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Females in many species assess variation among males’ sexual signals when 

choosing mates.  Despite substantial empirical data demonstrating this, the role of mate 

choice in the evolutionary elaboration of signals among natural systems is not well 

understood.  A major challenge is that mate choice often occurs within complex, dynamic 

social networks such as leks and choruses, scenarios that combine multiple interacting 

males, multiattribute signals, and the emergence of spatial relationships, all with the 

potential to influence females’ decisions.   

I examined the interplay of males’ social associations and females’ mate choices 

in túngara frogs (Physalaemus pustulosus), a model system for female mate choice but 

for whom interactions between male competition and mate choice were unexplored.  My 

aim was to understand ways in which this complexity might influence the relative mating 

success of advertising males and ultimately, sexual signaling evolution.   

I conducted field studies and behavioral experiments to deconstruct spatial and 

neighbor association preferences among males. I found that males are highly tuned to 
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features of their competitors’ calls, exhibiting association biases that roughly paralleled 

females’ mate preferences, thus supporting a dual function of advertisement calls.  I 

tested classic chorus formation models invoking conspecific association preferences and 

found that phonotaxis preferences support a central role for highly attractive “hotshot” 

males in social structuring. 

I then examined consequences of these interactions for females’ mate preferences.  

I first tested the importance of signalers’ spatial positions, showing centrality outweighs 

bout-leading benefits and substantially increases inferior males’ success.  I then tested 

females’ susceptibility to “decoy effects” and demonstrated that mate preferences were 

similarly reversible by presenting females with an irrelevant third option. Finally, I 

explored preference patterns among multiattribute signals between males and females; I 

found that transitivity in females’ preferences broke down among superior signals, 

suggesting that cyclical competition may play a fundamental role in maintaining signal 

diversity.  

Females’ preferences, in contrast with theoretical assumptions, exhibit substantial 

context-specificity, often paralleled by males’ strategies.  These studies highlight the 

inextricable linkage between male competition and female mate choice and the 

importance of integration when assessing the opportunity for, and potency of, sexual 

selection via mate choice. 
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In many species, one of the sexes, usually the male, possess elaborate ornaments 

or engage in sexual displays that exist despite obvious survival disadvantages.  It was 

first suggested by Darwin that much of the phenotypic diversity among sexually 

dimorphic traits is generated by competition for acquisition for mates, a process he 

termed Sexual Selection (Darwin 1871). Traits like horns and antlers, he suggested, were 

weapons used during physical combat among males competing for access to mates.  His 

explanation for ornamental traits like the peacock’s tail, however, invoked a much more 

subtle form of competition: that of the females’ preferences for certain variants of traits.  

These two processes: male-male competition and female mate choice, have traditionally 

been pictured as two separate explanations for the evolution of traits as weapons or 

ornaments, respectively.   

This conceptual separation has always been recognized as somewhat artificial.  

Firstly, many examples exist of the same sexual signal functioning as both a weapon for 

use during combat and as cue for deterring conflict (Berglund et al., 1996).  Even for the 

canonical case of antlers and horns, their utility as a social cue may have been as 

important as their utility as a weapon in their evolutionary elaboration; there is much 

evidence that asymmetry in antler size among rivals reduces the probability of physical 

combat and the injury that comes along with it (Clutton-Brock, 1982; Vanpé et al., 2007). 

Experimental manipulation of weapons has led to social instability and an increase in 

costly physical encounters (Andersson, 1994).  Secondly, this type of indirect male 

competition can also be mediated through ornaments that do not serve as weapons.  
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Males may possess a patch of color for instance that correlates with their level in the 

dominance hierarchy.  The color is not a weapon but variation in color reliably predicts 

the outcome of a physical encounter.   

Dominance traits and “badges of status” are usually considered to be an indicator 

of male quality due to their extreme investment cost.  The evolution of ornaments is thus 

more complicated than that of weapons.  Sexual signals have the potential to be utilized 

as public information by both males and females (Danchin et al., 2004), regardless of 

whether or not the signal evolved in that context initially. Dominance traits are almost by 

definition associated with the most physiological capable males; when females select 

mates and they choose louder, faster, or more complex advertisement signals, these 

preferences too will tend to favor the more physiologically capable males. Therefore, 

when sexual signals do reliably indicate male quality or male aggression, there are many 

potential adaptive functions for both females and males to attend to these same signals. 

There are increasing examples of systems with conspicuous female choice where the 

ornament under selection by females also elicits responses from males that have the 

effect of mediating male social interactions. It is unsurprising that males would play an 

active role in the mate choice process given that female-preferred signals are costly for 

males to produce (Bucher et al., 1982; Ryan et al., 1981; Wells, 2001).  

This complexity is readily apparent among highly species in which reproduction 

occurs in social aggregations and where selection on males via female choice is intense. 

These systems are often associated with the evolution of multiattribute and 

multicomponent signals which may reflect tradeoffs between signal components and the 
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conflicts that arise from the duality of signal function (Patricelli and Krakauer, 2010; 

Rowe, 1999), particularly if having multiple receivers leads to asymmetry in the benefit 

of producing different signal variants.  Moreover, social interactions themselves may 

provide indirect information about male social status or condition (Freeberg et al., 2012; 

Grafen, 1990; Jennions and Petrie, 1997; Kokko et al., 1999; Patricelli et al., 2011).  Any 

characteristic of sexual displays, such as direct agonistic interactions or relative signaling 

performance that is correlated with mating success is potentially subject to selection 

(Andersson, 1994).  Social structuring both at the level of aggregation as well as fine-

scale neighbor associations can also influence the relative mating success of males 

(Callander et al., 2013; Widemo and Owens, 1995).  This includes emergent 

consequences of social interactions such as spatiotemporal cues relative to other males or 

relative to ecological “hotspots” containing necessary resources (Beehler and Foster, 

1988).  In some lekking species, centrally-positioned males have been associated with 

increased mating success (Bro-Jørgensen, 2008; Hovi et al., 1994; Kokko et al., 1998; 

Partecke et al., 2002).  Female Lake Victorian cichlids have been found to reverse their 

preference for male nuptial coloration in favor of males with better territories following 

experimental manipulations of territory quality (Dijkstra et al., 2008).  Other 

performance-related cues such as male arrival times, chorus leading and tenure can 

influence female sampling in important ways that we are just beginning to understand 

(Castellano, 2009; Castellano et al., 2009; Kokko et al., 1998; Murphy, 1999). 

Therefore uncovering the rules by which males respond to rivals’ advertisement 

signals and how these responses impact relative mating success is critical for 
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understanding sexual selection. Nevertheless, the dual functionality of advertisement 

signals are rarely integrated into empirical studies of mate choice so their interaction is 

poorly understood.  Maintaining this separation may hinder rather than enlighten our 

theoretical understanding of the way sexual selection operates, particularly among 

lekking species where females and males interact in a socially-dynamic mating 

marketplace. In the following studies, I explore the role of variation in male 

advertisement calls in modulating social structuring among competing males in the 

túngara frog chorus, and how female mate choice is in turn affected by this social 

structure.   

CHORUSES: A MODEL FOR DUAL SEXUAL SELECTION PROCESSES 

Acoustic signals are the best studied sexual displays and the advertisement calls 

produced by male frogs are some of the most conspicuous in nature.  In the canonical 

case, males call to attract females who base their mating decisions primarily on 

characteristics of males’ calls.  This system has a robust history for testing the influence 

of female choice on the evolution of male traits (Gerhardt and Huber, 2002; Ryan et al., 

2009) and for understanding the economics of male mating strategies (Humfeld, 2008; 

Kuczynski et al., 2016).  Producing advertisement calls is both energetically expensive 

(Bucher et al., 1982; Emerson and Hess, 2001; Ryan et al., 1981; Wells, 2001) and makes 

males conspicuous to acoustically-oriented predators (Akre et al., 2011; Bernal et al., 

2007c; Bonachea and Ryan, 2011; Kuczynski et al., 2016) making it a classic exemplar 

of the tension between natural and sexual selection.   
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In many species, males aggregate in lek-like choruses to which females attend in 

order to sample males and select a mate (Gerhardt & Huber, 2002, Wells & Schwartz, 

2007). Choruses are socially complex and temporally dynamic, varying in density and 

composition even during the course of a single breeding event.  They have been 

traditionally viewed as a communication problem from the perspective of the males’ 

signals being received by females.  With this conceptual approach, other conspecific 

males’ calls are particularly problematic for efficacy of signal transmission because of the 

high degree of spectral overlap results in call masking and the diminishing females’ 

ability to detect and localize individual signals (Bee, 2007) or parse signal components 

(Farris and Ryan, 2011).  In this literature, the focus on conspecific male interactions is 

typically on behavioral compensation to optimize signal transmission, for example by 

making fine-scale adjustments in the timing of their calls which minimize the amount of 

overlap with neighbors’ calls (Bates et al., 2010; Grafe, 2005; Greenfield, 2015; 

Greenfield and Rand, 2000; Narins, 1982; Reichert and Gerhardt, 2014).   

Many strategic responses have been uncovered that reveal that males go beyond 

masking avoidance by adjusting responses in a competitive way, even when calls are not 

overlapping.  Males respond to conspecific playbacks not only by alternating with them 

to avoid overlap but do so in a way that makes them the leader in the series, a result that 

is preferred by females (Grafe, 2005). Males adjust their performance dependent on the 

competitive contexts.  Increasing chorus densities usually leads to elevated call rates and 

call complexity, results that may ameliorate masking issues but that also lead to more 

attractive calls. Thus as the social complexity of choruses increases, so does the 
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minimum calling effort required by a male in order to maintain his relative attractiveness 

to females (Schwartz, 2001, Wells & Schwartz, 2007, Greenfield & Rand, 2000).   

These studies make it abundantly clear that although the most conspicuous 

function of advertisement calls is to attract potential mates (hence the term 

“advertisement”), males attend to these signals as well.  There has been little 

consideration, however, for the role of among-individual variance in rivals’ signals (e.g. 

relative attractiveness) on determining the probability and manner of behavioral 

responses and how this aspect of male competition might directly shape the evolution of 

female-preferred signals.   

SEX DIFFERENCES IN RESPONSE TO MALE SIGNALS 

In order to show that male responses to their rivals’ advertisement calls are a 

selective force, one must first demonstrate that males do discriminate among female-

preferred aspects of rivals’ calls.  Making direct comparisons between male and female 

choice rules in discrimination tasks is made difficult when there is sexual dimorphism in 

behavior (Bernal et al., 2009c; Leonard and Hedrick, 2009).  Most attempts at comparing 

the responses of males and females towards the same acoustic signals maintain the 

separation of sex-specific tasks. In most frog species, males call and females no not, 

while females respond to males’ calls with a phonotaxis response.  Therefore, when 

asking if males and females show the same discrimination, investigators have typically 

examined males by recording individuals’ calling patterns either in response to playbacks 

(Goutte et al., 2010, Bosch et al., 2000, Greenfield & Rand, 2000, Bee et al., 2000) or 

within natural choruses in the field (Bernal et al., 2009).  They assay changes in static call 
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characteristics such as dominant frequency (e.g. Bee et al., 2000) or dynamic call 

characteristics such as changes in the level of call rate, duration, or complexity (e.g. 

Goutte et al., 2010) in response to another signaler’s calls.  There are many examples of 

general consistency between male vocal responses and female phonotaxis preferences in 

reciprocal tests (Bernal et al., 2007b, Bosch & Boyero, 2006, Goutte et al., 2010, Kime et 

al., 2004).  Given that calls are complex combinations of multiple temporal and spectral 

attributes, identifying the salient cues of calls requires experimental manipulations.  

Males’ calling strategies may be responses to male-male competition cues (those that 

would indicate a low probability of winning in a physical encounter with rival male) or 

responses to relative attraction cues (those that would indicate a low probability of 

acquiring a female given the attractiveness of neighbors) (Schwartz et al., 2008, Byrne, 

2008, Kime et al., 2004) or both. In species where males use aggressive signals that are 

distinct from their advertisement call, females typically do not show preferences for it but 

many frogs do not have distinct aggressive calls, instead showing graded changes in their 

calls when involved in an aggressive encounter.  In those frogs, disentangling relevant 

cues may be approached by comparing the features in calls that are modified during that 

graded change to those that are not.  But this does not guarantee that a cue is not relevant 

for both competition and relative attractiveness, particularly if it is a reliable indicator for 

male size or condition.   

Far fewer studies have compared the sexes in the same behavioral assay. Given 

that females typically don’t call, that assay is phonotaxis. Phonotaxis is considered an 

unequivocal indication of mate preference when exhibited by females, as they approach 
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males in the field to initiate copulation. The interpretation of phonotaxis behavior among 

males can vary from a functional perspective, as it could indicate neighbor preference, 

chorus attraction, aggression, or an alternative (non-calling) mating tactic. The latter is by 

far the most common interpretation.  Spadefoot toads (Pfennig et al., 2000) engage in 

phonotaxis in response to playbacks of male calls, with preferences that roughly parallel 

those of females in the same species; moreover, smaller males were found to be more 

likely than larger males to match female preferences in speaker associations (Pfennig et 

al., 2000).  Several studies in frogs suggest that smaller males and/or males with 

relatively unattractive calls tend to associate more closely with more attractive males 

(Castellano, 2009, Humfeld, 2008, Leary et al., 2006).  One cannot assume, however, that 

a male engaging in phonotaxis in a lab doesn’t intend to call or that either outcome 

changes the relative success of the “male” that he approached. The critical questions for 

reconciling social selection with mate choice selection lie in the overall impacts of the 

variance of reproductive success with respect to the variance of the traits under selection 

by females.  The key test is to examine females’ mate choices with respect to these social 

associations and yet very few studies have attempted this. 

MATE CHOICE IN THE TÚNGARA FROG 

The túngara frog (Physalaemus pustulosus) is arguably one of the better studied 

models of sexual selection by female choice (Ryan, 1985; Ryan, 2010, 2011).  It is a 

small (~30mm) neotropical frog whose range extends from Southern Mexico to 

Venezuela.  They reproduce during the tropical wet season, between May and December.   

Males aggregate into choruses in temporary or otherwise shallow pools of water and 
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advertise for potential mates by vocalizing.  Females attend to these choruses when 

selecting a mate and base their choices primarily on variation among the males’ 

advertisement calls.  Females approach males and are clasped dorsally, known as 

amplexus, after which the pair will proceed to copulate and produce a foam nest in which 

the eggs are fertilized.  The foam nest is the extent of parental-like care thus females 

appear to receive no benefits from their mate choice beyond sperm. The mechanisms 

driving chorus formation are not well understood.  It has been suggested that the per 

capita predation risk of a given male decreases as the chorus density increases (Ryan et 

al., 1981); whether this is the cause or a consequence of aggregation has not been 

examined. 

The characteristic feature of túngara frogs is that the males produce a complex 

call component that dramatically increases their attractiveness to females (Ryan, 1980).  

All calls produced by males contain a simple downward frequency sweep called a 

“whine” but many calls are made more complex by the addition of one or a few short 

broadband bursts called “chucks” at the end of the whine. While the whine is necessary 

and sufficient to attract a female, complex calls are much more preferred to whines alone. 

Males produce more complex calls when they are calling within a chorus than when 

calling alone; they also tend to increase call complexity during close-range male-female 

interactions that lead up to amplexus (Akre and Ryan, 2011).  While producing these 

chucks is no more costly energetically to males than producing whines (Bucher et al., 

1982), they make males much more attractive to acoustically oriented frog-eating bats 

(Ryan et al., 1981) as well as blood-sucking flies (Bernal et al., 2007a).  Thus a classic 
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tradeoff between the viability cost and the mating benefit of this advertisement signal 

makes this a model for sexual selection research.  

In laboratory studies, females exhibit a highly stereotyped and robust phonotactic 

response to speakers broadcasting stimuli that simulate male advertisement calls.  By 

isolating a single sensory modality and removing any potential confound resulting from 

the behavioral feedback of real males, phonotaxis assays provide a great amount of 

flexibility and control for empirically testing mate choice. There is a large amount of 

natural variation in túngara frog calls both in the whine and chuck call components, and 

several static call parameters have been identified as important to females during choice 

tests (Ryan, 1980; Ryan and Rand, 2003).  In addition, females preferences’ for more 

complex calls is stronger at proximate distances (Akre et al. 2010), suggesting that spatial 

cues may be of importance to female mate choice in this species.   

Several studies show that male vocal response strategies are plastic and generally 

influenced by the acoustic social environment in ways that are relevant to female 

attraction (Bosch et al., 2000; Goutte et al., 2010; Greenfield and Rand, 2000; Ryan, 

1985). Males respond vocally to other males’ increase in chuck number by increasing 

their own chuck number (Bernal et al., 2009a).  Furthermore, túngara frog males respond 

to playbacks of calls with relatively higher frequencies than their own with more calling 

effort and more complexity (Bosch et al., 2000).  Some studies have shown that males 

respond similarly in phonotaxis tests as females when presented synthetic variants of 

conspecific calls as well as heterospecific calls (Bernal et al., 2009c).  Interestingly, 

males are more permissive in their vocal responses than in their phonotaxis responses 
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(Bernal et al., 2007b; Ryan and Rand, 1998).  Females’ auditory thresholds are hormone-

dependent and sensitivities are seasonally tuned (Lynch et al., 2005; Lynch and 

Wilczynski, 2008) While no evidence exists for such hormonal regulation in males, 

hearing thresholds do not seem to differ between the sexes (Taylor et al., unpub ms) and 

some work suggests that sexes differ in brain responses to central processing of signals as 

opposed to the auditory reception of the same signals (Hoke et al., 2008).  This suggests 

that any differences between males and females in discrimination tasks are attributable to 

different sets of rules for information processing and functional tasks rather than 

perceptual capabilities. No previous work has explored natural call variation among 

conspecific signals.  Little is known of the particular aspects of rivals’ calls to which they 

attend, the extent to which they adjust their behavior according to changes in the social 

composition of the chorus, or of any spatial strategies or rules underlying social 

structuring in the chorus.  Taken together, while we know that males respond collectively 

to features of other males’ calling behavior that are important to female choice, only 

population-level response patterns have been examined.  Differences among individuals, 

either in the likelihood of receiving or instigating competition, have not been studied 

therefore they cannot yet be linked to sexual selection outcomes.  Moreover, we know 

very little about consequences of male social interactions for females beyond potential 

discrimination constraints (Farris and Ryan, 2011), as nearly all studies of mate choice in 

this species have utilized dichotomous choice tests using static playbacks that 

oversimplify the environmental variation found in nature. 
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DISSERTATION RATIONALE 

This dissertation project aims to connect the nonrandom social structure that 

arises in choruses to the processes of social selection and female mate choice.  The 

experimental approach steps back from the traditional highly reductionist methods by 

using a suite of complex, natural call stimuli rather than simplified synthetic variants that 

narrowly focus on one or two traits, as well as by building increasingly more complex 

questions out of simple initial observations.   

It begins by resurrecting a classic but fundamentally important question: why do 

advertising frogs aggregate into choruses?  I explore the role of male attractiveness in 

driving aggregation and, using patterns from the field and from these initial studies I 

formulate hypotheses about what aspects of social complexity may be more influential to 

females’ mate choices. I then use increasingly more complex experiments to disentangle 

the interactions among spatial, temporal, and social cues on females’ phonotaxis 

decisions. Throughout this project, I compare in detail the discriminations patterns of 

males to those of females in parallel experiments and uncover several ways that males’ 

behavior acts as a force of selection on advertisement calls.   

My findings provide novel insights into the complex social world of frog 

choruses, from how they form to their consequences for mate choice, using one of the 

best well-studied animal systems for conspicuous female mate choice.  These results 

support a key role for males in the process of sexual selection through a form of social 

niche construction that can have a surprisingly dramatic impact on their relative 

probability of successful mate attraction.   
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CHAPTER SYNOPSES 

Chapter 2 examined variability in social structure among chorusing males in the 

field, testing classic mechanistic hypotheses for lek formation that invoke “conspecific 

attraction” as opposed to nonsocial ecological factors.  I conducted a mark-recapture field 

survey and found that, although there was substantial variation among sites and between 

nights in chorus density, the average number of males found in a 2 m2 area was relatively 

small, between 3-4 males.  Using this group size as a justification, I designed a playback 

experiment where I gave both males and females the option of associating with a small 

group of broadcasting speakers (n=3) or a solo alternative.  I tested this in two 

experimental series in order to assess the role of indirect conspecific attraction to groups 

that might be caused by the facultative increase in signaling effort due to competitive 

interactions. The latter would indicate that it is not the number of males present that 

directly attracts other frogs, such as would result from an assessment of reduced per 

capita predation risk.  On the other hand, it would indicate that individuals are attracted to 

higher levels of dynamic signals that are produced as a byproduct of male competition.  

The latter hypothesis was supported by the data, thus it seems that large chorus 

aggregations are more likely due to a positive feedback of the nonlinear increase in 

signaling effort within individual males as a function of increasing chorus size.  This also 

supported a key role for highly attractive males in driving the initial clustering.   

Several interesting insights arose from Chapter 2 that stimulated the aims of 

experiments presented in Chapters 3 and 4. Firstly, the fact that speakers broadcasting 

female-preferred advertisement signals were also chosen by phonotaxing males, whose 
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behavior is not directly accounted for by mate choice, needed some further explanation.  

In Chapter 3, I probed the function of male phonotaxis further to understand if the search 

for abiotic resources may still drive the initial attraction to other males’ calls.  I found 

that providing them water resources for calling did not affect whether they chose to 

associate with other males and that the association was independent of whether or not 

males intended to call after phonotaxis. This chapter also revealed several interesting 

ways in which state-dependence alters how signaling tactics may be employed; male size 

and whether or not they had recent success in acquiring a mate both played significant 

roles in the probability to call, the latency to call, and whether males approached speakers 

closely prior to calling.  Lastly, experiments in Chapter 3 also supported the main 

conclusion of Chapter 2, namely that the attractiveness of individual males is a 

determinant of social structuring patterns.  This interpretation would be further examined 

in great detail in Chapter 6. 

Another suggestion of the choice patterns observed in Chapter 2 was that there 

seemed to be a tendency for females to choose centrally-located speakers when they did 

choose a speaker within the group.  Across several lekking taxa, previous researchers 

have noticed a correlation between male mating success and spatial position. Resource 

distribution and therefore territory quality can vary across a lek; if the lek is centered on 

resources then it can be difficult to distinguish a preference for a centrally-positioned 

male from a preference for a central territory.  Chapter 4 presents a series of 

progressively more complex phonotaxis experiments in which I manipulated the spatial 

positions of broadcasting signals independently of the signals’ relative attractiveness.  I 
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found that females did indeed choose centrally-positioned speakers and that this bias 

outweighed the importance of the attractiveness of the males’ signals. Males did not show 

this bias for approaching central signalers, which suggested a sex-specific, functional 

explanation for females’ preferences rather than a psychophysical or resource-based one. 

Together, Chapters 2-4 provide robust evidence that choruses are structured as a 

result of males’ nonrandom associations with particular males that also happen to have 

the most attractive advertisement calls to females and that when females’ chose males 

from the group, this pre-determined structure can have a great impact on mating 

decisions. Chapters 5-7 switch gears slightly by focusing a bit more on the side of the 

females, the detailed patterns by which they choose from among multiattribute signals, 

and processes that can lead to individuals’ decisions changing across social contexts and 

over time.  

Chapters 5 and 6 test the most fundamental, and yet rarely questioned, 

assumptions of mate choice models in traditional sexual selection theory.  Chapter 5 

demonstrates that female túngara frogs are susceptible to the so-called “decoy effect” 

known widely in behavioral economics as one of the most common examples of 

“irrational” consumer choice behavior.  Technically speaking, decoy effects underscore 

the tendency for individuals not to obey one of the basic axioms that decision-making 

models rely upon when making forecasts for consumer spending.  This type of behavior 

suggested that females may not choose their mates transitively, meaning that their 

choices may lead to cycles similar to a paper-rock-scissors game. Such patterns in mate 

choice would pose nontrivial challenges to sexual selection theory so I tested this 
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assumption in Chapter 6.  In that chapter, I present the results from over 1800 phonotaxis 

choices among females and males in a round-robin tournament in which each call option 

was pitted against all others in the group in pairwise tests.  Females, surprisingly did defy 

theoretical expectations by choosing males intransitively; a preference cycle emerged 

among the four most attractive calls in the set.  Males did not exhibit this pattern.  I 

explored several mechanistic interpretations for such inconsistencies as put forth in the 

human literature using the data collected on individuals and the characteristics of the calls 

tested.  I concluded that females weigh the component call characters differently than 

males and that the characters attended to by females vary non-independently of one 

another in ways that present tradeoffs in the decision-making process.  

Many mechanistic hypotheses for intransitive choice and decoy effects revolve 

around the change in the individual’s state between choice trials.  Another possibility is 

that intransitive population-level outcomes arise from variation among individuals in 

their underlying preferences and that a sampling bias somehow occurs. In Chapter 7, I 

examine both of these aspects of females’ choices.  I tested individual females repeatedly 

in 10-18 choice trials with either the same pair of stimuli or a dynamically changing set 

of three calls.  I then measured the predictability of individuals’ decisions patterns and 

whether or not individuals differed in preference.  I found both that the individuals were 

highly repeatable and that there were no population-level polymorphisms in preference.  

The most interesting result, however, was that the relative preference for a pair of calls 

was dependent on the females’ experience in the intervening trials. The probability that 

they chose the population-preferred stimulus was lower among tests that were 
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interspersed among trials with only inferior calls. Taken together, Chapters 5-7 present 

several lines of evidence that females do not behave “rationally” in the sense that is 

assumed by models of mate choice used to predict male signal evolution.  Furthermore, 

the additional exploratory analyses presented in Chapters 6 and 7 highlight many 

promising lines of future inquiry regarding the procedural mechanisms that might 

potentially underlie such ostensibly suboptimal behavioral outcomes.        
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Chapter 2 -- Chorus formation in túngara frogs: sex differences in 

decision rules underlying attraction to grouped signalers 
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ABSTRACT 

 

Factors driving and maintaining lekking behavior vary widely among species.  

Lek formation at the proximate level can be driven by association preferences on the part 

of one or both of the sexes whose relative roles have important implications for female 

mate choice.  Here we present field data quantifying clustering patterns in calling male 

túngara frogs in the field and find that males were clustered independent of resource.  We 

then used the average cluster size observed in the field to make direct quantitative 

comparisons of intersexual behavior in a phonotaxis assay to determine if male or female 

preference patterns drive aggregation behavior.  Surprisingly, we found no evidence that 

females or males were disproportionately attracted to a small cluster of speakers versus a 

solo alternative, thus our results do not support conspecific attraction models.  Moreover, 

by modulating the relative attractiveness of the solo speaker alternative in a subset of 

trials, we found context-dependent differences in the decision rules of males and females 

in whether or not to approach grouped speaker arrays.  We discuss our findings in the 

context of sex differences in the function of phonotaxis responses and in tradeoffs 

involved in attending leks.  We suggest alternative mechanisms for male clumping 

patterns that involve indirect preferences for grouped individuals rather than groups per 

se.   
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INTRODUCTION 

 

Lekking behavior, aggregation of sexually signaling males for the purposes of 

mate attraction, is the subject of classic theoretical questions in evolutionary biology 

(Andersson, 1994; Bradbury, 1981; Höglund and Alatalo, 1995) and continues to draw 

widespread interest due to the complex interactions between male social structure, 

intermale competition, and female mate choice (Castellano, 2009; Kokko et al., 1998; 

McGregor and Peake, 2000; Murphy, 1999; Patricelli et al., 2011; Wiley and Poston, 

1996).  Although lek characteristics vary among species and populations, all leks and lek-

like choruses are defined by some degree of male clumping behavior and attendance by 

females solely for the purposes of copulation (Bradbury, 1981; Höglund and Alatalo, 

1995).  Variation in male aggregation behavior can be driven by abiotic factors such as 

limited display sites or oviposition sites, social association preferences, or both 

(Bradbury, 1981; Llusia et al., 2013; Widemo and Owens, 1995).  While field 

observations sometimes find evidence for disproportionate female attendance to larger 

leks (Ryan et al., 1981), it is often unclear whether it is the distribution of males that 

determines the attendance of females or vice versa.  

Several hypotheses for lek formation require that one or both of the sexes 

demonstrate particular association preference patterns in response to male signals.  The 

“female attraction” hypothesis posits that females are disproportionately attracted to 

clustered males per se, perhaps because it reduces predation risk or facilitates social 

competition and mate sampling (Bradbury, 1981; Kirkpatrick and Ryan, 1991; Waltz, 

1982; Young et al., 2009).  In this case, the increased per capita male mating success in 
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larger leks is driven by females because individual male attractiveness increases as a 

function of group size (Bradbury, 1981; Höglund and Alatalo, 1995).  The “hotshot” 

hypothesis (Beehler and Foster, 1988), in contrast, posits that males initiate clumping by 

associating with more attractive males than themselves, thereby increasing the probability 

of encountering and intercepting sampling females.  Females, therefore, may attend to 

clustered males simply because that is where the most attractive males are located.  

Preferences for centrally-positioned males (Bro-Jorgensen, 2002; Emlen and Oring, 

1977; Kokko et al., 1998; Waltz, 1982) could be an indirect consequence of inferior 

males relocating around high quality males.  A third possibility is that of “predator 

avoidance”; due to the shared benefit of a decreased per capita predation risk for 

individuals within larger choruses, i.e. Hamilton’s “selfish herd effect” (Hamilton, 1971), 

individuals may demonstrate per capita preferences for clustered signalers.  Hypotheses 

that invoke predation risk as an ultimate driver are particularly associated with 

acoustically-signaling anurans and insects because many predators eavesdrop on male 

advertisement calls (Bradbury, 1981; Cade, 1981; Ryan et al., 1981).  Differences in 

conspicuousness- and therefore predation risk- between signaling males and attending 

females might result in males but not females preferring groups, in which case males 

initiate clumping while females would be forced to attend if that were the only mating 

option.  The fourth, “hotspot,” hypothesis predicts that the location of limited breeding 

sites is the ultimate driver of clumping, which may be facilitated or not by conspecific 

cues for these resources. 



 23 

Whether males or females initiate lek formation could influence the degree to 

which females’ mate choices are constrained by intrasexual selection (Bradbury and 

Gibson, 1983; Wiley and Poston, 1996).  Distinguishing between lek formation models 

requires evidence for conspecific attraction on the part of one or both of the sexes 

(Beehler and Foster, 1988; Bradbury and Davies, 1987; Höglund and Atalo, 1995; Kokko 

et al., 1998; Waltz, 1982) and thus can be studied by directly comparing the decision 

rules of individuals regarding approach responses to conspecific signals (Leonard and 

Hedrick, 2009).  Despite the potential insights that can be gained through examining 

underlying behavioral mechanisms using carefully controlled experimental approaches, 

the question of lek formation is rarely investigated in this way (but see Alem et al., 2015; 

Droney, 1994). 

In most anuran species that have prolonged breeding seasons, males aggregate 

into choruses that exhibit key lek-like characteristics such as male clumping, independent 

of display and oviposition sites, a lack of parental care, and female choice on male 

displays (Emlen, 1976; Friedl and Klump, 2005; Wells, 2007).  Males vocalize to attract 

females and modulate intrasexual interactions.  Here we ask whether the phonotaxis 

preference patterns of either of the sexes might drive clustering in the túngara frog 

(Physalaemus pustulosus).  Using the median cluster size observed in the field, we 

measured both male and female preferences for clustered versus solo callers to determine 

if either sex showed a preference for the group per se, as shown by a per capita benefit 

for signalers within a group when all else is equal.  By modulating the call rate of the solo 
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speaker, we explored the influence of solo-caller attractiveness in the decision to attend 

the group. 

 

METHODS 

Study System and Site 

Male túngara frogs gather in lek-like choruses during the breeding season (May-

December) and engage in calling to attract females.  Males always produce a simple, low-

frequency sweep (“whine”) but can make their calls more attractive to females by adding 

one to seven high-frequency suffixes (“chucks”) to their whine to produce a complex call 

(“whine-chuck”) (Ryan, 2010).  Whine-chucks are on average 86% preferred by females 

over whines without chucks [for one-chuck calls vs. whines, n= 3662 (Gridi-Papp et al., 

2006)].  Túngara frog populations in Gamboa, Panama have a prolonged breeding season 

and exhibit an extensive degree of variation in lek size in time and space.  As in many 

anuran species, males do not produce calls consistently to their maximum potential; 

social competition including the presence of just one or a few nearby neighbors is often 

associated with increased call rates and complexity among individuals (Bernal et al., 

2009c; Schwartz et al., 2008; Wells, 2001; Wells and Schwartz, 2007).  Larger 

aggregations have been associated with disproportionately more females in attendance 

(Ryan et al., 1981), which provides indirect support for female attraction models.   Males 

increase chorus attendance and vocal output in response to high-density chorus playbacks 

in the field (Green, 1990). 
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Given the nature of our main question focuses on approaching grouped or solo 

individuals, here we used a phonotaxis behavioral assay. Female phonotaxis is widely 

used to understand female mate choices in a variety of circumstances and to model mate 

preferences in this species (Kirkpatrick et al., 2006; Ryan, 2011; Ryan and Rand, 1998).  

Males, however, also engage in phonotaxis in addition to vocalizing when exposed to 

conspecific signals and demonstrate a similarly high preference for complex calls over 

simple ones (Baugh and Ryan, 2010; Bernal et al., 2009c).   

 All experiments presented here were conducted at the Smithsonian Tropical 

Research Institute in Gamboa, Republic of Panama (9◦07.0N, 79◦41.9W).  We conducted 

phonotaxis experiments from June-October, 2009-2013 and the mark-recapture field 

study from July-August 2010. Subjects were measured for size (snout-vent-length, SVL) 

to the nearest 0.1 mm with digital calipers, weighed to the nearest 0.01 g, marked using a 

unique toe-clip in order to prevent them from being tested again if recaptured, and then 

released at the original capture location.  In the case of phonotaxis experiments, 

measurements and toe-clipping occurred after testing was completed.  Marking 

procedures followed the Guidelines for the Use of Live Amphibians and Reptiles in Field 

Research, compiled by the American Society of Ichthyologists and Herpetologists, The 

Herpetologists’ League, and the Society for the Study of Amphibians and Reptiles and 

were approved by the Institutional Animal Care and Use Committees at The University 

of Texas at Austin and at the Smithsonian Tropical Research Institute. 
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Field Survey 

We sampled individuals along a ~310 m transect that followed a rocky, concrete 

drainage ditch from which male are found calling year after year.  We conducted four 

surveys over four consecutive weeks, marking all observed individuals with toe-clips and 

recording their physical location among  51, 6-meter sections  along the transect.   

Rainfall varied throughout the period, making subtle changes to the landscape features 

such as creating smaller isolated pools along the edge and moving small rocks and 

branches.  The entire ditch contained water throughout the study period although the 

depth varied between 1 and 20 cm across sites and days.  Túngara frog males are small 

(~1.5-2.5 cm SVL: snout-vent-length) and will call in as little as 0.5cm of water and 

amplectant pairs will make foam nests in similarly shallow water.  In terms of water 

resources the entire transect was generally eligible as sites for calling and oviposition, 

although after heavy rain a few sections tended to have higher flow rates that might make 

stationary calling difficult.   

We first used the distribution of males across the entire transect to analyze 

aggregation patterns.  The count of males in each of the 6 meter sections, for each of the 

four sampling events was tested against the random Poisson distribution using a one-

sample Kolmogrov-Smirnov Test.   In order to assess call site stability across days, we 

correlated the distributions for each subsequent sampling period to that of the previous 

one using Spearman’s correlation coefficient.  We used the total number of males across 

sites to calculate the proportion of males calling within groups and the mean male cluster 

size of those groups.   
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In a preliminary study, intermale distances among callers were repeatedly 

measured and most males were located within ~2 meters of at least one other calling male 

or more than ~10 meters away from the nearest caller.  We have some evidence from 

work on auditory thresholds that 10 meters would generally approach the limit of what 

would stimulate a neural response (Taylor et al., in prep).  Indirectly this may also 

explain the 2 meter threshold; if males respond to conspecifics by clustering, then they 

would congregate with the males that they can hear, who are within 10 meters from them.  

But they still do have a tendency to maintain some spatial separation from their nearest 

neighbors (as most frogs do) to avoid call masking and aggressive interactions.  

Therefore, local chorus groups within the transect segments were delineated using this 2 

meter threshold and an inter-neighbor distance of more than 2 meters was considered as 

separate groups (or solo males).   

For individuals that were captured more than once, we calculated the distance 

moved between the first and the second capture location as a positive or negative vector 

to look for directional biases and estimate range size.  We then divided the sum of the 

absolute values of those distances by the number of days between captures to estimate 

daily movement rates.  We used partial correlations to compare the absolute distances 

individuals moved with the initial transect location at the first sampling event, to control 

for the number of days between recaptures.  All statistical analyses were conducted in 

SPSS v22 using two-tailed significance tests with an alpha criterion of 0.05. 
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Phonotaxis 

Male-female pairs of túngara frog were collected in amplexus from the field, and 

tested in phonotaxis trials the same night.  Prior to testing, individuals were kept with 

their mates in dark, dry containers to minimize stress.  We conducted the phonotaxis 

trials between 1930 and 0430 within a darkened sound-attenuation chamber (2.7 x 1.8 x 

1.78 m, L x W x H; Acoustic Systems, Austin, TX, U.S.A) maintained at approximately 

27°C.  The chamber was illuminated only by 850nm infrared lighting and monitored 

remotely via an infrared camera (Fuhrman Diversified, Inc., Houston, TX, USA).  Before 

testing each night, we calibrated speakers to 82 dB SPL (re. 20 μPa) at the females’ 

release point in the center of the chamber using a synthetic whine stimulus (peak 

amplitude and Fast, C-weighting) on a GenRad SPL meter (1982; General Radio 

Corporation West Concord, MA).  At the beginning of a trial, each subject was separated 

from their mate and placed in the center of the phonotaxis chamber under a mesh funnel.  

Stimuli were broadcast antiphonally (such that there was no temporal overlap of calls) 

from (two or four, depending on the experiment) ADS L210 speakers for a 2 minute 

acclimation period, after which the frog was remotely released from the funnel and 

monitored by one or two observers.  We scored a positive “choice” if the subject 

approached within 15 cm of a broadcasting speaker in less than the maximum trial 

duration of 10 minutes.   

Stimuli used in this study were synthetic calls (a simple whine stimulus, w, and a 

complex whine-chuck stimulus, wc) created from the population average parameters; 

additional information on the call parameters used and the synthesis procedure can be 

found elsewhere (Ryan and Rand, 2003; Rand, Ryan, and Wilczynksi, 1992).  Although 
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we have previously demonstrated a similar preference pattern between males and females 

for whine-chucks over whines using these synthetic stimuli, we replicated this study in 

2012 with 22 male-female pairs not only to verify the constancy of this preference but 

also to make a qualitative comparison of male and female phonotaxis behavior to justify 

the appropriateness of our choice criteria for males and females (Lea and Ryan, in prep).   

We tested for a preference for clustered males using a 3 speaker vs 1 speaker 

playback design.  The cluster size chosen for our contrast was consistent with the field 

observations (Fig. 2.2a).  It is known that males with nearby rivals have a tendency to 

increase chuck output (Bernal et al., 2009c; Ryan et al., 1981), and that that greater 

numbers of chucks are preferred by females (Akre et al., 2011), thus call complexity 

confounds the state of male clustering, each of which may determine female preferences.  

In order to distinguish between these two alternatives, we tested individuals with whines 

only, whine-chucks only, and one with a combination treatment (whine + whine-chuck) 

in which the solo speaker and only one speaker within the group broadcast whine-chucks 

while the other two speakers within the group broadcast whines such that the total 

number of complex calls heard from the grouped speakers equaled that of the solo 

speaker.  In all tests there were six speakers present in the chamber, three on either side, 

in order to accommodate switches between subsequent trials to control for potential side 

biases.   

