that only the 

top of its head protrudes above the water surface, and if the threat continues, ultimately 

dives underwater. An approaching bat hears frog calls initially, but if the bat is detected, 

the entire chorus can become silent almost at once (Tuttle et al. 1982). To mimic these 

conditions, we conducted trials with two call presentation durations. In one, frog calls 

were broadcast continually from the speaker throughout the hunting approach, the case if 

the bat were able to approach a calling frog without the frog noticing. In the other, frog 

calls ceased as soon as the bat flew from its perch. In these trials, the bat was forced to 

remember the location it had last heard the frog calls and find its prey without additional 

cues. 

By varying the localization tasks as outlined above, we presented bats with tasks 

that differed in levels of complexity. Each localization task likely required a distinct set 

of perceptual and cognitive skills. We did not know which localization tasks would be 

perceived as more difficult than others by the bats. By quantifying errors in localization 

performance, however, we were able to assess the effect of variation in experimental 

complexity on the difficulty of the localization task. The objective of our study was to 
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assess whether frog-eating bats showed differences in localization performance for 

simple and complex túngara frog calls in localization tasks that mimic what the bats 

encounter in nature. 

1.2. METHODS 

Eleven adult T. cirrhosus were captured in mist nets set along streams and near small 

ponds on Barro Colorado Island (BCI), Panama from March to June 2004. Bats were held 

and tested in a large outdoor flight cage (4.5 m x 4.5 m x 2.5 m) on BCI. Tests were 

conducted from approximately 1900 to 0300 hours each night over the course of 2 to 3 

nights. Following testing, each bat was returned to the location that it was originally 

captured and released. For long-term individual identification and to avoid multiple 

testing of the same individual, we injected each bat with a subcutaneous passive 

integrated transponder or PIT tag (Trovan, Ltd.). Each transponder has a unique 

alphanumeric code that can be read with a handheld transponder reader. Subcutaneous 

transponders are nearly painless to insert and have proven superior for marking T. cirrhosus 

and other similar sized bats, which can be harmed by wing bands or necklaces (E.K.V. 

Kalko, personal communication). All experiments were licensed and approved by the 

Smithsonian Tropical Research Institute and the University of Texas at Austin (IACUC 

#04113002). 

 

Experimental arena 

We positioned a perch in one corner of the flight cage. The bat began each trial from this 

fixed location. In the opposite corner of the flight cage, we placed a 1.5 m x 1.5 m screen, 

4 m from the perch (Fig. 1.2). The screen was elevated to the height of a speaker box 

such that we could position speakers underneath the screen. In addition to the active 



 16

speaker, dummy speakers were positioned underneath the screen, and the positions of all 

speakers were varied randomly between trials to ensure that the bat’s approach to the 

speaker was associated with the acoustic stimulus broadcast from the speaker and not 

with the location of the speaker or with properties of the speaker itself. To conceal the 

speakers, the screen was covered in leaf litter. 

 

 

 
Figure 1.2. Diagram of localization performance testing arena (not to scale). The bat 
began each trial on a perch in one corner of the arena, the screen was positioned in the 
opposite corner. Underneath the screen were several dummy speakers and a single active 
speaker that broadcast either simple or complex túngara frog calls. In noise trials, two 
additional speakers positioned on either side of the bat at the perch broadcast white noise. 
In obstacle trials, five rows of obstacles were positioned between the perch and the screen 
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(only three rows are shown here). Frog calls were either broadcast continually as the bat 
approached the speaker or ceased when the bat left the perch. 

 

The flight cage was illuminated with a Sony HVL-IRH2 infrared light and a 25-

watt red light bulb. The bat’s initial flight was recorded with a Sony NightShot DCR-

TRV340 camcorder focused on the bat at the perch. The bat’s approach to the speaker 

was recorded with a Panasonic WV-BP330 video camera fixed to the ceiling of the flight 

cage and focused on the leaf litter screen below. From the video footage, we measured 

(1) latency to flight: time from the onset of the frog calls to the bat’s flight from its perch; 

(2) duration of approach: time the bat spent circling the screen before landing; and (3) 

approach distance: the distance between the location the bat first landed on the screen and 

the location of the speaker broadcasting frog calls. 

 

Food rewards 

Bats responded to frog calls only when motivated to feed, thus we limited the bats’ food 

intake during testing by only rewarding trials intermittently. In non-reward trials, we 

placed nothing on the speaker. In reward trials, we placed small fish (frozen, then 

thawed) on the speaker. To ensure that the bat approached the speaker in response to the 

frog calls and not in response to the reward, multiple rewards were placed in random 

positions on the leaf litter screen. Trials were conducted in 5 to 15 min intervals only 

when bats were motivated to feed. 

 

Frog calls 

Twenty pairs of natural túngara frog calls were used as the acoustic stimuli. For each pair 

of trials, we used a simple call (whine only) and a complex call (whine plus three chucks) 
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from the same male frog (Fig. 1.1). Calls were recorded by M. J. Ryan in July 1996 in 

Gamboa, Panama with a Marantz PMD 420 cassette recorder and a Sennheiser ME 80 

microphone with K3U power module. These calls were also used in the study of Ryan 

and Rand 2003b. 

Calls were broadcast from a Dell Inspiron 8100 computer, a SA-150 Realistic 

amplifier, and 40-1040 Radio Shack speakers. Calls were broadcast at 75 dB SPL (re. 20 

µP) at a distance of 1 m from the speaker to approximate the natural call intensity of P. 

pustulosus in the wild. Calls were either broadcast continually as the bat approached the 

sound source or ceased when the bat left its perch. Calls were broadcast at the natural call 

rate of P. pustulosus: 1 call every 2 seconds (Ryan 1985). The screen under which the 

speakers were concealed was marked in 10 cm intervals in the x and y dimensions. Each 

speaker position corresponded to a specific (x,y) coordinate on the screen, and speaker 

coordinates were assigned with a random number generator (Microsoft Excel 2003). We 

also used a random number generator to determine which of the 20 frog call pairs to use 

for a given pair of trials, and to determine the order of stimulus presentation. 

 

Environmental complexity 

Trials were conducted in one of three levels of environmental complexity: (1) A control 

condition with no obstacles and no background noise. (2) A noise condition in which 

white noise from 0 to 22 kHz was broadcast in addition to the frog calls. Noise was 

broadcast from two speakers positioned on either side of the bat at the perch (Fig. 1.2) at 

a signal-to-noise ratio of 6 dB. The center of each speaker was positioned at the height of 

the bat’s pinnae. Because experiments were conducted in an outdoor flight cage, an 

additional low level of natural background noise was present in all trials. (3) An obstacle 



 19

condition in which five rows of wooden dowel rods, each 2 cm in diameter, were 

positioned between the bat’s perch and the leaf litter screen. Obstacles extended from the 

ceiling to the floor of the flight cage and were spaced 40 cm apart, the average wing span 

of a T. cirrhosus. A study of phyllostomid bats of similar size and wing morphology 

(Lophostoma silvicolum) found that bats were able to maneuver obstacles spaced one 

wing length apart with few collisions (Stockwell 2001). We offset one row of obstacles 

from the next, such that obstacles in rows 1, 3, and 5 were positioned at the midpoint of 

the distance between obstacles in rows 2 and 4 (Fig. 1.2). Obstacles were attached by 

hooks to lines that stretched diagonally across the ceiling of the flight cage, so that the 

obstacles could be repositioned between trials to minimize spatial learning by the bats. 

The spacing between obstacles was maintained for all trials, but the exact location of the 

obstacles along the ceiling lines varied between trials. 

Pilot tests showed that bats did not consistently approach and land on the screen 

when confronted simultaneously with obstacles and noise in the experimental conditions 

described above (Page and Ryan, unpublished data). Because our measure of localization 

performance required that the bats land on the screen, we did not test the bats 

simultaneously with obstacles and noise. 

For each of the 12 treatment combinations (2 call types x 2 call durations x 3 

levels of environmental complexity), we conducted 1 to 10 trials per bat. For analysis, we 

used the mean for all trials in a treatment for each individual bat. We used a random 

number generator (Microsoft Excel 2003) to determine the order of treatment 

presentation.  
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Statistical analysis 

Due to logistical constraints, not all bats were tested in all 12 treatment combinations. In 

order to be able to use data from all bats despite missing data points, we used a mixed 

model (Singer 1998) rather than a repeated measures analysis of variance (ANOVA) to 

compare response scores for the three treatment types: call type (simple or complex), 

presentation duration (continuous or only prior to flight), and environmental complexity 

(control, noise, or obstacles). We clustered the analysis by bat by using bat as a random 

factor and call type, presentation duration, and environmental complexity as fixed factors. 

In this mixed-model design, different treatment cells had different sample sizes and the 

degrees of freedom were not constant across cells. This mixed-model analysis pools 

degrees of freedom across cells and uses Sattherthwaite’s formula (Littell et al. 1996) to 

calculate combined degrees of freedom; for this reason, the degrees of freedom 

associated with the error terms reported below are not whole numbers.  

To test the hypothesis that localization differences for simple and complex calls 

are accentuated with increasing localization task complexity, we used a Spearman rank 

correlation to examine whether the mean localization performance in each treatment type 

predicted the difference in mean localization performance for simple and complex calls. 

We conducted a mixed-model analysis for each of the three dependent variables 

tested: (1) approach distance, (2) latency to flight, and (3) duration of approach. Planned 

contrasts were conducted post hoc to investigate the central question of the study: does 

localization performance (approach distance) differ with call complexity?  

To test whether the presence of a food reward affected the bat’s approach, we 

used paired t tests to compare response scores in trials with and without rewards. All 

statistical tests were conducted in SPSS 15.0. 
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1.3. RESULTS 

Dummy speakers and food rewards 

Bats never approached dummy speakers and never found rewards that were not placed 

directly on top of a speaker broadcasting frog calls. We compared trials with and without 

rewards on the speaker and found no difference in distance of approach to the speaker 

(paired t test: t10 = 0.503, p = 0.626), latency to flight (paired t test: t10 = 0.912, p = 

0.383), or time of approach (paired t test: t10 = 0.151, p = 0.883). Results from paired t 

tests were confirmed with Wilcoxon signed ranks tests. These results confirm results 

from pilot tests that intermittent reinforcement does not affect localization performance. 

Our results also confirm evidence from earlier studies that T. cirrhosus relies primarily on 

prey-emitted acoustic cues for prey localization (Tuttle and Ryan 1981, Ryan et al. 1982), 

and not on other sensory cues associated with its prey. 

 

Distance of approach 

Bats landed significantly closer to speakers that broadcast complex calls compared to 

simple calls (mixed-model: F1,71.585 = 11.472, p = 0.001). They also localized the 

speakers broadcasting calls less accurately if the call ceased prior to flight, in contrast to 

trials in which frog calls were broadcast continually during the hunting approach (mixed-

model: F1,71.585 = 250.125, p < 0.001). Bat localization performance decreased with 

increased environmental complexity: the addition of background noise and obstacles 

(mixed-model: F1,48.04 = 5.975, p = 0.005). There were no interaction effects for approach 

distance. Differences in localization performance between simple and complex calls did 

not increase with increasing localization task complexity (Spearman rank correlation: rS 
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= 0.143, N = 6, P = 0.787). Distance measures for all treatments types are summarized in 

Fig. 1.3 and Fig. 1.4. 

 

Latency to flight 

Bats initiated flight more quickly in response to complex calls than to simple calls 

(mixed-model: F1,46.206 = 9.630, p = 0.003). There was no effect of environmental 

complexity on latency to flight (mixed-model: F2,53.754 = 2.028, p = 0.142). There was a 

non-significant trend for bats to start flying sooner in response to continuously broadcast 

calls than in response to calls broadcast only prior to flight (mixed-model: F1,46.206 = 

4.048, p = 0.053). There were no interaction effects for flight latency. 

 

Duration of approach 

There was no effect of call type (mixed-model: F1,40.181 = 0.185, p = 0.669) or 

environmental complexity (mixed-model: F2,39.281 = 0.531, p = 0.593) on the duration of 

the bats’ approach. Bats approached the speaker more quickly when calls were broadcast 

continuously than when calls were broadcast only prior to flight (mixed-model: F1,40.181 = 

5.880, p = 0.02). There were no interaction effects for approach duration. 

 

Post hoc tests 

Planned contrasts were conducted to investigate whether there were differences in 

localization performance as a function of call type. We used paired sample t tests to 

conduct six pairwise comparisons. Results from the paired sample t tests were confirmed 

with Wilcoxon signed ranks tests. We found that when the localization task was simple, 

there was no difference in localization performance (distance of approach) for simple 
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versus complex calls (for calls broadcast continuously with no obstacles and no noise, 

paired t test: t10 = 1.214, p = 0.253, Fig. 1.3a; for calls broadcast continuously with 

obstacles, paired t test: t9 = 1.760, p = 0.112, Fig. 1.3b). For intermediate levels of 

complexity, we found significantly better performance for complex calls in some 

treatment types (for calls broadcast continuously with noise, paired t test: t6 = 7.321, p < 

0.001, Fig. 1.3c; for calls broadcast only prior to flight with no obstacles and no noise, 

paired t test: t9 = 2.511, p = 0.033, Fig. 1.3d; for calls broadcast only prior to flight with 

obstacles, paired t test: t9 = 2.963, p = 0.016, Fig. 1.3e) but not in others (for calls 

broadcast only prior to flight with noise, paired t test: t7 = 0.692, p = 0.511, Fig. 1.3f). 
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Figure 1.3. Bat localization performance in response to simple and complex túngara frog 
calls. On the y-axis is the mean distance ± standard error between the bat’s landing 
position and the speaker (cm). White bars (□) indicate response to simple calls, black bars 
(■) indicate response to complex calls. Note the difference in the scales on the y-axes for 
calls broadcast continuously (a-c) and for calls broadcast only prior to flight (d-f). 
Asterisks indicate significant differences in localization performance. 

