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Mating and reproducing are key elements of fitness.  Decisions made (consciously or not) 

during mating and reproducing have costs and benefits which may vary as a function of 

the contexts in which the decisions are made.  In this dissertation, I explore associations 

between variation in two contextual factors (the social environment and the phenotypic 

state of focal individuals) and two aspects of mating and reproduction (mate preferences 

and reproductive investment).  To address these associations, I perform common-garden 

experimental manipulations in Gryllus firmus crickets (Chapters 1 and 2), as well as a 

meta-analytical, synthetic review of primary empirical studies conducted on diverse taxa 

(Chapter 3).  In Chapter 1, I show that manipulated variation in the social environment 

influences female reproductive investment in G. firmus female crickets: females exposed 

to male calling song (a sexual signal) built up their ovaries more rapidly in preparation 

for mating than did females exposed to silence (simulating an absence of available male 

mates).  In Chapter 2, again working with G. firmus female crickets, I show that 

manipulation of phenotypic mating status (sexual experience versus inexperience) 



 

 viii 

influences female sexual responsiveness (number of approaches to calling males) but not 

female preference functions (rankings of males varying in calling traits).  Lastly, in 

Chapter 3 I perform meta-analyses of data from 144 primary publications on 112 species, 

and demonstrate a significant association between variation in mate preference 

components and variation in mate choosers’ phenotypic states (age, condition, mating 

status, and parasitized status).  My first chapter indicates that reproductive physiology is 

sensitive to who is nearby (i.e., the opposite-sex social environment), while my second 

and third chapters suggest that aspects of mate preferences are sensitive to the traits of the 

individuals who are displaying the preferences.  Thus, as a whole my dissertation 

demonstrates that behaviors deployed during mating and reproducing are variable and 

non-uniform within populations. 
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General Introduction: 

 Phenotypic plasticity is the ability of a genotype to produce different phenotypes 

in different environmental contexts (West-Eberhard 2003, Pigliucci 2005).  Plasticity is 

likely to evolve in traits in which trait expression can change relatively quickly in 

response to predictable, cue-linked environmental changes, such as behavioral and 

physiological traits (Scheiner 1993).  Meanwhile, canalization (insensitivity to 

environmental variation) is more likely to occur in traits highly linked to fitness, or when 

environmental variation is unpredictable and uncorrelated with any cues (Scheiner 1993).  

Phenotypic plasticity has been increasingly documented and recognized as a significant 

player in evolutionary processes, holding consequences for the direction and strength of 

selection, adaptive evolution, genetic differentiation and speciation (Ghalambor et al. 

2007, Ghalambor et al. 2015).   

 From early studies of plastic responses to variation in abiotic factors (e.g., water 

and sunlight availability; Bradshaw 1965, Basak & Chaudhuri 1967), and later studies 

exploring plasticity induced by biotic, interspecific cues (e.g., predatory cues; Appleton 

& Palmer 1988, Dodson 1989), the purview of phenotypic plasticity research has recently 

zoomed in to include a smaller scale.  Specifically, areas of actively growing research 

are: (1) consequences of variation in the intraspecific social environment (Kasumovic & 

Brooks 2011), and (2) consequences of variation in individuals’ phenotypic state for the 

expression of other traits (Cotton et al. 2006).  These topics are receiving much attention 

in the fields of sexual selection and reproductive biology, contexts in which variation on 

these scales is especially relevant (Rodriguez et al. 2013).   
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 My dissertation explores the effects of variation in the social environment, as well 

as variation in individuals’ phenotypic state (e.g., body condition, parasite load, age, 

mating status), on reproductive physiology and mating preferences.  In Chapter 1, I used 

female sand crickets (Gryllus firmus) to elucidate the consequences of variation in the 

social environment for reproductive investment.  In Chapter 2, again using the sand 

cricket (G. firmus), I tested whether components of female preference for male traits 

respond plastically to one aspect of female phenotypic state, mating status (i.e., sexually 

experienced versus sexually inexperienced).  In Chapter 3, I capitalized on the growing 

collection of primary empirical studies exploring the topic of variation in components of 

mate preferences as a function of choosing individuals’ phenotypic state (Cotton et al. 

2006).  For this final chapter, I conducted a meta-analytic synthetic review to quantify the 

mean magnitude of the degree of association between variation in choosers’ phenotypic 

states and their mate preference components across primary studies of diverse taxonomic 

groups. 
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Chapter 1: Adult Social Environment Alters Female Reproductive Investment in the 

Cricket Gryllus firmus 
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Abstract: 

Phenotypically plastic responses have been increasingly documented in response to 

intraspecific, behavioral (often sexual) signals such as mating calls.  We explored the 

effect of short-term exposure to male calling song on a reproductive life history trade-off 

in adult females of the wing dimorphic cricket species, Gryllus firmus.  In G. firmus, 

long-winged females possess flight muscles and small ovaries immediately after the adult 

molt, whereas short-winged females possess small, non-functional flight muscles and 

large ovaries at the same age.  In long-winged females, flight muscles are histolyzed 

during ovary growth that occurs after the adult molt.  Because of these differences in 

reproductive physiology, we predicted different responses to calling song exposure 

between the two morphs.  We hypothesized that such exposure would boost ovary growth 

in both wing morphs, but also increase flight muscle histolysis in long-winged females, 

producing a greater relative response to exposure in this morph.  As expected, we saw a 

significant increase in ovary mass in exposed females of both morphs, and a greater 

relative response in long-winged females.  Calling song exposure did not have a strong 

effect on flight muscle histolysis, suggesting that the relatively larger ovary response in 

long-winged females was perhaps fueled instead by reallocation of flight fuels.  Our 

study documents the rapid adult response of a fitness-linked trait to the adult social 

environment, a result with far-reaching implications, as the experience of mating signals 

during adulthood should be nearly universal across species. 
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Introduction: 

Phenotypic plasticity enables individuals to respond to environmental variability, 

both abiotic and biotic.  Increasingly, interest has focused on plastic responses to 

variation in the intraspecific social environment (Bailey and Zuk 2008, Kasumovic and 

Brooks 2011, Rebar et al. 2016).  The social environment of a given population contains 

individuals occupying a number of (non-mutually exclusive) roles: parent, offspring, 

sibling, competitor (for food or mates), and/or mate.  Several broad patterns of plastic 

responses to the presence of individuals occupying these roles have begun to emerge 

across vertebrate and invertebrate taxa (see reviews in Kasumovic and Brooks 2011, 

Rodriguez et al. 2013, Vitousek et al. 2014, Groothuis and Taborsky 2015, Trillmich et 

al. 2015, Taborsky 2016).  In this paper we focus on plastic responses to variation in the 

mating environment.   

Effects of exposure to mating competitors 

 The presence of intrasexual competitors for mates in the social environment 

induces several responses shared across taxa.  Males placed with other males (or with 

signals or cues produced by males, e.g. pheromones, calling songs, etc.), either during the 

juvenile period or adulthood, tend to invest more in putatively sexually competitive traits 

than males housed with females or in isolation.  For example, males housed with other 

males may exhibit higher levels of testosterone (blue-black grassquits, Volatinia 

jacarina: Lacava et al. 2011), increase elaboration of secondary sexual traits (Pacific field 

crickets, Teleogryllus oceanicus: Thomas et al. 2011; blue-black grassquits, Volatinia 

jacarina; Maia et al. 2012), or expend more effort in sperm competition (Pacific field 
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crickets, Teleogryllus oceanicus: Bailey et al. 2011, Gray and Simmons 2013), than 

males housed with females or in isolation.  Rearing juvenile males in the presence of 

adult males or adult male cues tends to retard male development rates to sexual maturity 

(guppies, Poecilia reticulata: Rodd et al. 1997, Magellan and Magurran 2009; green 

swordtails, Xiphophorus helleri: Walling et al. 2007; black field crickets, Teleogryllus 

commodus: Kasumovic et al. 2011; but see Maia et al. 2012), likely in an attempt to delay 

maturity until a time when fewer mating competitors might be present.   

 When females are placed with other females, a striking and widespread effect that 

often occurs is the suppression or total inhibition of ovary development and function in 

subordinate females by dominant females, typically mediated by pheromones 

(Hymenopterans: DeGroot and Voogd 1954, Nunes et al. 2014, Van Oystaeyen et al. 

2014, Traynor et al. 2017; mammals: Wasser and Barash 1983, Faulkes et al. 1990; 

western mosquitofish, Gambusia affinis: Lutnesky and Adkins 2003).  Like males, 

juvenile females may also delay development to maturity if exposed to other females 

(house mice, Mus musculus: Drickamer 1975, 1977). 

Effects of exposure to potential mates 

 The occurrence of potential mates in the social environment also has marked 

effects on behavioral, morphological, and life history traits.  The presence of adults of the 

opposite sex during focal individuals’ juvenile period may accelerate development to 

sexual maturity (house mice, Mus musculus: Drickamer 1974; redback spiders, 

Latrodectus hasselti: Kasumovic and Andrade 2006, Stolz et al. 2012; black field 

crickets, Teleogryllus commodus, Kasumovic et al. 2011), such that focal individuals are 
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more likely to mature when mates are present.  Exposure to reproductively viable adult 

males or male signals during females’ juvenile or adult periods reduces female 

responsiveness to male courtship signals (Teleogryllus cricket spp.: Bailey and Zuk 2008, 

Bailey and Macleod 2014), increases choosiness (Pacific field crickets, T. oceanicus: 

Bailey and Zuk 2008, Bailey and Zuk 2009), and alters females’ preferences for male 

phenotypes and/or female preference functions during mating trials (wolf spiders, 

Schizocosa spp.: Hebets 2003, Stoffer and Uetz 2015; highland swordtails, Xiphophorus 

malinche: Tudor and Morris 2009; treehoppers, Enchenopa binotata: Fowler-Finn and 

Rodriguez 2012; Pacific field crickets, T. oceanicus: Swanger and Zuk 2015).   

 Females may even attend to differences in the quality of males to which they are 

exposed, and alter their reproductive investment accordingly.  Hert (1989) found that 

cichlid (Astatotilapia elegans) females exposed to males possessing intact breeding 

markings were more likely to lay clutches than females exposed to males with removed 

breeding markings, while Kasumovic et al. (2011) discovered that black field cricket (T. 

commodus) females exposed to a chorus of numerous, high quality males had larger 

ovaries (a proxy for pre-mating reproductive investment) than females exposed to fewer 

low quality males or no males. 

Study system and hypotheses 

To add to the growing collection of studies exploring phenotypic plasticity in 

response to the social environment, we tested the effect of adult-period exposure to a 

male mating signal (male calling song, a long distance attraction signal) on a life-history 
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trade-off between reproduction and flight capability in females of the wing dimorphic 

sand cricket, Gryllus firmus. 

Gryllus firmus, a large (adult mass ca. 0.7 grams) cricket inhabiting beaches and 

other sandy areas on the east coast of the United States, occurs in two morphs: a flight-

capable, macropterous (long-winged, hereafter LW) morph and a flight-incapable, 

micropterous (short-winged, hereafter SW) morph.  Gryllus firmus LW adult females 

undergo a life-history trade-off known as the “oogenesis-flight syndrome” (Johnson 

1969).  In this syndrome, after the molt to adulthood, LW females initially experience a 

flight-capable, non-reproductive phase (possessing large, functional flight muscles and 

small, immature ovaries) followed by a flight-incapable, reproductive phase (with small, 

histolyzed flight muscles and large, mature ovaries).   During the switch from flight-

capability to flight-incapability in LW females, histolyzed flight muscle tissue and stored 

flight fuels (primarily lipids) can be reallocated to ovary growth.  This reallocation has 

been observed in the monomorphically macropterous cricket, Gryllus bimaculatus 

(Lorenz 2007) and the LW morph of G. firmus (Stirling et al. 2001).  Meanwhile, SW 

females have small, vestigial flight muscles and rudimentary wings (rendering them 

incapable of flight), and possess large ovaries after eclosion (Roff 1984). Because SW 

females do not pass through a flying dispersal phase and do not allocate energy to flight 

muscle development and maintenance of flight fuels (Roff 1984, Mole and Zera 1994, 

Stirling et al. 2001, Zera and Larson 2001, Crnokrak and Roff 2002), SW females of G. 

firmus begin reproduction earlier and have greater cumulative fecundity than LW females 

(Roff 1984). 
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One of the consequences of this reproductive allocation pattern in LW females of 

G. firmus is a significant negative covariance between the mass of the main flight 

muscles (the dorso-longitudinal muscles, hereafter DLMs) and ovary mass, an index of 

fecundity (Roff 1994).  Although SW females do not have functional DLMs, there is still 

a significant negative covariance between ovary mass and DLM mass (Zera et al. 1997, 

Stirling et al. 2001), which can be attributed to genetic correlations between wing 

morphs, DLM mass and ovary mass (Roff and Gelinas 2003, Roff and Fairbairn 2011, 

2012).   