To assess how the attractiveness of the solo caller influenced  individuals’ 

decisions to join grouped males, we conducted two sets of experiments; in one set, all 

speakers broadcast calls at the same rate of 1 call/ 4s for a total of 1 call/1s.  In the second 
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set, we tripled the call rate of the solo speaker.   Female túngara frogs have a strong 

preference for faster call rates in two choice tests, thus the relative attractiveness of this 

faster call rate is approximately 85% as compared to the slower call rate (3 calls/4 sec) 

used here (Lea and Ryan, 2015).  Mean call rate is not associated with male size (Green, 

1990) and the relative benefit of increasing call rate is equal among males with variation 

in static call attractiveness (Lea and Ryan, 2015).   

We conducted a total of 645 successful choice trials, 255 male choices and 390 

female choices.  Each treatment condition consisted of between 40 and 86 choices from 

unique individuals.  Most individuals were tested in multiple tests but most did not 

complete all tests; thus a total of 171 individuals comprise the dataset.   Of the choices to 

the group, a few of the trials (7 of 392) lacked data on the specific speaker due to 

observer error and so these cases were omitted from the analysis of speaker position. 

We first looked for evidence for a per capita preference for the grouped speakers.  

The null hypothesis in a four-speaker test is that each speaker will obtain equal 

proportion of choices (25%), thus in order to detect a disproportionate preference for the 

group, the total number of choices to grouped speakers must exceed 75%.  We first 

calculated the proportion of responses in each of the six treatments for each sex (12 

conditions) and using a binomial test with normal approximation (all n>30) to test for 

significant differences from the null expectation of 75% to the grouped speakers.     

We then used generalized linear mixed model procedure (GLMM) in SPSS v22.0 

with a fully factorial design with sex, call complexity, and the call rate of the solo speaker 

as fixed predictors on the relative proportions of individuals that chose the solo speaker 
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among tests and on the latency to make their choice.  Individuals were included as 

random subject intercepts in the models.  Our model for choice used a binomial 

probability distribution with a probit link function and that of latency used a gamma 

distribution with log link to accommodate our skewed data distribution.  Of the choices to 

the grouped speakers, we further modeled the proportion choices to the central versus 

peripherally- positioned speakers in a separate model.  Justification for removing non-

significant interactions from final models was based on AIC criteria comparisons.  

Although the random intercept was not significant and the inclusion of the random 

subjects greatly inflated the AIC values in the binary choice models, we retained them for 

consistency with the latency models; this did not influence the significance of any of the 

results.  Where appropriate, we conducted pairwise comparisons for estimated marginal 

means using the EM procedure and sequential Bonferonni adjustment for multiple 

comparisons. 

 

RESULTS  

Field Survey 

Male Distribution 

One hundred fifty four unique males were sampled along the transect in four 

sampling periods (209 capture events; 07/29/10: N= 61; 08/05/10: N= 50; 08/13/10: N= 

42; 08/21/10: N= 56).  There was strong evidence for social aggregation as clumping 

occurred more often than expected at random in each sampling period (Poisson 

distribution; Week 1: mean=1.196, Z= 0.2462, p<0.001; Week 2: mean = 0.9804, 
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Z=2.222, p<0.001; Week 3: mean = 0.8235, Z=1.767, p=0.004; Week 4: mean=1.098, 

Z=2.239, p<0.001) (Fig. 2.1a).  On average, 88% of males were located within clusters 

rather than calling solo. Median cluster size was 3 males (Fig. 2.1b) and solo males were 

not located farther from clusters than other clusters (Mann-Whitney U: 650, N=73. 

P=0.461) (Fig. 2.1c).  Male distributions in space were strongly correlated with each 

previous sampling event (Table 2.1).   

Male Movement 

There were 55 recapture events among 41 males for an average recapture rate per 

frog of 2.34.  Because few individuals were captured more than twice, we analyzed 

movements based on differences between only the first and second capture events for 

each of the 41 males.  One datum was an extreme outlier which, if correct, would indicate 

that a male moved 148 meters in 7 days against the direction of the water current, which 

we find more likely to be an identification error.  After removing the outlier, most males 

moved very little between sampling periods but there was a large range with a few 

individuals moving much farther (average: 0.5 m; range: 0-36 m; mode: 0 m).  There was 

a bias in movement in the downstream direction (Wilcoxon signed-rank; N=40, W= 273, 

p=0.003). Although 40% of the males were recaptured in the same spot on both 

occasions, the median absolute distance moved was 3 meters between sampling periods 

or approximately 0.35 m per day.  The absolute distance moved between samples was 

positively correlated with the location on the transect (Spearman’s rho: 0.568, df=37, 

p<0.001) (Fig. 2.1b). 
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Phonotaxis 

Grouped vs Solo Stimuli 

Neither males nor females showed a significant preference for grouped over solo 

speakers (two-tailed binomial probabilities with normal approximation, all p>>0.05); 

significant deviations in the opposite direction, in favor of the solo alternative, were 

observed for several contrasts (Fig. 2.3a).   

Attractiveness of Solo Stimulus 

There was a significant interaction between sex and the attractiveness of the solo 

stimulus on the preferences; females were 23% less likely to choose from among the 

grouped speakers when the solo alternative had a faster call rate while the preferences of 

males were not significantly affected by the attractiveness of the solo speaker (F1,631 = 

5.281, p =0.022; pairwise tests (attractive - equal),  Females: t= -4.785, df = 631, 

p<0.001; Males: t= -0.907, df=631, p=0.365) (Fig. 2.4a). There was no effect of 

complexity (whines, whine-chucks, or dynamic whines/whine-chucks) on the preference 

for the solo speaker for either sex (F1,631 = 2.438, p =0.088).   Latency was influenced by 

sex, complexity, and each two-way interaction (Table 2.2; Figure 2.4a).  Males in general 

took longer to make decisions than females; while the attractiveness of the solo stimulus 

had no effect on the latency for females’ choices, males took significantly longer to make 

a choice when the solo alternative was more attractive (Fig. 2.4a).  Random effect 

covariance was significant for subjects in the latency model but not for the choice model 

(Variance components; latency: Z = 6.114, p <0.001; choice: Z = 0.029, p = 0.977).   
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Speaker Position 

All interactions except that of call complexity*solo rate were removed from the 

final model for speaker position within grouped speaker choices.  Of the choices to the 

grouped speakers, males were less likely to choose the centrally positioned speaker [F1,135 

= 4.361, p =0.039; effect size(female-male)= 11.5% +/- 0.054].  There was a significant 

interaction between call complexity and solo speaker attractiveness speaker (F1,378 = 

3.181, p =0.043).  The only significant pairwise contrasts were between the w+wc  and 

whine only tests when the solo stimulus was attractive [w+wc  vs. whine: t=3.400, df= 

378, p=0.002; effect size (w+wc –whine)=27.5% +/-0.081] and between the w+wc and 

wc only tests when the stimuli were equal [w+wc  vs. wc only: t=2.447, df= 378, 

p=0.045; effect size (w+wc vs. wc)=20.6% +/-0.084] (Fig. 2.3b). Latency results within 

this subset of group choices were similar to those of the sample as a whole with the 

exception that there was no interaction between sex and the solo speaker attractiveness 

(Fig. 2.4b).  See Table 2 for full GLMM results. 

 

DISCUSSION 

Male túngara frogs were found to be more aggregated than expected by random, and 

these aggregations were independent of potential breeding sites; this supports a role for 

social factors driving clustering at the primary or secondary level.  Thus we expected to 

find that one or both sexes preferred clustered speakers over a solo alternative when all 

stimuli were of equal attractiveness value.  Surprisingly, neither sex preferred clustered 
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callers.  Deviations from the null hypothesis tended to be in the opposite direction, 

favoring solo callers (Fig. 2.3a). 

Although males and females were processing the same stimuli, modulating the call 

rate of the solo alternative had contrasting effects on the sexes in the decisions they made 

and the latency to decide.  When the solo alternative had a higher call rate, females were 

even less likely to choose a grouped speaker but males were not.  Males were much 

slower in approaching speakers in general, and this latency increased when the solo 

speaker was made more attractive by increasing the call rate (Fig. 2.4a) even though this 

didn’t change their choice; they were always more likely to choose the solo speaker 

regardless of relative attractiveness. Conversely, modulating the attractiveness of the solo 

speaker did not change latency to choose for females even though choices changed.    

We were also surprised to find that, females showed no significant bias for centrally-

positioned speakers (Fig. 2.3b).  Indeed, we have data demonstrating a strong central bias 

in three-speaker phonotaxis tests with these same stimuli, the difference being that there 

wasn’t a solo alternative in those tests (Lea and Ryan, in prep).  One possibility is that the 

perception of spatial cues was altered by the additional solo male, given that the females 

began trials centered between the group and the solo speaker.  Within-group choices were 

dependent on the solo speaker, highlighting how the background acoustic environment 

often influences individuals’ decisions in unexpected ways.  Males were even less likely 

than females to choose center speakers from within the group, even deviating 

significantly away from the center in one test, which may provide indirect evidence for 
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the hotshot hypothesis if centrality does correlate with competitive ability and males are 

approaching cautiously due to the potential for agonistic responses by real males.   

Males and females often differ in their evaluations of the same signal components 

(Pollack, 1982) and perceptual sensitivities (Wilczynski, 1986), likely due to a 

contrasting suite of selection pressures for different behavioral functions. To offset the 

costs of competition, males should utilize relevant social information and respond in 

adaptive ways.  In some cases males appear to use a comparative valuation mechanisms 

with respect to an internal self-referent when making decisions (Bosch et al., 2000; 

Leonard and Hedrick, 2009). Of the limited research on male phonotaxis in chorusing 

animals, simple dyadic assays have revealed that males in some species- including 

túngara frogs- evaluate competitor signals and exhibit preferences patterns similar to 

those of females (Bernal et al., 2009; Kiflawi and Gray, 2000; Leonard and Hedrick, 

2009; Williams and Mendelson, 2013).  Results from our more complex assay might 

reflect the difference between evaluating signals for the purposes of mate choice and 

strategy choice; behavioral patterns suggest that females are attending primarily to 

individual speakers while males were attending to the social environment.  While we 

know that male túngara frogs are attracted to greater call complexity similar to females 

(Bernal et al., 2009c), we haven’t tested for a male phonotaxis preference for call rate in 

dyadic assays.  Call rate may be weighted differently by males than complexity because, 

for instance, adding chucks to simple calls is not energetically costly (Bucher et al., 1982; 

Ryan, 1985).  Our results do not reject the hotshot model and, if viewed together with 

previous phonotaxis results that show male preferences for female-preferred signals, 
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seem to support the possibility.  Hotshot mechanisms may be of greater importance for 

determining social structure within these groups than among them, which might be more 

driven by ecological factors (Widemo and Owens, 1995).   

There was no disruption of water resources along the distance of our field site to 

create barriers for movement or sections that were obviously unsuitable oviposition or 

calling sites, although microhabitat differences likely exist.   One important alternative to 

conspecific attraction models is the “hotspot” model (Bradbury, 1981), by which male 

clumping patterns are determined passively by the home ranges of females.  Measuring 

home ranges have been logistically unfeasible due to the small size of these frogs but are 

needed to draw strong conclusions about the relative role of resource gradients on large-

scale population patterns.  If all other factors such as resource distributions are equal, our 

results suggest the time and energy spent in locating or joining clusters is not offset by 

the probability of obtaining a mate.  Solo males are just as likely to be chosen as they 

would if had they been located within a group, and even more so if they are attractive 

males.   

There are a multitude of costs associated with social aggregation that might offset 

potential benefits and explain in part the lack of preference for groups, few of which are 

shared equally by members of both sexes.  Males in many species often interfere with 

female choices through attempted interceptions (Castellano et al., 2009a; Humfeld, 

2008), harassment (Cluttonbrock et al., 1992; Darden and Croft, 2008), or signal 

masking; clustered signals can constrain the ability of females to discriminate from 

among potential mates (Bee, 2008; Farris et al., 2002; Farris and Ryan, 2011; Wollerman 
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and Wiley, 2002).  From the perspective of the males, the level of competition is 

influenced by the behavior of clustering, thus males influence the social context in which 

they compete for mates (Humfeld, 2008; Laland et al., 1999).  Dynamic signals such as 

call rate escalate in the presence of conspecifics and increasing signaling effort requires a 

costly concomitant increase in energy expenditure (Bucher et al., 1982; Wells and 

Taigen, 1986).  Dynamic signals are also under strong selection by females in many 

species including túngara frogs (Gerhardt, 1991; Lea and Ryan, 2015; Zanollo et al., 

2013), thus feedbacks from social interactions within social clusters have complex 

consequences for both sexes (Patricelli et al., 2011).  An indirect preference for grouped 

males could result from emergent spatial or vocal interactions among males that increase 

disproportionately with social complexity.  In such a case, female attendance would be 

predicted to track incidental increases in signaling competition, rather than the number of 

males directly.  By experimentally equalizing the signals between groups and solo caller, 

we are able to distinguish between disproportionate per speaker preference for groups 

from an attendance to more attractive signals (Cade, 1981; Schwartz, 1994; Tejedo, 

1993).   

Simulating larger cluster sizes but with the same absolute difference as used in this 

study (e.g. 6 to 4) or larger relative cluster size differences (e.g. 6 to 1), may yield 

different results.  If overall larger cluster sizes lead to an increase in per capita attraction, 

it may indicate that there may be a threshold response to join a group over remaining 

solo.  The tendency to cluster could also only manifest at high population densities, thus 

is possible that the small size of clusters we used in our phonotaxis experiment were 
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insufficient to trigger a preference for groups.  Our cluster size was based on the small 

size of our field population and the distribution patterns observed which consisted of only 

small groups, perhaps too small reach critical thresholds.   

On the other hand, relative cluster size differences may be important for 

discrimination capabilities; Weber’s law would predict that as group sizes get larger, an 

increasingly larger absolute difference between them would be required for individuals to 

discern which is greater (Akre et al., 2011; Bateson and Healy, 2005).  In addition, 

whether or not signals overlap would be important for distinguishing whether individuals 

use the quantity of signalers versus the amount of total signal intensity to make these 

judgements. To our knowledge, no study has attempted to disentangle these. This 

distinction may also enlighten our understanding of the complex relationship between 

chorus size and predation risk assessments; per male predation risk within the group may 

be lower as the number of individuals increases but the overall probability of predation 

risk may be greater among them if the total signal intensity attracts predators from farther 

distances as well as females. When balancing such costs and benefits, distinguishing the 

number of males as well as the overall signal intensity would be a useful cognitive tool. 

Our field data suggest that these frogs in general are highly philopatric, at least at 

relatively low population densities and on this time scale.  This is supported by molecular 

evidence that túngara frog populations in Panama show a great deal of inter-population 

genetic substructuring (Lampert et al., 2003).  Marsh (1999) reported on dispersal data 

from túngara frogs in the Barro Colorado population that 18 of 54 recaptured males 

traveled at least 50 meters between artificial ponds during a 6 week period.  While most 
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individuals in our study moved less than 10 meters, a handful of individuals moved more 

than 30 meters during the 3 weeks.  Social and genetic structure can be greatly impacted 

by the skewed behavior of a few key individuals (Bowler and Benton, 2005; Pruitt and 

Pinter-Wollman, 2015).  Certain individuals may be more likely to switch sites than 

others, such as those who are smaller or otherwise of lower competitive quality (Jang, 

2011; Zamudio and Chan, 2008).  As suggested by our phonotaxis results, attractive 

males in particular may benefit from remaining solo.  More detailed analyses of local 

scale social structuring and stability would be insightful given its potential importance to 

female choice (Bailey and Moore, 2012; Bateson and Healy, 2005; Callander et al., 2013; 

Cornwallis and Uller, 2010; Lyons et al., 2014). It would be insightful to collect data on 

finer scale temporal patterns, including within nights, because call site preferences could 

change dynamically with the addition and removal of attractive males (Höglund and 

Atalo, 1995; Kokko et al., 1998).  Thus clustering may be a result of individuals’ flexible 

temporal strategies rather than fixed preferences, particularly for males, for whom 

breeding opportunities are not constrained by reproductive cycles. 

Conclusions 

Chorus formation is a complex social phenomenon and we know little of the 

feedbacks they involve.  Experimental approaches extending beyond correlational field 

studies are clearly needed to distinguish between the causes and consequences of lekking 

behavior among species in order to understand its role in sexual selection processes. Sex-

specific behaviors and sex differences among behaviors are excellent phenomena for 

studying the link between function and mechanisms in social behavior (Hofmann et al., 



 41 

2014).  While our motivation in exploring sex difference in decision rules was directly 

applied to the ultimate goal of understanding lek formation and social aggregation, our 

results revealed variations in decision rules that should prove useful to understand 

mechanisms of this critical reproductive behavior and context-specific adaptive behavior 

more generally.     
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Figure 2.1. Distribution of chorusing male túngara frogs in field population 

 

 

 

(a) Distribution of 154 captured male túngara frogs in a field population in Gamboa, 

Panama across four weekly sampling periods (07/29/10: N= 61; 08/05/10: N= 50; 

08/13/10: N= 42; 08/21/10: N= 56). On average, 88% of males were located within clusters 

rather than calling solo.  Dispersion patterns were significant clumped based on the 

comparison to the Poisson distribution (Week 1: mean=1.196, Z= 0.2462, p<0.001; Week 

2: mean = 0.9804, Z=2.222, p<0.001; Week 3: mean = 0.8235, Z=1.767, p=0.004; Week 

4: mean=1.098, Z=2.239, p<0.001). (b) Daily movement rates of recaptured frogs (n=40) 

between sampling events as a function of initial capture location along the transect.  Shown 

is the absolute (non-directional) value of the distance in meters between the first and second 

sampling events divided by the number of days between events. 

 

 

 

  

a. 

b. 
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Figure 2.2. Patterns of clustering among túngara frog choruses.  

 

 
(a) The median cluster size of male túngara frogs across four weekly sampling events was 

3 males (range: 2-10, does not include solo males).  (b) Solo males were not located farther 

from clusters than other clusters (Mann-Whitney U: 650, N=73. P=0.461). Our field survey 

justified our choice of a 3 vs 1 speaker experimental design for phonotaxis experiments, 

given the dimensions of our acoustic chamber and the inter-speaker distances, for 

realistically representing choices that individuals encounter within this population. 
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Figure 2.3. Sex differences in phonotaxis preferences for clustered callers. 

 

 

 

Playback tests that varied in call complexity and in the relative attractiveness of the solo 

alternative.  Dotted line indicates null hypothesis for a per capita equal preference for all 

speakers (Group vs Solo: 3 vs 1 speaker, 75% null hypothesis for the group; Central vs 

Peripheral: 1 vs 2 speakers, 33.4% null hypothesis for the central speaker) and significant 

deviations are indicated with asterisks.  Sample sizes for each contrast are indicated within 

the bars.  (a) There was no disproportionate preference for groups in any test, demonstrated 

by the height of the bars being approximately equal to or lower than the null.  In contrast, 

significant preferences were found in the opposite direction for several contrasts, as 

indicated by asterisks (two-tailed binomial probabilities with normal approximation: *p 

<0.05, **p<0.01, ***p<0.001).  (b) Shown is the proportion of choices to the central 

speaker relative to the two peripheral speakers out of the total choices to the three-speaker 

group.  In the w+wc treatment test, the center speaker always broadcast the whine-chuck 

and the peripheral speakers always broadcast the whines.  Females have a greater 

preference for central speaker than do males but they only show a significant preference 

for central speakers in the w+wc treatments.  The attractiveness of the unchosen solo 

speaker opposite the group influences the choice of speaker within the group. 
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Figure 2.4. Sex differences in preference for clustered stimuli and latency to choose as a 

function of the attractiveness of a solo alternative.  

 

 

(a) While the attractiveness of the solo speaker had no significant effect on overall male 

preferences for the group (top, left panel), it took males longer to make a choice when the 

solo alternative was more attractive (bottom, left panel).  Females took approximately the 

same amount of time to make a choice yet they were significantly less likely to choose a 

grouped speaker when the call rate of the solo speaker was increased.   (b) Within the 

subset of choices for the grouped speakers (n=385), males were less likely to choose the 

centrally-positioned speaker than were females and there was an effect of the distant 

(unchosen) solo speaker on the likelihood of males or females choosing the central speaker 

(top, right panel). Latency patterns between the sexes within this subset were similar to the 

sample as a whole (bottom, right panel).  Shown are the estimated marginal means (EMMs) 

±SE of final models.   
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Table 2.1.  Correlations between male spatial distributions across four sampling events.   

 Week 2 Week 3 Week 4 

Week 1 .676* .539* .382* 

Week 2  .586* .546* 

Week 3   .496* 

Spearman’s rho. *p<0.001.  
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Table 2.2. GLMM final model results for phonotaxis behavior in clustering experiments. 

Analysis Dependent Effect F df p 

Group vs Solo Side Chosen  

 

 

 

Latency 

 

Sex 

Complexity 

Solo(attractiveness) 

Sex*Solo 

Sex 

Complexity 

Solo(attractiveness) 

Complexity*Solo 

Sex*complexity 

Sex*Solo 

 

0.253 

2.438 

13.305 

5.281 

32.205 

3.395 

1.525 

3.125 

6.992 

6.992 

1,631 

2,631 

1,631 

1,631 

1,628 

2,628 

1,628 

2,628 

1,628 

1,628 

0.615 

0.088 

<0.001 

0.022 

<0.001 

0.034 

0.217 

0.008 

0.045 

0.008 

Central vs 

Peripheral 

Speaker Chosen 

 

 

 

 

Latency 

 

Sex 

Complexity 

Solo(attractiveness) 

Complexity*Solo 

 

Sex 

Complexity 

Solo(attractiveness) 

Complexity*Solo 

Sex*complexity 

4.361 

5.299 

3.704 

3.181 

 

40.013 

1.462 

5.797 

7.463 

6.559 

1,135 

2,135 

1,375 

2,375 

 

1,377 

2,377 

1,377 

1,377 

2,377 

0.039 

0.005 

0.055 

0.043 

 

<0.001 

0.233 

0.017 

0.007 

0.002 

Nonsignificant interaction terms were removed in a stepwise process and model fit was 

compared using AIC values.  Significant p-values at an alpha of 0.05 are shown in bold.  
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Chapter 3 -- State and context-dependent plasticity in male signaling 

decisions in the túngara frog 
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ABSTRACT  

Male frogs aggregate into lek-like choruses to which females attend in order to 

sample males and select a mate. Choruses are socially complex and temporally dynamic, 

varying in density and composition even during the course of a single breeding event.  In 

many frogs, males’ signaling behavior is highly plastic, condition and density-dependent, 

making them common subjects for modeling the economics of short-term mating tactics.  

Little is known about the underlying mechanisms controlling the decisions to switch 

between signaling strategies.  Here we investigated the impact of recent social 

experiences with mates (amplexus) and competitors (acoustic chorus cues) on subsequent 

signaling and association behavior of male túngara frogs (Physalaemus pustulosus), a 

species with conspicuous female mate choice but for which little is known of variation 

among males in signaling strategies. We find that recent success at acquiring a mate 

strongly increases the probability of subsequent calling behavior but has no effect on 

whether males exhibit phonotaxis towards rivals.  Males’ phonotaxis choices mirrored the 

previously known preferences of females for the same calls, biases that were unaffected 

by current or previous social experience and was consistent between callers and non-

callers in two separate experiments.  We also found context-dependent differences in 

behavior was dependent on differences in male size.  We discuss the utility of using 

behavioral switch points in order to understand the economics of mate acquisition 

strategies.  Our study highlights the need for future research to deconstruct the relative 

roles of individuals’ state-assessment and the attractiveness of neighbors on individuals’ 

decision thresholds in order to determine the consequences of these association patterns 

on group dynamics and female mate choice.  



 50 

INTRODUCTION 

Sexual signaling decisions are central to the reproductive success of many 

animals and are of great interest to sexual selection researchers.  Signals and signaling 

behavior often evolve in social communication networks such as leks or choruses in 

which males compete for access to females (Gerhardt and Huber, 2002; McGregor and 

Peake, 2000; Wells and Schwartz, 2007). The social environment imposes various 

selection pressures on signalers such as adding a source of noise from which receivers 

must filter and extract relevant information (Bee and Gerhardt, 2001; Richardson and 

Lengagne, 2010; Valone, 2007), substantially increasing the level of competition (Grafe, 

2005; Ryan et al., 2005) and influencing the perceived attractiveness of male signals to 

sampling females (Bateson and Healy, 2005; Gasparini et al., 2013; Schlupp et al., 1994).   

On the other hand, social complexity provides a wealth of opportunity for animals that 

possess mechanisms for utilizing the additional information such as through 

eavesdropping on transmitted signals or inadvertently acquiring public information as a 

by-product of another's behavior (McGregor and Peake, 2000; Peake et al., 2001; Valone, 

2007). 

Males have limited time and physical resources to invest into courtship signals 

and therefore face tradeoffs regarding resource allocation (Castellano, 2009) thus 

chorusing species in particular make ideal subjects for investigating the economics of 

signaling decisions (Patricelli et al., 2011). Calling activity is energetically expensive 

(Bucher et al., 1982; Prestwich, 1994; Wells and Taigen, 1986), it elevates predation risk 

(Bernal et al., 2007b; Tuttle and Ryan, 1981), and in some cases may lead to aggressive 
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interactions with neighbors therefore when the competition for acoustic space is extreme 

or when nearest neighbors have superior calls, vocal escalation may no longer be cost 

effective for some individuals.  Many studies focus on the functional nature of mate 

acquisition tactics in males among chorusing species; however, the integration of internal 

and external control mechanisms into these decisions is rarely investigated (Zamudio and 

Chan, 2008).    

At the proximate level, signaling decisions are emergent outcomes of the 

integrations of an individual’s internal responsiveness to context-dependent social cues. 

Males may influence their probability of acquiring a mate by actively choosing different 

social contexts or could reallocate energetic resources by choosing when to call.  Smaller 

or otherwise disadvantaged males in particular may benefit by assessing the relative 

attractiveness of rival males (Danchin et al., 2004; Humfeld, 2008) and changing 

positions in the chorus to call from a more strategic location (Callander et al., 2013; 

Gasparini et al., 2013); alternatively, they may benefit from noncalling strategies such as 

adopting a satellite position near a larger, more attractive (Humfeld, 2008; Leary et al., 

2005).  Such behavioral plasticity could have important effects on the evolution of male 

trait elaboration and female choice (Bateson and Healy, 2005; Oh and Badyaev, 2010; 

Patricelli et al., 2016). 

Social experience can further modify the responsiveness of signalers to social 

cues.  For example, perceived competition can have physiological effects on other 

signalers, increasing motivation for advertisement or aggressive interactions.  Priming 

effects from previous exposure to conspecific cues can affect subsequent behavior after 
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cues are removed in ways that differ from those associated with current competition 

(Doutrelant et al., 2001; Matos and Schlupp, 2005; Oliveira et al., 2001).  Moreover, 

acoustic stimuli from dense choruses might reduce inter-male proximity by increasing the 

auditory response threshold and making males more permissive to rival signals (Bee, 

2003; Rose and Brenowitz, 1997). 

Studies of male signaling decisions have largely focused on evoked vocal 

responses to playbacks (Bosch et al., 2000; Fang et al., 2014; Goutte et al., 2010; 

Greenfield and Rand, 2000) or within natural choruses in the field (Bernal et al., 2009b; 

Green, 1990).  Most assays focus on characteristics of the responders’ calls that change 

generally with an increase in the number of competitors present.  Both the responders and 

the competitors, however, are largely typecast, ignoring among-individual differences in 

either the variability in attractiveness of advertisement calls among the competitors as 

well as state-dependence in the responders.  Furthermore, the integration of spatial 

associations and movement within the chorus with call responses is less well understood.  

Recent research employing techniques such as microphone arrays have provided insight 

into the role of local neighborhoods in call dynamics, demonstrating selective attention to 

nearest neighbors (Jones et al., 2014; Schwartz, 1993).  We know little, however, about 

the spatially-explicit tactics that individuals might employ, such as behavioral switches 

between calling and noncalling activity or relocating to a position near a less superior 

competitor, as males enter, change positions, and leave the chorus over the course of the 

night.      
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The túngara frog is arguably one of the best well-studied models of sexual 

selection by female choice (Ryan, 2010, 2011).  Males produce two general types of 

advertisement calls: a simple call that is necessary and sufficient for attracting females 

(“whine”) and a complex call, which is a whine with the addition of 1-7 short “chucks.”  

Even when chuck number is the same between individuals, there is a large amount of 

natural variation in túngara frog calls among individuals and several of these call 

parameters are discriminated by females during choice tests (Ryan and Rand, 2003).  For 

example, females generally prefer larger males and call characters that correspond to 

larger male size (Ryan, 1980).  Beyond demonstrating that males’ exhibit phonotaxis 

preferences for complex over simple calls (Bernal et al., 2009b), we know little of the 

decision rules underlying males’ spatially explicit social associations.  For instance, it is 

unknown whether males actively discriminate from among competitors when making call 

site choices or if individual males differ in such choices.  Túngara frog males show 

extreme variation in their calling effort during and between chorus events (Lea, A.M. 

unpub data) but it isn’t clear to what extent these differences are linked to male body size, 

condition, or recent experience. This gap is underscored by recent evidence for several 

ways how neighbor interactions influence female mate choice (e.g. Akre and Ryan, 2010; 

Lea and Ryan, 2015).   

In this study we explored the influence of recent and current social experiences on 

the spatial and calling strategies of male túngara frogs (Physalaemus pustulosus).  In our 

first experiment, we present evidence for rapid changes in males’ motivation to call that 

is linked to short-term experience in amplexus with females.  Then we conducted two 
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playback experiments.  In the first experiment, we asked how male size, amplexus, and 

chorus density influenced their likelihood of calling and their spatial associations with 

conspecifics.  In addition to demonstrating complex interactions between these variables, 

we found that males exhibited significant biases towards the female-preferred stimulus in 

the call pair used in the playbacks.  Experiment 3 was a follow-up experiment that tested 

the generality of this latter result to other call pairs of known relative attractiveness to 

females.  

 

METHODS 

We conducted experiments 1 and 2 in August 2010 at the Smithsonian Tropical 

Research Institute in Gamboa, Republic of Panama (9◦07.0N, 79◦41.9W).  Túngara frog 

males were collected from the field either in amplexus or haphazardly chosen from the 

unpaired calling males nearby paired males, brought back to the laboratory and tested the 

same night. Prior to testing, individuals were kept in dark, dry containers to minimize 

stress.   After completing tests, subjects were measured for size (snout-vent-length) to the 

nearest 0.1 mm, weighed to the nearest 0.01 g, marked using a unique toe-clip in order to 

prevent them from being tested again if recaptured, and then released at the original 

capture location.  Males collected in amplexus were returned with their mate prior to 

release.  

Experiment 3 was conducted March-April 2012 at The University of Texas at 

Austin using males from a captive breeding colony.  Males were removed from the 

colony and placed into individual sound-attenuated boxes containing a shallow dish of 
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water for 24 hours prior to testing.  Our phonotaxis chamber, acoustic and video 

equipment in our UT lab is nearly identical to that in Panama.  Labs are maintained at 

approximately 27°C, the average ambient temperature in Gamboa during the raining 

season.   

Marking procedures followed the Guidelines for the Use of Live Amphibians and 

Reptiles in Field Research, compiled by the American Society of Ichthyologists and 

Herpetologists, The Herpetologists’ League, and the Society for the Study of Amphibians 

and Reptiles.  Animal collection and behavioral testing was approved by the government 

of Panama (ANAM) and animal handling procedures were approved by the Institutional 

Animal Care and Use Committees at The University of Texas at Austin and at the 

Smithsonian Tropical Research Institute. 

Experiment 1: Amplexus   

We collected 6 amplexed male-female pairs as well as 12 solo males from the 

field.  All solo males were held in individual containers.  The 6 females were removed 

from their mates and each was haphazardly paired with a solo male; females were added 

to the cups of the six males to give males an opportunity to clasp her.  After 15 minutes, 

females were removed and the containers for all 12 males were filled with water to a 

depth of 1 cm to allow them opportunity to call.  Males were placed individually into 

sound-attenuated boxes fitted with microphones to detect calling activity and recorded for 

30 minutes.  No playback stimuli were broadcast during this interval.  The twelve 

individuals tested in Experiment 1 were unique from those collected for Experiment 2.  
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Experiments 2-3: playback experiments 

I. Acoustic Stimuli 

Focal stimuli consisted of six natural stimuli chosen from a previous data set 

(Ryan and Rand, 2003), for which female preferences were measured (Fig. 3.1b).  These 

calls had originally been recorded in the field from different males and were identified as 

calls whose static, feature-based call characteristics represented the multidimensional 

acoustic variation present in the Gamboa population [Corresponding call IDs: A = 

M(2003); B = Sb(2003); C = Oc, D = Oa(2003), E = Sb(2003), F = Sc(2003); letters do 

not correspond to the stimuli letters in Appendix A, or Chapters 6-7]. Ryan & Rand 

(2003) also measured female phonotaxis preferences which were further analyzed by 

Kirkpatrick et al. (2006) who estimated the relative attractiveness of the stimuli from 

these pairwise tests.  We utilized these preference “values” for comparisons with the male 

responses in our study.   

The chorus stimulus was a short excerpt from a natural high-density field chorus 

recorded in 2009 using a Marantz PMD660 (Mahwah, NJ, USA) digital recorder and a 

Sennheiser ME80 shotgun microphone (Sennheiser Electronic Corporation, Old Lyme, 

Connecticut, USA).  From the original field recording, we synthesized the final playback 

stimulus by looping a 3 second segment in which the amplitude was approximately 

uniform.  In all trials, focal stimuli were broadcast antiphonally at a rate of 1 call/2 sec at 

82 dB SPL at the release pool.   
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II. Experimental Design 

The experimental setup for Experiments 2 and 3 was identical.  Males were tested 

in an evoked vocal response-phonotaxis hybrid test in which males were placed in the 

phonotaxis chamber in a rectangular, shallow pool between two focal speakers (ADS 

L210). During chorus trials, chorus sounds were additionally broadcast from four 

surrounding speakers located in the corners of the chamber.  The pool consisted of three 

plastic trays (65*40*1.5 cm) filled with dechlorinated tap water to a depth of 1.5 cm, 

sufficient for the males to call (Fig. 3.1a).  Consistent with phonotaxis protocols (Akre et 

al., 2011; Bernal et al., 2009c), males began each trial with a short acclimation period 

under an acoustically-transparent mesh funnel in a central release point.  In order to allow 

males to call without moving from this initial position and also before the funnel was 

raised, a small release pool constructed of a petri dish (7 cm dia., 1.5 cm depth) with a 1 

cm plastic border was permanently affixed in the center of the arena.  We conducted the 

trials between 1900 and 0300 h in a darkened sound-attenuation chamber (2.7 x 1.8 x 

1.78 m, L x W x H; Acoustic Systems, Austin, TX, U.S.A) maintained at approximately 

27°C.  The chamber was illuminated only by 850nm infrared lighting and monitored 

remotely via an infrared camera.  Before testing each night, we calibrated speakers to 82 

dB SPL (re. 20 μPa) peak whine amplitude at the release point using a synthetic whine 

stimulus (peak amplitude and Fast, C-weighting) on a GenRad SPL meter (1982; General 

Radio Corporation West Concord, MA).   

At the beginning of a trial, males were placed in the release pool under the funnel.  

Focal stimuli were broadcast antiphonally (such that there was no temporal overlap of 



 58 

calls) for a 5 minute acclimation period, after which the funnel was raised remotely and 

the frog was allowed to move freely in the chamber for 15 minutes.  Calling activity was 

typically observable by the vocal sac inflations but also monitored via two shotgun 

microphones located within the chamber.  One (Experiment 2) or two (Experiment 3) 

observers recorded the time and location within the chamber where calling bouts 

occurred; the calls themselves were not analyzed.  Water in the ponds was replaced 

between trials.  To account for potential side biases in the chamber, we alternated the side 

of the chamber that stimuli were broadcast between trials. 

Behavior was scored categorically as follows: “No response” indicates that the 

frog never left the release pool or called during the 15 minute trial; locomotive behavior 

was scored as “Phonotaxis” if the frog entered one of the two trays nearest the speakers 

and was scored as “Movement” if the frog left the circular release pool but did not enter 

the phonotaxis zone; “Calling only” indicates that the male never left the release pool but 

called from that location.  Frogs that switched between locomotive behaviors and calling 

(“Movement + Calling”) were further categorized based on the temporal order of these 

switches.  The speaker zone was defined a 15 cm radius around the speaker (Fig. 3.1a).    

In Experiment 2 but not 3, trials were recorded for path analyses.  We measured 

frogs’ path lengths from the videos by exporting the videos into image sequences using 

VirtualDub v1.9.8, stacking the images and measuring the resulting tracks in ImageJ 

(http://imagej.nih.gov/ij/). Latencies and total time spent were calculated for each of the 

zones: release pool, neutral movement zone, phonotaxis zone, speaker zones, and outside 

http://imagej.nih.gov/ij/
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pond (Fig. 3.1a).  Videos analyzed did not contain audio tracks and the images were 

analyzed blind to treatment.  

 

III. Experiment 2: interactions among amplexus, male size, and social context  

Twenty-four males were collected from the field in Panama; we collected both 

unpaired (=solo) and paired (=amplexus) males. Each male was tested in three, twenty-

minute behavioral trials, the order of which was randomly assigned.  Between trials, each 

male was returned to their collection cups for approximately one hour to allow males 

collected in amplexus sufficient time with their female to reengage in amplexus.  They 

always did.  All trials consisted of the same pair of focal stimuli (A vs F) with or without 

the addition of chorus noise. In one trial, the Stimulus pair (A vs F) was presented alone 

(no chorus).  In another trial, we broadcast the chorus sounds from four corner speakers 

for the period of time the male was under the funnel only (chorus-primer) to control for 

any priming effects of hearing the chorus on subsequent behavior.  In the third treatment 

we broadcast the chorus for the entire duration of the trial (chorus).  Chorus speakers 

were broadcast such that the total amplitude at the release point was 76 dB to prevent 

masking of the focal stimuli. 

For each male, the total number of trials (between 0 and 3) in which they 

responded with calling and the total number of trials with phonotaxis responses was 

calculated and analyzed  between amplexed males and solo males using Mann-Whitney 

U tests.  We tested for stimulus preference in each condition using an exact binomial test 

and compared results between conditions with a Fisher’s exact test.   
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Snout-vent length (SVL) was used as our measure of size in these analyses rather 

than mass because subsequent studies revealed the importance of consistency in 

hydration levels in accurate comparing male mass between individuals (Lea, A.M., unpub 

data), which we did not account for in this Experiment.   

We used the Generalized Linear Mixed Model procedure (GLMM) in SPSS v22.0 

with individual frogs as random subjects to analyze behavior.  Models for binary targets 

were modeled with a binary logistic link function and continuous targets were modeled 

using Gamma regression, as the fixed trial duration led to non-normal, positively skewed 

data.  We modeled the probability of calling, the probability of making a phonotaxis 

choice for all trials (n=72); our preliminary a priori models included main effects from 

the three predictors: amplexus, playback, and SVL and all interaction terms; in the model 

for phonotaxis choice we included whether or not the individual called in the trial as a 

fixed factor.  Nonsignificant interaction terms were removed and the alternative models 

were evaluated using lower-is-better Akaike information criterion (AIC) values and a 

marginal criterion of -2.0.   