 

1.4. DISCUSSION 

Bats showed better localization performance for complex túngara frog calls than for 

simple ones in some but not all localization tasks. In no cases did the bats more 



 25

accurately locate simple calls compared to complex calls. When the localization task was 

simple (when more experimental variables were controlled), bats were equally proficient 

at localizing simple and complex túngara frog calls. When the localization task was most 

complex (both noise and obstacles present), bats did not respond to frog calls by landing. 

In levels of intermediate complexity, however, there was always a trend for better 

localization performance of complex calls than simple ones; these differences were 

significant in three of the treatments tested (Fig. 1.3, Fig. 1.4). 
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Figure 1.4. Summary of localization performance. Trial types are listed in approximate 
order of increasing task complexity. Bats did not consistently land on the speaker when 
noise and obstacles were presented simultaneously; for these trials no localization 
performance measure was scored. 

 

Within tasks of intermediate complexity, differences in localization performance 

for simple and complex calls did not increase with increasing localization task 
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complexity. This is not surprising because the methods we used to increase the 

complexity of the localization task likely interfere with localization in different ways. 

Navigating through an obstacle course employs different physical and cognitive skills 

than picking a frog call out from background noise or remembering the location of a 

sound source once the call has ceased. 

As expected, bats spent more time circling the screen and had increased durations 

of approach when calls were ceased at the perch; bats flew more directly to the speaker 

when calls were broadcast continually. Bats had shorter latencies to flight in response to 

complex calls than in response to simple ones. This likely reflects their preference for 

increased call complexity (Ryan et al. 1982). 

Our study demonstrates that bat localization performance varies with call 

complexity. While there has been extensive study of the localizability of avian and 

mammalian alarm calls (Konishi 1973, Klump and Shalter 1984), to our knowledge this 

is the first study to demonstrate that eavesdropping predators show better localization 

performance for certain prey advertisement signals over others. 

Marler (1955) was the first to observe that signal structure often reflects signal 

function. His observations have since been confirmed experimentally. Brown (1982) 

found that great horned owls, Bubo virginianus, and red-tailed hawks, Buteo jamaicensis, 

show increased orientation accuracy in response to passerine mobbing calls (that should 

be under selection to be localizable) compared to passerine ‘seeet’ alarm calls (that 

should be under selection to be difficult to localize). These results were confirmed by 

Jones and Hill (2001) in a localization study of passerine ‘seeet’ and mobbing calls with 

eight raptor species: broad-winged hawk, B. platypterus, red-tailed hawk, B. jamaicensis, 

American kestrel, Falco sparverius, common caracara, Caracara cheriway, barn owl, 

Tyto alba, great-horned owl, Bubo virginianus, barred owl, Strix varia, and eastern 
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screech owl, Otus asio. Wood et al. (2000) found that the predatory Australian brown 

falcon, F. berigora, and two potential prey species, the New Holland honeyeater, 

Philidonyris novaehollandiae, and noisy miner, Manorina melanocephala, all localize 

broadband mobbing and distress calls well, but localize tonal aerial alarm calls poorly. 

Evidence from other taxa suggests that alarm calls produced in situations in which prey 

seek to warn conspecifics but avoid detection by predators have acoustic properties that 

make them difficult to localize (e.g., white-faced capuchins, Cebus capucinus (Digweed 

et al. 2005); chickens, Gallus gallus (Bayly and Evans 2004)). 

The congruence between signal structure and function can have negative effects 

on the sender if eavesdroppers attend to signals that are not intended for them. In the case 

of predators that eavesdrop on the sexual advertisement signals of their prey, conspicuous 

advertisement signals have the unintended effect of making the signaler vulnerable to 

predation. If complex túngara frog calls had evolved to be easily localizable by females, a 

negative by-product of this acoustic adaptation is that bats are better able to localize these 

calls as well. There is currently no data, however, to suggest that female túngara frogs 

localize complex calls better than simple ones. Ryan (1985) quantified the approaches of 

female túngara frogs to speakers broadcasting simple and complex calls but found no 

difference in the directionality or the length of their paths to the sound source. This study 

was conducted in a simple acoustic environment, without the background noise or 

obstacles commonly present in nature. Further investigation is necessary to fully evaluate 

the effect of call complexity on female localization performance in the túngara frog. 

Fringe-lipped bats are not alone in eavesdropping on the túngara advertisement 

call. Parasitic flies of the genus Corethrella also orient to túngara calls. When flies locate 

a calling male, they crawl along the back of the frog to its nose, and take a blood meal 

from its nostrils (Bernal et al. 2006). Like female túngara frogs and frog-eating bats, 
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Corethrella flies are preferentially attracted to complex calls over simple ones. When 

tested for localization performance, however, the flies showed equal proficiency at 

locating simple and complex calls (Bernal et al. 2006). 

The parasitoid tachinid fly, Ormia ochracea, is another eavesdropper that prefers 

specific signal variants over others within a host species. Female Ormia flies orient to the 

calls male field crickets, Gryilus lineaticeps, produce to attract females, and deposit their 

larvae on or near the calling males. Both female flies and female crickets orient to the 

males’ calls, and both are preferentially attracted to signals with higher chirp amplitudes, 

higher chirp rates, and longer chirp durations (Wagner 1996). When tested for 

localization performance, however, parasitoid flies were able to localize the multiple 

signal variants of their hosts equally well (Müller and Robert 2002). 

Localization performance depends on both the signal itself and the auditory 

system of the receiver. Signals that are easily localizable for one group of organisms may 

not be easily localizable to another (Klump and Shalter 1984, Klump et al. 1986). In the 

case of parasitoid Ormia flies, females have evolved an extraordinarily specialized ear 

that is unlike the ears of closely related flies, and is instead convergent with the ear 

morphology of their cricket hosts (Robert et al. 1992). In the case of túngara frogs, 

parasitic Corethrella flies, and frog-eating bats, the three receivers have very different 

auditory systems. While each receiver prefers complex calls to simple ones and uses the 

túngara frog call as a locational cue to find the male frog, the three receivers have distinct 

ear morphologies, and different mechanisms for sound localization (frogs: Narins 1990, 

Gerhardt and Huber 2002; flies: Robert et al. 1992, Römer and Tautz 1992, Greenfield 

2002; bats: Popper and Fay 1995, Brown and May 2005). It is thus not surprising that the 

increased duration, energy, and frequency found in complex calls compared to simple 

ones may increase call localizability for some receivers but not for others. 
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Females across taxonomic groups tend to prefer mates with advertisement signals 

that are louder, brighter, longer and in other ways more complex (Ryan & Keddy-Hector 

1992). Eavesdropping predators and parasites could share preferences for increased 

signal complexity for a variety of reasons. Hypotheses include: (1) prey/host quality: 

complex signals indicate better quality prey/hosts, (2) ease of capture: complex signals 

could indicate prey/hosts that are easier to capture, e.g., because they are in an 

aggregation, because they are more distracted and less vigilant to predators/parasites, etc., 

(3) sensory bias: the sensory systems of the receiver are tuned such that complex signals 

are more excitatory, easier to detect, or easier to localize. These hypotheses fall into two 

general categories: active selection of prey (hypotheses 1 and 2) and passive selection of 

prey (hypothesis 3). Goerlitz and Siemers (2007) propose that a predator’s sensory biases 

form an initial filter in prey selection. Among all the choices of possible prey, predators 

choose prey to which their sensory systems are best tuned (passive prey selection). 

Within this subset of prey, predators actively chose profitable prey, i.e., they make 

optimal foraging decisions (Stephens & Krebs 1986). 

In túngara frogs, a study of calling behavior in nature found no support for the 

prey/host quality hypothesis (Bernal et al. 2007). No correlation was found between frog 

mass, length, or body condition and the propensity to produce complex calls. This study 

did find that call complexity was correlated with prey/host density. The number of males 

within 1 meter of a focal male was correlated both with the mean number of chucks and 

the proportion of complex calls produced by that male in a call bout (Bernal et al. 2007). 

Thus, complex calls signal a higher density of prey/hosts, which could mean an easier 

meal for a predator or parasite, be it a frog-eating bat or a blood-sucking fly.  

Our study demonstrates that in certain conditions bats show better localization 

performance for complex túngara frog calls than simple ones. While this study does not 
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rule out other possibilities, it supports the hypothesis that bats prefer complex calls 

because they find them easier to localize. There are numerous examples of eavesdropping 

parasites and predators that home in on the sexual advertisement calls of their hosts/prey 

(Zuk & Kolluru 1998), but there are few cases in which parasites or predators prefer one 

signal variant to another within a host/prey species, and none that we know of in which 

the parasite or predator finds the preferred signal variant more localizable. While it is a 

plausible hypothesis that eavesdropper preferences are a function of the increased 

localizability often associated with signal complexity, this is the first case we know of in 

which an eavesdropping predator is preferentially attracted to a signal variant of its prey 

that it is better able to localize. 

 

 

ACKNOWLEDGMENTS 

We are grateful to H.-U. Schnitzler and A. Denzinger for suggesting the use of the leaf 

litter screen and for helpful discussion. X.E. Bernal, G.M. Klump, H. Römer, and A. 

Schaub offered valuable comments on experimental design. We thank M. Mahometa and 

S. Smith help with statistical analysis and K. Schlegel for her drawing of the 

experimental arena. We are grateful to N. Cooper, C. Jones, K. Miller, and E.A. Snider 

for field assistance and to A. Shah, R. Shah, S. Sharma, and C. Ting for help with video 

analysis. The Smithsonian Tropical Research Institute, and the staff on Barro Colorado 

Island in particular, offered critical logistical support. This work was funded by a short-

term Smithsonian Tropical Research Institute fellowship award to R.A.P. 



 31

Chapter 2: Flexibility in the assessment of prey cues 

 

ABSTRACT 

Predators use cues associated with their prey to assess prey quality and to avoid 

consuming poisonous prey. Considerable attention has been given to predators’ use of 

aposematic cues to assess prey quality, but little is known about predators that eavesdrop 

on prey cues that are not intended for them. Here we investigate the prey-cue/prey-quality 

associations of a predator that eavesdrops on the sexual advertisement signals of its prey. 

Stability is expected in prey-cue/prey-quality associations when mistakes in prey 

assessment are lethal. Conversely, flexibility is possible when mistakes are less costly. 

Predators that must respond to temporal and spatial fluctuations in prey availability 

should be more flexible in their assessment of prey quality. Given these predictions, we 

examined flexibility in the ability of wild-caught bats to reverse prey-cue/prey-quality 

associations for a preferred prey and a poisonous one. We found that the predatory bat, 

Trachops cirrhosus, has a heretofore undescribed ability to reverse its evaluations of the 

cues that signal preferred prey. 

 

2.1. INTRODUCTION 

It is critical that predators do not eat poisonous prey. Towards this end, predators use the 

cues of their prey to assess prey palatability. The most striking case is aposematism, in 

which unpalatable prey have evolved conspicuous cues to warn predators of their 

distastefulness. Many studies of aposematism have investigated predators’ associations of 

prey cue and prey quality (Guilford 1988, Endler 1991, Schuler and Roper 1992, Speed 
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2000, Sherratt 2002). In comparison, little attention has been given to the associations of 

predators that eavesdrop on the signals of their prey. In contrast to the case of 

aposematism, eavesdropping predators use prey cues that are not intended for them. 

These cues can be incidental, such as movement of the prey through leaf litter. For 

example, barn owls, Tyto alba (Payne 1971), Indian false vampire bats, Megaderma lyra 

(Marimuthu and Neuweiler 1987), and African heart-nosed bats, Cardioderma cor (Ryan 

and Tuttle 1987), all localize prey using such sounds. Prey-localization cues can also be 

deliberately produced by the prey, such as sexual advertisement signals. For example, the 

clerid beetle, Thanasimus formicarius, is attracted to the pheromones of its prey, the bark 

beetle, Ips typographus (Hansen 1983); the Photuris firefly is attracted to light signals of 

its prey, the Photinus firefly (Lloyd and Wing 1983); the Mediterranean house gecko, 

Hemidactylus tursicus, is attracted to the calls of its prey, the decorated cricket, Gryllodes 

supplicans (Sakaluk and Belwood 1984). In the case of predators eavesdropping on 

advertisement signals, prey are faced with opposing selection pressures acting on 

different components of fitness. To attract mates they must be conspicuous to them, but 

to survive they should be inconspicuous to predators. This conundrum is well known in 

the frog-eating bat, Trachops cirrhosus, and its anuran prey, the túngara frog, 

Physalaemus pustulosus (Ryan et al. 1982), and is widespread among taxa and sensory 

modalities (Zuk and Kolluru 1998). 

