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ABSTRACT 
 
 

The Evolution of Reproductive Isolation:  

Genetic and Phenotypic Diversification in Red-eyed Treefrogs (Agalychnis callidryas) 

 

By 

Maria Akopyan  

Master of Science in Biology 

 
 
The processes that generate variation in nature have captured the attention of 

evolutionary biologists since the time of Darwin. Many studies examine the evolution of 

diversification in closely related or hybridizing species to understand the process by 

which new species evolve. However, more closely related divergent populations can 

provide a unique insight into how diversity evolves in nature. The Neotropical red-eyed 

treefrog (Agalychnis callidryas) exhibits substantial geographic variation on a relatively 

small spatial scale within Costa Rica and Panama, including differences in color pattern, 

body size, and skin peptide composition. Genetic analyses indicate ongoing gene flow 

among phenotypically differentiated populations, providing the opportunity to describe 

the patterns and processes that are integral to lineage divergence before isolation 

becomes complete. First, we tested the extent of behavioral premating isolation among 

differentiated populations by quantifying differences in male and female courtship 

signals. Our results show that both male advertisement calls and female behavior vary 

among populations, and that divergence in male signals is coupled with female 

preference for the local male phenotype. The interplay between male courtship and 
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female responses may facilitate the evolution of local variants in courtship style, thus 

accelerating premating isolation via assortative mating. Second, we conducted a study of 

genomic and phenotypic variation across red-eyed treefrog populations, including a 

central contact zone. Our results indicate the creation of a distinct hybrid population at 

the contact zone. Association between geographic and genetic distance coupled with 

disassociation of genetic and phenotypic divergence indicate strong localized selection 

with high levels of genetic exchange. This study is one of few to characterize genome-

wide divergence in a highly admixed intraspecific lineage, allowing us to describe the 

genomic architecture of diversification and infer whether evolutionary processes are 

driving and/or constraining divergence. We contribute to a growing body of knowledge 

on divergence with genetic exchange: gene flow is a dynamic evolutionary process that 

can simultaneously act as a creative, diversifying, and homogenizing force. 



 

1 

CHAPTER 1: Melodic males and flashy females: Geographic variation in male and 

female reproductive behavior in red-eyed treefrogs (Agalychnis callidryas) 

 
 

INTRODUCTION 
 
Behavior, like any phenotype, can vary geographically due to the influences of selection, 

gene flow, and drift (Foster and Endler 1999). Adaptive behaviors may evolve due to 

natural and/or sexual selection and result in population variation when selective pressures 

vary across habitats. Sexual selection in particular can mediate population variation and 

diversification in courtship behavior, which can have strong consequences for premating 

reproductive isolation via assortative mate choice (West-Eberhard 1983). Geographic 

variation in courtship signals (e.g., male advertisement call) and female preference for 

those signals can promote lineage divergence (Gerhardt et al. 1996, Reynolds and 

Fitzpatrick 2007, Maan and Cummings 2008, Gade et al. 2016). Indeed, the role of 

behavioral diversification in speciation is well documented (Coyne and Orr 2004, 

Wilkins et al. 2013). Divergent sexual selection on male signals via female preference for 

those signals (Rodríguez et al. 2013) has been demonstrated in birds (Seddon et al. 2013), 

reptiles (Hendry et al. 2014), fishes (Conte and Schluter 2013), and insects (Oh et al. 

2012).  

 Anurans are a classical system for studying sexual selection for several reasons. 

First, female mate choice is common among species with a prolonged breeding season 

(Wells 1977, Stebbins and Cohen 1995). Second, courtship signals are generally apparent 

and easily observed and measured, with many frogs relying heavily on vocal and/or 

visual cues.  In addition, many anurans come to breeding aggregations to attract and 
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choose mates, so individuals are often conspicuous. Finally, courtship cues—especially 

male advertisement calls—often vary across populations (Wilczynski and Ryan 1999, 

Bernal et al. 2005, Boul et al. 2007, Velásquez et al. 2013).  Indeed, many studies have 

quantified differences in female preference across populations in response to geographic 

variation in male signal (Ryan et al. 1992, Summers et al. 1999, Pröhl et al. 2006, Pröhl 

et al. 2007, Velásquez et al. 2013); however, no study to our knowledge has quantified 

population-level differences in how females show that preference. 

 The reproductive behavior of red-eyed treefrogs was first described from a 

population in Veracruz, Mexico. Pyburn (1970) described female response behavior as a 

back display during which females approach a male head-on and turn 180°, soliciting 

males to mount onto their backs, indicating readiness for amplexus. We identified a 

second mating signal—termed a flank display—while conducting mate-choice trials with 

live females and males (Jacobs et al. 2016). When presenting a flank display, a female 

approaches a male either head-on or from the side, orients so that her side is facing him, 

and presents outstretched arms and legs, revealing colorful flank stripes. Flank displays 

last up to 600 s, occur within 30 cm of the male, and are often followed by back displays, 

which can result in amplexus.  

 Multiple lines of evidence support that color pattern (which is conspicuous during 

a flank display) serves as a social signal that could evolve through selection in red-eyed 

treefrogs. Red-eyed treefrogs exhibit substantial geographic variation on a relatively 

small spatial scale within Costa Rica and Panama (Figure 1.1), yet genetic analyses 

indicate ongoing gene flow among phenotypically differentiated populations (Robertson 

et al. 2009), and phylogenetic analyses of Central American phyllomedusines 
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demonstrate that color pattern variation among lineages is not explained by evolutionary 

history (Robertson and Greene 2017). Further, a mate-choice study of two allopatric red-

eyed treefrog populations demonstrated female preference for local males, even in the 

absence of calls (i.e., when males did not call during experiments) (Jacobs et al. 2016), 

suggesting that visual signals are important in mate selection. To date, there is no 

knowledge of population variation in male advertisement call and/or female response 

behaviors to male stimuli.  

 Combined, these findings laid the groundwork to explore the hypotheses that 

female red-eyed treefrogs choose local males based on population differences in both 

male call and color pattern and that both male and female behaviors vary geographically. 

We based the hypotheses regarding female behavior on our observation that females have 

a complex behavioral response to males that includes at least two postural displays, as 

opposed to simple phonotaxis as observed for many frogs. Additionally, we tested 

whether local and non-local male stimuli elicited different behaviors from females. 

Finally, we tested whether genetic and/or geographic isolation can explain differences in 

mating signals among populations (Table 1.1; Figure 1.1; Robertson et al. 2009). If not, 

this indicates a role, in part, for selection on male advertisement calls. Our findings 

suggest that the interaction between male advertisement calls and female response is an 

important but overlooked component of anuran mating systems, and may have 

consequences for lineage divergence by sexual selection. 

 

METHODS 

Field Sampling 
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We conducted field surveys in 2014 from June to September, which coincides with the 

breeding season of the red-eyed treefrog. We sampled six populations of red-eyed 

treefrog in Central America (Figure 1.1). Caribbean and Pacific populations are 

allopatric, isolated by the Cordillera de Talamanca, a mountain range extending the 

length of the lower Central American continental divide.  On each versant of the 

mountains, populations vary in the degrees of genetic and geographic isolation 

(Robertson et al. 2009, Robertson and Zamudio 2009). We analyzed the advertisement 

calls of 6–20 males from each of six populations, and the mating displays of 15–20 

females from a subset of four populations. Female-behavior trials were not conducted in 

Manzanillo, CR or Gamboa, PA. 

 

Male advertisement calls 

We recorded calling males in six natural populations (n=6–41, Figure 1.1). 

Advertisement calls were recorded at a distance of 0.5–2.0 m using a digital recorder 

(Marantz PMD661, Mahwah, NJ) and directional microphone (AudioTechnica AT815b, 

Stow, OH; Sennheiser ME66/K6, Hanover, Germany; or Rode NTG-2, NSW, Australia). 

All calls were recorded at 16 bit 44.1 kHz sample rate. Calls from the Gamboa population 

were provided by M. Caldwell.   

 Males of A. callidryas have multiple call types. The most common advertisement 

call is a chock note that can be ornamented with a variable number of secondary notes 

(Duellman 2001). While the role of complex calls in mate choice is unknown for A. 

callidryas, complex calls are preferred in other anuran species (Ryan and Rand 1990, 

Boul et al. 2007). Therefore, we used only calls that comprised a single chock note. We 
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analyzed at least one call per individual. In Raven (Charif et al. 2003), we measured 

dominant frequency with the Peak Frequency function and interquartile bandwidth 

(bandwidth; the frequency range containing the middle 50% of sound energy) with the 

IQR Bandwidth function. 

 We used a nested (individual within site) mixed-effects model to test for among-

population differences, followed by unplanned pairwise comparisons. We used a k-

nearest neighbor discriminant function analysis (DFA) to test whether call traits predict 

male population of origin. Recordings were also used as stimuli in behavior trials (see 

below). We used multiple regression to model continuous response variables (dominant 

frequency and bandwidth) against three continuous predictor variables: geographic 

distance (km) and two measures of genetic distance (FST based on microsatellite and 

mtDNA markers; Table 1.1) (Robertson et al. 2009). Statistical analyses were conducted 

in R v. 3.2.5 (R Core Development Team 2016) using packages lme4 for fitting linear 

mixed-effects models and multcomp for Tukey pairwise comparisons (Hothorn et al. 

2008, Bates et al. 2015). Discriminant function analyses were conducted in StataIC v. 

10.1 (StataCorp 2008). 

  

Female behavior trials 

Both amplectant and non-amplectant gravid females from four populations (n=15–20, 

Figure 1.1) were collected for trials and were considered to be reproductively receptive 

because they were found in breeding aggregations. Females that released eggs prior to 

trials were not used in experiments. Each individual was photographed with a mobile 

phone camera (Apple iPhone 5s, Cupertino, CA). We used these images to identify 
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individuals by the unique color pattern (vertical flank-stripe characteristics) to ensure we 

did not use a female in more than one set of trials. Frogs were released at the site of 

capture after trials each night. 

 Behavior trials were conducted in an experimental enclosure that was 1.2 x 1.2 x 

1 m, constructed of 2-cm diameter metal tubing, covered with thin metal screen (0.25 cm2 

opening), and a plywood floor.  In order to minimize the effect of artificial light and 

noise, and protect the experimental set up from ambient weather conditions, we 

constructed enclosures under awnings within 500 m of collection sites. 

Females were presented with plasticine frog models (Figure 1.2) with recordings 

of male advertisement calls broadcast from behind the model. Each female was presented 

with a different male stimulus (McGregor 2000). We used models in place of live male 

frogs to control for the role of male behavior in female choice, such as male 

advertisement call, chemical cues, movement, and courtship behaviors (Figure 1.2). We 

painted models to mimic the flank hue and stripe pattern of each population using paint 

that matched the hue, saturation and brightness (HSB) of color-corrected digital 

photographs of live frogs in Adobe Photoshop. Models were mounted on robotic disks 

(Vex Robotics, Greenville, TX) to provide a visual stimulus with movement. Movement 

of models was not meant to simulate the natural movement patterns of male A. callidryas. 

Rather, moving models provide an additional visual stimulus that results in a better 

estimate of natural response in frog behavior trials compared to stationary models (Paluh 

et al. 2014). Robots were programmed using the Modkit software for Vex Robotics with 

the following looping program: repeat twice at a speed of 100° s–1: (spin –20°, wait 20 s, 

spin 20°, wait 20 s); spin 45° at 50° s–1; repeat twice at 50°s–1: (spin –40°, wait 25 s, spin 
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40°, wait 25 s); spin 90° at 50° s–1, wait 30 s, spin –90° at 50° s–1, wait 60 s. 