In this species (as in other Orthopteran species), male calling song advertises the 

presence of reproductively capable males.  Hence, we hypothesized: (1) that adult 

females (of both wing morphs) exposed to male calling song would invest more energy in 

reproduction, as indicated by an increase in ovary mass, than unexposed females.   

Because of the trade-off between components of flight-capability, such as DLM mass/ 

flight fuels and ovary mass, we further hypothesized: (2) that the exposed females would 

reallocate flight-capability components (DLMs) to the ovaries. This response should be 

most evident in LW females but, because of the aforementioned genetic correlations, may 

also be present in SW females.   

Our last hypothesis pertains to differences in the relative ovary investment 

response between the wing morphs.  Regardless of acoustic treatment, SW females 

should allocate more total energy to ovary growth than LW females (Roff 1984), and 

therefore should have fewer alternate sources of energy that they could reallocate to 

ovary growth in response to social signals such as calling song.  Because LW females 



 

 

11 

have larger additional energy stores that are initially uncommitted to reproduction (i.e., 

flight fuels and flight muscles), we predicted that in LW females, reallocation to ovary 

growth would likely include both the resources devoted to flight capability and those 

sources also used by SW females.  Consequently, we hypothesized: (3) that the relative 

increase in ovary mass should be greater in exposed LW females than exposed SW 

females.   

We applied two different lengths of exposure (for either 3 days or 6 days after 

eclosion to adulthood) to determine if the length of exposure affected the magnitude of 

the responses of ovary mass and flight muscle mass.   
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Materials and Methods: 

Experimental treatments 

We performed our acoustic exposure experiment in two blocks, which we shall 

refer to as Experiment 1 (performed in January 2016; total n = 115, with 98 LW females 

and 17 SW females) and Experiment 2 (performed in April - May 2016; total n = 159, 

with 64 LW females and 95 SW females).  The total sample size for both experiments 

combined was 274 individuals.    In both Experiments 1 and 2, individuals came from a 

lab population of G. firmus that was descended from a field sample collected in 2013 near 

Jacksonville, Florida.  The field sample included 76 gravid females, ensuring that the 

subsequent lab colony did not suffer from founder effects.  Individuals used in this study 

were the 6th generation (Experiment 1) and 7th generation (Experiment 2) descendants of 

the founding individuals.  

Because of logistical constraints, rearing densities differed slightly between 

Experiments 1 and 2, but the actual experimental protocol was identical.  In Experiment 

1, nymphs were raised in mixed-sex 63-liter (L) communal tubs (initial density ca. 1000 - 

1200 individuals per tub) at 28°C on a 15:9 hour light:dark photoperiod and were 

supplied with ad libitum crushed Purina rabbit chow, cotton plugged-water vials, and egg 

cartons for shelter.  In Experiment 2, conditions were identical except that starting 

nymphal density was ca. 1500 individuals in a single 63-L tub.   

In both experiments, when individuals neared the penultimate instar, we checked 

the tubs daily (in the morning) for the presence of emerging adults.  Newly eclosed LW 

and SW females were removed from the communal tubs and placed in individual 500 mL 
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plastic tubs with ad libitum rabbit chow, cotton plugged water vials, and egg carton 

substrate.  Newly eclosed males were also removed from the tub so that juvenile females 

would not be exposed to male calling (males do not call before day 3 post-eclosion in this 

species; Roff unpublished data).  After removal from the communal tubs, adult females 

were randomly assigned to one of four experimental treatments (in a 2 x 2 factorial 

design): females were either exposed to male calling song chorus (exposure treatment) or 

not (silent treatment), and the length of the treatment (exposure or silence) lasted for 

either three or six days after the adult molt.  We chose two different lengths of acoustic 

treatment (3 or 6 days) because we were uncertain about the minimum length of time 

necessary for female reproductive physiology to respond to acoustic cues.  Previous work 

has shown that DLM histolysis and ovary growth occur during this time window 

(including days 3-6 after adult eclosion; Mole and Zera 1994, Stirling et al. 2001), and 

that conditions experienced at the time of adult emergence can affect ovary growth (Roff 

1989, Roff and Gelinas 2003).  

The exposure treatment and the silent treatment took place in two separate 

anechoic chambers that remained consistent within experiment but were switched 

between Experiments 1 and 2.  Within each experiment, temperatures were highly 

uniform between chambers (mean ± S.E. temperatures in Experiment 1: exposure 

chamber = 28.90 ± 0.02°C, silent chamber = 28.67 ± 0.02°C; in Experiment 2: exposure 

chamber = 27.57 ± 0.02°C, silent chamber = 27.89 ± 0.01°C).  In the exposure treatment, 

male calling song chorus consisted of multiple G. firmus males chirping (continuously 



 

 

14 

looped every 9 minutes) and was broadcasted at ca. 70 decibels from a central source in 

the experimental chamber.  

After the assigned three or six days of acoustic treatment, females were freeze-

killed and preserved in 70% ethanol.  From each female, we dissected out the major flight 

muscles (DLMs) and ovaries (including all attached eggs).  The person performing 

dissections was blind to the acoustic treatment and length of treatment of each female.  A 

useful feature of G. firmus females is that virgin females develop eggs for at least seven 

days without resorption or laying infertile eggs: thus ovary mass is an excellent index of 

fecundity to age within this period (Roff 1994).   We dried the DLMs and ovaries at 70°C 

for 24 hours and recorded the dry weights to the nearest 0.0001 gram.       

Data analysis  

 To test for a causal effect of acoustic exposure on DLM mass and ovary mass, we 

conducted a path analysis.  Path analysis is an appropriate method of analysis because it 

can accommodate the non-independence of the two response variables, DLM mass and 

ovary mass (DLM mass has a significant negative causal effect on ovary mass; Roff and 

Fairbairn 2011).  Path analysis has the ability to detect the effect of a main causal 

variable (i.e., acoustic treatment) on a dependent variable (e.g., ovary mass) while 

accounting for the effects of other intermediate causal variables (e.g., DLM mass) on the 

specified dependent variable.  We ran the path analysis using maximum likelihood 

estimation in SPSS AMOS version 5.0.1.   

 We performed separate path analyses for LW females (n = 162) and SW females 

(n = 112) to test for the effect of acoustic exposure on DLM mass and ovary mass within 
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each wing morph, as the two morphs drastically differ in mean ovary and DLM masses 

(Roff 1984).  A few factors other than acoustic exposure (yes or no) had the potential to 

explain variance in our two dependent variables (DLM mass and ovary mass): experiment 

(Experiment 1 or 2) and day [length of acoustic treatment (3 or 6 days), which was also 

the day on which crickets were preserved for measurement].  Therefore, we included 

these additional predictor variables in our a priori causal path model (Fig. 1.1).  We 

predicted the same a priori model for LW females and SW females but predicted that 

coefficients would vary between morphs (e.g., acoustic exposure would have a stronger 

effect on DLM mass in LW than SW females). 

In path analysis, arrows specify the direction of the relationship between two 

variables (pointing from causal to dependent variable), and signs (+/-) indicate the 

positive or negative effect of the causal on the dependent variable.  In our model, DLM 

mass and ovary mass are continuous variables.  Exposure was coded as “0” (silent 

treatment) or “1” (calling song playback).  We hypothesized that exposure should have a 

negative effect on DLM mass (such that exposed females should have more greatly 

histolyzed, smaller DLM mass than unexposed females) and a positive effect on ovary 

mass (such that exposed females would amass larger ovaries than unexposed females).  

Day was coded as a dummy variable, “0” (day three) or “1” (day six); we predicted that 

with an increase in day, DLM mass should decrease and ovary mass should increase.  

Although SW females have small, nonfunctional flight muscles at eclosion, previous 

work has shown that these are nevertheless histolyzed over time as in LW females (see 

Introduction).  Experiment was coded as a dummy variable, “0” (Experiment 1) or “1” 
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(Experiment 2); we had no a priori predictions about the effect of experiment on DLM 

mass or ovary mass.  Lastly, we predicted that larger DLM masses should result in 

smaller ovary masses, such that DLM mass should have a negative effect on ovary mass 

as previously described (see Introduction).   

For each wing morph, we assessed the fit of our a priori model to the data set 

using a χ2 test, where a non-significant χ2 value indicates a good fit.  We also assessed 

model fit using an alternative index, the root mean square error of approximation 

(RMSEA).  RMSEA values less than 0.07 denote a good fit and RMSEA values less than 

0.03 signify an excellent fit (Steiger 2007).  We used a χ2 difference test to determine 

whether a simpler model lacking the biologically inconsequential variable experiment fit 

the data as well as the full model including experiment (Tabachnik and Fidell 2007).  In a 

χ2 difference test, if the difference in χ2 values between a complex model (e.g., including 

experiment) and a simpler model (e.g., lacking experiment) is not significant (based on 

adjusted degrees of freedom), the simpler model is preferred. 

 We assessed multivariate normality, an assumption of path analysis, by evaluating 

Mardia’s multivariate kurtosis estimate.  A perfectly normal multivariate distribution 

would have a Mardia’s multivariate kurtosis estimate of 0 (DeCarlo 1997, Arbuckle and 

Wothke 1999), but multivariate kurtosis estimates within ±7 units of 0 are acceptable for 

maximum likelihood estimation (West et al. 1995, Schepers 2004, Byrne 2010, Cohen et 

al. 2013).    

 To illustrate the biological significance of the responses of ovary and DLM mass 

to song exposure, and to compare relative responses between LW and SW females, we 
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computed the percent change in the response variables as a function of acoustic 

treatment.   
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Results: 

Fit and selection of path model 

 For both LW females and SW females, the a priori model (Fig. 1.1) provided an 

excellent fit, as indicated by non-significant χ2 values and RMSEA values less than 0.07 

(LW female model: χ2 = 1.335, df = 3, P = 0.721, RMSEA < 0.0001; SW female model: 

χ2 = 4.075, df = 3, P = 0.253, RMSEA = 0.057).  Removing experiment from the model 

still resulted in non-significant χ2 values and lowered the RMSEA value for SW females 

(LW females: χ2 = 0.420, df = 1, P = 0.517, RMSEA < 0.0001; SW females: χ2 = 0.036, 

df = 1, P = 0.850, RMSEA < 0.0001).  The full model (containing experiment) and 

reduced model (lacking experiment) differed by 2 degrees of freedom, so the χ2 

difference (χ2
reduced model minus χ2

full model) would have to be +5.99 (at α = 0.05) to justify 

the selection of the full model over the reduced model.  For LW females, the χ2 difference 

was -0.915, and for SW females, the χ2 difference was -4.039; therefore, for both wing 

morphs, we selected the reduced model (Fig. 1.2) over the full model. 

 The multivariate normality assumption was not violated in either data set 

(Mardia’s multivariate kurtosis estimates were within ±7 units of 0).  For LW females, 

Mardia’s multivariate kurtosis estimate was -2.623.  For SW females, Mardia’s 

multivariate kurtosis estimate was 0.051.   

Path model: LW females 

 Our path analysis of LW females’ responses (Fig. 1.2, Table 1.1) revealed a 

significant, positive effect of acoustic exposure on ovary mass (path coefficient = 0.086, 

P = 0.046), such that females exposed to male calling song during adulthood had larger 
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ovaries than unexposed females. However, while the effect of acoustic exposure on DLM 

mass was negative as predicted, it was not statistically significant (path coefficient = -

0.074, P = 0.167).  Day (length of treatment and day on which females were preserved 

for measurement) had a significant negative effect on DLM mass (path coefficient = -

0.226, P = 0.002), indicating that DLM histolysis occurred as time passed, as expected.  

Also as predicted, day had a significant positive effect on ovary mass (path coefficient = 

0.588, P < 0.001), indicating that ovary mass increased as time passed.  DLM mass had a 

significant negative effect on ovary mass (path coefficient = -0.364, P < 0.001), 

suggesting that DLM histolysis was linked to ovary growth in this sample of females (see 

Introduction).  