The selection pressure exerted by eavesdropping predators on their sexually 

advertising prey is critical to the dynamics of sexual selection, yet it cannot be fully 

understood without investigating the stability of predators’ associations between prey cue 

and prey quality. There are many possibilities for the formation of such associations: for 

example, they can have a strong genetic basis, they can be learned through a particular 
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formative experience and then fixed, or they can be plastic throughout the lifetime of the 

predator. 

There are several cases of predators that show a strong genetic component in 

feeding responses. Newborn garter snakes, Thamnophis elegans, from a coastal 

population sympatric with slugs but allopatric with leeches, readily fed on slugs and 

showed strong feeding responses to slug chemosensory cues. Newborn snakes from an 

inland population allopatric with slugs but sympatric with leeches (which are similar to 

slugs in their chemosensory cues but unpalatable), refused to eat slugs and showed no 

response to slug chemosensory cues (Arnold 1977, 1980). Similarly, the turquoise-

browed motmot, Eumomota superciliosa, showed innate aversion to coral snake colors 

and patterns (Smith 1975). Hand-reared motmots, taken from the nest as hatchlings, flew 

to the opposite corner of test cages and produced alarm notes when presented with 

wooden models with patterns of yellow and red rings, but readily attacked snake models 

with patterns of green and blue rings or red and yellow stripes. Several studies show that 

domestic chicks, Gallus gallus domesticus, also have an innate aversion to colors found 

in aposematic prey but not to other colors (Schuler and Hesse 1985, Roper and Cook 

1989, Gamberale-Stille and Tullberg 2001). Thus there are many cases in which 

predators are born with adaptive associations between prey cues and prey quality. 

Associations between prey cue and prey quality can also be acquired and 

mediated through learning, as many predators form such associations through their 

experience with prey. For example, learned associations can be instilled by a particular 

formative experience, such as extreme illness following the ingestion of unpalatable prey 

(for example, Brower et al. 1967: jays and butterflies). Such learning tends to be rapid 

and can take place even if there is a long interval between the ingestion of the prey and 

the negative experience (Garcia et al. 1955). Selection for predator flexibility can lead to 
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a predator’s ability to redefine prey-cue/prey-quality associations easily, and to alter prey 

assessment decisions throughout life.  

The degree of flexibility of predator associations can have a profound effect on 

the evolution of prey cues. Considerable attention has been given to the effect of 

predators on prey cues, particularly in studies of visual aposematism. In most cases, 

however, studies have been theoretical or conducted solely with laboratory animals, and 

actual measures of predator response to variation in prey cues have been lacking. A 

recent study of predator response to prey warning cues found that predators learned less 

quickly than has been assumed in the theoretical models (Rowe et al. 2004), stressing the 

importance of documenting flexibility with real predators. In this study, we test predator 

flexibility in an eavesdropping predator, T. cirrhosus. 

The frog-eating bat, T. cirrhosus, uses species-specific anuran mating calls to 

detect and locate prey, and to assess prey quality (Tuttle and Ryan 1981). It exhibits a 

strong preference for the calls of palatable species over poisonous ones (Tuttle and Ryan 

1981). Specifically, T. cirrhosus show a strong preference for the calls of its preferred 

prey, the túngara frog (P. pustulosus), over the calls of local poisonous species (Tuttle 

and Ryan 1981). The bats also generalize these preferences to novel frog calls: given the 

calls of two novel species, the bats will preferentially approach calls that sound to 

humans more like resident palatable frogs over calls that sound more like resident 

poisonous frogs (Ryan and Tuttle 1983). 

Several factors suggest that T. cirrhosus is specially adapted for frog predation. 

Like other echolocating bats, T. cirrhosus is highly sensitive to ultrasound and less 

sensitive to sounds of lower frequencies. Unlike other bats, T. cirrhosus shows an 

additional sensitivity peak below 5 kHz, making it sensitive to the low-frequency sounds 

that characterize anuran mating calls (Ryan et al. 1983). T. cirrhosus has three peaks of 
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cochlear neuron density (two more than most mammals; one more than most other 

species of bat). The third peak is located in the apical portion of the cochlea, which is 

thought to detect low-frequency sounds (Bruns et al. 1989). In addition to its unusual 

low-frequency hearing, T. cirrhosus has unique salivary glands that may serve to 

neutralize toxins to allow the consumption of anuran prey (Tandler et al. 1997). 

Although T. cirrhosus appears to be specialized for the detection and consumption 

of anuran prey, T. cirrhosus is an opportunistic forager, feeding on many species of 

insects, frogs, and lizards. The ability to eat prey items other than túngara frogs is not 

surprising: túngara frogs are seasonal breeders. The interaction between the unique 

sensory adaptations of T. cirrhosus on the one hand and its wide foraging breadth on the 

other raises a number of interesting questions. Given the consistency of prey cue-quality 

associations by T. cirrhosus, its generalization of these associations to novel acoustic 

stimuli, and its specialized adaptations for frog consumption, it seems likely that 

associations between prey cue and prey quality in this predator would be fixed. Here we 

ask, given the task of assessing prey quality, how flexible are the associations 

eavesdropping predators form between prey stimulus and prey quality? 

Reversal studies are one means to quantify this type of behavioral flexibility 

(Pavlov 1928, Bitterman 1972). In a reversal study, responses to one stimulus (A) are 

rewarded while those to another stimulus (B) are not (A+/ B–). When preference for A 

over B is established, the rewards are reversed, such that B is rewarded and A is not (A–

/B+). The experimenter measures latency for the subject to reverse its preference: to now 

prefer B over A. Reversal learning has been demonstrated in a wide variety of taxa 

including mammals, birds, reptiles, fish, and insects (Bitterman 1975, Davey 1989). In 

most of these studies, the experimenter does not reverse a pre-existing preference, but 
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rather establishes and then reverses a preference in the laboratory, usually with novel, 

arbitrary stimuli with which the subject has had no experience. 

Although numerous laboratory studies have shown that learned preferences can be 

reversed, it is difficult to extrapolate from these studies to the wild. In our study we test 

flexibility in the predatory bat, T. cirrhosus, in response to natural stimuli that have most 

likely been reinforced in the wild for the individual’s entire lifetime, as well as during the 

species’ past evolutionary history. We use reversal experiments to assess plasticity in 

prey-cue/prey-quality associations to the calls of two potential prey species: the palatable 

túngara frog, P. pustulosus, and the poisonous marine toad, Bufo marinus (Chen and 

Kovarikova 1967, Bagrov et al. 1993). We assess the initial response of wild-caught bats 

to frog calls and toad calls, and then conduct a series of conditioning tests to reverse the 

initial response. Our results show flexibility in predator ability for prey-cue/prey-quality 

reversal. 

 

2.2. MATERIALS AND METHODS 

Experiments were conducted on Barro Colorado Island, Panama, from February to May, 

2003. Bats were captured in mist nets set along streams and near ponds and were tested in 

a 4.5 m x 4.5 m x 2.5 m outdoor flight cage. Calls of P. pustulosus and B. marinus were 

broadcast from a Dell Inspiron 8100 laptop computer, a SA-150 Realistic amplifier, and 

40-1040 Radio Shack speakers. Calls were broadcast at 75 dB SPL (re. 20 µP) at a 

distance of 1 m from each speaker, to approximate typical intensities of P. pustulosus and 

B. marinus calls in the wild. 

Ten bats were tested in total, and each was tested individually. In each trial, the 

bat began at a perch in a fixed position in one corner of the flight cage. In single speaker 
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tests, the speaker was concealed beneath a 1.5 m x 1.5 m screen covered in leaf litter and 

situated on the side of the flight cage opposite the perch. In two-speaker choice tests, 

each speaker was concealed beneath a separate 1.5 m x 1.5 m screen covered in leaf litter, 

and the two screens were situated in opposite corners of the flight cage. The bat’s flight 

to the speaker was videotaped with two cameras. The first video camera (Sony DCR-

TRV340) was focused on the bat at the perch, and was used to measure flight latency: the 

time between the onset of the acoustic stimulus and the bat’s flight from its perch. The 

second video camera (Panasonic WV-BP330) was fixed to the ceiling of the flight cage, 

and was used to record the bat’s approach to the speaker. Tests were conducted in near 

darkness, with a Sony HVL-IRH2 infrared light to illuminate the bat at the perch and a 

25-watt red light bulb to illuminate the bat’s approach to the speaker for the video camera 

recording from above. We defined phonotaxis as flight to and landing on a speaker. 

Because frogs are protected on Barro Colorado Island, small bait fish were 

purchased, frozen, thawed, and offered as food rewards on the speakers. The bats readily 

accepted fish as food rewards. We carefully regulated the bats’ food intake and tested 

only when the bats were sufficiently hungry to be motivated.  

 

Controls for experimental design 

In trials conducted with rewards, multiple rewards were placed in random positions on 

the leaf litter screens as well as on each speaker, to ensure that the bat approached the 

speaker in response to the acoustic stimuli presented and not in response to olfactory, 

echolocation, visual, or other possible cues associated with the reward. In addition to the 

speaker broadcasting the frog or toad calls, several dummy speakers were positioned 

under the screens, and all speakers were repositioned between trials. This ensured that the 
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bat’s approach to the speaker was associated with the acoustic stimulus broadcast from 

the speaker and not with the location of the speaker or with properties of the speaker 

itself. Speakers were interchanged between trials to control for potential speaker biases, 

and in two-speaker tests the presentation of the acoustic stimuli was alternated between 

sides to control for potential side biases. The screens under which the speakers were 

concealed were marked in 10 cm intervals in the x and y dimensions. Each speaker 

position corresponded to a specific (x,y) coordinate on the screen, and speaker 

coordinates were assigned with a random number generator using Microsoft Excel. In all 

tests, speakers were repositioned randomly between trials. 

 

(a) Initial tests 

Once a bat was captured, we tested its initial responses to frog and toad calls. All tests 

were conducted in approximately 15 min intervals only when bats were motivated to 

feed. No food rewards were offered in the initial tests. 

 

Preference tests.  In preference tests, we tested the null hypothesis that bats show no 

preference for one acoustic stimulus over the other. We simultaneously broadcast calls 

from two speakers positioned a minimum of 2 m apart. One speaker broadcast frog calls 

and one speaker broadcast toad calls. The calls were broadcast for a maximum of 60 s or 

until the bat landed on a speaker, whichever came first. We recorded a choice when the 

bat flew to and landed on one of the two speakers. We conducted three initial preference 

tests. 
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Recognition tests.  It is possible to prefer one stimulus to another when presented with 

both (preference), but to respond to the less preferred stimulus in the absence of the 

preferred stimulus. We thus conducted tests to determine whether the calls presented 

simultaneously in the preference tests were recognized as cues signaling prey when 

presented in isolation (recognition). We tested the null hypothesis that there would be no 

difference between recognition of the test stimulus and recognition of a silent speaker. 

We broadcast either frog or toad calls from a single speaker for a maximum of 30 s or 

until the bat landed on the speaker, whichever came first. We presented each call for only 

30 s to avoid habituation to the stimulus and recorded a response only if the bat flew to 

and landed on the speaker within the 30 s of call presentation. To ensure that lack of 

response to toad calls was not due to satiation, sensory fatigue, or habituation, we 

followed presentation of the first stimulus immediately with presentation of the second 

stimulus, and only scored trials in which the bat responded to at least one of the paired 

stimuli. We compared these results to the number of times the same bat would fly to and 

land on a silent speaker (bats never landed on silent speakers in any of our observations 

in the flight cage). We conducted six initial recognition tests in total: three initial 

recognition tests with toad calls and three initial recognition tests with frog calls. 

 

(b) Acquisition of response to toad calls 

Because pilot tests showed no response to toad calls, even when calls were broadcast 

repeatedly with food rewards on the speaker (Tuttle and Ryan, unpublished data; Page, 

unpublished data), we elected to use a transfer-across-a-continuum fading procedure 

(Terrace 1963) rather than using a trial-and-error technique to condition bats to respond 

to toad calls. In a trial-and-error procedure, responses to the one stimulus (S+) are 
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rewarded, responses to another stimulus (S–) are either punished or not reinforced, and 

subjects learn to discriminate between the two stimuli from their mistakes. In contrast to 

trial-and-error learning, fading procedures involve the gradual introduction or removal of 

a stimulus, such that the subject learns to discriminate between two stimuli without the 

necessity of mistakes (Terrace 1963). 

To create the acoustic stimuli used in this conditioning procedure, we faded the 

first stimulus (frog calls) into the second stimulus (toad calls) in a series of five steps by 

gradually decreasing the amplitude of the first stimulus and increasing the amplitude of 

the second stimulus. We synthesized the fading stimuli and equalized the average RMS 

power of all stimuli with Cool Edit sound-editing software. The following fading stimuli 

were used (Fig. 2.1): 

(a) frog call at 100% amplitude, toad call at 0% amplitude 

(b) frog call at 75% amplitude, toad call at 25% amplitude 

(c) frog call at 50% amplitude, toad call at 50% amplitude 

(d) frog call at 25% amplitude, toad call at 75% amplitude 

(e) frog call at 0% amplitude, toad call at 100% amplitude 
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Figure 2.1. Oscillograms of the five acoustic stimuli used in the fading procedure. 