Further analyses addressed the social cues (playback), male size (SVL) and 

whether individuals called during the trial (called?) in order to describe the temporal 

relationship between calling and approaching speakers.  Amplexus was excluded as a 

factor in these because nearly all calling event occurred in amplexus males.  In trials in 

which calling occurred (n= 27 trials), we modeled the effects of playback and male size 

on latency to call.  We modeled the nearest proximity to the attractive speaker for all 

trials and the latency and path length to the speaker zone on the subset of the trials in 
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which frogs reached the speaker zone of the attractive speaker (n= 32 trials).  In this latter 

analysis we excluded the 5 choices to the unattractive stimulus because we had too few 

data points to include the choices as a fixed factor.  Final GLMM results are shown in 

Table 2.   

IV. Experiment 3: stimulus generalization in phonotaxis responses  

In contrast with Experiment 2, males in this experiment were tested in only one 

trial each (with the exception of the 16 individuals described above) and treatments 

differed in the pair of playback stimuli that were broadcast.  No chorus sounds were used 

in this experiment.  Here are goal was to assess if the association patterns with the 

female-preferred stimulus that we observed in Experiment 2 were generalizable to other 

stimulus pairs.  We used three different stimulus pairs, one of which was also used in 

Experiment 2 (A vs F).   

One of the main goals in Experiments 2-3 is to compare the likelihood of 

phonotaxis responses to calling and whether stimulus discrimination and affiliation 

differs among individuals who engage in these two behaviors.  We used AVT injections 

to increase the likelihood that males would call because response rates in colony frogs are 

very low without hormonal manipulation.  AVT is a neuropeptide with a very rapid and 

short-lived physiological response in the brain that has been linked to modulation of 

social behavior in several species (reviewed in Goodson and Bass, 2001).  Previous 

studies have established that exogenous AVT stimulates calling behavior in túngara frogs 

(Kime et al., 2007) as well as in other frog species (Burmeister et al., 2001).   
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Males were injected subcutaneously with 25 µg arginine vasotosin (AVT) 

(Sigma-Aldrich) in 25 µl saline before behavioral testing.  In order to validate the 

effectiveness of our injections, a subsample (n=16) of these males were tested on two 

consecutive days, once after an injection of saline (vehicle control).  The order of 

treatments were randomized between the two days.  The 16 males that were tested twice 

(AVT, saline control) were presented with the same acoustic stimuli for both trials (A vs 

F).  The remaining 84 males were only tested in one trial after receiving an AVT 

injection, and were randomly assigned to one of the three playback treatments (A vs F, B 

vs E, C vs D; Fig. 3.1b).   

Behavior in Experiment 3 was quantified using the same categorizations as in 

Experiment 2; we focuses, however, on categorical measurements and therefore detailed 

analyses of frog paths were not done for this study.  In order to categorically measure 

orientation of males in the center release pool, we divided the circle into 90° quadrants.  

We recorded whether they were orienting towards one of the two speakers either when 

they made their initial movement out of the release circle, or at the end of the trial if they 

never left the circle.  A frog was considered to be orienting towards one of the two 

speakers if it pointed ±45° from a direct heading. 

The influence of AVT on the probability of exhibiting calling and phonotaxis 

responses among the 16 individuals given both AVT and saline was tested using 

McNemar’s tests for paired data. To account for the possibility that the probability of 

calling interacted with the probability of phonotaxis, we used a GLMM for phonotaxis 
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responses as a function of injection and calling that included random intercepts for the 

subjects.   

Analyses for Experiment 3 focused on stimulus discrimination among the 100 

trials in which males were given AVT (ignoring the 16 saline-only trials).  To analyze 

stimulus discrimination in phonotaxis choices, we first tested whether males displayed a 

preference for the female-preferred stimulus (Stimulus 1) in each pair using a binomial 

test.  We then compared the distribution of phonotaxis choices to Stimulus 1 (A, B, and 

C) and the orientation of males that did not exhibit phonotaxis, to that expected 

probability based on previously calculated relative values to females (Kirkpatrick and 

Ryan, 1991) using a Fisher’s exact test.    

 

 

RESULTS 

Experiment 1: Amplexus.   

All of the 6 males that had been collected solo and then paired with a female 

clasped the female in under 6 minutes.  These paired males were dramatically more likely 

to call within the 30 minutes following the removal of the female than were males not 

given a female (amplexus = 6/6. Solo = 1/6; Fisher’s Exact: p=0.015) (Table 3.1).  

Experiment 2: Amplexus, male size, and social context   

Behavioral response patterns 

Twenty-two of the 24 males responded in at least 1 trial by calling, exhibiting 

phonotaxis, or both (Mean trials/frog: phonotaxis= 1.79, SD=1.10; calling= 1.13, 

SD=1.30).  Males entered the phonotaxis zone in a total of 43 trials (20 males) and 
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entered a speaker zone in 37 trials (18 males).  Eleven of the 24 males called in at least 1 

of the 3 trials for a grand total of 27 call responses (Fig. 3.2).  There was a marginally 

significant negative association between the likelihood of calling and of doing phonotaxis 

in a given trial [Called?/Choice?: Yes/Yes: 31, Yes/No: 14, No/Yes: 12, No/No: 15; 

Fisher’s exact: p=0.05]. Frogs switched between locomotive behaviors (movement, 

phonotaxis) and calling in 19 of 27 trials; the temporal order of phonotaxis and calling 

behavior is broken down in the last two categories in Fig. 3.2. 

Amplexus 

Males caught in amplexus were much more likely to call (16% solo males called 

while 84% of males caught in amplexus called) and called in more trials than solo males 

(Mann-Whitney U = 16.50, p=0.001, Fig. 3.2a) but there was no difference in the number 

of trials with phonotaxis responses between the two groups (Mann-Whitney U = 69.00, 

p=0.889).  GLMMs confirmed that amplexus increased the probability of calling in a 

given trial by approximately 75.8% (F1,67  =13.381, p<0.001) but had no effect on the 

probability of doing phonotaxis (Table 3.2).   

Chorus playback test 

Playback treatment did not influence the likelihood of calling (F2,67  =2.604, p 

=0.665) or of making a phonotaxis choice (F2,60  =0.567, p =0.570).  Playback treatment 

did interact significantly with male size on the latency to call (F2,12 =4.543, p =0.033) and 

on the time spent in the release zone (F2,59 =5.799, p =0.005), and interacted with both 

male size and calling and the proximity to the attractive stimulus (F2,40  =5.079, p=0.011) 

(Table 3.2).  Behavior in the chorus treatment tended to deviate from the other two 
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playback treatments (Fig. 3.3); males generally remained more distant to the attractive 

stimulus in the chorus treatment [Mean(SE) (cm): chorus: 48.167(19.1), chorus primer: 

18.963(7.5), no chorus: 21.281(8.6)]; however, none of the post hoc pairwise contrasts 

between playback treatment groups was statistically significant.  

 

Male size 

There was no difference in size between males caught in amplexus and solo 

(Mann-Whitney U; median SVL [mm]: amplexus=yes: 25.51, amplexus =no: 25.70, 

U=73.00, N=24, p=0.954; median mass [g] amplexus=yes: 1.55, amplexus = no: 1.58, 

U=657.00, N=24, p=0.919).  Size alone did not significantly predict the probability of 

calling or of doing phonotaxis across trials (n=72 trials; calling: F1,67  =13.305, p =0.085; 

phonotaxis: F1,66  =0.247, p =0.621).  As mentioned above, size-dependent behavioral 

differences emerged among the playback treatments.  Larger males spent less time in the 

release zone than did small males and the effect was greater in the chorus treatment 

(playback*SVL: F2,59 =5.799, p =0.005) (Fig. 3.3a).  Smaller males, as well as noncalling 

males, tended to associate more closely to the attractive speaker than did larger males 

[playback*SVL*called?: F2,40  = 5.079, p=0.011; callers: 59.36(26.6), noncallers: 

12.179(4.6) [means(SE) (cm); t=-1.845, df=47, p=0.071] (Fig. 3.3b).  Among trials in 

which calling occurred (n=27), larger males took longer to begin calling than did smaller 

males (SVL*playback: F2,12  = 4.543, p = 0.033) (Fig. 3.3c). Of the trials in which males 

entered the speaker zone, larger callers took longer to do so than did smaller callers; there 

was no relationship between latency to enter the speaker zone and size among noncallers 
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(SVL*called?: F2,29  =6.882, p = 0.014).  There was no effect of any of these predictors on 

the path length prior to entering the speaker zone (Table 3.2).  In summary, larger males 

tended to leave the release pool sooner and then call, entering the speaker zone of the 

attractive stimulus later in the trial.  Smaller males tended to call sooner, then leave the 

release pool and enter the speaker zone more quickly; however the latencies to enter the 

speaker zone were not related to the paths the males took to get there (Fig. 3.3).   

 

Stimulus discrimination 

Of the 43 trials in which a male entered a phonotaxis zone, 38 were of the female-

preferred stimulus (Stimulus 1= Stimulus A).  A total of 5 of these choices were made to 

Stimulus 2 (11.6%), each by a different male and each of those 5 males chose the female-

preferred stimulus in at least 1 other trial.  Three of those 5 males were collected solo and 

the other 2 in amplexus.  Thus of the responding males, 75% of males exclusively chose 

Stimulus 1, 25% of males chose both, and 0% of males exclusively chose Stimulus 2.  In 

the 5 trials in which males chose Stimulus 2, all of them entered the 15 cm speaker zone 

while males entered the speaker zone in 32 of 38 trials. 

Of the 11 callers, 10 performed at least 1 phonotaxis choice.  Nineteen of the 21 

total choices in this group were for Stimulus 1, and 8 of the 10 callers who also exhibited 

phonotaxis chose Stimulus 1 exclusively.  Among both callers and non-callers who 

exhibited phonotaxis, Stimulus 1 was strongly preferred to Stimulus 2 (One-Sample 

Wilcoxon Signed-Rank, H0=Median proportion of choices is 0.5; Callers: n=10, two-way 

p=0.005; Non-callers: n=10, two-way p=0.003) and there was no significant difference 
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between the two groups (Mann-Whitney U Test: N=20, U=56.00, p=0.684).  Of the 32 

trials in which a males entered the speaker zone of Stimulus 1, males left the speaker 

zone in only 9 trials (28%); in contrast, 3 out of the 5 (60%) males entering the speaker 

zone of Stimulus 2 left it.  None of the 5 phonotaxis choices for Stimulus 2 occurred 

during trials in which the male also called.   In all seven trials in which a male called in 

the phonotaxis zone, all chose call sites in the zone nearest the attractive caller (binomial 

probability p=0.008) (Fig. 3.4).  Given such a low response rate to Stimulus 2, it is 

impossible to conclude whether playback treatment influenced the likelihood of choosing 

Stimulus 2; however, the proportion of males choosing the Stimulus 1 in each treatment 

was greater than the proportion choosing Stimulus 2 in the same treatment (Two-way 

binomial probability; no chorus and chorus-primer treatment: p<0.001, chorus treatment: 

p=0.054).  Moreover, when neighbor association is measured using continuous criteria 

(proximity to attractive stimulus) rather than dichotomous choice criteria, we find that 

playback treatment and male size interact to influence association patterns (see above, 

Table 3.2, and Fig. 3.3). 

Experiment 3: Stimulus generalization  

AVT effects 

When injected with saline, only 1 male did phonotaxis and none called.  When 

injected with AVT, 6 males did phonotaxis (the one that did phonotaxis given saline also 

did phonotaxis with AVT) and 7 called.  AVT injections increased both the probability of 

calling and the probability of phonotaxis (McNemar’s playback, N=16, phonotaxis not 

significant: exact p-values: calling p=0.016, phonotaxis p=0.063) (Fig. 3.2c).  Analyzing 
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the data with a GLMM that accounted for calling behavior, we found that AVT did 

significantly increase the probability of exhibiting phonotaxis (F1,29 = 4.582, p=0.041). 

Behavioral response patterns 

Seventy-one percent of males called and 22% exhibited phonotaxis responses.  

Consistent with Experiment 2, callers were less likely to make a phonotaxis choice than 

noncallers (Fisher’s exact: p=0.006); only 10 males (14.4% of callers) both called and 

made a phonotaxis choice.   

Stimulus discrimination  

Phonotaxis choices in the A vs F trials were consistent with Experiment 2; 8 out 

of 10 males exhibiting phonotaxis chose Stimulus A and males that did not complete 

phonotaxis were twice as likely to orientate towards A as towards F.  Among the 3 pairs 

of stimuli playbacks, there was no difference in the probability of choice (Χ2 = 0.97, 

p=0.61) or in the distribution of choices to Stimulus 1 (female-preferred) vs Stimulus 2 

(Fisher’s exact p=0.59).  Overall, the proportion of males choosing the female-preferred 

stimulus (72.7%) was nearly identical to the expectation based on relative evaluation by 

females (Fisher’s exact p=0.0) (Fig. 3.5a).  Males that did make a phonotaxis choice 

nonetheless showed a significant orientation bias towards the more attractive stimuli 

(binomial p=0.004) (Fig. 3.5b). Nine out of the 10 males that called chose call sites 

nearest Stimulus 1, the female-preferred stimulus in the pair (binomial p=0.01). 
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Male Size 

Males’ mass was strongly positively correlated with length (SVL) (mean mass: 

1.87±0.05 g, mean SVL = 25.21 ±0.25 mm; R2 = 0.658, p<0.001).  Larger frogs were 

more likely to call but not more likely to do phonotaxis (Mann-Whitney U playbacks, 

calling: mass, p=0.014, SVL, p=0.03; phonotaxis: mass, p=0.202, SVL, p=0.614).  Size 

was not related to the stimulus choices made by the males (Mann-Whitney U playbacks, 

mass, p=0.622, SVL, p=0.910). 

 

DISCUSSION 

The three experiments presented here explored the factors that predict male 

signaling behavior in túngara frogs.   We used a novel experimental design that integrated 

the two traditionally utilized approaches- evoked vocal response and phonotaxis assays- 

that analyze calling and spatial association as separate behavioral tasks.  We show that 

phonotaxis and calling tasks are not always independent in male túngara frogs but part of 

an integrated and plastic behavioral strategy that differs among individuals in ways that 

are partially predictable by their size, their recent sexual experience, as well as the 

perceived level of current competition.  Furthermore, we find that male túngara frogs 

discriminate from among competitors’ calls as females do among potential mates and 

selectively associate with more attractive males. 
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Amplexus 

 The extent to which male calling behavior is dramatically altered by recent 

experience in amplexus was particularly striking.  To our knowledge this has never been 

found in male frogs.  Similar effects have been found in female cricket frogs that were 

collected in amplexus versus collected solo; females collected in amplexus were more 

likely to do phonotaxis but it did not change their phonotactic preferences (Witte et al., 

2000).  Note in Experiment 2, in contrast with Experiment 1 but consistent with Witte et 

al (2000), males were not paired in the lab but tested in the condition in which they were 

collected; therefore those data in isolation do not confirm the causality of amplexus on 

subsequent behavior.  This causal relationship, however, is strongly suggested by 

Experiment 1.  This effect is very rapid – on the order of minutes rather than hours- 

suggesting that future research should focus on the neuroendocrine effects of amplexus 

on males.   While the mechanisms driving clasping behavior has been studied from a 

causal perspective (Moore et al., 2005; Orchinik et al., 1991; Propper and Dixon, 1997), 

little is known about the consequences of engaging in amplexus for male hormonal state 

(but see Ishii and Itoh, 1992).  These rapid changes in hormonal state might indicate a 

“stimulus-response complementarity” (Beach, 1979) between the male and female which 

could facilitate nest building.  While pairs build a foam nest, they are immobile and the 

movements might make them particularly susceptible to predation, thus hormonal 

mechanisms that hasten this process may be beneficial for both individuals. One 

particularly exciting corollary of our finding is that male mating success might be 

susceptible to positive feedback processes if recent mating success further motivates 
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persistent calling behavior.  Males have been observed to call immediately after the pair 

has completed making a foam nest and even very late in the evening after the main 

chorus activity has waned (Lea, A.M., unpub data). While this might increase individual 

male success, it could also be costly in energetics and further expose males to predation 

risk, particularly if males employ this strategy long after the period of time when female 

attendance is most likely.   

 

Switch points 

The ultimate goal of mate acquisition can be realized through different behavioral 

tactics that may include from where, when, and with whom to call.  Males in chorusing 

species might be attracted to conspecific calls for the purposes of locating resources 

necessary for calling or nest-building (Yasumiba et al., 2015) but switch to calling when 

resources are located.  This doesn’t predict that males would continue to do phonotaxis, 

however, once resources are located; rather, we would expect them to begin stationary 

calling.  Moreover, all resources being equal, calling males should suffer less acoustic 

interference by maintaining maximum spatial separation from their nearest neighbors 

(Bee, 2007; Murphy and Floyd, 2005).  In our study (Experiments 2 and 3), males were 

given sufficient water for calling and nest-building throughout the range between the two 

broadcasting speakers.  Although callers overall were less likely to do phonotaxis during 

our short trials, many males that were motivated to call also exhibited phonotaxis before 

or after calling.  Males left the central neutral movement zone even while located within a 

perceived chorus and displayed nonrandom associative behavior with one of the two 
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speakers rather than maintaining maximum inter-male spatial segregation.  Furthermore, 

behavior was highly variable among males and between contexts.  Thus regardless of the 

importance of lek-attraction and the potential benefits of joining a group, these data 

demonstrate that male túngara frogs exhibit complex social strategies while present in the 

chorus and that these strategies are highly plastic.   

The temporal patterns between calling and phonotaxis behaviors, the “switch 

points,” may provide information about the function of phonotaxis at this local scale.  

When decision-making is viewed from an economic perspective, switching tactics is 

indicative of a change in the expected payoffs of potential options.  The temporal order 

between calling and phonotaxis was not highly stereotypical as some males began by 

calling, others by approaching one of the playback speakers, while a few switched 

dynamically between the two behaviors (Fig. 3.2).  At a local scale, approaching rivals 

may indicate neighbor preference, aggressive intent, or social parasitism.  We cannot 

definitively distinguish from among these without further manipulative studies but we 

can make some general inferences and suggest further work based on our results.  If a 

male begins calling and then switches to a phonotaxis response, it seems likely due to 

either an escalation of aggression or a switch to a noncalling tactic due to being 

“outcompeted” vocally.  Few males returned to calling after approaching a speaker but 

longer trials might yield different results.  Some males approached speakers prior to 

calling, on the other hand, which suggests neighbor choice.  Follow-up studies should 

analyze the calls associated with these behaviors, such as whether males escalated call 

rates or began making aggressive calls prior to approaching speakers. From our current 
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data, insight may be gained by examining the difference between callers and noncallers in 

their nearest proximity to the attractive stimulus; noncallers associated more closely to 

the speaker than did callers, suggesting that kleptoparasitism of “hotshot” males (Beehler 

and Foster, 1988) may occur in túngara frogs.  Given that these speakers were 

broadcasting signals at static rates, any feedback from calling or physical interactions that 

would happen in the wild are not captured here thus it is important to examine these 

behavioral switch-points in natural contests or using dynamic playback experiments 

(Humfeld et al., 2009; Reichert, 2014).  This highlights a critical component to these 

strategies which we have not discussed here, which is the potential costs incurred by 

attractive hotshot males that recruit other males.   

Satellite behavior in frogs is most often a short-term, reversibly plastic tactic that 

occurs most often in high-density choruses (reviewed in Gerhardt and Huber, 2002; 

Zamudio and Chan, 2008).  If high levels of social competition are differentially costly to 

unattractive or poorly conditioned males, small males should follow different decision 

rules than those of high quality males (Castellano, 2009; Fang et al., 2014; Lucas et al., 

1996). In most species where this is studied, satellites are reported as smaller than the 

callers they parasitize but absolute size is usually a poor predictor of the behavior 

(Zamudio and Chan, 2008).  The mechanism underlying the switch between calling to 

noncalling (the reverse is observed but rarely investigated) is typically viewed from the 

population dynamic level and reported as density- dependent.  We observed several 

interactions between chorus playback and male size that might indicate that motivational 

thresholds or switch-points are condition- and context-dependent.  Particularly in the 
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chorus treatment, smaller males tended to call sooner but follow call bouts with a switch 

to phonotaxis, finally associating more closely with the more attractive stimulus than did 

large males.  Our results seem to support those of Green (1990), who showed that 

although smaller males of this species did increase production of complex calls when 

located within small choruses, only larger males increased call complexity in response to 

high density chorus playbacks.  Few other studies in túngara frogs have specifically 

looked for individual differences in male signaling strategies. Evoked vocal response 

(EVR) studies in túngara frogs have shown that males in general response to vocal 

competition by producing more attractive whine-chuck calls (Bosch et al., 2000; Goutte 

et al., 2010; Greenfield and Rand, 2000). Only one study (Bosch et al., 2000) tested 

whether response strategies were consistent with individual assessment relative to the 

playback and the results demonstrated that the relative, and not the absolute, frequency of 

the subject’s calls predicted its response to playbacks of various frequencies.   Males in 

previous EVR experiments were first prescreened for their willingness to call in response 

to high density chorus playback and only those males who called during the screening 

stimulus were subsequently tested (Goutte et al., 2010; Greenfield and Rand, 2000).  

Spontaneous calling and evoked calling may represent different motivational or otherwise 

conditional states (Burmeister and Wilczynski, 2001) thus these procedures may mask 

important individual differences and preclude the discovery of short-term noncalling 

tactics in general.   
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Stimulus discrimination 

Few previous studies have examined male phonotaxis in species in which calling 

is a sexually-dimorphic behavior (Leonard and Hedrick, 2009).  This is one of fewer 

studies to demonstrate parallel phonotaxis preferences between males and females 

(Leonard and Hedrick, 2009; Pfennig et al., 2000; Yasumiba et al., 2015).  Although 

earlier work in our system demonstrated that males discriminate whine-chuck from whine 

calls without chucks (Bernal et al., 2009c), no link has been made between the 

probability of producing chucks and among-individual differences in male condition or 

quality.  Our natural call stimuli all contain chucks but vary in feature-based call 

properties that may reliably correlate to male traits of importance to females, such as 

male size.  We only examined responses to 3 call pairs and so this does not preclude the 

possibility that a more detailed investigation of more call pairs might lead to nuanced 

differences between preferences of females and males.   

Interestingly, in Experiment 3, we observed that males tended to orient towards 

the more attractive stimuli regardless of their motivation to call or move, indicating an 

attention bias that is consistent with phonotaxis choices.  Such a simple behavioral assay 

can also be quite useful for psychoacoustic studies aiming to compare female and males 

because sexually dimorphic behaviors (e.g. calling) often make such comparisons 

difficult (Bernal et al., 2007b).  Orientation of males within choruses may furthermore be 

relevant in and of itself because it directly affects the perceived amplitude of a male’s call 

at the receiver (Bernal et al., 2009b); relative amplitude in turn influences call detection 
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and female preferences (Arak, 1988; Gerhardt, 1991).  No study to our knowledge has 

looked for nonrandom orientation patterns within choruses. 

If males were attracted to conspecific callers solely for the purposes of locating 

resources such as water or females, discrimination among calls would be unnecessary.  

Male attraction to female-preferred male is typically associated with kleptoparasitism by 

males acting as noncalling satellites; for example, in spadefoot toads, smaller males are 

more likely than larger males to match female preferences in speaker associations 

(Pfennig et al., 2000), suggesting that males may also use spatial strategies to maximize 

female attraction by exploiting more attractive males.  Given that sampling females can 

evaluate the attractiveness of a male relative to his nearest neighbors (Bateson and Healy, 

2005; Gasparini et al., 2013; Oh and Badyaev, 2010), it might be suggested that males 

could increase their probability of mate acquisition by avoiding attractive individuals.  

Interestingly, in our study, stimulus discrimination was consistent across treatments and 

there was no difference between callers and noncallers (Fig. 3.4).  Males that did call 

chose call sites nearest to the speaker broadcasting the attractive stimuli.  It is possible 

that those males that chose to call in our experiments are in fact more attractive males and 

so their relative attractiveness is not significantly affected by this association.  A potential 

follow-up experiment could systematically vary the attractiveness of a single-speaker 

playback as well as the attractiveness of the subjects to detect an association between the 

latency to switch from calling to phonotaxis and the relative attractiveness of the 

playback.  Some workers have used experimental procedures to cleverly modulate 

distances between calling male tree frogs in order to examine aggressive response 
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thresholds (Reichert, 2014; Rose and Brenowitz, 1997).  Comparing association patterns 

among males that vary in some relevant measure of quality or attractiveness are needed to 

evaluate the benefits males might receive from these alternatives.   

AVT 

Consistent with previous studies in túngara frogs as well as other frog species, 

exogenous AVT increased the probability that males called (Experiment 3).  Our sample 

size was small (n=16) and the role of AVT itself in changing behavior was not of current 

interest in this study.  However, our comparison of AVT injected trials versus saline 

suggest further attention to a potential role of AVT in association behavior in frogs would 

be fruitful because the probability that males exhibited phonotaxis was also increased by 

AVT.  It is surprising that more work hasn’t been done on this, given that AVT and its 

homolog vasopressin are widely involved in social affiliation, particularly among males 

(Goodson and Bass, 2001; Propper and Dixon, 1997).    

 

Conclusions 

It is becoming clear that flexible mate acquisition strategies and subtle signaling 

tactics are ubiquitous among chorusing frogs.  While the existence of such tactics and 

their adaptive function have garnered significant attention in many species, their role in 

systems with conspicuous female mate choice such as the túngara frog are easily 

overlooked.  In these systems, however, females’ choices can be influenced greatly by 

social structure and dynamics and so these two aspects of sexual selection are 

inextricable linked.  Both females’ opportunities to sample mates and the efficacy of their 
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cognitive evaluation mechanisms are determined by the local social neighborhood, thus 

can have drastic implications for the evolution of male sexual signals and the coevolution 

of male strategies with female signal preferences.  Furthermore, few studies carefully 

tease apart the factors and proximate mechanisms underlying these behavioral changes.  

It is accepted that most of these behavioral switch points are involved with differences in 

physiological differences within individuals and the perceived level of competition, 

factors that are interrelated and dynamic.  More empirical work using integrative 

approaches is needed to test the predictions of economic models of mate acquisition 

behavior in order to understand their fitness consequences.   
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Figure 3.1. Evoked vocal response-phonotaxis hybrid behavioral assay.   

 

(a) Schematic for experiment design in Experiments 2 & 3;  movements (---) and calling 

locations © were recorded via an overhead infrared camera and two laterally placed 

shotgun microphones. (b) Waveforms (above) and spectrograms (below) of acoustic 

stimuli used in this experiment.   Rank order measured previously in female phonotaxis 

choices (Ryan and Rand 2003) are indicated by the letter order (A>B>C>D>E>F).  

Population-level stimulus values, equivalent to the sum of the ratios of female choices, 

were calculated by Kirkpatrick et al. (2006).  A, B, and C are each the female-preferred 

stimulus for their pair, denoted Stimulus 1.  A and B were paired with F and E, respectively, 

to produce to contrasts with significantly more attractive focal stimuli, while C was paired 

with D to produce a contrast in which Stimulus 1 was only slightly preferred by females, 

allowing us to compare the magnitude of preferences for Stimulus 1 between females and 

males. 
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Figure 3.2. Behavioral responses male túngara frogs to conspecific playbacks in 

Experiments 2 and 3.  

 

 
(a, b) In Experiment 2, 24 males were tested in 3 trials each (n=72 trials). (c) In Experiment 

3, the sample consisted of 16 males receiving each treatment on two consecutive days with 

order of treatment randomized. (a) Effect of prior amplexus (amplexus = gray bars; solo = 

black bars). (b) Influence of 3 playback treatments (no chorus = gray bars, chorus-primer 

= black bars, chorus = white bar). (c) Effects of AVT injection (AVT = gray bars, 

saline=black bars). 
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Figure 3.3. Interactions between male size (SVL) and playback treatment (test) on 

signaling behavior of male túngara frogs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Among the total set of trials (n=72), larger males tended to spend less time in the 

release zone after the funnel was raised.  This effect was greater when a high-density 

chorus was broadcast (black line). (b) Larger males in general associated more closely 

with the attractive speaker.  (c) Among the set of trials in which calling occurred (n= 27), 

larger males took longer to begin calling with high-density chorus playback.  Points 

indicate raw values. 

a. 

c. 

b. 
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Figure 3.4. Stimulus discrimination by males in Experiment 2.   

 

 
 

The female-preferred stimulus (Stimulus 1; Stimulus A in Fig. 3.2) was chosen more often 

than Stimulus 2 (Stimulus F in Fig. 3.2) regardless of playback treatment (bottom left).  Of 

the 20 males that completed phonotaxis in at least 1 trial, the proportion of males’ choices 

to Stimulus 1 did not differ significantly between callers (n=10; left bar) and non-callers 

(n=10; middle bar); Bars indicate the group average across each males’ proportion choices 

out of 3 playbacks, ±1SD.  Of the 7 callers who chose to call from one of the phonotaxis 

zones [callers-call site, right bar], all 7 chose a call site nearest to Stimulus 1.  Asterisks 

indicate statistical significance of the two-way binomial probability (Stimulus 1 vs 

Stimulus 2) *p<0.05, ** p<0.001, ns: p=0.054. 
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Figure 3.5.  Stimulus discrimination in Experiment 3.  

 

 
(a) Male phonotaxis choices were similar to female preference scores of the Gamboa 

populations measured in an earlier study (black line overlay) (Kirkpatrick et al. 2006). (b) 

Males that did not complete phonotaxis oriented their initial movements in the direction of 

Stimulus 1 in a significant proportion of trials.   
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Table 3.1. Short-term increase in probability of male call responses with respect to 

amplexus experience recorded prior to this experiment.   

 

 

Called? Amplexus Paired Unpaired 

Yes 11 6 1 
No 1 0 5 

Total 12 6 6 
Individuals paired with a female for ~15 minutes prior to introduction into an acoustic chamber 

for evoked vocal response experiments were much more likely to call that night [Unpaired vs 

Paired: Fisher’s Exact: p=0.015]. 
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Table 3.2. Summary of GLMM final model results for behavior of male túngara frogs 

captured in amplexus or solo in response to chorus playback (test).  

Analysis Dependent Effect F df P  

All trials 
(n=72) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Responders: 
Calling 
(n=27) 
 
Responders: 
Phonotaxis 
(n=32) 
 
 
 
 
 
 
 

Prob(Calling) 
 
 
 
Prob(Phonotaxis) 
  
 
 
 
 
 
 
Time Spent in 
Release Zone [%] 
 
 
 
 
 
 
Proximity to 
Attractive Stimulus 
 
 
 
 
 
 
Latency to Call 
 
 
 
Latency to Enter 
Speaker Zone 
 
 
 
 
Path length to 
Speaker Zone 
 
 
 

Amplexus  
playback 
SVL     
 
Amplexus 
playback 
SVL 
playback*amplexus  
Playback*SVL 
Amplexus*SVL 
Playback*amplexus*SVL 
 
Called? 
Playback 
SVL  
Playback*Called? 
Playback*SVL 
Called?*SVL 
Playback*Called?*SVL 
 
Called? 
Playback 
SVL  
Playback*Called? 
Playback*SVL 
Called?*SVL 
Playback*Called?*SVL 
 
Playback 
SVL  
Playback*SVL 
   
Called? 
Playback 
SVL  
Playback*SVL 
Called?*SVL 
 
Called? 
Playback 
SVL  
Playback*SVL 
Called?*SVL 

13.381 
0.410 
2.604 
 
0.421 
0.567 
0.028 
0.802 
0.592 
0.430 
0.811 
 
0.500 
5.478 
0.066 
0.472 
5.799 
0.424 
0.623 
 
1.043 
2.641 
0.033 
4.955 
2.844 
0.734 
5.079 
 
4.621 
1.542 
4.543 
 
6.902 
2.097 
0.201 
2.172 
6.882 
 
0.000 
1.442 
0.471 
1.545 
0.003 

1,67 
2,67 
1,67 
 
1,60 
2,60 
1,60 
2,60 
2,60 
1,60 
2,60 
 
1,59 
2,59 
1,59 
1,59 
2,59 
1,59 
2,59 
 
1,53 
2,39 
1,21 
2,40 
2,39 
1,53 
2,40 
 
2,12 
2,9 
2,12 
 
1,29 
2,29 
1,29 
2,29 
1,29 
 
1,24 
2,19 
1,19 
2,19 
1,24 

<0.001 
0.665 
0.111 
 
0.519 
0.570 
0.868 
1.453 
0.556 
0.515 
0.449 
 
0.482 
0.007 
0.798 
0.626 
0.005 
0.518 
0.540 
 
0.312 
0.084 
0.857 
0.012 
0.070 
0.395 
0.011 
 
0.032 
0.246 
0.033 
 
0.014 
0.141 
0.657 
0.132 
0.014 
 
0.989 
0.256 
0.499 
0.234 
0.957 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nonsignificant interaction terms were removed in a stepwise process and model fit was compared 

using AIC.  Significant p-values are boldfaces (α=0.05).   
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Chapter 4 -- Spatial structure of signalers outweighs the importance of 

feature-based attractiveness in female mate choice 
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ABSTRACT  

 

In many species, male aggregation results in the emergence of spatial and 

temporal interactions among displays, such as centrally-located signalers and signal 

presentation order.  Often centrally located males have greater mating success; it is not 

clear, however, if this is due to female choice based on the male’s location (“hotspots”), 

or if males aggregate around more attractive males with the consequence that more 

attractive males become more centrally located.  These alternatives are rarely tested 

empirically.  In a series of phonotaxis experiments in túngara frogs, we find that females, 

but not males, have a strong preference for centrally-positions signals.  Central positions 

surprisingly conferred greater benefits to callers than did feature-based call attractiveness.  

Results for temporal positions of signals in the playback were more complex but suggest 

an importance for signal presentation order in feature-based signal evaluation.  Our 

results support the hypothesis that spatial positions, and potentially temporal positions of 

calls, are in and of themselves a relevant cues that females use when making mating 

decisions, a finding that supports a critical role for social structure in sexual selection 

dynamics and suggests further complications in predicting the evolution of attractive 

male displays. 
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INTRODUCTION 

 

Communication signals play a critical role in the reproductive behavior of many 

animals.  Sexual signals are used by males to attract mates and regulate competitive 

interactions, and by females for species recognition and discriminating from among 

potential mates.  Any characteristic of these displays that is correlated with mating 

success is potentially subject to selection (Andersson, 1994).  Both static, feature-based 

signals such as morphological traits and dynamic signals such as courtship display rate 

are often under simultaneous selection by females (Gerhardt, 1991; Hagelin and Ligon, 

2001; Kodric-Brown and Nicoletto, 2001; van Dongen and Mulder, 2008).  Females 

typically prefer males with the most elaborate signals: the most colorful patches, loudest 

calls, most complex song, or the most rapid rate of courtship, which sometimes correlate 

with genetic quality or phenotypic condition of the male (Sharkey et al., 2010).   

When animals gather into leks and choruses for the purposes of reproduction, the 

social environment is often considered a source of noise from which receivers must 

extract relevant information about potential mates (Ryan et al., 2009; Valone, 2007).  A 

great deal of research in psychophysics has been dedicated to the role of social 

complexity on signal masking and interference (Bee, 2008; Farris et al., 2002; 

Richardson and Lengagne, 2010; Wollerman and Wiley, 2002).  Signaler spacing, for 

instance, has been shown to play a critical role in how chorusing males avoid masking 

(e.g. Wollerman 1999).  Many potential impacts of these social interactions, however, fall 

outside the umbrella of signal detection problems.  Signals do not always overlap and the 

spatial relationships among males may have other causes and consequences for female 
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mate choice than constraining females’ ability to detect and localize signals.  Recent 

studies have emphasized the way a male’s relative attractiveness of feature-based 

properties, may be evaluated differently depending on their comparisons with nearest 

neighbors (Akre and Ryan, 2010b; Bateson and Healy, 2005; Gasparini et al., 2013; Lea 

and Ryan, 2015; Oh and Badyaev, 2010).  Even when all signals are equally perceptible 

by receivers, social complexity is interesting for a quite different reason: the interactions 

themselves may provide females indirect information about male social status or 

condition (Freeberg et al., 2012; Grafen, 1990; Jennions and Petrie, 1997; Kokko et al., 

1999; Patricelli et al., 2011).  Individuals can eavesdrop on transmitted signals or 

inadvertently obtaining information that would be costly to acquire directly through 

personal experience (McGregor and Peake, 2000; Valone, 2007).  In dynamic social 

conditions, both feature-based characteristics and dynamic behavioral interactions can be 

evaluated in order to assess current levels of risk and competition (Danchin et al., 2004; 

Kremer and Skrzypacz, 2007).  It is therefore surprising that so little empirical work 

exists to examine these effects on female mate choice.   

One social cue that emerges only in grouped signalers is central position. In some 

lekking species, centrally-positioned males have been associated with increased mating 

success (Bro-Jørgensen, 2008; Hovi et al., 1994; Kokko et al., 1998; Partecke et al., 

2002), generating debate as to whether females prefer central males because of their 

position or as an indirect consequence of more attractive “hotshot” (Beehler and Foster, 

1988) males becoming centralized due to their tendency to attract other males.  (Fiske et 

al., 1998; Höglund and Atalo, 1995).  Females may have direct preferences for central 
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males because, for instance, central lek locations are associated with better nest sites or 

reduced predation risk, or because centrality is a cue for signaler quality or dominance.  

In order to distinguish between these two hypotheses, the attractiveness of the signaler 

and the location have to be decoupled. 

Temporal interactions also emerge in choruses and are intricately linked to spatial 

dynamics.  Males often minimize call overlap through bout alternation with neighbors 

(Grafe 1996; Greenfield and Rand 2000) or with spatial segregation (Murphy and Floyd 

2005).  When calls do overlap, females generally prefer the leading call in a pair (Grafe 

1996), even reversing feature-based preferences in favor of the leader (Gerhardt and 

Huber, 2002; Litovsky et al., 1999; Tárano, 2015).  Precedence effects have also been 

observed in non-overlapping call pairs (Bosch and Marquez, 2002; Party et al., 2014), but 

interactive effects between order and feature-based call properties is rarely investigated, 

particularly in chorus scenarios of more than two males.  This is a critical aspect of 

chorusing because, with more than two interacting males, call order is an inescapable 

consequence (e.g. A-B-C-A… vs A-C-B-A…) that may be important to females (Bosch 

and Boyero, 2006).   

Here we present results from a series of progressively more complex mate choice 

experiments that assayed the relative influences of central positions and feature-based 

attractiveness on the phonotaxis choices of túngara frogs (Physalaemus pustulosus), 

modulating call order to control for effects of leadership. We hypothesized that females 

would preferentially associate with centrally-positioned signalers over peripheral ones, 

utilizing well-established preference function data on feature-based signal traits to 
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measure the relative strength of central biases and that of feature-based signals. Males 

were tested in addition to females in some of these tests.  From a practical perspective, 

males provide a useful control for to tease apart possible discrimination mechanisms from 

more functional interpretation because of the similarity in males’ hearing thresholds and 

similar phonotaxis preferences to females in simpler assays (Bernal et al., 2009c).   From 

a functional perspective, the behavioral of males is in and of itself important to 

understand in the context of chorus dynamics and males spatial associations as it is an 

integral part of sexual selection. 

 

METHODS 

System 

The túngara frog is arguably one of the better studied models of sexual selection 

by female choice (Ryan, 2010, 2011).  There is a large amount of natural variation in 

túngara frog calls and several static call parameters are discriminated by females during 

choice tests (Ryan, 1980; Ryan and Rand, 2003).  Males aggregate into semi-stable social 

groups, with some males exhibiting strong site fidelity across nights while others are 

quite mobile (Lea and Ryan, unpub ms).  Choruses can be large but are most often 

composed of smaller groups of approximately 3-4 calling males within a 2 m2 area.  

