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ABSTRACT OF THE DISSERTATION 

 
 

The Complexities of Mate Choice: Quantitative Genetics, Multiple Signals and Mate 
Choice Strategy 

by 

Alexandra Prokuda 

Doctor of Philosophy, Evolution, Ecology and Organismal Biology 
University of California, Riverside, December 2016 

Dr. Derek Roff, Chairperson 

 
The first chapter provides a comprehensive review of the quantitative genetics of 

sexually selected traits, preference for those traits, and the correlation between them. The 

review shows that the average heritability of sexually selected traits is the same as that of 

non-sexually selected traits. The data also show that the average heritability of preference 

is lower than previously reported and that the heritability of sexually selected traits 

decreases as the correlation between the trait and female preference increases. The 

second and third chapters explore female preferences for male traits in Gryllus firmus. In 

the second chapter the experiment shows that females choose based on multiple 

components of the male calling song. Although many of the components do not have a 

significant effect when looked at separately, as many as 6 song components and 2 other 

variables contribute to female choice when put together in a multivariate model. The third 

chapter shows that female strategy for choosing males based on song duration alone is 

passive, suggesting that females do not actively compare different males but go to the 

male that is singing at the time that she is choosing. This strategy is contrary to what is 
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assumed under the indicator mechanisms of mate choice and may be informative to the 

study of the origins of mate choice. 
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INTRODUCTION 

 The theory of sexual selection began as an explanation for the extravagant but 

seemingly maladaptive male ornaments seen in many species (Darwin, 1861). Darwin’s 

explanation for these ornaments that are deleterious to the survival of the individual was 

that there must be a different selective force acting on these traits, that of female choice, 

along with intrasexual competition. The simple idea of mate choice for some mates over 

others has since grown out of Darwin’s original theory to encompass theories of how a 

genetically-based preference for mate traits can change those traits over time (Fisher, 

1930; O’Donald, 1967; Lande, 1981), why females prefer some males over others 

(Zahavi, 1975; Hamilton & Zuk, 1982; Rowe & Houle, 1996; Endler & Basolo, 1998), 

how preferences can be maintained in the presence of low heritibility for male traits (i.e. 

the lek paradox; Brookfield, 1996; Ritchie, 1996; Kotiaho et al., 2001), why there are 

preferences for multiple traits (Candolin, 2003; Prokop & Drobniak, 2016), and how 

mating systems originate (Arnqvist, 2006; Hill, 2015), among many others. From these 

basic questions, the picture gets only more complex. For example, preference for mates 

can be precopulatory or postcopulatory (Eberhard, 1991; Jennions & Petrie, 2000), males 

can be the choosy sex or exercise mate choice as well as females (Edward & Chapman, 

2011), and multi-signal mating systems can have multiple components to one trait, have 

multiple traits in the same modality and/or multiple traits in different modalities (Hebets 

& Papaj, 2005). In my dissertation I strive to elucidate three areas of this complicated 

field of research: the quantitative genetics of sexual selection, choice based on a multiple-

component male trait, and the strategy employed by females when a choice is made. 
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The maintenance of genetic variation in sexually selected traits is a topic central 

to the theory of sexual selection (Fisher, 1930; Lande, 1981; Bakker & Pomiankowski, 

1995; Rowe & Houle, 1996; Roff, 1997; Lehmann et al., 2007). Yet, the last quantitative 

review of the quantitative genetics of sexually selected traits was published in 1999 and 

used data from 1995 (Bakker & Pomiankowski, 1995; Bakker, 1999). Although theory 

suggested that sexually selected traits should have low genetic variance (Fisher, 1930; 

Falconer, 1981) the Bakker (1999) analysis showed that sexually selected traits have 

higher genetic variance than non-sexually selected traits. This data has been cited a total 

of 242 times (Bakker and Pomiankowski, 1995 cited 187 times and Bakker, 1999 cited 55 

times) since it was published showing a marked interest in the quantitative genetics of 

sexual selection.  

Preferences themselves may be complex and involve multiple traits (e.g. 

Backwell & Passmore, 1996; Blows et al., 2004; Brandt et al., 2005; Simmons et al., 

2013). Many experiments in lab populations have shown that mating preferences for 

multiple traits may be wide spread (see Candolin, 2003; e.g. Kodric-Brown, 1993; 

Kunzler & Bakker, 2001; Brooks, 2002; Loyau et al., 2005; Fisher et al., 2009; Leonard 

& Hedrick, 2010) and some have shown preferences for multiple traits in the wild as well 

(Dale & Slagsvold, 1996; Bentsen et al., 2006; Alonso et al., 2010). The function of 

multiple traits is not clear but hypotheses include multiple messages, back-up or 

redundancy, receiver psychology, sensory bias, past selection remnants, and intersexual 

conflict (see Candolin, 2003 for a full discussion; Rowe, 1999). The way in which these 
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cues are processed can shed light on why multiple cues exist (Ostlund-Nilsson et al., 

2006).  

 A topic that had received attention in the 1990s but has since received little 

consideration is that of mate choice strategy. There is an assumption in the literature that 

the choosy sex (usually females but may be males or both) actively chooses between 

mates, even when direct benefits provided by the mate are absent, (see Dawkins & 

Guilford, 1996; Kotiaho & Puurtinen, 2007; e.g. Backwell & Passmore, 1996; Gerhardt 

et al., 2000; Boughman, 2001; Martín & López, 2008; MacLaren et al., 2011; etc.). These 

traits can be any trait that happens to be correlated with the condition or fitness of the 

male (Zahavi, 1975; Hamilton & Zuk, 1982; Rowe & Houle, 1996) or any trait for which 

females have a preexisting bias or preference (Fisher, 1930; Endler & Basolo, 1998). In 

the passive choice hypothesis, however, the sexually selected trait is one that is a 

conspicuous cue to receptive females. The male that is the closest or most easily 

distinguishable from the environment would be the least costly mating partner to the 

female due to reduced energy usage and exposure to predators (Parker, 1983; Searcy & 

Andersson, 1986). Passive choice is hard to distinguish from active choice in most mate 

choice trials but is very rarely considered as an alternative hypothesis (Kotiaho & 

Puurtinen, 2007). 
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CHAPTER I 

The Quantitative Genetics of Sexually Selected Traits, Preferred Traits and 

Preference: A Review and Analysis of the Data 

 

This paper is dedicated to Rauno Alatalo whose contributions to our understanding of the 

evolution of mate choice cannot be overstated. 

 

ABSTRACT 

 The maintenance of variation in sexually-selected traits is a puzzle that has 

received increasing attention in the past several decades. Traits that are related to fitness, 

such as life history or sexually selected traits, are expected to have low additive genetic 

variance (and hence, heritability) due to the rapid fixation of advantageous alleles. 

However, previous analyses have suggested that the heritabilities of sexually selected 

traits are on average higher than non-sexually selected traits. We show that the 

heritabilities of sexually selected traits are not significantly different from those of non-

sexually selected traits overall or when separated into the three trait categories, 

behavioral, morphological, and physiological. In contrast with previous findings, the 

heritability of preference is quite low (h2 = 0.25±0.06) and is in the same range as life-

history traits. We distinguish preferred traits as a category of sexually selected traits and 

find that the heritability of the former is not significantly different than sexually selected 

traits overall (0.48±0.04 vs. 0.46±0.03). We test the hypothesis that the heritability of 

sexually selected traits is negatively correlated with the strength of sexual selection. As 
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predicted, there is a significant negative correlation between the heritabilities of sexually 

selected traits and the strength of selection. This suggests that heritabilities do indeed 

decrease as sexual selection increases but sexual selection is not strong enough to cause 

heritabilities of sexually selected traits to deviate from the same type of non-sexually 

selected traits. 

INTRODUCTION 

The last several decades have seen considerable interest, both empirically and 

theoretically, in the importance of sexual and natural selection on the evolution of mate 

choice (Andersson & Simmons, 2006; Kokko et al., 2006; Jennions et al., 2012). Sexual 

selection refers to differential mating success, which could arise through preferences for 

particular mates but also through competition among the would-be mates. Because these 

latter two processes can be distinguished, we define sexually selected traits as those that 

contribute to the mating success of the individual whereas preferred traits are those that 

are used as cues by the choosy sex when selecting a mate. Therefore, all preferred traits 

are sexually selected traits but only some sexually selected traits are preferred traits. 

Natural selection comes into play when the ornament or display costs more to produce or 

sustain than the benefits that are gained through mating success (Fisher, 1930; Lande, 

1981). Conversely, natural and sexual selection may work in synergy, such as in the case 

of indicator mechanisms in mate choice evolution. In a good genes mechanism, for 

example, the male trait genes are positively correlated with fitness genes, so that when 

the male has a higher fitness the male trait is also more attractive (Zahavi, 1975; 

Andersson & Simmons, 2006).  
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When sexual selection is strong or natural and sexual selection act in the same 

direction, genetic variation of the trait is predicted to decrease (Pomiankowski & Moller, 

1995). The observation that variation in preferred traits remains and that females continue 

to show preference has given rise to what has been termed the lek paradox: “Why are 

females continuing to choose based on additive genetic benefits for the offspring, given 

that directional female choice depletes additive genetic variation in male traits, thus 

precluding female choice from resulting in additive genetic benefits for the offspring?” 

(Kotiaho et al., 2008). Contrary to the prediction that genetic variance in preferred traits 

should be eroded, Bakker (1999) reported sexually selected traits to be genetically 

variable with an average estimated heritability higher than that of non-sexually selected 

traits. Bakker did not distinguish between sexually selected and preferred traits in his 

analysis. The lek paradox deals specifically with the variance of preferred traits not all 

sexually selected traits. However, given the supposition that sexually selected traits in 

general should be under strong selection Bakker’s finding was surprising. The heritability 

of preference, a behavioral trait, was also higher than expected (Bakker, 1999).  

 The review of the quantitative genetics of mate choice by Bakker (1999) was 

based on the data from the earlier compilation of Bakker & Pomiankowski (1995). In this 

study the heritabilities of preference were estimated primarily using repeatability 

estimates (11 of 15 estimates), which typically overestimate heritability (Boake, 1989). 

Further, the majority of sexually selected traits were of morphological characters, which 

generally have relatively high heritabilities (Mousseau & Roff, 1987). In their 1997 

Nature paper Alatalo et al. reported a possible publication bias starting in 1988 when the 
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good-genes theory became more popular. After 1988 the analysis showed a marked 

increase in the values of heritability estimates of sexually selected traits. Whether this is 

publication bias or possibly a shift in the type of trait studied is not clear. 

 Since 1999 there has been a considerable increase in the number of heritability 

estimates and of the type of sexually selected trait considered in these studies. To update 

our knowledge of the quantitative genetics of sexual selection, we extracted data gathered 

from the sexual selection literature to answer the following questions: 1) Using only 

direct estimates of heritability (i.e. not repeatability) what are the average values of the 

heritabilities of preference, sexually selected traits and preferred traits? 2) As found by 

Mousseau and Roff (1987) in the general review of heritability, does heritability vary 

according to the type of trait (e.g. behavioral versus morphological)? 3) When the type of 

trait is taken into consideration, do sexually selected traits differ from non-sexually 

selected traits? 4) Does heritability of sexually selected traits decrease with the strength 

of sexual selection? 5) Is the paradigm shift reported by Alatalo et al. (1997) evident in 

our expanded data set? 

METHODS 

 We started from the broad-scale analysis of the quantitative genetics of mate 

choice by Bakker & Pomiankowski (1995). Using the Web of KnowledgeSM we located 

all the relevant papers cited in Bakker & Pomiankowski (1995) and three other reviews of 

the study of sexual selection (Hunt et al., 2009; Pomiankowski & Moller, 1995; Bakker, 

1999). We then searched through all subsequent studies that cited these papers and 

narrowed the results using the terms “female preference”, “mate choice”, and “assortative 
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mating”. Only studies concerning precopulatory mate choice were used. Any studies 

reporting heritability estimates of either the preference or sexually selected trait were 

used in quantitative analyses. 

 We define “preferred traits” as in Pomiankowski (1988), that is, a trait or suite of 

traits that lead one sex (typically, but not necessarily, females) to choose some 

individuals of the opposite sex (typically males) over others. In this definition the choice 

of the choosy sex is what designates a trait in the opposite sex as the “preferred” trait 

rather than the fact that the trait is sexually dimorphic or that it confers an advantage in 

male-male combat, etc. Sexually selected traits, however, encompass all traits under 

inter-sexual (e.g. male-female) and intra-sexual (e.g. male-male) selection. Some sexually 

selected traits allow a male to copulate with a female, but a genetically based preference 

of the female may or may not be present. For example, male Clethrionomys glareolus 

(bank voles) compete intensely for access to females and it is the dominant males that 

mate most frequently with the females (Mills et al., 2007). In this case dominance status 

is a sexually selected trait in that it allows the better competitor access to more mates. 

However, higher dominance status, as established by physiological cues, is also preferred 

by females and is therefore also a preferred trait (Mills et al., 2007). For our analysis all 

studies with evidence of the trait being a preferred trait (as provided by the authors) and 

those with insufficient evidence were distinguished and marked as with evidence or 

without evidence (Yes, No). If the evidence for the trait being preferred was not provided 

in a particular study we checked other studies that discussed the same species and trait for 

evidence. The distinction is biologically important because the trait being measured may 
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not be under selection by female choice. For example, Wright & Dearborn (2009) used 

the observation that males of the frigate bird, Fregata minor, with an exaggerated 

sexually dimorphic trait have higher mating success as a proxy for that trait being 

preferred by the females. While this may be true it is unclear from the evidence presented 

in this paper that these traits are indeed preferred by females rather than, for example, 

being used as indicators of strength or vigor by other males. Therefore, this study was 

included in our dataset as it deals with sexually selected traits but it was not included in 

the subset of preferred traits (i.e. Evidence = No). 