 

We conducted all tests with a single speaker, and rewarded all trials with a food 

item on the speaker. The acoustic stimulus was presented for a maximum of 60 s or until 

the bat flew to the speaker, whichever came first. The criterion for progressing from one 

step of the conditioning procedure to the next was immediate flight to and landing on the 

speaker. Once the criterion for one stimulus was met, the next stimulus was presented, 

until the bat had progressed through all five acoustic stimuli. Trials were conducted in 

approximately 15 min intervals while the bat was motivated to feed. 

 

(c) Extinction of response to frog calls 

We used trial-and-error methods for the next step of the conditioning program. For 

ethical reasons, we did not use punishment (the association of the stimulus with a 

negative outcome such as an electric shock or a noxious taste) to extinguish the bat’s 

response to frog calls. Instead, we used the lack of a positive reinforcement: we 

repeatedly broadcast frog calls without offering a reward, while continuing to offer 

rewards in response to toad calls. An extinction trial consisted of broadcasting frog calls 
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for 60 s without a food reward. We conducted trials in approximately 15 min intervals 

while the bat was motivated to feed. We broadcast toad calls with a food reward once in 

each interval between the frog-call extinction trials. We continued this procedure until the 

bat showed no response to frog calls in three consecutive trials. We counted the number 

of trials necessary to reach this extinction criterion.  

 

(d) Final tests 

As in initial tests, no rewards were offered in final tests. Again, tests were conducted in 

approximately 15 min intervals when the bat was motivated to feed. 

 

Preference tests.  As in the initial preference tests, we tested the null hypothesis that bats 

show no preference for one acoustic stimulus over another. Final preference tests were 

identical to the initial preference tests: the bat was presented with one speaker 

broadcasting frog calls and one speaker broadcasting toad calls, and we recorded latency 

to flight and phonotaxis to the speaker in the manner described above. Three final 

preference tests were conducted for each bat. 

 

Recognition tests.  As in the initial recognition tests, we tested the null hypothesis that 

bats would show no difference between recognition of the test stimulus and recognition 

of a silent speaker. As in initial recognition tests, we broadcast either frog or toad calls 

alone from a single speaker for a maximum of 30 s or until the bat landed on the speaker, 

whichever came first. We recorded latency to flight and phonotaxis to the speaker in the 

manner described above. For each bat, three final recognition tests were conducted for 

toad calls and three final recognition tests were conducted for frog calls. 
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Following testing, each bat was re-conditioned to its original preference and 

recognition state, and released at the site of capture. All experiments were licensed and 

approved by the Smithsonian Tropical Research Institute. 

 

2.3. RESULTS 

Controls for experimental design 

In all tests the bats flew to the speakers broadcasting the acoustic stimulus and never to 

the dummy speakers. The bats never found food rewards that were not placed directly on 

top of the speaker broadcasting the acoustic stimulus. We found no speaker or side 

biases. 

 

(a) Initial tests 

Preference tests.  As expected, bats showed strong initial preference for frog calls over 

toad calls (p = 0.001, exact binomial test; Fig. 2.2a). All ten bats flew to frog calls over 

toad calls in each of the three initial preference tests. Although bats were given up to 60 s 

of call presentation per trial, all subjects flew to and landed on the speaker within 10 s of 

call presentation (mean latency to flight ± standard error: 2.38 ± 0.50 s). 

 

Recognition tests.  The bats consistently recognized frog calls as signals of potential prey 

(p = 0.00001, Fisher’s exact test; Fig. 2.2b), but did not show significant recognition of 

toad calls (p = 0.5, exact binomial test; Fig. 2.2b). All ten bats flew quickly to frog calls 

in each of the three initial recognition tests. Eight bats showed no response at all to toad 

calls in any of the recognition tests, and two bats responded to toad calls in one of the 

three recognition tests. The bats that flew to toad calls responded with long latencies to 
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flight (13.25 s for one bat, 23.87 s for the other). In comparison, the mean latencies to 

flight (± standard error) of these two bats in response to frog calls were 3.03 ± 1.02 s and 

1.52 ± 0.64 s respectively. Mean latency to flight (± standard error) for all bats in 

response to frog calls was 2.33 ± 0.38 s. 

 

(b) Acquisition of response to toad calls 

Each of the ten bats tested rapidly completed the five-step fading program. All responded 

to each fading step with immediate and direct flight to the speaker such that only one trial 

was necessary per step. Trials were conducted in approximately 15 min intervals. All bats 

completed this stage of the conditioning program in approximately one hour. 

 

(c) Extinction of response to frog calls 

Extinguishing the response to frog calls required more time, and there was greater 

variation among bats. For all bats, response to frog calls was extinguished within the 

course of a night. The mean number of trials (± standard error) required to reach 

extinction criterion was 13.7 ± 2.26. The quickest bat learned in 5 trials; the slowest bat 

required 29 trials. 

 

(d) Final tests 

Preference tests.  Following the conditioning program, bats showed a strong preference 

for toad calls over frog calls (p = 0.001, exact binomial test; Fig. 2.2c). Results from final 

preference tests were significantly different than results from initial preference tests (p = 

0.00001, Fisher’s exact test). The mean latency to flight (± standard error) was 1.54 ± 

0.24 s. 
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Recognition tests.  Final tests showed strong recognition of toad calls (p = 0.00001, 

Fisher’s exact test; Fig. 2.2d) and no recognition of frog calls (p = 1.0, Fisher’s exact test; 

Fig. 2.2d). All ten bats responded to toad calls with flight to and landing on the speaker; 

no bats flew in response to frog calls. The differences in recognition between 

preconditioning and postconditioning responses are highly significant (p = 0.0001, 

Fisher’s exact test). The mean latency to flight (± standard error) to toad calls was 1.91 ± 

0.28 s. 
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Figure 2.2. Response of bats to frog and toad calls before and after conditioning. (a) 
Initial preference tests. (b) Initial recognition tests. (c) Final preference tests. (d) Final 
recognition tests. Bats show strong initial preference for frog over toad calls (p = 0.001, 
exact binomial test), strong initial recognition for frog calls (p = 0.00001, Fisher’s exact 
test), and no significant initial recognition of toad calls (p = 0.5, Fisher’s exact test). 
Following conditioning, bats show strong preference for toad over frog calls (p = 0.001, 
exact binomial test), strong recognition for toad calls (p = 0.00001, Fisher’s exact test), 
and no recognition of frog calls (p = 1.0, Fisher’s exact test). The differences between 
initial and final trials are highly significant (for preference: p = 0.00001; for recognition: 
p = 0.0001, Fisher’s exact test).  
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2.4. DISCUSSION 

In this study, we have shown flexibility in an eavesdropping predator’s ability to redefine 

prey-cue/prey-quality associations. 

There has been recent interest in the correlation of learning ability and ecological 

niche (Galea et al. 1996, Hampton and Shettleworth 1996, Sherry and Duff 1996). The 

pliancy hypothesis (Day et al. 1999) suggests that species which specialize on seasonally 

variable prey, patchy resource availability, or otherwise variable conditions tend to do 

well on reversal learning and other tasks that require animals to respond flexibly to 

environmental cues. Species that must learn to associate a specific cue with high food 

quality at one time, and subsequently redefine this association when that resource 

becomes depleted or is no longer available, may be predisposed to rapidly form and re-

form associations between food cue and food quality. Several reversal learning studies 

support this hypothesis. A comparison of actively foraging lizards, Acanthodactylus 

boskianus, and lizards that are sit-and-wait predators, A. scutellatus, shows that active 

foragers perform better on visual reversal learning tasks than sit-and-wait predators (Day 

et al. 1999). Honeybees, Apis mellifera, must assess and update information on the 

location and quality of floral food resources, and respond readily to temporal and spatial 

fluctuation in resource distribution (Seeley 1986), tasks that suggest a selective advantage 

for foraging plasticity. Numerous studies show that honeybees are skilled at reversal 

learning (Ben-Shahar et al. 2000, Chandra et al. 2000, Ferguson et al. 2001, Komischke 

et al. 2002). 

Like honeybee foragers, T. cirrhosus also relies on a temporally variable food 

resource. On Barro Colorado Island, frogs are abundant and call conspicuously during the 

wet season, which lasts approximately eight months each year. In the dry season few 

frogs call. T. cirrhosus is known to feed on a variety of other prey, including insects, 
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small vertebrates, and even smaller species of bats (Bonato and Facure 2000, Cramer et 

al. 2001). While it may be advantageous for T. cirrhosus to respond flexibly to its 

foraging environment on a seasonal time scale, we were surprised to find this degree of 

flexibility on the scale of hours rather than weeks or months. It was also unexpected that 

this degree of flexibility would be exhibited in response to palatable versus poisonous 

stimuli. In our experiments, T. cirrhosus did not choose between two palatable species 

that differ in temporal availability (as in the case of honeybees, choosing between flower 

resources that are or are not depleted), but rather between a palatable species and a toxic 

one.  

Stability in associations between prey cues and prey quality is expected when 

mistakes in assessment are costly, and especially when they are lethal. When prey is 

assessed by many sensory modalities, however, a mistake at one level can be corrected at 

another level, the possibility of ingesting lethal prey becomes small. In these cases, there 

is the possibility for flexibility in predator assessment of prey. 

In T. cirrhosus, there are likely several steps at which prey quality can be assessed 

and toxic prey rejected. The first is the use of prey-emitted acoustic cues, the mating calls 

produced by male frogs. T. cirrhosus can assess prey palatability on the basis of these 

acoustic cues alone (Tuttle and Ryan 1981). Next, T. cirrhosus can use echolocation 

and/or vision to assess prey size and shape. There is evidence for limited use of 

echolocation in hunting approaches (Barclay et al. 1981, Page et al., in preparation). T. 

cirrhosus also has tubercles on its chin and lips whose function is unknown but might 

allow chemosensory assessment of prey. If T. cirrhosus bites the prey, it may recognize 

unpalatable prey by taste, and for frog species that are only mildly poisonous, T. 

cirrhosus has specialized salivary glands that may reduce some of the toxins found in the 

frog’s skin (Tandler et al. 1997). The fact that T. cirrhosus does not have to rely solely on 
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acoustic cues, but may also use additional means of prey assessment, increases the 

opportunity for flexibility in its assessment of prey cues. Predators that can afford to 

make mistakes should be more flexible in their associations between prey cue and prey 

quality. 

Greenberg (1983) suggested that that there is a relationship between a predator’s 

predisposition for learning and the degree to which it is a specialist or generalist in 

foraging. He found that generalist species of warblers were quick to approach novel 

objects and flexible in their assessment of potential prey, while specialists were more 

likely to be neophobic and stereotyped in their foraging strategies. Thus if T. cirrhosus is 

indeed a specialized frog predator, extreme flexibility in foraging would be unexpected in 

this species. 

Our results suggest that on a continuum of specialists and generalists, T. cirrhosus 

may lie somewhere in between, combining the physiological adaptations of a specialist 

with the cognitive and behavioral flexibility of a generalist. The ability to hear low-

frequency sounds may allow T. cirrhosus to exploit a largely unoccupied acoustic 

foraging niche, and within this niche it may be a neophilic generalist. 

Our study shows that predators that eavesdrop on the signals of their sexually 

advertising prey can be highly flexible in their associations between prey cue and prey 

quality. Predator flexibility can have conservation implications (Schlaepfer et al. 2002), 

affecting the ability of an animal to respond to rapid environmental change, the decline of 

populations of important prey, and the introduction of novel prey species. Predator 

flexibility can also affect the dynamics of prey cue evolution. The effect of predator 

learning on prey cues has been studied in the case of aposematism, but has been largely 

ignored in the case of eavesdropping predators. For prey that are caught between the 

necessity of producing conspicuous advertisement calls to attract mates while at the same 
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time attempting to minimize detection by eavesdropping predators, predator flexibility 

can have a substantial effect on signal evolution. For example, if genetic changes in frog 

advertisement calls that made them less recognizable to predators could be quickly 

matched by non-genetic changes (i.e., learning) in predator response, predator flexibility 

could reduce the advantages of prey signal evolution. A less flexible predator, on the 

other hand, might be slow to match changes in prey advertisement signals, and as such 

might impose a lesser selective constraint on prey signal evolution. A thorough 

theoretical analysis is required for a full understanding of how signal evolution would 

proceed under selection generated by more and less flexible predators. 
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Chapter 3: Social transmission of novel foraging behavior 

 

ABSTRACT 

The fringe-lipped bat, Trachops cirrhosus, uses prey-emitted acoustic cues (frog calls) to 

assess prey palatability (Tuttle and Ryan 1981). Previous experiments show that wild T. 

cirrhosus brought into the laboratory are flexible in their ability to reverse the 

associations they form between prey cues and prey quality (Page and Ryan 2005). Here 

we asked how this flexibility can be achieved in nature. We quantified the rate at which 

bats learned to associate the calls of a poisonous toad species with palatable prey in three 

groups: (a) social learning, in which a bat inexperienced with the novel association was 

allowed to observe an experienced bat; (b) social facilitation, in which two inexperienced 

bats were presented with the experimental task together; (c) trial-and-error, in which a 

single inexperienced bat was presented with the experimental task alone. In the social 

learning group, bats rapidly acquired the novel association in an average of 5.3 trials. In 

the social facilitation and trial-and-error groups, most bats did not approach the call of the 

poisonous species after 100 trials. Thus once acquired, novel prey-cue/prey-quality 

associations could spread rapidly through the bat population by cultural transmission. 