Several studies show that male vocal response strategies are plastic and generally 

influenced by the acoustic social environment in ways that are relevant to female 

attraction (Bosch et al., 2000; Goutte et al., 2010; Greenfield and Rand, 2000; Ryan, 
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1985) but little is known about males’ spatial tactics or potential impact of spatial 

relationships on female mate choice.    

Study Site and Collection 

We conducted these experiments in August 2010 at the Smithsonian Tropical 

Research Institute in Gamboa, Republic of Panama (9◦07.0N, 79◦41.9W).  Gravid females 

were collected in amplexus from the field, brought back to the laboratory, and tested the 

same night.  In Experiment 1 only, 27 of the males from these pairs were also tested in 

phonotaxis.  After completing the tests, subjects were measured for size (snout-vent-

length) to the nearest 0.1 mm, weighed to the nearest 0.001 g, marked using a unique toe-

clip in order to prevent them from being tested again if recaptured, and then released at 

the original capture location.  Marking procedures followed the Guidelines for the Use of 

Live Amphibians and Reptiles in Field Research, compiled by the American Society of 

Ichthyologists and Herpetologists, The Herpetologists’ League, and the Society for the 

Study of Amphibians and Reptiles and were approved by the Institutional Animal Care 

and Use Committees at The University of Texas at Austin and at the Smithsonian 

Tropical Research Institute. 

Experimental Design 

We conducted the trials between 1900 and 0300 h in a darkened sound-

attenuation chamber (2.7 x 1.8 x 1.78 m, L x W x H; Acoustic Systems, Austin, TX, 

U.S.A) maintained at approximately 27°C.  The chamber was illuminated only by 850nm 

infrared lighting and monitored remotely via an infrared camera.  Before testing each 
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night, we calibrated speakers (ADS L210) to 82 dB SPL (re. 20 μPa) peak whine 

amplitude at the release point using a synthetic whine stimulus (peak amplitude and Fast, 

C-weighting) on a GenRad SPL meter (1982; General Radio Corporation West Concord, 

MA).  In all experiments, speakers were located at a distance of 110 cm from the starting 

position of the subject but the distances between the speakers varied according to the 

particular experiment and are described below.   

Phonotaxis procedures followed previous protocols with few modifications.  

Females began each trial with a two-minute acclimation period under an acoustically-

transparent mesh funnel in a central release point during which time acoustic stimuli were 

broadcast.  After the acclimation period, the funnel was raised remotely and the frog was 

allowed to move freely in the chamber for 10 minutes while its movements were recorded 

onto a PC (Noldus MPEG digital video recorder).  A positive “choice” was scored if the 

frog entered to within 10 cm radius of a broadcasting speaker within the maximum 10 

minute trial time.   Acoustic stimuli consisted of either synthetic whine-chuck calls 

(Experiment 2) or natural stimuli (Experiments 1, 3) chosen from a previously published 

data set for female preferences were measured in a tournament of pairwise phonotaxis 

tests (Ryan and Rand, 2003).      

Experiment 1: Centrality   

Twenty-seven females and 27 males were each tested with a 3 speaker design 

(Fig. 4.1a) in which each of the speakers broadcast the same natural call at a rate of 1 

call/3 seconds such that the total presentation rate was 3 calls/3seconds.  Each of nine 

different calls was used for 3 replications for a total of 27 trials per sex.  
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Experiment 2: Centrality and call order  

In Experiment 2, we tested 120 females using a four-speaker design and added a 

temporal component.  When more than 2 individuals are signaling, certain temporal 

patterns among the call order of the stimuli necessarily emerge.  We do not know if 

whether females perceive a set of males’ signals as a group based on temporal linkage 

among the signals rather than their location in space.  The purpose of adding the variation 

in temporal position (Fig. 4.1d and e) was an attempt to unlink the two variables.  

Separate tests demonstrated that this temporal pattern has no effect on female choice 

when the stimuli are of equal attractiveness (Lea, unpub data), thus at these speaker 

angles, call rates, and inter-call intervals, leaders are chosen equally as often as followers.  

Speakers were arranged either in semicircle which created centrally-positioned speakers 

(arc array; Fig. 4.1b) or an array in which two pairs of speakers were located at 180 

degrees from the starting position of the female (linear array; Fig. 4.1c).  In all cases, the 

distance of the speakers from the starting point of the female was 110 cm as in 

Experiment 1. In the linear array and in two of the three arc array tests, one of the 

speakers in each pair led the other in the temporal order of the playbacks (Fig. 4.1d and 

e).  In the fourth test (no leader) the speakers broadcast with equal inter-call intervals 

(Fig. 4.1f).        

Experiment 3: Centrality, call order, and static attractiveness  

In Experiments 1 and 2, all speakers are broadcasting the same stimuli.  In order 

to test whether the preference for central speakers was irrelevant when signals contained 

feature-based variation known to be of significance to females in simple choice tests, we 
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replicated Experiment 2 using calls that differed in relative attractiveness.  We began by 

doing a full replication using a single group of natural calls.  In order make our results 

more generalizable in terms of the relative weighting of centrality and feature-based 

traits, we replicated tests from Experiment 3 using two additional groups of natural calls.  

Consistent with the group used in Experiment 3, our additional two groups were 

comprised of a pair of “focal” stimuli that are of greater relative attractiveness than the 

second pair of stimuli.  We replicated both of the design variants from Experiment 2 that 

utilized the semicircle speaker arrangement (Fig. 4.1b; d and e) thus controlling for 

temporal patterns.    

Statistical Analyses 

In all tests, we tested the null hypothesis that the proportion of individuals 

choosing the central speaker is based on the per capita equal probability; in the three-

speaker tests (Experiment 1), the null expected probability is was 33.34%.  In four 

speaker tests (Experiments 2-3), there were 2 central and 2 peripheral speakers (Fig. 4.1b) 

and speakers were broadcast in leader-follower pairs, thus the null expectation is equal 

for central vs peripheral and for leading vs following.  All p-values presented are two-

tailed probabilities and our criteria for statistical significance was α=0.05.  All statistical 

tests were carried out in SPSS v22.0. 

For Experiment 1, we used binomial probabilities to test whether the number of 

choices to the central speaker exceeded the null per capita expectation.  To test for 

differences between the sexes in the proportion choosing the central speaker, we used a 

Fisher’s exact test.   
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Experiments 2 and 3 were analyzed using fully factorial Generalized Linear 

Models (binomial, log link function) to determine the relative influence of centrality, call 

order, and neighbor (Experiment 4.3 only) and their interactions on the probability that 

the focal stimuli were chosen.  Distributions of choices to the focal stimuli between 

central and peripheral spatial positions were compared using a 2*3 contingency table; 

because no statistical differences were found, we estimated the benefit of centrality using 

the average differences from the three groups and present a Fisher’s exact probability 

estimate.  

 

RESULTS 

Experiment 1 

Females, but not males, showed a significant preference for the centrally-

positioned speaker (Null hypothesis = 33.3%; Females: 81.5%, n=27, p<0.001, males: 

48.1%, n=27, p=0.079). Females chose the central speaker significantly more often than 

males (Fisher’s exact test: p=0.021) (Fig. 4.2).  

Experiment 2  

Regardless of the temporal positioning of signals in the call bout, centrally-

positions speakers obtained the majority of the choices in all cases.  Leadership in 

temporal position was significant in arc speaker arrangements in which centrally-

positioned speakers were available, but there was no effect of leadership in the linear 

array (X2 = 13.61, p=.0011); leadership also influenced the probability of choosing a 
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central speaker (X2= 7.16, p=0.028), although a being a peripheral leader did not 

outweigh the benefit of the central position (leader = peripheral vs no leader, Fisher’s 

exact p=0.17) (Fig. 4.3). 

Experiment 3  

The focal stimulus did significantly better in the central position than in the 

periphery (X2 = 27.124, p<0.001).  There was a marginally significant interaction 

between leadership and the identity of the neighbor, such that the focal stimulus did 33% 

better when following neighbor C (the least attractive stimulus) than when it followed B 

(the intermediate stimulus (X2 = 3.785, df=1, p=0.05; pairwise estimated mean difference 

± SE (Neighbor C-Neighbor B): 33±0.122%, Bonferonni-corrected p=0.032). The focal 

stimulus garnered only 50% of choices when no stimulus is centrally-positioned, 80% of 

choices when it was located in the central site, and only 23% when located on the 

periphery (see Fig 4.5, group 1 for summary) (Fig. 4.4; Table 4.1).  For the two additional 

replications, there was no significant difference between the 3 groups in the effect of 

spatial position (X2 = 2.66, Fisher’s exact p=0.26).  On average, a peripheral position in 

the group reduced the probability of being chosen by approximately 48%.  (Fisher’s 

exact: p<0.001).   

 

DISCUSSION 

Central positions greatly increased the probability that signals were chosen by 

females relative to peripheral positions.  Even when the focal stimuli were more attractive 
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than their neighbors, a peripheral position reduced females’ choice frequencies below that 

expected by random chance.  It was surprising the extent to which adding such a small 

complexity component to choice tests led to such dramatic shift in behavioral patterns.  

Simple laboratory settings might uncover idealized preference functions that are unlikely 

to be so clearly expressed in more natural field conditions (Jennions and Petrie, 1997).  

Natural conditions are complex, noisy and confer various costs that might reveal the 

impact of choosiness on how preferences translate to actual choices, thus even random 

choice does not guarantee that no preferences exist.  Here, by making the social scenario 

more complex, females dramatically reversed their preferences rather than demonstrating 

a general reduction in preference magnitude.  Females were still being choosy, but being 

choosy about a different cue than what was expected from previous research.   

It isn’t clear why spatial cues are salient to female choice.  Spatial relationships 

among signalers can influence the discrimination ability of females (Akre and Ryan, 

2010b; Bateson and Healy, 2005; Callander et al., 2013), such as making stimuli more 

difficult to discriminate as the two get closer together in space (Bee, 2007a). It is possible 

that, by bringing the signalers closer together, feature-based cues were more difficult to 

discriminate, thus females switched to another choice rule.  If, by attracting other males, 

high quality males tend to become located in central positions, a decision rule that is 

biased towards central males might be a viable proxy strategy for females.  In our 

replication on Experiment 3, Group 2 showed a slight difference in the magnitude of the 

preference reversal (Fig. 4.5), which is interesting to note because for that group, the 

difference in relative attractiveness between the focal stimuli and the less attractive 
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neighbor stimuli was greater than in the other 2 groups.  The magnitude of the centrality 

effect might be tempered by large differences in the males’ calls but more work is clearly 

necessary to specifically test this hypothesis.  In addition, the tendencies of females, but 

not males, to approach central speakers suggests that this is not merely an association 

bias for the site of greatest signal intensity (Roberts et al., 2005), unless such a bias is 

sex-specific.      

From the perspective of the signalers, males of relatively lower attractiveness 

based on feature-based components of their calls can increase their success by obtaining 

central positions in the chorus.  Yet we find that males had no central bias and were less 

likely than females to associate with central speakers when no variation between stimuli 

was present (Experiment 1).  On the other hand, given that speakers in our experiment 

were broadcasting signals at static rates, any feedback from other callers or aggressive 

interactions that would occur between males in the wild are not captured here. Agonistic 

encounters in túngara frogs can lead to physical encounter, occasionally ending in the 

death of one of the males. It is possible that more centrally-located males in natural 

choruses do tend to be larger, higher quality males that are not only attractive to females 

but also physically superior (Berglund et al., 1996). Even feature components of males’ 

calls that are categorized as “static” (Gerhardt, 1991) have some plasticity that is 

inducible by the competitive environment.  This may favor the use of central position as a 

cue, if these positions do in fact tend to be occupied by males that are both relatively 

attractive and competitively superior.   On the other hand, some studies have shown that 

there may be some limit to how much of a benefit signalers may receive from plasticity; 
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as males adjust their calling performance, other males follow suite, resulting in an 

elevation of signal output but not a change in the relative attractiveness hierarchy 

(Schwartz et al., 2002).  To some extent, therefore, call traits would also be considered 

honest cues.  Future studies should disentangle these factors by examining social 

dynamics among groups of males in natural conditions, perhaps with removal 

manipulations. 

We know little about how males’ spatial strategies might affect their own fitness; 

nonetheless, we are accumulating evidence that males are active participates in the 

process of sexual selection on advertisement calls.  In many species including túngara 

frogs, males exhibit plasticity in site choice, at least between advertisement bouts 

(Partecke et al., 2002; Young et al., 2009; Lea & Ryan, unpub ms).  Male túngara frogs 

do respond to variation in calls with phonotaxis patterns similar to females (Bernal et al., 

2009c, Lea & Ryan, unpub ms), preferentially attending to the males that are most 

attractive to females.  While we have a detailed understanding of how male frogs 

generally avoid temporal overlap with neighbors by increasing inter-male distances and 

using aggressive calls if a neighbor male calls in close proximity (Murphy and Floyd 

2005), it is unknown how or even if males actively volley for particular positions within 

the chorus with respect to the identity of their nearest neighbors.   

This study highlights possible tactics that males might employ, perhaps even 

opportunistically, that might affect mating success.  Some subtle patterns in our data 

suggest that the identity of the nearest neighbor influenced the relative attractiveness of 

the focal male (Fig. 4.4).  An unexpected result was that the call of the particular 
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neighbor interacted with call timing, suggesting that the call order (A-B-C… vs A-C-

B…) may alter the way female evaluate the relative attractiveness of signals.  Aspects of 

call timing such as choosing to follow particular individuals over others within the chorus 

bout regardless of spatial distance, have not been studied in anurans.  

The question of how sexual selection processes impact, and are themselves 

impacted by, social structure has been generating much theoretical attention over the past 

several years (Castellano et al., 2009b; Cornwallis and Uller, 2010; Miller and Svensson, 

2014; Oh and Badyaev, 2010; Patricelli et al., 2011; Patricelli et al., 2016; Rodriguez et 

al., 2013).  The results we presented in this study suggest that spatial structure in choruses 

emerges from males’ nonrandom social biases for particular “hotshot” variants of the 

same signals used by females to choose their mates. Females in turn appear to 

preferentially attend to spatial cues that are available only because of those social 

processes and may influence the magnitude of selection for feature-based signal 

components preferred in simpler scenarios.  Taken together, these results draw attention 

to the various feedback loops inherent to social signaling systems that need be integrated 

into the broader picture of how sexual selection operates.           
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Figure 4.1.  Experimental playback design for experiments 1-3.  

 

 

In Experiment 1, three speakers were arranged in a semicircle (A) and the calls were 

broadcast at even 1-second intercall intervals so there was no temporal variation in call 

timing.  In Experiments 2-3, 4 speakers were used arranged in two pairs.  In trials with a 

spatial component, speakers were arranged such that one from each pair was located in a 

more central position, while the other in the pair was peripheral (B).  In trials with the 

spatial component removed, speaker pairs were arranged opposite one another such that 

the leaders from each pair were located directly opposite one another (“no central,” C).  

In trials with a temporal component, the inter-call interval between speakers within each 

pair was reduced such that one call led the second without overlapping (D, E).   In trials 

with no temporal component, calls were broadcast with equal inter-call intervals such that 

the total call bout rate remained 4 calls per 4 seconds (“no leader,” F).   
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Figure 4.2.  Female túngara frogs, but not males show a significant preference for the 

centrally-positioned speaker in a 3-speaker assay.  

 

 

Experiment 1 results: (females: p<0.001; males: p=0.079).  Females chose the central 

speaker significantly more than males (Fisher’s exact test: p=0.021). 

 

  



 105 

Figure 4.3.  The effect of spatial position on the probability that a speaker was chosen. 

 

 

 

Experiment 2 results. Female túngara frogs (n=120) were given a choice from among four 

speakers broadcasting synthetic whine-chuck calls, a right and a left pair.  While temporal 

position had a significant effect in arc arrays, centrality explained most of the variation in 

females’ choices. 
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Figure 4.4. Influence of time, space and relative attractiveness of female preferences.  

 

 
Experiment 3 results.  Females’ preference for the focal stimulus, that which is most 

attractive in terms of feature-based characters, varies significantly with its spatial and 

temporal position relative to two less attractive signals.  Bars indicate the identity of the 

nearest neighbor stimulus (gray bars = Stimulus B, more attractive stimulus; Black bar = 

Stimulus C, less attractive stimulus).   
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Figure 4.5. Summary of the influence of spatial position on females’ choices.  

 

 
 

Summary for all three groups of stimuli in which one stimulus was relatively more 

attractive in feature-based, static properties of the call.  Centrally-positioned stimuli were 

much more likely to be chosen despite the differences in relative attractiveness between 

the individuals in the group. There was no significant difference between the groups in the 

effect of spatial position (Fisher’s exact: p=0.26).  On average, a peripheral position in the 

group reduced the probability of being chosen by approximately 48%.  (Fisher’s exact: 

p<0.001).  The null hypothesis for choices to a central speaker is 50%, given that 2 of the 

4 speakers were in central positions.  Group 1 was that used in Experiment 3; groups 2 and 

3 were replications conducted to verify generalization of the pattern.   
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Table 4.1. Experiment 3 Results: phonotaxis choices to speakers broadcasting focal 

stimulus [A] by spatial location (test) and by neighbor within test. 

    

   

Cumulative 

Paired Neighbor 

   Stimulus B Stimulus C 

Central Pair Leading Pair n count % count % count % 

Focal Focal 35 31.00 0.89 16 0.52 15 0.48 

Focal Neighbor 30 21.00 0.70 7 0.33 14 0.67 

N/A Focal 30 17.00 0.57 11 0.65 6 0.35 

N/A Neighbor 30 13.00 0.43 5 0.38 8 0.62 

Neighbor Focal 30 8.00 0.27 4 0.50 4 0.50 

Neighbor Neighbor 26 5.00 0.19 3 0.60 2 0.40 
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Chapter 5 -- Irrational mate choice 
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ABSTRACT 

Mate choice models derive from traditional microeconomic decision theory, 

implicitly assuming that individuals behave rationally by maximizing their Darwinian 

fitness, the logical evolutionary analogy to economic utility.  Rational choices exhibit the 

property of regularity, requiring that the relative strength of preferences between objects 

remain stable when additional options are available.  Human consumers routinely violate 

this assumption, as do some animal foragers.  The long held assumption of rationality in 

mate choice models, however, has yet to be rejected.  Here we show that female frogs 

reverse their mate decisions in a systematic manner known as a “decoy effect,” violating 

the axiom of regularity and therefore the assumption of rationality in mate choice.  We 

tested female frogs with three simulated males differing in relative call attractiveness and 

call rate. In binary choice tests, females’ preferences favored stimulus caller B over A; 

however, with the addition of an inferior “decoy” C, females reversed their preferences 

and chose A over B.  These results show that the relative valuation of mates is not 

independent of inferior alternatives in the choice set and therefore cannot be explained 

with rational choice models currently utilized in sexual selection theory. 

 

-- 

From Lea, A.M. and Ryan, M.J. 2015. Irrationality in mate choice revealed by túngara frogs. 

Science 349:6251. Reprinted with permission from AAAS. Co-author provided logistical support 

for the project and participated in writing the manuscript.  

-- 



 111 

INTRODUCTION  

Evolutionary theory has tight foundational linkage with traditional decision 

theory, which derives predictions for consumer behavior by assuming individuals’ 

decisions lead to outcomes that maximize the subjective utility of the chooser (Cooper, 

1987; Kirkpatrick et al., 2006).  A rational individual is defined as one who makes 

choices that obey the simple mathematical axioms of transitivity (If A > B and B > C, 

then A > C) and regularity (if A >B in the absence of C, then A > B in the presence of C). 

The simple nature of rational models is intuitively attractive; however, there has been 

much recent debate as to how limited they are in predicting actual behavior (Birnbaum et 

al., 1999; Kahneman and Tversky, 1979; Regenwetter and Davis-Stober, 2012; Tversky, 

1969).  Human behavior commonly deviates from what is predicted by rational choice 

models, making seemingly suboptimal decisions regardless of how important the 

outcome.  One well-known violation of regularity is the “decoy effect” (Ariely and 

Wallsten, 1995; Bateson and Healy, 2005; Tsetsos et al., 2010), illustrated by the 

following scenario: While shopping for a used vehicle, you may value both low price and 

fuel efficiency.  Of the two vehicles you are considering, one has a higher price tag but 

also better efficiency (A), while the second has a lower price but lower efficiency (B).  

You decide that you value lower prices over higher efficiency and so you choose B.  

Then the salesperson points out that there is a third vehicle (C) that you should consider, 

which also has good fuel efficiency but you notice a much higher price than both A and 

B.  Although you aren’t interested in the expensive vehicle, you now reconsider A and B 

and finally purchase A, deciding now that you prefer to spend more money for better fuel 
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efficiency.  To the salesperson’s delight, you have just behaved irrationally by falling 

prey to the decoy effect. These effects are not restricted to humans; they have been 

demonstrated for instance by some animal foragers (Schuck-Paim and Kacelnik, 2002; 

Shafir, 1994; Waite, 2001).  

Mate choice is one of the most important decisions an animal makes and it 

promotes the evolution of some of the most elaborate traits in nature.   In many species 

the choice of a mate occurs in complex social environments, such as leks, among multiple 

potential mates with multidimensional traits.  Like human consumers maximizing utility, 

animals are assumed to maximize their Darwinian fitness by making rational mate 

choices.   The preference function concept, central to sexual selection theory (Andersson 

and Simmons, 2006), assumes that mate choice rules obey formal rationality (Bateson 

and Healy, 2005; Dechaume-Moncharmont et al., 2013; Kirkpatrick et al., 2006).  The 

results of the scant empirical studies that have tested this assumption were either 

inconclusive (Kirkpatrick et al., 2006), or failed to reject the axioms of transitivity 

(Dechaume-Moncharmont et al., 2013) and regularity (Reaney, 2009). Here we designed 

a study to address the axiom of regularity using a competitive decoy paradigm (Ariely 

and Wallsten, 1995; Bateson and Healy, 2005; Tsetsos et al., 2010).  We hypothesized 

that females exhibit decoy effects commonly observed in humans, whereby the 

probability of choosing stimulus A over B is dependent on the presence of the inferior 

third option C [P(A|B) ≠ P(A|B,C].  Our results show that relative valuation of mates is 

dependent on inferior options in the choice set, rejecting the hypothesis of rational mate 

choice.    
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METHODS  

Mate choice behavior in our subject, the túngara frog (Physalaemus pustulosus), 

has been thoroughly studied for three decades (Ryan, 2011).  Males form lek-like 

aggregations and produce advertisement calls to attract females.  Females exhibit a highly 

stereotyped and robust phonotactic response to speakers broadcasting stimuli that 

simulate male advertisement calls.  For the current study, potential mates were 

represented by 3 acoustic stimuli {A, B, C} varying in two trait dimensions under 

directional selection by females: static attractiveness [DIM-1] and call rate [DIM-2].The 

subjective values of each of these independent traits were determined by actual measured 

preferences of 78 females from the same population in preliminary choice trials (n = 234 

trials) completed prior to beginning our decoy experiments (Fig. 5.1, Fig. 5.2, Table 5.1, 

5.2).  Our choice of the three call types used to represent the levels of static attractiveness 

were informed by previously published results demonstrating how these specific natural 

calls represented the range of acoustic variation present in our study population (Ryan 

and Rand, 2003).  Static attractiveness and call rate were inversely combined to produce 

an inferior, asymmetrically-dominated decoy stimulus, C, among the final three stimuli 

(Fig. 5.2, Table 5.2).  We then measured females’ relative mate preferences for each of 

the dyads [{A, B}, {A, C}, {B, C}] and in the trinary choice set {A, B, C}.  Based on 

compromise effects in other decoy experiments, we predicted that the relative preference 

for the intermediate stimulus A (“target”) with respect to highest value stimulus 

(“competitor”), will increase when C (“decoy”) is present.   
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Multidimensional Stimulus Synthesis 

The 3 stimuli (A, B, C) were composed of two traits (DIM-1, DIM-2).  In order to 

assign a relative attractiveness value for each composite stimulus, we completed a series 

of preliminary experiments in which we measured the relative attractiveness of each of 

the 6 trait levels [DIM-1 call types: (A1, B1, C1), DIM-2 rates (A2, B2, C2)] (Table 5.1).  

For DIM-1 (static attractiveness), we selected three natural whine-chuck calls 

whose relative attractiveness was measured in a previous study (Ryan and Rand, 2003) 

and replicated the tests in our preliminary study here.  These calls had originally been 

recorded in the field from different males and were identified as 3 of 9 male calls whose 

static call characteristics represented the multidimensional acoustic variation present in 

the Gamboa population [Corresponding call IDs: A1 = Sa (2003); B1 = Sb (2003); C1 = 

Sd (2003)].  Female phonotaxis preferences were also measured in that study, thus for our 

study we were able to predict the relative values of these calls based on previous results.  

We tested 18 females on all three dyads between the 3 call types (A1, B1, C1) (Table 5.1).  

In general, female frogs show a preference for faster call rates (Gerhardt and 

Huber, 2002).  For the DIM-2 (call rate), we chose call rates centered on the average 

natural call rate measured in previous studies of 1/2 calls/sec (Ryan, 1985) [C2= 1/4, A2= 

1/2, and B2= 1/1, calls/sec].  To calculate the value of DIM-2, we tested 20 females on 

each of the 3 static call types (A1, B1, C1) for each DIM-2 rate (A2, B2, C2): n= 180 trials, 

n=20*3= 60♀ in each of 3 stimulus categories.  This also allowed us to determine 

whether the relative preference for faster call rates were dependent on any of the three 

static call types used.  The distribution of choices to the faster stimulus across DIM-1 call 
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types was analyzed using a 3 (B2 vs C2, B2 vs A2, A2 vs C2) * 3 (A1, B1, C1) contingency 

table.  

We calculated binomial z-ratios separately for each DIM based on the 

proportional preference out of the total choices in the 3 stimulus set and derived total 

attractiveness values (Fig. 5.2C, shown geometrically in Fig. 5.2D) by summing the DIM 

z-scores (Table 5.3). Binomial z-scores enabled direct and scale-free comparisons 

between levels of the two traits.   

Decoy Experiments 

In Experiment 1 we tested 40 females repeatedly on each of the four choice sets 

using a grouped-speaker configuration that allowed females to choose the decoy option 

during the trinary test (Fig. 5.3A).  Experiment 2 was identical to Experiment 1 with the 

important exception that during the trinary set, the decoy stimulus was broadcast from a 

speaker directly above the females’ starting position to make it perceptible but 

inaccessible (Fig. 5.3B).  The influence of unavailable decoys, referred to as the Phantom 

Decoy Effect, has been shown to shift preferences towards the asymmetrically dominated 

target (Pettibone and Wedell, 2007), thus the prediction is the same as in Experiment 1.  

This experimental design also avoids complications potentially arising from the relative 

spatial positions of the speakers, such as a preference for centrally-positioned males.  

Eighty females completed both the binary {A, B} and the trinary {A, B; in the presence 

of C} choice sets.  Fifty of these 80 females were also tested with the two additional 

binary tests {A, C} and {B, C} to verify the inferior status of stimulus C in this 

configuration (Experiment 2).   
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Our large sample sizes permitted us to apply the normal approximation to the 

binomial distribution for binary pairwise contrasts (A vs B) [all n > 30, Rosner’s Rule 

(Rosner, 2014)].  In replicated studies with these and other independent traits, we see 

consistent group-level preferences and find no among-individual preference 

polymorphisms (Kime et al., 1998); nonetheless, here we tested the same individuals on 

both binary and trinary tests in order to avoid sampling bias.  Given that for each 

experiment, the same females were tested in both the binary and trinary tests, the 

difference in the proportion of choices between {A, B} and {A, B | C} was compared 

using McNemar’s tests for paired data. To meet the requirements for the McNemar’s 

tests, three females who did not successfully make a choice in both tests were excluded 

from the analysis (Experiment 2: final n=77).  Exact p-values are presented and our 

criterion for statistical significance was α = 0.05.  All statistical tests were conducted in 

SPSS v22.0. 

We conducted these experiments from June-October, 2010-2012 at the 

Smithsonian Tropical Research Institute in Gamboa, Republic of Panama (9◦07.0 N, 

79◦41.9 W).  

RESULTS 

Results were consistent in both decoy experiments.  Consistent with the relative 

additive preferences for the two independent trait dimensions comprising the stimuli (Fig. 

5.2), stimulus C was inferior to both A and B in all tests [Experiment 1: C < A, p=0.007; 

C < B, p<0.001; C < (A, B), p=0.042; all n=40; Experiment 2: C < A, p<0.001; C < B, 

p=0.034, all n=50].  In all binary tests, the preferred stimulus in the pair was that with the 



 117 

fastest call rate [DIM-2] (Fig. 5.3C, D).  Females favored the stimuli with greater static 

attractiveness [DIM-1] only in the trinary choice tests.  The key result is that females 

were significantly more likely to choose the intermediate target A in the presence of the 

decoy (Experiments1 and 2), regardless of the availability of the decoy (Experiment 2; 

Fig. 5.3C, D), thus we reject the null hypothesis that the relative preference between A 

and B is independent of the decoy.  Female túngara frogs consistently and predictably 

reversed their preferences in the presence of an irrelevant decoy alternative in two 

separate experiments and thus violate a key assumption of mate choice models used in 

sexual selection theory.   

DISCUSSION 

Decision theory as applied in this chapter is a top-down approach, making 

predictions for systems based on the expected outcomes of individual behavior and 

making no presumptions of the underlying cognitive processes involved.  Given the 

similarity of our results to the systematic biases exhibited by human consumers, mate 

choice models might benefit from modern insights gained in behavioral economics, 

which utilize psychological concepts to explain how irrational choice might result from 

perceptual biases or limited cognitive resources.  Economic rationality does not account 

for reference-dependence, which we know is inherent to perceptual systems when rapid 

comparative evaluations are made (Akre et al., 2011; Kahneman, 2003).  In socially 

complex situations such as frog choruses, rational decisions could be time consuming and 

therefore cause lost mating opportunities or the risk of further exposure to predators.  

Under such circumstances, decision rules might evolve to include loss aversion 
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(Kahneman and Tversky, 1979; Marsh and Kacelnik, 2002; Orr, 2007), mitigating the 

probability of making costly errors in the face of extreme alternatives and within risky 

and uncertain environments.  Such heuristics might lead to stabilizing selection on male 

traits and maintenance of genetic variation. Moreover, just as human consumers are 

susceptible to manipulation by salespersons, context-dependent choice rules may make 

females vulnerable to behavioral exploitation by competing males (Callander et al., 2013; 

Gasparini et al., 2013), if, for instance, males choose nearest neighbors in a self-

referential manner.    

While it is clear that female choice patterns do not concur with the consistent 

valuation predicted by traditional models in sexual selection, it is far from clear whether 

perfect formal rationality is mutually compatible with optimal evolutionary fitness or if 

apparently irrational behavior might result from selective forces (Cooper, 1989; Schulz, 

2013; Trimmer, 2013). It requires closer inspection to determine if inconsistencies 

revealed by decoy effects are in fact suboptimal in the context of fitness maximization. 

Variation in female choice among social contexts might reflect adaptations for utilizing 

the additional sources of information (Jennions and Petrie, 1997), resulting in the 

expression of more complex but predictable choice patterns.  

There is growing empirical evidence that we lack a coherent understanding of the 

decision rules governing mate choice.  Context-dependent preference reversals could 

cause cycling evolution of male display traits, counter to the predictions of stable 

equilibria in models of sexual selection implicitly assuming rational choice (Kirkpatrick 

et al., 2006).  Rational choice models have proven fruitful for static or otherwise simple 
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selection scenarios and yet may prove inadequate for generating accurate predictions of 

how sexually-selected male traits evolve under selection generated by females in the 

socially-dynamic sexual marketplace.  Further elucidating complex but predictable mate 

choice patterns would generate valuable insight into the evolution of decision making and 

the coevolutionary processes of sexual selection.  
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Figure 5.1. Results of preliminary tests measuring call rate preferences [DIM-2 trait 

values]. 

 

DIM-2 preferences were highly skewed toward the fastest call rate in each dyad and 

independent of the static call type [DIM-1; (A1, B1, C1)].  Preference score indicates the 

proportion of choices to the faster stimulus in each pair. There was a significant 

preference for the faster call rate in each of the 9 tests (2-tailed binomial probabilities; all 

p<0.05). We found no differences between DIM-1 call types on the magnitude of the 

preference for faster call rates (Χ2=4.81, p=0.09) nor any differences between stimuli in 

the total number of choices across the three contrasts; the average proportion of choices 

for each of the three stimuli (y-bar) was exactly equal to 90% (Χ2=0, p=1.0). 
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Figure 5.2. Independent valuation of two trait dimensions. 

 

 

 
 

The three levels of each trait were tested in preliminary phonotaxis trials composed of the 

three dyads of the round-robin set {At, Bt}, {Bt, Ct}, {At, Ct}. The trait value for each is 

the proportion of females’ choices out of the total possible for the two tests in which it 

was a participant. Given that each stimulus level (e.g. At) was a participant in 2 of the 3 

pairwise tests, the sum of proportions for the three stimuli was 1.50 while the maximum 

possible for a given stimulus is 1.0.  Error bars indicate ±SE of the binomial distribution.  

Differences in DIM-2 are discriminated more by females than DIM-1, leading to an 

asymmetric relationship among final stimuli {A, B, C} in total value, as calculated by the 

sum of the binomial z-ratios for each trait.   
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Figure 5.3.  Preference reversal in the presence of an inferior decoy.   

 

 

 

(A) Experiment 1: decoy was available as a third option in the trinary test. (B) 

Experiment 2: decoy was broadcast from a ceiling speaker and so was perceptible but 

unavailable.  Relative preferences were dependent on the presentation of the decoy in 

both experiments: Experiment 1: Binary (n=40) vs Trinary (n=33, excludes choices to C), 

Χ2 = 3.765, p<0.05 (C); Experiment 2 (n=78, excludes no choice data): Binary vs 

Trinary, Χ2= 15.613, p<0.001] (D). Error bars indicate ±SE of the binomial distribution.  

 

  



 123 

Table 5.1. Static attractiveness (DIM-1) trait values. 

 

Trait A1 vs. B1 A1 vs. C1 B1 vs. C1     ∑ (choices) 

 

Choices [A1] 

Choices [B1] 

Choices [C1] 

∑ (choices) 

 

Preference score 

p 

15 

3 

n/a 

18 

 

0.83 [A1] 

< 0.01* 

6 

n/a 

12 

18 

 

0.67 [C1] 

0.24 

n/a 

1 

17 

18 

 

0.94 [C1] 

< 0.001* 

21 

4 

29 

54 

Relative preferences of 18 female túngara frogs for 3 call types (A1, B1, C1).  Preference 

score indicates the proportion of choices for the preferred stimulus out of the total (n=18).  

Both A1 and C1 were significantly more preferred than B1 but there was no significant 

difference between the static attractiveness of the target (A1) and that of the decoy (C1).  

P-values indicate the two-way binomial probabilities that the number of choices to each 

stimulus was equal.  Significant contrasts at α = 0.05 are indicated with an asterisk (*). 
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Table 5.2. Independent trait valuation of experimental stimuli. 

 

Trait Level Sum 

(choices) 

Total 

Possible 

Proportion 

(choices) 

Binomial  

Z-score 

DIM-1  (static) 

  (n=54) 

 
 

DIM-2  (rate) 

  (n=180) 
 

 

 

Total Value 

  (DIM-1 + DIM-2) 
 

 

 

B1 

A1 

C1 

 

B2 

A2 

C2 

 

 

B (competitor) 

A (target) 

C (decoy) 
 

4 

21 

29 

 

107 

65 

8 

36 

36 

36 

 

120 

120 

120 

 

0.111 

0.583 

0.806 

 

0.892 

0.542 

0.067 

-4.500 

+0.830 

+3.500 

 

+8.490 

+0.820 

-9.400 

 

 

+3.990 

+1.650 

-5.900 

Each trait is valuated based female preferences.  We measured the subjective values of 

attractiveness for each trait level by comparing the relative proportion of females’ choices 

that each stimulus garnered in total from the two pairwise tests in which it participated in 

the round-robin set {At vs Bt},{Bt vs Ct},{At vs Ct}.  Each female was tested in 3 round-

robin style tests in which each stimulus participated in 2 of the 3. The sum of choices to 

each stimulus from both pairwise tests was divided by the total number of trials to 

calculate the proportional relative preference and binomial z-scores.  Given that each 

stimulus was tested in 2 of 3 pairwise tests, the sum of proportions for the three stimuli 

was 1.50 while the maximum possible attractiveness for a given stimulus was 1.0. Final 

stimulus values were calculated by summing the two corresponding trait z-scores (B = B1 

+ B2 = +3.99; A = A1 + A2 = +1.65; C = C1 + C2 = -5.90) (Fig. 5.2C, shown 

geometrically in Fig. 5.2D). 
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Chapter 6 -- Complex advertisement signals invoke intransitive female 

mate preferences and social selection by rival males 
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ABSTRACT 

 

Sexual selection models invoke strict ordinal rankings and utility-based choice.  

The fundamental axiom underlying these theories is that choice patterns are transitive (if 

a ≥ b and b ≥ c, then a ≥ c). Decoy effects and other violations of regularity that are 

commonly found among human and animal decision-makers call this assumption into 

question.  In this study I examined choice patterns of male and female frogs given a range 

of natural advertisement call variation.  I tested the consistency of preferences with 

patterns expected by traditional models of mate choice derived from decision theory.  

Then I explored these results from a mechanistic perspective by modeling choice 

outcomes as a function of the calls’ acoustic characteristics, individual responders’ 

characteristics and decision latencies.  Lastly, I tested an adaptive hypothesis for males’ 

choice patterns in a follow-up experiment.  I asked whether the particular social biases 

that males exhibited in the first experiment might either enhance or detract from males’ 

relative mate acquisition success. Results of these studies include direct evidence for 

intransitive mate preferences, a finding made more interesting by the fact that 

inconsistencies exhibited in females’ choices were not mirrored by males.  Males’ choice 

patterns demonstrated overlapping functionality for some, but not all acoustic 

characteristics signal traits.  Results from the second experiment suggest that males’ 

particular association biases for rivals with female-preferred signals bear directly on their 

probability of attracting a mate themselves, indicating that social selection by males is 

important for understanding the evolution of advertisement calls in this species.  
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INTRODUCTION 

 

A fundamental goal in evolutionary biology is to explain the evolution and 

maintenance of extreme phenotypic diversity in sexual signals (Andersson, 1994).  Much 

of the controversy of sexual selection theory involves the apparent paradox that much of 

the most extreme examples of male sexual signals are found in polygynous species, and 

leks in particular, where females appear to receive little or no direct benefits from 

expressing mate preferences. Persistent directional selection by females is expected to 

cause extreme variance in male mating success and rapid depletion of genetic diversity 

therefore reducing the potential for female choice (Kirkpatrick and Ryan, 1991; Kokko 

and Heubel, 2008; Pomiankowski and Moller, 1995; Royle et al., 2008).   