Acoustic stimuli were created using male calls recorded in natural populations 

(see above).  A single call was isolated in Audacity (Mazzoni and Dannenberg 2000) and 

used to generate a stimulus track with a call rate similar to the natural mean call rate (2.8 

calls min–1) of A. callidryas (Duellman and Pyles 1983). Track length and power (total 

RMS) were equalized for all tracks in Audition (Adobe 2011). Stimuli were broadcast at 

levels similar to natural call levels in this species (65–70 dB SPL measured at 1 m; 

unpubl. data) from speakers (Pignose 7-1000, Las Vegas, NV) placed immediately 

behind plasticine models. Sound pressure levels were measured using a portable sound 

level meter (RadioShack 3389 2055, Fort Worth, TX).  

 We conducted trials between 1930–2330 h and used a no-choice design to 

quantify female response behavior (Wagner 1998). Females were presented, in random 

order, with a model from the local population or one of two non-local populations (Figure 

1.1). At the start of each trial, we acclimated the female to the enclosure for 5 min under 

a clear plastic chamber because our preliminary observations indicated that females 

express increased escape behavior in the initial minutes of being placed in the enclosure. 

During the acclimation period, we broadcast a natural chorus of conspecific and 

heterospecific calls at 60–65 dB SPL (measured at 1 m) directly above the female 

acclimation chamber from a portable speaker (Pignose 7-1000, Las Vegas, NV). The 

acclimation playback was recorded at a fixed position in the Cantarana Swamp at La 

Selva Biological Research Station. The same acclimation recording was used for all trials 

to avoid inadvertent changes in cues that may be associated with different sites, choruses, 

or species compositions at different sites. The male model was obscured from view until 
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the end of the acclimation period. At the start of each trial, the model was uncovered, the 

acoustic stimulus (a recording of a male A. callidryas call from one of six respective 

populations) behind the model was broadcast, and the female was released from the 

acclimation chamber. At this time, the acclimation playback was changed to a recording 

of a breeding assemblage of frogs but lacking A. callidryas calls to avoid introducing a 

confounding directional cue. This playback was recorded at a site where several species 

that co-occur with red-eyed treefrogs bred, but red-eyed treefrogs did not. Thus, we could 

be sure that there were no inadvertent conspecific calls in the playback. 

 Trials ran for 10 min in ambient darkness and were visualized and recorded for 

later review with an infrared video camera (Bell and Howell DNV16HDZ Night Vision 

Camcorder, Wheeling, IL). Each female was used in three 10-minute trials (one local and 

two non-local males, Figure 1.1B). Between trials, we housed females in opaque, 

soundproof containers. All trials for a given female were conducted on the same night. 

Females rested 5–40 min between trials. 

 We scored the occurrence and frequency of female response behavior (back and 

flank displays) to each male stimulus. The duration of flank display was also recorded for 

each focal female; due to the uniformly short duration of back displays (< 3 s), we did not 

measure duration for this trait. We analyzed female displays using generalized linear 

mixed models for repeated measures with two fixed factors: female population and local 

vs. non-local male stimulus relative to female origin. Iteratively weighted least-squares 

means were used to estimate the probability of events followed by Tukey pairwise 

comparisons. We used a k-nearest neighbor DFA to test whether population can be 

predicted based on mating displays. We used logistic regression to model categorical 
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response variables against three continuous predictor variables: geographic distance (km) 

and two measures of genetic distance (FST based on microsatellite and mtDNA markers; 

Table 1.1) (Robertson et al. 2009). Statistical analyses of female behavior were 

conducted in R v. 3.2.5 (R Core Development Team 2016) using packages lme4 and car 

(Bates et al. 2015, Fox et al. 2016). Discriminant function analyses were conducted in 

StataIC v. 10.1 (StataCorp 2008). 

 

RESULTS 

Male advertisement calls 

Male calls varied among populations in mean dominant frequency and interquartile 

bandwidth (Hz) (F5, 126 = 12.626, P <0.001; F5, 123 = 8.402, P < 0.0001 respectively; Table 

1.1) and the DFA based on both bandwidth and dominant frequency accurately assigned 

all but one individual to natal populations (Table 1.2).  

Examination of these two parameters (bandwidth and dominant frequency) 

revealed geographic patterns of calls: differences in dominant frequency alone were 

associated with comparisons between allopatric populations (Table 1.1). Only two 

contrasts differed in interquartile bandwidth alone, both including BIJ (western Costa 

Rica). Central Panama (GAM), although phenotypically similar to eastern Costa Rica 

populations (Robertson and Robertson 2008), had calls most similar to western Costa 

Rica (PAV, FIR).  Finally, PAV (western Costa Rica) and LSE (eastern Costa Rica) calls 

did not differ significantly in either parameter despite the average male body size being 

largest at LSE and smallest at PAV of all sites (Robertson and Robertson 2008). Despite 

this result, males from these sites were correctly assigned to natal populations based on 
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the DFA that included both call parameters. 

 Geographic and genetic (microsatellites and mtDNA) distances did not predict 

divergence in male advertisement calls (Table 1.3). For dominant frequency, the 

intercept-only model was 4.0 times better than any model including a predictor variable. 

For interquartile bandwidth, the intercept-only model was 3.6 times better than any model 

including a predictor variable. 

 

Female behavior trials 

The probabilities of both back and flank displays varied among populations, but females 

performed more flank displays than back displays overall (Figure 1.3). For back display, 

La Selva and Bijagual show population-level differences in female response behavior 

regardless of male stimulus, whereas for flank display, Pavones and Bijagual show 

population-level differences (Figure 1.3). Females were also more likely to perform a 

back display to local male stimuli (ranging from 1.4-fold more likely at Bijagual to 2.2-

fold at La Selva; best-fit log-linear model). We further detected population-level 

differences in behavior using DFA: the occurrence of back/flank displays and time in 

flank display resulted in correct classification of most females to their source population 

(Table 1.2). The majority of misclassified females from LSE, BIJ, and FIR (between 20-

28%) were all incorrectly assigned to PAV, whereas over 93% of females from PAV 

were correctly assigned to their natal population, with only 2 individuals (4%) incorrectly 

assigned to FIR. 

 Geographic and genetic (microsatellites and mtDNA) distances were weak 

predictors of the occurrence of back/flank displays (Table 1.4). For flank display, the 
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intercept-only model was 2.1 times better than any model including a predictor variable. 

For back display, the best-fit model suggests an inverse relationship between probability 

of back display and mtDNA distance. The evidence ratio for this model was only 1.8–2.6 

times better than three other models that had AICc values ≤ 2.0. 

 

DISCUSSION 

Our study provides evidence that both male and female red-eyed treefrogs exhibit unique, 

population-specific reproductive behavior. Male advertisement calls differed in mean 

dominant frequency (Hz) and bandwidth (Hz), following the general trend that 

populations on each versant are more similar to each other than are allopatric populations. 

Despite similarities among neighboring populations, we were able to predict natal 

populations based on these two call parameters.  We also demonstrate geographic 

variation in female responses: females across populations all use back and flank displays, 

but populations differed in frequency and duration of displays. Moreover, the frequency 

of flank display in each population was similar regardless of whether females were 

presented with local or non-local stimuli, indicating population-specific behavior rather 

than context-specific behavior. In contrast, back displays were more frequently observed 

in the presence of a local-male stimulus. Female population membership can also be 

predicted based on female response behavior, although this classification was weaker 

than male classification (Table 1.2). Further, neither population variation in male 

advertisement calls nor female behavior was well explained by geographic or genetic 

distance, indicating a role for localized selection and/or drift. Our study is the first to 

demonstrate geographic variation in female courtship responses in a frog. 
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 Reproductive isolation should be accelerated when divergence in male courtship 

signals is coupled with divergence in female response to those signals (Edward and 

Chapman 2011). Our study suggests that these criteria might be met for red-eyed 

treefrogs: females not only show local mate choice for population-specific male courtship 

signals, but also exhibit population-specific courtship behaviors themselves. For example, 

females were more likely to perform a back display to local-male stimuli in our mate-

choice trials. It is possible that differences in male courtship signals among populations 

mediate the evolution of variation in female behavior, a phenomenon previously 

demonstrated to underlie reproductive isolation in birds (Coleman et al. 2004) and fishes 

(Gonzalez-Zuarth et al. 2011). Thus, coevolution between male courtship and female 

responsiveness may lead to local variants (i.e., population-specific courtship repertoires), 

which can affect mate recognition among divergent populations and promote assortative 

mating. This in turn can accelerate sexual isolation and promote speciation. 

Male courtship signals show stronger population and regional differentiation than 

female responses to those displays. One possible explanation is that differences in 

selection pressure arise due to signal function. Male calls function for both intra- and 

intersexual communication (Ryan 2001, Wells 2007), while female visual signals appear 

to be only directed towards males. Female response behavior typically consists of 

relatively subtle signals and cues, such as posture or the distance the female keeps from 

the male, and may convey information to the male about her interest in him as a potential 

mate. Males may use this information to maximize their chances for successful courtship 

(West and King 1988, Balsby and Dabelsteen 2002, Meffert and Regan 2002, Santangelo 

2005). Another possible explanation is that ecological selection contributes, in part, to the 
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evolution of male advertisement signals (Ryan et al. 1982, Maan and Cummings 2008). 

Heterogeneity of selective forces, in the form of predation, competition, and/or 

environmental pressures, can lead to the evolution of behavioral variants (Zuk and 

Kolluru 1998, Foster and Endler 1999, Bernal et al. 2006, Akre et al. 2011).  

 The use of visual signaling in anurans is known from both diurnal and nocturnal 

frogs (Haddad and Giaretta 1999, Amézquita and Hödl 2004). High visual sensitivity in 

anurans allows for visual communication even in low-light conditions (Aho et al. 1993, 

Yovanovich et al. 2017); in fact, many nocturnal anuran species employ visual mating 

displays such as arm waving, foot flagging, and vocal sac inflation (Halloy and Espinoza 

2000, Gomez et al. 2009, Toledo and Haddad 2009, de Sa et al. 2016). Our behavioral 

observations support this conclusion: female response signals (flank and back displays) 

are performed only in the presence of males, suggesting its role for intersexual 

communication. Further, our observations, both in the field and during mating trials, 

reveal that flank and back displays are performed sequentially, and thus could provide 

clues as to the function of each display. Back displays occur last in the mating sequence, 

typically resulting in amplexus (Pyburn 1970), and therefore might be an indication of 

female choice. Flank displays, on the other hand, could be viewed as a signal of interest 

and occur earlier in the mating sequence, during the period in which a female is 

approaching and assessing an advertising male. If this is true, it suggests that flank and 

back displays differ in function and could therefore elicit varying responses from males. 

In addition, the roles of other forces shaping female behavior (e.g., variation in male 

signal transmissibility, population sizes and dynamics, or interactions of male and female 

behavior among populations) remain to be tested.  
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 Recent studies focusing on courtship dynamics have acknowledged the interactive 

nature of the behaviors that precede mate choice (Medina et al. 2013, Yoshikawa et al. 