This is the first case to document predator social learning of an acoustic prey cue. 

 

3.1. RESULTS AND DISCUSSION 

Social learning can expand the foraging repertoire of a given individual and enhance 

predator foraging success (Galef 1995, Lefebvre and Giraldeau 1996, Galef and 

Giraldeau 2001). Numerous studies have demonstrated the ability of predators to learn 

socially about prey cues in the olfactory and visual modalities (see Galef and Giraldeau 
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2001 for review). Predator social learning of acoustic prey cues, however, has not been 

documented. Here we test the ability of the predatory bat, T. cirrhosus, to acquire a novel 

acoustic association for prey via social learning. 

T. cirrhosus has a unique ability among bats to prey on frogs by listening to the 

advertisement calls male frogs produce to attract their mates (Tuttle and Ryan 1981). In a 

previous study we investigated the associations T. cirrhosus forms between prey cues 

(species-specific prey mating call) and prey palatability (Page and Ryan 2005). Using a 

fading conditioning paradigm (Terrace 1963), we were able to rapidly reverse the bats’ 

assessment of palatable and poisonous prey. 

Here we ask whether this flexibility is part of the bats’ natural foraging repertoire, 

and to what degree novel associations between prey cue and prey quality can be 

culturally transmitted. To address these questions we quantified the rate of acquisition of 

a novel foraging behavior in three learning groups: (a) a social learning group, (b) a 

social facilitation group, and (c) a trial-and-error group. The target foraging behavior was 

the bats’ ability to learn to associate the calls of the sympatric cane toad, Bufo marinus, 

with a palatable food reward. The calls of B. marinus differ substantially from the calls of 

the preferred prey species of T. cirrhosus, the túngara frog, Physalaemus pustulosus (Fig. 

3.1). In addition, B. marinus is both highly poisonous and far too large for a T. cirrhosus 

to eat, so on two accounts it should be an unsuitable prey item. The criterion for task 

acquisition was flying to and landing on a speaker broadcasting toad calls in three 

consecutive trials. 
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a.

b.

 
Figure 3.1. Graphical depictions of the mating calls of (a) the cane toad, B. marinus, and 
(b) the túngara frog, P. pustulosus. Cane toad calls were used as the experimental test 
stimulus. The calls of the túngara frog, a preferred prey species of T. cirrhosus, are 
shown here for comparison. For each call, the waveform is shown above (with time on 
the x-axis and amplitude on the y-axis), and the spectrogram is shown below (with time 
on the x-axis and frequency on the y-axis). 
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We first conducted baseline tests with all bats to determine initial responses to B. 

marinus calls. None of the bats showed any initial response to B. marinus calls. We then 

tested for social learning by allowing an inexperienced bat to observe the foraging 

behavior of an experienced bat (tutor) that had already acquired the novel association. 

The first tutor learned to associate toad calls with a palatable food reward via a fading 

conditioning technique (for methods see Page and Ryan 2005). Subsequent tutors 

acquired the association via social learning, such that the test bat in one experiment 

became the tutor in the next experiment. 

The novel foraging association was transmitted successfully among all bats in the 

social learning group (n = 10). There were two series of sequential interactions or 

“chains” (Fig. 3.2). The first chain consisted of two social learning transmissions among 

three bats. The third bat died in captivity, and so the fourth bat was conditioned via 

fading, initiating a second chain of eight social transmission events among nine bats, at 

which point the experiment was halted. Bats in the social learning group acquired the 

novel foraging task in 5.3 ± 1.7 trials (mean ± standard error, range: 1-11 trials, Fig. 3.3). 

There was no degradation in rate of acquisition from bat to bat (Pearson product-moment 

correlation: r = 0.314, p = 0.377; Fig. 3.2). 

 

2 11 1 6 1 9 10 5

3 5

Chain #1

Chain #2

 
Figure 3.2. Chains of transfer in the social learning group. Arrows indicate the 
transmission of the novel foraging behavior; the numbers underneath the arrows indicate 
the number of trials required to reach acquisition for each bat. Following testing, each bat 
became a tutor for the next test bat. 
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In the social facilitation group, to control for possible motivational effects 

associated with the mere presence of a second bat (Zajonc 1965), we quantified the rate 

of acquisition of a test bat housed with an inexperienced conspecific (n = 5). In addition, 

in a trial-and-error group we quantified the rate of acquisition of bats housed alone, in 

which the only possibility for task acquisition was individual learning (n = 5). Task 

acquisition rates were significantly slower for these two groups in comparison with the 

social learning group (Kruskal Wallis test: H = 15.28, p < 0.001, Fig. 3.3). There was no 

significant difference in the rate of acquisition between the social facilitation group and 

the trial-and-error group (mean trials to acquisition ± standard error: 96.8 ± 3.2 and 96.2 

± 3.8 respectively; Mann-Whitney U test: U = 12.0, p = 0.881, Fig. 3.3). If a bat never 

acquired the novel foraging task we assigned it an acquisition score of 100 trials; thus 

results are conservative measures of task acquisition. 
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Figure 3.3. Mean rates of acquisition (± standard error) of the novel foraging task for the 
three learning groups. 
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In addition to demonstrating a profound potential for cultural transmission of 

acoustic-cue associations used in foraging, our results provide evidence as to how such 

associations might originate in the wild. Most of the bats in the trial-and-error group and 

the social facilitation group never learned the novel prey-cue/prey-quality association. In 

each of these groups, one of five bats learned the novel association after more than 80 

trials (in the social facilitation group this individual reached criterion at 84 trials and in 

the trial-and-error group, at 81 trials). Thus, although rare, bats will inspect calls of 

poisonous species on their own. This exploratory behavior could enable bats to encounter 

and track novel sources of prey, and could account for the origin of novel prey-cue/prey-

quality associations in the wild. Such behavior could thus provide a starting point for the 

rapid cultural transmission of foraging information among bats that we show here. 

In other taxa it has been suggested that if mistakes are not costly, it is 

advantageous for animals to periodically sample their environment. Buchler (1976) 

suggested that wandering shrews, Sorex vagrans, make “intentional errors,” even when 

they know where profitable food patches are located in order to update their knowledge 

of their surroundings. Likewise, great tits, Parus major, have been shown to sample a 

variety of prey species, even when they have a profitable search image for an abundant 

prey type (Tinbergen 1960). In lowland Neotropical rainforests, there can be extreme 

fluctuations in the abundance of available prey (Leigh et al. 1982). In the rainy season, 

frogs call conspicuously, but in the dry season, frogs are harder to find and T. cirrhosus 

likely has to rely more heavily on non-anuran prey. It is possible that T. cirrhosus use 

exploratory behavior in combination with social learning to track local and seasonal 

changes in prey abundance. Because T. cirrhosus uses many sensory modalities to assess 

its prey (e.g., prey-emitted acoustic cues, echolocation cues, chemical cues), it is likely 
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that a mistake at one level of prey assessment would be corrected at another level. As 

such, mistakes should not be costly, and behavioral flexibility should be advantageous. 

Johnston and Fenton (2001) found that pallid bats, Antrozous pallidus, vary 

tremendously in their feeding habits, both between and within populations. Indeed, 

variation seems to be the rule in many species of bat (e.g., Norberg and Fenton 1988, 

Fenton et al. 1990). Dietary studies have shown that T. cirrhosus prey on a wide variety 

of prey items, including frogs, insects, fruit, smaller species of bats, and even birds 

(Bonato and Facure 2000, Bonato et al. 2004, Giannini and Kalko 2004), with insects 

composing the largest component of the diet. No seasonal differences in prey 

consumption were found in analysis of T. cirrhosus stomach contents in Brazil, although 

this could be due to differences in breeding phenology of frogs present in the areas 

sampled (Bonato et al. 2004). Further investigation is necessary to determine whether 

dietary patterns and foraging preferences vary with season, and whether this can be 

linked to learning within social groups. 

Our results clearly demonstrate that if one bat forms a novel acoustic association, 

in this case evaluating a toad call as a signal of palatable prey, then the association can be 

rapidly spread from bat to bat through cultural transmission. All that is required is that 

bats observe one another feeding in nature. 

T. cirrhosus are social. They roost in groups of 4 to 50 or more individuals 

(Cramer et al. 2001). Multiple bats can forage simultaneously at a frog chorus (Ryan et 

al. 1981, Tuttle and Ryan 1981), and individuals are often captured together in the same 

mist net at a foraging site (Page and Ryan, unpublished data). Thus in addition to roosting 

together, T. cirrhosus are known to congregate at feeding sites, thus enabling the 

observation of foraging conspecifics. 



 58

Many species of bat have social structures and foraging habits that should 

facilitate social learning (Wilkinson and Boughman 1999). Bats are long-lived animals, 

they tend to form stable groups, and they often feed on temporally and spatially 

fluctuating resources, thus cultural transmission of foraging information should increase 

foraging success (Wilkinson and Boughman 1999, Ratcliffe and ter Hofstede 2005). 

Several studies have shown that bats attend to the foraging behaviors of conspecifics. 

Many species of insectivorous bats produce loud echolocation calls with distinctive 

terminal phases as they approach and capture prey. Other individuals eavesdrop on these 

conspicuous signals and use them to detect aggregations of prey (Barclay 1982, 

Balcombe and Fenton 1988). Likewise, the screech calls of greater spear-nosed bats, 

Phyllostomus hastatus, attract group-mates to foraging patches such as concentrations of 

flowering balsa (Wilkinson and Boughman 1998). Studies with short-tailed fruit bats, 

Carollia perspicillata, suggest that social learning about temporally fluctuating food 

resources may even take place at the roost, as bats have been shown to use olfactory cues 

associated with returning roost mates to shape their foraging preferences (Ratcliffe and 

ter Hofstede 2005). These factors suggest that social learning may be common in bats, 

however only a handful of studies have demonstrated that bats indeed learn socially about 

foraging (Gaudet and Fenton 1984, Wilkinson 1992, 1995, Ratcliffe and ter Hofstede 

2005). 

Recent studies have investigated the role of matrilineal kin groups in bat roosting 

and foraging behavior. While Kerth et al. (2001) found evidence for information transfer 

about roost sites in Bechstein’s bats, Myotis bechsteinii, they found no evidence for 

information transfer about feeding sites. In both this study and a study of greater 

horseshoe bats, Rhinolophus ferrumequinum, however, radiotracking data demonstrate 

that mothers and their daughters shared foraging grounds, sometimes for years (Kerth et 
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al. 2001, Rossiter et al. 2002). Thus the vertical transfer from mother to pup of foraging 

site location could be playing a large role in the foraging dynamics of these bat 

communities. While the learning we document in our study is likely entirely 

opportunistic (the result of one bat eavesdropping on the successful foraging behavior of 

another), the study of social learning in highly related groups, and especially in mother-

pup pairs, should prove an interesting area for further research. 

There are numerous types of socially mediated learning (Fig. 3.4). Our study is 

not designed to distinguish among the mechanisms of social learning (Galef 1988, 

Whiten and Ham 1992, Heyes 1994, Zentall 1996), however, it is likely that these bats 

are learning by either stimulus enhancement or observational conditioning. In stimulus 

enhancement the activity of the tutor draws the observer’s attention to the test stimulus 

(Heyes 1994, Fritz et al. 2000), in our experiment, to the toad calls. The observer then 

forms an association between the stimulus and the reward via individual, trial-and-error 

learning. Because we altered the speaker location each trial, we can rule out the 

possibility that the bats are learning to associate a food reward with a particular spatial 

location (local enhancement). 

In observational conditioning, a type of higher order conditioning, the observer 

associates the stimulus with the outcome experienced by the tutor, and thus responds 

more readily to the stimulus itself (Mineka et al. 1984, Heyes 1994). In our social 

learning treatment, the test bat did not initially attend to the toad calls or to the flight of 

the tutor bat. In the initial trials the test bat typically would commence response with ear 

motions and head orientation only once the tutor began to consume the food reward, and 

only in later trials did the test bat respond to the test stimulus. These observations suggest 

that the sensory cues associated with food consumption by a nearby bat may serve to 

trigger attention and thus expedite the acquisition of novel foraging associations. 
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Figure 3.4. Types of social and non-social learning. Adapted from Whiten & Ham 1992. 

 

Once the attention of the test bat was elicited, a number of sensory cues could 

have been involved in the test bat’s observation of the tutor. Our experiments were 

conducted under low light conditions, such that visual observation was possible. As T. 

cirrhosus approaches a target, the rate of its echolocation calls increases (Barclay et al. 

1981); thus the test bat could have used the patterns of the tutor’s echolocation calls to 

follow its behavior. It could also have tracked the movements of the tutor bat with its 

own echolocation calls, and it could have passively listened to the crashing noise 

produced when the tutor bat landed on the screen. Further investigation is necessary to 
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determine both the learning mechanisms and sensory cues involved in this social 

interaction. 

The flexibility, exploratory behavior, and social learning we document in this 

study endow the bats with the potential to respond rapidly to changes in prey conditions. 