Heritability of Preference, Sexually Selected Traits and Preferred Traits 

 The protocols of the preference trial utilized in each study vary and are designed 

specifically for the lab or species under study. Nevertheless trials can be conveniently 

divided into three categories. Combat trials are those that allowed physical contact 

between males and females, thus permitting coercion of copulations and male-male or 

female-female competition. No-choice trials are those in which a female was presented 

with a single male and some index of female acceptance or rejection of that male was 

measured. Female preference trials are those in which the female was given a choice 

between two or more males but could not be coerced by those males. Significant 

variation in the heritabilities of life-history, behavioral, morphological, and physiological 

traits was found by Mousseau & Roff (1987) and Roff & Mousseau (1987). In 

accordance with predictions on the hypothesized strength of selection, these two studies 

found that morphological traits had on average the highest heritabilities and life-history 

traits the lowest. Heritabilities of physiological and behavioral traits were intermediate 
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between morphological and life-history traits. The previous finding, based on an analysis 

biased towards morphological traits, that the heritability of sexually selected traits tended 

to be higher than those of non-sexually selected traits (Pomiankowski & Moller, 1995) 

suggests the possibility that variation between sexually selected and non-sexually 

selected traits may be a function of the type of trait. Therefore, we categorized each 

sexually selected trait in our data set into five trait categories, three the same as in 

Mousseau & Roff (1987) and two new categories: behavioral, morphological, 

physiological, song, and suite. 

 Behavioral traits are those that involve a behavioral action such as the speed with 

which male Diabrotica undecimpunctata howard (cucumber beetles) stroke females with 

their antennae (Tallamy et al., 2003) or the jump duration of male Manacus vitellinus 

(golden-collared manakins; Barske et al., 2011). Morphological traits include all size 

measurements of physical characteristics and colorations such as the stalk length of 

Cyrtodiopsis dalmanni (stalk-eyed flies; Bjorksen et al., 2000) or the iris hue of Gallus 

gallus (red jungle fowl; Zuk et al., 1990). Physiological traits are those that involve a 

chemical substance produced by the suitors or other body chemistry traits, such as the 

pheromone blends of Argyrotaenia velutinana (red-banded leafroller moth; Roelofs et al., 

1986) or the glycogen reserves of Scathophaga stercoraria (yellow dung fly; 

Blanckenhorn & Hosken, 2003). Song traits are any that involve sound characteristics, 

such as the courtship songs of a variety of birds and insects (e.g. Houtman, 1992; 

Rodriguez et al., 2008). Suite traits are traits that encompass two or more of the other 

categories, such as attractiveness (e.g. Zhou et al., 2011) or red versus dull colored male 
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Gasterosteus aculeatus (sticklebacks) that zigzag or do not zigzag during courtship 

(Künzler & Bakker, 2001). 

Statistical Analysis of Variation in Heritability Estimates 

 A priori, we expected that heritabilities would differ according to several factors. 

In particular, the results of Mousseau and Roff (1987) suggest that heritabilities will vary 

according to trait type (morphological, behavioral, etc). Other possible predictor variables 

are study, species, taxonomic order, trial type and evidence of preference. We included 

study as some studies contributed many more estimates than others (ranging from 1 to 32 

estimates per study, Table 1.1). Species was used as a factor to account for the possible 

over-representation of commonly used model species in our data set (e.g. Poecilia  

reticulata, 

Drosophila spp.). 

Taxonomic order 

was included to test 

for possible 

phylogenetic effects 

as well as any effects due to similarity in the type of sexually selected traits within an 

order. For example, many of the studies involving Drosophila species measured the 

composition of cuticular hydrocarbons (CHCs) of the males; therefore, there may be bias 

towards physiological trait types in the order Diptera. Unless otherwise stated, study, 

species and order were entered as random factors and nested, with study nested within 

species and species nested within order. 

Table 1.1 
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Preference, sexually selected trait and preferred trait heritabilities were analyzed 

for effects due to the trait type, species, order, trial type and evidence of preference 

(except for preferred traits).  Published estimates of heritabilities generally, but not 

always, have associated standard errors. Taking the error of estimation into account 

presents difficulties: we have taken two approaches. First, we have taken a meta-

analytical approach, using rma (using the sei argument) of the R program metafor 

(Viechtbauer, 2010) to assess, to the extent possible, how heritabilities vary according to 

potential predictor variables (called moderator variables in meta-analysis). However, the 

data set does not strictly adhere to the present perspective on meta-analysis because 

multiple heritability estimates of different traits may come from a single study and cannot 

reasonably be combined, nesting is not in the present case possible within the meta-

analytical perspective and moderator variables are considered to be fixed effects. 

Attempts to include species or study as moderators in conjunction with other moderators 

were not possible as the resulting model matrix was not of full rank. Fitting species or 

study as the only moderator is not particularly informative and, therefore, we restricted 

the moderator variables to trait type, trial type, evidence of preference and order (where 

order was considered a fixed factor in this case). All four moderator variables could be 

included as additive effects in the meta-analytical approach. We used backwards 

elimination to assess the statistical contribution of moderator variables. To do this we 

commenced with a model with all four moderators and then compared this model with 

one in which one of the moderators was deleted, giving four reduced models. If a reduced 

model did not differ significantly from the full model the moderator variable not included 
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in the reduced model was deleted.  This backwards elimination procedure was repeated 

until no moderator could be dropped.  

  In the second approach we have ignored the potential sampling error variance in 

the individual estimates and use linear mixed models (lmer) to disentangle how fixed and 

random effects contribute to variation in heritability. Because of sample size limitations 

in the linear mixed models we considered only the additive effect of the fixed effects, 

trait type, trial and evidence. As noted above, order, species and study were introduced as 

random effects, with study nested within species and species nested within order. To 

roughly compare results with the metafor analysis we also ran a stepwise regression using 

only the fixed factors but also included interaction terms.  

 Heritability is by definition a proportion and hence in principle varies between 0 

and 1. However, as it is estimated from variance components both negative estimates and 

estimates greater than 1 do sometimes occur. Visual inspection of the raw data did not 

indicate any extreme skew in the data but conservatively we repeated all analyses using 

an arcsine-square root transformation of the heritabilities, setting negative values to zero 

and values greater than 1 to 1. Results using either approach did not differ in terms of the 

assessed probability from the original approach, except for the stepwise regression of 

preference heritabilities (see results), and so we present only the results from this method 

for the other heritabilities (sexually selected trait and preferred trait). To directly compare 

our results with those of Mousseau and Roff (1987), in addition to the methods described 

above, we also compared trait types in sexually selected traits using the Kolmogorov-

Smirnov test.   
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 A global estimate of heritability is strictly only sensible if there are no 

confounding factors such as trait type. To obtain, at least, an illustrative measure of the 

average heritability we calculated the means of the heritabilities three ways. First, we 

calculated the raw mean by simply acquiring the average of the estimates. Second, we 

calculated the mean of each species and then averaged the species means and the standard 

deviations of the species mean to compare our estimates with those of Bakker (1999). 

Third, we used the estimated value from a random effects model in metafor.  

 We compared the heritability of sexually selected traits in our data set with the 

heritabilities of non-sexually selected traits from Mousseau & Roff (1987). To do this we 

compared their data set with that of Pomiankowski & Moller (1995) and deleted any 

matching studies, as these would be defined as heritabilities of sexually selected traits. 

This excluded only one study (Cade, 1981) and left only non-sexually selected traits in 

the 1987 data set. We compared the two data sets using a two-way ANOVA with trait 

type (morphological, behavioral, etc) and trait category (sexually vs non-sexually-

selected) as the predictor variables. Following Mousseau & Roff (1987) we also used the 

Kolmogorov-Smirnov (K-S) test for pairwise comparison of the distributions of the three 

common trait categories (behavioral, morphological and physiological) between sexually 

selected and non-sexually selected traits. To compare the means of sexually selected and 

non-sexually selected traits in each trait category rather than the distributions we ran a 

one-way ANOVA for each trait (resulting in 3 ANOVAs). 
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The Strength of Sexual Selection and the Heritability of Sexually Selected Traits 

 Thirteen of the studies used in this analysis provided the correlation of either the 

number of mates chosen with the value of the sexually selected trait (e.g McLain, 1987; 

Coltman et al., 2005) or the value of the preferred trait with the response of the choosy 

sex (e.g. Brooks & Endler, 2001b; Ritchie et al., 2005). We used these correlations as a 

measure of the strength of selection on the sexually selected trait (Qvarnstrom et al., 

2006; Zhou et al., 2011). Because we are interested in the strength of the sexual selection, 

not the direction, we used the absolute values of the correlations, hereafter abs(r). The 

phenotypic correlation was used when available and the genetic correlation was used 

when it was not available. Because the phenotypic correlation is composed of the genetic 

and environmental correlations and we assume that, in general, the genetic correlation 

will be less than the phenotypic we predict that the regression intercept using the genetic 

correlation will be lower than using the phenotypic correlation. We used a linear mixed 

model to analyze the covariation between heritability and the predictor variables abs(r), 

type of correlation (phenotypic or genetic) and trait type (one of the five listed above) as 

fixed effects and study as a random effect. Trait type and study were initially included in 

our model because of possible variance introduced by the relative proportions of the 

different trait types and the number of heritability estimates per study.  

Paradigm Shift 

 To determine if the temporal change in reported heritabilities observed by Alatalo 

et al. (1997) was evident in the enlarged data set we used a linear mixed model with year 

as a fixed effect and included those factors found to covary with the relevant heritability 
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in the linear mixed model protocols described above. Because mate choice gained 

popularity as a force of sexual selection in the 1990s (Andersson, 1994), we also tested 

for a temporal shift in the reported heritabilities of preference.  

RESULTS 

 Our search on the Web of KnowledgeSM yielded 1108 total results with 151 

overlapping. We screened all 957 non-overlapping results with the search term “female 

preference OR mate choice OR assortative mating”. This search excluded 222 articles. 

The remaining 735 articles were accessed for eligibility. Only studies that reported 

heritability estimates of either the preference or sexually selected traits or both were 

included in the qualitative analyses. This yielded 106 relevant studies.  These studies 

included a total of 57 species and 16 different orders. Four mammalian, 10 bird, two fish, 

38 insect, and two non-insect invertebrate species were represented in our data set. From 

these studies we obtained 57 heritabilities of preference and 367 heritabilities of sexually 

selected traits. Of these 367 estimates 236 were heritabilities of preferred traits. 

Heritability of Preference 

We were able to find only 20 studies that provided estimates of the heritability of 

preference. These studies each contributed between one and fourteen estimates with an 

average of 2.9 and a median of 1.5 estimates per study (Table 1.1). In the metafor 

analysis the three moderator variables, trait type, trial and order, were retained in the 

model and the mixed model with these three moderators was highly significant (test for 

residual heterogeneity, QE = 85.58, df = 34, P < 0.0001; test of moderators, QM = 226.39, 
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df = 11, P < 0.001). The linear mixed model was significantly different from the null 

model (log-likelihood ratio = 33.63, df = 9, P < 0.001) but none of the fixed effects were 

significant (trait type, F4,22 = 1.35, P = 0.2829; trial, F1,5 = 4.97, P = 0.0761; evidence, 

F1,22 = 0.52, P = 0.4795). It is noteworthy, however, that stepwise regression of a model 

with only the fixed effects was highly significant (F7,38 = 9.66, P < 0.001, R2 = 0.640), 

with final model including trait, trial and the interaction trait x trial. When using the 

arcsine transformed data this model was the only one to get a different result from the 

untransformed 

data. Using the 

transformed 

data both 

evidence and 

the interaction 

trait x evidence 

were added as 

significant effects to the ones found significant in the stepwise model using 

untransformed data. The three overall heritability estimates ranged only from 0.22 to 0.28 

(Table 1.2).  

Heritability of sexually selected traits 

 There were 96 studies reporting estimates of the heritability of sexually selected 

traits. Each study provided between 1 and 32 estimates, with a mean and median of 3.8 

and 2.0 estimates per study, respectively (Table 1.1).  

Table 1.2 
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  The backwards 

elimination procedure 

using metafor 

eliminated evidence as 

a significant 

moderator (log-

likelihood ratio = 2.36, 

P = 0.1246) but the 

three other moderators 

were retained (P<0.05 

when any of these 

factors were dropped). 

The overall model 

including the three 

moderators was highly 

significant (QE = 

385.66, df = 94, P < 

0.001) as was the 

effect of the moderators (QM = 102.63, df = 16, P < 0.001). The linear mixed model was 

highly significantly different from the null model (log-likelihood ratio = 54.90, df =10, P 

< 0.001) but only trait type was significant (trait, F4,119 = 3.91, P = 0.0051; trial, F2,13 = 

0.85, P = 0.4481; evidence, F1,119 = 0.86, P = 0.3563). Stepwise regression of a model 

Table 1.3 

Fig. 1.1 
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with only fixed effects was highly significant and retained all variables as additive effects 

plus the interactions, trait x trial and trial x evidence (F16,153  = 4.15, P < 0.001, R2 = 

0.30). Unlike the averages for the heritability of preference, there was a relatively large 

effect of the mode of estimation on the heritability of sexually selected traits, the means 

ranging from 0.28 to 0.46 (Table 1. 2).  

 Trait type was a highly significant factor in all of the analyses; we therefore 

calculated the raw means for each trait type and, because of the large variation in number 

of estimates per study, we also calculated means using study means within trait category 

(Table 1.3). The ranking from highest to lowest was morphological, physiological, song, 

behavioral, and suite for both types of means. The same ranking was obtained using the 

medians (Fig. 1.1). We used both the raw data and means grouped by study to further 

Smirnov test. Using the raw data the K-S tests showed significant differences for 

behavioral and morphological (D = 0.35, P = 0.0298), morphological and song (D = 0.30, 

P < 0.0001), morphological and suite (D = 0.67, P < 0.0001), physiological and suite (D 

= 0.57, P = 0.0002), and song and suite (D = 0.42, P = 0.0092) trait comparisons. With 

the study means the ranking was preserved but significant differences remained only 

between morphological and suite (D = 0.69, P = 0.0025) and between physiological and 

suite (D = 0.71, P = 0.0162).  
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 Comparisons of the 

heritabilities of sexually selected 

and non-sexually selected traits 

within each of the three categories 

common to both sexually selected 

and non- sexually selected traits 

(behavioral, morphological, and 

physiological) showed no 

significant differences (Table 1.4; 

Fig. 1.2). This is corroborated by 

the raw means of the corresponding 

traits, which are strikingly similar 

between sexually and non-sexually 

selected traits and the one-way 

ANOVAs (Table 1.4). The two-

way ANOVA between the sexually 

selected and non-sexually selected 

data sets showed a significant effect 

due to trait type but no significant 

effect of trait category nor 

interaction (sexually vs non-

sexually-selected; trait, F2 = 22.18, 

Table 1.4 

Fig. 1.2 
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P < 0.0001; category, F1 = 2.05, P = 0.1523; interaction, F2 = 0.75, P = 0.4707).  