2016). In a mutual mate-choice scenario, both males and females exhibit courtship 

displays to advertise individual quality (Tobias et al. 1998, Heinig et al. 2014); thus, 

partner assessment is a reciprocal process, such that both sexes process information on 

the quality of a mate. This can occur even in scenarios of unequal investment between the 

sexes, as in many frogs where females invest more in reproduction and are therefore 

thought of as the choosy sex. Our finding that female mating displays differ among 

populations such that males could play a role as selective signal receivers could thus 

represent a paradigm shift in female choice-based anuran mating systems. Indeed, 

previous mate-choice trials using live males and females suggest that males discriminate 

among potential mates; some males that were approached by a female (back display) did 

not engage in amplexus (Jacobs et al. 2016). Future studies need to explore the 

consequences of female response behavior and the role of male mate choice in red-eyed 

treefrogs. Our work sheds light on the complexity and sex specificity of mating-signal 

evolution and can be applied broadly to many sexually reproducing taxa: courtship 

signals and the responses they elicit are elaborate, nuanced, and comprised of geographic 

behavioral variants. 
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FIGURES AND TABLES 

  
Figure 1.1. (A) Population localities from three biogeographic regions: eastern Costa Rica (La Selva 
Biological Research Station, Heredia province, CR, 10.473758 °N, –84.021370 °W; Manzanillo, Limón 
province, CR, 9.633517 °N, –82.655632˚ W), western Costa Rica (Bijagual, San José province, CR, 
9.739343 °N, –84.558034 °W; Firestone Reserve, Puntarenas province, CR, 9.274927˚ N, –83.858938˚ W; 
Pavones, Puntarenas province, CR, 8.389753 °N, –83.136785 °W), and central Panama (Gamboa, Panama, 
9.123386 °N, –79.693032˚ W). Sample sizes provided for male- and female-signal analyses. Note colorful 
flanks and differences among populations. (B) Experimental design for female courtship trials. Focal 
females from each of four populations were tested with a local male and two non-local males. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Live male frog from La Selva on left; plasticine La Selva frog model on right. In A. callidryas, 
the shade of green on the dorsum can change with light exposure due to intracellular transport of pigment 
cells. Photo of live male was taken during the day (light green dorsum). Frog model was painted to match 
the dorsum shade of an advertising male at night.  

Model Predictor Variables AICc ΔAICc
AICc 

Weight
Cumulative 

Weight
Log-

likelihood
1 Intercept only 252.43 0 0.35 0.35 -124.19
2 Geo 253.93 1.5 0.17 0.52 -123.9
3 Msat 254.09 1.65 0.15 0.67 -123.98
4 mtDNA 254.32 1.88 0.14 0.81 -124.1
5 Geo + Msat 255.95 3.52 0.06 0.87 -123.87
6 Geo + mtDNA 256.01 3.58 0.06 0.92 -123.9
7 Msat + mtDNA 256.17 3.74 0.05 0.98 -123.98
8 Geo + Msat + mtDNA 258.03 5.59 0.02 1 -123.85

Model Predictor Variables AICc ΔAICc
AICc 

Weight
Cumulative 

Weight
Log-

likelihood
1 mtDNA 219.5 0 0.31 0.31 -106.69
2 Msat 220.66 1.16 0.17 0.48 -107.27
3 Msat + mtDNA 221.38 1.88 0.12 0.6 -106.58
4 Geo + mtDNA 221.44 1.94 0.12 0.72 -106.61
5 Intercept only 221.8 2.3 0.1 0.82 -108.87
6 Geo 222.46 2.96 0.07 0.89 -108.17
7 Geo + Msat 222.73 3.23 0.06 0.95 -107.26
8 Geo + Msat + mtDNA 223.23 3.73 0.05 1 -106.45

B.

Model 1  
Model 2 
Model 2  
Model 3 

=1.79

Evidence Ratio

Table S1. Values calculated for the model selection for logistic regression analysis using three 
continuous predictor variables: geographic distance (km) and two measures of genetic distance 
(FST based on microsatellite and mtDNA markers) and two categorical response variables: flank 
display (A) and back display (B). Geographic and genetic distances were weak predictors of the 
occurrence of back and flank displays, likely signifying independent population-specific signal 
evolution due to localized sexual selection.

=2.12

Evidence Ratio

=1.08

A.

Figure S1. Live male frog from La Selva on left; plasticine La Selva frog model on right. Note that 
in A. callidryas, the shade of green on the dorsum can change with light exposure due to 
intracellular transport of pigment cells. Photo of live male was taken during the day (light green 
dorsum). Frog model was painted to match the dorsum shade of an advertising male at night.

=1.43

Model 1  
Model 2 
Model 2  
Model 3 
Model 3  
Model 4 

=2.55
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Figure 1.3. Female mating displays varied across four populations. Probability of back display (A) and 
flank display (B) differed across populations (shown are means ± SE). Females were more likely to back 
display to local male stimuli than to non-local stimuli (ranging from 1.4-fold more likely at Bijagual to 2.2-
fold at La Selva; best-fit log-linear model), but females displayed flanks equally to local and non-local male 
stimuli. Thus, trials with local and non-local males were pooled together for flank display. For back display 
(A), underlined populations denote non-significant pairwise comparisons (Tukey contrasts, P < 0.05), i.e. 
La Selva and Bijagual show population-level differences in female response behavior regardless of male 
stimulus. For flank display (B), treatments represented by different lower-case letters denote significant 
pairwise comparisons (Tukey contrasts, P < 0.05). 
 
 
 
Table 1.1. Pairwise population differences in genotype (microsatellite and mtDNA) and phenotype (male 
advertisement call; dominant frequency and interquartile bandwidth) for six populations of red-eyed 
treefrogs. Measures of geographic and genetic distance obtained from Robertson et al. 2009. Significant 
differences for pairwise population comparisons are bolded and noted with an asterisk (Tukey contrasts, P 
< 0.05).  

 
  

Population Contrast
Geographic 
Distance (km)

FST 
(microsatellite)

FST       
(mtDNA) Z P Z P

La Selva vs. Manzanillo 172 0.10 0.03 0.260 1.000 -4.910 < 0.001
La Selva vs. Bijagual 117 0.21 0.91 -3.108 0.021 -0.428 0.998
La Selva vs. Firestone 214 0.23 0.95 -3.056 0.025 -0.019 1.000
La Selva vs. Pavones 316 0.29 0.96 2.461 0.126 2.443 0.133
La Selva vs. Gamboa 495 0.20 0.85 -3.587 0.004 -2.610 0.089
Manzanillo vs. Bijagual 272 0.16 0.84 -5.429 < 0.001 -0.435 0.998
Manzanillo vs. Firestone 369 0.20 0.91 -4.760 < 0.001 -2.224 0.215
Manzanillo vs. Pavones 471 0.25 0.93 4.201 < 0.001 3.077 0.024
Manzanillo vs. Gamboa 330 0.09 0.74 -7.154 < 0.001 -3.257 0.013
Bijagual vs. Firestone 113 0.05 0.96 0.275 1.000 2.535 0.107
Bijagual vs. Pavones 213 0.09 0.97 -0.845 0.956 2.973 0.033
Bijagual vs. Gamboa 601 0.18 0.90 0.444 0.998 4.674 < 0.001
Firestone vs. Pavones 101 0.04 0.86 -0.981 0.918 0.123 1.000
Firestone vs. Gamboa 698 0.25 0.95 0.037 1.000 0.957 0.927
Pavones vs. Gamboa 800 0.30 0.96 -1.400 0.712 -0.943 0.931

Dominant Frequency (Hz) Interquartile Bandwidth (Hz)
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Table 1.2. Male advertisement calls (top values) and female courtship behavior (bottom values) can be 
statistically classified into natal populations. Diagonal values (in gray) indicate percentage correctly 
classified. Males were classified based on mean dominant frequency and bandwidth (Hz). Females were 
classified based on combined variables (occurrence of back/flank display, time invested in flank display). 
Female behavior was not tested at Manzanillo or Gamboa for this study. 

  
 
Table 1.3. Geographic and genetic distances between populations fail to predict variation in male 
advertisement calls. Values calculated for the model selection for multiple regression analysis using three 
continuous predictor variables: geographic distance (km) and two measures of genetic distance (FST based 
on microsatellite and mtDNA markers) and two continuous response variables of male call: dominant 
frequency (A) and interquartile bandwidth (B).  
  

True Site La Selva Bijagual Firestone Pavones Gamboa Manzanillo n
100 0 0 0 0 0 8

61.67 3.33 6.67 28.33 − − 60
0 100 0 0 0 0 37
0 77.78 0 20 − − 45
0 0 100 0 0 0 15
0 0 71.43 28.57 − − 42
0 0 0 95.65 0 4.35 23
0 0 4.44 93.33 − − 45
0 0 0 0 100 0 109
− − − − − − −
0 0 0 0 0 100 47
− − − − − − −

Manzanillo

Classification

La Selva

Bijagual

Firestone

Pavones

Gamboa

Model Predictor Variables AICc ΔAICc
AICc 

Weight
Cumulative 

Weight
Log-

likelihood
1 Intercept only 199.96 0 0.55 0.55 -97.48
2 Geo 202.71 2.75 0.14 0.69 -97.26
3 Msat 202.74 2.78 0.14 0.82 -97.28
4 mtDNA 203.13 3.17 0.11 0.93 -97.47
5 Msat + mtDNA 206.44 6.49 0.02 0.96 -97.22
6 Geo + Msat 206.45 6.49 0.02 0.98 -97.23
7 Geo + mtDNA 206.46 6.5 0.02 1 -97.23
8 Geo + Msat +mtDNA 211 11.04 0 1 -97.17

Model Predictor Variables AICc ΔAICc
AICc 

Weight
Cumulative 

Weight
Log-

likelihood
1 Intercept only 198.06 0 0.55 0.55 -96.53
2 mtDNA 200.6 2.55 0.15 0.71 -96.21
3 Geo 201.23 3.18 0.11 0.82 -96.53
4 Msat 201.24 3.18 0.11 0.93 -96.53
5 Msat + mtDNA 204.32 6.26 0.02 0.96 -96.16
6 Geo + mtDNA 204.4 6.35 0.02 0.98 -96.2
7 Geo + Msat 205.04 6.99 0.02 1 -96.52
8 Geo + Msat +mtDNA 208.98 10.92 0 1 -96.16

B.

Evidence Ratio
Model 1  
Model 2 =3.58

Model 2  
Model 3 =1.37 

Table 4 . Values calculated for the model selection for multiple regression analysis using three 
continuous predictor variables: geographic distance (km) and two measures of genetic distance (FST 
based on microsatellite and mtDNA markers) and two continuous response variables of male call: 
dominant frequency (A) and interquartile bandwidth (B).

A.

Evidence Ratio
Model 1  
Model 2 =3.96

Model 2  
Model 3 =1.01 
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Table 1.4. Geographic and genetic distances between populations fail to predict variation in female 
response behavior. Values calculated for the model selection for logistic regression analysis using three 
continuous predictor variables: geographic distance (km) and two measures of genetic distance (FST based 
on microsatellite and mtDNA markers) and two categorical response variables: flank display (A) and back 
display (B). Geographic and genetic distances were weak predictors of the occurrence of back and flank 
displays. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Model Predictor Variables AICc ΔAICc
AICc 

Weight
Cumulative 

Weight
Log-

likelihood
1 Intercept only 252.43 0 0.35 0.35 -124.19
2 Geo 253.93 1.5 0.17 0.52 -123.9
3 Msat 254.09 1.65 0.15 0.67 -123.98
4 mtDNA 254.32 1.88 0.14 0.81 -124.1
5 Geo + Msat 255.95 3.52 0.06 0.87 -123.87
6 Geo + mtDNA 256.01 3.58 0.06 0.92 -123.9
7 Msat + mtDNA 256.17 3.74 0.05 0.98 -123.98
8 Geo + Msat + mtDNA 258.03 5.59 0.02 1 -123.85

Model Predictor Variables AICc ΔAICc
AICc 

Weight
Cumulative 

Weight
Log-

likelihood
1 mtDNA 219.5 0 0.31 0.31 -106.69
2 Msat 220.66 1.16 0.17 0.48 -107.27
3 Msat + mtDNA 221.38 1.88 0.12 0.6 -106.58
4 Geo + mtDNA 221.44 1.94 0.12 0.72 -106.61
5 Intercept only 221.8 2.3 0.1 0.82 -108.87
6 Geo 222.46 2.96 0.07 0.89 -108.17
7 Geo + Msat 222.73 3.23 0.06 0.95 -107.26
8 Geo + Msat + mtDNA 223.23 3.73 0.05 1 -106.45

B.