With the catastrophic and worldwide decline of amphibians (Stuart et al. 2004, Lips et al. 

2006, Pounds et al. 2006), their predators’ ability to track such changes becomes 

increasingly critical. Rather than falling into ecological traps, unable to quickly alter 

previously adaptive behavior (Schlaepfer et al. 2002), T. cirrhosus should be able to 

respond quickly to changes in the prey community, the extinction of preferred prey items, 

and the introduction of novel prey species. 

 

3.2. EXPERIMENTAL METHODS 

Experiments were conducted at the Smithsonian Tropical Research Institute field station 

on Barro Colorado Island (BCI), Panama, from February to June, 2004 and 2005. We 

captured the bats in mist nets and tested them in a 4.5 m x 4.5 m x 2.5 m outdoor flight 

cage. The flight cage was illuminated with a 25-watt red light bulb to facilitate our 

observations of the bats. This light level was within the range of illuminations in which 

the bats forage. We used a Sony NightShot DCR-TRV340 camera equipped with a Sony 

HVL-IRH2 infrared light to record all initial and final tests, all social learning trials, and 

a subset of the social facilitation and trial-and-error learning trials. Each bat was marked 

with a passive integrated transponder (PIT tag) and released at its site of capture 

following testing. All experiments were licensed by the Smithsonian Tropical Research 

Institute and the University of Texas at Austin (IACUC #04113002). 
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Stimulus presentation 

Calls of B. marinus were broadcast from a Dell Inspiron 8100 computer, a SA-150 

Realistic amplifier, and 40-1040 Radio Shack speakers at 75 dB SPL (re. 20 µP) at a 

distance of 1 m from the speaker to approximate the natural call intensity of B. marinus 

in the wild. Most of the energy in B. marinus calls falls between 548 and 708 Hz; the 

frequency response of these speakers is flat for these frequencies. To ensure that the bats 

responded to the acoustic stimulus broadcast and not to the speaker itself, we concealed 

one to five speakers beneath a 1.5 m x 1.5 m screen covered with leaf litter and randomly 

repositioned the speakers between trials. To ensure that the bats were responding to the 

toad calls per se and not to other noises associated with the speaker, in a subset of the 

trials we turned on one of the control speakers and broadcast a sound file of silence. The 

bats never approached control speakers. Toad calls were broadcast for 60 s or until the 

test bat landed on the speaker, whichever came first. Trials were conducted in 

approximately 10 to 15 min intervals with a maximum of 20 trials per night. 

 

Food rewards and motivation levels 

Because frogs are protected on BCI, small bait fish were purchased, frozen, thawed, and 

used as food rewards for the learning trials. The bats readily consumed the fish. To 

ensure that the bats were not responding to extraneous cues associated with the rewards, 

in all learning trials we placed multiple rewards in random locations on the screen. Bats 

only approached food rewards placed on active speakers. 

T. cirrhosus picks up its prey in its mouth and flies with it to a nearby perch to 

consume it. T. cirrhosus generally carry only one prey item at a time. We placed many 

pieces of fish on the active speaker, so that if both the tutor and the test bat landed on the 

speaker in a given trial, each bat would receive a food reward. The bats’ food intake was 
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closely monitored to ensure high motivation levels, and trials were conducted only when 

bats were motivated to feed. 

Between trials, we periodically broadcast a probe stimulus known to elicit 

response in T. cirrhosus: the calls of a preferred prey species, either a complex túngara 

frog call or a chorus of túngara frog calls (Tuttle and Ryan 1981, Ryan et al. 1982). If the 

test bat did not respond to the probe stimulus, we could infer that a lack of response to the 

toad calls was due to factors other than the salience of the test stimuli (i.e., handling 

stress, fear of new environment, satiation). Bats always responded readily to the probe 

stimuli in all probe tests. 

 

Summary of trials 

Initial trials.  To determine its baseline response to toad calls, each bat was first tested 

alone, without rewards on the speaker. Toad calls were broadcast for 60 sec or until the 

bat approached and landed on the speaker, whichever came first. Three initial tests were 

conducted for each bat. 

 

Learning trials.  Three types of learning trials were conducted: (a) social learning, (b) 

social facilitation, and (c) trial-and-error. Learning trials were conducted until criterion 

had been reached (flying to and landing on the speaker in three consecutive trials) or until 

100 trials had been conducted, whichever came first. Food rewards were placed on the 

speaker in all learning trials. 

 

Final trials.  Following learning trials, we removed the tutor bat and conducted three 

final trials with the test bat alone. The protocol for final tests was identical to initial tests. 
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Final test results mirrored criterion results: all bats that reached criterion in the learning 

trials responded to toad calls by flying to and landing on the speaker in all three final 

trials. All bats that failed to reach criterion in the learning trials did not respond at all in 

the final trials. 
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Appendix: Methodology 

 

In the following appendix I provide additional details of the methodology I used 

for capturing, keeping, and testing the fringe-lipped bat, Trachops cirrhosus. 

 

BAT CAPTURE 

I captured bats using mistnets on Barro Colorado Island, Panama. To increase the 

likelihood of capturing T. cirrhosus, I employed three techniques. Results from radio-

telemetry studies show that T. cirrhosus emerge early from the roost and have an early 

activity peak (Kalko et al. 1999). To capitalize on peak emergency times, I set nets in late 

afternoon and opened nets at dusk. Second, I set nets along streams and small ponds to 

maximize the proximity of the nets to the bats’ hunting grounds. Third, I placed a speaker 

that continuously broadcast a recording of a túngara frog chorus at the base of one of the 

mistnets.  

For each T. cirrhosus I captured, I measured mass, forearm length, and 

reproductive status. 

 

BAT HUSBANDRY 

Bats were held and tested in a large outdoor flight cage (4.5 m x 4.5 m x 2.5 m) 

for the duration of the experiments. With the exception of the social learning and social 

facilitation tests described in Chapter 3, all bats were housed individually. For the social 

facilitation and social learning tests, two bats were housed and tested together. Both 

could fly freely within the flight cage.  
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Bats were fed a variety of prey items while in captivity. The natural diet of T. 

cirrhosus includes a wide variety insects and small vertebrates (Cramer et al. 2001; 

Giannini & Kalko 2004; Kalko et al. 1996). I primarily fed the bats small bait fish that I 

bought from local fisherman. The fish were kept frozen and then thawed for feeding. Bats 

were also occasionally fed katydids, moths, cicadas, cockroaches, and frogs. 

Depending on the experiment, bats were primarily fed in two ways. For 

experiments that included food rewards as a part of the experimental design (e.g., the 

localization tests), bats were fed on the speaker. No training was required. I placed a food 

reward on top of the speaker, and broadcast frog calls from the speaker. The bats would 

approach the speaker as though they were approaching a calling frog, and take the food 

reward from the top of the speaker. I employed a supplemental feeding method for tests 

in which the bats did not regularly receive a food reward as a part of the experimental 

design (e.g., for tests in which food rewards were placed on top of the speaker in each 

trial but toad calls were broadcast and the bats did not approach the speaker). Here bats 

took food rewards from the speaker in response to control stimuli (i.e., túngara frog 

choruses), but they were additionally trained to accept prey from forceps. To train the 

bats to take prey from forceps, I initially confined each bat to a small enclosure (a tent 

approximately 1 m x 2 m x 1 m). I slowly approached the bat with the prey held in 

forceps. Bats usually accepted the prey very quickly, often within the first few minutes. 

Once the bats were comfortable accepting prey from forceps, I would release them into 

the flight cage. 

I monitored the bats’ food intake closely throughout their time in captivity to 

ensure that all bats maintained a healthy body weight. Following testing, all bats were 

marked with a subcutaneous passive integrated transponder or PIT tag (Trovan, Ltd.) and 
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released at their location of capture. General bat husbandry guidelines beyond those 

detailed above followed Siemers & Page (in press). 

 

BAT TESTING 

To ensure that the bat began each test in a fixed location equidistant from the 

screens under which I concealed the speakers, I perch-trained the bats before initiating 

the experiments. In most cases, perch-training consisted simply of offering the bats a 

perch that was more attractive than the flight cage walls. To construct a perch, I 

positioned a stick approximately 75 cm long diagonally across one corner of the flight 

cage, at a height of roughly 1.75 meters. Most bats found this perch on their own, and 

used it throughout their time in the flight cage. For the bats that did not land on the perch 

on their own, I used two techniques to encourage perch use. First, I covered the walls of 

the flight cage with fabric such that the only location that was easy to hang from was the 

perch. Second, when the bats began to feed, I would chase them around the flight cage by 

gently prodding them away from any landing position that was not the actual perch. As 

soon as the bats landed on the perch, I let them consume their prey without disturbance. 

Together, these two techniques were highly effective, and bats that did not discover the 

perch on their own learned to land on this perch within a matter of hours. 

In all tests, speakers were concealed beneath a 1.5 m x 1.5 m screen covered in 

leaf litter (Appendix Fig. 1). To ensure that the bats were approaching the acoustic 

stimuli per se and not the speaker boxes or the food rewards, in addition to the active 

speaker I positioned several dummy speakers beneath the screen with food rewards on 

each. 
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Appendix Figure 1. The leaf litter screen used for experimental tests. Underneath 
the screen I have concealed a single active speaker and multiple dummy speakers. 
Food rewards are placed on each speaker. 

 

I conducted two types of tests: single speaker tests and two speaker tests. In single 

speaker tests, a single leaf litter screen was positioned diagonally opposite the bat at its 

perch (Appendix Fig. 2a). Calls were broadcast from this single speaker and the bat’s 

response was quantified. 

In two speaker tests, the bat was presented with two leaf litter screens, positioned 

in opposite corners of the flight cage (Appendix Fig. 2b). Calls were broadcast 

antiphonally from each of the two speakers, and I quantified the bat’s response. 
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One active speaker, multiple dummy 
speakers, food rewards on each 
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Appendix Figure 2. Flight cage setup for (a) single speaker tests and (b) two speaker 
tests. Note that the bat begins each experiment from a fixed perch positioned in one 
corner of the flight cage. 

 

All tests were licensed and approved by both the Smithsonian Tropical Research 

Institute and the University of Texas at Austin (IACUC #04113002). 



 70

REFERENCES 

Andersson, M. 1994. Sexual Selection. Princeton: Princeton University Press. 

Arnold, S. J. 1977. Polymorphism and geographic variation in the feeding behavior of the 

garter snake Thamnophis elegans. Science 197, 676-678. 

Arnold, S. J. 1980. The microevolution of feeding behavior. In: Foraging Behavior: 

Ecological, Ethological, and Psychological Perspectives, eds. Kamil, A. & 

Sargent, T. New York: Garland Press, 409-453. 

Bagrov, A. Y., Roukoyatkina, N. I., Fedorova, O. V., Pinaev, A. G. & Ukhanova, M. V. 

1993. Digitalis-like and vasoconstrictor effects of endogenous digoxin-like 

factor(s) from the venom of Bufo marinus toad. European Journal of 

Pharmacology 234, 165-172. 

Balcombe, J. P. & Fenton, M. B. 1988. Eavesdropping by bats: the influence of 

echolocation call design and foraging strategy. Ethology 79, 158-166. 

Barber, J. R., Razak, K. A. & Fuzessery, Z. M. 2003. Can two streams of auditory 

information be processed simultaneously? Evidence from the gleaning bat 

Antrozous pallidus. Journal of Comparative Physiology A: Sensory, Neural, and 

Behavioral Physiology 189, 843-855. 

Barclay, R. M. R. 1982. Interindividual use of echolocation calls: eavesdropping by bats. 

Behavioral Ecology and Sociobiology 10, 271-275. 



 71

Barclay, R. M. R., Fenton, M. B., Tuttle, M. D. & Ryan, M. J. 1981. Echolocation calls 

produced by Trachops cirrhosus (Chiroptera: Phyllostomatidae) while hunting for 

frogs. Canadian Journal of Zoology 59, 750-753. 

Bayly, K. L. & Evans, C. S. 2004. Dynamic changes in alarm call structure: a strategy for 

reducing conspicuousness to avian predators. Behaviour 140, 353-369. 

Ben-Shahar, Y., Thompson, C. K., Hartz, S. M., Smith, B. H. & Robinson, G. E. 2000. 

Differences in performance on a reversal learning test and division of labor in 

honey bee colonies. Animal Cognition 3, 119-125. 

Bernal, X. E., Page, R. A., Rand, A. S. & Ryan, M. J. 2007. Cues for eavesdroppers: do 

frog calls indicate prey density and quality? American Naturalist 169, 409-415. 

Bernal, X. E., Rand, A. S. & Ryan, M. J. 2006. Acoustic preferences and localization 

performance of blood-sucking flies (Corethrella Coquillett) to túngara frog calls. 

Behavioral Ecology 17, 709-715. 

Bernays, E. A. & Funk, D. J. 1999. Specialists make faster decisions than generalists: 

experiments with aphids. Proceedings of the Royal Society of London, Series B: 

Biological Sciences 266, 151-156. 

Bitterman, M. E. 1972. Comparative studies of the role of inhibition in reversal learning. 

In: Inhibition and Learning, eds. Boakes, R. A. & Halliday, M. S. London: 

Academic Press, 153-176. 