Heritability of Preferred Traits 

  Of the 96 studies that contributed heritabilities of sexually selected traits, 79 

provided heritabilities of preferred traits (Table 1). The analysis using metafor indicated a 

marginally non-significant contribution by trial (log-likelihood ratio = 5.84, df = 2, P = 

0.0539) but significant effects of trait and order. Because it was close to being significant 

we retained trial in the final mixed model. The overall model was highly significant (QE = 

3.14, df = 69, P < 0.001) as was the effect of the moderators (QM = 91.12, df = 69, P < 

0.001). As with the results using metafor, a stepwise regression gave a significant model 

that retained both additive and interaction effects (F12,116 = 3.71, P < 0.001, R2 = 0.2772). 

The linear mixed model was significantly different from the null model (log-likelihood 

ratio = 32.46, df = 9, P < 0.001), but neither of the fixed effects were significant (trait, 

F4,84 = 0.81, P = 0.5191; trial, F2,12 = 0.38, P = 0.6900).  

The two-way ANOVA testing for differences between the heritabilities of 

preferred traits and non-sexually selected traits showed a significant effect of trait type 

but not trait category (sexually vs non-sexually-selected; trait, F2 = 20.49, P < 0.0001; 

category, F1 = 0.05, P = 0.8288; interaction, F2 = 0.08, P = 0.9239).  

The Strength of Sexual Selection and the Heritability of Sexually Selected Traits 

 Thirteen studies contributed 58 heritability estimates of sexually selected traits 

that were also paired with a phenotypic or genetic correlation.  The linear mixed model 

that included abs(r), trait type, and correlation type as fixed effects and study as a random 
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effect was not 

significantly different 

from the linear mixed 

model with trait type 

removed (χ2 = 5.76, df = 

4, P = 0.2181). This 

reduced model was not 

significantly different 

from the simple linear 

model that included 

only abs(r) and 

correlation type (χ2 = 3.53, df = 1, P = 0.0603).  Stepwise linear regression analysis of this 

last model showed no significant interaction (i.e. same slopes for the correlation type) but 

a highly significant additive model (F2,54 = 37.01, P<0.0001). As predicted, the 

heritabilities of sexually selected traits declined with an increase in abs(r) and the 

intercept was reduced for the genetic correlation (Fig. 1.3). 

Paradigm Shift 

 The plot of the heritability estimates of sexually selected traits against year in 

which they were published did not suggest any temporal trend (Fig. 1.4). There was no 

significant interaction between year and trait type but the additive model of year, trait 

type and study was highly significant (χ2 = 104.14, df = 6, P<0.0001). All three factors 

(year, trait type, study) were significant contributors to explained variance. In contrast to 

Fig. 1.3 
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the previous finding 

of a positive trend, 

the mixed linear 

model showed a 

significant, but very 

slight, negative 

relationship (slope = 

-0.0062, t = 2.05, df 

= 266, P = 0.0426). 

Removal of the two 

outliers at years 

1990 and 2007 did 

not affect the results 

(slope = -0.0062, P 

= 0.0417). The 

linear mixed model 

for the heritability of 

preference also 

showed a slight negative trend (slope = -0.0088), but this was not significant (t = -1.05, df 

= 14, P = 0.3125).  

 

Fig. 1.4 
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 DISCUSSION 

The heritabilities of both preferences and sexually selected traits reported above 

are lower than those given in Bakker’s 1999 analysis (0.41 ± 0.21 SD and 0.58 ± 0.26 

SD, respectively, in Bakker 1999 compared to 0.28 ± 0.26 SD and 0.46 ± 0.25 SD in this 

study. Study means and standard deviations are shown for consistency with Bakker’s 

results).  The higher values in Bakker’s analysis may be a consequence of the type of data 

available at the time. In the previous study (Bakker, 1999) the heritabilities of preference 

were estimated primarily using repeatability estimates, which overestimate the 

heritability (Boake, 1989). Similarly, 68% of the traits used in the estimation of the 

heritability of sexually selected traits were morphological traits, which tend to have high 

heritabilities relative to other types of traits (Mousseau & Roff, 1987).  

The metafor and stepwise regression with fixed effects gave very similar results, 

but the inclusion of the random effects of study, species and order eliminated some of the 

fixed effects. Never-the-less all analyses showed significant overall heritabilities and 

significant variation due to trait type. While the mixed effect model could not incorporate 

the variability attached to individual estimates it did permit the inclusion of more 

estimates and random effects, which consistently proved to be significant: for this reason 

we consider this to be the more conservative and reliable approach in this instance.   

When the heritabilities are separated out by trait type a pattern concordant with that found 

for non-sexually selected traits emerged.  Sexually selected morphological traits had the 

highest mean heritability and were on par with non-sexually selected morphological traits 

(0.03 raw mean difference, Table 1.4; Mousseau & Roff, 1987). Sexually selected 
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behavioral and physiological trait means were also similar to non-sexually selected 

behavioral (0.04 raw mean difference) and physiological traits (0.04 raw mean 

difference) in Mousseau & Roff (1987). Sexually selected song traits would be 

characterized as behavioral traits and indeed were in the behavioral range of non-sexually 

selected traits (0.01 raw mean difference).  

The compound sexually selected traits (suite traits), such as attractiveness, had 

very low heritabilities (Table 1.3), suggesting that there is little additive genetic 

variability in suite traits or that there is a large non-additive or environmental component 

of variance. Many of these traits were variations on the “attractiveness” of the male or 

female. This was usually calculated by the proportion or amount of time that the choosy 

sex oriented towards, or showed signs of preference for, a particular individual. So, rather 

than concentrating on a particular trait, the individual as a whole was the focus of the 

study. There is some evidence that multiple cues may be used by the choosy sex when 

assessing possible mates (Candolin, 2003). However, measuring “attractiveness” rather 

than any one trait will introduce extraneous environmental variance if components of this 

measure are not actually contributing to attractiveness, thus lowering the heritability 

estimate. The different traits involved in attractiveness could also be sending different 

signals (Simmons et al., 2013), again introducing more variance. Another problem with 

the average estimation of suite traits is that nine out of the 15 estimates of suite traits 

came from one paper (Zhou et al., 2011). However, taking the mean of each study and 

then the mean of the study means gives an even lower mean of 0.09. 
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 The present analysis suggests that sexually selected traits are subject to the same 

magnitude of selection pressures as non-sexually selected traits, thereby keeping the 

heritabilities at the same level. Thus either sexual selection itself has little to no effect on 

the heritability of a trait or other selection pressures compensate for the action of sexual 

selection. The first conclusion was reached by Van Homrigh et al. (2007) using 

multivariate quantitative genetics analyses on sexually selected CHCs of Drosophila 

bunnanda. They found that although the individual traits had high genetic variance most 

of it was not in the direction of selection and was therefore unavailable to sexual 

selection. The similarity between sexually selected and non-sexually selected traits could 

simply be due to a high level of correlation between these types of traits with selection on 

one influencing the other. For example, in their 2001 study Brooks & Endler (2001b) 

showed a significant female preference for tail area but not body area in male Poecilia 

reticulata. However, they also showed significant genetic covariation between tail area 

and body area. Therefore, selection on either one of the traits which reduced its 

heritability would also reduce the heritability of the other (Roff, 2003).  

The conclusion that other selection pressures compensate for sexual selection was 

reached by Hine et al. (2011) who showed that natural selection opposed the action of 

sexual selection on male CHCs in the closely related D. serrata. This could effectively 

cancel out the effects of sexual selection on the genetic variation of sexually selected 

traits keeping them at a similar level as that of non-sexually selected traits. How 

widespread these phenomena are in natural populations is unknown. 
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 It is also possible that strictly sexually selected traits could have a higher 

mutational variance than other fitness-related traits. Mutational variance, as defined by 

Gibson & Dworkin (2004), is the “tendency towards dispersion of data about the mean 

due to new mutations that arise in each generation.” Mutational variance would be higher 

in sexually selected traits if much of the phenotypic changes that are brought on by new 

mutations are outside of the scope of the female preference. For example, a new mutation 

in guppies increases the brightness of the sexually selected orange spot on males but the 

females are unable to detect it (e.g. Brooks & Endler, 2001b). This new variation could 

increase in frequency in the population through genetic drift and add to the standing 

genetic variation. As of yet, the mutational variance of sexually selected traits in relation 

to non-sexually selected traits is unknown. 

According to two of our factor analyses (metafor and stepwise) there was a 

possible significant effect on the heritability of preferred traits due to trial type and taking 

the means of the heritabilities in each trial type showed that no choice trial types 

produced much lower heritabilities (0.12 lower than heritabilities from combat trials and 

0.16 lower than heritabilities from female preference trials). This indicates that the 

heritability of preferred traits is not independent of the method by which the preference 

for the trait is assessed.  

 The mean heritability of preference is in the range of life-history traits. Studies 

have shown that female preference can be variable due to environmental factors (Milinski 

& Bakker, 1992; Hedick & Dill, 1993; although, see Schielzeth et al., 2010), has 

relatively low repeatability (Bell et al., 2009) and may be condition dependent (Cotton et 
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al. 2006), which would correspond with lower heritability estimates. Alternately, 

heritability of preference may be low because of strong natural selection for female 

preference. If choosy females are receiving strong benefits the variance for preference 

strength would decrease, lowering the heritability. However, this is less likely as most 

studies show that the fitness benefits due to mate choice are relatively small (Moller & 

Alatalo, 1999; Moller & Jennions, 2001).  

 As the strength of selection on a particular trait increases, the genetic variability 

of the traits and hence heritability are expected to decrease; however, this has not been 

empirically tested in the case of sexual selection. Here we hypothesized that as the 

correlation between the measure of preference and the sexually selected trait increases, 

suggesting increased sexual selection, the heritability of the sexually selected trait would 

decrease. As predicted, our analysis showed a significant negative relationship between 

the correlations and heritabilities of the sexually selected traits, providing support for our 

hypothesis.  

 The temporal trend for heritabilities of sexually selected traits is actually 

significantly negative, although the slope is very slight. This suggests that the paradigm 

shift observed by Alatalo et al. (1997) has not only been washed away in the influx of 

data over the past decade and a half but has been reversed to a small degree. This may be 

due to the inclusion of trait types other than morphological traits. Alatalo et al. (1997) 

utilized the data from Pomiankowski & Moller (1995) that consisted primarily of 

morphological traits (68%). In comparison, the current data set consists of 41% 
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morphological traits and further decreases to 35% after 1995 which may explain the 

overall decrease in the value of heritability estimates reported.  

 Our results show that, contrary to previous findings, neither sexually selected 

traits nor preferred traits have a higher heritability than non-sexually selected traits. The 

likely cause of the previous finding by Pomiankowski and Moller (1995) is the difference 

in type of traits between sexually selected and non-sexually selected traits in their data 

set. Difference between the heritabilities of the two types of traits disappears once they 

are separated into categories (morphological, behavioral, physiological) common to both.  

This changes the perspective on the question of the maintenance of genetic variation in 

sexually selected traits. What is needed is a synthesis of natural and sexual selection 

research within the same organism.  Knowing the genetic architecture behind sexually 

selected traits, preferred traits and preferences is key to understanding how these traits 

evolve. Organisms do not consist of separate, independently inherited traits but of traits 

that are correlated, either via pleiotropy or linkage disequilibrium. Selection on one trait, 

be it by natural or sexual selection, that reduces the heritability in that trait will generally 

also reduce the heritability of correlated traits (Roff, 2003). Therefore, sexually selected 

traits do not evolve in an isolated environment and one must consider natural selection 

that may be acting on the trait itself as well as all those correlated with it. A more unified 

approach is needed in the study of sexual selection where an integrated network of traits 

is considered as well as the environment from which selective forces come. 
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CHAPTER II 

Female Mate Choice Based on Natural Variation in Multiple Male Song 

Components 

 

ABSTRACT 

 Recent research shows that mate choice based on multiple signals is widespread 

and may be the rule rather than the exception. Preference for these mate choice signals 

may be directional, stabilizing, or disruptive and may be different for different 

components of the signal. In this study we randomly paired two males to each female to 

test female choice for naturally variable male calling songs in Gryllus firmus. We utilize 

a new statistical method (the RPF method) to separately test for directional and 

stabilizing preference for multiple components of the male calling song. We find that 

there is evidence of both stabilizing and directional preference on different components 

of the male calling song. We then put the components that show evidence of preference 

(either directional or stabilizing) at the 𝛼	=	0.2 level into multivariate models. Our results 

show that, though only a few components significantly affect female choice at the a = 

0.05 level when tested separately, most of the components are statistically significant 

when put into a multivariate model together. The results also show that mated and non-

mated females show different preferences for components of the male calling song, 

particularly for the peak frequency. 
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INTRODUCTION 

Mate choice based on multiple traits has been shown to be present in many 

species and may be the rule rather than the exception (Rowe, 1999; Candolin, 2003; Hill, 

2015; Prokop & Drobniak, 2016). Multiple traits can be part of the same signal or 

ornament (Webb & Roff, 1992; Rivero et al., 2000; Badyaev et al., 2001; Blows et al., 

2004), can be separate ornaments in the same modality (Zuk et al., 1992; Brooks & 

Couldridge, 1999), or can be multiple traits in multiple modalities (Wilgers & Hebets, 

2012; Simmons et al., 2013; Girard et al., 2015). Looking at and manipulating any one 

trait in isolation may not give accurate results of female preference or choice (Prokop & 

Drobniak, 2016). For ease of discussion, we will refer to females as the choosy sex, but 

see Edward and Chapman (2011) for a discussion of male mate choice. We distinguish 

here between preference and choice because what is most frequently measured in mate 

choice trials is the choice of the female given a limited number of males rather than her 

preference (Roff & Fairbairn, 2014). Preference is the female’s innate affinity for a male 

phenotype. Choice is a function of a female’s innate preference for a male trait (or traits) 

and the environment in which she is choosing.  