Path model: SW females 

 Path analysis of SW females’ responses (Fig. 1.2, Table 1.1) also indicated a 

significant, positive effect of acoustic exposure on ovary mass (path coefficient = 0.079, 

P = 0.029) but a non-significant effect of exposure on DLM mass (path coefficient = 

0.117, P = 0.208).  Day had a significant, positive effect on ovary mass (path coefficient 

= 0.885, P < 0.001) and a weaker but significant negative effect on DLM mass (path 

coefficient = -0.176, P = 0.029).  This reduction in DLM response to day relative to the 

response observed in LW females is consistent with previous studies (see Introduction), 

and given the small size of the SW females’ flight muscles it is not surprising that there 

was no significant relationship between DLM mass and ovary mass (path coefficient = -

0.055, p = 0.098).  
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Biological significance of acoustic exposure and comparisons between morphs 

We hypothesized that the relative increase in ovary mass should be greater in 

exposed LW females than exposed SW females.  To test this, we calculated the percent 

change in ovary mass in exposed versus unexposed females in each wing morph on either 

day 3 or day 6 post-eclosion. 

Among LW individuals, females exposed to calling song and measured at day 3 

had ovaries that were 30% heavier than females unexposed and measured at day 3 (Table 

1.2). While females exposed for six days had larger ovaries, the percent increase in ovary 

mass of 28% was nearly identical to that between exposed and unexposed females 

measured at day 3.  Thus, in LW females, acoustic exposure for 3 days was sufficient to 

evoke a relative response equivalent to that induced by 6 days of exposure.  The observed 

28-30% increase in ovary mass in LW females exposed to calling song translates into a 

similar increase in earlier fecundity, and therefore has a potentially large impact on 

fitness (Roff 1994). 

As we predicted, acoustic exposure in SW females had a lower effect on the 

increase in ovary mass compare to LW females (Fig. 1.3), with ovaries in exposed SW 

females being 3% larger than in unexposed SW females at day 3 and 13% larger at day 6 

(Table 1.2, Fig. 1.3).  Thus, in SW females, the effect of acoustic exposure appeared to 

slightly increase with the length of exposure, but overall evoked a weaker relative 

response than in LW females.  Despite the fact that SW females reacted less strongly to 

acoustic exposure than did LW females, the 13% increase in ovary growth in SW females 

exposed for six days still represents a potentially biologically impactful effect on fitness.   
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Power analysis: acoustic exposure and flight muscle histolysis 

In the path analyses, the effect of acoustic exposure on DLM mass was 

statistically non-significant in both LW females and SW females.  In LW females, 

acoustic exposure did reduce DLM mass by 6% and 14% at days 3 and 6, respectively 

(Table 1.2, Fig. 1.3).  Because the direction of difference was as predicted, we conducted 

a simple power analysis based on a two-sample t-test to determine, approximately, the 

required sample size for significance given the observed difference and the difference 

that could be detected given the sample size used for LW females.  We set the alpha 

probability at 0.05 and power at 0.80 (Cohen 1988).  The standard deviations for DLM 

masses on days 3 and 6 ranged from 3.1 to 3.5: a sample size of greater than 400 

individuals would be required to detect the observed differences.  The sample size in the 

present data was 162 LW females, thus falling far short of the required number.  The 

average difference between days 3 and 6 was approximately 0.5, and given the present 

sample size only a difference twice as large as this could be detected. In SW females, 

DLM mass was not significantly different between females, though those exposed to 

calling song had somewhat larger DLMs at day 3 (+17%) and day 6 (+ 26%).  However, 

DLM masses in SW females were tiny, as expected, compared to those of LW females 

(Table 1.2, Fig. 1.3) and therefore any small difference in DLM mass between exposed 

and unexposed females is overly emphasized when treated as a percent difference.   
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Discussion: 

 Here, we provide evidence that the social mating environment can induce a plastic 

response in female reproductive physiology, such that females exposed to male calling 

song invested more heavily in ovary mass (fecundity), a life history trait directly linked to 

fitness, than unexposed females.   

 Because LW females have larger energy stores that are initially uncommitted to 

reproduction, we predicted that LW females would respond more strongly to exposure 

than SW females.  This prediction was upheld, with exposed LW females showing a 28-

30% increase in ovary mass at both ages measured, while exposed SW females increased 

ovary mass by only 3% at day three and 16% at day six.  In both wing morphs, the 

increase shown at day six represents a substantial increase in early fecundity and hence 

would potentially have an impact on fitness.  In the absence of acoustic cues indicating 

reproductively viable males, the maintenance of dispersal capability in LW females is 

favored.  Given that SW females cannot disperse (at least by flight) there is less of a 

fitness advantage to altering the onset of reproduction. 

That we did observe an earlier onset of reproduction in exposed SW females 

(compared to unexposed SW females) suggests that there is a cost to the early 

development of eggs in the absence of mature males.  One possibility is that agility is 

impeded by carrying eggs which could make females more vulnerable to predation.  

Another possibility is that resources may potentially be scarce and the allocation of 

resources to eggs may place a physiological burden on females, thereby increasing their 
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mortality rate.   Females given reduced rations do in fact show a decrease in ovary mass 

indicating a plastic response to resource availability (Roff and Gelinas 2003).  

 Exposure to calling song did not have a statistically significant effect on flight 

muscle histolysis in either wing morph.  However, the decrease in DLM mass of 14% in 

LW females on day 6 was potentially biologically meaningful.  The power analysis 

showed that the lack of statistical significance, assuming that the decrease in DLM mass 

was real, could be attributed to relatively large standard errors. On the other hand, the 

increased ovary masses of LW females could also have been caused by reallocation of 

flight fuel reserves, which we did not measure in this study.  Lipids serve as flight fuels 

in G. firmus and are negatively correlated with ovary mass (Zera et al. 1999), suggesting 

that the life history trade-off between flight and reproduction involves multiple aspects of 

dispersal capability.   

 While calling song exposure did not show a statistically significant effect on flight 

muscle histolysis, it nevertheless has the potential to alter the dispersal propensity of LW 

females via its significant effect on ovary mass.  By accelerating the onset of 

reproduction (i.e., the growth of ovaries), calling song exposure may reduce the ability of 

LW females to fly, if possessing a heavier, egg-laden body limits flight capability.  Flight 

ability in LW females might also be impaired by the reallocation of flight fuels to ovary 

growth in exposed females. Thus, if LW females mature to adulthood in an environment 

in which reproductively viable males are actively calling, female emigration out of the 

current habitat patch may decrease, subsequently reducing gene flow between 

populations.   
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 Our study joins a growing body of literature (see Introduction) documenting 

phenotypic plasticity in response to the experience of conspecific, social (primarily 

sexual) signals.  Such plasticity should enable individuals to maximize their reproductive 

success in the current social environment (Kasumovic and Brooks 2011, Rodriguez et al. 

2013).  Our study demonstrates the rapidity of plastic responses and holds implications 

for a broad range of species, as the experience of social cues during adulthood should be 

nearly universal across animal species.  
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Figures: 

 

 

 

Figure 1.1.  Proposed path model.  Arrows point from causal to dependent variables.  

The sign of the effect of each causal on each dependent variable is depicted as positive 

(+) or negative (1).  Three variables have been coded as dummy variables: exposure 

(where “0” represents the silent treatment and “1” represents the calling song treatment), 

day (where “0” represents the 3-day treatment and “1” represents that 6-day treatment), 

and experiment (where “0” represents Experimental Block 1 and “1” represents 

Experimental Block 2).   DLM mass and ovary mass are both continuous and measured in 

milligrams.  See main text for description of predicted effects.  Error terms have been 

omitted. 
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Figure 1.2.  Fitted path model.  On each path, coefficients are presented as: LW path 

coefficient/SW path coefficient.  Significant path coefficients are shown in bold.  Solid 

path lines were significant for both wing morphs.  Dashed lines show paths significant in 

LW only and dotted lines show paths that was not significant in either morph. 
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Figure 1.3. Variation in ovary and DLM masses in relation to acoustic treatment, wing 

morph, and days since final molt.  In addition to the path analysis, we ran Type III 

stepwise general linear models of each response variable (log-ovary mass, DLM mass) on 

acoustic treatment, wing morph, day, and all interactions.  For ovary mass, the final 

significant model (F4,269 = 105.4, P < 0.0001, R2
adjusted = 0.61) contained acoustic 

treatment (F1,269 = 8.95, P = 0.003), wing morph (F1,269 = 14.66, P < 0.001), day (F1,269 = 

196.89, P < 0.001), and a wing morph*day interaction (F1,269 = 4.11, P = 0.044):   
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log( ) 41.89 1.12 0.10 24.55 0.51 *y E W D W D= + + + + , where y is ovary mass, E is 

exposure (0=unexposed, 1=exposed), W is wing morph (0=SW, 1=LW) and D is day 

(Day 3 =0, Day 6=1).  For DLM mass, the final significant model (F2,271 = 80.92, P < 

0.001, R2
adjusted = 0.37) contained wing morph (F1,271 = 144.35, P < 0.001) and day (F1,271 

= 10.74, P = 0.001): 0.5432 3.78 1.02DLM W D= + − .  Shown are means ± standard 

errors.  Clockwise from the top left: ovary masses after 3 days of treatment, DLM masses 

of SW females, DLM masses of LW females, ovary masses after 6 days of treatment. 
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Tables:  

 

Table 1.1. Coefficients for the path analyses. 

 

Path Path Coefficient P*  

 Standardized Raw (SE)  

 

LW females: n = 162, Chi-square = 0.420, df = 1, P = 0.517, RMSEA = 0 

Day → DLM mass -0.226 -1.492 (0.506)   0.002 

Day → ovary mass  0.588 55.149 (4.886) <0.001 

DLM mass → ovary mass -0.364 -5.169 (0.741) <0.001 

Exposure → DLM mass -0.074 -0.489 (0.505)   0.167 

Exposure → ovary mass  0.086 8.020 (4.765)   0.046 

SW females: n = 112, Chi-square = 0.036, df = 1 P =0.85, RMSEA = 0 

Day → DLM mass -0.176 -0.289 (0.152)   0.029 

Day → ovary mass  0.885 86.83 (4.138) <0.001 

DLM mass → ovary mass -0.055 -3.279 (2.538)   0.098 

Exposure → DLM mass  0.117 0.191 (0.152)   0.208§ 

Exposure → ovary mass  0.079 7.751 (4.085)   0.029 

 

*P-values are one-tailed, as the signs of the observed path coefficients were in the 

predicted direction except in one case (§), where, because the direction is opposite to that 

predicted, we show the two-tailed P-value.  
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Table 1.2. Means (standard errors) and percent change in ovary mass and DLM mass as a 

function of acoustic exposure. 

 

Wing Morph Day Unexposed Exposed % Change in Exposed Females 

Ovary mass (mg) 

LW 3 11.69 (1.73) 15.22 (1.88) 30% 

LW 6 66.82 (8.01) 85.35 (7.85) 28% 

SW 3 13.68 (2.71) 14.16 (1.75) 3% 

SW 6 95.38 (4.80) 108.06 (5.11) 13% 

DLM mass (mg) 

LW 3 5.75 (0.48) 5.39 (0.48) -6% 

LW 6 4.40 (0.59) 3.77 (0.50) -14% 

SW 3 1.07 (0.14) 1.25 (0.15) 17% 

SW 6 0.77 (0.14) 0.97 (0.17) 26% 
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Chapter 2: Effects of Sexual Experience on Female Responsiveness and Preference 

Functions in Gryllus firmus Crickets 
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Abstract: 

Variation in female preferences for male ornamental traits has been increasingly 

documented as a function of extrinsic and intrinsic factors present during mate selection, 

with possible consequences for the strength and direction of selection on male ornaments.  