Model 1  
Model 2 
Model 2  
Model 3 

=1.79

Evidence Ratio

Table S1. Values calculated for the model selection for logistic regression analysis using three 
continuous predictor variables: geographic distance (km) and two measures of genetic distance 
(FST based on microsatellite and mtDNA markers) and two categorical response variables: flank 
display (A) and back display (B). Geographic and genetic distances were weak predictors of the 
occurrence of back and flank displays, likely signifying independent population-specific signal 
evolution due to localized sexual selection.

=2.12

Evidence Ratio

=1.08

A.

Figure S1. Live male frog from La Selva on left; plasticine La Selva frog model on right. Note that 
in A. callidryas, the shade of green on the dorsum can change with light exposure due to 
intracellular transport of pigment cells. Photo of live male was taken during the day (light green 
dorsum). Frog model was painted to match the dorsum shade of an advertising male at night.

=1.43

Model 1  
Model 2 
Model 2  
Model 3 
Model 3  
Model 4 

=2.55
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CHAPTER 2: Hybridization as a creative force: Genetic and phenotypic evidence of a 

contact zone between populations of the red-eyed treefrog, Agalychnis callidryas 

 
 

INTRODUCTION 

Understanding the forces that create and maintain biological diversity has been an 

ongoing challenge since the inception of evolutionary theory (Darwin 1859, Mayr 1963, 

Coyne and Orr 2004, Nosil 2012). For decades, the idea that speciation occurs in 

allopatry dominated evolutionary thought (Dobzhansky 1937, Dobzhansky 1940, Mayr 

1942), and hybridization was viewed as an evolutionary dead end or as a destructive 

force with little evolutionary consequence (Darwin 1859, Mayr 1942). Hybridization as a 

creative force and a mechanism of speciation was first recognized in plants (Anderson 

and Stebbins 1954, Arnold 1997), and has since been increasingly acknowledged as an 

evolutionary force that can lead to divergence in animals (Gompert et al. 2006, Mallet 

2007). Recent technological advances in genome sequencing have permitted more 

sophisticated investigations of the processes associated with hybrid speciation, leading to 

overwhelming evidence in support of lineage divergence despite genetic exchange 

(Arnold 2016). For example, genome scans reveal a rapid accumulation of divergence 

among closely related color morphs of Heliconius butterflies that arose despite ongoing 

gene flow, showing that early stage diversification can occur in the presence of genetic 

exchange (Supple et al. 2015). Other well-known examples of speciation via 

hybridization include the Galápagos finches (Grant and Grant 2009) and cichlid fishes in 

the African rift lakes (Keller et al. 2013).  

 Populations that experience gene flow provide a unique opportunity for 
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examining the speciation process (Harrison 1991). While gene flow is often viewed as a 

homogenizing force, it can also serve as a source of evolutionary novelty (Rieseberg 

1995). For example, genetic recombination as a result of gene flow increases underlying 

genetic variation, which could lead to higher adaptive potential, especially when selective 

pressures vary across the landscape (Anderson and Stebbins 1954, Stebbins 1959). 

Consequently, studies of lineage diversification now focus on mapping the genetic 

architecture of reproductive isolation across populations that experience recent and/or 

ongoing gene flow, such as intraspecific clines and hybrid zones (Fitzpatrick et al. 2009, 

Field et al. 2011, Feder et al. 2012, Beysard and Heckel 2014, Arnold 2016). The 

majority of these studies examine reproductive isolation in closely related or hybridizing 

species to understand the processes by which new species evolve (Rieseberg 1997; 

Turelli et al. 2001). In intraspecific lineages, however, reproductive isolation (in the form 

of pre- or post-zygotic barriers) is generally incomplete – allowing us to examine the 

genomic signature of reproductive barriers before isolation becomes complete. 

Intraspecific lineages are therefore useful for inferring the multistage processes of 

divergence often obscured by the accumulation of neutral  genomic divergence that 

evolves among species.  

 The Neotropical red-eyed treefrog (Agalychnis callidryas) exhibits substantial 

phenotypic variation across its broad, primarily central American distribution (Duellman 

2001), as well as microgeographic variation among populations in Costa Rica and 

Panama in color pattern and body size (Robertson and Robertson 2008), skin peptides 

(Davis et al. 2016), and male advertisement calls (Akopyan et al. in review). Geographic 

patterns of color-pattern variation show a clinal change in phenotype for populations 
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located along the Caribbean coast of Costa Rica and Panama (Figure 2.1). Populations in 

northeastern Costa Rica (hereafter north) have blue legs, populations at the border of 

eastern Costa Rica/Panama (hereafter central) have legs that are both blue and red, and in 

Panama (hereafter south), populations have nearly completely red legs (Robertson and 

Robertson 2008). Previous genetic analyses using microsatellite loci showed that the 

central populations are admixed with populations from neighboring north and south 

regions (Robertson et al. 2009). In June 2015, we discovered and sampled a previously 

unknown red-eyed treefrog contact zone in Costa Rica. This contact zone includes four 

sampling localities, each containing multiple phenotypes: blue legs (as in the north), 

red/blue legs (as in the central), and an intermediate purple-leg morph. This contact zone, 

which has multiple and putatively novel phenotypes, provides the opportunity to examine 

the evolutionary forces that mediate phenotypic differentiation and lineage divergence in 

this species. 

 Our goal is to determine the fate of hybrids at this contact zone by testing whether 

genetic exchange has resulted in a novel hybrid form. If hybrids are favored (experience 

high fitness in the contact zone), we expect to find evidence of a novel hybrid phenotype 

as well as a mosaic hybrid genotype spanning multiple generations (Harrison and Rand 

1989). Alternatively, if hybrids are selected against (reduced fitness) then hybrid 

phenotypes and genotypes will be relatively rare, and contact-zone morphs will show 

shallow divergence from parental forms (e.g., isolation by distance) and with no evidence 

of hybrid ancestry. We use a population genomic approach to infer whether hybrids are 

favored through selection such that introgression leads to a novel form, or whether 

selection acts against hybrids, resulting in increased divergence among parental morphs 
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(David et al. 1974, Shaw and Wilkinson 1980, Scopece et al. 2013, Dickman and 

Moehring 2014, Bi et al. 2015). We use a genome-wide sampling of single nucleotide 

polymorphisms (SNPs) identified within restriction site-associated DNA (RAD) tags for 

estimates of population genetic structure and hybrid ancestry. We also quantify and 

compare leg color among populations to examine the strength of selection across the 

contact zone and performed a genome-wide association study of a clinal trait (leg color). 

Studies that integrate phenotypic and genomic variation to test hypotheses of 

hybridization as a creative force are not adequately represented in non-model systems, 

nor are studies at the earliest stages of divergence. This natural system, with an intriguing 

pattern of geographic variation, directly tests these hypotheses. 

 

METHODS 

Field sampling 

We sampled 192 individuals from 15 sites of A. callidryas, including 96 individuals from 

11 sites previously sampled throughout Costa Rica and Panama (Robertson et al. 2009), 

and an additional 96 individuals from four contact zone sites in 2015. In 2015, we 

conducted field surveys at four contact zone sites during the breeding season (May–

August). We haphazardly sampled 19–20 individuals from each of four sites located 

within a putative contact zone of the blue and blue/red morphs (hereafter contact zone). 

At each sampling site, we captured and took digital photographs of adult males and 

females, which were later scored for color pattern (see below). Individual tissue samples 

(toe clips) were collected and stored in 100% ethanol for use in genetic analyses. Frogs 

were subsequently released at their capture site. We included 5–12 individuals from all 
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previously sampled sites that are located in the north region (sites 1–4), central region 

(sites 9–11), and south region (sites 12–15; Table 2.1), for a total of 96 individuals.  

 

Quantifying phenotypic diversity 

We measured phenotypic variation in red-eyed treefrog leg color using digital 

photographs of 55 individuals from 11 populations sampled along the cline, and from 98 

individuals from the four contact zone sites following the protocol outlined in Robertson 

and Robertson (2008). We imported photographs of each frog into Adobe Photoshop CC 

v. 18.0.0 (San Jose, CA) to correct for ambient light by reference to a black-white-gray 

standard (QPcard 101) that was placed in the background of every photograph. We 

conducted focal subsampling on the color-corrected images in Photoshop to measure 

mean hue, saturation, and brightness of red and blue portions of posterior leg surfaces. 

Images were then imported into ImageJ v. 1.50i to acquire a frequency histogram of the 

number of pixels with blue and red hues over the same leg regions. We used the percent 

red in subsequent analyses. 

 We used a Kruskal-Wallis test to compare mean leg hue among populations. We 

conducted a principal component analysis (PCA) to visualize and infer patterns of leg-

color variation among regions based on percent red and hue, saturation, and brightness 

(HSB) of red and blue. Finally, we conducted a discriminant function analysis to test 

whether region of origin is predicted for each individual based on the following variables: 

percent red and HSB of red and blue. Statistical analyses were conducted in R v. 3.2.5 (R 

Core Development Team 2016). 
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DNA extraction and library preparation 

DNA was extracted from toe clips using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, 

Germany) generally following the manufacturer’s instructions, but modified as described 

below. We added 4 µl of 1 mg/mL RNase A to each sample after lysis to remove RNA 

contamination. DNA was eluted in 60 µl of AE buffer to maximize concentration. DNA 

was quantified using a Qubit 2.0 Fluorometer (ThermoFisher, Waltham, MA), and the 

quality was assessed by visualization on an agarose gel. Two RAD libraries were 

prepared following the protocol outlined in (Ali et al. 2016). Each library was sequenced 

by an Illumina HiSeq 4000 on one lane of paired-end sequencing, yielding maximum 

read lengths of 150 bp.  

 

Quality filtering and SNP calling 

Raw reads were flipped to salvage the reads that were read in the wrong direction (i.e., 

reads that started with the enzyme cut site on the reverse read instead of the forward read) 

using a custom perl script. PCR clones were identified and removed by comparing 

paired-end reads with the clone_filter program from the Stacks pipeline (Catchen et al. 

2013). Next, we used the process_radtags in Stacks to check that the barcode and the 

RAD cut site were intact, and demultiplexed the data. Reads containing one or more 

bases with a phred quality score below 10 were discarded. All reads from the 192 

individuals were pooled and used for a de novo assembly in ustacks. The minimum depth 

of coverage required to create a stack, or an identical set of sequences, was set to 3 reads 

(m). The maximum number of pairwise differences allowed between any two stacks 

within a locus was set to 4 (M).  
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 Using the catalog of all loci across all populations generated by Stacks, we 

assembled a partial pseudo-reference genome from the reads that remained using a 

custom perl script. We then aligned all sequenced reads to the reference genome using 

BWA v. 0.7.15-r1142 (Li and Durbin 2009). We used SAMTOOLS v. 1.3.1 to index, 

sort, and merge the individual alignments. Next, we identified SNPs from the sequence 

data by calculating the Bayesian posterior probability that each nucleotide was variable 

with SAMTOOLS and BCFTOOLS v. 1.3.1. Following genotyping, we further filtered 

our data to remove sequence reads with low depth of coverage and/or a minor allele 

frequency less than 0.5%. 

 

Population genomic analyses 

We conducted a PCA to visualize and infer patterns of population structure. We further 

quantified population structure and examined genetic admixture using Entropy (Gompert 

et al. 2014), a Bayesian clustering method similar to that implemented by STRUCTURE 

(Pritchard et al. 2000), which estimates the proportion of ancestry of a set of individuals 

from contributing populations. To determine the ancestry of the putative hybrids in the 

contact zone, we assigned the north and central populations as the two source populations 

and calculated the fraction of loci that combine ancestry from these two parental 

populations (denoted Q12, interpopulation ancestry; (Gompert and Buerkle 2016). 

Additionally, we conducted an assignment test with GenoDive v. 2.0b27 (Meirmans and 

Van Tienderen 2004) by calculating the likelihood that an individual’s genotype is found 

in a particular region (north, contact zone, central, south) given the allele frequencies in 

that region. 