In acoustically calling species, such as crickets, different signals may carry 

different information (Wagner Jr & Reiser, 2000; Fitzpatrick & Gray, 2001; Zuk et al., 

2008). For example, field crickets have three types of song: antagonistic song used in 

male-male interactions, calling song and courtship song. The calling song is the main 

determinant of whether the female travels towards a male and the courtship song begins 
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when the male detects the female nearby. Calling songs are species-specific and are used 

by females in the first instance to identify conspecific males (Walker, 1957; Doherty & 

Callos, 1991; Gray & Cade, 2000; Zuk et al., 2008). However, choice trials where 

variable calling songs of conspecifics only were used also show that females prefer some 

males over others, suggesting that species recognition is not the only function of calling 

songs (Hedrick, 1986; Crnokrak & Roff, 1995; Brown et al., 1996). The calling song 

itself is made up of multiple song components and may include variation in the pulse, 

chirp, frequency, amplitude, and duration, among others (defined in the Methods section; 

e.g. Webb & Roff, 1992; Bertram et al., 2011; Mitra et al., 2011). Some or all of these 

parameters may contribute to the information transmitted through the song, whether it is 

species identity or otherwise (Candolin, 2003). It is hypothesized that traits that are 

species specific will be more conserved and under stronger stabilizing selection than 

traits that convey information about the attractiveness of the individual male (Ferreira & 

Ferguson, 2002; Zuk et al., 2008). Selecting males that are not of the same species may 

lead to an absolute fitness of zero, whereas selecting a male of the correct species but of 

lesser quality leads to a potentially lower absolute fitness, but one that is still above zero. 

Therefore, there should be greater selection pressure on traits that signal species identity 

and these traits will have lower variance due to the stronger selection pressure. Species-

specific traits are hypothesized to be under stabilizing selection because females that 

prefer male songs that do not overlap with any sympatric or parapatric species would be 

more likely to mate with the correct species (Gray & Cade, 2000). Zuk et al. (2008) 

showed that the calling song of Teleogryllus oceanicus is less variable than the courtship 
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song suggesting that a major function of the calling song is conveying species identity 

information as compared to the courtship song. This same principle can be applied to the 

song components within a calling song in order to discern which components are 

responsible for relaying the species versus the individual information. Using the calling 

song of Teleogryllus commodus Bentsen et al. (2006) showed that the calling activity (the 

number of repeats in a looped bout of calling) was under directional selection while the 

structural components of the song (such as dominant frequency, chirp pulse number ad 

trill number) were under stabilizing selection. This suggests that the structural 

components are responsible for transmission of species-specific information or are 

subject to sensory tuning, while the calling activity is responsible for individual 

differences in mating success (Bentsen et al., 2006).  

Prokuda and Roff (submitted) showed that female choice for longer singing males 

in another cricket species, Gryllus firmus, could be attributed to passive rather than active 

choice. Passive choice is defined as choice of the closest or most detectable mate when 

the female is receptive to mates and active choice is a choice made after a comparison of 

available males against the female’s innate preference (see Chapter 3; Prokuda and Roff, 

submitted). Passive choice for song duration suggests that females approach the male that 

is singing at the time that they are receptive; however, if multiple males are calling at the 

time the female is receptive she may make her choice based on other factors. These 

factors may be tuned to the female’s preference for the most detectable male (passive 

choice) or for more fit or attractive males (active choice) or may be a combination of the 

two. The shape of the preference function for a particular male trait, under any of these 
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scenarios, may be important for the evolution of that trait (Lande, 1981; Pomiankowski & 

Moller, 1995). Preference functions are not necessarily linear and may shed important 

information on the selection regime imposed on preferred traits. For example, preference 

functions that are stabilizing may suggest traits that are important for species and mate 

recognition whereas directional preferences are typically associated with sexual selection 

specifically (Ritchie, 1996b). If there are multiple traits used by the choosy sex, then it is 

important to include all the traits that show importance to female choice in the analysis 

(Prokop & Drobniak, 2016). Traits that were measured on their own and do not 

significantly affect mate choice may be part of a complex signal that is significant when 

analyzed in conjunction with other traits.  

 G. firmus is a wing-dimorphic species with some individuals developing long, 

flight-capable wings and others having short, flight-incapable wings (Fairbairn & Roff, 

1990). In the G. firmus mating system we know that relative song duration is an 

important factor (Crnokrak & Roff, 1995, 1998) and that females still prefer the short-

winged morph when song duration is accounted for (Roff et al., 2003). This suggests that 

females are also using some other component(s) of the calling song to make their 

decision. Using digitally-manipulated songs in separate trials, Mitra et al. (2011) showed 

that chirp rate and the dominant frequency of a song have significant effects on female 

choice in this species. In this study we extended the previous work done on this species 

by measuring 10 song components, age, temperature, virginity status and wing morph to 

ascertain what females are using as cues for mate choice when presented with males with 

naturally occurring variation. Using both new and established statistical approaches, we 
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are able to ascertain which components affect female choice individually and in concert 

with each other and whether female preference for these traits is directional or stabilizing. 

METHODS 

Lab Stock and Experimental Set-up 

 The lab stock of G. firmus was established from a wild-caught Florida population 

in 2000. Crickets were raised using a half-sib design in which 65 males were mated with 

three females each and families were established from each mating. Some matings 

produced few to no offspring. Individuals were raised with their siblings with 45 

individuals per rearing bucket. Males and females were collected after their final instar 

and transferred to individual containers and were kept in the same growth chamber as 

other individual adults for at least 3 days before being used for the choice trials. Due to 

the number of individuals molting each day, some individuals were up to 2 weeks old 

before being collected. In the present paper we use data from the experiment to examine 

the components of female choice (using the F1 generation), the genetic analysis is to be 

presented elsewhere.  

 Each female was presented with two males in a T-maze design (see Crnokrak and 

Roff, 1995; Fig. 2.1) and allowed two trials of at least 21 hours to make her choice. 

Males were placed in plastic jars within two 21 × 15 cm (H × W) buckets and were 

connected to the bucket containing the female by 2.5 cm diameter plastic pipes. The holes 

leading to the pipes were 6.5 cm above the bucket floor so that once a female moved into 

either of the buckets she was unable to go back into the pipes. The left and right buckets 
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also contained food and water. The female was put into the middle bucket with food, 

water and about 6 cells of an egg carton for housing (this also served as the ramp to reach 

the connecting PVC pipe). At the end of the trial, the left and right buckets were checked 

and the one containing the female was scored as the choice. The side (L or R) was 

recorded as well as the male chosen.  

The males that were tested with each female were randomly chosen with respect 

to wing morph, age 

and family, except 

that no siblings of 

the female were 

used. Sibling males 

were allowed in a 

trial but there were 

enough families that 

this was rare. If no 

choice was made at 

the end of two trials, 

the female was 

switched out for 

another random female from the experimental population. All individuals were raised 

with siblings of mixed sexes at densities of 45 nymphs per rearing bucket and were 

collected between 0-14 days past final molt. Therefore, females used in the trials were of 

Fig. 2.1 T-maze schematic with the automatic recording 
apparatus (ARA) microphones for song duration and volume 
monitoring and USB recorders at the tops of the male 
containers. The tubes were 6.5 cm above the bucket floor, so a 
ramp was provided for the female in the home bucket (bottom) 
to reach the tubes. Once the female went into either the left or 
right bucket she was unable to go back into the tubes and the 
bucket she was found in was scored as her choice.  
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variable age and virginity status. Both the age and virginity status were recorded and 

were used as factors in the analysis. Age was the number of days after each individual 

was collected until the day they were used in the trials; therefore, some could be older 

than recorded (up to 2 weeks) but they were never younger than recorded. Virginity 

status was assessed using two methods. Virgin G. firmus females do not lay eggs (Roff, 

1998) except for one or two clear eggs (personal observation); therefore, if quantities of 

more than one egg were found in the water vials used by the female she was labeled as 

“not virgin”. The water vials were checked during the 3+ days the females were kept in 

individuals cages before being used in the trials and in the experimental set up (vials were 

replaced if eggs were found). If the female had an attached spermatophore when collected 

from cages with adult males she was also labeled “not virgin”. G. firmus females mate 

many times throughout their adulthood (Weigensberg et al., 1998), and therefore, 

including mated and non-mated females is representative of the natural mating 

environment. The ages and wing morphs of the females and males were recorded and 

were used as factors in the analyses. The temperature was allowed to vary with the 

light/dark cycles (a 5 – 6°C gradual fluctuation) but were kept within normal breeding 

temperatures for this population (24.67 – 29.78°C at time of male song recordings). 

Males were recorded with individual USB recording devices in order to capture 

the calling song components (Figure 2.2). The calls of the speakers were simultaneously 

recorded using microphones in the lids of the male containers attached to a custom built 

automatic recording apparatus (ARA). The duration, volume and temporal patterns of 

their song activity were monitored using the ARA. The recorded songs from the USB  
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Fig. 2.2 and Table 2.1 The figure shows two chirps from a male calling song with the 
parts of the song labeled. The table lists the song components measured and their 
definitions for the 8 components recorded using the USB microphones and the 2 
components recorded using the automatic recording apparatus (ARA).  

 
Song 

Component Definition 

Pulse Length Average duration of pulses within the recorded time (seconds) 
Chirp Length Average duration of chirps within the recorded time (seconds) 
Pulses per 
Chirp 

Total number of pulses divided by total number of chirps 
(pulses/chirp) 

Pulse Period Average duration of pulse periods within the recorded time 
(seconds); Pulse period = duration of one pulse and one IPI 

Pulse Rate Total number of pulses within the recorded time divided by the 
length of the recorded time (pulses/second) 

Chirp Rate Total number of chips within the recorded time divided by the length 
of the recorded time (chirps/second) 

Median Chirp 
Rate 

1 / ((Median Chirp Length) + (Median ICI)) (chirps/second) 

Peak 
Frequency 

Average peak frequency for all pulses within the recorded time (Hz) 

Song Duration The percentage of time the male spent singing throughout an 18-hour 
period beginning at the start of the dark period (ARA) 

Mean Volume The mean of recorded sound intensity values throughout an 18-hour 
period beginning at the start of the dark period (ARA)  
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recorders were analyzed using Raven Pro 1.5 (Bioacoustics Research Program, 2014). 

The average number of pulses per chirp, pulse length, pulse rate, median chirp rate, chirp 

rate, chirp length, pulse period and peak frequency were measured for each male song 

from the WAV files (Figure 2.2 and Table 2.1). The median chirp rate and the chirp rate 

(as defined in Table 2.1) were both used because males sing in bouts with pauses in 

between bouts. Some males pause more frequently than others, which is incorporated in 

the straight chirp rate measurement. The median chirp rate was calculated to remove the 

effect of bout frequency while using the median length of the chirp and ICI so that 

outliers are not incorporated in the calculation (as would be the case with mean 

measurements). Song duration and mean volume were recorded using the ARA. Only 

measurements over an 18-hour period were used, starting with the first dark period, to 

standardize when and how long each male was recorded.  

Data Treatment 

Each female was presented with two males and thus her choice depended on the 

differences between those two males rather than only the chosen male and how the 

acoustic environment of the two male songs related to her innate preference. To account 

for the qualities of both males we incorporated both males’ measurements for each choice 

trial. Song components (xi) that were likely to be under directional selection (see 

Statistics section) were compared relatively between the two males: 

Equation 1: 𝑟𝑒𝑙(𝑥))= 	 𝑥) (𝑥) +	𝑦)), 

where 𝑟𝑒𝑙 𝑥-  is the relative value of the focal male, 𝑥) is the value of the focal 
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male’s song component and 𝑦) is the value for the other male that was paired with the 

focal male. They were also compared using the straight difference between the two 

males: 

Equation 2: 𝑑𝑖𝑓𝑓 𝑥) = 	 𝑥) − 𝑦), 

where 𝑑𝑖𝑓𝑓 𝑥)  is the difference between the value of the focal male and the 

other male. The focal male was always the left male in each choice trial. Since the males 

were chosen and placed randomly in the left and right buckets, the males in the left 

buckets are a random sample of the population. Song components that were likely to be 

under stabilizing selection (see Statistics section) were compared to the stabilizing value 

and then to each other using the formula: 

Equation 3: 𝑠𝑡𝑎𝑏 𝑥) 	𝑜𝑟	𝑠𝑡𝑎𝑏2 𝑥) = 𝑥) − 𝑥8 −	 𝑦) −	𝑥8 ,  

where 𝑥8	is an estimate of the mean preferred trait value in the female population 

for a song component and 𝑠𝑡𝑎𝑏 𝑥)  is how far the focal male is away from the stabilizing 

value compared to the other male. Focal males with a positive value were further away 

from the stabilizing value than the other male and focal males with negative values were 

closer to the stabilizing value. The stabilizing value was either the population mean for 

the song component (𝑠𝑡𝑎𝑏 𝑥) ) or the mean bootstrap estimate of the stabilizing value 

for that song component (𝑠𝑡𝑎𝑏2 𝑥) ; see Statistics). The mean is likely to be a good 

estimate of the female preference if the song component is used in species recognition 

and/or if stabilizing female preference for that value is strong enough to move the 

population mean toward that value. Stabilizing preference with a mean preference higher 
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or lower than the mean of the male trait values will exert directional selection until the 

trait mean is similar to the preference mean (Ritchie, 1996b). 