Here, we investigated the effects of one aspect of female phenotypic state, previous 

sexual experience, on two components of female preference: responsiveness and group-

level directional preference functions (i.e.., relative female positive response as a function 

of relative male acoustic trait value, for 7 male acoustic traits).  Using a common garden 

experiment, we manipulated the sexual experience of laboratory-bred Gryllus firmus 

female crickets by giving some females the opportunity to mate with males (“sexually 

experienced” females) at 8 days post-eclosion (i.e., 8 days after molting to adulthood) 

while withholding this opportunity from other females (“sexually inexperienced” 

females).  When all female subjects were 10 days post-eclosion, we subsequently 

assessed aspects of their mating behavior in dichotomous-choice trials, using haphazardly 

selected live male stimuli exhibiting continuous variation in calling song parameters.  We 

detected a statistically significant decrease in responsiveness in sexually experienced 

females.  While we found no statistically significant differences in the group-level slopes 

of preference functions for 7 male acoustic traits between experienced and inexperienced 

females, both experienced and inexperienced females displayed significant directional 

preference functions for 3 of the 7 male acoustic traits (call duration, mean call volume, 

and chirp rate).  We suggest that, in the wild, reduced female responsiveness among 

sexually experienced females may select for males that mature earlier in the breeding 
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season (when more females are sexually inexperienced) but we conclude that female 

sexual experience likely does not significantly alter the strength of selection on male 

acoustic ornamental traits in this species. 
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Introduction: 

 Mate preference is a broad term, defined by Jennions & Petrie (1997) as “the 

sensory and behavioral properties that influence the propensity of individuals to mate 

with certain phenotypes.” A female’s preference for a mate is shaped by many 

components (Jennions & Petrie 1997, Rodríguez et al. 2013), including her overall 

motivation to mate, differential rankings of varying male phenotypes, and willingness to 

accept a male phenotype that is different from that which she would most prefer ceteris 

paribus.  The language used to describe mate preferences and mating behavior is diverse 

and often conflicting between taxa and authors (see Edward 2014).  In this empirical 

study, we assess two components of mate preferences: responsiveness and preference 

functions.  We define responsiveness as a female’s overall interest in mating, measured 

without reference to variation in male phenotypes.  We define preference function as the 

distribution of positive female responses to a continuum of male phenotypic trait values 

(Figure 2.1).  Preference functions may be measured on the level of an individual female 

or on the level of a group females (Wagner 1998); we focus on the latter category (see 

Figure 2.1).  Throughout this paper, when we discuss the findings of studies previously 

published by authors other than us, we use the term discrimination to broadly refer to a 

female’s willingness to accept less attractive (e.g., lower magnitude) male phenotype 

(i.e., more discriminatory females are less willing to accept a less attractive male, while 

less discriminatory females are more willing to accept a less attractive male). 
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Extrinsic and intrinsic causes of variation in female preference components 

 Variation in the expression of mate preference components may result when there 

are high costs of being discriminatory (such as the invested time, energy, or exposure to 

predators during protracted mate search and mate assessment); when proximate 

constraints limit females’ ability to perceive male ornaments; and/or when some females 

have less to gain from being discriminatory than do other females (Jennions & Petrie 

1997, Cotton et al. 2006a, Cotton et al. 2006b).  Variation in mate preferences may be 

induced by factors extrinsic and intrinsic to females themselves (Jennions & Petrie 1997, 

Gray 1999).  For example, extrinsic factors such as the conspecific juvenile and adult 

social environments (Witte & Ryan 2002, Hebets 2003, Bailey 2011, Kasumovic & 

Brooks 2011, Rodríguez et al. 2013, Swanger & Zuk 2015), and heterospecific influences 

such as predation risk (Hedrick & Dill 1993) and even the genotype of host plants (Rebar 

& Rodríguez 2014, Kelly 2018) have been shown to alter levels of female discrimination 

and responsiveness.  Intrinsic factors, including female body condition, parasite burden, 

and age, have well-documented effects on components of mate preferences as well 

(Cotton et al. 2006b, Kelly 2018).  Females in poor body condition or harbouring many 

parasites tend to exhibit less discrimination and lower levels of responsiveness than do 

healthier females in better body condition (Pfennig & Tinsley 2002, Syriatowicz & 

Brooks 2004, Lerch et al. 2011, Beckers & Wagner 2013), and older females may exhibit 

less discrimination and higher responsiveness than younger females (Gray 1999, Mautz 

& Sakaluk 2008, Tanner et al. 2019). 
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 Another intrinsic trait with the potential to cause variation in female preference 

components is a female’s sexual experience (i.e., whether she is a virgin or has had a 

copulatory encounter with at least one male).  Multiple mating by females within a single 

breeding season (polyandry) commonly occurs in most animal taxa and is especially 

predominant in insects and birds (Arnqvist & Nilsson 2000, Griffith et al. 2002).  There 

are several reasons why a female’s mate preference components may be influenced by 

her sexual experience.  The act of mating itself may carry direct benefits (e.g., nuptial 

gifts; Gwynne 2008) or costs (e.g., physical trauma, energy expenditure, reduced 

longevity; Watson et al. 1998, Wigby & Chapman 2005).  Mating more than once may 

provide indirect benefits including increased genetic diversity of offspring (Yasui 1998), 

reduced risk of genetic incompatibility (Yasui 1998, Tregenza & Wedell 2000), and 

higher fecundity (if one mating does not provide enough sperm to fertilize all eggs; 

Arnqvist & Nilsson 2000); or it may simply replicate direct costs or benefits on top of 

those provided by a first mating.  In addition, the decision to re-mate may not entirely be 

under a female’s autonomous control if male seminal compounds reduce a female’s 

responsiveness, especially when sperm competition is involved (Chapman et al. 2000, 

Aisenberg & Costa 2005, Wigby & Chapman 2005, Avila et al. 2011).  Thus, the 

combination of the costs and benefits of re-mating, along with potentially inhibitory 

influence of a previous male mate(s), are likely to alter an already-mated female’s 

responsiveness to new suitors as well as discrimination and/or preference functions 

regarding male ornamental traits. 
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Possible effects of sexual experience on female preference components 

 Once a female has mated and secured at least some sperm for fertilization, her 

level of discrimination may decrease or increase.  In the former case, a female may 

become less discriminatory about any additional mates if the benefits of re-mating (e.g., 

increased fecundity) outweigh any associated costs (e.g., physical trauma during mating), 

especially if she may not live past one breeding season.  Thus, following her first mating, 

a female’s responsiveness to males in general should increase, her discrimination should 

decrease, and her directional preference functions (with respect to one or more male 

traits) should become less steep (i.e., the magnitude of the slope should decrease, 

reflecting a decrease in the difference between her responses to low-magnitude and high-

magnitude male trait values).  There is some support in vertebrates that mated females are 

more responsive to males than are virgin females (mice, Caroom & Bronson 1971; sheep, 

Gelez et al. 2003).   

 Alternatively, if mating or mate searching is costly, or benefits of re-mating are 

minimal, a female may become more discriminatory about any additional mates she 

might take after her first mating, such that she might only re-mate with attractive males 

exhibiting high-magnitude ornaments (i.e., Halliday’s trade up hypothesis; Halliday 

1983, Gabor & Halliday 1997, Tanner et al. 2019).  After mating once, such females 

should exhibit decreased responsiveness to males in general, greater discrimination, and 

steeper preference functions (i.e., the magnitude of the slope should increase, reflecting 

an increase in the difference between her responses to low-magnitude and high-

magnitude male trait values; Halliday 1983, Prokop 2006).   Many studies, primarily in 
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invertebrates, have demonstrated that sexually experienced females display reduced 

responsiveness (arachnids, Norton & Uetz 2005, Peretti & Carerra 2005; water striders, 

Ortigosa & Rowe 2003; crickets, Judge 2010, Judge et al. 2010, Tanner et al. 2019; 

newts, Gabor & Halliday 1997), and a handful have shown higher discrimination in 

mated females (fireflies, Cratsley & Lewis 2003; newts, Gabor & Halliday 1997).  Only a 

few studies have evaluated the effect of sexual experience on directional preference 

functions (crickets, Judge 2010; flies, Gershman et al. 2014), with just one (Judge 2010) 

demonstrating that sexually experienced females significantly increased the steepness of 

their preference functions for male head width. Regardless of the direction of an effect of 

sexual experience on discrimination and responsiveness, if an effect is indeed present, 

within-population variation in female sexual experience may reduce the uniformity of 

selection on male ornaments in the population and potentially contribute to the 

maintenance of phenotypic and genetic variation in male secondary sexual traits 

(Rodríguez & Greenfield 2003). 

Study species and hypotheses 

 Here, we used the sand field cricket (Gryllus firmus) to explore the effects of 

female sexual experience on two components of female preference: (1) directional group-

level preference functions for seven male calling-related traits (where experienced and 

inexperienced females constituted the two groups), and (2) responsiveness.  Female 

sexual experience was experimentally manipulated to be either “sexually experienced” 

(females were given an opportunity to mate with a male) or “sexually inexperienced” 

(females were not given the opportunity to mate with a male).  While many studies have 
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explored the influence of sexual experience on female responsiveness and typically find a 

reduction in responsiveness after mating, very little research has investigated the effects 

of sexual experience on preference functions (see Judge 2010 and Gershman et al. 2014 

for some exceptions), which is surprising given that preference functions should more 

directly determine the strength of selection on male ornaments than should 

responsiveness. 

 In the field, G. firmus females perform phonotactic mate search for stationary 

calling males, which may expose them to nocturnal predators such as bats (Miller & 

Surlykke 2001). Gryllus firmus females in natural populations probably do not live for 

more than one breeding season, based on field longevity of congener G. pennsylvanicus 

(Zuk 1987).  Although one mating may yield a sufficient volume of sperm to fertilize all 

of a female’s eggs in G. firmus, (Saleh et al. 2014), G. firmus females readily mate 

multiply in the lab (Weigensberg et al. 1998, Saleh et al. 2014).  We could not locate data 

on natural rates of polyandry in G. firmus, but studies on wild populations of other field 

cricket species have shown (by genotyping sperm found inside female sperm storage 

organs called spermathecas) that multiple mating by females is predominant: all field-

captured adult females had mated with at least two males (and some females had mated 

with as many as seven males) in studies of Gryllus bimaculatus (Bretman & Tregenza 

2005), Teleogryllus oceanicus (Simmons & Beveridge 2010) and Teleogryllus commodus 

(Simmons & Beveridge 2010).  As with most field crickets, in G. firmus the male 

spermatophore (sperm-containing packet) is relatively small unaccompanied by a large, 

nutritious nuptial gift (i.e., lacking a large spermatophylax; Weigensberg et al. 1998, 
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Saleh et al. 2014).  In the lab, G. firmus females display directional linear preference 

functions for many aspects of male calling song (i.e., chirping used in long-distance mate 

attraction; Roff et al. 2017).  

 The natural history of G. firmus (i.e., few apparent direct benefits of re-mating, 

and potential exposure to predators during mate search in the wild) leads us to 

hypothesize that: (1) sexually experienced females should exhibit significantly steeper 

preference functions than inexperienced females (i.e., experienced females should exhibit 

a more differential response to  males with higher-magnitude ornamental trait values 

versus males with lower-magnitude ornamental trait values than should inexperienced 

females), and (2) experienced females should display lower responsiveness to males 

overall.  
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Materials and Methods: 

Ethical note 

 The research performed on this species did not require review by an institutional 

or governmental regulatory body.  Following behavioral study, individuals used in this 

experiment were freeze-euthanized. 

Rearing conditions 

 We performed data collection for this experiment during the months of September 

through December 2016.  Gryllus firmus crickets used in this study came from a lab 

population descended from a field sample of 76 gravid females collected in 2013 near 

Jacksonville, Florida.  Individuals used in this experiment were the offspring of the 9th 

generation of a selected line of crickets in which each dam was mated to a sire that she 

preferred (i.e., made more visits to) in a dichotomous-choice test using the T-maze design 

described below.  This selection line was designed to maintain any existing genetic 

correlations between female preferences and male sexually selected traits, as part of a 

larger ongoing experiment in the lab.  Thus, individuals used in the current study should 

be expected to exhibit mating preferences and sexually selected trait values as would 

occur under preferential (i.e., nonrandom) mating conditions in the wild. 

  For this experiment, we collected early instar male and female G. firmus nymphs 

and raised them in mixed-sex, communal tubs (45 x 35 x 30 cm) at a density of 500 

nymphs per tub.  Nymphs were reared in an acoustically isolated, 28°C incubator with a 

15:9 hour light:dark photoperiod, with lights off at 3:00 p.m. and on at 12:00 a.m.  This 

light regime was retained throughout the experiment. Cages were supplied with ad 
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libitum crushed Purina rabbit chow, cotton plugged-water vials, and egg cartons for 

shelter.  We initially checked the nymph tubs weekly to monitor the developmental stages 

of the crickets. When it became clear that the first individuals were nearing adulthood, we 

began checking the tubs daily (in the morning) for the presence of emerging adults.  

Therefore, we were able to ascertain the post-eclosion adult age of each individual to 

within one day.  Each day, any newly adult male and female individuals were removed 

from the communal tubs and isolated in individual 500 mL cages with rabbit chow, water 

vials, and egg carton shelter, thus ensuring virginity.   

 Newly isolated adult males and females were placed in a 28°C sound isolation 

chamber (separate from the nymph incubator but maintaining the same 15:9 hour 

light:dark photoperiod) in which a looped playback of a chorus of calling G. firmus males 

was broadcast.  Exposure to male mating signals such as calling song has been shown to 

alter reproductive and mating-related traits in this and other cricket species (Kasumovic 

& Brooks 2011, Conroy & Roff 2018).  The looped playback therefore controlled for 

variation in the number of live, calling males in the chamber at any one time.  We will 

henceforth refer to this chamber, where adult males and females were housed in 

individual cages following eclosion, as the storage chamber. 