 

26 

 We conducted genome-wide association mapping using Bayesian sparse linear 

mixed models (BSLMMs) implemented in GEMMA (Zhou and Stephens 2012) to 

investigate the genetic basis of leg color. BSLMMs run in GEMMA provide estimates of 

the proportion of phenotypic variation that can be explained by the combined effects of 

polygenic (i.e., infinitesimal) and large (i.e., detectable) effect SNPs (proportion of total 

variance explained; PVE), the proportion of the explained phenotypic variation resulting 

from large-effect SNPs alone (PGE), and the number of large-effect SNPs underlying the 

phenotype of interest (n-SNP).  

 Finally, we conducted Mantel and partial Mantel tests to examine the relationship 

between geographic and genetic distance and to determine whether phenotypic diversity 

is explained by variation in geographic and/or genetic distance. Statistical analyses were 

conducted in R v. 3.2.5 (R Core Development Team 2016). 

 

RESULTS 

Phenotypic variation  

Leg color varied among populations in mean red hue (χ2 = 51.323, df = 10, P < 0.001). 

Results of the PCA of leg color among regions—based on percent red and HSB of red 

and blue—showed that the first two principal components together accounted for 67.5% 

of the total variance (Figure 2.2A). The PCA plot showed clear clustering of populations 

in the north (blue legs, therefore 0% red) along principal component (PC) 1. Clustering of 

the three other regions was relatively weak, with most of the separation shown between 

the contact zone and the central/south regions along PC2. However, discriminant function 

analysis (DFA) of leg color based on percent red and HSB of red and blue correctly 
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assigned the majority of individuals to natal regions (Table 2.3). Misclassified individuals 

from the northern region were assigned to the contact zone; misclassified individuals 

from the central region were assigned to the south, and individuals from the south were 

incorrectly assigned to both central and contact zone regions. Accurate assignment was 

highest in the contact zone (~93%), with only 2–3 individuals misclassified to each of the 

three other regions.  

 

Genetic variation 

Our final genetic data set included 58,697 SNPs with an average of 22X depth of 

coverage. Genome-wide measures of genetic diversity for all nucleotides were similar 

among most populations (HO = 0.119, HT = 0.140, SD = 0.001), with higher levels of 

heterozygosity observed in contact-zone populations (Table 2.1). Measures of pairwise 

genetic distance (FST) between our 15 sites ranged from 0.0–0.332 (Table 2.2). The PCA 

showed five clusters (Figure 2.2B)—one for each of the four geographic regions and a 

fifth comprised of individuals from site 12 (Figure 2.1).  

 Similarly, the admixture model explained genetic variation with five source 

populations (k = 5; Figure 2.3). Red-eyed treefrogs from the contact zone appears to have 

unique genotypes that are an admixture of populations from the north and central regions, 

but with a greater contribution from the central. Populations in the south have two demes, 

represented by site 12 and the other three sites in the south (13–15), with some 

admixture. Populations in the north show a clinal change in deme membership. Sites 1 

and 12 each share ancestry with others in their respective regions, but they also both 

semi-isolated.  
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Population assignment based on genetic data correctly assigned the majority of 

individuals to their natal regions, with the exception of individuals from the central 

region (Table 2.4). Similar to the DFA based on leg color, misclassified individuals from 

the northern region were assigned to the contact zone. The majority of individuals from 

the central region were assigned to the contact zone, whereas only 1% of individuals 

from the contact zone were assigned to the central region: 96% of contact-zone 

individuals were assigned to the contact zone. All individuals from the south were 

correctly classified. 

 

Hybrid ancestry 

The combination of admixture proportion (q) and interpopulation ancestry (Q12) (Figure 

2.4) summarizes the genomic composition of hybrids at the contact zone. We found two 

hybrid frogs backcrossed with parentals in the central region, which were identified as 

individuals with maximal Q12 for a given q. The remaining individuals from the contact 

zone represent later-generation Fn hybrids (i.e., hybrids that have not backcrossed with 

parental populations). These hybrids span a large range of admixture proportions, more 

similar to that of central populations, likely resulting from historical backcrossing with 

parentals from the central region. Three individuals from the north also appear to be Fn 

hybrids. These individuals were from site 4 (Figure 2.1), which is adjacent to the first 

contact-zone site (site 5). The remaining individuals from the north and central regions 

span a range of admixture proportions with minimal interpopulation ancestry. This is 

likely a reflection of population structure (i.e., a pattern of isolation by distance). 
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Relationship between phenotypic and genetic variation  

We found a positive relationship between genetic and geographic distance (Mantel test, r 

= 0.745, P < 0.001; Figure 2.5A), but no association between geographic and phenotypic 

distance after accounting for the effects of genetic distance (partial Mantel test, r = –

0.022, P = 0.512; Figure 2.5B), or between genetic and phenotypic distance after 

accounting for the effects of geographic distance (partial Mantel test, r = 0.368, P = 

0.083; Figure 2.5C).  

 The proportion of phenotypic variance explained by the genomic data ranged 

from 0.188–0.991 (Table 2.5). Overall, our genetic data best explained variance in hue 

and saturation of red. The number of genetic variants with measurable contributions to 

the phenotypic variance ranged from 12.74–57.68. That is, the genetic architecture of leg 

color is driven by relatively few SNPs (among those we sampled) that have large, 

measurable effects on this trait. The probability of effect on each measure of leg color 

across all SNPs is shown in Figure 2.6. The genetic variants affecting leg color are not 

localized in the genome, but appear to be spread among different linkage groups.  

 

DISCUSSION 

Our results indicate that hybridization is favored at the red-eyed treefrog contact zone and 

could ultimately prove to be a diversifying force in this region. We found that the 

majority of individuals from the contact zone are later-generation Fn hybrids, with only a 

few backcrossed hybrids and parentals from the central region. Our study is one of few to 

characterize genome-wide divergence in a highly admixed intraspecific lineage, allowing 

us to describe the genomic architecture of diversification and infer whether evolutionary 
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processes are driving and/or constraining divergence. Our findings contribute to a 

growing body of knowledge on the genomic architecture of divergence despite genetic 

exchange: gene flow is a dynamic evolutionary process that can simultaneously act as a 

creative, diversifying, and homogenizing force.  

 

The contact zone – A novel hybrid form 

The contact zone we identified for red-eyed treefrogs is comprised of unique phenotypes 

and genotypes that arose through admixture of populations from the north and central 

regions. High accuracy in assignment tests of individuals to the hybrid zone, based on 

both genotype and phenotype, support the evolutionary novelty hypothesis: hybridization 

acts as a creative force, resulting in the formation of novel genotypes and morphologies 

that are distinct from parental forms (Anderson and Stebbins 1954, Rieseberg 1995, 

Arnold 1997). Hybrids in the contact zone are mostly restricted to abundant later-

generation Fn individuals. Thus, our data suggest that genetic exchange among 

populations of red-eyed treefrogs is creating and sustaining a novel hybrid form. 

Currently, estimates of genetic differentiation between parental forms in the north and 

central regions indicate low to intermediate levels of diversification. However, if 

selection favors hybridization (i.e., hybrids experience higher fitness in the contact zone), 

with time, we expect further divergence from the parental lineages. To directly address 

this possibility, studies should characterize the selective regime experienced by parental 

and hybrid populations, and test the relative roles of pre- and postmating reproductive 

barriers within and across the contact zone.  

 The stability of the hybrid red-eyed treefrog form at the contact zone depends on a 



 

31 

variety of non-mutually exclusive processes (Buerkle et al. 2000). One possible 

mechanism of hybrid speciation depends on intrinsic genetic factors and occurs when F1 

hybrid are fertile but reproductively isolated from parental populations (e.g., 

recombinational speciation; (Stebbins 1957, Grant 1958). This may lead to an abundance 

of later-generation hybrids, such that hybrids could persist as a lineage and may 

eventually constitute a novel hybrid species (Schwarz et al. 2005, Scriber and Ording 

2005, Gompert et al. 2006, Mavárez et al. 2006). A breeding study that examines the 

extent of post-zygotic isolation between hybrids and parental populations would test this 

mechanism of diversification. 

 External barriers to reproduction can also play an important role in the 

stabilization of hybrid lineages (Rieseberg 1997). For instance, hybrids may exhibit 

increased fitness at the edges of the contact zone due to ecological opportunity created by 

available habitat that cannot be occupied by either of the parental populations (Devis et 

al. 1997, Martin et al. 2006, Svensson et al. 2006). In our study, contact zone hybrids and 

parental populations appear to occupy similar tropical lowland forest habitat in Costa 

Rica, although a thorough examination of the biotic and abiotic factors that comprise 

habitat at the microgeographic scale may reveal subtle differences (Picker 1985, Milne et 

al. 2003, Martínez-Freiría et al. 2010). Indeed, a biogeographic barrier exists between 

northern and contact zone populations. This break occurs along the Caribbean lowland 

forest that transitions into a series of floodplain valleys and coincides with the geographic 

range limits of some anuran and beetle taxa (Kohlmann et al. 2002, Robertson and Vega 

2011). In red-eyed treefrogs, the magnitude of phenotypic divergence across this 

biogeographic barrier exceeds the extent of genetic differentiation, possibly due to strong 
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localized selection on coloration on either side of the barrier (Robertson et al. 2009, 

Robertson and Vega 2011). Finally, sexual selection may play an important role in the 

dynamics of character evolution and hybrid speciation (Servedio 2004), as discussed 

below.  

 

Inferring selection from patterns of phenotypic and genetic diversity  

The rapid accumulation of reproductive isolation in the early stages of divergence has 

been attributed to both sexual selection (Sweigart 2010, Pardo-Diaz et al. 2012, Martin 

and Mendelson 2016), and ecological selection (Martin et al. 2006, Colliard et al. 2010, 

Stankowski et al. 2015), highlighting the complexity and unpredictability of divergence 

with genetic exchange. There are numerous, classic examples of the mediating effects of 

strong natural selection on phenotype between neighboring populations (Endler and 

Houde 1995, Hoekstra et al. 2004, Seehausen and Schluter 2004, Rosenblum 2006, Nosil 

2007, Twomey et al. 2015). We provide genomic evidence of selection: genotype varied 

with geographic distance, but the magnitude of phenotypic divergence in most cases 

exceeded the geographic and genetic distance between populations (Table 2.5, Figure 

2.5). The discordant patterns of genetic and phenotypic distance indicate that strong 

localized selection acts on coloration in the presence of genetic exchange. We propose 

that sexual selection is likely to be a contributing force that underlies hybrid formation 

and diversification in this system. Previous work on red-eyed treefrogs indicates that 

divergent populations of the red-eyed treefrog mate assortatively, with a preference for 

local mates (Jacobs et al. 2016, Akopyan et al. in review), and that color pattern likely 

serves as a social signal for red-eyed treefrogs (Robertson and Greene 2017). 
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Insights gained by studying early stage divergence  

Speciation is a complex process that can occur across a broad range of scenarios (Coyne 

and Orr 2004, Nosil 2012). Although speciation with gene flow is gaining attention as an 

important evolutionary phenomenon, we still have relatively few examples that 

demonstrate the creative role of hybridization during the early stages of divergence 

(Arnold 2016). We expect that the most effective method of understanding how 

divergence proceeds along the speciation continuum is to track replicated patterns of 

intraspecific divergence at multiple spatial and temporal scales. When isolation becomes 

more or less complete, the genetic regions underlying divergence become harder to 

identify—there is no way to differentiate between genes that initially caused divergence 

and genes that diverged post isolation (Nosil and Schluter 2011, Feder et al. 2013). For 

example, in the early stages of speciation, initial divergence is restricted to a small 

fraction of the genome, largely clustered around genes under selection (Kronforst et al. 

2013). Thus, genome-wide levels of admixture overpower the signal of divergence in the 

few genomic regions experiencing selection.  