Statistics 

To determine whether a song component is likely to be under directional or 

stabilizing selection, we used the new method described in Roff, Prokuda and Fairbairn 

(submitted, hereafter RPF method). Briefly, the approach tests for directional and 

stabilizing selection by fitting logistic models for each song component and hypothesis 

separately. Equations 1 (for directional preference) and 2 (for stabilizing preference) were 

used to treat the male song measurements so that each trial with two males had one value 

in each model. In Equation 2, we do not know the mean value of the stabilizing 

preference of the females. This is estimated by varying this value and calculating the 

number of correct predictions given the trial value. Predictions were made based on the 

formula: “focal male if 𝑥) − 𝑥8 < 	 𝑦) −	𝑥8 , otherwise non-focal male.” Statistical 

significance was tested by a logistic regression using the male value with the highest 

number of correct predictions. An estimate of the mean preference and its standard error 

was then made using a bootstrap procedure.  

Because the focal male is defined arbitrarily, slightly different values are possible 

from the bootstrap. Therefore, we randomly assigned focal males and repeated the entire 

protocol ten times. The average p-values and bootstrap estimates were used. Those 

components that were statistically significant for either the directional preference formula 

or the stabilizing formula were added to a multivariate logistic model. Statistical power in 
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the RPF method may fall below the desired 80% for binary data. We therefore used a p-

value of 0.2 to assess the likelihood of no preference, directional or stabilizing 

preference. If the p-values for components treated with the two directional formulae were 

below 0.2, then the lowest of the two was used. If the p-values for components treated 

with both the directional and stabilizing formulae were below 0.2 they were put into 

separate models. There were two potential stabilizing values for components that were 

under potential stabilizing selection: the population mean and the bootstrap estimate.  

All continuous variables that were determined to be of potential importance to 

female choice via the RPF method were tested for correlations using the “corr” function 

in Stata/SE 14.1 (StataCorp, 2015) and the variance inflation factor (a measure of 

whether the correlation between two variables is problematic) was tested using the “vif” 

function. Any variables with correlations of 0.7 and above had potential problem of 

collinearity. To avoid this problem, we screened the variables as follows. If the 

correlation between two variables was greater than or equal to 0.7, we used two-tailed t-

tests (“ttest” function in Stata) to test for significant differences in chosen and non-chosen 

focal males for each song component (after treatment of data, see Data Treatment). 

Correlated components that had significant differences between chosen and non-chosen 

males were preferentially kept in the model over those that were not significant. If both 

collinear components had similar t-test results, then a separate model was run with one or 

the other component. Categorical variables (female wing morph, male wing morph, 

virginity status of females) and continuous variables extrinsic to the male calling song 

(female age and temperature) were also added to the multivariate models.  
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For song components that were under potential stabilizing selection, two variables 

were created using Equation 3: one using the population mean for 𝑥8 and one using the 

bootstrap estimate for 𝑥8. If the t-test results were similar for both, then a separate model 

was run for each treatment (measurements calculated using the mean of the population 

and using the bootstrap estimate as the stabilizing values). The models were run in 

Stata/SE 14.1 using the “logistic” function. Interactions were included for categorical 

variables only as the sample size was not large enough to support the degrees of freedom 

necessary to include interactions of all continuous variables. 

Effects of Female Variation 

To determine whether virginity status, age, and female wing morph have effects 

on female choice, we ran separate logistic regressions on the model with the lowest AIC 

value. For virginity status, we ran separate regressions for all females, and then mated 

and non-mated females and added the log likelihood of the two models. We then did a 

log likelihood ratio test to compare the log likelihood of the model without virginity 

status to the combined log likelihoods of the models with only mated and only non-mated 

females. The same was done for the wing morph with separate models run for long-

winged and short-winged females and then combined and compared to the model without 

wing morph. This process was repeated for female age but the ages were split into two 

bins: 3-30 and >30 days old.  
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RESULTS 

 A total of 260 mate choice trials were used in the analyses with 204 pairs having 

song duration data from the automatic recording apparatus (ARA), 201 pairs having 

volume data from the ARA, 231 pairs having the 7 other song components that were 

Table 2.2 The results of the RPF statistical method for detecting directional and 
stabilizing preference. “Relative P-value” = data treated using Equation 1; “Difference 
P-value” = data treated using Equation 2; and “Stabilizing P-value” = data treated 
using Equation 3. The “Population Mean” and “Bootstrap Estimate” are the two 
values used for components that were determined to be under stabilizing preference 
(those with a “Stabilizing P-value” of below 0.2). P-values significant at the a = 0.05 
level are highlighted in yellow and those significant at the a = 0.20 level are 
highlighted in light orange. * = Since this component was marginally significant in 
only one of the treatments, it was put into the multivariate models with the Difference 
(Eq. 2) treatment. 

Song 
Component 

Population 
Mean 

Relative 
P-value 

Difference 
P-value 

Stabilizing 
P-value 

Bootstrap 
Estimate 

SE of 
Estimate 

Max 
Volume 354.34 0.1379 0.2162 0.2162 169.79 220.45 

Peak 
Frequency 

4519.52 
Hz 0.4240 0.4844 0.0437 4652.99 129.58 

Chirp 
Length 

0.16 
sec. 0.1724 0.1062 0.2253 0.19 0.04 

Chirp Rate 2.29 
chirps/sec. 0.5772 0.7687 0.9977 1.81 0.54 

Median 
Chirp Rate 

2.43 
chirps/sec. 0.1303 0.1993 0.1993 1.55 0.70 

Pulse 
Length 

0.03 
sec. 0.5662 0.7634 0.7591 0.03 0.01 

Pulse Rate 8.59 
pulses/sec. 0.9831 0.6420 0.5755 6.72 3.79 

Pulses Per 
Chirp 3.78 0.1079 0.0597* 0.1839 4.32 0.92 

Pulse 
Period 

0.05 
sec. 0.4482 0.3889 0.9067 0.05 0.01 

Song 
Duration 

28.27 
% time 0.0190 0.0779 0.0951 -1.31 30.38 
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recorded using the USB recorders, and 178 pairs having all three types of measurements 

(see Table 1 in “Methods”). The age range of the females was 3 – 74 days (mean: 27.3, 

median: 25, SD: 13.20) past adult molt and 4 – 62 days (mean: 26.9, median: 26, SD: 

14.72) past adult molt for males. There were 47 non-virgin and 152 virgin females. 52 

females and 51 focal males were long-winged and 147 females and 148 focal males were 

short-winged.  

Single Trait Mate Choice  

 The RPF statistical method for detecting directional and stabilizing preference 

(Roff et al., submitted) showed that, out of the 10 song components, only song duration 

and peak frequency were statistically significant by themselves to female choice (Table 

Table 2.3 Individual t-tests results to determine if there is statistical difference 
between chosen and non-chosen males. Continuous variables were tested only if they 
were correlated with another continuous variable or there were two measures of the 
same song component (directional and stabilizing) to determine which should be put 
into the multivariate models and which should be dropped. Significant results at the 
0.05 p-value level are bolded. “Rel.” = relative measure (treated with Equation 1); 
“Diff.” = difference measure (treated with Equation2); “Stab.” = stabilizing measure 
about the mean of the population (treated with Equation 3); “Stab. 2” = stabilizing 
measure about the bootstrap estimate (treated with Equation 3). Measures that were 
compared are separated by red lines.  

Variable t df p-value 
Rel. Maximum Volume -1.584 198 0.1148 
Rel. Song Duration -2.423 202 0.0163 
Rel. Median Chirp Rate -1.504 199 0.1342 
Stab. Median Chirp Rate 2.110 199 0.0361 
Stab. 2 Median Chirp Rate 1.172 199 0.2427 
Diff. Pulses Per Chirp 1.855 199 0.0650 
Diff. Chirp Length 1.956 199 0.0519 
Stab. Peak Frequency -1.856 199 0.0650 
Stab. 2 Peak Frequency -1.879 199 0.0618 
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2.2). Four other song components (max volume, chirp length, median chirp rate, and 

pulses per chirp) were below the 0.2 p-value threshold and were also included in the 

multivariate models. Song components with p-values under the 0.2 threshold for both 

directional and stabilizing preference were compared using t-tests. For the median chirp 

rate only the values treated using Equation 3 with the population mean as the stabilizing 

value were significantly different between chosen and non-chosen males (Table 2.3). For 

pulses per chirp the Directional – Difference (Eq. 2) values were used since these had the 

only p-value at the 0.05 level (Table 2.2). The Directional – Relative (Eq. 1) values were 

used for song duration since those values were at the 0.05 p-value level. Pulses per chirp 

and chirp length were significantly correlated (r = 0.9121, VIF = 6.48 and 6.66, 

respectively) and the t-tests had similar results, so two models were run separately 

including one or the other treatment. The t-test results for peak frequency using the 

population mean and the bootstrap estimate as the stabilizing values were also similar, so 

two separate models were run using one or the other treatment. Relative maximum 

volume was correlated with relative song duration (r = 0.7824, VIF = 3.03 and 3.57, 

respectively) but only relative song duration was significantly different between chosen 

and non-chosen males, therefore only song duration was left in the models. 

Multivariate Models 

Using the results above and the protocol described in “Methods: Statistics”, the 

following logistic models were constructed for the Stata/SE analysis: 
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Model 1: 𝐶ℎ𝑜𝑠𝑒𝑛 𝑌,𝑁 = 𝑟𝑒𝑙 𝑀𝑎𝑙𝑒	𝐴𝑔𝑒 + 𝑟𝑒𝑙 𝑆𝑜𝑛𝑔	𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 +

	𝑠𝑡𝑎𝑏 𝑃𝑒𝑎𝑘	𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 + 	𝑠𝑡𝑎𝑏 𝑀𝑒𝑑𝑖𝑎𝑛	𝐶ℎ𝑖𝑟𝑝	𝑅𝑎𝑡𝑒 + 	𝑟𝑒𝑙 𝑃𝑢𝑙𝑠𝑒𝑠	𝑃𝑒𝑟	𝐶ℎ𝑖𝑟𝑝 +

𝑀𝑎𝑙𝑒	𝑊𝑖𝑛𝑔	𝑀𝑜𝑟𝑝ℎ ∗ 𝑟𝑒𝑙 𝑃𝑢𝑙𝑠𝑒𝑠	𝑃𝑒𝑟	𝐶ℎ𝑖𝑟𝑝   

Table 2.4 Results of the four models with the significant interactions included (z value 
and p-values for each fixed effect). Bolded results are significant at the a = 0.05 level. 
The overall p-value for each model and the AIC are provided at bottom. The lowest 
AIC is bolded. N = 149; df = 7. Pseudo R2 = McFadden’s Pseudo R2. The “Wing 
Morph” relates to the male wing morph only.  

Effects Model 1 (z, p) Model 2 (z, p) Model 3 (z, p) Model 4 (z, p) 

Rel. Age -2.31, 0.021 -2.19, 0.028 -2.48, 0.013 -2.36, 0.018 

Rel. Duration 2.78, 0.006 2.69, 0.007 2.94, 0.003 2.83, 0.005 

Stab. Peak 
Frequency 2.31, 0.021 2.25, 0.024 N/A N/A 

Stab. 2 Peak 
Frequency N/A N/A 2.17, 0.030 2.05, 0.041 

Stab. Median 
Chirp Rate -2.04, 0.041 -2.08, 0.037 -2.05, 0.040 -2.08, 0.037 

Diff. Pulses 
per Chirp -2.80, 0.005 N/A -2.94, 0.003 N/A 

Diff. Chirp 
Length N/A -2.45, 0.014 N/A -2.53, 0.011 

Wing Morph 1.68, 0.093 1.42, 0.157 1.64, 0.101 1.40, 0.162 

Wing x Diff. 
Pulses per 
Chirp 

2.56, 0.010 N/A 2.76, 0.006 N/A 

Wing x Diff. 
Chirp Length N/A 2.19, 0.029 N/A 2.34, 0.019 

Model p-value 0.0000 0.0001 0.0000 0.0002 

AIC 188.62 192.66 189.52 193.85 

Pseudo R2 0.1630 0.1434 0.1586 0.1376 
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Model 2: 𝐶ℎ𝑜𝑠𝑒𝑛 𝑌,𝑁 = 𝑟𝑒𝑙 𝑀𝑎𝑙𝑒	𝐴𝑔𝑒 + 𝑟𝑒𝑙 𝑆𝑜𝑛𝑔	𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 +

	𝑠𝑡𝑎𝑏 𝑃𝑒𝑎𝑘	𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 + 	𝑠𝑡𝑎𝑏 𝑀𝑒𝑑𝑖𝑎𝑛	𝐶ℎ𝑖𝑟𝑝	𝑅𝑎𝑡𝑒 + 	𝑟𝑒𝑙 𝐶ℎ𝑖𝑟𝑝	𝐿𝑒𝑛𝑔𝑡ℎ +

𝑀𝑎𝑙𝑒	𝑊𝑖𝑛𝑔	𝑀𝑜𝑟𝑝ℎ ∗ 𝑟𝑒𝑙(𝐶ℎ𝑖𝑟𝑝	𝐿𝑒𝑛𝑔𝑡ℎ) 

Model 3: 𝐶ℎ𝑜𝑠𝑒𝑛 𝑌,𝑁 = 𝑟𝑒𝑙 𝑀𝑎𝑙𝑒	𝐴𝑔𝑒 + 𝑟𝑒𝑙 𝑆𝑜𝑛𝑔	𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 +

	𝑠𝑡𝑎𝑏2 𝑃𝑒𝑎𝑘	𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 + 	𝑠𝑡𝑎𝑏 𝑀𝑒𝑑𝑖𝑎𝑛	𝐶ℎ𝑖𝑟𝑝	𝑅𝑎𝑡𝑒 + 	𝑟𝑒𝑙 𝑃𝑢𝑙𝑠𝑒𝑠	𝑃𝑒𝑟	𝐶ℎ𝑖𝑟𝑝 +

𝑀𝑎𝑙𝑒	𝑊𝑖𝑛𝑔	𝑀𝑜𝑟𝑝ℎ ∗ 𝑟𝑒𝑙(𝑃𝑢𝑙𝑠𝑒𝑠	𝑃𝑒𝑟	𝐶ℎ𝑖𝑟𝑝) 

Model 4: 𝐶ℎ𝑜𝑠𝑒𝑛 𝑌,𝑁 = 𝑟𝑒𝑙 𝑀𝑎𝑙𝑒	𝐴𝑔𝑒 + 𝑟𝑒𝑙 𝑆𝑜𝑛𝑔	𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 +

	𝑠𝑡𝑎𝑏2 𝑃𝑒𝑎𝑘	𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 + 	𝑠𝑡𝑎𝑏 𝑀𝑒𝑑𝑖𝑎𝑛	𝐶ℎ𝑖𝑟𝑝	𝑅𝑎𝑡𝑒 + 	𝑟𝑒𝑙 𝐶ℎ𝑖𝑟𝑝	𝐿𝑒𝑛𝑔𝑡ℎ +

𝑀𝑎𝑙𝑒	𝑊𝑖𝑛𝑔	𝑀𝑜𝑟𝑝ℎ ∗ 𝑟𝑒𝑙(𝐶ℎ𝑖𝑟𝑝	𝐿𝑒𝑛𝑔𝑡ℎ) 

 Relative male age, relative song duration, stabilizing peak frequency (about the 

population mean and about the bootstrap value) and stabilizing median chirp rate (about 

the population mean) were significant in all four models and when interactions with the 

wing morph were included, the interactions with pulses per chirp or chirp length were 

significant (Table 2.4). Since these are highly correlated, it is unclear which component 

females use in mate choice.  