Experimental manipulation of sexual experience, and mate preference trials 

 At the age of 8 days post-eclosion, each virgin female was haphazardly assigned 

to one of two sexual experience treatments: sexually experienced or sexually 

inexperienced.  If a female was assigned to be sexually experienced, she and her 

haphazardly assigned male mate were placed in a 2-litre cage with water vials, rabbit 
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chow, and an egg carton shelter.  All assigned male mates were virgins and aged at least 

4 days post-eclosion (males exhibit sexual activity including, long-distance calling, by 

age 4 post-eclosion).  We did not control for variation in the body size of assigned male 

mates.  In field crickets, male body size often correlates with spermatophore-related 

traits: male body mass was positively correlated with spermatophore size and sperm 

number in G. bimaculatus, G. assimilis, Teleogryllus commodus, and Acheta domesticus 

(Sturm 2014), although Simmons (1988) did not find a significant correlation between 

male body mass and spermatophore size in G. bimaculatus.   It is possible that male body 

size may correlate with the amount of phonotactic-inhibitory seminal compounds 

transferred by a male.  Although we did not control for variation in the body size of 

assigned male mates, our use of only virgin males should have reduced some of the 

variation in male spermatophore-related traits. 

 In the sexual experience treatment, the assigned male-female pairs were kept 

together in a shared cage in the storage chamber for 2 days.  Likewise, females assigned 

to remain sexually inexperienced stayed in their individual cages in the storage chamber 

for 2 days.  Thus, sexually experienced and sexually inexperienced females were both 

exposed to the same acoustic environment prior to mate preference trials: a looped 

playback of G. firmus male chorus as well as live calling behavior performed by virgin 

males and assigned male mates (of sexually experienced females) within the storage 

chamber. 

 We did not perform behavioral observations to confirm that females assigned to 

the “sexual experience” treatment actually mated with their assigned male mates during 
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the 2-day period in which they were housed together.  However, in Judge et al.’s 2010 

study of closely related congener G. pennsylvanicus, only 2 of 149 females (1.34%) 

failed to mate with a male when housed together in similar conditions for 2 days.  

Therefore, we assume that most females in our “sexually experienced” treatment did 

mate with their assigned male partner during the 2-day cohabitation period.   

 On the morning of day 10 post-eclosion, all inexperienced (n = 82) and 

experienced (n = 84) females (total n = 166) were taken into an experimental chamber 

(separate from the storage chamber) for a mate preference trial.  Mate preference trials 

were conducted in T-mazes (Figure 2.2) as follows.  Each T-maze contained two males 

and one female (i.e., an experimental triplet).  From the population of males in the 

storage chamber, two virgin males (aged at least 4 days post-eclosion) were haphazardly 

selected to be placed within each T-maze.  We did not pair one a priori very attractive 

male with an a priori very unattractive male, as is often done in dichotomous-choice 

female preference tests (Roff & Fairbairn 2015).  Instead, each female was tested with a 

pair of males haphazardly sampled from the natural range of variation in male calling 

traits, which possesses the advantage of more accurately reflecting natural conditions 

(Roff et al. 2017).  These males were confined to small 500 mL cages with mesh lids 

within each T-maze, and thus could not move freely throughout the T-maze.  Females 

could move throughout the entire T-maze but could not mate or interact physically with 

either confined male.   Motion detectors were placed near each male in the distal end of 

each arm of the T-maze to record the number of female visits to each male.  The lid of 

each male cage was fitted with a wired, omnidirectional microphone (microphone name: 
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AOM-6545P-R © PUI Audio, Inc.) which recorded the call duration and the volume of 

male calling (see below for more details), and USB auditory recorders placed on the top 

of each male cage recorded spectral and temporal call structure.  The two motion 

detectors and two wired microphones in each T-maze were connected to a custom-built 

data processor which allowed us to determine temporal overlap of female visitation 

activity and male calling behavior within five-minute windows: thus, in our subsequent 

analyses, we excluded all five-minute periods in which neither male called.  We recorded 

the female visits to each male and all properties of the male calls themselves during an 

18-hour window between 3:00 p.m. (lights off) and 9:00 a.m. on the next day.  This 18-

hour window included 9 hours of dark (3:00 p.m. to midnight) and 9 hours of light 

(midnight to 9:00 a.m.), but as we restricted measurement of female visitation behavior to 

only periods of time when at least one male was calling within the T-maze, measured 

female visitation behavior should reflect mate assessment.  Each female’s mate 

preference trial began when she was 10 days old and ended when she was 11 days old.   

 All preference trials took place in the same experimental chamber.  Because of 

fluctuating daily logistical demands, there was variation in the amount of time that each 

experimental triplet (one female plus two males) was allowed to acclimate to the T-maze 

before the start of data collection at 3:00 p.m.  However, all triplets had at least 40 

minutes to acclimate to the T-mazes before the start of data collection, and within each 

day, experienced and inexperienced females were put into their T-mazes at the same 

time.  We ran preference trials during a total of 40 nights.   
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Measurement of male acoustic traits 

 In order to later measure female preference functions (see below), we first needed 

to measure the values of seven male traits about which female preference functions 

would be assessed: call duration, mean call volume, mean acoustic frequency, mean chirp 

width, chirp rate, mean pulse width, and pulse rate (see Figure 2.3 for measurement 

details).  In G. firmus, male chirps generally each consist of 3-5 pulses (Webb & Roff 

1992).  Table 2.1 shows correlations between these seven traits in a sample of 4-day post-

eclosion males (n = 71) which were used as stimuli in this study.  The highest-magnitude 

correlation was between mean chirp width and pulse rate (r = -0.72).  Although this 

correlation is high, it is below the absolute value of r = 0.80 that some (e.g., Midi et 

al.2010) consider to be the threshold above which multicollinearity becomes a serious 

problem. 

 In each T-maze, call duration and mean call volume were recorded by wired, 

omnidirectional microphones (AOM-6545P-R © PUI Audio, Inc.) which were attached 

to a custom-built data processor (Roff unpubl.).  Our data processor checked each male 

every second and recorded if the male was calling and an index of the volume of the call 

(Roff et al. 2017).  One microphone was placed on the underside of the top of each 

male’s individual cage in the T-maze (Figure 2.2).  Call duration was measured as the 

total number of minutes of time spent calling by each male within the 18-hour period of 

data collection.  Within our data processing system, calling by an individual male was 

registered when the voltage measured by his microphone exceeded a minimum value 

(established by preliminary trials years earlier), which had been specified such that a 
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calling male within the T-maze (e.g., M1 in Figure 2.2) was not registered by the 

microphone in the cage of the other male (i.e., M2 in Figure 2.2) in the T-maze.  As 

actual call volume increased so did the voltage registered by the microphone, although 

there was a maximum voltage value (505 voltage units) beyond which increasing actual 

call volume did not register a corresponding increase in the voltage value recorded by the 

microphone.  This maximum registerable value (505 voltage units) was consistent across 

all T-mazes within our study.  Our data processor measured the average call volume (in 

voltage units) of calling during the 18-hour window of recording.  Because of the 

maximum voltage value able to be registered by the microphone (505 voltage units), the 

average call volume is a truncated mean for any male who registered 505 voltage units at 

some point during the trial.  Approximately 64% of individual males used in this study 

were registered as hitting this maximum value at some point during the 18-hour window.  

However, when we took the average of average call volumes across all males, we found 

that this value (average = 220.419 voltage units) was much lower than the maximum 

possible recorded voltage value, as was the highest mean value for a single male (350.074 

voltage units).  Therefore, we argue that our measurement of call volume, despite the 

possibility of truncation, is useful for inclusion in this study. 

 Because Gryllus crickets perceive sound logarithmically and not linearly 

(Schöneich & Hedwig 2010), for each male we converted the mean call volume index 

recorded by our data processor (in voltage units) into sound pressure levels measured in 

decibels (dB SPL).  We set as our full scale reference level (0 dB) the maximum voltage 
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value registered by our data processor (505 voltage units).  Our conversion formula was: 

dB SPL = 20 * log (x/505)                

where x was the mean call volume index (in voltage units) for each male.  Thus, for a 

male with a mean call volume index of 250 voltage units, the mean call volume in 

decibels was -6.11, whereas for a male with a mean call volume index of 150 voltage 

units, the mean call volume in decibels was -10.54.                                                              

 The other five traits, mean acoustic frequency (kHz), mean chirp width, chirp rate, 

mean pulse width, and pulse rate (see Figure 2.3 for measurement details), were 

measured from recordings (up to 12 hours long) made by the USB recorders.  From the 

up-to-12-hour sound file recorded for each male, we selected one 2-minute sample of 

calling song for measurement in Raven Pro 1.5©.  To make measurement in Raven Pro 

1.5 as accurate as possible, we selected samples that minimized background noise and 

contained loud chirps of relatively uniform amplitude.   

Data analysis: female responsiveness 

 We quantified female responsiveness as the total number of visits each female 

made to both males within five-minute windows when at least one male was calling (we 

excluded visits made to males during five-minute windows when neither male was 

calling).  As such, this metric should reflect a female’s investment in mate search and 

assessment during periods of male signaling, with higher values of responsiveness 

indicating greater interest in males.  

 We analyzed whether responsiveness was predicted by female sexual experience 

(coded as “experienced” = 1, “inexperienced” = 0) and a putatively influential covariate: 



 

 

55 

combined call effort (total amount of time spent calling by both males in each T-maze).  

Combined call effort and responsiveness were square root-transformed to meet the 

assumption of multivariable normality.  We ran a general linear model (GLM) that 

containing the additive effects of the two predictor variables (female sexual experience 

and combined call effort).  Of the original set of 166 trials, we excluded from our analysis 

12 trials in which at least one male in the T-maze had a recorded call duration of 0 

minutes.  In this and the next set of analyses (described below), all analyses were 

performed in R version 3.4.4 (R Core Team 2018). 

Data analysis: directional female preference functions 

 We assessed directional female preference functions by plotting, for each 

experimental triplet, the relative male trait value (acoustic trait value of the male on the 

left side of the T-maze divided by the sum of the acoustic trait values of both males in the 

T-maze; e.g., relative call duration = call duration of the male on the left side of the T-

maze divided by sum of the call durations of both males in the T-maze) on the x-axis and 

the relative female preference (i.e., the number of female visits to the left male when at 

least one male was calling divided by the number of female visits to both males when at 

least one male was calling) on the y-axis (i.e., Wagner 1998’s variable relative preference 

functions; see also Roff et al. 2017).  The left male was arbitrarily designated as the focal 

male in all trials.   

 For 6 of the 7 male traits (listed subsequently), relative acoustic trait values > 0.50 

indicate that the male on the left side exhibited: a relatively longer call duration, a higher 

mean frequency, a wider mean chirp width, a higher chirp rate, a wider mean pulse width, 
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or a higher pulse rate.  Because mean call volume (dB) was measured in reference to the 

maximum value (505 voltage units) able to be registered by our data processor (e.g., 250 

voltage units, which indicates a louder call than 150 voltage units, convert to -6.11 and -

10.54 dB, respectively), a relative mean call volume of  < 0.50 actually indicates that the 

male on the left side on average called more loudly than did the male on the right side.  

Under the above protocol there should be a sigmoidal relationship between the 

relative female preference and the relative male trait value. There are several reasons why 

this sigmoidal relationship may be adequately described by a linear regression.   First, if 

the majority of data points lie in the range 0.2 to 0.8, and second, if female choice is 

based on a number of components then these will add variance to female choice, thereby 

tending to linearize the relationship.  The covariation among traits was relatively low in 

most cases (Table 2.1), but never-the-less may still add variation not taken into account 

when traits are tested singly. Variation may be further increased by the general activity of 

the female which could lead to her visiting males that are not calling: this factor was 

eliminated to some extent by excluding periods in which neither male called.  Finally, as 

shown below, visual inspection of residuals around the regressions in the present case 

indicated that a linear relationship was sufficient.  

 For each relative male trait, we assessed: (1) whether the slopes of group-level 

preference functions differed between experienced and inexperienced females, and (2) 

whether there was a significant overall preference function for each male trait, pooling 

female sexual experience.  Under the hypothesis that a female preference function will 

change with sexual experience we predict that the preference function can be described 
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by the saturated linear regression function 0 1 2 3( )P X c c X c S c XS= + + + , where ( )P X  

is the relative female preference, X  is the relative male trait value, S  is sexual 

experience  (“experienced” = 1, “inexperienced” = 0) and the ic  are the fitted 

coefficients.  The important component with respect to a difference in female preference 

due to sexual experience is the interaction term XS  which defines difference in the slope 

of the preference function.  The term 2c S  is required since a change in slope will also 

generate a change in intercept.   