 Our genome-wide association tests revealed that the genetic architecture of leg 

color is driven by few SNPs across the genome (that we sampled) that have large, 

measurable effects on this trait. Thus, the genetic variants underlying leg color could be 

shaped by selection, while the remainder of the genome is homogenized by gene flow. It 

is also likely that genetic exchange among phenotypically differentiated regions could 

explain the high levels of phenotypic diversity in the contact zone, where gene flow 

among divergent forms is increasing genetic variability upon which selection can act. 

Therefore, by examining divergent populations experiencing gene flow, i.e. before 
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complete isolation, we describe the patterns and processes that are integral to lineage 

divergence (Feder et al. 2013). 

 

Future work 

Future studies in red-eyed treefrogs should therefore (1) track patterns of genomic and 

phenotypic diversification, and (2) quantify pre- and postmating reproductive isolation, 

and (3) assess hybrid fitness relative to parental populations. Contact zones lie at the 

center of theoretical and empirical research in speciation, and linking adaptive 

phenotypes in natural populations with their underlying genetic mechanisms remains a 

central goal in evolutionary biology. 
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Figure 2.1. Population sampling of Agalychnis callidryas in Costa Rica and Panama. Pins indicate 
population localities. Posterior aspect of legs represent geographic variation in color pattern. Populations in 
the north (sites 1-4) have blue legs, populations in the central region (sites 9-11) have legs that are both 
blue and red, and in the south (sites 12-15), populations have nearly completely red legs. The contact zone 
between the north and the central includes four sampling localities (sites 5-8). These populations each 
contain multiple phenotypes: blue legs (as in the north), red/blue legs (as in the central), and an 
intermediate purple leg morph. 
 

 
Figure 2.2. Scatterplots summarizing patterns of phenotypic variation (A) and genotypic variation (B) 
based on principal component analysis (PCA). Points denote individuals and are colored based on region. 
Individuals from site 12 cluster separately from remaining southern populations based on genotype. These 
individuals are also assigned to a unique deme based on admixture proportions (Figure 2.3).  
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Figure 2.3. Barplot of admixture proportions for k = 5. Each bar corresponds to an individual, and each 
colored segment depicts the proportion of an individual’s genome inherited from one of five inferred source 
populations. Black vertical lines separate regions and white vertical lines separate sites 1-15 (Figure 2.1). 
 
 
 
 

Figure 2.4. Scatterplot of admixture proportion (q) and the fraction of loci at which individuals have 
ancestry from both parental regions (Q12). The majority of individuals in the contact zone are Fn hybrids, 
with only a few backcrossed hybrids and parentals from the central region. 
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Figure 2.5. Relationships between genetic (FST), geographic (km), and phenotypic diversity (Euclidean 
distance based on red hue of legs). We found a positive relationship between genetic and geographic 
distance (Mantel test; A), but no association between geographic and phenotypic distance after accounting 
for the effects of genetic distance (partial Mantel test, B), or between genetic and phenotypic distance after 
accounting for the effects of geographic distance (partial Mantel test; C).  
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Figure 2.6. Scatterplot showing the probability of effect on leg color of each of 58,697 SNPs. The five 
SNPs with maximal probability of effect on leg color (y=1) appear to be underlying the red hue of frog 
legs. These genetic variants do not cluster together, i.e., they are spread out along the genome. The 
remaining variants show low to intermediate probabilities of effect on leg color. 
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Table 2.1. Sample size, location, and genetic diversity for each sampling site. See Figure 2.1 for site 
location. 

 

 

 
 
Table 2.2. Pairwise FST estimates (below diagonal) and pairwise geographic distance (km) (above diagonal) 
for 15 sampling sites. Shaded FST estimates are not significantly different from zero. 

 
 
 
Table 2.3. Classification matrix of individuals based on leg color inferred from discriminant function 
analysis. Diagonal values (bolded) indicate percentage correctly classified. Individuals were classified 
based on percent red and hue, saturation, and brightness of red and blue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 104.6 155.7 162.7 206.2 222.6 230.9 247.2 251.3 271.0 322.2 477.8 521.7 571.7 598.2
2 0.067 53.0 67.3 107.2 124.4 134.2 149.5 153.0 172.9 228.5 383.3 423.3 472.1 495.3
3 0.094 0.018 24.9 55.0 72.4 82.7 97.3 100.6 120.4 177.1 331.2 370.4 419.1 442.8
4 0.118 0.045 0.013 43.8 59.9 68.4 84.6 88.6 108.4 161.8 317.2 359.2 409.0 436.4

5 0.169 0.101 0.064 0.026 17.4 27.9 42.4 45.9 65.8 122.1 276.2 316.5 365.8 392.6
6 0.144 0.080 0.044 0.015 0.001 11.1 25.1 28.8 48.7 104.8 258.9 299.6 349.2 377.1
7 0.166 0.098 0.061 0.025 0.000 0.000 16.6 21.1 40.3 94.5 249.2 290.8 340.8 370.3
8 0.145 0.079 0.043 0.015 0.001 0.000 0.002 4.8 23.8 80.3 233.9 274.7 324.5 353.6

9 0.194 0.125 0.086 0.042 0.005 0.007 0.004 0.008 19.9 77.7 230.5 270.8 320.4 349.2
10 0.214 0.140 0.098 0.053 0.010 0.015 0.012 0.015 0.010 59.3 210.8 250.9 300.7 330.3
11 0.237 0.166 0.128 0.079 0.030 0.035 0.032 0.036 0.029 0.024 155.7 201.5 253.1 291.5

12 0.332 0.266 0.240 0.186 0.135 0.135 0.136 0.139 0.142 0.138 0.126 60.1 110.7 170.7
13 0.325 0.262 0.235 0.191 0.150 0.149 0.151 0.152 0.155 0.153 0.145 0.147 52.6 111.2
14 0.318 0.249 0.223 0.175 0.134 0.132 0.134 0.135 0.141 0.137 0.132 0.142 0.063 72.0
15 0.309 0.242 0.211 0.170 0.136 0.134 0.135 0.137 0.143 0.139 0.137 0.147 0.072 0.050

South

North

Contact 
Zone

Central

South

North Contact Zone Central

True Site North Contact Zone Central South n

North 84.62% 15.38% 0.00% 0.00% 13

Contact Zone 2.02% 92.93% 2.02% 3.03% 99

Central 0.00% 0.00% 81.82% 18.18% 11

South 0.00% 13.33% 10.00% 76.67% 30

Classification

Region Site No. Site Name Province, Country N (Color) N (SNP) Latitude Longitude Ho Ht

1 Tilarán Guanacaste, CR 2 5 10.516217 -84.960167 0.111 0.111
2 La Selva Biological Station Heredia, CR 11 10 10.432810 -84.008065 0.109 0.113
3 University of EARTH Limón, CR 0 5 10.236850 -83.567183 0.105 0.111
4 Guayacan Limón, CR 0 10 10.013433 -83.565133 0.115 0.126
5 Liverpool Limón, CR 18 20 9.928062 -83.175033 0.134 0.137
6 Bananito Limón, CR 40 30 9.829700 -83.052020 0.138 0.142
7 Armenia Limón, CR 20 20 9.740510 -83.006060 0.133 0.136
8 Dandiri Limón, CR 20 20 9.711530 -82.857570 0.136 0.141
9 Cahuita Limón, CR 0 9 9.718983 -82.814833 0.129 0.135
10 Manzanillo Limón, CR 8 10 9.633217 -82.655667 0.119 0.127
11 Almirante Bocas del Toro, PA 6 9 9.198017 -82.344550 0.122 0.127
12 Santa Fé Veraguas, PA 10 11 8.507067 -81.114150 0.109 0.109
13 El Cope Coclé, PA 0 10 8.668100 -80.592617 0.117 0.117
14 El Valle Coclé, PA 9 11 8.629950 -80.115950 0.109 0.111
15 Gamboa Panamá, PA 9 12 9.123167 -79.693050 0.101 0.112

North

Contact 
Zone

Central

South

a
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Table 2.4. Classification matrix of individuals based on genetic data inferred from an assignment test 
conducted by calculating the likelihood that an individual's genotype is found in a region given the allele 
frequencies in that region. Diagonal values (bolded) indicate percentage correctly classified. 
 
 
 
 
 
 
 
 
 
 
Table 2.5. Genetic architecture of leg color variation. The proportion of phenotypic variance explained by 
the genetic data is highest for hue and saturation of red. The architecture of leg color is driven by few SNPs 
(that we sampled) that have large, measurable effects. PVE = proportion of phenotypic variance explained 
by the genetic data; PGE = proportion of the PVE explained by genetic variants with measurable effects, 
n_SNPs = number of genetic variants with measurable contributions to the phenotypic variance; MAPE = 
model-averaged point estimate of each SNP 

 
 
 
  

True Site North Contact Zone Central South n
North 90.0% 10.0% 0.0% 0.0% 30

Contact Zone 3.3% 95.6% 1.1% 0.0% 90
Central 0.0% 53.6% 46.4% 0.0% 28
South 0.0% 0.0% 0.0% 100.0% 44

Classification

Phenotype PVE ± SD PGE ± SD n_SNPs ± SD MAPE ± SD
Blue Hue 0.188 ± 0.155 0.444 ± 0.314 33.520 ± 54.220 -7.958E-04 ± 5.671E-04

Blue Saturation 0.487 ± 0.176 0.390 ± 0.285 21.500 ± 39.589 9.700E-05 ± 9.400E-04
Blue Brightness 0.379 ± 0.123 0.528 ± 0.336 57.020 ± 72.611 -6.920E-05 ± 1.505E-03

Red Hue 0.991 ± 0.004 0.989 ± 0.004 12.740 ± 4.171 1.173E-02 ± 1.180E-02
Red Saturation 0.930 ± 0.045 0.833 ± 0.226 17.810 ± 7.983 -1.942E-03 ± 7.414E-03
Red Brightness 0.623 ± 0.106 0.485 ± 0.322 57.680 ± 64.561 -2.407E-04  ± 1.459E-03

Percent Red 0.458 ± 0.129 0.464 ± 0.309 46.140 ± 67.713 -1.270E-04 ± 1.345E-03



 

41 

LITERATURE CITED 

Aho, A., K. Donner, S. Helenius, L. Larsen, and T. Reuter. 1993. Visual performance of 

the toad (Bufo bufo) at low light levels: retinal ganglion cell responses and prey-

catching accuracy. Journal of Comparative Physiology A 172:671-682. 

Akopyan, M., K. Kaiser, S. Dudgeon, N. Savant, C. Owen, A. Vega, and J. Robertson. in 

review. Melodic males and flashy females: Geographic variation in male and 

female reproductive behavior in red-eyed treefrogs (Agalychnis callidryas). 

Ethology. 

Akre, K. L., H. E. Farris, A. M. Lea, R. A. Page, and M. J. Ryan. 2011. Signal perception 

in frogs and bats and the evolution of mating signals. Science 333:751-752. 

Ali, O. A., S. M. O’Rourke, S. J. Amish, M. H. Meek, G. Luikart, C. Jeffres, and M. R. 

Miller. 2016. RAD capture (Rapture): flexible and efficient sequence-based 

genotyping. Genetics 202:389-400. 

Amézquita, A., and W. Hödl. 2004. How, when, and where to perform visual displays: 

the case of the Amazonian frog Hyla parviceps. Herpetologica 60:420-429. 

Anderson, E., and G. L. Stebbins. 1954. Hybridization as an evolutionary stimulus. 

Evolution 8:378-388. 

Arnold, M. L. 1997. Natural hybridization and evolution. Oxford University Press, New 

York. 

Arnold, M. L. 2016. Divergence with genetic exchange. Oxford University Press, New 

York. 



 

42 

Balsby, T. J., and T. Dabelsteen. 2002. Female behaviour affects male courtship in 

whitethroats, Sylvia communis: an interactive experiment using visual and 

acoustic cues. Animal Behaviour 63:251-257. 