The theoretical groundwork for sexual selection laid out a set of simple models to 

demonstrate how variance in females’ mate preference can act on variance in males’ 

sexual signals even when females are provided no direct benefits and when natural 

selection makes elaboration costly to male viability (Kirkpatrick, 1982, 1987; Lande, 

1981).  Depending on the strength and form of the two forces, these null models predict 

that population will tend to evolve towards an equilibrium balancing males’ viability and 

the optimum display trait value as determined by females’ mean preferences.  The nature 

of these equilibria and processes involved in destabilizing them are of great importance 

for understanding the role of sexual selection in phenotypic diversification and speciation 

(Mead and Arnold, 2004).    
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To connect the trait distribution of male alternatives to females’ choice patterns, 

modelers put forth the concept of the preference function as intrinsic set of statistical 

rules that leads to the increased probability of choosing one trait variant over another 

(Kirkpatrick et al., 2006; Ritchie, 1996).  Much emphasis was placed on the assumed 

consistency with which females valuate male traits relative to one another.  This 

assumption of “strict” preferences simply means that males are valuated independently 

and choice patterns demonstrate structural consistency across the suite of possible 

pairwise alternatives (Kirkpatrick et al., 2006; Regenwetter and Davis-Stober, 2012).  A 

choosy female is therefore expected to assess male mating prospects based on the 

expected value of those males, which is invariant of context.  The formal proof of these 

probabilistic choice models are equal to “constant utility” rational decision models 

fundamental to microeconomics, the axioms for which are remarkably simple and likely 

to be familiar (Kirkpatrick et al., 2006; Luce and Suppes, 1965).  Strict preferences, like 

rational choices, must obey the axioms of regularity and transitivity (May, 1954; 

Schoemaker, 1982; Tversky, 1969).  The axiom of regularity asserts that the presence of 

an inferior third option into the choice set should not influence the relative attractiveness 

of the more superior alternatives and therefore their probability of being chosen.  In its 

simplest form, the transitivity axiom states that if a ≥ b, and b ≥ c, then a ≥ c; thus there 

should always emerge a superior alternative to all others in the choice set or at least a set 

of equally superior alternatives.  

Much recent attention has been paid to the influence of ecological and social 

contexts on variation in mate choice (Cornwallis and Uller, 2010; Miller and Svensson, 
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2014), and several recent studies have uncovered evidence that females in some species 

do not use strict valuation mechanisms in mate choice (Bateson and Healy, 2005; 

Gasparini et al., 2013; Griggio et al., 2016; Kirkpatrick et al., 2006; Lea and Ryan, 2015; 

Reaney, 2009; Royle et al., 2008). Social complexity in particular raises several relevant 

issues that complicate our understanding of the process of sexual selection.  First, 

diminishing perception or shifts in discrimination occur when choice sets become larger, 

such as when multiple males are present, or when signals are composed of multiple 

attributes.  Moreover, the same traits under selection by females may also be under 

selection by male-competition, and the cues assessed by both sexes may be the same or 

not.  Thirdly, social structure can lead to additional cues such spatial positions that can be 

assessed directly or may indirectly affect the amount of male trait variation that is 

available to females.   

Importantly, choice rules could also be attribute-based rather than this 

alternative-based model of traditional model of mate choice (Roelofsma and Read, 

2000). Most sexual signals are naturally complex, composed of multiattribute traits that 

may covary (Rowe, 1999).  In general we know very little about how multiple cues are 

integrated into these critical decisions and how choice patterns link to evolutionary 

processes (Bateson and Healy, 2005; Bro-Jørgensen, 2010; Candolin, 2003; Iwasa and 

Pomiankowski, 1994; Rowe, 1999).  Empirical studies have most often applied a 

reductionist approach, measuring the values of various attributes in separate choice 

experiments (Bosch and Marquez, 2002; Murphy and Gerhardt, 2000).  Various signal 

components should be decomposable by receivers into a set of simpler discrimination 
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tasks if individuals impose a transitive preference relation on alternatives (Luce and 

Suppes, 1965), but few studies have challenged this assumption.  Moreover, 

multicomponent signals present tradeoffs for both the signaler and the chooser due to 

differences in the detectability of various components as well as the reliability and 

redundancy of information provided by them (Candolin, 2003; Castellano and Cermelli, 

2011; Farris et al., 2002; Patricelli and Krakauer, 2010; Richardson and Lengagne, 2010; 

Rowe, 1999).  Parallel empirical findings between behavioral economics in humans and 

studies in behavioral ecology have found that strict, rational choice models make poor 

predictors for behavior in scenarios where multiple attributes present tradeoffs for 

decision makers (Bateson and Healy, 2005; Gonzalez-Vallejo, 2002; Roelofsma and 

Read, 2000; Tsetsos et al., 2010). The classic case is the “decoy effect.” When a pair of 

alternatives vary in two traits for which decision makers have inverse directional 

preferences, the additional presentation of an inferior decoy alternative reverses the 

valuation of component traits and therefore the choice exhibited by individuals between 

the two (Ariely and Wallsten, 1995; Bateson and Healy, 2005; Lea and Ryan, 2015; 

Pettibone and Wedell, 2007). Such results imply, but do not prove, that alternative-based 

choices are not transitive.  

The evolutionary dynamics of multiple trait attributes with multiple mate 

preferences is of particular interest to those interested in speciation (Mead and Arnold, 

2004; van Doorn et al., 2004). Models invoking sexual signals as indicators of male 

quality (“good genes”) have shown that the outcomes of selection are determined in part 

by the amount of overlap in information conveyed among different signal components 
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(Bro-Jørgensen, 2010; Candolin, 2003).  Components could provide independent 

information, each associated with a male trait of interest or they may be correlated to the 

same unidimensional trait.  Non-equilibrium evolutionary dynamics can result from 

multiple indicator traits blocking one another, and cycling in and out of existence, in 

which case the predictions laid out by many of the standard models in sexual selection 

theory no longer apply (van Doorn et al., 2004).   

Intransitivity is a mechanism that could promote the dynamic coevolution of 

multi-component signaling, leading to maintenance of phenotypic diversity despite 

directional selection for particular traits by females (Bro-Jørgensen, 2010). Intransitive 

competition, like the game of paper-rock-scissors, is a scenario where for every 

alternative there exists a potential counter strategy among the remaining two alternatives: 

rock beats scissors, scissors beat paper, but paper beats rock.  Cyclical outcomes arise 

because there are multiple attributes (does it “cover” like paper? Does it “cut” like 

scissors? Does it “crush” like a rock?), and because the competitive value of a given 

alternative is dependent on the current rival rather than being a single, intrinsic measure 

of competitive ability.  Intransitive competition has been identified as a mechanism for 

promoting coexistence of species among a variety of taxonomic groups and in mating 

strategies (Sinervo and Lively, 1996), thus it may play a fundamental role in promoting 

diversity in all levels of complex biological systems (Kerr et al., 2002; Laird and 

Schamp, 2009).    

Furthermore, selection on male traits from social competition and that from 

female choice are maintained as separate forces though there exists much empirical 
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evidence to the contrary (Berglund et al., 1996; DuVal and Kempenaers, 2008; Hunt et 

al., 2009).  Models often avoid the inclusion of male competition into predictions due to 

complications that arise from doing so (Kirkpatrick, 1987; Kotiaho et al., 2001).  

Ultimately, it is the genetic coupling between male traits and female preferences that 

arise due to assortative mating (Lande, 1981; Mead and Arnold, 2004) that determines 

their coevolution.  Many social factors other than female attraction can lead to assortative 

mating, however; male traits that affect behaviors such as signaling synchronization and 

aggregation can cause assortative mating and produce indirect mate choice, potentially 

linking and reinforcing social behaviors in both sexes (Wiley and Poston, 1996).  

Heterogeneity within and among social groups can also alter the signal variance that 

females experience during mate assessment in species where nearby neighbors are more 

often compared to one another during simultaneous mate sampling (Callander et al., 

2013; Höbel, 2015; Jang and Greenfield, 1998). Moreover, if rival males also attend to 

the same signal components in ways that are detrimental to the signaler then balancing 

selection may inhibit elaboration or lead to cyclical evolution of signal traits (Moore and 

Moore, 1999). 

In this study I explored the phonotaxis responses of both males and females to 

natural variation of túngara frog advertisement calls.  For females’, phonotaxis responses 

are considered unequivocal measures of mate preferences; for males’, these responses 

indicate preferred rival associations. Using a set of nine natural call variants (Appendix 

A), I measured phonotaxis preferences for each sex among all 36 possible pairwise 

combinations in a round-robin choice tournament. I asked generally whether choices 
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were consistent with mate choice models that invoke strict, transitive preferences, and 

consider mechanistic and functional explanations for deviations from the expected choice 

patterns. 

METHODS 

General 

We conducted these experiments from May-November, 2012-2014 at the 

Smithsonian Tropical Research Institute in Gamboa, Republic of Panama (9◦07.0N, 

79◦41.9W).   We collected gravid female túngara frogs and males in amplexus from the 

field and tested in phonotaxis trials the same night (between 2130 and 0430).  Phonotaxis 

trials are conducted in a darkened sound-attenuation chamber (2.7 x 1.8 x 1.78 m, L x W 

x H; Acoustic Systems, Austin, TX, U.S.A) illuminated only by 850nm infrared lighting 

and monitored remotely via an infrared camera.  In Experiment 1 (binary choice 

experiment), speakers were located at 180 degree separation at 110cm distance. The setup 

for Experiment 2 was identical with the exception that a pair of speakers (within-pair 

distance= 40cm) replaced each single speaker in the previous setup. Trials began by 

separating mating pairs and placing a frog in the center of the phonotaxis chamber under 

a mesh funnel.  Stimuli were broadcast at 82 dB SPL (re. 20 μPa) peak-whine amplitude, 

antiphonally (such that there was no temporal overlap of calls) from (two or four, 

depending on the test) speakers for a two minute acclimation period, after which we 

remotely released and monitored the frogs’ movements. A “choice” for a given stimulus 

indicates that they approached within 10 cm of a broadcasting speaker in less than the 

maximum trial duration of 10 minutes.   
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In túngara frogs, all calls consist of a species-specific simple call component 

(“whine”) but most males facultatively append complex components (“chucks”) to their 

whines during competition (Akre et al., 2011; Ryan, 1980). All call stimuli used in these 

experiments contained a single chuck but there was substantial variation among calls in 

both components; indeed the selection of these calls was based on their representation of 

population-level variation measured in a previous study from a set of 300 calls recorded 

from among 50 individuals in the wild from this same population in 1996.  Call analyses 

were carried out in Raven Pro 1.5 (Cornell Lab of Ornithology).  I analyzed a total of 14 

call attributes that are of known importance to mate choice among túngara frogs (and 

frogs generally) among the two components separately (whine, chuck) and the composite 

call (for spectral variables, this is not a simple additive function of the two components).  

Variables were normalized using z-scores and analyzed in the hclust package in R v3.2 

for Hierarchical Clustering Analysis using standard Euclidean distances.  

Experiment 1: Transitivity and sex differences  

Preference and Transitivity Analyses 

I conducted a grand total of 1817 phonotaxis choices, 20-80 females and 20-41 

males per pairwise test.  Females are only receptive to male advertisement calls during 

the brief time prior to oviposition therefore it isn’t possible to test any single female frog 

on all 36 pairwise tests. For consistency between males and females, trials were 

conducted independently with no individual tested twice within the same pairwise 

contrast; 805 unique individuals were tested (438 females and 367 males, median number 

of tests per individual were 1 and 2, respectively).   
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I calculated pairwise preference scores using the proportion of choices as follows:   

∀ 𝑠𝑡𝑖𝑚𝑢𝑙𝑖 𝑖 ∈ {𝐴, 𝐵, 𝐶, 𝐷, 𝐸, 𝐹, 𝐺, 𝐻, 𝐼} , 

𝑃𝑎𝑖𝑟𝑤𝑖𝑠𝑒 𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑆𝑐𝑜𝑟𝑒 𝑃𝑖𝑗 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑜𝑓  
𝑃𝑖

𝑃𝑖 + 𝑃𝑗
,

𝑃𝑗

𝑃𝑖 + 𝑃𝑗
 , 

 𝑤ℎ𝑒𝑟𝑒 𝑃𝑖 =  ∑ 𝑐ℎ𝑜𝑖𝑐𝑒𝑠(𝑖) 𝑎𝑛𝑑 𝑃𝑖 + 𝑃𝑗 = 1  

In all pairwise tests, there was a stimulus in the pair that garnered between 51-100% of 

females’ choices; for ease of comparison between males and females in preliminary tests, 

we first calculated males’ preference scores with respect to the female-preferred stimulus, 

making four preference scores for the males less than 0.50 (Fig. 6.2).  In many cases 

throughout this paper, however, it is more relevant to analyze factors that correlate to the 

ratios that each sex assigned for a given pair, regardless of their directional agreement 

with one another.  In those cases, the four pairwise contrasts in which the direction of 

preference differed between males and females was recoded for males in terms of their 

own population-preferred stimuli in order to have a probability distribution between 0.50-

1.0 for both male and female preferences. The distinction is denoted with an asterisk (e.g. 

Fig. 6.3).   

I measured the likelihood that the preference score distributions for either sex 

derived from 1 or more underlying normal distributions (multimodality) and identified 

the optimal number of components using BIC metrics in Mclust (Fraley et al., 2012). To 

compare call variables with preference scores, I calculated the difference in z-scores 

between the focal stimulus and the competitor for each pair. I used linear regression with 
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a forward stepwise procedure and AICC entry/removal criteria to find the most important 

predictors of preference for males and females separately (Fig. 6.4).  In addition, I 

compared the importance of these predictors to the correlations between the call variables 

and the global rank of females and males (see below for ranking) to assess whether the 

same variables predict global rank and local probabilities of choice.  

I compared preference scores with the most widely used utility-based probabilistic 

choice model known as Bradley-Terry-Luce (BTL) which models the probability of 

success in pairwise tests as a function of intrinsic, fixed values (δ), calculated as the sum 

of parameters characterizing that stimulus (Luce and Suppes, 1965; Suppes et al., 1989; 

Tversky, 1969; Wickelmaier and Schmid, 2004).  The original BTL model is formulated 

as: 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑡ℎ𝑎𝑡 𝑖 𝑟𝑎𝑛𝑘𝑠 ℎ𝑖𝑔ℎ𝑒𝑟 𝑡ℎ𝑎𝑛 𝑗 , 𝑃(𝑖 > 𝑗)  ≝ 𝑃𝑖𝑗 =  
𝛿𝑖

𝛿𝑖 + 𝛿𝑗
 ,  

𝑤ℎ𝑒𝑟𝑒 δ denotes the scale parameter (i.e. utility) 

 

This model can be reparametrized using the logit function, reducing the model to logistic 

regression on pairwise contrasts.  In situations where all objects cannot be assessed 

directly in order to assign this single parameter to a given stimulus, a maximum 

likelihood estimate can be computed based on the summation of successes from all 

pairwise comparisons within a set.    

A lack of fit to the BTL model suggested intransitivity among females’ 

preferences. I explored this further, distinguishing between two nested categories of 
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stochastic transitivity, Strongly (SST) and Weakly (WST) Stochastic Transitivity (Suppes 

et al., 1989):  

𝐼𝑓 𝑃𝐴𝐵  ≥  0.5 and 𝑃𝐵𝐶  ≥  0.5:  

𝑆𝑆𝑇:  𝑃𝐴𝐶  ≥  𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑜𝑓 𝑃𝐴𝐵  , 𝑃𝐵𝐶   

𝑊𝑆𝑇:  𝑃𝐴𝐶  ≥  0.5  

 

The intuitive notion of weak ordering implies that a ranking may contain some members 

in the set which are tied with one another, thus weakly stochastic transitivity is a more 

liberal assumption that is more difficult to violate. Transitivity analyses were conducted 

in R v3.2 using the following specialized packages: generalized Fisher’s Exact test for 

global intransitivity: Aylmer (West and Hankin, 2008); BTL modeling and likelihoods for 

SST, WST: eba (Tversky, 1969).  For further analyses, to estimate global ranking, I used 

the number of stimuli that each focal stimulus beat in pairwise tests: 

𝐹𝑒𝑚𝑎𝑙𝑒𝑠: {𝐶: 7;  𝐼: 7, 𝐵: 6, 𝐻: 6, 𝐴: 4, 𝐷: 3, 𝐺: 2, 𝐹: 1, 𝐸: 0}, {𝑅𝑎𝑛𝑘𝑠: 𝐶, 𝐼 = 1, 𝐵, 𝐻 = 2,

𝐴 = 4, 𝐷 = 5, 𝐺 = 6, 𝐹 = 7, 𝐸 = 8}. 

 

Models for Individual Choice Behavior   

Male and female túngara frogs generally differ in size as well as in the latency to make 

phonotaxis choices, both of which may be of importance in understanding any sex 

differences in choice behavior to acoustic signals.  In this sample, I had measurements for 

body length (Snout-vent-length, SVL) and mass for 749 and 746 individuals, 

respectively; missing data points were due in most cases to equipment malfunction and in 
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other cases to the inability to measure females’ masses prior to oviposition, making mass 

data for those individuals incomparable.  When both SVL and mass were available 

(n=381 females, n=361 males) I was able to calculate an estimate of body condition 

[Body Condition Index (BCI)], calculated by regressing the cube root of mass onto SVL 

and then dividing unstandardized residuals by SVL (Baker, 1992).  This was calculated 

for females and males separately, given the large impact that a females’ egg clutch has on 

body mass. I used nonparametric Mann-Whitney U-Tests to compare median sizes and 

latencies between males and females; for latency, when individuals tested in more than 

one test I reduced this to a single latency using the median across tests.  SVL was 

normalized using z-scores (for males and females separately) and latency data was log-

transformed prior to modeling.  Ranking variables were calculated according to each sex, 

based on the number of wins in the tournament (females had two pairs of ties, which 

were ranked equally, see above).   

I explored several mechanistic hypotheses underlying inconsistent decisions that 

invoke influences of the decision maker’s individual characteristics (size, body 

condition), latency to choose, and the relative attractiveness and similarity of options 

presented on choice outcomes using Generalized Linear Models (GLM procedure in 

SPSS 23.0).  I used statistical variance between the ordinal global rankings for each pair 

as a similarity measure and log-transformed it prior to modeling.  I approached this in 

two ways, given the difficulty of distinguishing causal mechanisms from consequences 

when studying aspects of decision-making. I ran two models using the sex-specific global 

stimulus rankings; I first modeled the probability that any given stimulus in a pair was 
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chosen in a test as a function of the following contextual covariates: global rank of the 

focal stimulus, variance between paired alternatives (i.e. similarity), and the interactions 

of those and with each individual variables: latency to choose, frog size (SVL) and 

condition (BCI).  I then ran a similar model but with latency as the dependent variable 

and a different assignment of “choice” as a predictor: while “choice” as the dependent 

variable in the first model referred generally to whether or not any given stimulus in a 

pair was chosen, here in the latency models, “choice” specifically indicated whether or 

not the choice outcome was or was not consistent with the population-level preference 

score for that pair (not the global rank derived from pooling results from all stimulus 

pairs).  I began by including all predictors in a fully factorial, saturated model and then 

removed nonsignificant interactions (p < 0.10) with coefficients less than 1.0 in a 

stepwise manner, comparing models using AIC values. Where applicable, post-hoc 

contrasts were corrected using Sequential Bonferonni and α = 0.05). Males make an 

excellent comparison for exploring mechanistic hypotheses for intransitive choice, as 

these proposed explanations include discrimination ability, stimulus weighting and 

experimental artifacts, for which males serve as a control group. For this reason, I 

replicated all analyses on the males’ choice data using their own pairwise preferences and 

stimulus ranks. 

Experiment 2: Neighbor effects 

Experimental Design   

In order to test whether preferred neighbor associations identified in Experiment 1 

might be influential on male mating success, I simulated scenarios with neighbors of 
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varying relative attractiveness by manipulating the spatial locations of speakers 

broadcasting stimuli and then tested females’ preferences in another round-robin 

tournament.  To evaluate the difference in success as a function of proximity to preferred 

neighbors, I selected 5 subsets (triads) from the original stimulus set such that each subset 

was composed of a male-preferred (x), an intermediate (y), and an inferior (z) call, 

utilizing all nine stimuli at least once.  Therefore, for each triad {𝑥𝑖, 𝑦𝑖, 𝑧𝑖}, 𝑥𝑖 =

𝑙𝑜𝑐𝑎𝑙 𝑟𝑎𝑛𝑘 1, 𝑦𝑖, = 𝑙𝑜𝑐𝑎𝑙 𝑟𝑎𝑛𝑘 2, 𝑧𝑖 = 𝑙𝑜𝑐𝑎𝑙 𝑟𝑎𝑛𝑘 3.   

Each of 40 females per triad (n=5*40=200 females) was tested in three round-

robin trials with the same call triad (n=200*3= 600 trials); in each trial one of the three 

call stimuli (focal stimulus for the trial) was paired with each of the remaining two; 

females could choose from among four speakers, two of which were broadcasting the 

same call. The result was a balanced design: of twelve possible speaker choices among 

three trials, each stimulus was broadcast a total of four times, twice with each of the other 

two stimuli.   

Statistical Analyses 

I analyzed the differences of the individuals among the triads tested with respect 

to size and latency, using Kruskal-Wallis tests and measured Spearman’s correlations 

between latency and size.  Choice probability was analyzed with a GLM, with subjects’ 

“Local Rank” within the triad (1-3, attractive-intermediate-unattractive) and neighbor’s 

relative attractiveness (higher or lower than the alternative stimulus) as fixed factors.  I 

added the global ranking by females as a covariate to determine the role of global relative 
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attractiveness to females in making choices.   Pairwise contrasts for estimated marginal 

means were corrected for multiple comparisons using Sequential Bonferroni.   

I compared GLM model means (trinary stimuli preferences) to expected by 

relative choice using the binary preference scores from the first experiment: 

∀ 𝑡𝑟𝑖𝑎𝑑𝑠 (𝑥𝑖, 𝑦𝑖, 𝑧𝑖, 𝑤ℎ𝑒𝑟𝑒 𝑥, 𝑦, 𝑧 = 𝑠𝑡𝑖𝑚𝑢𝑙𝑖 𝑤𝑖𝑡ℎ 𝐿𝑜𝑐𝑎𝑙 𝑅𝑎𝑛𝑘𝑠 1, 2, 3, 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦) 

𝑃(𝑥𝑖) =  
𝑃(𝑥𝑖|𝑦𝑖) + 𝑃(𝑥𝑖|𝑧𝑖)

[𝑃(𝑥𝑖) + 𝑃(𝑦𝑖) + 𝑃(𝑧𝑖)]
   

The denominator of the binary equation is always 3, because the total probability of 

choice for all three stimuli necessarily sums to 3, the number of the pairwise contrasts.  

Likewise, for trinary contrasts, the denominator necessarily sums to 3 because there were 

3 trials per triad. As a proxy for variance in male mating success based, I compared the 

variances of stimulus success using standard statistical methods: 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =  
1

𝑁
∑(𝑥𝑖 − �̅�)2  

 

RESULTS 

Experiment 1 

General Sex Differences 

 Males were, expectedly, smaller than females (SVL medians: Males: 26.22 

(mm), n=361, Females: 28.66(mm), n=388; Mann-Whitney U: 16.639, p<0.001; Mass 

medians: Males 1.59 (g), n=363, Females: 2.38(g), n=383, Mann-Whitney U: 20.166, 
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p<0.001).  Males were slower to make choices than females (Latency medians: Males: 

168.5 (s), n=367, Females: 72.0 (s), n=437, Mann-Whitney U-Test: -13.347, p<0.001). 

Relative Choice Model  

Global stimulus rankings were very similar between the sexes (linear regression, 

R2 =0.822, df = 8, p<0.01) (Fig. 6.1a); pairwise probabilities were much less consistent 

but still significantly correlated (logistic regression; β = 3.097±0.426SE, Z = 7.2773, 

p<0.001) (Fig. 6.1b). Residual analyses of male and female pairwise scores suggested 

that most of the variance was attributable to pairs in the intermediate part of the stimulus 

range rather than at the extremes.  Despite the fact that males and females generally 

agreed on which calls were most {𝐶, 𝐼} and least {𝐸, 𝐹} attractive, there were significant 

overall sex-differences between the tournament matrices (Mantel test: Monte-Carlo 

estimated p= 0.01) (Table 6.1, Fig 6.1c). While males’ preferences fit the BTL model 

reasonably well, females’ preferences did not (-2 log likelihood ratio G(28); males: 

28.59, p= 0.4337, females: 41.06, p=0.053, α=0.10 (Wickelmaier and Schmid, 2004)), 

countering predictions of mate choice models (Kirkpatrick and Ryan, 1991).  Model 

coefficients for relative stimulus “value” (i.e. utility) could thus be confidently estimated 

and interpreted for males, but not for females. 

Preference Distributions  

Selection models traditionally assume that population variance for both male 

display traits and female preferences are normally distributed about the mean (Lande, 

1981). While males pairwise preference scores for calls were normally distributed and the 

mean preference for males and females was the same, females’ preferences deviated 
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significantly from normal expectations (Kolmogorov-Smirnov test with Lilliefors 

correction: males: Mean = 0.73, SD=0.133; p>0.2; females: Mean = 0.74, SD=0.133, 

statistic=0.117, p=0.006) (Fig. 6.2).  For females, a bimodal distribution with two 

normally-distributed modes (N=17, N=19) on either side of the mean was the most 

parsimonious fit based on BIC (log-lik=28.16, n=36, df=4, BIC=42.0, ICL=40.21).   

Call Covariance: Many call variables were correlated (Table 6.2; Appendix A).  Stimuli 

did not cluster consistently with their rank for either males (males’ preferences:𝐶 > 𝐼 >

𝐴 > 𝐻 > 𝐷 > 𝐺 > 𝐵 > 𝐹 > 𝐸) or females (females’ preferences: {𝐶, 𝐼} > {𝐵, 𝐻} > 𝐴 >

𝐷 > 𝐺 > 𝐹 > 𝐸).  Which call attributes associated with preferences differed depending 

on what scale the relative preferences were calculated: when the call variables of the 9 

individual stimuli were compared to global ordinal ranks (a “pooled” analysis), the only 

significant correlations between call variables and females’ ranking were the temporal 

characters of call duration and chuck duration, while males’ choices significantly 

correlated only with RMS amplitude of the whine (Kendall’s τ; females, df = 9: 

Dur[call]: 0.629, p=0.020, Dur[ck]: 0.686, p=0.011, correlation between Dur[call] and 

Dur[ck]: 0.500, p=0.061; males: RMS[whine]:0.667, p=0.012). In contrast, when 

comparing the 36 pairwise preference scores among those 9 stimuli to the pairwise 

differences in call characters, several significant correlations emerged, indicating non-

independence among call traits and of their selection (Table 6.2).  Linear regression 

analyses reduced these to a set of four most important predictors for overall pairwise 

preferences among females and three for males; females primarily chose based on the 

RMS amplitude of the whine (louder) and three features of the chuck: duration (longer), 
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dominant frequency (higher) and fundamental frequency (lower). Males also attended to 

the fundamental frequency of the chuck (lower) but chose primarily based the RMS 

amplitude of the call and the relative chuck amplitude (both louder). Interestingly, 

parameters that correlated with pooled preferences at the global scale were not found to 

be under direct selection in pairwise tests (females, call duration; males, RMS[whine]) 

although many call characters were correlated to one another.  Regression model results, 

significant beta coefficients and partial correlation coefficients between call attributes are 

shown in Fig. 6.3b.   

Because the preference distribution of females was bimodal, I examined whether 

certain call trait differences predicted whether preferences were slight or extreme in a 

categorical sense. I divided the females’ distribution into the two clusters (modes) and, 

for comparison, I also created two categories for males about the mean.  Partial 

correlations between call differences and preferences, controlling for differences between 

clusters, showed only a significant effect of RMS of the whine for females (0.336, 

bootstrapped p=0.048) and no significant effects for males; thus the magnitude of 

preference change scaled consistently for males above and below the mean preferences, 

but females’ preferences in the highest tiers were more skewed by differences in the RMS 

amplitude of the whine. 

Transitivity  

Females’ preferences indeed showed high levels of intransitivity, with 42 of 84 

triads significantly violating SST [males: p=0.3485, females: p= 0.0011; Monte Carlo 

simulated p-values with 20,000 replicates (West and Hankin, 2008)]. While all four 
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stimuli in the subset {𝐵, 𝐶, 𝐼, 𝐻} were each preferred to all of the other five stimuli, two 

WST violations {𝐶, 𝐻, 𝐵}, {𝐶, 𝐼, 𝐵}, (maximum likelihood: 11.9, df=2, p=0.003) resulted 

in the emergence of intransitive cycles {𝐵 > 𝐶, 𝐶 > {𝐻, 𝐼} but {𝐻, 𝐼} > 𝐵, depicted as 

red edges in the network topology in Fig. 6.4a.  Females violated weak stochastic 

transitivity among the four highly-preferred stimuli, resulting in a preference cycle with 

two loops among the most superior competitors.  In contrast with females’ mate 

preferences, males associated with rivals in a consistent, transitive manner (Fig. 6.4b). 

Notably, of the three intransitive pairwise stimuli for females, each of those three was 

superior to the other two in one of the three most important predictors of choice: Chuck 

Duration [Stimulus I], Whine RMS amplitude and Chuck Dominant Frequency [Stimulus 

C], Chuck Fundamental Frequency [Stimulus B] (Table 6.3). 

Modeling Latency and Individual Choice Behavior  

Males’ choice patterns were consistent with the hypothesis that choices should be 

based nearly entirely on the values of the alternatives; the only significant predictors for 

choice in a given test were the global rank of the focal stimulus and the variance between 

alternatives (Table 6.4a). There was a trend, however, for larger males to more often 

choose more attractive stimuli.  In contrast, individual females’ choices were influenced 

by their body condition (BCI) as well as being associated with the latency to choose, both 

of which interacted significantly with global rank and variance of the alternatives (Table 

6.4a); females choosing faster (lowest latency) were more likely to choose inferior 

stimuli, as were females with higher body condition indexes (BCI*GlobalRank: Χ2 = 

5.613, df =1, p=0.018; latency*GlobalRank: Χ2 = 15.426, df =1, p<0.001; 
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BCI*latency*GlobalRank: Χ2 = 6.416, df =1, p=0.011).  The effect of latency was 

ameliorated when the variance between available alternatives was high 

(latency*GlobalRank*Variance:  Χ2 = 15.708, df =1, p<0.001) (Table 6.4a).   

Latency models for males were uninformative, which was predictable after the 

analysis of their overall choice patterns (Table 6.4b).  The saturated model that included 

choice wasn’t significantly different from the intercept-only model nor was the final 

model with all interactions and the choice predictor removed.  Therefore, there were no 

systematic differences among males in choice or latency patterns or between choice and 

latency among males.  Among females, consistent with overall choice patterns, latency 

patterns were predicted by both females’ individual characteristics and were associated 

with the outcome of her choice.  Females in better condition (higher BCI) took longer to 

choose (BCI: X2 = 6.862, p=0.009) but longer latencies resulted in a higher probability of 

choosing the less attractive stimulus (Choice: X2=4.389, p=0.036) (Table 6.4b).  Overall, 

trials that resulted in the less attractive call being chosen were 12% longer on average 

than trials that resulted in the population-preferred choice (Latency: superior 

choice=64.9s, inferior choice=73.2s, p=0.025). 

Experiment 2 

Females tested in the different experimental triads did not differ significantly in 

body length (SVL median = 28.95 mm, KW=2.801, df=4, p=0.592) but there were 

differences in mass and condition between experiments: individuals in Triad 2 were 

significantly smaller in mass from those tested in Triad 1 (mass: KW=13.886, df=4, 

p=0.008; pairwise adj p=0.003); individuals in Triad 2 also had lower BCI than those in 
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Triads 1 and 4 (KW=16.769, df=4, p=0.002; pairwise adj p-value both <0.05). There was 

significant variation in latency among experiments, with latencies in Triad 2 being 

somewhat higher than the others (KW: 11.836, df=4, p=0.019; no significant pairwise 

probabilities after post-hoc correction).  Longer latencies across all tests were negatively 

correlated to all three size measures (Spearman’s rho: SVL: -0.157, p=0.028; mass: -

0.255, p<0.001; BCI: -0.281, p<0.001). 

I found that the average, intermediate “males” (stimuli that simulated males based 

on neighbor choices exhibited by males in Experiment 1) had a higher probability of 

success when paired with higher-ranked call stimuli than when they were located nearest 

inferior call stimuli (GLM: Χ2 = 6.128, df=2, p=0.047) (Table 5; Fig 6.5a).  There was no 

significant effect of nearest neighbors for the choice probabilities of the extreme 

(attractive or unattractive) males.  Interestingly, however, the overall probability of 

success for unattractive males increased by almost 50% in a group scenario from that 

predicted from simple binary tests, while the probability of success for both attractive and 

intermediate males decreased, with the overall effect of reducing total variance of success 

among alternatives by nearly 43.6% (Table 6; Fig. 6.5b).  Females’ binary preference 

rankings had no effect on overall success (Χ2 = 1.808, df = 1, p=0.179) nor changed the 

significance of the local rank*neighbor interaction.   

 

DISCUSSION 

One of the most important findings presented here is that, as a population, 

females’ preferences violated weak stochastic transitivity among the 4 highly-preferred 
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stimuli whereas males from the same population exhibited strongly transitive 

discrimination patterns for the same stimuli.  This supports suggestions put forth by many 

recent studies suggesting the lability of females’ choices when social complexity is 

introduced to choice experiments (Gasparini, 2013; Griggio, 2016; Royle, 2008).  Not 

only did females’ choices not fit expectations of sexual selection models based on 

relative preferences (Kirkpatrick et al., 2006), the distribution of female preferences was 

bimodal.  Genetic models of sexual selection assume that females possess a genetically-

based preference function that is randomly acquired from the distribution of preference 

functions (Kirkpatrick, 1982; Lande, 1981).  Because the only error associated with these 

models is that of random sampling, errors are expected to be normally distributed.  The 

bimodal preference distribution showed by females suggests that attention be paid to 

individual differences among preference functions, a departure from models that 

conceptualize females as a sample of the population-typical “female response” (Jennions 

and Petrie, 1997). Bimodality could result from the combination of multiple underlying 

preference functions that differ among individuals (Wagner et al., 1995).  Previous 

studies have failed to find preference polymorphisms in túngara frogs, albeit in different 

discrimination tasks that used non-natural call variation (Kime et al., 1998). Previous 

studies have found bimodality in the probability of preference reversal during dynamic 

playbacks (Baugh and Ryan, 2009), suggesting that females may vary in choosiness, in 

the susceptibility of their choices to variation in social context, or both.   

Several hypotheses in the decision making literature invoke the many ways that 

the similarity among options can expose perceptual or cognitive biases (Busemeyer and 
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Townsend, 1993; Pettibone and Wedell, 2007; Siraj et al., 2012; Trimmer et al., 2011; 

Trueblood et al., 2014).  To indirectly address the possibility that the similarity among 

certain stimuli it difficult to detect differences, we tested males in addition to females on 

parallel tests.  Males experiencing the same experimental conditions, given the same 

stimulus presentations, and measured on the same behavioral task demonstrated transitive 

discrimination. Hearing thresholds, measured as auditory brainstem responses, do not 

differ between male and female túngara frogs (Taylor et al., in prep). Thus while it seems 

that females receive the same amount of information as males do from these stimuli, the 

decision rules by which they respond to them differ and result in intransitive ranking for 

females but not males. Among females, individual characteristics (size, body condition) 

interacted with the similarity (ranks and variances) of the available options to predict 

latency and as well as whether final choice agreed with the population preferences.  

Importantly, such effects were absent among males decisions; males’ choice patterns and 

latencies were only related to the social cues present, namely the rank and variance of the 

stimuli.  Males took no longer to make choices when alternatives were more similar, nor 

did the consistent preference structure break down in these cases.  Thus any proposed 

explanations for these individual differences among females must invoke sex-specificity.   

Why cognitive limitations given complex traits would result in preference cycles 

rather than simply an overall reduction in preference strength or indifference at signal 

extremes (Griggio et al., 2016; Royle et al., 2008) remains unclear.  Importantly, 

bimodality in the preference function of females could reflect attribute-based rather than 

alternative-based choice (Roelofsma and Read, 2000); the nonlinear combination of 
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preference functions based on nonindependent attributes could lead to inconsistent 

outcomes. Although sex differences in stimulus weighting alone cannot explain 

intransitivity, comparing the relative importance of various signal components between 

females and males may provide insight into how stimuli are generating tradeoffs for 

females but not males.  Higher RMS amplitude, unsurprisingly, was important to both 

females and males (RMS[w], RMS[call], respectively, but these show strong covariance) 

(Table 6.6); both sexes also significantly preferred stimuli with lower fundamental 

frequencies, a known cue of male body size in this (Bosch et al., 2000; Ryan, 1985) and 

other frog species (Gerhardt and Huber, 2002). The only additional predictor for males 

was a louder chuck relative to the whine.  Females, however, were additionally biased 

toward longer chuck durations and higher dominant chuck frequencies.  It should be 

noted that among intransitive triads, {𝐼 > 𝐵 > 𝐶} in chuck duration, {𝐵 > 𝐼 > 𝐶} in 

fundamental frequency, while {𝐶 > 𝐼 > 𝐵} in RMS amplitude of the whine as well as 

dominant frequency of the chuck, all traits under selection by females.   

From a mechanistic perspective, sex differences in weighting suggests somewhat 

complicated possibilities that need to be tested empirically.  For instance, different traits 

may show different Weber functions (Akre et al., 2011), leading to asymmetry between 

the initial value and diminishing return of elaborations among traits; for instance, the 

preference function for temporal features like chuck duration may start out steeply but 

then more rapidly reach a threshold than the preference function for a spectral trait like 

dominant frequency. If interactions between covarying call traits decrease females’ 
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discrimination ability then one must ask if this has a deleterious effect on female fitness, 

and if so, why do they attend to multiple cues at all?   

From an ultimate perspective, it is not well understood why signaling systems so 

commonly evolve towards multicomponent solutions but several hypotheses involve 

dynamic selection processes (Candolin, 2003; Patricelli and Krakauer, 2010; Rowe, 

1999).  Preferences for multiattribute signal components may evolve independently or in 

concert, with interactions among them leading to conflict (Griggio et al., 2016; Jennions 

and Petrie, 1997; Royle et al., 2008). One possibility is that various components of 

complex signals convey redundant information regarding the probable benefits to females 

of various alternatives and that further discrimination is no longer cost effective.  A 

second possibility is that some of these signal attributes, which are being attended to by 

both sexes, are more likely to be influenced by the competitive environment and therefore 

less reliable indicators of male quality.  The latter is supported by widespread plasticity in 

males’ advertisement calls. In túngara frogs, both amplitude (Halfwerk et al., 2015) and 

the addition of chucks (Goutte et al., 2010; Ryan, 1985) can be facultatively adjusted in 

accordance with the competitive environment.  Increases in amplitude (Wells, 2001) but 

not the production of chucks impose additional energetic costs (Ryan, 1985); moreover, 

there is no evidence for potential indirect benefits to females for selecting chucks. A 

counterargument, however, is that some evidence exists to suggest that, even as 

competition levels change, males’ maintain the same relative ranking in many plastic call 

characters (Gerhardt and Huber, 2002).  A third possibility is that each attribute conveys 

information about different traits of importance.  Females do attend to more cues than do 
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males.  Fundamental frequency, as stated, typically predicts body size in frogs.  Future 

studies should examine the relative frequency and the repeatability of call characters 

when males are exposed to variation in the level of acoustic competition to determine if 

any of these characters are more reliable indicators of phenotypic condition or size.   

Intransitive choice highlights how much we still have to learn about the proximate 

mechanisms underlying mate choice variation (Bateson and Healy, 2005; Jennions and 

Petrie, 1997; Lyons et al., 2014; Reinhold and Schielzeth, 2015; Tinghitella et al., 2013). 

If choices for lower-valued stimuli are due to error or indifference, we might expect that 

poorly-conditioned receivers and/or shorter latencies would be associated with them.  