 If experienced females are more discriminating than inexperienced females when 

assessing a given male trait, the slope of the experienced females’ directional preference 

function should be steeper than that of the inexperienced females’ preference function 

because experienced females would respond more positively to males with high-

magnitude ornaments and more negatively to males with low-magnitude ornaments.  To 

test for the overall significance of the hypothesized preference function (containing the 

interaction term XS ), we used ANOVA to compare this saturated function to a simple 

model containing only the relative male trait, 0 1 2( )P X c c X c S= + +.  If the saturated model 

was not significantly different from the simple model, we would conclude that the slopes 

of preference functions did not significantly differ between experienced and 

inexperienced females, for the focal relative male trait. 

 As in the analysis of responsiveness, for the preference function analyses we 

excluded (from the original 166 trials) the 12 trials in which at least one male in the T-

maze had a recorded call duration of 0 minutes.  In addition, we also excluded 6 trials in 

which females made 0 visits to both male during periods of time in which males were 



 

 

58 

calling (e.g., some females only made visits to males while neither male was calling), 

because the relative female preference in these cases would be an undefined value 

[0/(0+0)].  Finally, for the analyses of the acoustic traits recorded by USB audio 

recorders, we excluded the 5 trials in which the USB device malfunctioned and did not 

collect data for one or both males in the T-maze.  Thus, for the preference function 

analyses of relative call duration and relative mean call volume, the final sample size was 

148 trials, while for the preference function analyses of relative mean frequency, relative 

mean chirp width, relative chirp rate, relative mean pulse width and relative pulse rate, 

the final sample size was 143 trials. 
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Results: 

Female responsiveness 

 We assessed whether female responsiveness (total visits to both males during 

times when at least one male was chirping) could be predicted by female sexual 

experience and a covariate, combined male call effort.  Our specified model provided a 

highly significant fit (overall GLM: F2, 151 = 58.04, p < 2.2 e -16, R2 = 0.435, n = 154 

trials).  Sexually experienced females had statistically significantly lower responsiveness 

than did inexperienced females (GLM: t = -3.020, p = 0.003, n = 154 trials, effect size 

absolute value, Pearson’s r = 0.239; Figure 2.4).  In addition, as the covariate, combined 

male call effort, increased, so did female responsiveness (GLM: t = 10.333, p < 2 e -16, n 

= 154 trials, effect size absolute value, Pearson’s r = 0.644). 

Directional female preference functions 

 We provide descriptive statistics for the absolute (not relative) values of the seven 

male acoustic traits in Table 2.2 and for the seven relative male acoustic traits in Table 

2.3.  We assessed whether female sexual experience significantly affected the slope of 

relative preference functions for the seven relative male traits (Table 2.4).  For each of 

the seven relative male traits, the saturated model containing the interaction between the 

relative male trait and female sexual experience was not significantly different from a 

simple model containing only the relative male trait (Table 2.4).  Therefore, we conclude 

that the group-level slopes of preference functions did not differ significantly between 

experienced and inexperienced females in regard to each of these seven male traits.  
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Figure 2.5 demonstrates that the 95% confidence intervals for the group-level preference 

function slopes greatly overlapped in all cases. 

 We next assessed whether there was a significant linear preference function for 

each male trait, pooling female sexual experience treatments (Table 2.5).  We detected 

significant preference functions for three male traits (Table 2.5): relative call duration 

(Figure 2.5A), relative mean call volume (Figure 2.5B), and relative chirp rate (Figure 

2.5E); we also detected a marginally non-significant preference function for relative pulse 

rate (Figure 2.5G).  Females exhibited significantly greater relative preferences for males 

with relatively longer call durations, relatively louder mean call volumes, and relatively 

higher chirp rates. 
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Discussion: 

 In this study, we used G. firmus crickets to investigate whether two components 

of female preference (responsiveness and directional preference functions) were altered 

by female sexual experience.  While we were unable to verify that females in the 

“sexually experienced” treatment actually mated, we contend that the assigned, lengthy 

(2-day) duration of cohabitation with males (see Judge et al. 2010) likely resulted in most 

of these females mating at least once before undergoing the mate preference trials. 

 We found that sexually experienced females had lower responsiveness to male 

suitors than did inexperienced females: they made significantly fewer visits to males 

during periods of active male signaling.  Our results are consistent with findings from 

previous studies (Gabor & Halliday 1997, Norton & Uetz 2005, Judge et al. 2010, Tanner 

et al. 2019).  Decreased sexual responsiveness in sexually experienced females may result 

from one or a combination of non-mutually exclusive causes which we did not tease apart 

in this study, including: (1) a reduction in the benefits of investing in mate search for 

experienced and putatively mated females compared to inexperienced females, a 

plausible explanation given that a single mating should ensure fertilization of all eggs in 

this species (Saleh et al. 2014), (2) avoidance of costs associated with mate search in the 

wild (e.g., nocturnal predators such as bats) after having secured an initial mating 

(assuming experienced females mated), or (3) a reduction in female receptivity induced 

by male seminal compounds and/or neuro-inhibitory mechanical stretching of a filled 

female spermatheca (Loher et al. 1993, Avila et al. 2011). 
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 We detected significant preference functions for three male calling traits (call 

duration, mean call volume, and chirp rate), and a marginally non-significant preference 

function for one male trait (pulse rate).  However, we did not find a statistically 

significant effect of female sexual experience on directional female preference function 

slopes for any of the seven male traits.  Therefore, despite the observation that 

experienced females exhibited lower overall responsiveness to males, their level of 

differential visitation to one male in the T-maze was not significantly different from that 

shown by inexperienced females.   

 One interpretation of our results (sexual experience reduces female 

responsiveness but does not alter preference) is that, in the wild, mated females will be 

less likely than virgin females to seek out males, but if a mated female does seek out 

males she will exhibit the same discriminatory preferences (with respect to male call 

duration, call volume, and chirp rate) as a virgin female.  Veazey et al. (1976) showed 

that in a Florida field population of G. firmus, the sex ratio at the start of the breeding 

season is slightly female biased (> 50% female) and highly variable within each year 

(ranging between ca. 30% to 80% female).  Late-maturing males that eclose when most 

(earlier-maturing) females have already mated run the risk of not mating at all, to the 

degree that sexual experience reduces female responsiveness (absolute value of the effect 

size, Pearson’s r = 0.242, which represents a small-to-medium effect; Cohen 1988).  This 

scenario could select for males that mature to adulthood earlier in the season.  However, 

when sexually experienced females do phonotactically respond to calling males, the 

strength of directional selection on male acoustic traits should be unaltered by female 
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mating experience.  Our study joins a growing body of literature demonstrating state-

dependency and variation in many aspects of female preference across taxa (Cotton et al. 

2006b, Kelly 2018), suggesting that females within a population are not making the same 

mating decisions. 
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Figures: 

 

Figure 2.1.  Three hypothetical scenarios (A, B, C) depicting variation in female 

preference functions.  In each scenario, assessment is made of female positive responses 

(y-axis, in arbitrary units) to a continuum of male ornamental trait values (depicted on the 

x-axis in arbitrary units).  The preference functions are the red and blue lines (they are 

fitted to observed data); thus, 4 preference functions are depicted in total.  Preference 

functions may be measured on the level of an individual (e.g., each individual is 

sequentially presented with the males ranging in the expression of ornamental trait 

values), in which case a single preference function would be shown for each female (in 

C, the red line would be shown for 1 female tested with 10 male phenotypes and the blue 

line would be shown for a different female tested with the same 10 male phenotypes). 

However, in this study we measure preference functions on the level of groups of females 
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(in C, the red line would be shown for 10 different females in one group each tested with 

1 unique male phenotype, and the blue line would be shown for 10 different females in 

another group each tested with 1 male phenotype).  In A, the red group of females there 

are no differences in the magnitude of positive female response to varying male 

ornamental trait values (a flat, group-level preference function).  In B, the red group of 

females exhibits a positive directional preference function, suggesting that female 

positive responses increase with male trait values.  In C, the slope of the red females’ 

preference function is steeper than that of the blue females, suggesting that the red 

females have a greater difference in response to low versus high-magnitude male 

ornaments than do blue females (see offset double-headed arrows denoting the change in 

positive female response level within each group of females). 

 

 

 

 

 

 

 

 



 

 

72 

 

 

Figure 2.2. A T-maze (A, schematic; B, actual) used in preference trials.  Within each T-

maze, two males (M1 and M2) were each confined to smaller cages (yellow).  The 

female, placed in the central tub at the start of the trial, was free to move throughout the 

entire T-maze.  Wired microphones and USB audio recorders documented male calling 

traits, and motion detectors tracked female visitation of both males. The schematic is not 

shown to scale. Each large circular chamber was 21 cm in diameter, and the tubes 

connecting the chambers were 4 cm in diameter.  The short, perpendicular arm of the T-

maze was 8 cm long, and the distance between the two chambers containing the males 

was 37 cm.  In B, the lid in the left male cage is in place (showing the locations of the 

wired microphone and USB recorder), while the lid of the right male cage has been 

removed to expose the inside of the male cage. 
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Figure 2.3. Four of the five male call traits measured in Raven Pro 1.5©: mean chirp 

width (seconds), mean pulse width (seconds), pulse rate, and chirp rate.  A chirp was 

defined as a series of pulses (usually 3-5) which were less than 0.05 seconds apart.  A 

bout of calling was defined as a period of calling separated from other periods of calling 

by at least 0.5 seconds.  Mean chirp width and mean pulse width were calculated by 

taking the average widths of all chirps and pulses per individual, respectively.  Chirp rate 

was calculated as the mean number of chirps per bout.  Pulse rate was calculated as the 

mean number of pulses per chirp, divided by the mean chirp width.  The acoustic 

frequency (in kilohertz, not shown here) was automatically measured by Raven Pro 1.5© 

and was averaged over all chirps per individual. 
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Figure 2.4. Box-and-whisker plots showing responsiveness (total number of visits made 

when at least one male was calling; square-root transformed) for sexually inexperienced 

(n = 72) and sexually experienced females (n = 82).  Total n = 154 females.  In each plot, 

the median is shown within the 25th and 75th quartiles (rectangles) and the whiskers 

extend to the minimum and maximum values within each group of females. 
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Figure 2.5.  Directional relative preference functions (with confidence intervals), shown 

separately for experienced and inexperienced females, for seven relative male traits (x-

axes).  Preference functions slopes did not significantly differ between experienced and 

inexperienced females.  Pooling sexual experience, females displayed significant overall 

preference functions for three male traits: relative call duration (A), relative mean call 

volume (B), and relative chirp rate (E).  Regression slopes were fitted independently for 

experienced and inexperienced females and were not fixed at zero.  Shown in grey are 

95% CIs for each slope. The boundaries of the x-axis are different between panels in this 

figure because the range of relative male trait values varied between acoustic trait types 

(see Table 2.3).  Sometimes even within a given acoustic trait type (e.g., D and F), the 

range of relative male trait values sometimes arbitrarily differed between female groups 

(experienced and inexperienced) because our experimental design incorporated natural, 

unmanipulated variation between males. 
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Tables: 

 

Table 2.1.  Correlations (Pearson’s r) between the seven male acoustic traits under focus 

in this study.  Correlations in this table are based on single, night-long recordings of a 

sample of individual males aged 4 days post-adult eclosion (n = 71).  Significant 

correlations (p < 0.05) are shown in bold. 

 

 

 

 

 

 

 

 

 

 Call 

duration 

Mean 

call 

volume 

Mean 

frequency 

Mean 

chirp 

width 

Chirp 

rate 

Mean 

pulse 

width 

Pulse 

rate 

Call duration 1       

Mean call 

volume 

0.39 1      

Mean 

frequency 

0.46 0.17 1     

Mean chirp 

width 

0.00 -0.21  -0.10 1    

Chirp rate 0.48 0.16 0.01 0.01 1   

Mean pulse 

width 

0.32 0.09 -0.06 0.55 0.27 1  

Pulse rate 0.27 0.19 0.23 -0.72 0.21 -0.47 1 
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Table 2.2.  Descriptive statistics for the absolute measurements of the seven male 

acoustic traits assessed in this study.  Data come from the males which contributed 

observations to the preference function analyses.  All traits except for call duration were 

measured as mean values for each male; summary statistics here are the averages, 

standard deviations, etc., of these single-male averages.  n = number of individual males, 

SD = standard deviation, CV (coefficient of variation, absolute value) = (SD/mean * 

100). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Absolute 

male trait 

Units n Mean SD            Range CV 

Call 

duration 

minutes 308 138.977 111.