Effects of Female Variation 

Virginity status was assayed in 122 of the 149 females used in the above analyses 

with 32 non-virgins and 90 virgins. Given the small sample size, it is not surprising that 

none of the effects were significant in the non-mated model, but the log likelihood ratio 

test shows that virginity status is important to female choice (Table 2.5). The coefficients 
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are of similar sign and magnitude for all the male traits except that of stabilizing peak 

frequency, where the sign is reversed. Given these results, we graphed the averages of the 

male song components for chosen versus non-chosen males paired with virgin and non-

virgin females (Figure 2.3). Again, choice for stabilizing peak frequency changes in sign 

between non-virgin and virgin females, with virgin females choosing males further from 

the population mean (more positive value) and avoiding males closer to the population 

mean than the males they are paired with and non-virgin females choosing males closer  

 

Table 2.5 Logistic regression results for mated and non-mated females (using Model 
1) with the coefficients (top number), z and p-values for each coefficient (bottom two 
numbers, in that order), and p-values and log likelihood for the models. The statistic 
and p-value for the log likelihood ratio test (“LL Ratio Test”) is provided at bottom. 
 
Effects Model 1  Non-Mated Mated 

Rel. Age -9.2069 
-2.31, 0.021 

-15.2163 
-1.61, 0.107 

-13.6817 
-1.75, 0.080 

Rel. Duration 1.7697 
2.78, 0.006 

1.0517 
0.72, 0.472 

2.4035 
2.65, 0.008 

Stab. Peak 
Frequency 

0.0026 
2.31, 0.021 

-0.0008 
-0.26, 0.794 

0.0028 
1.83, 0.067 

Stab. Median 
Chirp Rate 

-0.9052 
-2.04, 0.041 

-0.7240 
-0.78, 0.436 

-1.4001 
-2.13, 0.033 

Diff. Pulses 
per Chirp 

-1.6868 
-2.80, 0.005 

-2.1494 
-1.21, 0.225 

-2.1641 
-2.28, 0.023 

Wing Morph 0.7981 
1.68, 0.093 

0.5701 
0.43, 0.668 

0.9618 
1.37, 0.170 

Wing x Diff. 
Pulses per 
Chirp 

1.6805 
2.56, 0.010 

2.2041 
1.18, 0.238 

2.4500 
2.40, 0.017 

Model p-value 0.0000 0.3085 0.0004 

Log 
Likelihood -86.309 -17.790 -47.314 

LL Ratio Test 𝜒2 = 48.410, df = 7, p-value < 0.0001 
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to the population mean (more negative value). However, since the sample size for non-

virign females is low, there is much overlap and these resutls are inconclusive.  

 The log likelihood ratio test for models separated by wing morph of the females 

versus the model without female morph showed that wing morph may have an effect on 

Fig. 2.3 Means and standard errors of each male song component (and male age) in 
chosen and not chosen males paired with mated and non-mated females. The y-axis is 
the mean of the difference (Diff.), relative difference (Rel.) and difference of the 
distance from the population mean (Stab.) of the focal male from the non-focal male 
for each song component and male age. The graph for stabilizing peak frequency is 
separate due to scale differences. 
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female choice, but this was not significant (𝜒2 = 12.686, p-value = 0.0802). The effect 

was also non-significant for models separated by age bins of ≤ 30 days old and >30 days 

old (𝜒2 = 9.181, p-value = 0.2399).  

 DISCUSSION	

 The results of this study confirm that relative song duration is important to mate 

choice in this species but also show that the median chirp rate, and peak frequency are 

also important song components. Chirp length and pulses per chirp were significant both 

additively and when in interaction with the wing morph of the males, but we were unable 

to separate the effects of these highly correlated song components. Since the wing morph 

itself is not significant, one of these traits could be used by females to distinguish 

between the long-winged (LW) and short-winged (SW) males. To determine if females 

may be distinguishing between wing morphs using either the chirp length or pulses per 

chirp, we ran the analysis again, but with pairs that had one SW and one LW male only 

(no LW-LW or SW-SW combinations). Again, the interactions between pulses per chirp 

and male wing morph and chirp length and wing morph were significant (z = 2.33, n = 

68, p-value = 0.020 and z = 2.05, n = 68, p-value = 0.041, respectively), while the wing 

morph itself was not (z = 1.82, n = 68, p-value = 0.069 and z = 1.55, n = 68, p-value = 

0.122, respectively). A t-test between LW and SW males for these two traits showed no 

significant difference (pulses per chirp: t = -1.253, df = 199, p-value = 0.212; chirp 

length: t = -1.121, df = 199, p-value = 0.264), suggesting that it is only when in 

combination with the other song components that these two morphs are distinguishable. 
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Table 2.6 This table shows the general trends of what females in our study chose for 
each song component and the male age.  
 

Components Chosen males 

Rel. Age Younger 

Rel. Duration Longer song duration 

Stab. Peak frequency Further from the mean (Non-mated) 

Stab. Median chirp rate Closer to the mean 

Diff. Pulses per chirp Fewer pulses 

Wing morph No difference 

Wing x diff. Pulses per 
chirp 

LW: Fewer pulses 
SW: More pulses (slight) 

 
Figure 2.4 Graph of the logistic regression of difference in pulses per chirp of the 
focal male from the non-focal male on female choice. 
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 Other factors, such as the relative ages of the males and the virginity status of the 

females seem to also affect female choice in our study. Using the results from Model 1, 

we can make some conclusions as to which males females choose (Table 2.6). Only two 

of the song components (song duration and peak frequency) were significant when we 

looked at their effect on female choice separately. The results in Table 2.6 are only valid 

if the song components vary in conjunction with each other. Therefore, based on these 

results, males that were younger, sang the most, had a peak frequency further from the 

mean, a median chirp rate closer to the mean, and had fewer pulses per chirp (especially 

if they were long-winged; Fig. 2.4) than the male they were paired with were more likely 

to be chosen than males with songs that varied from these trends in any of the 

components.  

 Given the results of the logistic regressions, it is evident that there are components 

of the song that the females are perceiving that we have not measured. Relative age of the 

males is still a highly significant factor in female choice, even when all the measured 

song components are included in the model. Since females cannot hear the males’ ages 

except through changes in the song and cannot see the males, these results suggest that 

there is yet another component to the calling song that changes with male age. It is 

possible that there was measurement error with one or more of the non-significant song 

components. For example, the relative maximum volume of the male calls was 

compromised by the recording equipment. Limitations of the microphones caused very 

high volumes to be truncated and may therefore not accurately reflect the males’ volume. 

If volume and age are correlated naturally, but not in the lab because of the measurement 
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error, we would miss this in our models.   

 Our results illustrate why it is important to look at the shape of the female 

preference for a particular trait or trait component and not to assume that our 

measurement or treatment of the trait is also how a female perceives the trait (Kingsolver 

et al., 2012). We would have missed the highly significant effects of the median chirp 

rate had we assumed it to be under directional selection. Whether the preference function 

is stabilizing or directional, it is important not to make assumptions as to whether the 

females are utilizing passive or active choice strategy when choosing a mate (Kotiaho & 

Puurtinen, 2007, 2007; Prokuda and Roff, submitted). Multiple traits may function as 

multiple measures of male proximity or of individual quality (Candolin, 2003) and some 

(perhaps those under stabilizing selection) may only function for species recognition 

(Gray and Cade, 2000; Zuk et al., 2008).  

When we examine whether female preference changes due to the virginity status 

of the female, it is evident that female choice is not static. Our data suggests that female 

preference for the peak frequency of the calling song is the opposite for mated versus 

non-mated females. Non-mated females chose males that were further from the mean of 

the population strongly enough that this effect came out statistically significant even 

when mated females were in the model. Although factors such as the virginity status are 

generally controlled in the lab, they may be another piece to the remarkably complex 

process of mate choice (Crowley et al., 1991; Cotton et al., 2006; Steele et al., 2011).  
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CHAPTER III 

Female Mate Choice Strategy: An Experimental Test of Active and Passive Choice 

 

ABSTRACT 

 The passive mate choice hypothesis is an alternative to the active mate choice 

hypothesis, but has been largely ignored in the literature. We define passive choice as the 

choice for the closest or most detectable mate and active choice as a choice made after a 

comparison of available males to the female’s innate preference. Active and passive 

choice are hard to distinguish in most mating systems but systems with acoustic cues are 

particularly amenable for the task because different patterns of phonotaxis can be 

predicted under the two alternative strategies. Using a phonotaxis experiment with 

concurrent and sequential designs we show that passive choice is the most likely mate 

choice strategy of female sand crickets, Gryllus firmus, when using calling song duration 

as the cue. This suggests that female choice is based on the detectability of the male, 

rather than indirect benefits, and females may receive direct benefits due to reduced 

search costs. There are other traits that females may be using as cues, passively or 

actively, but here we concentrated on a trait known to correlate with female choice in this 

species, the duration of the calling song. We conducted a literature review and show that, 

in studies where passive choice was included as an alternative strategy, passive choice 

was a possible explanation in 72% of the studies. This experiment highlights the 

importance of considering passive choice as an alternative hypothesis in both 

experimental and theoretical studies. 
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INTRODUCTION 

 The mechanisms underlying the evolution of mate choice have received much 

attention in the past three decades (Andersson, 1994; Andersson & Simmons, 2006; 

Chenoweth & Blows, 2005; Kotiaho, Lebas, Puurtinen, & Tomkins, 2008; Parker, 2014; 

Ryan & Cummings, 2013) but, “theoretical models of direct benefit mechanisms are few 

and scattered” (Moller & Jennions, 2001). Direct benefits are those fitness benefits that 

are conferred on the chooser when they choose a mate (such as nuptial gifts, parental 

care, and absence of transmittable infections) and indirect benefits are those that are 

conferred on the offspring of the chooser. There is an assumption that when direct 

benefits are absent or not obvious, the choosy sex (usually females but may be males or 

both: for convenience of discussion, we shall refer to the choosy sex as female) actively 

chooses between mates based on one or more traits (Dawkins & Guilford, 1996; Kotiaho 

& Puurtinen, 2007). There is, however, the alternative hypothesis of passive choice. The 

passive choice hypothesis posits that females choose a male based on a conspicuous 

signal. The male that is the closest or most easily detectable in the environment is the 

least costly mating partner to the female due to reduced search costs (e.g. energy usage 

and exposure to predators; (Parker, 1983; Searcy & Andersson, 1986). Passive choice 

may be difficult to distinguish from active choice in most mate choice experimental 

paradigms but is very rarely considered as an alternative hypothesis (Kotiaho & 

Puurtinen, 2007). Because there is some ambiguity on the definitions of passive and 

active choice (Kotiaho & Puurtinen, 2007), we distinguish between these as follows:  
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Passive choice is choice of the closest or most detectable mate when the female is 

receptive to mates.  

Active choice is a choice made after a comparison of available males against the 

female’s innate preference. 

Active choice has been the focus of sexual selection studies looking at female 

preference (Andersson & Simmons, 2006; Kotiaho & Puurtinen, 2007), but, although 

passive choice has been largely ignored in the sexual selection literature (Backwell & 

Passmore, 1996; Dawkins & Guilford, 1996; Gerhardt et al., 2000; Boughman, 2001; 

Kotiaho & Puurtinen, 2007; Martín & López, 2008; MacLaren et al., 2011) it may be a 

generally parsimonious explanation for the origin of mate preferences (Parker, 1983). 

First, mate recognition systems originate through reproductive incompatibility between 

sympatric species (Bennet-Clark & Ewing, 1969; Waage, 1975; Ratciliffe & Grant, 

1983), genetic drift (Kaneshiro, 1980; Carson & Templeton, 1984), both (Mendelson & 

Shaw, 2012), or evolve through natural selection because of reduced search costs (Ryan 

& Rand, 1995; Hill, 2015). Second, natural variation in the recognized male traits would 

render some variants more easily detectable than others (louder call, longer duration of 

the call, larger body size, etc.) and females that orient towards males that are most easily 

detected have a fitness advantage brought on by the reduction of cost in the search for 

mates (Parker, 1983; Searcy & Andersson, 1986; Mendelson & Shaw, 2012). Female 

preference for male traits selects for the exaggeration of those traits. Both the preference 

and the male traits have been shown to be genetically variable in many species (Prokuda 
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& Roff, 2014), allowing both traits to (co)evolve. Indicator mechanisms and active 

choice may then evolve if males that produce the most detectable trait are also the fittest. 

Mechanisms such as good genes may reinforce the preexisting adaptive female 

preference. This synergy makes it difficult to disentangle the two processes of passive 

and active mate choice, obscuring the mechanisms behind mate choice evolution 

(Kotiaho & Puurtinen, 2007). 