Longer latencies might be interpreted as more deliberate decision-making due to the more 

difficult task (more similar options), particularly if the outcome of that long latency is 

that individuals are more likely to converge on the “correct” decision (Busemeyer and 

Townsend, 1993).  A functional interpretation is that differences in the speed of decision-

making might result due to variation in risk associated with various alternatives 

(Castellano and Cermelli, 2011); options between relatively inferior stimuli may lead to 

longer choice latencies because waiting to choose may lower the risk of making a poor 

choice, as a more attractive option is likely to exist.  There is a parallel debate in the 

behavioral ecology literature as to whether increased risk should increase or decrease 

females’ choosiness (Crowley et al., 1991; Real, 1990).  A major factor that plays into 

BCI is the number and size of the eggs being carried by females, which would suggest a 

more urgent need to oviposit.  Studies have shown that female túngara frogs become 

more permissive to advertisement calls as the urgency to mate increases (Lynch et al., 
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2005).  If females’ are indifferent or otherwise less choosy about with whom they mate, it 

seems likely that permissiveness might be accompanied by a rapid decision process.  

From this perspective it was somewhat surprising that the higher the females’ body 

conditions, the slower they responded to advertisement calls; on the other hand, they 

made better choices (Table 6.4). The influence of latency on choice was particularly 

apparent when choices were very different to one another (larger variance); in these 

cases, only extremely fast choices resulted in inferior outcomes.  This suggests that 

discrimination does play a role but the mechanism is unclear.  The similarity effect (a 

mechanism invoking cognitive constraint) (Trueblood et al., 2014) and loss aversion (a 

mechanism invoking function) (Tversky and Kahneman, 1991) lead to the same 

predictions, and researchers in decision-making have begun to believe that the latter is a 

consequence rather than the driver of these choice patterns. Neurocomputational models 

(Trueblood et al., 2014) have begun to highlight examples where the causes and 

consequences in decision making can be difficult to distinguish, a challenge in particular 

when trying to integrate mechanisms across levels of analysis.   

If intransitivity in pairwise tests among attractive stimuli reflect an inability to 

distinguish between two stimuli, a third option for whom the relative magnitude of 

inferiority may be utilized in reevaluating the two may reveal a consistent preference for 

one of the two.  In this scenario, a third option provides the chooser with additional 

information about the other two, namely, how they compare to the third.  Thus by 

anchoring the pair with a seemingly irrelevant third option, we might find a consistent 

bias towards one of the other stimuli that takes the differences between them and the 
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inferior option into account.  Although Experiment 2 was not designed to test this 

hypothesis, it is similar to a prototypical decoy experiments used widely in decision 

research for this purpose; in all cases there is a more preferred option in the choice set 

based on pairwise test results but the other two options varied in the magnitude of 

inferiority to that attractive option (Table 6.6). The prediction from decoy experiments 

would be that adding the inferior option will change the relative preference between the 

two more attractive stimuli, and the direction and magnitude of preference would shift 

depending on the similarity between the inferior and intermediate option (Pettibone and 

Wedell, 2007; Trueblood et al.).  In a way, the third option acts as a third vertex in order 

allow triangulation of a signal, as it alters the perceived “distances” between the other 

two options.  In triads where the intermediate and inferior options were more similar to 

each other that they to the attractive option, there would be an increase in preference for 

the attractive option, whereas when the intermediate option is more similar to the 

attractive option than the inferior option, there would be little effect of the third stimulus.  

I did not find a trend in that direction among these triads; the relative reduction in the 

probability of the most attractive stimuli being chosen was inversely proportional to the 

variance measured among the three stimuli in pairwise contests. Therefore a 

counterintuitive pattern arises: the more unattractive the third stimulus relative to the 

other two, the greater the negative impact on the most attractive stimulus (R2 =0.949, 

F=55.35, total df=4, p=0.005).  

Regardless of the mechanisms underlying intransitives, Experiment 2 showed that 

males’ social biases are themselves agents of selection on rival males which can reduce 
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the potential strength of selection imposed by females.  I found that manipulating the 

relative attractiveness of nearest neighbors altered the magnitude of females’ preferences, 

disproportionately favoring males that seek out more attractive neighbors and ultimately 

decreasing overall variance in success among competitors. Thus the nonrandom 

associations displayed by males potentially influence their own selection and the 

selection of their neighbors.  Global ranking by females had no clear impact on the choice 

outcomes, however; thus competitive outcomes in túngara frogs seem to be mediated 

primarily by context-dependent comparisons made between males at the local level, a 

mechanism easily manipulated by males’ association biases. The potential impact of mate 

preferences may be diluted by spatial or temporal heterogeneity in male associations 

within and among choruses (Bates et al., 2010; Callander et al., 2013; Höbel, 2015; 

Höbel, 2011).  Traditional game theoretical models assumed that individual strategists 

interact randomly in time and space among a well-mixed population of variants, but we 

are now increasingly aware that spatial social substructure is common and that the 

inclusion of local interactions among agents could result in persistence of diversity 

(Hanski 1999; Holoak et al 2005). Although this has been less explored in anuran and 

insect choruses, some recent studies suggest that chorusing males might be better treated 

as adaptive agents in dynamic social games.  What is becoming clear is that 

advertisement calls in túngara frogs serve dual functions and the evidence presented here 

suggests that they have opposing consequences for the fitness of signalers.    
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Conclusions 

Transitivity is the cornerstone of utility-based decision models from which mate 

choice models derive and it questions the predictions of stable equilibria in sexual 

selection models.  Selection by females, as a group, does not support the idea that mean 

fitness is being maximized or that evolution must proceed in a way that obeys 

optimization principles.  Moreover, social selection among competing males and 

feedback imposed by the resulting social structure would likely lead to further 

heterogeneity in fitness landscapes for male sexual signal traits.  Dynamic models of 

competitive communities have demonstrated that global topological structures involving 

cycles among superior competitors can lead to cyclical evolutionary dynamics and 

species coexistence. Likewise, intransitive preferences in mate choices among the most 

desirable mates, and overlapping selection by females and rivals on the same components 

of multiattribute signals, could lead to perpetual cycling in the evolution of male display 

traits. 
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Figure 6.1. Sex differences in phonotaxis tournament choices. 

 

 

Direct comparison between phonotaxis choices of females (n=924) and males (n=893). 

Stimuli are ordered according to the number of competitors the stimulus was preferred to 

by females for direct comparison to males: 

{𝐶: 7;  𝐼: 7, 𝐵: 6, 𝐻: 6, 𝐴: 4, 𝐷: 3, 𝐺: 2, 𝐹: 1, 𝐸: 0}.   

(a) Global ranks of the 9 stimuli between males and female were strongly correlated. (b) 

Pairwise preferences among the 36 pairwise contrasts were much noisier but still 

generally correlated. (c) the structural patterns between the tournament matrices were 

significantly different (Mantel test: p=0.01); [Deviation = (male score-female 

score)/female score]. Red and blue coloration is consistent between the two figures for 

ease of interpretation.   
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Figure 6.2. Sex differences in preference score distributions of 36 pairwise contrasts.   

 

 

 

Frequency distributions for speaker choices differed between the two sexes. (a) Females’ 

distribution was bimodal around the mean.  (b) Males’ preferences did not differ 

significantly from a normal distribution. *In contrast with direct comparisons shown in 

Fig. 5.1, Male Preference Score in this analysis is calculated with respect to the male-

population-preferred stimulus, rather than the females in order to scale both distributions 

to a 0.50-1.0 range that reflects the preferences of that sex. 
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Figure 6.3.  Multiple regression of call attributes differed between female mate choice 

and male social choice.   

 (a) Hierarchical Clustering Analysis (HCA) of 14 call attributes composing complex call 

stimuli used in the experiments.  Variable abbreviations refer to the call component [call= 

whole call; w=whine only; ck=chuck only] and measurement [RMS= total energy; fund= 

fundamental frequency (Hz); Wcrel= ratio of chuck/whine relative amplitude; Dom= 

dominant frequency (Hz); BW= bandwidth ±12dB of dominant frequency; Dur= duration 

(ms); Peak= time of peak amplitude [ms] (See Appendix A for call variable descriptions). 

(b-c) Regression analysis of call variable predictors on females’ (b) and males’ (c) 

phonotaxis preferences showed that males and females differed in the way they weighted 

signal attributes.  Predictors represent the differences between normalized variables 

(focal stimulus-competing stimulus), thus a positive coefficient indicates that the value of 

that variable is greater in the preferred stimulus than in the competitor. Saturated models 

and standardized Beta coefficient estimates for significant predictors (α = 0.05) are 

shown.   
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Figure 6.4.  Directed network representation of tournament matrices for túngara frog 

phonotaxis preferences among the nine natural male calls.  

 

 

 

A-I represent the nine natural call stimuli used in these experiments; letters do not 

indicate rank.  All 36 pairwise comparisons were completed, however, all except the 

directed edges representing the sequential rank-order paths (solid blue edges) are greyed 

for ease of visibility. Preference scores are shown for each directed link from the 

previous subgraph to the next in order of inclusive subgroup attractiveness. Vertex size is 

roughly scaled to population-level preference scores, with larger, red vertices indicating 

the most preferred stimuli, green vertices intermediate, and smaller blue vertices the less-

preferred overall. In both males and females, stimulus E is the most inferior option, 

receiving less than 50% of choices in all pairwise tests. (a) Females’ preferences do not 

converge on a superior stimulus; among the highly attractive subset {𝐶, 𝐵, 𝐻, 𝐼}, 

preferences show a rock-paper-scissors pattern: {𝐻, 𝐼} > 𝐵 > 𝐶, 𝑏𝑢𝑡 𝐶 > {𝐻, 𝐼} (red 

dotted edges).  (b) Males rank all nine stimuli in a (stochastically) transitive linear order 

converging on stimulus {𝐶}.  
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Figure 6.5.  Males’ social preferences influenced their probability of success through 

context-dependent mate choice by females.   

 

 

(a) The average call stimulus (Intermediate Rank = 2 out of 3) was twice as likely to be 

chosen when associated with the more attractive stimulus as compared to when it was 

associated with the inferior one (1.47/0.67 odds ratio; Wald Χ2= 4.677, df=5, p=0.031). 

(b) The probability that the least attractive male in the set was chosen was 56% higher 

than when that stimulus was presented in pairwise contrasts with the same stimuli 

(1.25/0.80 odds ratio).  Choice probabilities for the more attractive and intermediate 

males both decreased, leading to a 49% reduction in total variance in success among 

these stimuli as compared to their success in binary choice tests [Variance(Binary) = 

0.0145, Variance(trinary)=0.00712]. Letters indicate groupings based on post-hoc 

comparisons with a sequential Bonferonni correction at α=0.05.  Bars are offset for 

visualization purposes only. 
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Table 6.1. Results from a pairwise preference tournament among male advertisement 

calls for females and males.  

a. Females                                                             Sample Sizes 

Stimulus A B C D E F G H I 

P
ro

p
o

rt
io

n
 C

h
o

ic
e

s 

A  20 23 20 23 20 28 74 20 

B 0.60  31 20 20 20 31 20 24 

C 0.61 0.43  27 20 20 20 20 80 

D 0.15 0.45 0.18  21 24 21 20 20 

E 0.13 0.15 0.00 0.10  51 21 21 21 

F 0.20 0.35 0.10 0.33 0.69  20 20 20 

G 0.45 0.42 0.20 0.48 0.81 0.60  21 21 

H 0.54 0.80 0.30 0.65 0.81 0.80 0.81  21 

I 0.60 0.72 0.37 0.90 0.90 0.90 0.90 0.76  

Wins: 4 6* 7* 3 0 1 2 6* 7* 

          
 
 

b. Males                                                             Sample Sizes 

Stimulus A B C D E F G H I 

P
ro

p
o

rt
io

n
 C

h
o

ic
e

s 

A  20 29 20 40 20 20 20 20 

B 0.35  20 20 20 20 26 20 41 

C 0.59 0.70  20 20 20 20 41 20 

D 0.40 0.75 0.25  38 20 25 42 38 

E 0.10 0.40 0.05 0.16  20 27 39 21 

F 0.10 0.20 0.20 0.05 0.65  20 20 20 

G 0.25 0.65 0.05 0.37 0.85 0.85  21 21 

H 0.50 0.60 0.41 0.58 0.87 0.90 0.85  24 

I 0.50 0.76 0.40 0.70 0.80 0.85 0.70 0.57  

Wins: 5* 2 8 4 0 1 3 5* 5* 

Lower triangular matrices shows the proportion of choices garnered by a focal stimulus 

(row) over the competitor (column).  Sample sizes for each contrast are shown in the 

upper triangular matrices.  Summary row shows the total count of pairwise tests that each 

stimulus garnering >50%.  Two of the pairwise tests among males (A vs H and A vs I) 

resulted in pairwise ties, each with a sample size of 20 tests.  *indicates ties in the 

number of wins among tests. For males, but not females, a single scale value can be 

assigned by utility-based BTL models (see text); doing so does not change the rankings 

based on the number of outcompeted rivals shown below, and has the result of breaking 

the ties in males’ rankings [H≤ A≤ I]. 
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Table 6.2.  Nonparametric bivariate correlation coefficients among multiple attributes of 

male call traits under selection by females and males. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

* p<0.05; ** p<0.01; Dom [whine] and Fund [whine] were found to be equal to one another; to prevent bias 

in the regression analyses, Dom [whine] was omitted as a factor. 
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 Table 6.3. Stimulus comparison of strongest predictors for female and males’ 

preferences.     

 

 
Stimulus 

RMS 
[whine] 

Dur 
[ck] 

Dom 
[ck] 

Fund 
[ck] 

RMS 
[call] 

WC Rel 
Amp 

C 0.68 0.65 0.62* -0.16 0.49 0.36 

B -1.33 0.73 -0.24 -0.82* -1.28 -0.12 

I 0.65 2.00* 0.09 0.35 0.22 0.18 

H 0.54 -0.20 0.52 -0.19 0.56 0.52 

A 1.08 0.04 0.52 0.56 1.50 1.88 

D 0.17 -1.18 -1.41 -1.50 0.29 -1.28 

G -0.52 -0.33 0.80 0.19 -0.51 -0.16 

F 0.55 -0.73 0.95 2.07 0.45 0.15 

E -1.81 -0.98 -1.86 -0.50 -1.72 -1.53 

Mean 1923.56 0.07 2461.69 445.95 1804.30 1.03 

SD 214.35 0.02 646.44 31.89 213.45 0.56 

 

Of the three intransitive pairwise stimuli for females (boldface, above dotted line), each 

was superior to the other two in one of the three most important predictors of choice, 

denoted by asterisks(*). Note that in general, females prefer both higher chuck dominant 

frequencies and lower chuck fundamental frequencies; the two traits are positively 

correlated and yet inversely preferred by females. Normalized values (z-scores) are 

shown. Means and Standard Deviations are calculated from raw data (Appendix A). 
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Table 6.4. Sex differences in interactions among individuals’ characteristics, latency to 

choose, stimulus alternatives, and choice outcomes.   

a. Choice β S.E. Wald Χ2 df p 

Females      
  Intercept 1.371 .8073 2.883 1 .090 

Variance -.082 .0276 8.853 1 .003 

GlobalRank 3.406 .9814 12.044 1 .001 

Latency * GlobalRank -.863 .2196 15.426 1 .000 

BCI * GlobalRank -109.285 46.1271 5.613 1 .018 

GlobalRank * Variance -.126 .0366 11.903 1 .001 

Latency * BCI * GlobalRank 27.985 11.0481 6.416 1 .011 

Latency * GlobalRank * Variance .032 .0081 15.708 1 .000 

      Males      

  Intercept .588 .5891 .995 1 .319 

VarianceSigned -.069 .0160 18.60 1 .000 

GlobalRank .154 .0460 11.14 1 .001 

SVL * GlobalRank .252 .1296 3.767 1 .052 

SVL * GlobalRank * Latency -.047 .0256 3.420 1 .064 

SVL * BCI * GlobalRank 110.16 61.81 3.176 1 .075 

SVL * BCI * GlobalRank * Latency -22.67 11.64 3.791 1 .052 

      
b. Latency β S.E. Wald Χ2 df p 

Females      
  Intercept 4.390 0.874 2961.9 1 < 0.001 

Choice=inferior -0.263 0.126 4.389 1 0.036 

BCI 13.693 12.635 6.862 1 0.009 

SVL -0.010 0.029 2.656 1 0.103 

BCI * SVL 12.902 8.728 2.185 1 0.139 

      Males      

  Intercept 5.227 0.164 1016.6 1 < 0.001 

BCI -11.185 81.31 0.019 1 0.891 

SVL 0.157 0.190 0.681 1 0.409 

BCI * SVL -128.35 86.808 2.186 1 0.139 

      
Choice, binary pairwise probability. SVL, snout-vent-length. BCI, body condition index. GlobalRank, rank based on 

overall number of wins in the tournament; Variance, statistical variance of global ranks of two alternatives. p probability. 

β Beta coefficients, S.E., standard error. 

 

 

(a) For females, choices for less attractive stimuli were associated with shorter latencies and 

females with higher body condition indexes.  Males’ choices were predicted primarily from only 

the global ranks and variance of the options but with a trend towards larger males being more likely 

to choose the more attractive stimuli. (b) GLMs with latency as the dependent variable rather than 

as a predictor confirmed that the relatively small-sized females in better condition (higher BCI) 

chose faster and individuals that chose faster were more likely to choose the inferior alternative. 

This pattern was independent of body length.  Neither body size nor condition influenced males’ 

latency to choose. 
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Table 6.5. GLM results for local social structure effects on female mate choice.  

(Experiment 2). 

Model Effects Hypothesis Tests 

Source Wald X2 df p B EMM[SE] Wald X2 p 

Intercept 91.945 1 <0.001 -1.320    

Local Rank 24.231 2 <0.001     

           ¹rank = 1    ¹0.000 0.42[0.025]   

            rank = 2    -0.488 0.31[0.020] 7.197 0.007 

            rank = 3    -0.705 0.25[0.021] 13.532 <0.001 

Neighbor 2.889 1 0.089     
            more attractive    ¹0.000 0.46[0.025]   

            less attractive     -0.034 0.52[0.026] 0.034 0.855 

Global Rank 1.808 1 0.179     

Local Rank*Neighbor 6.128 2 0.047     

     ¹rank = 1* more attractive     ¹0.000 0.43[0.033]   
   rank = 1* less attractive     -0.056 0.42[0.033] 0.056 0.813 

      rank = 2* more attractive      0.37[0.030]   

   rank = 2* less attractive     -0.539 0.25[0.026] 4.677 0.031 

      rank = 3* more attractive      0.25[0.029]   

   rank = 3* less attractive      0.26[0.029]   

B Beta coefficient; SE standard error; p probability. EMM estimated marginal means of the probability of success, 

divided by the maximum possible probability of choice (75% for stimuli by rank, 50% for stimuli by neighbor); 

¹indicates the reference category for parameter estimates. Local rank (1-3; smaller is superior) is the rank within the 

triad, global rank is the rank from the population-wide preference score with the intransitive stimuli ranked equally. 

Neighbor is the binary category for which of the other two stimuli in the set the focal stimulus was paired with, relative 

to each other. Pairwise post hoc comparisons are shown in Fig.6.3.  
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Table 6.6. Choice outcomes from grouping tests in Experiment 2, compared to those 

expected from relative choice models based on the pairwise preference 

scores measured in Experiment 1.  

 

 
global, ranking based on females’ pairwise preferences, ties indicate that both were preferred to the same number of 

rivals in the set.  Relative Choice, the sum of preference scores for a stimulus divided by the grand total of preference 

scores for the three binary choice tests between those stimuli in Experiment 1. Actual choice outcomes, GLM estimated 

marginal means of the probability of success. mean (choice), for relative choice probabilities, the average of 

proportions for each stimulus (columns), for actual choice probabilities, the estimated marginal mean for local rank = 

1,2,3. variance (stimulus), variance within each stimulus local rank (columns). variance (triad), variance within each 

triad (rows). variance (total), variance among all 15 within the group. Each triad is composed of a male-preferred, 

intermediate, and non-preferred stimulus, designated generally as xi (local rank=1),yi (local rank =2),and zi (local rank 

=3), respectively, with the local rank referring to the males’ rank, not the females’ (which are shown as global values 

above).    
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Chapter 7 -- The influence of dynamic social experience on behavioral 

repeatability and relative mate preferences among female túngara frogs 
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ABSTRACT 

One of the critical determinants of the amazing diversity of sexually-selected 

traits among species is the pattern by which females choose their mates.  At the 

individual level, mating decisions are a function of genetic traits, internal environmental 

cues and external environmental variation. For a trait, including mate preference, to 

evolve it must be partially heritable and must exhibit among-individual variance.  Studies 

aimed at teasing apart within- to among-individual variance components often suggest 

that mate choice is one of the least repeatable behaviors yet the explanation for this is 

unclear.  In the current study, I used repeated measures phonotaxis testing and natural 

advertisement call variants to measure repeatability of two aspects of mate choice 

behaviors in túngara frogs: preference and latency to choose. Then I tested females with a 

series of repeated trials with one of the call pairs used in the first experiment but in a 

socially dynamic paradigm in which trials presenting the preferred call were interspersed 

among trials with only inferior call options.  I found that, while individuals’ mate choice 

behaviors were highly repeatable relative to among-individual variance across trials, 

simulated variability in the encounter rate of an attractive male significantly decreased 

the likelihood that it was chosen when it was available.  I also found that larger females 

chose faster but did not have any particular directional preference among stimuli, nor was 

there any association between latency to choose and stimuli chosen in general. This study 

demonstrates that sufficient among-individual variation in preference may exist to permit 

the co-evolution of female preferences with male traits; however, it also shows that the 

potential for female choice to impose directional selection may be hampered by females’ 
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recent experience within dynamic choruses that lead to inconsistent encounter rates of 

preferred males’ signals. 
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INTRODUCTION 

 

Mate choice is one of the most important decisions an animal makes.  

Understanding the rules by which individuals make mating decisions is crucial for 

modeling evolutionary changes of populations and explaining the amazing diversity of 

sexually selected traits found in nature (Andersson and Simmons, 2006; Bailey and 

Moore, 2012; Basolo, 1998; Lande, 1981). Most preference functions in studies of mate 

choice are derived by first measuring choice outcomes in pairwise choice tests among 

individuals and then mapping these outcomes to the population, by assuming that each 

individual possesses a preference function that is randomly acquired from the single 

preference distribution of the population (Andersson, 1994; Basolo, 1998; Ritchie, 1996).  

However, it is critical to remember that aggregate-level patterns can and often do arise 

from very different patterns among the individuals comprising it (Niemi and Wright, 

1987; Sasaki and Pratt, 2011; Wagner et al., 1995) thus many potential pitfalls arise from 

inferring mate choice rules, which are individual-level behaviors, from aggregate-level 

outcomes. Empirical evidence continues to accrue examples of inconsistencies in 

preference patterns measured in this way that may be explainable by heterogeneity 

among individuals in their preference functions or in their decision rules (Bateson and 

Healy, 2005; Gasparini et al., 2013; Griggio et al., 2016; Lea and Ryan, 2015; Lyons et 

al., 2014; Royle et al., 2008).  Despite this, we know surprisingly little about the causes 

and consequences of individual variation in mate choice (Cotton et al., 2006; Jennions 

and Petrie, 1997).     
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As is true for all reproductive behavior, individual variation in mate choice can 

arise from differences in genetic heritability (Pomiankowski and Moller, 1995), or a 

variety of internal and external environmental determinants such as social context 

(Bateson and Healy, 2005; Dechaume-Moncharmont et al., 2013; Gasparini et al., 2013; 

Royle et al., 2008), immediate reproductive state (Lynch et al., 2005; Zinck and Lima, 

2013), differences among individuals’ prior experiences, age and condition (Cotton et al., 

2006; Hedrick and Kortet, 2012; Tinghitella et al., 2013), predation risk (Bonachea and 

Ryan, 2011; Booksmythe et al., 2008) and changes in the reproductive season (Crowley 

et al., 1991; Lea et al., 2002). Each of these environmental factors have been suggested to 

modulate risks associated with differences in mate sampling time and choosiness. 

This complexity means that it is often useful to study mate choice as an 

optimization problem in decision making.  From this perspective, the choice of an 

individual is a function not only of intrinsic, genetically-based preference functions, but 

also of internal state and external environmental cues (Castellano et al., 2012).  Mate 

choice behavior is not cost-free; it requires the appropriate perceptual and cognitive 

architecture for discrimination as well as the energy and time to sample mates (Crowley 

et al., 1991; Janetos, 1980; Real, 1990).  Moreover, costs can be disproportionate among 

individuals due to differences in condition, age, or reproductive state.  Probabilistic 

outcomes of mate choice are in part a function of the uncertainty intrinsic to imperfect 

sensory systems but also may arise due to inherent risks associated with different social 

and ecological contexts that lead to tradeoffs between the speed of sampling and accuracy 

with which choice maximizes preference. Therefore, fitness costs of sampling strategies 
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must be weighed against the benefits accrued through the ultimate choice if we can 

explain the persistence of mate preferences. 

Socially-complex environments such as leks and choruses can affect a females’ 

ability to optimize her mate choice in several ways.  Additional social complexity can 

reduce detection or alter the perception of displays (Kelley and Kelley, 2014), 

particularly when assessments of potential mates occurs simultaneously or when sexual 

displays are multicomponent (Richardson and Lengagne, 2010; Rowe, 1999). On the 

other hand, dynamic social environments could permit individuals to acquire information 

from their environment that reduces environmental uncertainty regarding the relative 

values of alternatives.  When mate sampling proceeds sequentially, the capacity for an 

animal to remember relevant information from previous encounters determines in part 

how many potential individuals she should ideally sample prior to making a choice 

(Janetos, 1980).  She must also possess the cognitive ability to extract the important 

signal information from the background noise (Clemens et al., 2014; Kelley and Kelley, 

2014; Wollerman and Wiley, 2002), which can be intense in mating aggregations where 

male actively compete. Therefore, recent encounters may change the strength of mate 

preferences due to either increased accuracy of preference function optimization through 

learning (Bailey and Zuk, 2009; Kozak et al., 2013; Uy et al., 2000), or it may reflect the 

errors resulting from individuals’ inability to process the additional information due to 

cognitive constraints or cognitive fatigue (Trueblood et al., 2014).  These are critical 

questions for understanding how choice patterns are shaped by ecology and may relate to 
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fitness optimization, and therefore the “rationality” of decision making in the normative 

sense (Castellano et al., 2012; McNamara et al., 2012).    

The purpose of these experiments was to explore the roles of individual 

differences and variability in social experience on mate choice behavior (choice outcome 

and latency to choose).  I exposed female túngara frogs to repeated playback 

presentations of natural call stimuli in a phonotaxis paradigm; females were presented 

either with the same pair of stimuli in all trials (“static”, Experiment 1) or varying pairs 

among trials that reduced the time females experienced the more attractive stimuli 

(“dynamic”, Experiment 2).  The primary goals of these experiments were to (1) quantify 

within-individual consistency in behavior (choice and latency) over time (across trials) as 

compared to among individual variance (i.e. repeatability), (2) to test the effect of 

dynamic social context and sequential assessment of advertisement calls on choice 

outcomes and repeatability, and (3) to examine among-individual variation in mate 

choice behavior in terms of interactions between individual characteristics of the females 

(size and condition).   

The túngara frog (Physaelaemus pustulosus) is a small neotropical frog that has 

been studied in the context of mate choice for decades (Ryan, 2011).  They are 

reproductively active throughout the wet season (May-December), during which time 

females attend dynamic social choruses to sample males based primarily on call 

characteristics.  Chorus bouts vary in duration; bouts of a few or several minutes are 

interspersed with short silent intervals. Social variability over time results from individual 

differences among males in their participation across bouts and from turnover of males 
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entering and leaving the chorus as the night proceeds.  Females approach preferred males, 

usually initiating amplexus through physical contact (Akre and Ryan, 2011).  Extensive 

experiments have been conducted to identify aspects of signal variation that are salient to 

female mate choice and identify particular natural variants of call stimuli that are 

representative of this variation (Ryan and Rand, 2003).  Females’ have been shown to 

recall the location of speakers broadcasting more complex synthetic variants of 

advertisement calls, demonstrating the propensity for dynamic social conditions to 

influence future decisions (Akre and Ryan, 2010). 

Two previous studies have examined repeatability in mate choice in this species, 

albeit in markedly different tasks from one another and from the current study.  In one 

study (Kime et al., 1998), females were tested in standard two choice phonotaxis tests 

using synthetic combinations of non-natural stimuli (for the purpose of understanding 

permissiveness in preference).  Repeatability was measured between two tests that were 

separated in time, during which females experienced a variety of irrelevant playback 

tests.  No behavioral consistency was observed between these trials.  Baugh & Ryan 

(2009) tested females in 6 consecutive phonotaxis trials but both the stimuli and the 

experimental design differed from that of Kime et al (1998).  In that study, stimuli were 

dynamically switched between spatially-separated speakers within individual trials, 

following females’ initial phonotaxis movements towards the attractive stimulus.  

Repeatability in that case was measured from the probabilities of individuals’ choice 

reversals.  No information regarding latencies were provided in the former study.  In the 

latter, latency was associated with the likelihood that females reversed their choices, with 
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faster females being less likely to switch.  This may reflect differences among individuals 

in choosiness, where rapid responses implied indifference that concurred with the lack of 

commitment.  

In the present study, females were tested in standard two-choice phonotaxis 

assays.  Playbacks used were natural males calls recorded from the field and used in 

previous studies for understanding population-level variation in call traits and measuring 

relative mate preferences (Lea and Ryan, 2015; Ryan and Rand, 2003) (Fig. 7.1; 

Appendix A).  As described below, the particular five stimuli used here were chosen non-

randomly based on these previous studies.  Females were tested in multiple trials 

(Experiment 1, trials=10; Experiment 2, trials=18) in order to examine potential changes 

in behavior over time. Lastly, I used a block design to intersperse trials containing the 

attractive stimulus with trails containing only inferior stimuli, in order to test the effects 

of dynamic social conditions on choice outcomes and repeatability.   

 

METHODS 

These experiments were conducted in in the breeding season between November 

15-December 20, 2014, at the Smithsonian Tropical Research Institute in Gamboa, 

Republic of Panama (9◦07.0N, 79◦41.9W).   Gravid female túngara frogs were collected 

in amplexus from the field, and tested in phonotaxis trials the same night. After 

completing the tests, subjects were measured for size (snout-vent-length) to the nearest 

0.1 mm, weighed to the nearest 0.001 g, marked using a unique toe-clip in order to 

prevent them from being tested again if recaptured.  Prior to release in the field, I verified 
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that females were all in the same reproductive state by returning them to their mate and 

provided the pair with water in order to facilitate oviposition.  All females successfully 

completing these experiments oviposited (the mating pairs make a foam nest in which the 

eggs are fertilized) within 3 hours.     

I measured females’ mate preference using repeated measures, pairwise choice 

tests using a phonotaxis assay.  I conducted the phonotaxis trials between the hours of 

2030 and 0430 within a darkened sound-attenuation chamber (2.7 x 1.8 x 1.78 m, L x W 

x H; Acoustic Systems, Austin, TX, U.S.A) maintained at approximately 27°C.  The 

chamber was illuminated only by 850nm infrared lighting and monitored remotely via an 

infrared camera.  Speakers were located at opposite sides of the chamber at 180° 

orientation and 110 cm from the starting point of the female.  Before testing each female, 

speakers were calibrated to a sound pressure level (SPL) of 82 dB (re. 20 μPa) peak 

whine amplitude at the starting point of the female using a synthetic whine stimulus (peak 

amplitude and Fast, C-weighting) on a GenRad SPL meter (1982; General Radio 

Corporation West Concord, MA).  At the beginning of a trial, each female was separated 

from her male and placed in the center of the phonotaxis chamber under a mesh funnel 

connected to the outside of the chamber by a cord through the ceiling.  Stimuli were 

broadcast antiphonally from two ADS L210 speakers for a 2 minute acclimation period, 

after which the funnel was raised from the exterior of the chamber to release the female 

and her movements monitored remotely.  A positive “choice” was scored if a female 

approached within 10 cm of a broadcasting speaker in less than the maximum trial 

duration of 10 minutes.  Between repeated trials, females were immediately placed back 
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under the funnel in the initial position; the inter-trial time was seldom longer than one 

minute prior to the initiation of the next playback.  To control for motivation, if a female 

failed to make a choice in two consecutive tests then I ceased testing her.   

Experimental Design 

Call stimuli used in this study were chosen from a previously studied set of 

natural male calls (identified by letters A-I) that varied in multiple attributes of 

importance to females and for which preferences were measured in pairwise phonotaxis 

tests (Lea et al. in prep) (Fig. 7.1a).  The stimulus labels from that previous experiment 

are used again here to permit clear comparisons with those data.  In keeping with that 

study, I define “Stimulus 1” to be the stimulus in the given pair that garners more than 

50% of the choices in binary choice tests and defined “preference scores” as that 

proportion of choices to Stimulus 1.  In any given pair, Stimulus 1 is always listed first.  

In Experiment 1, tested females in ten repeated, consecutive trials with one of two 

stimulus pairs for which I measured a significant population-level preference for 

Stimulus 1 in previous experiments (Pair 1: H vs D; Pair 2: I vs G; Fig. 7.1a).  In 

Experiment 2, playbacks were composed of three stimuli: both stimuli from Pair 1 were 

used again as well as Stimulus 2 (the less attractive stimulus) from Pair 2.  Therefore the 

triad was composed of one highly attractive stimulus [H] and two less attractive stimuli 

[D, G].  In the previous study, D garnered more than 50% of the choices in pairwise tests 

but was not significantly preferred based on binomial probability scores (D vs G: 0.52, 

N=21, binomial p=0.9); however, H and D do not cluster consistently based on acoustic 

features (Fig 7.1b). Furthermore, H was more attractive than both D and G (H vs D: 0.65, 
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N=20; H vs G: 0.81, N=21) but more similar acoustically to G.  Thus H is Stimulus 1 in 

both tests it is presented in and D is Stimulus 1 in the third test. Here each female was 

tested in 18 trials, each pairwise test was replicated 6 times in a blocked design.  For 

clarity, I refer to the three tests composing a triad as “triad” and the set of trials that they 

were tested in across time as “blocks” (block 1- block 6, 1 being the first in the series 

across time).   

Analyses 

SVL and mass data were obtained for most individuals (Experiment 1: 30 of 33, 

Experiment 2: 18 out of 19); missing data was due to either equipment failures or the 

failure to measure the frog prior to oviposition (which dramatically changes their mass). 

Body condition index was calculated as by regressing the cube-root of body mass onto 

SVL and then dividing by SVL (Baker, 1992).  This method is consistent with Baugh & 

Ryan (2009), facilitating comparisons. 

Thirty-three unique individuals completed Experiment 1 (Pair 1: n=17 females, 

Pair 2: 16 females); all females completed all ten trials with the exception of 1, who 

completed 9 out of 10. There were two missing latency data points in the dataset, one for 

each of two separate individuals.   

In Experiment 2, 2 females ceased to make choices and were omitted from 

analyses.  Out of the remaining 17, 14 females made choices in all trials and the other 3 

made choices in 14, 15, and 16 out of 18 trials, respectively.  Each of those females 

completed at least 2 trial-choices for each of the 3 pairs in the triad; therefore, to make 

efficient use of the data, all 17 frogs were included in the analyses of preference 
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distributions and proportions reported are out of the number of successful choices for 

each pair (not the number of trials tested).  For reliability analyses, there was a grand total 

of 306 trials (17 females * 18 trials).  

To assess among-individual variation in preference scores, I compared the choice 

distributions among females to a Gaussian distribution for each stimulus pair separately. 

Descriptive statistics and confidence intervals were bootstrapped with replacement, 

10000 replicates.  Distributions, measures of central tendency and variance of choice 

proportions and latencies among the stimulus pairs and between experiments were 

analyzed using nonparametric tests. 

I calculated within-individual reliability estimates as the Intraclass Correlation 

Coefficient (ICC), using a two-way mixed effects model that models individual effects as 

random individuals sampled from the population; For the purposes of calculating the 

ICC, which requires completely balanced data for each individual across trials, I coded 

the no-choice trials as a 0.5 (as opposed to 0 or 1) in order to include all individuals in the 

choice analysis.  Individuals lacking latency data were omitted from the reliability 

analyses for latency but not for choice. While there are no distribution assumptions for 

ICC estimates, confidence intervals (CI) around the ICC assume normality; I report the 

95% CI’s despite this, along with F-statistics and p-values but those results must be 

interpreted with caution because preference score distributions were not normally 

distributed (see below). 

I used generalized linear mixed models (GLMM) with individual females as 

random subjects to test for interactions between individuals’ characteristics, trial number 
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and final choice (Stimulus 1 or 2) on the latency to choose among trials. Preliminary 

analyses established that there were no significant differences between the two pairs’ 

samples in terms of group preference score, number of reversals between trials, latency or 

measures of female size (Table 7.1) therefore I combined the data (33 females) for the 

models with the goal of understanding variation in individual behavior.  Latency data was 

positively skewed and so was natural-log transformed prior to modeling. Latency was 

modeled with a gamma distribution and log link function with choice = Stimulus 1 or 2 

as a fixed factor, trial number, female body length (SVL), female body condition index 

(BCI) and all factorial interactions included as covariates. Nonsignificant interactions 

were removed stepwise and models compared using AIC.  Analyses within Experiment 2 

were done in much the same way though in addition to calculating ICC estimates, I 

compared the choice distributions between the three pairs of tested stimuli using 

nonparametric tests.   

In order to test whether there was an effect of additional social information 

provided among trials due to the interspersion of additional call stimuli between trials, I 

compared the probability of choice for the attractive stimulus [H] within the focal pair (H 

vs D) between Experiments 1 and 2.  I used an a priori generalized linear model, based 

on the results of Experiment 1 and on the preliminary analyses of among-trial 

repeatability. The model included experiment and trial number as fixed factors, and SVL, 

BCI, and natural log-transformed latency as covariates.  All statistical analyses were 

conducted in SPSS 23.0.   
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RESULTS   

Experiment 1 

There was no preference polymorphism in terms of multimodality, as no 

individual expressed a significant preference for Stimulus 2 in either test based on 

binomial probabilities (range in preferences: (Pair 1: 0.30-1.0; Pair 2:0.40-1.0) (Table 

7.1, Fig. 7.2a). Preferences across individuals were not normally-distributed 

(Kolmogorov-Smirov Tests with Lilliefors Correction, Pair 1, Pair 2: p<0.001) (Fig. 

7.2a).  In the first pair, 7 out of 17 females displayed a significant preference for Stimulus 

1 and the remaining females expressed no significant preference for either stimulus. 

Similarly, in the second pair, 6 females out of 16 displayed a significant preference for 

Stimulus 1 and the remaining females had no significant preference.  In both cases, there 

was a negatively skewed, unimodal distribution with 75% of the individuals showing 

preferences at or above the group median and all except 1 individual choosing Stimulus 1 

at least 50% of the time.   

For both stimulus pairs, the among-trial repeatability estimates for individual 

preferences were high (Pair 1: ICC=0.489; 95% CI: 0.030-0.784, N=17, F16,144,=1.956, 

p=0.02; Pair 2: ICC= 0.584; 95% CI: 0.196-0.831; N=16, F15,135=2.404, p=0.004; 

Combined: ICC= 0.520; 95% CI: 0.233-0.731; N=33, F32,288=2.083, p=0.001); Thus the 

proportion of the variance among trials that can be attributed to the true underlying 

preference structure of individuals was 0.489 (Pair 1), 0.584 (Pair 2), and 0.520 

(combined), respectively. There was no systematic change in preference across trials 

(Cochran’s Q: Pair 1: 8.496, df=9, p=0.485; Pair 2: 9.213, df=9, p=0.418; combined: 
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6.1386, p=0.701) and there was a significant correlation between the probability that a 

female chose Stimulus 1 in her first trial and her probability of choosing Stimulus 1 

overall (Spearman’s Rho = 0.593, p=0.015).  