Bates, D., M. Maechler, B. M. Bolker, and S. C. Walker. 2015. Fitting Linear Mixed-

effects Models Using lme4. R Foundation for Statistical Computing. Vienna, 

Austria. 

Bernal, X. E., C. Guarnizo, and H. Lüddecke. 2005. Geographic variation in 

advertisement call and genetic structure of Colostethus palmatus (Anura, 

Dendrobatidae) from the Colombian Andes. Herpetologica 61:395-408. 

Bernal, X. E., A. S. Rand, and M. J. Ryan. 2006. Acoustic preferences and localization 

performance of blood-sucking flies (Corethrella Coquillett) to Túngara frog calls. 

Behavioral Ecology 17:709-715. 

Beysard, M., and G. Heckel. 2014. Structure and dynamics of hybrid zones at different 

stages of speciation in the common vole (Microtus arvalis). Molecular Ecology 

23:673-687. 

Bi, Y., X. L. Ren, C. Yan, J. F. Shao, D. Y. Xie, and Z. Y. Zhao. 2015. A genome-wide 

hybrid incompatibility landscape between Caenorhabditis briggsae and C. nigoni. 

Plos Genetics 11:e1004993. 

Boul, K. E., W. C. Funk, C. R. Darst, D. C. Cannatella, and M. J. Ryan. 2007. Sexual 

selection drives speciation in an Amazonian frog. Proceedings of the Royal 

Society of London B: Biological Sciences 274:399-406. 

Buerkle, C. A., R. J. Morris, M. A. Asmussen, and L. H. Rieseberg. 2000. The likelihood 

of homoploid hybrid speciation. Heredity 84:441-451. 



 

43 

Catchen, J., P. A. Hohenlohe, S. Bassham, A. Amores, and W. A. Cresko. 2013. Stacks: 

an analysis tool set for population genomics. Molecular Ecology 22:3124-3140. 

Charif, R. A., C. W. Clark, and K. M. Fristrup. 2003. Raven. Cornell Laboratory of 

Ornithology, Ithaca, NY. 

Coleman, S. W., G. L. Patricelli, and G. Borgia. 2004. Variable female preferences drive 

complex male displays. Nature 428:742-745. 

Colliard, C., A. Sicilia, G. F. Turrisi, M. Arculeo, N. Perrin, and M. Stoeck. 2010. Strong 

reproductive barriers in a narrow hybrid zone of west-Mediterranean green toads 

(Bufo viridis subgroup) with Plio-Pleistocene divergence. BMC Evolutionary 

Biology 10:232. 

Conte, G. L., and D. Schluter. 2013. Experimental confirmation that body size determines 

mate preference via phenotype matching in a stickleback species pair. Evolution 

67:1477-1484. 

Coyne, J. A., and H. A. Orr. 2004. Speciation. Sinauer Associates, Inc, Sunderland, MA. 

Darwin, C. 1859. On the Origin of Species by Means of Natural Selection, or the 

Preservation of Favoured Races in the Struggle for Life. John Murray, London. 

David, J., F. Lemeunier, L. Tsacas, and C. Bocquet. 1974. Hybridization of a new 

species, Drosophila mauritiana, with D. melanogaster and D. simulans. Annales 

De Genetique 17:235-241. 

Davis, L. R., K. Klonoski, H. L. Rutschow, K. J. Van Wijk, Q. Sun, M. H. Haribal, R. A. 

Saporito, A. Vega, E. B. Rosenblum, K. R. Zamudio, and J. M. Robertson. 2016. 

Host defense skin peptides vary with color pattern in the highly polymorphic red-

eyed treefrog. Frontiers in Ecology and the Evolution 4:97. 



 

44 

de Sa, F. P., J. Zina, and C. F. Haddad. 2016. Sophisticated communication in the 

Brazilian torrent frog Hylodes japi. PLOS One 11:e0145444. 

Devis, N., A. Aiello, J. Mallet, A. Pomiankowski, and R. E. Silberglied. 1997. Speciation 

in two Neotropical butterflies: extending Haldane's rule. Proceedings of the Royal 

Society of London Series B: Biological Sciences 264:845-851. 

Dickman, C. T. D., and A. J. Moehring. 2014. Contribution of the X chromosome to a 

marked reduction in lifespan in interspecies female hybrids of Drosophila 

simulans and D. mauritiana. Journal of Evolutionary Biology 27:25-33. 

Dobzhansky, T. 1937. Genetics and the Origin of Species. Columbia University Press, 

New York, NY. 

Dobzhansky, T. 1940. Speciation as a stage in evolutionary divergence. American 

Naturalist 74:312-321. 

Duellman, W. E. 2001. The Hylid Frogs of Middle America. Society for the Study of 

Amphibians and Reptiles, Ithaca, New York. 

Duellman, W. E., and R. A. Pyles. 1983. Acoustic resource partitioning in anuran 

communities. Copeia 1983:639-649. 

Edward, D. A., and T. Chapman. 2011. The evolution and significance of male mate 

choice. Trends in Ecology & Evolution 26:647-654. 

Endler, J. A., and A. E. Houde. 1995. Geographic variation in female preferences for 

male traits in Poecilia reticulata. Evolution 49:456-468. 

Feder, J. L., S. P. Egan, and P. Nosil. 2012. The genomics of speciation-with-gene-flow. 

Trends in Genetics 28:342-350. 



 

45 

Feder, J. L., S. M. Flaxman, S. P. Egan, A. A. Comeault, and P. Nosil. 2013. Geographic 

mode of speciation and genomic divergence. Annual Review of Ecology, 

Evolution, and Systematics 44:73-97. 

Field, D. L., D. J. Ayre, R. J. Whelan, and A. G. Young. 2011. Patterns of hybridization 

and asymmetrical gene flow in hybrid zones of the rare Eucalyptus aggregata and 

common E. rubida. Heredity 106:841-853. 

Fitzpatrick, B. M., J. A. Fordyce, and S. Gavrilets. 2009. Pattern, process and geographic 

modes of speciation. Journal of Evolutionary Biology 22:2342-2347. 

Foster, S. A., and J. A. Endler. 1999. Geographic Variation in Behavior: Perspectives on 

Evolutionary Mechanisms. Oxford University Press, New York. 

Fox, J., S. Weisberg, D. Adler, D. Bates, G. Baud-Bovy, S. Ellison, D. Firth, M. Friendly, 

G. Gorjanc, and S. Graves. 2016. Package ‘car’: Companion to Applied 

Regression. R Foundation for Statistical Computing. Vienna, Austria. 

Gade, M. R., M. Hill, and R. A. Saporito. 2016. Color assortative mating in a mainland 

population of the poison frog Oophaga pumilio. Ethology 122:851-858. 

Gerhardt, H. C., M. L. Dyson, and S. D. Tanner. 1996. Dynamic properties of the 

advertisement calls of gray tree frogs: patterns of variability and female choice. 

Behavioral Ecology 7:7-18. 

Gomez, D., C. Richardson, T. Lengagne, S. Plenet, P. Joly, J.-P. Lena, and M. Thery. 

2009. The role of nocturnal vision in mate choice: females prefer conspicuous 

males in the European tree frog (Hyla arborea). Proceedings of the Royal Society 

Biological Sciences Series B 276:2351-2358. 



 

46 

Gompert, Z., and C. A. Buerkle. 2016. What, if anything, are hybrids: enduring truths and 

challenges associated with population structure and gene flow. Evolultionary 

Applications 9:909-923. 

Gompert, Z., J. A. Fordyce, M. L. Forister, A. M. Shapiro, and C. C. Nice. 2006. 

Homoploid hybrid speciation in an extreme habitat. Science 314:1923-1925. 

Gompert, Z., L. K. Lucas, C. A. Buerkle, M. L. Forister, J. A. Fordyce, and C. C. Nice. 

2014. Admixture and the organization of genetic diversity in a butterfly species 

complex revealed through common and rare genetic variants. Molecular Ecology 

23:4555-4573. 

Gonzalez-Zuarth, C. A., A. Vallarino, and C. M. Garcia. 2011. Female responsiveness 

underlies the evolution of geographic variation in male courtship between 

allopatric populations of the fish Girardinichthys multiradiatus. Evolutionary 

Ecology 25:831-843. 

Grant, P. R., and B. R. Grant. 2009. The secondary contact phase of allopatric speciation 

in Darwin's finches. Proceedings of the National Academy of Sciences of the 

United States of America 106:20141-20148. 

Grant, V. 1958. The regulation of recombination in plants. Cold Spring Harbor Symposia 

on Quantitative Biology 23:337-363. 

Haddad, C. F. B., and A. A. Giaretta. 1999. Visual and acoustic communication in the 

Brazilian torrent frog, Hylodes asper (Anura : Leptodactylidae). Herpetologica 

55:324-333. 



 

47 

Halloy, M., and R. E. Espinoza. 2000. Territorial encounters and threat displays in the 

Neotropical frog Phyllomedusa sauvagii (Anura: Hylidae). Herpetological Natural 

History 7:175-180. 

Harrison, R. G. 1991. Molecular changes at speciation. Annual Review of Ecology and 

Systematics 22:281-308. 

Harrison, R. G., and D. M. Rand. 1989. Mosaic hybrid zone and the nature of species 

boundaries. Pages 111-133 in J. A. Endler and D. Otte, editors. Speciation and its 

Consequences. Sinauer, Sunderland, MA. 

Heinig, A., S. Pant, J. L. Dunning, A. Bass, Z. Coburn, and J. F. Prather. 2014. Male 

mate preferences in mutual mate choice: finches modulate their songs across and 

within male–female interactions. Animal Behaviour 97:1-12. 

Hendry, C. R., T. J. Guiher, and R. A. Pyron. 2014. Ecological divergence and sexual 

selection drive sexual size dimorphism in New World pitvipers (Serpentes: 

Viperidae). Journal of Evolutionary Biology 27:760-771. 

Hoekstra, H. E., K. E. Drumm, and M. W. Nachman. 2004. Ecological genetics of 

adaptive color polymorphism in pocket mice: geographic variation in selected and 

neutral genes. Evolution 58:1329-1341. 

Hothorn, T., F. Bretz, P. Westfall, and R. M. Heiberger. 2008. Multcomp: Simultaneous 

Inference in General Parametric Models—R Package. R Foundation for Statistical 

Computing. Vienna, Austria. 

Jacobs, L. E., A. Vega, S. R. Dudgeon, K. Kaiser, and J. M. Robertson. 2016. Local not 

vocal: assortative female choice in divergent populations of red-eyed treefrogs, 



 

48 

Agalychnis callidryas (Hylidae: Phyllomedusinae). Biological Journal of the 

Linnean Society 120:171-178. 

Keller, I., C. Wagner, L. Greuter, S. Mwaiko, O. Selz, A. Sivasundar, S. Wittwer, and O. 

Seehausen. 2013. Population genomic signatures of divergent adaptation, gene 

flow and hybrid speciation in the rapid radiation of Lake Victoria cichlid fishes. 

Molecular Ecology 22:2848-2863. 

Kohlmann, B., J. Lulla, and K. EARTH. 2002. Costa Rica desde el espacio / Costa Rica 

from space. San José, CR: Edit. Heliconia. 

Kronforst, M. R., M. E. Hansen, N. G. Crawford, J. R. Gallant, W. Zhang, R. J. 

Kulathinal, D. D. Kapan, and S. P. Mullen. 2013. Hybridization reveals the 

evolving genomic architecture of speciation. Cell reports 5:666-677. 

Li, H., and R. Durbin. 2009. Fast and accurate short read alignment with Burrows–

Wheeler transform. Bioinformatics 25:1754-1760. 

Maan, M. E., and M. E. Cummings. 2008. Female preferences for aposematic signal 

components in a polymorphic poison frog. Evolution 62:2334-2345. 

Mallet, J. 2007. Hybrid speciation. Nature 446:279. 