 Preference for the most easily detectable mate may also give rise to preferences 

for multiple male traits (Candolin, 2003). Multiple cues in mate choice have been found 

in many species (Moller & Pomiankowski, 1993; Brooks, 2002; Candolin, 2003; 

Simmons, Thomas, Simmons, & Zuk, 2013) and there may be potential costs and benefits 

to using multiple cues (Pomiankowski & Iwasa, 1993; Hebets & Papaj, 2005). If females 

choose mates based on their detectability then multiple detectable traits may be beneficial 

for the male and the female. The male with multiple traits is more likely to be the first to 

be detected and is able to get the most mates while the female is able to detect the 

position of the male faster or more precisely (Rowe, 1999; Hebets & Papaj, 2005).  

 In many cricket species the singing activity of males has been identified as central 

to mate choice (Hedrick, 1986, 1988; Simmons, 2004; Bertram et al., 2007; Wagner & 

Basolo, 2007; etc.), suggesting that calling activity may be a generally important mate 

choice trait in cricket species. In the sand cricket (Gryllus firmus), specifically, the 

relative duration of the male calling song is an important factor in mate choice (Crnokrak 

& Roff, 1995, 1998). The preference of females for males that sing longer than others 



 84 

make this mating system particularly amenable to the testing of passive and active choice 

hypotheses. Kotiaho and Puurtinen (2007) note that many behavioral studies looking at 

mate choice do not discriminate between passive choice and active choice. The 

assumption is that any significant preference for one stimulus is due to active choice 

rather than the increased detectability of one of the stimuli. Considering the G. firmus 

example, females may listen to the songs of several males and choose the one that sings 

more (active choice) or they could simply choose the male that is singing at the time that 

they are looking for a mate (passive choice). Given that one male sings more than the 

other, the longer singing male is more likely to be singing at the time the female is 

looking (Kotiaho & Puurtinen, 2007). The outcome would still be a statistically 

significant choice for the longer singing male. The passive choice hypothesis does, 

however, have the advantage of generating a predictable pattern in the case of phonotaxis 

(Kotiaho & Puurtinen, 2007). In a simple example, Kotiaho and Puurtinen demonstrate 

that when a male sings three times as frequently as his rival, his mating success will be 

three times that of his rival under passive choice. This prediction will hold as long as the 

males sing sequentially (non-overlapping) and the females choose at random times 

throughout the trial period. If, however, the songs of the males overlap so that the shorter 

singing male is never singing alone the proportion of mates for the longer singing male is 

closer to 5 times that of the shorter singing male. If we account for the rest of the time 

when neither male is calling, times when the males’ songs only partially overlap or if 

females tend to choose when both males are calling or when only one male is calling or 

when neither male is calling the expected proportions will vary depending on the acoustic 
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environment at the time of choice and the proportion of females choosing during each 

acoustic environment.  

Crnokrak and Roff (1995) showed that the preferred male morph (the 

micropterous or short-winged morph) sang roughly twice as much as the other male 

morph (the macropterous or long-winged morph) and that 75% of females preferred the 

short-winged morph. In further experiments, Roff et al. (2003) showed that female choice 

for male song duration is relative to the amount spent singing by the two males presented 

to her but, when song duration was accounted for, females still preferentially chose the 

short-winged morphs (Roff, Crnokrak, & Fairbairn, 2003). These results suggest that 

female choice for song duration may be due to either passive choice for the male that is 

singing at the time the females are receptive or active choice using the “best-of-n” model 

(Roff & Fairbairn, 2014). The fact that females still chose the short-winged males after 

song duration was accounted for suggest that, although song duration is an important trait 

for choice, females also use other calling song cues to make their decision in these 

populations. These females may make their decisions using other song characteristics 

(frequency, chirp rate, pulse duration, etc.) during the time that both males are singing, 

and therefore song duration cannot be used as the only cue at that time (under the passive 

choice hypothesis), or females use a combination of song duration and other song 

characteristics to make their decision regardless of who is singing at the time (active 

choice).  
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 The experiment described herein was designed to distinguish between passive and 

active choice in G. firmus females using one trait only, male calling song duration. Male 

calling song duration is known to be correlated with female choice, but it is possible that 

females would choose randomly due to consequences of the experimental design. 

Therefore, random choice for either the long-singing or short-singing male was the null 

hypothesis and active and passive choice were the two alternatives.  

METHODS 

This experiment was done using the recorded song of one male. In natural 

conditions two or more males may be singing and their songs would differ not only in 

song duration but also in other song characteristics, such as pulse rate and frequency 

(Pires & Hoy, 1992; Webb & Roff, 1992) and thus using two different male songs may 

introduce noise because of female choice for these characteristics rather than just call 

duration. All females were presented with a recording of the male song played out of two 

speakers in buckets on either side of a Y-maze for at least 21 hours (see Figure 3.1). The 

Y-maze consisted of three buckets (13cm H x 22cm W) connected by two 15cm-long x 

2.5cm-wide PVC pipes. The female was put into the middle bucket with food, water and 

about 4 cells of an egg carton for housing. Wire mesh ramps were attached to the PVC 

pipes so the females could easily access both the left or right buckets after hearing the 

male songs in the home bucket. The Y-maze was used rather than the T-maze previously 

used by Crnokrak and Roff (1995) so that the females had a direct route to hear the 

source of the song from the home cage. This was done to avoid potentially biasing the 

strategy towards passive choice, because in the T-maze, if the females cannot tell the 
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direction of the call from the home cage, she may go to the one that is singing at the time 

when she comes to the T-intersection, and thus select a speaker in a way implying she 

had used passive choice, when in fact she was unable to tell where the longer calling song 

Fig. 3.1 A schematic of the Y-maze mate choice design for trials 1 and 2. The blue 
boxes indicate where the motion detectors (MDs) were located. Recording apparatus 
microphones were placed directly above the speakers. A. Concurrent Design – 
Speaker 1 simulates the song of a long-calling male that sings twice as much as the 
short-calling male (Speaker 2). Both speakers play concurrently for 1 hour (Acoustic 
environment: Both sides calling) then the second speaker is silent for 1 hour while 
Speaker 1 keeps looping the male song (Acoustic environment: Only long side 
calling). Repeated over a 21-hour period. B. Sequential Design – Speaker 1 simulates 
the song of a long-calling male that sings twice as much as the short-calling male 
(Speaker 2) but they sing alternately. First Speaker 1 loops the male song for 2 hours 
while Speaker 2 is silent (Acoustic environment: Only long side calling) then Speaker 
1 is silent for 1 hour while Speaker 2 loops the same song for 1 hour (Acoustic 
environment: Only short side calling). Repeated over a 21-hour period. 
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was located. The holes leading to the pipes were 6.5cm above the bucket floor and there 

were no ramps in the left and right buckets so that once a female moved into either of the 

buckets she was unable to go back into the pipes. The left and right buckets also 

contained food and water. An opaque white 9.5cm H x 8.5cm W container was placed in 

the left and right buckets to house the speakers.  

The calls of the speakers were simultaneously recorded using microphones in the 

lids of the speaker containers attached to a custom built automatic recording apparatus. 

The sound output was monitored every second by the recording apparatus. At the 

entrance to each of the speaker buckets was an LED motion detector that recorded when 

the female approached either male bucket and when she made her choice, as indicated by 

her entering the male bucket. This data, in conjunction with the speaker recordings, was 

used to ascertain the acoustic environment at the time of choice. All trials were run within 

growth chambers set to 15 hour-dark and 9 hour-light periods. Each Y-maze was 

surrounded on four sides by convoluted packing foam padding to minimize sound 

interference. The males sing periodically throughout the light and dark period with a high 

proportion of males singing before the switch from the dark to the light period (personal 

observation from recordings). Individual males have been observed singing throughout 

several hours with short periodic breaks. Thus females typically have multiple hours in 

which to make their decision. The male calling song used in the speaker trials was 

recorded from a short-winged (micropterous) male and used in all trials. The song was 

chosen from a randomly selected preference trial conducted for a different experiment 

where a female chose between two live males. The song of the preferred male (chosen by 
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the female) was used to ensure that females would be responsive to this particular song. 

The amplitude of the speakers was calibrated using the iPhone application “Decibel 10th: 

Professional Noise Meter” by SkyPaw Co. Ltd. at 91 dB when the speaker was 4 inches 

from the microphone, which is within the naturally occurring range of this population 

(based on live male calls monitored within the growth chamber using the same 

application). This was done to ensure that none of the songs were louder and therefore 

apparently closer, which could potentially bias the female if there is female preference for 

apparently closer males. The same male song was used for both designs to remove bias 

due to differences in calling song characteristics (Webb & Roff, 1992). The song was 

recorded from a short-winged male using a USB recorder with a unidirectional 

microphone. The long- and short-calling sides were switched for every trial. Each trial 

was run for at least 21 hours. This allowed 3 hours for checking, cleaning and resetting 

the Y-mazes before the next trial started.  

 Each female was used in both of the experimental designs, yielding paired data. In 

the first experimental design (hereafter, referred to as the “concurrent design”) either the 

left or right side was set to play the same song on loop continuously (long-singing male, 

Speaker 1 in Fig. 3.1A) while the other side was set to loop the male song for 1 hour and 

then be silent for 1 hour, repeatedly for 21 hours (short-singing side, Speaker 2 in Fig. 

3.1A). In the second experimental design (hereafter, “sequential design”) one side was set 

to repeat the song for 2 hours and then to be silent for 1 hour (long-singing male, Speaker 

1 in Fig. 3.1B) while on the other side the song was set to be silent for 2 hours and then to 

play for 1 hour, repeatedly for at least 21 hours (short-singing male, Speaker 2 in Fig. 
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3.1B). If passive choice is the primary mechanism responsible for female choice for song 

duration, and the females chose perfectly every time, then, during the time that both 

speakers are playing the song in the concurrent trials (hours 1, 3 and 5 in Fig. 3.1A), 

females would not have a preference for either side (50% would go to Speaker 1 and 50% 

would go to Speaker 2). During the other half of the concurrent trials when only the long-

singing side is singing (hours 2 and 4 Fig. 3.1A), all females should go to the singing 

rather than the silent side. Overall, if females choose throughout the 21-hour period 

without respect to nuisance covariates such as the time of day or acoustic environment, 

passive choice would lead to 75% of the females choosing the long-singing side during 

the concurrent trials. If active choice is the primary mechanism for mate choice, then, 

regardless of the immediate acoustic environment, all females should go to the long-

singing side (Speaker 1 in Fig. 3.1A). In the sequential design, during the time that only 

the long-singing side is singing (first 2 hours and last 2 hours in Fig. 3.1B) or only the 

short-singing side is singing (3rd hour in Fig. 3.1B), under the passive choice hypothesis 

females should always choose the side that is singing at the time they make their 

decision. Overall, this would amount to 67% (or two-thirds) of females choosing the 

longer singing side during the sequential trials. The side with the longer singing speaker 

should be chosen 100% of the time under the active choice hypothesis, regardless of the 

immediate acoustic environment.  
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Scoring for Active and Passive Choice 

 We used the motion detector data in conjunction with the sound output data to 

examine the acoustic environment at the time each female made her choice. Females that 

moved into a male’s bucket before the speakers were turned on were not used in the 

analysis. Individual females were used in both designs. A total of 99 females reared from 

a 2014 wild caught Florida population made a choice in both the concurrent and 

sequential trials and were used in the analysis. The female choice (long-calling side vs. 

Table 3.1A Choice table for the concurrent design. Each choice was scored as 
consistent with active (A), passive (P), or neither (N) depending on the choice (long- 
or short-calling side) and the acoustic environment at the time of the choice. A choice 
could be scored as consistent with both active and passive if the choice was consistent 
with both hypotheses (“A, P” cells). 

Acoustic Environment  
Both Sides 

Singing 
Only Long Side 

Singing 

Long-calling Side Chosen A, P A, P 

Short-calling Side Chosen P N 

Table 3.1B Choice table for the sequential design. 

Acoustic Environment  
Only Long Side 

Singing 
Only Short Side 

Singing 

Long-calling Side Chosen A, P A 

Short-calling Side Chosen N P 
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short-calling side) and the acoustic environment at the time of the choice were recorded 

for each of the designs for each female. As discussed above, there are two acoustic 

environments for the concurrent trials: “Both Sides Singing” (hours 1, 3 and 5 in Fig. 

3.1A) and “Only Long Side Singing” (hours 2 and 4 3.Fig. 1A; Table 3.1A) and two 

acoustic environments for the sequential trials: “Only Long Side Singing” (first 2 hours 

and last 2 hours in Fig. 3.1B) and “Only Short Side Singing” (3rd hour in Fig. 3.1B; Table 

3.1B). Each choice was given a score for active (yes = 1, no = 0) and passive (yes = 1, no 

= 0) choice for both the concurrent and sequential designs. Choices could be scored as 

consistent with both active and passive choice, only consistent with active choice or only 

passive choice, or consistent with neither (Tables 3.1A and 3.1B). Active scores and 

passive scores were added up between the two designs so that each female could have an 

active score of 0-2 and a passive score of 0-2. A score of 0 for active (or passive) choice 

would mean the female choice was not consistent with the active (or passive) choice 

hypothesis. The active and passive scores were summed over all the females and the 

distribution of 0s, 1s and 2s were compared to what would be expected if females chose 

at random (null hypothesis) using a chi-square goodness-of-fit analysis. In this context 

random choice means that the female “chose” a bucket irrespective of whether a sound 

was coming from it. Such choices presumably happen because the female wanders or 

other random processes. The expected random distribution was determined using Tables 

3.1A and 3.1B. In the concurrent design, if females chose randomly with respect to the 

acoustic environment, 50% of females would score 1 for active choice (2 out of 4 cells 

with “A” in Table 3.1A), 75% of females would score 1 for passive choice (3 out of 4 
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cells with “P” in Table 3.1A), and 25% would score a 0 (1 out of 4 cells with “N” in 

Table 3.1A). In the sequential design, 50% of females would score a 1 for active choice, 

50% would score a 1 for passive choice, and 25% would score a 0. Therefore, if females 

chose randomly, there is a 50% x 50% = 25% chance of scoring a total score of 2 for 

active choice, a 75% x 50% = 37.5% chance of scoring 2 for passive choice, a (50% x 

50%) + (50% x 50%) = 50% chance of scoring a 1 for active, etc. Active and passive 

scores were analyzed separately to determine which hypothesis yielded results 

significantly different from random choice and was, therefore, more likely.  