502 

[0.833, 

578.333] 

80.2

% 

Mean call 

volume 

decibels (dB) 308 -7.531 2.47

3 

[-14.722, -

3.183] 

32.8

% 

Mean 

frequency 

kilohertz (kHz) 298 4214.90

4 

182.

190 

[3668.491, 

4739.583] 

4.3

% 

Mean chirp 

width 

seconds  298 0.167 0.02

04 

[ 0.0497, 

0.222] 

12.2

% 

Mean chirp 

rate 

number of chirps 

per bout (seconds) 

298 2.095 0.49

8 

[1.187, 3.607] 23.8

% 

Mean pulse 

width 

seconds 298 0.0331 0.00

536 

[0.0157, 

0.0467] 

16.2

% 

Mean pulse 

rate 

number of pulses 

per chirp width 

(seconds) 

298 22.518 1.42

2 

[18.550, 

28.423] 

6.3

% 
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Table 2.3. Descriptive statistics for the seven relative male acoustic traits.  The relative 

male traits are unitless.  Data come from the trials which contributed observations to the 

preference function analyses.  n = number of trials. 

 

 

 

 

 

 

 

 

 

 

 

Relative male trait n Mean SD         Range 

Relative call duration 154 0.534   0.266 0.0120 -  0.993 

Relative mean call volume  154 0.485   0.109 0.274   -  0.744 

Relative mean frequency 149 0.501   0.0145 0.458   -  0.542 

Relative mean chirp width 149 0.504   0.0470 0.384   -  0.785 

Relative chirp rate 149 0.502   0.0814 0.317   -  0.700   

Relative mean pulse width 149 0.507   0.0565 0.316   -  0.631 

Relative pulse rate 149 0.500   0.0189 0.441   -  0.551 
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Table 2.4.  Preference function analyses: comparisons of simple, single-predictor models 

to their saturated counterparts.  In each analysis, the dependent variable was relative female 

preference (i.e., relative number of visits).  Each single-predictor model was compared by 

ANOVA with its saturated model counterpart (saturated model predictors = relative male 

trait + female sexual experience treatment + relative male trait * female sexual experience 

treatment).  In all cases, the p-value from the ANOVA comparison was > 0.05, indicating 

that the additional terms in the saturated model do not increase explanatory power.  n = 

number of trials. 

 

 

 

 

 

 

Predictor (simple model) n P-value from ANOVA 

comparison of simple model 

to saturated model 

Relative call duration 148 0.302 

Relative mean call volume 148 0.362 

Relative mean frequency 143 0.319 

Relative mean chirp width 143 0.213 

Relative chirp rate 143 0.265 

Relative mean pulse width 143 0.138 

Relative pulse rate 143 0.123 
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Table 2.5. Preference function analyses: simple, single-predictor models (pooling female 

sexual experience treatments).  In each analysis, the dependent variable was relative 

female preference (i.e., relative number of visits).  Each row represents one analysis. 

Statistically significant (p < 0.05) p-values are shown in bold. 

 

 

 

 

 

 

 

 

 

 

 

Predictor (relative male trait) F-value df p-value Model R2 

Relative call duration 11.550 1, 146 0.000873 0.0733 

Relative mean call volume 4.547 1, 146 0.0347 0.0302 

Relative mean frequency 1.668 1, 141 0.199 0.0117 

Relative mean chirp width 0.140 1, 141 0.709 0.000993 

Relative chirp rate 3.987 1, 141 0.0477 0.0275 

Relative mean pulse width 0.00122 1, 141 0.972 0.00000864 

Relative pulse rate 3.187 1, 141 0.0764 0.0221 



 

 

81 

Chapter 3: A Meta-Analysis of the Relationship between Variation in Mate Preference 

Components and Variation in Mate Choosers’ Phenotypic States 
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Abstract: 

The study of mate preferences has undergone many advances since its proposal by 

Darwin in 1859.  Although mate preferences gained general acceptance as agents of 

evolutionary change during the second half of the 20th century, they were arguably 

considered static and invariant within populations as recently as two decades ago.  

Following influential reviews advocating for consideration of variation in mate 

preferences in the late 1990s, authors have increasingly published studies exploring the 

degree to which mate preferences vary within populations in conjunction with factors 

extrinsic and intrinsic to the individuals expressing mate preferences.  Here, we capitalize 

on the wealth of data contributed by these recent studies and perform the first 

quantitative, synthetic meta-analysis of the absolute magnitude of the relationship 

between variation in mate choosers’ phenotypic states (body condition, age, mating 

status, and parasitized status) and components of their mate preferences (responsiveness 

and choosiness).  Using a data set of 582 effect sizes from 144 primary publications on 

112 species, we calculate a statistically significantly non-zero, weighted grand mean 

effect size (Pearson’s r = 0.251), which can be considered a greater-than-small effect.  

We found differences in mean effect sizes between different levels of moderating 

variables (sex, phylum).  Also, within all examined subsets of data the mean effect size 

was statistically significantly non-zero.  Thus, our results present strong support for an 

association between variation in the phenotypic states of mate choosers and their mate 

preferences.  We suggest that variation in the phenotypic states of choosers within a 
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population may contribute to the persistence of phenotypic and genetic variation in 

sexually selected traits. 
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Introduction: 

Historical progression of the study of mate preferences 

 The study of mate preferences dates back to Darwin (1859, 1871).  To explain the 

often-striking phenotypic differences between the sexes, Darwin (1859, 1871) posited the 

theory of sexual selection, in which the focal struggle is not for survival but rather the 

acquisition of mates.  Darwin named two modes in which sexual selection can operate: 

male-male competition (intrasexual selection) and female preference (intersexual 

selection).  He argued that male-male competition, wherein the outcome of male contests 

determines which male(s) can mate with females, should select for male weapon-like 

traits including antlers, horns, and tusks (Darwin 1859, 1871).  On the other hand, he 

suggested that male ornamental traits such as songs, courtship displays, and bright 

coloration result from selection imposed by female preference for aesthetically pleasing 

traits (Darwin 1859, 1871). 

 Since its inception, the study of mate preferences has experienced many advances 

and expansions.  After Darwin’s proposal of the idea of mate preferences, harsh criticism 

of intersexual selection by Alfred Wallace (1889), coupled with Victorian mores, 

arguably relegated the topic of mate preferences to obscurity for approximately a century 

(Cronin 1993).  Not until the second half of the 20th century, coincident with the 

publication of work by Bateman (1948) and Trivers (1972), showing how anisogamy 

(unequal investment in gametes), differences in postnatal parental investment, and 

unequal variance in reproductive success between the sexes can select for discrimination 

by females during mate assessment, did mate preferences re-enter discourse about sexual 
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selection.  Prum (2017) points out that the renewed interest in mate preferences coincided 

with the women’s liberation movement in late 1960s.  

 Thus, the period roughly between 1950 and the late 1990s saw an accumulation of 

empirical and theoretical studies assessing whether (primarily) females exhibit 

preferences about with whom they mated, and if so, on which male traits were they 

basing their decisions.  During this time, many hypotheses were proposed to explain why 

mate preferences exist, including the Fisherian/Lande-Kirkpatrick hypothesis (once 

established, genetic correlations between male ornaments and female preferences 

maintain their existence; Fisher 1915, Fisher 1930, Fisher 1958, Lande 1981, Kirkpatrick 

1982), the indicator trait hypotheses (females may benefit from mating with males whose 

ornaments signal direct benefits that the male may confer and/or good genes possessed by 

that male; Williams 1966a, Zahavi 1975, Searcy 1979, Hamilton & Zuk 1982, Gottlander 

1987, Andersson 1994, Rowe & Houle 1996), the sensory bias hypothesis (female 

preferences arise as a by-product of natural selection on sensory systems, often in the 

context of predator evasion or foraging; Basolo 1990, Ryan et al. 1990), and the genetic 

compatibility hypothesis (females may produce fitter offspring with greater 

heterozygosity, especially within the major histocompatibility complex, if they mate with 

males who are genetically dissimilar to themselves; Brown 1997, Tregenza & Wedell 

2000).  Empirical tests of the above hypotheses generally consisted of presenting female 

subjects with a pair or a range of males differing in the magnitude of expression of an 

ornament and measuring the mean female response (e.g., number of inspectional visits, 

association time, decision to copulate) to the male phenotypes (Jennions & Petrie 1997).  
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Variation within and between females in their responses was generally ignored, as was 

the context in which females were making their choices (Jennions & Petrie 1997, 

Widemo & Sæther 1999).  As a consequence, an unclear picture of mate preferences 

began to emerge, even though hundreds of studies of mate preferences have been 

conducted (Andersson 1994).  Even within a single species, the story was often muddled.   

 For example, Petrie and others (Petrie et al. 1991, Petrie 1992, Petrie & Halliday 

1994) working with feral populations of Indian peafowl (Pavo cristatus) in England and 

France, found a positive correlation between the number of eyespots on male tail feathers 

and mating success (number of females attracted), as well as a positive correlation 

between the number of male eyespots and measures of male immune-competence, 

evidence for the good genes hypothesis.  However, Takahashi et al. (2008) working in 

Japan, and Dakin and Montgomerie (2011) in Canada, found no evidence of either type 

of correlation demonstrated by Petrie’s group.  Thus, after decades of study, we still 

could not answer the seemingly basic question of whether female preference explains the 

existence of the peacock tail. 

 The above studies, offering inconsistent results about mate preference for the 

peacock’s tail, all shared one feature: none measured any female phenotypic or 

environmental features during data collection.  The failure to consider such factors might 

have influenced the failure to demonstrate a clear preference for peacock tail features.   

 Largely beginning in the late 1990s (but see earlier proposals in Burley 1977 and 

Burley 1981), some researchers began to ask a new question: does variation in mate 

preferences exist, and if so, what are its consequences?  This question required looking 
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beyond a simple mean female response within a population (Jennions & Petrie 1997, 

Widemo & Sæther 1999, Cotton et al. 2006).  Variation in mate preferences may occur 

when the costs and benefits of seeking a mate, mating, or mating with a specific opposite 

sex individual, vary between females within a population (or within the same female 

under different circumstances; Jennions & Petrie 1997).  Variation in mate preferences 

may be caused by environmental factors (extrinsic factors, such as predation risk or the 

social environment) or by factors related to female phenotype and/or genotype (intrinsic 

factors).  Such variation may prevent directional mate preferences from being detected 

within a population.  Indeed, when Dakin and Montgomerie (2014) accounted for 

variation in female condition, patterns of preference emerged, with better-condition 

peahens choosing more ornamented males and also having higher interest in mating than 

lower-condition peahens, reconciling disagreement between past studies about the 

existence of mate preferences in this species. 

 Consideration of variation in mate preferences can inform our understanding of 

the strength and direction of selection on sexual ornaments.  As the variability (non-

uniformity) of mate preferences increases within a population, the strength of selection 

favoring extreme ornaments should decrease (Jennions & Petrie 1997, Widemo & Sæther 

1999, Dakin & Montgomerie 2014).  Variable mate preferences may contribute to the 

maintenance of genetic variation in sexually selected ornamental traits (i.e., the lek 

paradox; Kirkpatrick & Ryan 1991, Prokuda & Roff 2014). 
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Rationale for a meta-analysis 

 Likely inspired by calls for investigation of causes and consequences of variation 

in mate preferences by several highly cited reviews (Jennions & Petrie 1997, Widemo & 

Sæther 1999), authors have increasingly published on this topic during the past two 

decades (Figure 3.1).   Several qualitative review papers (Cotton et al. 2006, Ah-King & 

Gowaty 2016, Kelly 2018) have provided descriptive tabular summaries of evidence of 

variation in mate preferences across diverse taxa.  However, to our knowledge no 

quantitative, comparative analysis has yet been published.  We capitalize on the 

opportunity to conduct a quantitative meta-analytic review of recently accumulated data.  

A meta-analysis allows estimation of the mean magnitude of an effect across a sample of 

studies (Koricheva et al. 2013), which is not possible in a qualitative review. 

 Variation in mate preferences may be correlated with many factors, both extrinsic 

(e.g., environmental search costs, distribution of potential mates within a habitat, 

predation risk) and intrinsic (e.g., genotype; phenotypic state including body condition, 

age) to a mate-seeker (Jennions & Petrie 1997, Kelly 2018).  Here, we evaluate the 

association between variation in the phenotypic state of individuals exhibiting mate 

preferences and variation in the expression of their mate preferences.  We focus on pre-

copulatory mate preferences in animals.  We evaluate the mate preferences of both 

females and males, as it has been increasingly demonstrated that males may express (and 

vary in) mate preferences (Bonduriansky 2001, Cotton et al. 2006), which is another 

important development in the study of mate preferences since Darwin’s original proposal.  