Latency to choose was also highly repeatable within individuals (Pair 1: 

ICC=0.903; 95% CI: 0.812-0.960, N=16, F15,135=10.262, p<0.001; Pair 2: ICC= 0.941; 

95% CI: 0.885-0.977; N=15, F14,126=17.079, p<0.001; Combined: ICC= 0.928; 95% CI: 

0.883-0.961; N=33, F30,270=13.906, p<0.001) (Fig. 7.2b).  There was also a significant 

effect of trial on latency (Cochran’s Q: Pair 1: 16.360, df= 9, p=0.06; Pair 2: 19.309, 

df=9, p=0.023; combined: 24.321, df=9, p=0.004). 

Model results showed that larger individuals tended to choose faster than smaller 

ones (SVL: F1,281 =7.705, p=0.006), and, consistent with the Cochran’s Q analysis, 

latency varied across trials (F9,284=4.576, p<0.001) as well as between individuals 

[Variance(subject intercept)= 0.013, Z=3.447; p=0.001]. There were no other significant 

effects in the model, thus body condition and latency were not associated with the 

probability of choosing the more attractive stimulus in the pair across individual trials 

(F= 1.2571,284, p=0.263) (Fig. 7.3). 

Experiment 2 

Individuals tested in Experiment 2 were not different in size or condition to those 

in Experiment 1 (Mann-Whitney U test; SVL: U = 0.471, p=0.493, Mass: U=0.032, 

p=0.858; BCI: U=0.279, p=0.858) (Table 7.2).  Consistent with Experiment 1, median 

latency was inversely correlated to female size (Median Latency* SVL, Spearman’s rho: 

-0.761, p=0.001).  
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Latency and choice were again highly repeatable within individuals across all 

trials (ICC: 0.936, 95% CI: 0.881-0.973; F16,272 = 15.539, p<0.001) as well as across trials 

for specific stimulus pairs (H vs D: ICC= 0.829, 95% CI= 0.663-0.929, F16,80 = 5.854, 

p<0.001; H vs G: ICC= 0.808, 95% CI= 0.622-0.921, F16,80 = 5.221, p<0.001; D vs G: 

ICC= 0.840, 95% CI= 0.685-0.934, F16,80 = 6.267, p<0.001). Choice: (H vs D: ICC= 

0.449, 95% CI = -.087-0.772, F16,80 = 1.815, p=0.043; H vs G: ICC= 0.643, 95% CI= 

0.296-0.852, F16,80 = 2.805, p=0.001; D vs G: ICC= 0.668, 95% CI= 0.345-0.863, F16,80 = 

3.013, p=0.001). Although there was still significant variance between frogs in stimulus 

choice, there were also significant between-trial correlations in which stimulus was 

chosen from the focal pair [H vs D] (Cochran’s Q: 12.063, p=0.034) but not for the other 

two pairs. 

Between-Experiment 

Preference distributions for pair H vs D showed differences in the range of 

variation between the two experiments (Distribution: Mann-Whitney U= -1.801, 

p=0.073; Median: statistic=1.882, p=0.170; Range: statistic=28.0, p=0.043) (Table 7.2; 

Fig. 7.4). Interestingly, although females’ latencies were highly repeatable within-

individuals in both experiments, there was a significant increase in median latency in H 

vs D trials between Experiments 1 and 2 (Table 7.2) (Distribution: Mann-Whitney 

U=1.929, p=0.053; Median: statistic= 5.765, p=0.040; Range: statistic= 32.0, p=0.832).  

In addition, the overall probability that a female chose H>D was inversely correlated to 

whether they chose D>G during the interspersed trials (Spearman’s Rho= -0.517, N=17, 
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bootstrapped p=0.033); those that chose D over G also tended to be more likely to choose 

D when H was present. 

Furthermore, there was an interaction between trial in time and latency on the 

probability that Stimulus H was chosen [GLM: trial*latency(experiment) Χ2 =6.262, 

df=2, p=0.044].  The probability that H was chosen was influenced by how many trials 

the female had experienced, with choice success increasing across trials in time 

[trial(experiment) Χ2 =8.125, df=2, p=0.017] (Table 7.3). 

 

DISCUSSION 

 

Preference functions measured in Experiment 1 were consistent with the idea that 

only 1 preference existed in the population but that some females were choosy, even 

selecting Stimulus 1 in 10 out of 10 trails, while other females were indifferent.  This is 

commensurate with interpretations that non-normal aggregate-level preference 

distributions found in previous studies are not due to preference polymorphisms for call 

variants (Baugh and Ryan, 2009).  It is possible that there exists multiple underlying 

preference functions among individuals based on different call attributes (Wagner et al., 

1995) that, when pooled across individuals, appears as a non-normal due to underlying 

multimodal distributions.  Although call pairs were chosen carefully with respect to the 

acoustic variation among them (Fig. 7.1), it is still possible that the two pairs of stimuli 

that we selected may not have possessed enough variance in relevant traits to expose such 

a polymorphism.   
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Recent social experience did play a significant role in female choice in this study. 

Females in Experiment 2 demonstrated a significantly lower probability of choosing the 

attractive stimulus (H) when they also experienced trials in which the only options 

presented to them were less attractive (D, G).  The mechanisms for this could be many.  

That they were willing to accept one of these two less attractive stimuli when H was not 

present is consistent with a “best-of-n” strategy versus an internal standard (Janetos, 

1980) and on a short sampling timescale; females did not “wait” for the more attractive 

stimulus to reappear prior to choosing and trials were very short.  Alone, this could 

simply indicate that a female’s ability to remember recent options was limited; however, 

that doesn’t address why their choice didn’t revert to H when it was again available.  This 

result was particularly striking.  If they remembered that they had previously compared H 

to G, then this additional information might have been useful to assist females in their 

certainty of the overall ranking of stimulus values.  But in that case, one would predict 

that the probability of choosing the stimulus that exceeds all others in relative 

attractiveness (H) would increase, rather than decrease as it did here (Bailey and Zuk, 

2009; Kozak et al., 2013; Uy et al., 2000).   

From a functional perspective, inconsistencies in choice are often interpreted as 

an indication of “irrationality,” in the sense that choices are failing to optimize the 

preference function (Bateson and Healy, 2005; Kirkpatrick et al., 2006; Lea and Ryan, 

2015).  If we assume that the population-preferred Stimulus [H] is the “optimal” choice, 

then we must ask why females’ failed to choose it as often after exposure to inferior calls.  

A common suggestion in decision-making literature is that apparently suboptimal 
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decisions are caused by changes in state between trials, such as fatigue (Trueblood et al., 

2014).  As evidenced by the static playbacks in Experiment 1, however, there was very 

little influence of time on either latency or stimulus choice (Fig. 7.2) and time did not 

play a role in females’ probability of choosing the more attractive stimulus. Females in 

Experiment 2 experienced additional social information between trials and over an 

extended period of testing (18 trials versus 10 in Experiment 1) and yet there was still no 

link between latency and choice (Table 7.3). Thus females’ differences in choice were 

not directly attributable to either fatigue across trials or to differences among individuals 

in the time they invested in sampling.   

A second interpretation of apparent irrationality is that altering the presentation of 

available options may have increased the general level of uncertainty associated with the 

various potential choices, which has been associated with loss-aversive behavior and bet-

hedging (Tversky and Kahneman, 1991).  A more mechanistic alternative with the same 

predicted outcome is the possibility that cognitive constraints in the face of increased 

information lead females to switch to a heuristic that, while not consistently optimizing 

the preference function, would improve their odds of choosing the best option more often 

on average (Birnbaum and Bahra, 2012; Castellano, 2015; Waite, 2001).  These 

arguments may hold water, at least in this case, because the additional information was in 

the form of changing the encounter rate (frequency of call playback) over time from 

being consistent (Experiment 1) to less predictable (Experiment 2).  One might even go 

as far to suggest that the lower playback frequency may have been integrated into 

females’ evaluation procedures as if it was another relevant cue to the quality of the male.  
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Faster call rate has a strong impact on females’ preferences in this species (Lea and Ryan, 

2015), and in many species the most common predictor of mating success in the 

laboratory and the field is the total time the male spends calling (i.e. calling effort) 

(Gerhardt et al., 1987; Pröhl, 2003; Sullivan and Hinshaw, 1992).  

Another possibility is that there may be a role of reinforcement; females were not 

just exposed to the stimuli, they were permitted to complete the trials by following 

through to make a choice and almost all of them did so in every trial.  Approaching the 

speaker, followed by the concomitant exponential increase in signal intensity at this close 

proximity, may have been a rewarding experience. Females were more likely overall to 

choose D over G in those pairwise trials thus they had associated more often with D.  

Furthermore, there was a correlation between the likelihood that females chose D in those 

D vs G trials and the probability that they chose D in the focal H vs D trials.  Replicating 

this experiment by exposing some females to the acoustic stimuli but not releasing them 

during those intervening trials would be enlightening.   

   There is a lot of evidence among species that mate choice is size or condition-

dependent and that high quality females express the strongest mate preferences (Cotton et 

al., 2006; Jennions et al., 1995).  Differences in frog size can influence their auditory 

tuning, making larger females more sensitive to lower frequencies (Jennions et al., 1995; 

Ryan et al., 1992).  We found that larger females chose faster but did not have any 

particular bias in preference among stimuli.  This is not particularly surprising given that, 

in contrast with previous studies, call stimuli used here were complex and varied in 

temporal traits and RMS amplitude as well as spectral properties (Ryan and Rand, 2003).  
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We also found no effects of body condition on mating behavior in this study, in terms of 

latency or choice, which contrasts with two previous reports of correlations between body 

condition and latency in this species; Baugh & Ryan showed that females who had higher 

body condition indexes were less likely to reverse their choice (interpreted as 

demonstrating greater choosiness), and (Lea et al., in prep) found that females with 

higher BCI’s were less likely to choose unattractive stimuli in a pair.  The size of a 

females’ clutch is not the only factor that plays into her BCI; condition-dependence may 

be stochastically-related to current environmental variation not just influencing females’ 

discrimination directly but also because concomitant condition-dependence in 

energetically-costly signaling among males can affect the call traits that are relevant to 

females, thus indirectly affecting discrimination (Lucas et al., 1996).  One important 

point here is that this study was conducted at the very end of the reproductive season 

(early December).  The length of their reproductive cycle suggests that this was the last 

time these females would have the opportunity to mate before the end of the season.  

Moreover, the females tested were generally all in very good condition, based on their 

body mass compared to frogs observed earlier in the season, and all females’ tested did 

oviposit after testing.  These shared factors probably limited to some extent the range of 

individual variation in behavior we might expect to see if that variation is highly 

environmentally-dependent.  One must keep in mind that ICCs are inherently relative as 

they are a measure of among to within individual variance of the group measured; given 

that there was so little variation in size and condition among these females and that they 

were also collected within a short time frame at the end of the season from only two 
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nearby field sites, this may not be an accurate representation of repeatability at larger 

spatial or temporal scales.  More work is clearly needed to measure variation in and 

distributions of preference functions among females within and between populations.       

One practical application for repeatability is to estimate the accuracy of 

experimental sampling methods.  I noted that there was a significant correlation between 

the choice outcomes of the groups’ first trial with the groups’ overall probability scores.  

This, coupled with the fact that the ICC’s were high supports the usage of single 

independent trials per individual estimating population-level preferences, if one is more 

interested in identifying which stimulus is generally preferred rather than by what 

magnitude. This assumes that there are not preference polymorphisms among other, 

untested call types. If preference magnitude and distribution is important, then the 

individual variability shown here calls for well-reasoned sampling decisions based on an 

understanding of local heterogeneity in field populations.   

Mate choice has been shown to be among the least reliable behaviors measured, 

despite being one of the most common studied (Bell et al., 2009).  These results largely 

contrast with that pattern.  I found significant variance among individuals in both 

preference magnitude and latency among all pairs in both experiments.  Throughout these 

experiments, latency was more repeatable than choice and very highly so in general. The 

decoupling of latency and choice found in this study and the inconsistency of their 

relationship between this and a previous study, raise important caveats about the methods 

by which researchers choose behaviors to measure in their studies and how they quantify 

them.  Behavioral assays within and between studies of mating behavior differ in what 
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and how they quantify mate choice: latency (Bosch and Marquez, 2002; Witte et al., 

2000), association time (Holveck et al., 2011), visitation rate (Willis et al., 2011), 

orientation (Greenfield et al., 2004) or approach (Bosch and Marquez, 2002).  The 

repeatability of these different aspects of behavior may be different for very important 

biological reasons and pooling them for comparison within or between species may lead 

to very different inferences about the causes of individual variation (Bosch et al., 2003; 

Fowler-Finn and Rodríguez, 2013).   

Repeatability within individuals sets the upper limit of heritability (Hayes and 

Jenkins, 1997; Jennions and Petrie, 1997) and most models for the co-evolution between 

the preference and signal traits assume at least a modest amount of variance among 

individuals as compared to within (Kirkpatrick, 1996; Rowe and Houle, 1996).  In the 

current study, despite significant among-individual differences, females’ mate choices 

were also reliably susceptible to dynamic changes in the social environment, reducing the 

probability of success for the most attractive advertisement call.  In túngara frogs, 

attractive callers act as social magnets, drawing less attractive neighbors with the same 

advertisement calls used by females to select mates (Lea & Ryan, unpub ms) and 

previous work has demonstrated that the presence of less attractive neighbors in space 

can reduce the probability that more attractive stimuli are selected (Lea et al., in prep).  

Here, I found a similar mechanism by which male selectivity for advertisement calls with 

which to engage in chorusing can indirectly affect the potential for selection by females, 

this time on a temporal scale rather than a spatial one.  Taken together, this study 

demonstrates that substantial among-individual variation in preference may exist to 
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permit the co-evolution of female preferences with male traits, while simultaneously 

uncovering a potential mechanism by which the potential for female choice to impose 

directional selection might be hampered. 
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Figure 7.1. Acoustic stimuli used in experiments were selected from a set of natural male 

calls that represented acoustic variation presented in the population.  

 

 
 

(a) Spectrograms for the four call stimuli; brighter yellow bands indicate the highest 

energy (i.e. amplitude). Stimulus 1 refers to the more attractive in any given pair. H and 

D comprised Pair 1 in Experiment 1 (static social environment) and were the focal pair in 

Experiment 2 (dynamic social environment). G was used both as Stimulus 2, Pair 2 in 

Experiment 1 but also as the second unattractive stimulus in the intervening trials of 

Experiment 2. (b) In the previous study, Hierarchical Cluster Analysis and dimension 

reduction analyses of all nine stimuli showed that stimuli grouped generally into 3 

clusters based on similarity of acoustic characters (e.g. call duration, chuck dominant 

frequency).  There is no consistency between acoustic similarity groups and relative 

attractiveness among these stimuli (see Appendix A).     
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Figure 7.2. Among-individual variance and repeatability in mate choice behavior.  

 

 
 

 

 

Experiment 1 results: 33 female túngara frogs were tested in repeated measures 

phonotaxis trials with one of two natural male call stimulus pairs.  Stimulus 1 is the 

population-preferred stimulus in the pair. Preference score was measured as the 

proportion of choices to Stimulus 1 out of 10 consecutive trials.  Threshold for significant 

preference based on 2-way binomial probabilities with an equal probability of 0.5 is 

indicated by the dotted line. 

 

 

 

 

 

 

  



 195 

Figure 7.3. The effects of repeated trials on females’ mate choice and latency.  

 

 
 

Experiment 1 Results.  (a) Repeatability in choice of Stimulus 1, the population-preferred 

stimulus within each pair, was not influenced by time across trials.  (b) Latencies were 

highly repeatable but still showed nonrandom variance across trials, with a tendency for 

females to choose faster in the intermediate trials compared to either of the first and last 

trials (Cochran’s Q: Pair 1: 16.360, df= 9, p=0.06; Pair 2: 19.309, df=9, p=0.023; 

combined: 24.321, df=9, p=0.004).  
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Figure 7.4.  Females’ preferences for the same pair of call stimuli as a function of recent 

social experience.  

 

 
 

The probability that the more attractive stimulus in the pair was chosen was reduced 

experience with variation in stimulus playback.  In Experiment 1 (N=17), the stimulus 

pair was presented 10 times consecutively, with no intervening tests.  In Experiment 2, 

the pair was presented 6 times, interspersed among 18 trials and 2 additional pairwise 

tests (each of H and D with a third stimulus, G). (a) Distributions of preference scores 

across the sample of females.  Medians and confidence intervals were bootstrapped (1000 

samples with replacement).  (b) Mean probability [EMM ± SE] of choice for Stimulus H 

[GLM: Wald = 5.632, df=1, p=0.018].  
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Table 7.1. Summary statistics and Mann-Whitney U test results between the two stimulus 

pair groups in Experiment 1.   

 Stimulus Pair 1 [H vs D] Stimulus Pair 2 [I vs G] Mann-Whitney U 
Exact Test 

N Median Range N Median Range U N p 

SVL (mm) 17 29.72 8.77 16 27.69 7.52 188.0 33 0.063 

mass (g) 17 2.87 2.02 16 1.99 2.25 153.5 30 0.072 

Body condition index 17 0.02 0.16 16 -0.01 0.09 150.0 30 0.098 

Preference score 17 0.80 0.60 16 0.80 0.70 127.5 33 0.755 

Reversal rate 17 0.30 0.70 16 0.40 0.56 130.0 33 0.825 

Median Latency 17 46.00 111.00 16 46.25 140.50 130.5 33 0.843 

Variance in Latency 17 393.73 6076.89 16 983.57 10756.49 117.0 33 0.510 

Reversal rate refers to the probability of choosing the same stimulus in two consecutive trials. Preference 

score is the proportion choices to Stim 1, designated as the population-preferred stimulus, out of the total 

choices.  

 

 
 

Table 7.2. Summary statistics for Experiment 2 and statistical comparisons between 

Experiment 1 and Experiment 2 results for H vs D trials.   

p-values are asymptotic, two-sided probability with a Yates continuity correction. p-values from Moses test 

of range are from untrimmed data. P-values less than 0.05 are indicated in bold. 

 

 

 

 

  

 Experiment 2 
Hypothesis Testing 

Experiment 1 vs Experiment 2 

N Median Range Median 
Test (Χ2) 

p Moses  
(range test) 

p 

SVL (mm) 17 29.29 5.53 0.471 0.493 33.0 0.758 

mass (g) 16 2.59 1.39 0.032 0.858 33.0 1.00 

Body condition index 16 1.9e-4 0.006 0.279 0.858 33.0 1.00 

Preference score [H vs D] 17 0.67 0.83 1.882 0.170 28.0 0.043 

Preference score [H vs G] 17 0.67 0.83 -- 

Preference score [D vs G] 17 0.50 1.00 -- 

Median Latency 17 71.50 289.5 4.235 0.040 32.0 0.500 

Variance in Latency 17 4610.56 18705.2 0.471 0.493 30.0 0.168 



 198 

Table 7.3. GLM model results for the probability that Stimulus 1 (H) was chosen as a 

function of whether the social context was dynamic (Experiment 2) or 

constant (Experiment 1).  

Parameter B SE 

95% Wald 
Confidence Interval Hypothesis Test 

Lower Upper Wald Χ2 df p 

(Intercept) -.554 1.72b -3.934b 2.826b .103 1 .748b 
   Experiment =1  1.292 .544b .225b 2.359b 5.632 1 .018b 

   Experiment =2* 0a 0b .000b .000b    

   trial(Experiment 1) .190 .139b -.081b .462b 1.883 1 .170b 

   trial(Experiment 2) .704 .397b -.074b 1.482b 3.141 1 .076b 

   trial * lnLatency(Experiment=1) -.037 .031b -.098b .024b 1.393 1 .238b 

   trial * lnLatency(Experiment=2) -.124 .085b -.290b .042b 2.146 1 .143b 

   svl .010 .057b -.101b .122b .033 1 .856b 

        
b based on 1000 bootstrapped samples 
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Appendix A – Call Stimuli Descriptions 
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In túngara frogs, all calls consist of a species-specific simple call component 

(“whine”) but most males facultatively append complex components (“chucks”) to their 

whines during competition (Akre et al., 2011; Ryan, 1980). All call stimuli used in these 

experiments (Figure A1-A6) contained a single chuck but there was substantial variation 

among calls in both components. The calls used in these studies had originally been 

recorded in the field in 1996 from different males in the field. From that original set of 

300 calls recorded from among 50 individuals, these calls were identified as calls whose 

static, feature-based call characteristics represented the multidimensional acoustic 

variation present in the Gamboa population (Ryan and Rand, 2003).   

Call analyses were carried out manually in Raven Pro 1.5 (Cornell Lab of 

Ornithology).  I analyzed a total of 14 call attributes that are of known importance to 

mate choice among túngara frogs (and frogs generally) among the two components 

separately (whine, chuck) and the composite call (for spectral variables, this is not a 

simple additive function of the two components) (Figure A7, Table A1, Table A2).  

RMS (root-mean-square) amplitude is a measure of the average energy in the 

signal component.  Peak amplitude refers to the maximum amplitude in the signal.  In all 

phonotaxis experiments, the stimuli were broadcast such that the peak amplitude of the 

whines were equal in all playbacks.  The result from this is that the total RMS amplitude 

differed.  Relative whine-chuck amplitudes are the linear difference between the peak 

amplitude of the chuck and the whine. BW(call) measures the bandwidth of the 

frequencies contained within ±12 db of the dominant call frequency.   
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Variables were normalized using z-scores and analyzed in the hclust package in R 

v3.2 for Hierarchical Clustering Analysis using complete clustering method and standard 

Euclidean distances (Figure A8). Whine dominant frequency and whine fundamental 

frequency was in all cases equal, so it was removed prior to the hierarchical clustering 

analysis as well as regression models conducted in Chapter 6.  Stimulus letter IDs shown 

in this Appendix correspond to all stimulus identifiers in Chapters 6-7. 
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Figure A1. Power spectra of natural calls [A-C] used in the studies presented. 
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Figure A2. Power spectra of natural calls [D-F] used in the studies presented. 
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Figure A3. Power spectra of natural calls [G-I] used in the studies presented. 
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Figure A4. Waveforms and Spectrograms of natural calls [A-C] used in the studies 

presented. 
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Figure A5. Waveforms and Spectrograms of natural calls [D-F] used in the studies 

presented. 
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Figure A6. Waveforms and Spectrograms of natural calls [G-I] used in the studies 

presented. 
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Figure A7. Schematic identifying call variables analyzed. 
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Figure A8. Clustering analysis of natural call stimuli. 

 

 

 

Hierarchical Clustering Analysis (HCA) of 14 call attributes composing complex call 

stimuli used in the experiments.  Variable abbreviations refer to the call component [call= 

whole call; w=whine only; ck=chuck only] and measurement [RMS= total energy; fund= 

fundamental frequency (Hz); Wcrel= ratio of chuck/whine relative amplitude; Dom= 

dominant frequency (Hz); BW= bandwidth ±12dB of dominant frequency; Dur= duration 

(ms); Peak= time of peak amplitude [ms]. 
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Table A1. Raw call analysis, temporal variables and amplitude. 

 

Stimulus 

RMS 
Ampl 
Whole 

RMS 
Ampl 
Whine 

RMS 
Ampl 
Chuck 

WC 
Rel 
Amp 

Duration 
Whole 

Duration 
Whine 

Duration 
Chuck 

Peak Time 

Ampl 
Whine 

C 1908.1 2068.6 1123.5 1.23 0.41 0.326 0.085 0.026 

I 1852.2 2062.1 1009.4 1.13 0.489 0.371 0.118 0.098 

H 1924.1 2038.5 1123.9 1.32 0.404 0.34 0.064 0.12 

A 2124.3 2155.6 1954.3 2.08 0.398 0.326 0.07 0.07 

B 1530.5 1637.6 1020.7 0.96 0.447 0.36 0.087 0.14 

D 1865.3 1960.5 299.7 0.31 0.432 0.392 0.04 0.033 

G 1695.7 1811.4 983 0.94 0.347 0.286 0.061 0.012 

F 1901.3 2042.1 1072.6 1.11 0.337 0.286 0.051 0.05 

E 1437.2 1535.6 200.7 0.17 0.388 0.342 0.045 0.031 

 

 

Table A2. Raw call analysis, spectral variables.  

 

Stimulus 

Dom 
Hz 

Whole 

Dom 
Hz 

Whine 

Dom 
Hz 

Chuck 

Hz Range 
±12db 

Call 

Fund 
Hz 

Whine 

Fund 
Hz 

Chuck 

C 549 576 2863 2153 576 441 
I 552 616 2519 61 616 457 
H 605 639 2799 1892 639 440 
A 602 628 2799 2369 628 463 
B 603 637 2307 1787 637 420 
D 528 540 1550 1614 540 398 
G 606 624 2980 2408 624 452 
F 630 660 3079 37 660 512 
E 479 511 1259 48.5 511 430 

FFT (Blackmann-harris, 1024 size); signals filtered below 150 and above 5500 Hz. 

 

  



 211 

 

Bibliography 

 

Akre KL, Farris HE, Lea AM, Page RA, Ryan MJ, 2011. Signal perception in frogs and 

bats and the evolution of mating signals. Science 333:751-752. doi: 

10.1126/science.1205623. 

Akre KL, Ryan MJ, 2010a. Complexity Increases Working Memory for Mating Signals. 

Current Biology 20:502-505. doi: http://dx.doi.org/10.1016/j.cub.2010.01.021. 

Akre KL, Ryan MJ, 2010b. Proximity‐dependent Response to Variably Complex Mating 

Signals in Túngara Frogs (Physalaemus pustulosus). Ethology 116:1138-1145. 

Akre KL, Ryan MJ, 2011. Female tungara frogs elicit more complex mating signals from 

males. Behavioral Ecology 22:846-853. doi: 10.1093/beheco/arr065. 

Alem S, Clanet C, Party V, Dixsaut A, Greenfield MD, 2015. What determines lek size? 

Cognitive constraints and per capita attraction of females limit male aggregation 

in an acoustic moth. Animal Behaviour 100:106-115. doi: 

http://dx.doi.org/10.1016/j.anbehav.2014.11.021. 

Andersson M, editor 1994. Sexual Selection. Princeton: Princeton University Press. 

Andersson M, Simmons LW, 2006. Sexual selection and mate choice. Trends in Ecology 

& Evolution 21:296-302. doi: 10.1016/j.tree.2006.03.015. 

Arak A, 1988. Female mate selection in the natterjack toad: active choice or passive 

atraction? Behavioral Ecology and Sociobiology 22:317-327. doi: 

10.1007/bf00295100. 

Ariely D, Wallsten TS, 1995. Seeking subjective dominance in multidimensional space: 

An explanation of the asymmetric dominance effect. Organizational Behavior and 

Human Decision Processes 63:223-232. doi: 10.1.1.20.1021. 

Bailey NW, Moore AJ, 2012. Runaway sexual selection without genetic correlations: 

social environments and flexible mate choice initiate and enhance the fisher 

process. Evolution 66:2674-2684. doi: 10.1111/j.1558-5646.2012.01647.x. 



 212 

Bailey NW, Zuk M, 2009. Field crickets change mating preferences using remembered 

social information. Biology Letters 5:449-451. doi: 10.1098/rsbl.2009.0112. 

Baker JM, 1992. Body condition and tail height in great crested newts, Triturus cristatus. 

Animal Behaviour 43:157-159. 

Basolo AL, 1998. Evolutionary change in a receiver bias: a comparison of female 

preference functions. 

Bates ME, Cropp BF, Gonchar M, Knowles J, Simmons JA, Simmons AM, 2010. Spatial 

location influences vocal interactions in bullfrog choruses. The Journal of the 

Acoustical Society of America 127:2664-2677. doi: 10.1121/1.3308468. 

Bateson M, Healy SD, 2005. Comparative evaluation and its implications for mate 

choice. Trends in Ecology & Evolution 20:659-664. doi: 

10.1016/j.tree.2005.08.013. 

Baugh AT, Ryan MJ, 2009. Female túngara frogs vary in commitment to mate choice. 

Behavioral Ecology 20:1153-1159. doi: 10.1093/beheco/arp120. 

Baugh AT, Ryan MJ, 2010. Temporal updating during phonotaxis in male tungara frogs 

(Physalaemus pustulosus). Amphibia-Reptilia 31:449-454. doi: 

10.1163/017353710x518388. 

Beach FA, 1979. Animal models for human sexuality. In: Potter R, Whelan J, editors. 

Sex, Hormones and Behavior Amsterdam: Excerpta Medica. p. 113-143. 

Bee MA, 2003. A test of the" dear enemy effect" in the strawberry dart-poison frog 

(Dendrobates pumilio). Behavioral Ecology and Sociobiology 54:601-610. 

Bee MA, 2007a. Selective phonotaxis by male wood frogs (Rana sylvatica) to the sound 

of a chorus. Behavioral Ecology and Sociobiology 61:955-966. doi: 

10.1007/s00265-006-0324-8. 

Bee MA, 2007b. Sound source segregation in grey treefrogs: spatial release from 

masking by the sound of a chorus. Animal Behaviour 74:549-558. doi: 

http://dx.doi.org/10.1016/j.anbehav.2006.12.012. 

Bee MA, 2008. Finding a mate at a cocktail party: spatial release from masking improves 

acoustic mate recognition in grey treefrogs. Animal Behaviour 75:1781-1791. doi: 

http://dx.doi.org/10.1016/j.anbehav.2007.10.032. 



 213 

Bee MA, Gerhardt HC, 2001. Neighbour-stranger discrimination by territorial male 

bullfrogs (Rana catesbeiana): II. Perceptual basis. Animal Behaviour 62:1141-

1150. doi: 10.1006/anbe.2001.1852. 

Beehler BM, Foster MS, 1988. Hotshots, hotspots, and female preference in the 

organization of lek mating systems. American Naturalist 131:203-219. doi: 

10.1086/284786. 

Bell AM, Hankison SJ, Laskowski KL, 2009. The repeatability of behaviour: a meta-

analysis. Animal behaviour 77:771-783. 

Berglund A, Bisazza A, Pilastro A, 1996. Armaments and ornaments: an evolutionary 

explanation of traits of dual utility. Biological Journal of the Linnean Society 

58:385-399. doi: 10.1111/j.1095-8312.1996.tb01442.x. 

Bernal XE, Akre KL, Baugh AT, Rand AS, Ryan MJ, 2009a. Female and male 

behavioral response to advertisement calls of graded complexity in tungara frogs, 

Physalaemus pustulosus. Behavioral Ecology and Sociobiology 63:1269-1279. 

doi: 10.1007/s00265-009-0795-5. 

Bernal XE, Page RA, Rand AS, Ryan MJ, 2007a. Natural history miscellany - Cues for 

eavesdroppers: Do frog calls indicate prey density and quality? American 

Naturalist 169:409-415. 

Bernal XE, Page RA, Ryan MJ, Argo IV T, Wilson PS, 2009b. Acoustic radiation 

patterns of mating calls of the túngara frog (Physalaemus pustuosus): Implications 

for multiple receivers. The Journal of the Acoustical Society of America 

126:2757-2767. 

Bernal XE, Rand AS, Ryan MJ, 2007b. Sex differences in response to nonconspecific 

advertisement calls: receiver permissiveness in male and female tungara frogs. 

Animal Behaviour 73:955-964. doi: 10.1016/j.anbehav.2006.10.018. 

Bernal XE, Rand AS, Ryan MJ, 2007c. Sexual differences in the behavioral response of 

tungara frogs, Physalaemus pustulosus, to cues associated with increased 

predation risk. Ethology 113:755-763. doi: 10.1111/j.1439-0310.2007.01374.x. 



 214 

Bernal XE, Rand AS, Ryan MJ, 2009c. Task differences confound sex differences in 

receiver permissiveness in tungara frogs. Proceedings of the Royal Society B-

Biological Sciences 276:1323-1329. doi: 10.1098/rspb.2008.0935. 

Birnbaum MH, Bahra JP, 2012. Separating response variability from structural 

inconsistency to test models of risky decision making. Judgment and Decision 

Making 7:402-426. 

Birnbaum MH, Patton JN, Lott MK, 1999. Evidence against rank-dependent utility 

theories: Tests of cumulative independence, interval independence, stochastic 

dominance, and transitivity. Organizational Behavior and Human Decision 

Processes 77:44-83. doi: 10.1006/obhd.1998.2816. 

Bonachea LA, Ryan MJ, 2011. Predation risk increases permissiveness for heterospecific 

advertisement calls in túngara frogs, Physalaemus pustulosus. Animal Behaviour 

82:347-352. 

Booksmythe I, Detto T, Backwell PRY, 2008. Female fiddler crabs settle for less: the 

travel costs of mate choice. Animal Behaviour 76:1775-1781. doi: 

http://dx.doi.org/10.1016/j.anbehav.2008.07.022. 

Bosch J, Boyero L, 2006. Female Iberian midwife toads (Alytes cisternasii) use call order 

to reach particular males in dense choruses. Journal of Ethology 24:291-295. doi: 

10.1007/s10164-005-0191-1. 

Bosch J, Marquez R, 2002. Female preference function related to precedence effect in an 

amphibian anuran (Alytes cisternasii): tests with non-overlapping calls. 

Behavioral Ecology 13:149-153. doi: 10.1093/beheco/13.2.149. 

Bosch J, Marquez R, Boyero L, 2003. Behavioural patterns, preference, and motivation 

of female midwife toads during phonotaxis tests. Journal of Ethology 21:61-66. 

doi: 10.1007/s10164-002-0077-4. 

Bosch J, Rand AS, Ryan MJ, 2000. Acoustic competition in Physalaemus pustulosus, a 

differential response to calls of relative frequency. Ethology 106:865-871. 

Bowler DE, Benton TG, 2005. Causes and consequences of animal dispersal strategies: 

relating individual behaviour to spatial dynamics. Biological Reviews 80:205-

225. doi: 10.1017/s1464793104006645. 



 215 

Bradbury JW, 1981. The evolution of leks. In: Alexander RD, Tinkle D, editors. Natural 

selection and social behavior New York: Chiron Press. p. 138-169. 

Bradbury JW, Davies NB, 1987. Relative roles of intra- and intersexual selection. In: 

Andersson M, editor. Sexual selection: Testing the alternatives Chichester: John 

Wiley. p. 143-163. 

Bradbury JW, Gibson RM, 1983. Leks and mate choice. In: Bateson P, editor. Mate 

Choice: Cambridge University Press. p. 109-138. 

Bro-Jorgensen J, 2002. Overt female mate competition and preference for central males 

in a lekking antelope. Proceedings of the National Academy of Sciences of the 

United States of America 99:9290-9293. doi: 10.1073/pnas.142125899. 

Bro-Jørgensen J, 2008. The impact of lekking on the spatial variation in payoffs to 

resource-defending topi bulls, Damaliscus lunatus. Animal Behaviour 75:1229-

1234. doi: http://dx.doi.org/10.1016/j.anbehav.2007.06.010. 

Bro-Jørgensen J, 2010. Dynamics of multiple signalling systems: animal communication 

in a world in flux. Trends in Ecology & Evolution 25:292-300. 

Bucher TL, Ryan MJ, Bartholomew GA, 1982. Oxygen consumption during resting, 

calling, and nest building in the frog Physalaemus pustulosus. Physiological 

Zoology:10-22. 

Burmeister S, Somes C, Wilczynski W, 2001. Behavioral and hormonal effects of 

exogenous vasotocin and corticosterone in the green treefrog. General and 

comparative endocrinology 122:189-197. 

Burmeister SS, Wilczynski W, 2001. Social context influences androgenic effects on 

calling in the green treefrog (Hyla cinerea). Hormones and Behavior 40:550-558. 

Busemeyer JR, Townsend JT, 1993. Decision field-theory - A dynamics cognitive 

approach to decision-making in an uncertain environment Psychological Review 

100:432-459. doi: 10.1037/0033-295x.100.3.432. 

Cade WH, 1981. Field cricket spacing, and the phonotaxis of crickets and parasitoid flies 

to clumped and isolated cricket songs. Zeitschrift Fur Tierpsychologie-Journal of 

Comparative Ethology 55:365-375. 



 216 

Callander S, Hayes CL, Jennions MD, Backwell PRY, 2013. Experimental evidence that 

immediate neighbors affect male attractiveness. Behav Ecol 24:730-733. doi: 

10.1093/beheco/ars208. 

Candolin U, 2003. The use of multiple cues in mate choice. Biological Reviews 78:575-

595. 

Castellano S, 2009. Unreliable preferences, reliable choice and sexual selection in leks. 

Animal Behaviour 77:225-232. doi: 10.1016/j.anbehav.2008.09.017. 

Castellano S, 2015. Bayes' rule and bias roles in the evolution of decision making. 

Behavioral Ecology 26:282-292. doi: 10.1093/beheco/aru188. 

Castellano S, Cadeddu G, Cermelli P, 2012. Computational mate choice: Theory and 

empirical evidence. Behavioural Processes 90:261-277. doi: 

10.1016/j.beproc.2012.02.010. 

Castellano S, Cermelli P, 2011. Sampling and assessment accuracy in mate choice: A 

random-walk model of information processing in mating decision. Journal of 

Theoretical Biology 274:161-169. doi: 10.1016/j.jtbi.2011.01.001. 

Castellano S, Marconi V, Zanollo V, Berto G, 2009a. Alternative mating tactics in the 

Italian treefrog, Hyla intermedia. Behavioral Ecology and Sociobiology 63:1109-

1118. doi: 10.1007/s00265-009-0756-z. 

Castellano S, Zanollo V, Marconi V, Berto G, 2009b. The mechanisms of sexual 

selection in a lek-breeding anuran, Hyla intermedia. Animal Behaviour 77:213-

224. doi: 10.1016/j.anbehav.2008.08.035. 

Clemens J, Kramer S, Ronacher B, 2014. Asymmetrical integration of sensory 

information during mating decisions in grasshoppers. Proceedings of the National 

Academy of Sciences of the United States of America 111:16562-16567. doi: 

10.1073/pnas.1412741111. 

Clutton-Brock T, 1982. The functions of antlers. Behaviour 79:108-124. 

Cluttonbrock TH, Price OF, Maccoll ADC, 1992. Mate retention, harassment, and the 

evolution of ungulate leks. Behavioral Ecology 3:234-242. doi: 

10.1093/beheco/3.3.234. 



 217 

Cooper WS, 1987. Decision-theory as a branch of evolutionary theory: A biological 

derivation of the Savage axioms. Psychological Review 94:395-411. doi: 

10.1037/0033-295x.94.4.395. 

Cooper WS, 1989. How evolutionary biology challenges the classical theory of rational 

choice. Biology & Philosophy 4:457-481. doi: 10.1007/bf00162590. 

Cornwallis CK, Uller T, 2010. Towards an evolutionary ecology of sexual traits. Trends 

in Ecology & Evolution 25:145-152. doi: 10.1016/j.tree.2009.09.008. 

Cotton S, Small J, Pomiankowski A, 2006. Sexual selection and condition-dependent 

mate preferences. Current Biology 16:R755-R765. 

Cowen T, 2004. How Do Economists Think About Rationality?: Cambridge University 

Press. 

Crowley PH, Travers SE, Linton MC, Cohn SL, Sih A, Sargent RC, 1991. Mate density, 

predation risk, and the seasonal sequence of mate choices-a dynamic game. 

American Naturalist 137:567-596. doi: 10.1086/285184. 

Danchin É, Giraldeau L-A, Valone TJ, Wagner RH, 2004. Public Information: From 

Nosy Neighbors to Cultural Evolution. Science 305:487-491. doi: 

10.1126/science.1098254. 

Darden SK, Croft DP, 2008. Male harassment drives females to alter habitat use and 

leads to segregation of the sexes. Biology Letters 4:449-451. doi: 

10.1098/rsbl.2008.0308. 

Dechaume-Moncharmont FX, Freychet M, Motreuil S, Ceezilly F, 2013. Female mate 

choice in convict cichlids is transitive and consistent with a self-referent 

directional preference. Front Zool 10. doi: 10.1186/1742-9994-10-69. 