Score Comparison 

 To compare the passive and active scores directly, we used a one-tailed, paired t-

test and a Wilcoxon paired signed rank test to determine whether the average passive 

score was significantly greater than the average active score. This would indicate that the 

observed female choices were more consistent with the passive choice hypothesis than 

with the active choice hypothesis.  

Passive vs. Active Choice in Previous Studies 

 We also conducted a review of the literature on passive choice. To find research 

articles done on active and passive choice, we searched for all papers using the keywords 

“passive” and “mate choice” in the topic (title and abstract) in the Web of Science™ 

database. All papers that attempted to distinguish between active and passive choice were 

included in a table with the authors’ conclusions (P, A, or B for Passive, Active, or Both), 
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whether or not a statistical test was done to distinguish between these two hypotheses, the 

species, the order and year. Studies that referred to passive female mating, where females 

mate with the first male that approaches without discrimination, were not included as this 

describes a separate phenomenon from passive mate choice strategy.  

RESULTS 

A total of 99 females were used in both designs with two choices for each female: 

one in the concurrent and one in the sequential design trials. All females were virgins 

between the ages of 5 and 14 days past final molt (mean = 8.02) with 78 females being 

long-winged and 21 being short-winged. There was no effect on overall score due to age 

Table 3.2A Distribution of 0, 1, and 2 scores observed for active choice and what 
would be expected under random choice for the two designs. A score of 0 means that 
the female did not choose actively in either of the designs (her choice did not fall into 
either of the “A, P” or “A” cells in Tables 1A and 1B). A score of 1 means that the 
female chose actively for either one or the other of the two designs trials. A score of 2 
means that she chose actively in both trials. The chi-squared test values are given for 
each score comparison. 

Scores 0 1 2 

Active Choice 16 54 29 

Random 24.75 49.5 24.75 

c2 3.093 0.409 0.730 
 
Table 3.2B Distribution of 0, 1, and 2 scores observed for passive choice and what 
would be expected under random choice for the two designs. 

Scores 0 1 2 

Passive Choice 7 38 54 

Random 12.375 49.5 37.125 

c2 2.335 2.672 7.670 
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or wing morph (GLM; Age: t = 0.369, df = 98, p-value = 0.713; Morph: t = -0.186, p-

value = 0.853).  

Active and Passive Choice Scores 

 The distribution of 0, 1 and 2 scores consistent with active choice were not 

significantly different than what would be expected under random choice (Table 3.2A; 𝜒2 

= 4.232, df = 2, p-value = 0.121), while the distribution of scores consistent with passive 

choice were significantly different from random (Table 3.2B; 𝜒2 = 12.677, df = 2, p-value 

= 0.002). This suggests that, if females are choosing non-randomly, passive choice is the 

more likely mechanism of choice.  

Score Comparison 

 To test whether the passive choice is more likely than the active choice 

hypothesis, we performed a one-tailed paired t-test and a paired Wilcoxon rank sum test 

on the scores. The passive choice average score was 5 standard errors higher than that of 

the active score average (t = 5.754, df = 98, p-value < 0.0001; V = 744, p-value < 

0.0001), suggesting that female choice was more consistent with the passive choice 

hypothesis than the active choice hypothesis. 

Passive vs. Active Choice in Previous Studies 

 The literature search returned 113 entries with the search terms “passive, mate 

choice”. Out of these, 18 included passive choice in their analysis as an alternative 

explanation to observed female mate choice biases (Table 3.3). These studies represent  
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Table 3.3 The findings of the studies that included a comparison of passive and active 
choice hypotheses for their observed data. “P, A, or B” shows the authors’ 
interpretation of the comparison results as passive (P), active (A) or both (B). 
“Statistical Test?” shows whether a statistical test was done to distinguish between 
passive and active choice. 

Study Species (Common Name) Trait 
Type 

P, A, 
or B 

Test? 

Arak 1988  Bufo calamita (Natterjack Toad) acoustic P N 
Bailey et al. 1990  Requena verticalis (Common 

Western Requena, Bushcricket) 
acoustic P N 

Bishop et al. 1995  Hyperolius marmoratus (Marbled 
Reed Frog) 

acoustic P N 

Castellano et al. 2004  Bufo viridis (European Green 
Toad) 

acoustic A N 

Fellers 1979  Hyla versicolor (Gray Tree Frog) acoustic P N 
Forrest and Green 
1991  

Scapteriscus species (Mole 
Crickets) 

acoustic A N 

Gibson 1996  Centrocercus urophasianus 
(Greater Sage Grouse) 

suite B N 

Greer and Wells 1980  Centrolenella fleischmanni 
(Northern Glass Frog) 

acoustic B N 

Irusta and Araujo 
2007  

Diastatops obscura (Skimmer 
Dragonfly) 

suite B N 

Jarvi 1990 Salmo salar (Atlantic Salmon) visual B N 

Jouventin et al. 1999 Diomedea exulans (Wandering 
Albatross) 

suite A N 

Lifjeld and Slagsvold 
1988 

Ficedula hypoleuca (European 
Pied Flycatcher) 

visual B N 

Ludwig and Becker 
2008 

Sterna hirundo (Common Tern) suite B N 

Marler and Ryan 1997  Poecilia species (Guppies) visual B N 
Ortigosa and Rowe 
2002 

Gerris buenoi (Water Strider) visual P N 

Searcy 1996 Agelaius phoeniceus (Red-
winged Blackbird) 

acoustic A N 

Trail and Adams 1989 Rupicola rupicola (Guianan 
cock-of-the-rock) 

visual A N 

Zeigler 1991  Pteronarcella badia (Giant 
Stonefly) 

acoustic P N 
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18 species in 12 different orders. Five studies found evidence in support of the active 

choice hypothesis, 6 studies found evidence in support of the passive choice hypothesis 

and 7 found evidence in support of both hypotheses (as concluded by the authors; Table 

3.3). Two of the 5 studies that found evidence in support of active choice used a narrower 

definition of passive choice (a topic we defer to the Discussion in the “Passive vs. Active 

Choice in Previous Studies” section) and may have reached a different conclusion if the 

broader definition was used. None of these studies used a quantitative method to test 

whether the active or passive choice hypothesis better fit their data.  

DISCUSSION 

Active and Passive Choice Scores 

Since it has previously been shown that female G. firmus chose males with a 

longer calling song duration (Crnokrak & Roff, 1995, 1998; Roff et al., 2003), the 

alternative hypothesis that leads to a distribution of 0s, 1s, and 2s that is different from 

random choice is the more likely hypothesis. The distribution of active choice scores was 

not significantly different from what would be expected under random choice and, 

therefore, we conclude that active choice is unlikely to be the mate choice strategy for 

calling song duration employed by the females in this population. The distribution of 

passive choice scores, however, is significantly different from what would be expected 

under random choice, suggesting that passive choice could be the strategy that females 

use when only call duration is considered. Using two different designs (concurrent and 

sequential) ensured that there was no potential effect due to the presentation of the long 
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and short songs (Wagner et al., 2001; Reading & Backwell, 2007; Wong & Svensson, 

2009). 

Score Comparison 

 The comparison of the scores for active versus passive choice showed that passive 

choice was a much more likely explanation for the observed pattern of phonotaxis in this 

study. This further confirms that the females in this population of G. firmus used passive 

choice when deciding between a long- and short-calling male (relative to each other), 

when all other factors are kept constant. The score for passive choice was significantly 

higher than that of active choice and the distribution of scores for active choice was not 

significantly different from scores that would be achieved if females randomly fell into 

the right or left buckets (see Results sections Score Comparison and Active and Passive 

Choice Scores). These results are consistent with what would be expected under the 

passive mate choice hypothesis and are not consistent with what would be expected under 

the active mate choice hypothesis. 

Passive vs. Active Choice in Previous Studies 

 The literature review showed that, far from being a rare phenomenon, passive 

choice was suggested to occur in 72% of the species where the passive and active choice 

hypotheses were both considered. Although more research is needed, this small selection 

of 12 different orders shows that passive mate choice may be a widespread mate choice 

strategy. Definitions of active and passive choice differed, with some studies (Castellano, 
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Rosso, & Giacoma, 2004; Searcy, 1996) using a narrower definition for passive choice 

adapted from a 1994 study (Forrest & Raspet, 1994) rather than Parker’s broader 

definition (Parker, 1983). Forrest and Raspet (1994) term their definition of passive 

choice “random pick” where the female responds similarly to all male stimulus and a 

louder call is only advantageous in that it can be heard from farther away. We argue that 

Parker’s definition of “passive attraction” where a louder male call can also be 

advantageous because they are perceived as closer to the female (or, in non-acoustic 

mating systems, the male with the more conspicuous trait is easier to locate) incorporates 

passive choice of mates without implying what cognitive processes are occurring. A 

female may have an innate preference for longer calling males but use the passive mate 

choice strategy to make her choice. In this way she is likely to go to the longer calling 

male and thus obtain potential indirect benefits for her offspring while also minimizing 

her search effort (direct benefits).  

Conclusions 

 Over the past decade, there have been some doubts raised as to how wide-spread 

preference due to indirect benefits really is and whether studies should concentrate on 

these to the exclusion of direct benefits hypotheses (Kokko et al., 2003; Kotiaho & 

Puurtinen, 2007). Passive choice for conspicuous male traits may have different 

behavioral predictions and imply direct benefits in the form of reduced search costs, but it 

is by no means mutually exclusive with indirect benefits mechanisms of mate choice. Nor 

is it incompatible with the sensory bias hypothesis. Preexisting bias toward a particular 
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male trait, such as orange coloration in guppies (Rodd et al., 2002), may make a male 

more detectable in their environment thereby making the mate search faster and less 

costly for females (Ryan & Cummings, 2013).  

 As discussed above, active and passive choice are not mutually exclusive. After 

sexual selection by passive choice has started, active choice and indirect benefit 

mechanisms may evolve because, in the case of G. firmus, continuously calling for long 

periods of time is energetically costly (Crnokrak & Roff, 2000). Males that are more fit 

also sing more and attract more females (passively) and may also sire more fit offspring 

than those that sing less. Since short-winged males tend to sing more, females that can 

distinguish between long and short winged males when both types are singing may do 

better than those that go to any male that is singing at the time of choice. In this way, 

active choice may evolve in this system. Although our results suggest that active choice 

is not used by females when using call duration as the mate choice cue, active choice may 

be used with other song characteristics such as frequency or chirp rate (Webb & Roff, 

1992; Mitra et al., 2011). 

 The results of this experiment demonstrate that preference for most detectable 

males and the passive choice hypothesis need to be considered as viable alternatives to 

active choice in mate choice studies. It is also necessary that passive choice be considered 

in theoretical studies on the evolution of mate choice. Choice for more detectable mates 

and the direct benefits associated with it may not only help explain the evolution of the 

less understood mating systems such as those involving multiple traits, sensory bias, and 
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those with non-obvious benefits to mate choice, but may also help to understand how 

preferences for conspicuous male traits arise. While distinguishing between passive and 

active choice may be heuristically valuable in our understanding of mate choice 

evolution, it is also important to incorporate both mechanisms into evolutionary models. 

Female preference for detectable males opens the opportunity for males to cheat the 

system: Males that sing louder will sound closer, those with bigger bodies or ornaments 

may look closer, those with brighter colors or with colors resembling food may get 

female attention before closer but duller males. If these are costly to the female, it may 

give more discriminating females an advantage and lead to the evolution of active choice 

for one or more male traits. Given the flexibility and applicability of the passive choice 

hypothesis, incorporating it into theoretical models and experimental work could lead to 

new testable predictions of mate choice evolution and origins, the elaboration of 

ornaments, and the evolution of multiple and multimodal traits. 
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CONCLUSION 

The study of sexual selection has grown into a vast field since its first conception 

by Darwin (Darwin, 1861). However, it was not until the 1980s and 1990s that mate 

choice became widely acknowledged as a selective force and it, too, flourished and added 

to our understanding of sexual selection (Andersson & Simmons, 2006). It is not a simple 

explanation for extravagant male ornaments but a multi-dimensional field of study that 

seems to raise more questions every time something new is learned. When it seemed that 

sexually selected traits were more variable than non-sexually selected traits it raised the 

question of genetic maintenance in these traits (Bakker & Pomiankowski, 1995; Ritchie, 

1996). When it became evident that many species rely on multiple cues for mate choice, 

the question was why and how would preference for multiple traits evolve 

(Pomiankowski & Iwasa, 1993; Candolin, 2003)? When it was established that animals 

do choose some mates over others, it was appropriate to ask what strategy they utilized to 

make their choice (Parker, 1983).  

Through my research contained in the three chapters, I show that the heritabilities 

of sexually selected traits are not lower than that of non-sexually selected traits, as 

previously hypothesized, nor are they higher than that of non-sexually selected traits, as 

shown by Pomiankowski and Bakker in an earlier dataset. This begs the question: how is 

genetic variation maintained in all traits and are sexually selected traits really different 

from other traits related to fitness? In my second chapter I show that females may use a 

complex, multivariate signal when making their choice, rather than judging each 
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component separately. Yet, this still results in stabilizing/divergent selection on some 

song components while others are under directional selection. What does this dynamic 

process mean for trait correlations and (co)evolution? In my third chapter I show that 

females in my population do not use active choice when making their decision based on 

song duration, but simply go to the male that is calling at the time that they are choosing. 

Passive mate choice strategy has implications on the evolution of preference and the 

preferred male traits and it may shine light on the origins of female preference and which 

male traits become important in mate choice. My research opens the field up to new 

questions and provides direction and support for old questions that have not yet been 

answered. After all, “[t]he scientist is not a person who gives the right answers, [s]he's 

one who asks the right questions (Lévi-Strauss, 1983).” 
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