Bitterman, M. E. 1975. The comparative analysis of learning. Science 188, 699-709. 

Bonato, V. & Facure, K. G. 2000. Bat predation by the fringe-lipped bat, Trachops 

cirrhosus (Phyllostomidae, Chiroptera). Mammalia 64, 241-243. 



 72

Bonato, V., Faure, K. G. & Uieda, W. 2004. Food habits of bats of subfamily 

Vampyrinae in Brazil. Journal of Mammalogy 85, 708-713. 

Brower, L. P., van Brower, J. & Corvino, J. M. 1967. Plant poisons in a terrestrial food 

chain. Proceedings of the National Academy of Sciences, U.S.A. 57, 893-8. 

Brown, C. H. 1982. Ventroloquial and locatable vocalizations in birds. Zeitschrift für 

Tierpsychologie 59, 338-50. 

Brown, C. H. & May, B. J. 2005. Comparative mammalian sound localization. In: Sound 

Source Localization, eds. Popper, A. N. & Fay, R. R. New York: Springer, 124-

178. 

Bruns, V., Burda, H. & Ryan, M. J. 1989. Ear morphology of the frog-eating bat 

(Trachops cirrhosus, Family: Phyllostomidae): apparent specializations for low-

frequency hearing. Journal of Morphology 199, 103-118. 

Buchler, E. R. 1976. The use of echolocation by the wandering shrew (Sorex vagrans). 

Animal Behaviour 24, 858-873. 

Chandra, S. B. C., Hosler, J. S. & Smith, B. H. 2000. Heritable variation for latent 

inhibition and its correlation with reversal learning in honeybees (Apis mellifera). 

Journal of Comparative Psychology 114, 86-97. 

Chen, K. K. & Kovarikova, A. 1967. Pharmacology and toxicology of toad venom. 

Journal of Pharmaceutical Sciences 56, 1535-1541. 

Cramer, M. J., Willig, M. R. & Jones, C. 2001. Trachops cirrhosus. Mammalian Species: 

American Society of Mammalogists 656, 1-6. 



 73

Daly, M., Rauschenberger, J. & Behrends, P. 1982. Food-aversion learning in kangaroo 

rats: a specialist-generalist comparison. Animal Learning and Behavior 10, 314-

320. 

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

Darwin, C. 1871. The Descent of Man and Selection in Relation to Sex. London: Murray. 

Davey, G. 1989. Ecological Learning Theory. London: Routledge. 

Day, L. B., Crews, D. & Wilczynski, W. 1999. Spatial and reversal learning in 

congeneric lizards with different foraging strategies. Animal Behaviour 57, 393-

407. 

Digweed, S. M., Fedigan, L. M. & Drew, R. 2005. Variable specificity in the anti-

predator vocalizations and behaviour of the white-faced capuchin, Cebus 

capucinus. Behaviour 142, 997-1021. 

Endler, J. A. 1980. Natural selection on color patterns in Poecilia reticulata. Evolution 

34, 76-91. 

Endler, J. A. 1991. Interactions between predators and prey. In: Behavioural Ecology: An 

Evolutionary Approach, eds. Krebs, J. R. & Davies, N. B. Oxford: Blackwell 

Scientific Publications, 169-196. 

Fenton, M. B., Swanepoel, C. M., Brigham, R. M., Cebek, J. & Hickey, M. B. C. 1990. 

Foraging behavior and prey selection by large slit-faced bats (Nycteris grandis; 

Chiroptera: Nycteridae). Biotropica 22, 2-8. 

Ferguson, H. J., Cobey, S. & Smith, B. H. 2001. Sensitivity to a change in reward is 

heritable in the honeybee, Apis mellifera. Animal Behaviour 61, 527-534. 



 74

Fritz, J., Bisenberger, A. & Kotrschal, K. 2000. Stimulus enhancement in greylag geese: 

socially mediated learning of an operant task. Animal Behaviour 59, 1119-1125. 

Galea, L. A. M., Kavaliers, M. & Ossenkopp, K.-P. 1996. Sexually dimorphic spatial 

learning in meadow voles Microtus pennsylvanicus and deer mice Peromyscus 

maniculatus. Journal of Experimental Biology 199, 195-200. 

Galef, B. G., Jr. 1988. Imitation in animals: History, definition, and interpretation of data 

from the psychological laboratory. In: Social Learning: Psychological and 

Biological Perspectives, eds. Zentall, T. R. & Galef, B. J., Jr. Hillsdale, NJ: 

Erlbaum, 3-28. 

Galef, B. G., Jr. 1995. Why behaviour patterns that animals learn socially are locally 

adaptive. Animal Behaviour 49, 1325-1334. 

Galef, B. G., Jr. & Giraldeau, L.-A. 2001. Social influences on foraging in vertebrates: 

causal mechanisms and adaptive functions. Animal Behaviour 61, 3-15. 

Gamberale-Stille, G. & Tullberg, B. S. 2001. Fruit or aposematic insect? Context-

dependent colour preferences in domestic chicks. Proceedings of the Royal 

Society of London, Series B: Biological Sciences 268, 2525-2529. 

Garcia, J., Kimeldorf, D. J. & Koellino, R. A. 1955. Conditioned aversion to saccharin 

resulting from exposure to gamma radiation. Science 122, 157-158. 

Gaudet, C. L. & Fenton, M. B. 1984. Observational learning in three species of 

insectivorous bats (Chiroptera). Animal Behaviour 32, 385-388. 

Gerhardt, H. C. & Huber, F. 2002. Acoustic Communication in Insects and Anurans. 

Chicago: Chicago University Press. 



 75

Giannini, N. P. & Kalko, E. K. V. 2004. Trophic structure in a large assemblage of 

phyllostomid bats in Panama. Oikos 105, 209-220. 

Goerlitz, H. R. & Siemers, B. M. 2007. Sensory ecology of prey rustling sounds: 

acoustical features and their classification by wild grey mouse lemurs. Functional 

Ecology 21, 143-153. 

Greenberg, R. 1983. The role of neophobia in determining the degree of foraging 

specialization in some migrant warblers. American Naturalist 122, 444-453. 

Greenberg, R. 1989. Neophobia, aversion to open space, and ecological plasticity in song 

and swamp sparrows. Canadian Journal of Zoology 67, 1194-1199. 

Greenberg, R. 1990. Feeding neophobia and ecological plasticity: a test of the hypothesis 

with captive sparrows. Animal Behaviour 39, 375-379. 

Greenfield, M. D. 2002. Signalers and Receivers: Mechanisms and Evolution of 

Arthropod Communication. Oxford: Oxford University Press. 

Gridi-Papp, M., Rand, A. S. & Ryan, M. J. 2006. Animal communication: complex call 

production in the túngara frog. Nature 441, 38. 

Guilford, T. 1988. The evolution of conspicuous coloration. American Naturalist 131, 

S7-S21. 

Guilford, T. & Dawkins, M. S. 1991. Receiver psychology and the evolution of animal 

signals. Animal Behaviour 42, 1-14. 

Hampton, R. R. & Shettleworth, S. J. 1996. Hippocampus and memory in a food-storing 

and in a nonstoring bird species. Behavioral Neuroscience 110, 946-964. 



 76

Hansen, K. 1983. Reception of bark beetle pheromone in the predaceous clerid beetle, 

Thanasimus formicarius (Coleoptera: Cleridae). Journal of Comparative 

Physiology A: Sensory, Neural, and Behavioral Physiology 150, 371-378. 

Hass, R. 1976. Sexual selection in Nothobrachius guentheri (Pisces: Cyprinodontidae). 

Evolution 30, 614-622. 

Heyes, C. M. 1994. Social learning in animals: categories and mechanisms. Biological 

Reviews 69, 207-231. 

Jennions, M. D. & Backwell, P. R. Y. 1992. Chorus size influences on the anti-predator 

response of a neotropical frog. Animal Behaviour 44, 990-992. 

Johnston, D. S. & Fenton, M. B. 2001. Individual and population-level variability in diets 

of pallid bats (Antrozous pallidus). Journal of Mammalogy 82, 362-373. 

Johnstone, R. A. 1995. Sexual selection, honest advertisement and the handicap principle: 

reviewing the evidence. Biological Reviews 70, 1-65. 

Jones, K. J. & Hill, W. L. 2001. Auditory perception of hawks and owls for passerine 

alarm calls. Ethology 107, 717-726. 

Kalko, E.K.V., Friemel, D., Handley, C.O. & Schnitzler, H.-U. 1999. Roosting and 

foraging behavior of two Neotropical gleaning bats, Tonatia silvicola and 

Trachops cirrhosus (Phyllostomidae). Biotropica 31, 344-353. 

Kalko, E.K.V., Handley, C.O. & Handley, D. 1996. Organization, diversity, and long-

term dynamics of a Neotropical bat community. In: Long-term Studies of 

Vertebrate Communities. Eds. Cody, M.L. & Smallwood, J.A. San Diego: 

Academic Press, 503-553. 



 77

Kerth, G., Wagner, M. & König, B. 2001. Roosting together, foraging apart: information 

transfer about food is unlikely to explain sociality in female Bechstein's bats 

(Myotis bechsteinii). Behavioral Ecology and Sociobiology 50, 283-291. 

Kirkpatrick, M. & Ryan, M. J. 1991. The evolution of mating preferences and the 

paradox of the lek. Nature 350, 33-38. 

Klump, G. M., Kretzschmar, E. & Curio, E. 1986. The hearing of an avian predator and 

its avian prey. Behavioral Ecology and Sociobiology 18, 317-323. 

Klump, G. M. & Shalter, M. D. 1984. Acoustic behavior of birds and mammals in the 

predator context. I. Factors affecting the structure of alarm calls. II. The 

functional significance and evolution of alarm signals. Zeitschrift für 

Tierpsychologie 66, 189-226. 

Komischke, B., Giurfa, M., Lachnit, H. & Malun, D. 2002. Successive olfactory reversal 

learning in honeybees. Learning & Memory 9, 122-129. 

Konishi, M. 1973. Locatable and nonlocatable acoustic signals for barn owls. American 

Naturalist 107, 775-785. 

Lefebvre, L. & Giraldeau, L.-A. 1996. Is social learning an adaptive specialization? In: 

Social Learning in Animals: The Roots of Culture, eds. Heyes, C. M. & Galef, B. 

G., Jr. San Diego: Academic Press, 107-128. 

Lehmann, G. U. C., Heller, K.-G. & Lehmann, A. W. 2001. Male bushcrickets favoured 

by parasitoid flies when acoustically more attractive for conspecific females 

(Orthoptera: Phanopteridae/Diptera: Tachinidae). Entomologia Generalis 25, 135-

140. 



 78

Leigh, E. G., Jr., Rand, A. S. & Windsor, D. M. 1982. The Ecology of a Tropical Forest: 

Seasonal Rhythms and Long-Term Changes. Washington, D.C.: Smithsonian 

Institution Press. 

Lips, K. R., Brem, F., Brenes, R., Reeve, J. D., Alford, R. A., Voyles, J., Carey, C., Livo, 

L., Pessier, A. P. & Collins, J. P. 2006. Emerging infectious disease and the loss 

of biodiversity in a Neotropical amphibian community. Proceedings of the 

National Academy of Sciences, U.S.A. 103, 3165-3170. 

Littell, R. C., Milliken, G. A., Stroup, W. W. & Wolfinger, R. D. 1996. SAS System for 

Mixed Models. Cary, North Carolina: SAS Institute, Inc. 

Lloyd, J. E. & Wing, S. R. 1983. Nocturnal aerial predation of fireflies by light-seeking 

fireflies. Science 222, 634-635. 

Marimuthu, G. & Neuweiler, G. 1987. The use of acoustical cues for prey detection by 

the Indian false vampire bat, Megaderma lyra. Journal of Comparative 

Physiology A: Sensory, Neural, and Behavioral Physiology 160, 509-516. 

Marler, P. R. 1955. Characteristics of some animal calls. Nature 176, 6-8. 

McGregor, P. K. 2005. Animal Communication Networks. Cambridge: Cambridge 

University Press. 

Mettke-Hofmann, C., Winkler, H. & Leisler, B. 2002. The significance of ecological 

factors for exploration and neophobia in parrots. Ethology 108, 249-272. 

Mineka, S., Davidson, M., Cook, M. & Keir, R. 1984. Observational conditioning of 

snake fear in rhesus monkeys. Journal of Abnormal Psychology 93, 355-372. 



 79

Moodie, G. E. E. 1972. Predation, natural selection, and adaptation in an unusual 

threespine stickleback. Heredity 28, 155-167. 

Müller, P. & Robert, D. 2002. Death comes suddenly to the unprepared: singing crickets, 

call fragmentation, and parasitoid flies. Behavioral Ecology 13, 598-606. 

Narins, P. M. 1990. Hearing through the lungs: lung-eardrum transmission of sound in 

the frog Eleutherodactylus coqui. Naturwissenschaften 78, 192-194. 

Neuweiler, G. 2000. The Biology of Bats. Oxford: Oxford University Press. 

Norberg, U. M. & Fenton, M. B. 1988. Carnivorous bats? Biological Journal of the 

Linnean Society 33, 383-394. 