Martin, M. D., and T. C. Mendelson. 2016. The accumulation of reproductive isolation in 

early stages of divergence supports a role for sexual selection. Journal of 

Evolutionary Biology 29:676-689. 

Martin, N. H., A. C. Bouck, and M. L. Arnold. 2006. Detecting adaptive trait 

introgression between Iris fulva and I. brevicaulis in highly selective field 

conditions. Genetics 172:2481-2489. 



 

49 

Martínez-Freiría, F., M. Lizana, J. P. do Amaral, and J. C. Brito. 2010. Spatial and 

temporal segregation allows coexistence in a hybrid zone among two 

Mediterranean vipers (Vipera aspis and V. latastei). Amphibia-Reptilia 31:195-

212. 

Mavárez, J., C. A. Salazar, E. Bermingham, C. Salcedo, C. D. Jiggins, and M. Linares. 

2006. Speciation by hybridization in Heliconius butterflies. Nature 441:868-871. 

Mayr, E. 1942. Systematics and the Origin of Species. Columbia Univeristy Press, New 

York. 

Mayr, E. 1963. Animal species and evolution. Belknap Press of Harvard University 

Press, Cambridge, MA. 

Mazzoni, D., and R. Dannenberg. 2000. Audacity. The Audacity Team, Pittsburg, PA. 

McGregor, P. K. 2000. Playback experiments: design and analysis. Acta Ethologica 3:3-

8. 

Medina, L. M., C. M. Garcia, A. F. Urbina, J. Manjarrez, and A. Moyaho. 2013. Female 

vibration discourages male courtship behaviour in the Amarillo fish 

(Girardinichthys multiradiatus). Behavioural Processes 100:163-168. 

Meffert, L. M., and J. L. Regan. 2002. A test of speciation via sexual selection on female 

preferences. Animal Behaviour 64:955-965. 

Meirmans, P. G., and P. H. Van Tienderen. 2004. GENOTYPE and GENODIVE: two 

programs for the analysis of genetic diversity of asexual organisms. Molecular 

Ecology Notes 4:792-294. 



 

50 

Milne, R., S. Terzioglu, and R. Abbott. 2003. A hybrid zone dominated by fertile F1s: 

maintenance of species barriers in Rhododendron. Molecular Ecology 12:2719-

2729. 

Nosil, P. 2007. Divergent host plant adaptation and reproductive isolation between 

ecotypes of Timema cristinae walking sticks. American Naturalist 169:151-162. 

Nosil, P. 2012. Ecological Speciation. Oxford University Press, New York. 

Nosil, P., and D. Schluter. 2011. The genes underlying the process of speciation. Trends 

in Ecology & Evolution 26:160-167. 

Oh, K., D. Fergus, J. Grace, and K. Shaw. 2012. Interspecific genetics of speciation 

phenotypes: song and preference coevolution in Hawaiian crickets. Journal of 

Evolutionary Biology 25:1500-1512. 

Paluh, D. J., M. M. Hantak, and R. A. Saporito. 2014. A test of aposematism in the 

dendrobatid poison frog Oophaga pumilio: The importance of movement in clay 

model experiments. Journal of Herpetology 48:6. 

Pardo-Diaz, C., C. Salazar, S. W. Baxter, C. Merot, W. Figueiredo-Ready, M. Joron, W. 

O. McMillan, and C. D. Jiggins. 2012. Adaptive introgression across species 

boundaries in Heliconius butterflies. Plos Genetics 8:e1002752. 

Picker, M. D. 1985. Hybridization and habitat selection in Xenopus gilli and Xenopus 

laevis in the southwestern Cape Province. Copeia 1985:574-580. 

Pritchard, J. K., M. Stephens, and P. Donnelly. 2000. Inference of population structure 

using multilocus genotype data. Genetics 155:945-959. 

Pyburn, W. F. 1970. Breeding behavior of the leaf-frogs Phyllomedusa callidryas and 

Phyllomedusa dacnicolor in Mexico. Copeia 1970:209-218. 



 

51 

R Core Development Team, R. 2016. R: A Language and Environment for Statistical 

Computing. R Foundation for Statistical Computing, Vienna, Austria. 

Reynolds, R. G., and B. M. Fitzpatrick. 2007. Assortative mating in poison-dart frogs 

based on an ecologically important trait. Evolution 61:2253-2259. 

Rieseberg, L. H. 1995. The role of hybridization in evolution: old wine in new skins. 

American Journal of Botany 82:944-953. 

Rieseberg, L. H. 1997. Hybrid origins of plant species. Annual Review of Ecology and 

Systematics 28:359-389. 

Robertson, J. M., M. C. Duryea, and K. R. Zamudio. 2009. Discordant patterns of 

evolutionary differentiation in two Neotropical treefrogs. Molecular Ecology 

18:1375-1395. 

Robertson, J. M., and H. W. Greene. 2017. Bright colour patterns as social signals in 

nocturnal frogs. Biological Journal of the Linnean Society 121:849-857. 

Robertson, J. M., and A. D. Robertson. 2008. Spatial and temporal patterns of phenotypic 

variation in a Neotropical frog. Journal of Biogeography 35:830-843. 

Robertson, J. M., and A. Vega. 2011. Genetic and phenotypic variation in a colourful 

treefrog across five geographic barriers. Journal of Biogeography:2122–2135. 

Robertson, J. M., and K. R. Zamudio. 2009. Genetic diversification, vicariance, and 

selection in a polytypic frog. Journal of Heredity 100:715-731. 

Rodríguez, R. L., J. W. Boughman, D. A. Gray, E. A. Hebets, G. Höbel, and L. B. 

Symes. 2013. Diversification under sexual selection: the relative roles of mate 

preference strength and the degree of divergence in mate preferences. Ecology 

Letters 16:964-974. 



 

52 

Rosenblum, E. B. 2006. Convergent evolution and divergent selection: lizards at the 

White Sands ecotone. American Naturalist 167:1-15. 

Ryan, M. J. 2001. Anuran Communication. Smithsonian Institution Press, Washington 

D.C. 

Ryan, M. J., and A. S. Rand. 1990. The sensory basis of sexual selection for complex 

calls in the Túngara frog, Physalaemus pustulosus (sexual selection for sensory 

exploitation). Evolution 44:305-314. 

Santangelo, N. 2005. Courtship in the monogamous convict cichlid: what are individuals 

saying to rejected and selected mates? Animal Behaviour 69:143-149. 

Schwarz, D., B. M. Matta, N. L. Shakir-Botteri, and B. A. McPheron. 2005. Host shift to 

an invasive plant triggers rapid animal hybrid speciation. Nature 436:546-549. 

Scopece, G., A. Croce, C. Lexer, and S. Cozzolino. 2013. Components of reproductive 

isolation between Orchis mascula and Orchis pauciflora. Evolution 67:2083-

2093. 

Scriber, J. M., and G. J. Ording. 2005. Ecological speciation without host plant 

specialization; possible origins of a recently described cryptic Papilio species. 

Entomologia experimentalis et applicata 115:247-263. 

Seddon, N., C. A. Botero, J. A. Tobias, P. O. Dunn, H. E. MacGregor, D. R. Rubenstein, 

J. A. C. Uy, J. T. Weir, L. A. Whittingham, and R. J. Safran. 2013. Sexual 

selection accelerates signal evolution during speciation in birds. Page 20131065 

in Proceedings of the Royal Society of London B: Biological Sciences. The Royal 

Society. 



 

53 

Seehausen, O., and D. Schluter. 2004. Male-male competition and nuptial-colour 

displacement as a diversifying force in Lake Victoria cichlid fishes. Proceedings 

of the Royal Society of London Series B-Biological Sciences 271:1345-1353. 

Servedio, M. R. 2004. The evolution of premating isolation: Local adaptation and natural 

and sexual selection against hybrids. Evolution 58:913-924. 

Shaw, D. D., and P. Wilkinson. 1980. Chromosome differentiation, hybrid breakdown 

and the maintenance of a narrow hybrid zone in Caledia. Chromosoma 80:1-31. 

Stankowski, S., J. M. Sobel, and M. A. Streisfeld. 2015. The geography of divergence 

with gene flow facilitates multitrait adaptation and the evolution of pollinator 

isolation in Mimulus aurantiacus. Evolution 69:3054-3068. 

StataCorp. 2008. Stata/IC 10.1. StataCorp LP College Station, TX. 

Stebbins, G. 1957. The hybrid origin of microspecies in the Elymus glaucus complex. 

Cytologia Suppl 36:336-340. 

Stebbins, G. L. 1959. The role of hybridization in evolution. Proceedings of the American 

Philosophical Society 103:231-251. 

Stebbins, R. C., and N. W. Cohen. 1995. A Natural History of Amphibians. Princeton 

University Press. 

Svensson, E. I., F. Eroukhmanoff, and M. Friberg. 2006. Effects of natural and sexual 

selection on adaptive population divergence and premating isolation in a 

damselfly. Evolution 60:1242-1253. 

Sweigart, A. L. 2010. The genetics of postmating, prezygotic reproductive isolation 

between Drosophila virilis and D. americana. Genetics 184:401-410. 



 

54 

Tobias, M. L., S. S. Viswanathan, and D. B. Kelley. 1998. Rapping, a female receptive 

call, initiates male–female duets in the South African clawed frog. Proceedings of 

the National Academy of Sciences of the United States of America 95:1870-1875. 

Toledo, L., and C. Haddad. 2009. Colors and some morphological traits as defensive 

mechanisms in anurans. International Journal of Zoology 2009:1-12. 

Twomey, E., M. Mayer, and K. Summers. 2015. Intraspecific call variation in the mimic 

poison frog Ranitomeya imitator. Herpetologica 71:252-259. 

Velásquez, N. A., J. Marambio, E. Brunetti, M. A. Méndez, R. A. Vásquez, and M. 

Penna. 2013. Bioacoustic and genetic divergence in a frog with a wide 

geographical distribution. Biological Journal of the Linnean Society 110:142-155. 

Wagner, W. E. 1998. Measuring female mating preferences. Animal Behaviour 55:1029-

1042. 

Wells, K. D. 1977. Social behavior of anuran amphibians. Animal Behaviour 25:666-693. 

Wells, K. D. 2007. The Ecology and Behavior of Amphibians. University of Chicago 

Press, Chicago. 

West, M. J., and A. P. King. 1988. Female visual displays affect the development of male 

song in the cowbird. Nature 334:244-246. 

West-Eberhard, M. J. 1983. Sexual selection, social competition, and speciation. 

Quarterly Review of Biology 58. 

Wilczynski, W., and M. J. Ryan. 1999. Geographic variation in animal communication 

systems. Page 314 in S. A. Foster and J. A. Endler, editors. Geographic Variation 

in Behavior Perspectives on Evolutionary Mechanisms. Oxford University Press, 

New York. 



 

55 

Wilkins, M. R., N. Seddon, and R. J. Safran. 2013. Evolutionary divergence in acoustic 

signals: causes and consequences. Trends in Ecology & Evolution 28:156-166. 

Yoshikawa, T., Y. Ohkubo, K. Karino, and E. Hasegawa. 2016. Male guppies change 

courtship behaviour in response to their own quality relative to that of a rival 

male. Animal Behaviour 118:33-37. 

Yovanovich, C. A., S. M. Koskela, N. Nevala, S. L. Kondrashev, A. Kelber, and K. 

Donner. 2017. The dual rod system of amphibians supports colour discrimination 

at the absolute visual threshold. Philosophical Transactions of the Royal Society 

B 372:20160066. 

Zhou, X., and M. Stephens. 2012. Genome-wide efficient mixed-model analysis for 

association studies. Nature Genetics 44:821-824. 

Zuk, M., and G. R. Kolluru. 1998. Exploitation of sexual signals by predators and 

parasitoids. Quarterly Review of Biology 73:415-438. 

 

 