Dijkstra PD, Van der Zee EM, Groothuis TGG, 2008. Territory quality affects female 

preference in a Lake Victoria cichlid fish. Behavioral Ecology and Sociobiology 

62:747-755. doi: 10.1007/s00265-007-0500-5. 

Doutrelant C, McGregor PK, Oliveira RF, 2001. The effect of an audience on intrasexual 

communication in male Siamese fighting fish, Betta splendens. Behavioral 

Ecology 12:283-286. 



 218 

Droney DC, 1994. Tests of hypotheses for lek formation in a hawaiian Drosophila. 

Animal Behaviour 47:351-361. doi: 10.1006/anbe.1994.1048. 

DuVal EH, Kempenaers B, 2008. Sexual selection in a lekking bird: the relative 

opportunity for selection by female choice and male competition. Proceedings of 

the Royal Society Biological Sciences Series B 275:1995-2003. doi: 

10.1098/rspb.2008.0151. 

Emerson SB, Hess DL, 2001. Glucocorticoids, androgens, testis mass, and the energetics 

of vocalization in breeding male frogs. Hormones and Behavior 39:59-69. doi: 

10.1006/hbeh.2000.1635. 

Emlen ST, 1976. Lek organization and mating strategies in the bullfrog. Behavioral 

Ecology and Sociobiology 1:283-313. 

Emlen ST, Oring LW, 1977. Ecology, sexual selection, and the evolution of mating 

systems. Science 197:215-223. 

Fang GZ, Jiang F, Yang P, Cui JG, Brauth SE, Tang YZ, 2014. Male vocal competition is 

dynamic and strongly affected by social contexts in music frogs. Animal 

Cognition 17:483-494. doi: 10.1007/s10071-013-0680-5. 

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

on phonotaxis in tungara frogs: Evidence for auditory grouping. Brain Behav Evol 

60:181-188. doi: 10.1159/000065937. 

Farris HE, Ryan MJ, 2011. Relative comparisons of call parameters enable auditory 

grouping in frogs. Nature Communications 2. doi: 10.1038/ncomms1417. 

Fiske P, Rintamäki PT, Karvonen E, 1998. Mating success in lekking males: a meta-

analysis. Behavioral Ecology 9:328-338. 

Fowler-Finn KD, Rodríguez RL, 2013. Repeatability of mate preference functions in 

Enchenopa treehoppers (Hemiptera: Membracidae). Animal Behaviour 85:493-

499. doi: http://dx.doi.org/10.1016/j.anbehav.2012.12.015. 

Fraley C, Raftery AE, Murphy TB, Scrucca L, 2012. mclust Version 4 for R: Normal 

Mixture Modeling for Model-Based Clustering, Classification, and Density 

Estimation. Technical Report No 597: Department of Statistics, University of 

Washington. 



 219 

Freeberg TM, Dunbar RIM, Ord TJ, 2012. Social complexity as a proximate and ultimate 

factor in communicative complexity Introduction. Philosophical Transactions of 

the Royal Society B-Biological Sciences 367:1785-1801. doi: 

10.1098/rstb.2011.0213. 

Friedl TWP, Klump GM, 2005. Sexual selection in the lek-breeding European treefrog: 

body size, chorus attendance, random mating and good genes. Animal Behaviour 

70:1141-1154. doi: 10.1016/j.anbehav.2005.01.01. 

Gasparini C, Serena G, Pilastro A, 2013. Do unattractive friends make you look better? 

Context-dependent male mating preferences in the guppy. Proc R Soc B-Biol Sci 

280. doi: 10.1098/rspb.2012.3072. 

Gerhardt HC, 1991. Female mate choice in treefrogs: static and dynamic acoustic criteria. 

Animal Behaviour 42:615-635. doi: 10.1016/s0003-3472(05)80245-3. 

Gerhardt HC, Huber F, 2002. Acoustic Communication in Insects and Anurans. Chicago: 

The University of Chicago Press. 

Gonzalez-Vallejo C, 2002. Making trade-offs: A probabilistic and context-sensitive 

model of choice behavior. Psychological Review 109:137-154. doi: 

10.1037//0033-295x.109.1.137. 

Goodson JL, Bass AH, 2001. Social behavior functions and related anatomical 

characteristics of vasotocin/vasopressin systems in vertebrates. Brain Research 

Reviews 35:246-265. 

Goutte S, Kime NM, Argo TF, Ryan MJ, 2010. Calling strategies of male tungara frogs 

in response to dynamic playback. Behaviour 147:65-83. doi: 

10.1163/000579509x12483520922205. 

Grafe UT, editor 2005. Anuran choruses as communication networks. Cambridge: 

Cambridge University Press. 

Grafen A, 1990. Biological signals as handicaps. Journal of Theoretical Biology 144:517-

546. doi: 10.1016/s0022-5193(05)80088-8. 

Green AJ, 1990. Determinants of chorus participation and the effects of size, weight and 

competition on advertisement calling in the tungara frog, Physalaemus pustulosus 

(Leptodactylidae). Animal Behaviour 39:620-638. 



 220 

Greenfield MD, 2015. Signal interactions and interference in insect choruses: singing and 

listening in the social environment. Journal of Comparative Physiology A 

201:143-154. 

Greenfield MD, Rand AS, 2000. Frogs have rules: Selective attention algorithms regulate 

chorusing in Physalaemus Pustulosus (Leptodactylidae). Ethology 106:331-347. 

Greenfield MD, Siegfreid E, Snedden WA, 2004. Variation and repeatability of female 

choice in a chorusing katydid, Ephippiger ephippiger: an experimental exploration 

of the precedence effect. Ethology 110:287-299. 

Gridi-Papp M, Rand AS, Ryan MJ, 2006. Animal communication: complex call 

production in the túngara frog. Nature 441:38-38. 

Griggio M, Hoi H, Lukasch B, Pilastro A, 2016. Context-dependent female preference 

for multiple ornaments in the bearded reedling. Ecol Evol 6:493-501. doi: 

10.1002/ece3.1903. 

Hagelin JC, Ligon JD, 2001. Female quail prefer testosterone-mediated traits, rather than 

the ornate plumage of males. Animal Behaviour 61:465-476. doi: 

10.1006/anbe.2000.1618. 

Halfwerk W, Lea AM, Guerra MA, Page RA, Ryan MJ, 2015. Vocal responses to noise 

reveal the presence of the Lombard effect in a frog. Behavioral Ecology. doi: 

10.1093/beheco/arv204. 

Hamilton WD, 1971. Geometry for the selfish herd. Journal of theoretical Biology 

31:295-311. 

Hanski I, 1999. Metapopulation ecology. Oxford: Oxford University Press. 

Hayes JP, Jenkins SH, 1997. Individual Variation in Mammals. Journal of Mammalogy 

78:274-293. doi: 10.2307/1382882. 

Hedrick AV, Kortet R, 2012. Effects of body size on selectivity for mating cues in 

different sensory modalities. Biological Journal of the Linnean Society 105:160-

168. doi: 10.1111/j.1095-8312.2011.01786.x. 

Höbel G, 2015. Female discrimination thresholds frequently exceed local male display 

variation: implications for mate choice dynamics and sexual selection. J Evol 

Biol. doi: 10.1111/jeb.12806. 



 221 

Höbel G, 2011. Variation in signal timing behavior: implications for male attractiveness 

and sexual selection. Behavioral Ecology and Sociobiology 65:1283-1294. 

Hofmann HA, Beery AK, Blumstein DT, Couzin ID, Earley RL, Hayes LD, Hurd PL, 

Lacey EA, Phelps SM, Solomon NG, Taborsky M, Young LJ, Rubenstein DR, 

2014. An evolutionary framework for studying mechanisms of social behavior. 

Trends in Ecology & Evolution 29:581-589. doi: 10.1016/j.tree.2014.07.008. 

Höglund J, Atalo RV, editors. 1995. Leks: Princeton University Press. 

Hoke KL, Ryan MJ, Wilczynski W, 2008. Candidate neural locus for sex differences in 

reproductive decisions. Biology Letters 4:518-521. doi: 10.1098/rsbl.2008.0192. 

Holveck MJ, Geberzahn N, Riebel K, 2011. An Experimental Test of Condition-

Dependent Male and Female Mate Choice in Zebra Finches. Plos One 6. doi: 

10.1371/journal.pone.0023974. 

Holyoak M, Leibold M, Mouquet N, Holt R, Hoopes M, 2005. A framework for large-

scale community ecology. In: Holyoak M, Leibold M, editors. Metacommunities: 

spatial dynamics and ecological communities Chicago: University of Chicago 

Press. p. 1-32. 

Hovi M, Alatalo RV, Hoglund J, Lundberg A, Rintamaki PT, 1994. Lek center attracts 

black grouse females. Proceedings of the Royal Society of London Series B-

Biological Sciences 258:303-305. doi: 10.1098/rspb.1994.0177. 

Humfeld SC, 2008. Intersexual dynamics mediate the expression of satellite mating 

tactics: unattractive males and parallel preferences. Animal Behaviour 75:205-

215. doi: 10.1016/j.anbehav.2007.05.015. 

Humfeld SC, Marshall VT, Bee MA, 2009. Context-dependent plasticity of aggressive 

signalling in a dynamic social environment. Animal Behaviour 78:915-924. doi: 

10.1016/j.anbehav.2009.06.028. 

Hunt J, Breuker CJ, Sadowski JA, Moore AJ, 2009. Male-male competition, female mate 

choice and their interaction: determining total sexual selection. J Evol Biol 22:13-

26. doi: 10.1111/j.1420-9101.2008.01633.x. 



 222 

Ishii S, Itoh M, 1992. Amplexus induces surge of luteinizing-hormone in male toads, 

Bufo japonicus. General and Comparative Endocrinology 86:34-41. doi: 

10.1016/0016-6480(92)90123-2. 

Iwasa Y, Pomiankowski A, 1994. The Evolution of Mate Preferences for Multiple Sexual 

Ornaments. Evolution 48:853-867. doi: 10.2307/2410492. 

Janetos AC, 1980. Strategies of Female Mate Choice: A Theoretical Analysis. Behavioral 

Ecology and Sociobiology 7:107-112. 

Jang Y, 2011. Male Responses to Conspecific Advertisement Signals in the Field Cricket 

Gryllus rubens (Orthoptera: Gryllidae). Plos One 6. doi: 

10.1371/journal.pone.0016063. 

Jang YW, Greenfield MD, 1998. Absolute versus relative measurements of sexual 

selection: Assessing the contributions of ultrasonic signal characters to mate 

attraction in lesser wax moths, Achroia grisella (Lepidoptera : Pyralidae). 

Evolution 52:1383-1393. doi: 10.2307/2411308. 

Jennions MD, Backwell PRY, Passmore NI, 1995. Repeatability of mate choice: the 

effect of size in the African painted reed frog, Hyperolius marmoratus. Animal 

Behaviour 49:181-186. doi: http://dx.doi.org/10.1016/0003-3472(95)80165-0. 

Jennions MD, Petrie M, 1997. Variation in mate choice and mating preferences: A review 

of causes and consequences. Biological Reviews 72:283-327. doi: 

10.1017/s0006323196005014. 

Jones DL, Jones RL, Ratnam R, 2014. Calling dynamics and call synchronization in a 

local group of unison bout callers. Journal of Comparative Physiology A 200:93-

107. 

Kacelnik A, 2006. Meanings of rationality. In: Hurley SL, Nudds M, editors. Rational 

Animals?: Oxford University Press. 

Kahneman D, 2003. Maps of Bounded Rationality: Psychology for Behavioral 

Economics. American Economic Review 93:1449-1475. doi: doi: 

10.1257/000282803322655392. 

Kahneman D, Tversky A, 1979. Prospect theory - Analysis of decision under risk. 

Econometrica 47:263-291. doi: 10.2307/1914185. 



 223 

Kelley LA, Kelley JL, 2014. Animal visual illusion and confusion: the importance of a 

perceptual perspective. Behavioral Ecology 25:450-463. doi: 

10.1093/beheco/art118. 

Kerr B, Riley MA, Feldman MW, Bohannan BJM, 2002. Local dispersal promotes 

biodiversity in a real-life game of rock-paper-scissors. Nature 418:171-174. 

Kiflawi M, Gray DA, 2000. Size–dependent response to conspecific mating calls by male 

crickets. Proceedings of the Royal Society of London Series B: Biological 

Sciences 267:2157-2161. 

Kime NM, Rand AS, Kapfer M, Ryan MJ, 1998. Consistency of female choice in the 

túngara frog: a permissive preference for complex characters. Animal Behaviour 

55:641-649. doi: http://dx.doi.org/10.1006/anbe.1997.0752. 

Kime NM, Whitney TK, Davis ES, Marler CA, 2007. Arginine vasotocin promotes 

calling behavior and call changes in male túngara frogs. Brain, behavior and 

evolution 69:254-265. 

Kirkpatrick M, 1982. Sexual selection and the evolution of female choice. Evolution:1-

12. 

Kirkpatrick M, 1987. Sexual Selection by Female Choice in Polygynous Animals. Annu 

Rev Ecol Syst 18:43-70. 

Kirkpatrick M, 1996. Good genes and direct selection in evolution of mating preferences. 

Evolution 50:2125-2140. doi: 10.2307/2410684. 

Kirkpatrick M, Rand AS, Ryan MJ, 2006. Mate choice rules in animals. Animal 

Behaviour 71:1215-1225. doi: 10.1016/j.anbehav.2005.11.010. 

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

the lek. Nature 350:33-38. 

Kodric-Brown A, Nicoletto PF, 2001. Female choice in the guppy (Poecilia reticulata): 

the interaction between male color and display. Behavioral Ecology and 

Sociobiology 50:346-351. 

Kokko H, Heubel K, 2008. Condition-dependence, genotype-by-environment interactions 

and the lek paradox. Genetica 134:55-62. doi: 10.1007/s10709-008-9249-7. 



 224 

Kokko H, Lindstrom J, Alatalo RV, Rintamaki PT, 1998. Queuing for territory positions 

in the lekking black grouse (Tetrao tetrix). Behavioral Ecology 9:376-383. doi: 

10.1093/beheco/9.4.376. 

Kokko H, Rintamaki PT, Alatalo RV, Hoglund J, Karvonen E, Lundberg A, 1999. 

Female choice selects for lifetime lekking performance in black grouse males. 

Proceedings of the Royal Society of London Series B-Biological Sciences 

266:2109-2115. 

Kotiaho JS, Simmons LW, Tomkins JL, 2001. Towards a resolution of the lek paradox. 

Nature 410:684-686. 

Kozak GM, Head ML, Lackey ACR, Boughman JW, 2013. Sequential mate choice and 

sexual isolation in threespine stickleback species. Journal of Evolutionary Biology 

26:130-140. doi: 10.1111/jeb.12034. 

Kremer I, Skrzypacz A, 2007. Dynamic signaling and market breakdown. Journal of 

Economic Theory 133:58-82. doi: 10.1016/j.jet.2005.08.004. 

Kuczynski MC, Storks L, Gering E, Getty T, 2016. Male treefrogs in low condition 

resume signaling faster following simulated predator attack. Behavioral Ecology 

and Sociobiology:1-9. doi: 10.1007/s00265-015-2054-2. 

Laird RA, Schamp BS, 2009. Species coexistence, intransitivity, and topological 

variation in competitive tournaments. Journal of Theoretical Biology 256:90-95. 

doi: http://dx.doi.org/10.1016/j.jtbi.2008.09.017. 

Laland KN, Odling-Smee FJ, Feldman MW, 1999. Evolutionary consequences of niche 

construction and their implications for ecology. Proceedings of the National 

Academy of Sciences 96:10242-10247. 

Lampert KP, Rand AS, Mueller UG, Ryan MJ, 2003. Fine‐scale genetic pattern and 

evidence for sex‐biased dispersal in the túngara frog, Physalaemus pustulosus. 

Molecular Ecology 12:3325-3334. 

Lande R, 1981. Models of speciation by sexual selection on polygenic traits. Proceedings 

of the National Academy of Sciences of the United States of America-Biological 

Sciences 78:3721-3725. doi: 10.1073/pnas.78.6.3721. 



 225 

Lea AM, Ryan MJ, 2015. Irrationality in mate choice revealed by túngara frogs. Science 

349:964-966. 

Lea J, Dyson M, Halliday T, 2002. Phonotaxis to advertisement calls by midwife toads 

(Alytes muletensis) is not necessarily related to mating. Amphibia-Reptilia 

23:151-159. doi: 10.1163/156853802760061796. 

Leary CJ, Fox DJ, Shepard DB, Garcia AM, 2005. Body size, age, growth and alternative 

mating tactics in toads: satellite males are smaller but not younger than calling 

males. Animal Behaviour 70:663-671. 

Leonard AS, Hedrick AV, 2009. Male and female crickets use different decision rules in 

response to mating signals. Behavioral Ecology 20:1175-1184. doi: 

10.1093/beheco/arp115. 

Litovsky RY, Colburn HS, Yost WA, Guzman SJ, 1999. The precedence effect. The 

Journal of the Acoustical Society of America 106:1633-1654. doi: 

doi:http://dx.doi.org/10.1121/1.427914. 

Llusia D, Marquez R, Beltran JF, Moreira C, do Amaral JP, 2013. Environmental and 

social determinants of anuran lekking behavior: intraspecific variation in 

populations at thermal extremes. Behavioral Ecology and Sociobiology 67:493-

511. doi: 10.1007/s00265-012-1469-2. 

Lucas JR, Howard RD, Palmer JG, 1996. Callers and satellites: chorus behaviour in 

anurans as a stochastic dynamic game. Animal Behaviour 51:501-518. doi: 

http://dx.doi.org/10.1006/anbe.1996.0056. 

Luce RD, Suppes P, editors. 1965. Preference, utility, and subjective probability. New 

York: J. Wiley. 

Lynch KS, Rand AS, Ryan MJ, Wilczynski W, 2005. Plasticity in female mate choice 

associated with changing reproductive states. Animal Behaviour 69:689-699. doi: 

10.1016/j.anbehav.2004.06.016. 

Lynch KS, Wilczynski W, 2008. Reproductive hormones modify reception of species-

typical communication signals in a female anuran. Brain Behav Evol 71:143-150. 

doi: 10.1159/000111460. 



 226 

Lyons SM, Beaulieu M, Sockman KW, 2014. Contrast influences female attraction to 

performance-based sexual signals in a songbird. Biology Letters 10. doi: 

10.1098/rsbl.2014.0588. 

Marsh B, Kacelnik A, 2002. Framing effects and risky decisions in starlings. Proc Natl 

Acad Sci U S A 99:3352-3355. doi: 10.1073/pnas.042491999. 

Matos RJ, Schlupp I, 2005. Performing in front of an audience: signalers and the social 

environment. Animal communication networks:63-83. 

May KO, 1954. Intransitivity, utility, and the aggregation of preference patterns. 

Econometrica 22:1-13. doi: 10.2307/1909827. 

McGregor PK, Peake TM, 2000. Communication networks: social environments for 

receiving and signalling behaviour. Acta ethologica 2:71-81. 

McNamara JM, Trimmer PC, Houston AI, 2012. The Ecological Rationality of State-

Dependent Valuation. Psychological Review 119:114-119. doi: 

10.1037/a0025958. 

Mead LS, Arnold SJ, 2004. Quantitative genetic models of sexual selection. Trends in 

Ecology & Evolution 19:264-271. doi: 10.1016/j.tree.2004.03.003. 

Miller CW, Svensson EI, 2014. Sexual Selection in Complex Environments. Annual 

Review of Entomology 59:427-445. doi: doi:10.1146/annurev-ento-011613-

162044. 

Moore AJ, Moore PJ, 1999. Balancing sexual selection through opposing mate choice 

and male competition. Proceedings of the Royal Society of London B: Biological 

Sciences 266:711-716. doi: 10.1098/rspb.1999.0694. 

Moore FL, Boyd SK, Kelley DB, 2005. Historical perspective: Hormonal regulation of 

behaviors in amphibians. Hormones and Behavior 48:373-383. doi: 

10.1016/j.yhbeh.2005.05.011. 

Murphy CG, 1999. Nightly timing of chorusing by male barking treefrogs (Hyla 

gratiosa): The influence of female arrival and energy. Copeia:333-347. doi: 

10.2307/1447479. 



 227 

Murphy CG, Floyd SB, 2005. The effect of call amplitude on male spacing in choruses of 

barking treefrogs, Hyla gratiosa. Animal Behaviour 69:419-426. doi: 

10.1016/j.anbehav.2004.03.016. 

Murphy CG, Gerhardt HC, 2000. Mating preference functions of individual female 

barking treefrogs, Hyla gratiosa, for two properties of male advertisement calls. 

Evolution 54:660-669. 

Narins PM, 1982. Effects of masking noise on evoked calling in the Puerto Rican coqui 

(Anura: Leptodactylidae). Journal of Comparative Physiology A: Neuroethology, 

Sensory, Neural, and Behavioral Physiology 147:439-446. 

Niemi RG, Wright JR, 1987. Voting Cycles and the Structure of Individual Preferences. 

Social Choice and Welfare 4:173-183. 

Oh KP, Badyaev AV, 2010. Structure of Social Networks in a Passerine Bird: 

Consequences for Sexual Selection and the Evolution of Mating Strategies. 

American Naturalist 176:E80-E89. doi: 10.1086/655216. 

Oliveira RF, Lopes M, Carneiro LA, Canário AV, 2001. Watching fights raises fish 

hormone levels. Nature 409:475-475. 

Orchinik M, Murray TF, Moore FL, 1991. A corticosteroid receptor in neuronal 

membranes. Science 252:1848-1851. doi: 10.1126/science.2063198. 

Orr HA, 2007. Absolute fitness, relative fitness, and utility. Evolution 61:2997-3000. doi: 

10.1111/j.1558-5646.2007.00237.x. 

Partecke J, von Haeseler A, Wikelski M, 2002. Territory establishment in lekking marine 

iguanas, Amblyrhynchus cristatus: support for the hotshot mechanism. Behavioral 

Ecology and Sociobiology 51:579-587. doi: 10.1007/s00265-002-0469-z. 

Party V, Brunel-Pons O, Greenfield MD, 2014. Priority of precedence: receiver 

psychology, female preference for leading calls and sexual selection in insect 

choruses. Animal Behaviour 87:175-185. doi: 

http://dx.doi.org/10.1016/j.anbehav.2013.10.029. 

Patricelli GL, Krakauer AH, 2010. Tactical allocation of effort among multiple signals in 

sage grouse: an experiment with a robotic female. Behavioral Ecology 21:97-106. 

doi: 10.1093/beheco/arp155. 



 228 

Patricelli GL, Krakauer AH, McElreath R, 2011. Assets and tactics in a mating market: 

Economic models of negotiation offer insights into animal courtship dynamics on 

the lek. Current Zoology 57:225-236. 

Patricelli GL, Krakauer AH, Taff CC, 2016. Variable Signals in a Complex World: 

Shifting Views of Within-Individual Variability in Sexual Display Traits. 

Advances in the Study of Behavior: Academic Press. 

Peake T, Terry AMR, McGregor PK, Dabelsteen T, 2001. Male great tits eavesdrop on 

simulated male–to–male vocal interactions. Proceedings of the Royal Society of 

London Series B: Biological Sciences 268:1183-1187. 

Pettibone JC, Wedell DH, 2007. Testing alternative explanations of phantom decoy 

effects. Journal of Behavioral Decision Making 20:323-341. doi: 

10.1002/bdm.557. 

Pfennig KS, Rapa K, McNatt R, 2000. Evolution of male mating behavior: male 

spadefoot toads preferentially associate with conspecific males. Behavioral 

Ecology and Sociobiology 48:69-74. 

Pollack GS, 1982. Sexual differences in cricket calling song recognition. Journal of 

comparative physiology 146:217-221. 

Pomiankowski A, Moller AP, 1995. A resolution of the lek paradox. Proceedings of the 

Royal Society B-Biological Sciences 260:21-29. doi: 10.1098/rspb.1995.0054. 

Prestwich KN, 1994. The energetics of acoustic signaling in anurans and insects. 

American Zoologist 34:625-643. 

Propper CR, Dixon TB, 1997. Differential effects of arginine vasotocin and 

gonadotropin-releasing hormone on sexual behaviors in an anuran amphibian. 

Hormones and Behavior 32:99-104. doi: 10.1006/hbeh.1997.1408. 

Pruitt JN, Pinter-Wollman N, 2015. The legacy effects of keystone individuals on 

collective behaviour scale to how long they remain within a group. Proceedings of 

the Royal Society of London B: Biological Sciences 282. doi: 

10.1098/rspb.2015.1766. 



 229 

Rand AS, Ryan MJ, Wilczynski W, 1992. Signal redundancy and receiver permissiveness 

in acoustic mate recognition by the túngara frog, Physalaemus pustulosus. 

American Zoologist 32:81-90. 

Real L, 1990. Search Theory and Mate Choice. I. Models of Single-Sex Discrimination. 

The American Naturalist 136:376-405. 

Reaney LT, 2009. Female preference for male phenotypic traits in a fiddler crab: do 

females use absolute or comparative evaluation? Animal Behaviour 77:139-143. 

doi: 10.1016/j.anbehav.2008.09.019. 

Regenwetter M, Davis-Stober CP, 2012. Behavioral Variability of Choices Versus 

Structural Inconsistency of Preferences. Psychological Review 119:408-416. doi: 

10.1037/a0027372. 

Reichert MS, 2014. Playback tests and studies of animal contest dynamics: concepts and 

an example in the gray tree frog. Behavioral Ecology 25:591-603. doi: 

10.1093/beheco/aru030. 

Reichert MS, Gerhardt HC, 2014. Behavioral strategies and signaling in interspecific 

aggressive interactions in gray tree frogs. Behavioral Ecology. doi: 

10.1093/beheco/aru016. 

Reinhold K, Schielzeth H, 2015. Choosiness, a neglected aspect of preference functions: 

a review of methods, challenges and statistical approaches. Journal of 

Comparative Physiology a-Neuroethology Sensory Neural and Behavioral 

Physiology 201:171-182. doi: 10.1007/s00359-014-0963-6. 

Richardson C, Lengagne T, 2010. Multiple signals and male spacing affect female 

preference at cocktail parties in treefrogs. Proceedings of the Royal Society B-

Biological Sciences 277:1247-1252. doi: 10.1098/rspb.2009.1836. 

Ritchie MG, 1996. The shape of female mating preferences. Proceedings of the National 

Academy of Sciences 93:14628-14631. 

Roberts J, Brown C, Long D, Bates C, 2005. Acoustic mapping using a multibeam 

echosounder reveals cold-water coral reefs and surrounding habitats. Coral Reefs 

24:654-669. 



 230 

Rodriguez RL, Rebar D, Fowler-Finn KD, 2013. The evolution and evolutionary 

consequences of social plasticity in mate preferences. Animal Behaviour 85:1041-

1047. doi: 10.1016/j.anbehav.2013.01.006. 

Roelofsma P, Read D, 2000. Intransitive intertemporal choice. Journal of Behavioral 

Decision Making 13:161-177. doi: 10.1002/(sici)1099.0771. 

Rose GJ, Brenowitz EA, 1997. Plasticity of aggressive thresholds in Hyla regilladiscrete 

accommodation to encounter calls. Animal Behaviour 53:353-361. 

Rosner B, 2014. Fundamentals of Biostatistics . 2006. Duxbury Press: Boston. 

Rowe C, 1999. Receiver psychology and the evolution of multicomponent signals. 

Animal Behaviour 58:921-931. doi: http://dx.doi.org/10.1006/anbe.1999.1242. 

Rowe L, Houle D, 1996. The lek paradox and the capture of genetic variance by 

condition dependent traits. Proceedings of the Royal Society B-Biological 

Sciences 263:1415-1421. doi: 10.1098/rspb.1996.0207. 

Royle NJ, Lindström J, Metcalfe NB, 2008. Context-dependent mate choice in relation to 

social composition in green swordtails Xiphophorus helleri. Behavioral Ecology 

19:998-1005. 

Ryan MJ, 1980. Female mate choice in a neotropical frog. Science 209:523-525. 

Ryan MJ, 1985. The túngara frog: a study in sexual selection and communication: 

University of Chicago Press. 

Ryan MJ, 2010. The túngara frog: A model for sexual selection and communication. In: 

Breed MD, Moore AJ, editors. Encyclopedia of Animal Behavior Oxford: 

Academic Press. p. 453-461. 

Ryan MJ, 2011. Sexual selection: A tutorial from the tungara frog. In: Losos JB, editor. 

In Light of Evolution, Essays from the Laboratory and Field Greenwood Villiage, 

CO: Roberts and Company. p. 185-203. 

Ryan MJ, Akre KL, Kirkpatrick M, editors. 2009. Cognitive Mate Choice. Chicago: 

University of Chicago Press. 

Ryan MJ, Cummings ME, Futuyma D, 2005. Animal signals and the overlooked costs of 

efficacy. Evolution 59:1160-1161. 



 231 

Ryan MJ, Perrill SA, Wilczynski W, 1992. Auditory Tuning and Call Frequency Predict 

Population-Based Mating Preferences in the Cricket Frog, Acris crepitans. The 

American Naturalist 139:1370-1383. doi: doi:10.1086/285391. 

Ryan MJ, Rand AS, 1998. Evoked vocal response in male tungara frogs: pre-existing 

biases in male responses? Animal Behaviour 56:1509-1516. doi: 

10.1006/anbe.1998.0928. 

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

tungara frogs perceive and respond to complex population variation in acoustic 

mating signals. Evolution 57:2608-2618. doi: 10.1554/02-762  

Ryan MJ, Tuttle MD, Taft LK, 1981. The costs and benefits of frog chorusing behavior. 

Behavioral Ecology and Sociobiology 8:273-278. doi: 10.1007/bf00299526. 

Sasaki T, Pratt SC, 2011. Emergence of group rationality from irrational individuals. 

Behavioral Ecology 22:276-281. doi: 10.1093/beheco/arq198. 

Schlupp I, Marler C, Ryan MJ, 1994. Benefit to male sailfin mollies of mating with 

heterospecific females. Science 263:373-374. 

Schoemaker PJH, 1982. The Expected Utility Model: Its Variants, Purposes, Evidence 

and Limitations. Journal of Economic Literature 20:529-563. doi: 

10.2307/2724488. 

Schuck-Paim C, Kacelnik A, 2002. Rationality in risk-sensitive foraging choices by 

starlings. Animal Behaviour 64:869-879. doi: 10.1006/anbe.2002.2003. 

Schulz AW, 2013. Beyond the Hype: The Value of Evolutionary Theorizing in 

Economics. Philosophy of the Social Sciences 43:46-72. doi: 

10.1177/0048393112463336. 

Schwartz J, 1993. Male calling behavior, female discrimination and acoustic interference 

in the Neotropical treefrog Hyla microcephala under realistic acoustic conditions. 

Behavioral Ecology and Sociobiology 32:401-414. doi: 10.1007/bf00168824. 

Schwartz JJ, 1994. Male advertisement and female choice in frogs: recent findings and 

new approaches to the study of communication in a dynamic acoustic 

environment. American Zoologist 34:616-624. 



 232 

Schwartz JJ, Brown R, Turner S, Dushaj K, Castano M, 2008. Interference risk and the 

function of dynamic shifts in calling in the gray treefrog (Hyla versicolor). 

Journal of Comparative Psychology 122:283-288. doi: 10.1037/0735-

7036.122.3.283. 

Schwartz JJ, Buchanan BW, Gerhardt H, 2002. Acoustic interactions among male gray 

treefrogs, Hyla versicolor, in a chorus setting. Behavioral Ecology and 

Sociobiology 53:9-19. 

Shafir S, 1994. Intransitivity of preferences in honey-bees – support for comparative 

evaluation of foraging options. Animal Behaviour 48:55-67. doi: 

10.1006/anbe.1994.1211. 

Sharkey EK, South A, Moosman PR, Cratsley CK, Lewis SM, 2010. Assessing 

Condition-dependence of Male Flash Signals in Photinus Fireflies. Journal of 

Insect Behavior 23:215-225. doi: 10.1007/s10905-010-9208-x. 

Sinervo B, Lively CM, 1996. The rock-paper-scissors game and the evolution of 

alternative male strategies. Nature 380:240-243. 

Siraj S, Mikhailov L, Keane J, 2012. A heuristic method to rectify intransitive judgments 

in pairwise comparison matrices. European Journal of Operational Research 

216:420-428. doi: http://dx.doi.org/10.1016/j.ejor.2011.07.034. 

Suppes P, Krantz D, Luce D, Tversky A, 1989. Foundations of Measurement, Vol. II: 

Geometrical, Threshold, and Probabilistic Representations: New York Academic 

Press. 

Tárano Z, 2015. Choosing a Mate in a Cocktail Party-Like Situation: The Effect of Call 

Complexity and Call Timing between Two Rival Males on Female Mating 

Preferences in the Túngara Frog Physalaemus pustulosus. Ethology 121:749-759. 

doi: 10.1111/eth.12387. 

Taylor RC, Akre KL, Ryan MJ, in preparation. A comparison of ABR and behavior-

based measurement of auditory threshold in túngara frogs. 

Tejedo M, 1993. Do Male Natterjack Toads Join Larger Breeding Choruses to Increase 

Mating Success? Copeia 1993:75-80. doi: 10.2307/1446297. 



 233 

Tinghitella RM, Weigel EG, Head M, Boughman JW, 2013. Flexible mate choice when 

mates are rare and time is short. Ecology and Evolution 3:2820-2831. doi: 

10.1002/ece3.666. 

Trimmer PC, 2013. Optimal behaviour can violate the principle of regularity. Proc R Soc 

B-Biol Sci 280. doi: 10.1098/rspb.2013.0858. 

Trimmer PC, Houston AI, Marshall JAR, Mendl MT, Paul ES, McNamara JM, 2011. 

Decision-making under uncertainty: biases and Bayesians. Animal Cognition 

14:465-476. doi: 10.1007/s10071-011-0387-4. 

Trueblood JS, Brown SD, Heathcote A, 2014. The Multi-attribute Linear Ballistic 

Accumulator Model of Decision-making. Psychological Review 121:179-205. 

Tsetsos K, Usher M, Chater N, 2010. Preference reversal in multiattribute choice. 

Psychological Review 117:1275. 

Tuttle MD, Ryan MJ, 1981. Bat predation and the evolution of frog vocalizations in the 

neotropics Science 214:677-678. doi: 10.1126/science.214.4521.677. 

Tversky A, 1969. Intransitivity of preferences. Psychological Review 76:31-48. doi: 

10.1037/h0026750. 

Tversky A, Kahneman D, 1991. Loss Aversion in Riskless Choice: A Reference-

Dependent Model. The Quarterly Journal of Economics 106:1039-1061. 

Uy JAC, Patricelli GL, Borgia G, 2000. Dynamic mate-searching tactic allows female 

satin bowerbirds Ptilonorhynchus violaceus to reduce searching. Proceedings of 

the Royal Society B-Biological Sciences 267:251-256. 

Valone TJ, 2007. From eavesdropping on performance to copying the behavior of others: 

a review of public information use. Behavioral Ecology and Sociobiology 62:1-

14. 

van Dongen WFD, Mulder RA, 2008. Male and female golden whistlers respond 

differently to static and dynamic signals of male intruders. Behavioral Ecology 

19:1025-1033. doi: 10.1093/beheco/arn061. 

van Doorn GS, Dieckmann U, Weissing FJ, 2004. Sympatric speciation by sexual 

selection: a critical reevaluation. The American Naturalist 163:709-725. 



 234 

Vanpé C, Gaillard JM, Kjellander P, Mysterud A, Magnien P, Delorme D, Van Laere G, 

Klein F, Liberg O, Hewison AM, 2007. Antler size provides an honest signal of 

male phenotypic quality in roe deer. The American Naturalist 169:481-493. 

Wagner JWE, Murray A-M, Cade WH, 1995. Phenotypic variation in the mating 

preferences of female field crickets, Gryllus integer. Animal Behaviour 49:1269-

1281. doi: http://dx.doi.org/10.1006/anbe.1995.0159. 

Waite TA, 2001. Intransitive preferences in hoarding gray jays (Perisoreus canadensis). 

Behavioral Ecology and Sociobiology 50:116-121. doi: 10.1007/s002650100346. 

Waltz EC, 1982. Alternative mating tactics and the law of diminishing returns - the 

satellite threshold model. Behavioral Ecology and Sociobiology 10:75-83. doi: 

10.1007/bf00300166. 

Wells KD, editor 2001. The Energetics of Calling in Frogs. Washington: Smithsonian 

Institution Press. 

Wells KD, 2007. The Ecology and Behavior of Amphibians. Chicago: University Press. 

Wells KD, Schwartz JJ, editors. 2007. The behavioral ecology of anuran communication. 

New York: Springer Verlag. 

Wells KD, Taigen TL, 1986. The effect of social interactions on calling energetics in the 

gray treefrog (Hyla versicolor). Behavioral Ecology and Sociobiology 19:9-18. 

doi: 10.1007/bf00303837. 

West LJ, Hankin RKS, 2008. Exact Tests for Two-Way Contingency Tables with 

Structural Zeros. 2008 28:19. doi: 10.18637/jss.v028.i11. 

Wickelmaier F, Schmid C, 2004. A Matlab function to estimate choice model parameters 

from paired-comparison data. Behavior research methods, instruments, & 

computers : a journal of the Psychonomic Society, Inc 36:29-40. 

Widemo F, Owens IPF, 1995. Lek size, male mating skew and the evolution of lekking. 

Nature 373:148-151. doi: 10.1038/373148a0. 

Wilczynski W, 1986. Sexual differences in neural tuning and their effect on active space. 

Brain, behavior and evolution 28:83-94. 

Wiley RH, Poston J, 1996. Perspective: Indirect mate choice, competition for mates, and 

coevolution of the sexes. Evolution 50:1371-1381. doi: 10.2307/2410875. 



 235 

Williams TH, Mendelson TC, 2013. Male and female responses to species-specific 

coloration in darters (Percidae: Etheostoma). Animal Behaviour 85:1251-1259. 

doi: 10.1016/j.anbehav.2013.03.012. 

Willis PM, Ryan MJ, Rosenthal GG, 2011. Encounter rates with conspecific males 

influence female mate choice in a naturally hybridizing fish. Behavioral Ecology 

22:1234-1240. doi: 10.1093/beheco/arr119. 

Witte K, Chen K-C, Wilczynski W, Ryan MJ, 2000. Influence of Amplexus on 

Phonotaxis in the Cricket Frog Acris crepitans blanchardi. Copeia 2000:257-261. 

doi: 10.2307/1448259. 

Wollerman L, Wiley RH, 2002. Background noise from a natural chorus alters female 

discrimination of male calls in a Neotropical frog. Animal Behaviour 63:15-22. 

doi: 10.1006/anbe.2001.1885. 

Yasumiba K, Alford RA, Schwarzkopf L, 2015. Why do male and female cane toads, 

Rhinella marina, respond differently to advertisement calls? Animal Behaviour 

109:141-147. doi: http://dx.doi.org/10.1016/j.anbehav.2015.08.015. 

Young KA, Genner MJ, Joyce DA, Haesler MP, 2009. Hotshots, hot spots, and female 

preference: exploring lek formation models with a bower-building cichlid fish. 

Behavioral Ecology 20:609-615. doi: 10.1093/beheco/arp038. 

Zamudio KR, Chan LM, editors. 2008. Alternative reproductive tactics in amphibians. 

Cambridge: Cambridge University Press. 

Zanollo V, Griggio M, Robertson J, Kleindorfer S, 2013. Males with a faster courtship 

display have more white spots and higher pairing success in the diamond firetail, 

Stagonopleura guttata. Ethology 119:344-352. doi: 10.1111/eth.12071. 

Zinck L, Lima SQ, 2013. Mate Choice in Mus musculus Is Relative and Dependent on 

the Estrous State. Plos One 8. doi: 10.1371/journal.pone.0066064. 

 