Obrist, M. K., Fenton, M. B., Eger, J. L. & Schlegel, P. A. 1993. What ears do for bats: a 

comparative study of pinna sound pressure transformation in chiroptera. Journal 

of Experimental Biology 180, 119-152. 

Page, R. A., Kalko, E. K. V. & Ryan, M. J. In prep. Sensory mode switching: plasticity in 

prey detection in the frog-eating bat, Trachops cirrhosus. 

Page, R. A. & Ryan, M. J. 2005. Flexibility in assessment of prey cues: frog-eating bats 

and frog calls. Proceedings of the Royal Society of London, Series B: Biological 

Sciences 272, 841-847. 

Page, R. A. & Ryan, M. J. 2006. Social transmission of novel foraging behavior in bats: 

Frog calls and their referents. Current Biology 16, 1201-1205. 

Page, R. A. & Ryan, M. J. In press. The effect of signal complexity on localization 

performance in bats that localize frog calls. Animal Behaviour. 



 80

Pavlov, I. P. 1928. Lectures on Conditioned Reflexes. New York: International 

Publishers. 

Payne, R. S. 1971. Acoustic location of prey by barn owls (Tyto alba). Journal of 

Experimental Biology 54, 535-573. 

Phelps, S. M., Rand, A. S. & Ryan, M. J. 2007. The mixes-species chorus as public 

information: túngara frogs eavesdrop on a heterospecific. Behavioral Ecology 18, 

108-114. 

Pollak, G. D., Winer, J. A. & O'Neill, W. E. 1995. Perspectives on the functional 

organization of the mammalian auditory system: why bats are a good models. In: 

Hearing by bats, eds. Popper, A. N. & Fay, R. R. New York: Springer-Verlag, 

481-498. 

Popper, A. N. & Fay, R. R. 1995. Hearing by bats. New York: Springer. 

Popper, A. N. & Fay, R. R. 2005. Sound source localization. New York: Springer. 

Pounds, J. A., Bustamante, M. R., Coloma, L. A., Consuegra, J. A., Fogden, M. P. L., 

Foster, P. N., La Marca, E., Masters, K. L., Merino-Viteri, A., Puschendorf, R., 

Ron, S. R., Sanchez-Azofeifa, G. A., Still, C. J. & Young, B. E. 2006. 

Widespread amphibian extinctions from epidemic disease driven by global 

warming. Nature 439, 161-167. 

Rand, A. S. & Ryan, M. J. 1981. The adaptive significance of a complex vocal repertoire 

in a Neotropical frog. Zeitschrift für Tierpsychologie 57, 209-214. 

Ratcliffe, J. M. & ter Hofstede, H. M. 2005. Roosts as information centres: social 

learning of food preferences in bats. Biology Letters 1, 72-74. 



 81

Robert, D., Amoroso, J. & Hoy, R. R. 1992. The evolutionary convergence of hearing in 

a parasitoid fly and its cricket host. Science 258, 1135-1137. 

Römer, H. & Tautz, J. 1992. Invertebrate auditory receptors. Advances in Comparative 

and Environmental Physiology 10, 185-212. 

Roper, T. J. & Cook, S. E. 1989. Responses of chicks to brightly coloured insect prey. 

Behaviour 110, 276-293. 

Rosenthal, G. G. 2001. Shared preferences by predators and females for male ornaments 

in swordtails. American Naturalist 158, 146-154. 

Rossiter, S. J., Jones, G., Ransome, R. D. & Barratt, E. M. 2002. Relatedness structure 

and kin-based foraging in the greater horseshoe bat (Rhinolophus 

ferrumequinum). Behavioral Ecology and Sociobiology 51, 510-518. 

Rowe, C., Lindström, L. & Lyytinen, A. 2004. The importance of pattern similarity 

between Müllerian mimics in predator avoidance learning. Proceedings of the 

Royal Society of London, Series B: Biological Sciences 271, 407-413. 

Ryan, M. J. 1985. The Túngara Frog: A Study in Sexual Selection and Communication. 

Chicago: University of Chicago Press. 

Ryan, M. J., Fox, J. H., Wilczynski, W. & Rand, A. S. 1990. Sexual selection for sensory 

exploitation in the frog, Physalaemus pustulosus. Nature 343, 66-67. 

Ryan, M. J. & Keddy-Hector, A. 1992. Directional patterns of female mate choice and 

the role of sensory biases. American Naturalist 139, S4-S35. 

Ryan, M. J. & Rand, A. S. 2003a. Mate recognition in túngara frogs: a review of some 

studies of brain, behavior, and evolution. Acta Zoologica Sinica 49, 713-726. 



 82

Ryan, M. J. & Rand, A. S. 2003b. Sexual selection and female preference space: How 

female tungara frogs perceive and respond to complex population variation in 

acoustic mating signals. Evolution 57, 2608-2618. 

Ryan, M. J. & Tuttle, M. D. 1983. The ability of the frog-eating bat to discriminate 

among novel and potentially poisonous frog species using acoustic cues. Animal 

Behaviour 31, 827-833. 

Ryan, M. J. & Tuttle, M. D. 1987. The role of prey-generated sounds, vision, and 

echolocation in prey localization by the African bat Cardioderma cor 

(Megadermatidae). Journal of Comparative Physiology A: Sensory, Neural, and 

Behavioral Physiology 161, 59-66. 

Ryan, M. J., Tuttle, M. D. & Barclay, R. M. R. 1983. Behavioral responses of the frog-

eating bat, Trachops cirrhosus, to sonic frequencies. Journal of Comparative 

Physiology A: Sensory, Neural, and Behavioral Physiology 150, 413-418. 

Ryan, M. J., Tuttle, M. D. & Rand, A. S. 1982. Bat predation and sexual advertisement in 

a Neotropical anuran. American Naturalist 119, 136-139. 

Ryan, M. J., Tuttle, M. D. & Taft, L. K. 1981. The costs and benefits of frog chorusing 

behavior. Behavioral Ecology and Sociobiology 8, 273-278. 

Sakaluk, S. K. & Belwood, J. J. 1984. Gecko phonotaxis to cricket calling song: a case of 

satellite predation. Animal Behaviour 32, 659-662. 

Schlaepfer, M. A., Runge, M. C. & Sherman, P. W. 2002. Ecological and evolutionary 

traps. Trends in Ecology & Evolution 17, 474-480. 



 83

Schuler, W. & Hesse, E. 1985. On the function of warning coloration: a black and yellow 

pattern inhibits prey attack by naïve domestic chicks. Behavioral Ecology and 

Sociobiology 16, 249-255. 

Schuler, W. & Roper, T. J. 1992. Responses to warning coloration in avian predators. 

Advances in the Study of Behavior 21, 111-146. 

Seeley, T. D. 1986. Social foraging by honeybees: how colonies allocate foragers among 

patches of flowers. Behavioral Ecology and Sociobiology 19, 343-354. 

Sherratt, T. N. 2002. The coevolution of warning signals. Proceedings of the Royal 

Society of London, Series B: Biological Sciences 269, 741-746. 

Sherry, D. F. & Duff, S. J. 1996. Behavioural and neural bases of orientation in food-

storing birds. Journal of Experimental Biology 199, 165-172. 

Siemers, B.M. & Page, R.A. In press. Behavioral studies of bats in captivity: 

Methodology, training, and experimental design. In: Ecological and Behavioral 

Methods for the Study of Bats, eds. Kunz, T.H. & Parsons, S. Baltimore: Johns 

Hopkins University Press. 

Singer, J. D. 1998. Using SAS PROC MIXED to fit multilevel models, hierarchical 

models, and individual growth models. Journal of Educational and Behavioral 

Statistics 24, 323-355. 

Slagsvold, T., Dale, S. & Kruszewicz, A. 1995. Predation favours cryptic colouration in 

breeding male pied flycatchers. Animal Behaviour 50, 1109-21. 

Smith, S. M. 1975. Innate recognition of coral snake pattern by a possible avian predator. 

Science 187, 759-760. 



 84

Sol, D., Timmermans, S. & Lefebvre, L. 2002. Behavioural flexibility and invasion 

success in birds. Animal Behaviour 63, 495-502. 

Speed, M. P. 2000. Warning signals, receiver psychology and predator memory. Animal 

Behaviour 60, 269-278. 

Stephens, D. W. & Krebs, J. R. 1986. Foraging theory. Princeton, New Jersey: Princeton 

University Press. 

Stockwell, E. F. 2001. Morphology and flight manoeuvrability in New World leaf-nosed 

bats (Chiroptera: Phyllostomidae). Journal of Zoology 254, 505-514. 

Stuart, S. N., Chanson, J. S., Cox, N. A., Young, B. E., Rodrigues, A. S. L., Fischman, D. 

L. & Waller, R. W. 2004. Status and trends of amphibian declines and extinctions 

worldwide. Science 306, 1783-1786. 

Tandler, B., Nagato, T. & Phillips, C. J. 1997. Ultrastructure of the unusual accessory 

submandibular gland in the fringe-lipped bat, Trachops cirrhosus. Anatomical 

Record 248, 164-175. 

Terrace, H. S. 1963. Discrimination learning with and without "errors". Journal of the 

Experimental Analysis of Behavior 6, 1-27. 

Tinbergen, L. 1960. The natural control of insects in pinewoods. I. Factors influencing 

the intensity of predation by some birds. Archives Neerlandaises de Zoologie 13, 

266-336. 

Tuttle, M. D. & Ryan, M. J. 1981. Bat predation and the evolution of frog vocalizations 

in the Neotropics. Science 214, 677-678. 



 85

Tuttle, M. D., Taft, L. K. & Ryan, M. J. 1982. Evasive behavior of a frog in response to 

bat predation. Animal Behaviour 30, 393-397. 

Wagner, J. W. E. 1996. Convergent song preferences between female field crickets and 

acoustically orienting parasitoid flies. Behavioral Ecology 7, 279-285. 

Wagner, W. E. 1995. Convergent song preferences between female field crickets and 

acoustically orienting parasitoid flies. Behavioral Ecology and Sociobiology 7, 

279-285. 

Whiten, A. & Ham, R. 1992. On the nature and evolution of imitation in the animal 

kingdom: Reappraisal of a century of research. In: Advances in the Study of 

Behavior, eds. Slater, P. J. B., Rosenblatt, C., Beer, C. & Milinski, M. New York: 

Academic Press, 239-283. 

Wilkinson, G. S. 1992. Information transfer at evening bat colonies. Animal Behaviour 

44, 501-518. 

Wilkinson, G. S. 1995. Information transfer in bats. Symposia of the Zoological Society of 

London 67, 345-360. 

Wilkinson, G. S. & Boughman, J. W. 1998. Social calls coordinate foraging in greater 

spear-nosed bats. Animal Behaviour 55, 337-350. 

Wilkinson, G. S. & Boughman, J. W. 1999. Social influences on foraging in bats. In: 

Mammalian Social Learning: Comparative and Ecological Perspectives, eds. 

Box, H. O. & Gibson, K. R. Cambridge, UK: Cambridge University Press, 188-

204. 



 86

Wood, S. R., Sanderson, K. J. & Evans, C. S. 2000. Perception of terrestrial and aerial 

alarm calls by honeyeaters and falcons. Australian Journal of Zoology 48, 127-

134. 

Zajonc, R. B. 1965. Social facilitation. Science 149, 269-274. 

Zentall, T. R. 1996. An analysis of imitative learning in animals. In: Social Learning in 

Animals: The Roots of Culture, eds. Heyes, C. M. & Galef, B. G., Jr. New York: 

Academic Press, 221-243. 

Zuk, M. & Kolluru, G. R. 1998. Exploitation of sexual signals by predators and 

parasitoids. The Quarterly Review of Biology 73, 415-438. 

 



 87

VITA 

 

Rachel Ann Page was born in Washington, D.C. on September 24, 1973, the daughter of 

Theodora Smyth Page and Richmond Talbot Page. She graduated from Columbia 

University in 1996. There she earned a B.A. in East Asian Studies, with a concentration 

in Japanese and Anthropology. She lived and worked in both Belgium and Japan, then 

became interested in the study of biology and began a series of field biology jobs in 1998, 

working for the U.S. Fish and Wildlife Service, the U.S. Geological Survey, and the 

American Museum of Natural History. She joined Dr. George Pollak’s lab at the 

University of Texas at Austin as a technician in fall of 2001, investigating the social 

communication signals of Mexican free-tailed bats. She was awarded her first 

Smithsonian Tropical Research Institute fellowship to study bats in Panama in the spring 

of 2002. In the fall of 2002 Rachel began a Ph.D. program in the Ecology, Evolution, and 

Behavior department at the University of Texas at Austin in Dr. Michael Ryan’s lab. 

During her time as a graduate student she earned numerous fellowships and awards 

including the National Science Foundation Graduate Research Fellowship, National 

Science Foundation Dissertation Improvement Grant, Smithsonian Institute Predoctoral 

Fellowship, American Association of University Women Dissertation Fellowship, and 

the P.E.O. Scholar Award. She was a teaching assistant for the introductory biology 

course, Structure and Function, and the upper division biology course, Evolution. While a 

graduate student at the University of Texas at Austin, she published six peer-reviewed 

manuscripts. 

 

 

 

Permanent Address: P.O. Box 277, Chocorua, NH 03817. 

 

This dissertation was typed by the author. 