Below, we provide definitions for terminology we frequently use in this study. 
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Definitions 

Mate preference components: responsiveness and choosiness 

 The language used to describe mate preferences is notoriously variable and often 

conflictingly applied between studies and taxa, in no small part due to the numerous ways 

in which mate preferences may be measured (reviewed in Edward 2014).  Jennions & 

Petrie (1997) define mate preferences as “the sensory and behavioral properties that 

influence the propensity of an individual to mate with certain phenotypes,” which itself is 

a product of many factors including the degree to which an individual ranks certain 

opposite sex phenotypes more highly than others (i.e., a preference function), as well as 

the focal individual’s willingness to mate and investment into mate search (Edward 

2014).  In this study, we broadly considered many types of behaviors performed during 

close-range interactions between males and females (or between a live individual and an 

isolated cue from an opposite sex individual(s)).  We grouped these behaviors into two 

categories. We applied the first category, responsiveness, to behaviors which indicated a 

general interest in mating or motivation to mate (receptivity) and which were measured 

without reference to variation in opposite sex phenotypes (e.g., total association time with 

both stimuli in a dichotomous choice trial).  We applied the second category, choosiness, 

to behaviors which were measured with reference to variation in opposite sex phenotypes 

(e.g., the association time with an a priori attractive stimulus minus the association time 

with an a priori unattractive stimulus in a dichotomous choice trial).  For the sake of 

simplicity, we lump any traits which we do not consider to indicate responsiveness into 

the category of choosiness (e.g., preference function-related traits).  Our definition of 
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responsiveness corresponds with that given by Brooks & Endler (2001) and Archard et al. 

(2006), while our definition of choosiness corresponds with that given by Ratterman et al. 

(2014). 

Choosers 

 We apply the term chooser to whichever sex is expressing agency over a 

particular behavior during a specific temporal stage of pre-mating interactions (up until 

the moment of copulation initiation).  We only included behaviors which were able to be 

described as being (mainly) under the control of one sex.  This condition was met in 

studies where physical barriers separated the tested individuals (e.g., a dichotomous-

choice test in an aquarium with glass partitions between a female in the central chamber 

and males in either side of the central chamber) or when authors labelled behaviors as 

being under the agency of a single sex.  For instance, Gillespie et al. (2014) performed 

behavioral trials in which a single male was placed with a single female; they described 

male mounting behavior (i.e., mount the female or not) as an indicator of male mate 

choice, and labelled female acceptance of a mounted male (i.e., open genital plates to 

allow male intromission or keep genital plates closed) as an indicator of female mate 

choice.  In accordance with this, we categorized males as the choosers for the mate 

behavior of mounting, and females as the choosers for the behavior of mating acceptance. 

Choosers’ phenotypic states 

 We consider variation in four categories of choosers’ phenotypic states: condition 

(measured as body size, body mass, residuals from a regression of body mass on body 

size, body mass divided by body size, or dietary manipulation), age (days, weeks, 
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months, or years), mating status (virgin versus non-virgin), and parasitized status 

(parasitized or not, or number of parasites). 

Questions addressed by this meta-analytical study 

 We use quantitative, weighted meta-analytic models and a data set consisting of 

582 effect sizes from 144 unique publications, with 112 species represented.  Each effect 

size is a metric of the absolute value of the association (correlation) between variation in 

choosers’ phenotypic states and variation in the expression of their mate preference 

components.  We address the following questions: 

(1)  Across studies, what is the mean magnitude of the relationship between choosers’ 

phenotypic states and their expressed mate preference components?  Is this mean effect 

size statistically significantly different from zero? 

 Hypothesis: the mean effect size will be statistically significantly different from 

 zero. 

(2)  Do mean effect sizes statistically significantly differ between categories of choosers’ 

phenotypic states (i.e., condition, age, mating status, parasitized status)? 

 Hypothesis: effect sizes will statistically significantly differ between categories of 

 choosers’ phenotypic states.  We have no a priori predictions about the pattern of 

 these differences.  Significant differences would indicate that different aspects of 

 phenotypic state have greater or smaller associations with mate preferences.  If 

 there are significant differences, we suggest that authors of future empirical 

 studies on mate preferences should pay special attention to aspects of phenotypic 
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 states with larger effect sizes, when designing and analyzing their own 

 experiments. 

(3)  Do mean effect sizes statistically significantly differ between categories of mate 

preference components (i.e., responsiveness and choosiness)? 

 Hypothesis: responsiveness will have a statistically significantly higher effect size 

 than choosiness (i.e., general interest in mating will be more strongly associated 

 with variation in choosers’ phenotypic states than will differential reactions to 

 varying stimuli). 

(4)  Do mean effect sizes statistically significantly differ between females and males?  

 Hypothesis: females will have a statistically significantly higher mean effect size 

 than males.  Because of unequal investment in reproduction between the sexes 

 (anisogamy), we expect that females should be more sensitive to variation in the 

 costs and benefits of mate preference behaviors than males. 

(5)  Do mean effect sizes statistically significantly differ between arthropods and 

chordates?   

 Hypothesis: effect sizes will statistically significantly differ between arthropods 

 and chordates.  We have no a priori predictions about patterns of these 

 differences. 
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Materials and Methods: 

Literature search protocol 

 We ran initial scoping searches in September and October 2015 to ascertain 

whether enough empirical papers concerning our topic of interest (the relationship 

between mate preference components and the phenotypic state of choosers) had been 

published to justify conducting a meta-analysis; these searches supported our decision to 

do so. 

 During the fall of 2019, we performed a formal and replicable literature search to 

create a library of potentially suitable papers in the citation management software, 

Zotero.  We used 3 approaches to build this library.  First, on September 26, 2019, we 

used Web of Science to collect all papers cited in or citing at least one of 7 influential 

review and empirical papers on our topic of interest: Jennions & Petrie (1997), Gray 

(1999), Widemo & Sæther (1999), Cotton et al. (2006), Ah-King & Gowaty (2016), 

Kelly (2018), and Tanner et al. (2019).  This approach resulted 2,317 papers being sent to 

our Zotero library.  Second, on the same day (September 26, 2019), we performed 16 

keyword searches (Table 3.1) in Web of Science and for each search transferred all or the 

first 200 hits (whichever value was lower) to Zotero.  This approach added 1,243 papers 

to our Zotero library.  Third, between October 17 and November 5, 2019, we added 36 

papers which were known to us to be potentially suitable but which had not been 

identified by the first two search approaches.  Our three search approaches yielded a total 

of 3,596 papers (2,317 + 1,243 + 36) in our Zotero library, and after removal of 894 
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duplicate papers, the final total was 2,702 unique papers which were potentially relevant 

to our topic.  

Inclusion criteria 

 We sought papers which contained at least one empirical, quantitative assessment 

of the relationship between variation in choosers’ phenotypic state (body condition, age, 

mating status, or parasitized status) and their mate preference components.  We reviewed 

the title and abstract of each of the 2,702 papers in our Zotero library of potentially 

relevant publications.  At this level of scrutiny, we excluded from further consideration 

the following types of papers: papers focusing on humans or non-animals, theoretical 

modelling papers, qualitative review papers, and papers unrelated to sexual selection.  

We also excluded papers whose title and/or abstract suggested that the paper focused on: 

genetic variation in mate preferences, mate choice copying, repeatability of mate choices, 

heterospecific mate choice, extrinsic factors (e.g., predation risk, social environment) 

driving variation in mate preferences, patterns of assortative mating in the field (i.e., 

measurements made on pairs found in copula; see meta-analytic reviews on this topic 

including Jiang et al. 2013 and Green 2019), variation in mate preferences in response to 

hormonal and/or surgical manipulation, major histocompatibility complex (MHC)-

dependent mate choice, preferences for kin versus non-kin, and correlates of mating 

success in the field.  Following these decision rules for titles and abstracts, we excluded 

2,225 of the original 2,702 papers and retained 477 papers for further scrutiny.   

 We read the Methods and Results sections of the 477 papers which had made it 

through the first round of exclusions. At this level of scrutiny, we only retained papers 
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which met the following 4 criteria.  Criterion 1: the varying phenotypic state of the 

choosers had to fit into one of the following categories: condition (body size, body mass, 

residuals from a regression of body mass on body size, body mass divided by body size, 

or dietary manipulation), age (days, weeks, months, or years), mating status (virgin 

versus non-virgin), and parasitized status (parasitized or not, or number of parasites).  We 

excluded papers in which age and mating status covaried (e.g., young virgins compared 

to old non-virgins), or in which it was confirmed that not all individuals were sexually 

mature.   

 Criterion 2: the measured mate preference component had to be: (1) a (non-

aggressive) behavior performed and measured in the presence of an opposite-sex stimulus 

or stimuli (whole or partial, e.g., pheromones from an opposite-sex individual), and (2) 

able to be described as being (mainly) under the control of one sex (see our examples in 

the introduction for how we discerned which sex was in control of a specific behavior). 

 Criterion 3: the authors needed to present unambiguous sample sizes, and make 

comparisons between only 2 levels of the choosers’ phenotypic state (e.g., large body size 

versus small body size) or report the chooser’s phenotypic state as a quantitative variable.  

Criterion 4: we excluded papers in which multiple observations were made on the same 

individuals and/or in which the relevant effect size came from a mixed or paired model.  

This final criterion ensures that there is no uncertainty or bias in the value of n (the 

sample size) used when calculating the variance of the meta-analytic effect size estimate 

(Noble et al. 2017; see below). 
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 Of the 477 papers for which we evaluated the aforementioned criteria, 144 papers 

were retained as they met these criteria.  These retained papers contained 582 effect sizes.  

The maximum number of effect sizes contributed by a single paper (Schultzhaus et al. 

2018, on Drosophila melanogaster) was 49, but note that these effects come from 5 

separate experiments, are separately reported for male choosers and female choosers, and 

concern different behaviors within each experiment. 

General description of the final data set  

 Our final data set (582 effect sizes from 144 papers) is described in Table 3.2.  

With respect to taxonomic representation, our data set contains 112 species, 93 genera, 68 

families, 29 orders, 8 classes, and 2 phyla.  We recognize that some of these groupings 

(i.e., class) are not monophyletic, but we list them here for broad descriptive purposes.  

Regarding choosers’ phenotypic state, over half of the effect sizes pertained to variation 

in choosers’ condition, with mating status, age, and parasitized status representing the 

remaining 19%, 12%, and 7% of effect sizes, respectively.   

 The description of mate preference components varied broadly between primary 

papers.  We lumped mate preference components into 2 categories: responsiveness and 

choosiness.  Responsiveness was used for behaviors which indicated a general interest in 

mating (receptivity), irrespective of variation in opposite sex phenotypes.  Examples of 

behaviors categorized as indicating responsiveness include: total association time with an 

opposite sex stimulus (or with both stimuli in a dichotomous choice test), approach a 

stimulus (e.g., perform phonotaxis) or not, mate with a courting stimulus or not, general 

latency measurements (e.g., latency to approach, court, mount).  In the category of 
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responsiveness, we also included rates of courtship behaviors performed in the presence 

of an opposite sex stimulus.  Choosiness was used to describe behaviors that were 

measured with respect to variation in opposite sex phenotypes.  Examples of behaviors 

categorized as choosiness include: the relative (or difference in) association time with an 

a priori attractive stimulus (e.g., in a dichotomous choice test between a priori attractive 

and unattractive stimuli), the phenotypic trait value of a chosen stimulus in a 

dichotomous choice test, preference function traits (e.g., preference function slope), and 

the minimum phenotypic trait value of an opposite sex stimulus required to elicit a 

positive response from the chooser.  In the category of choosiness, we also included 

interaction terms (from linear models) between choosers’ phenotypic state and a focal 

phenotypic trait of the opposite sex, for behaviors such as a chooser’s latency to respond, 

as per Wilgers & Hebets (2012) and Fox et al. (2019).  Effect sizes which we categorized 

as corresponding to responsiveness and choosiness represented 57% and 43% of the data 

set, respectively.   

 Females and males were designated as the choosing sex for 62% and 38% of 

effect sizes, respectively.  More effect sizes came from studies of arthropods (66%) than 

of chordates (34%).  Of the 8 taxonomic classes included, Insecta, Arachnida, and 

Actinopterygii (ray-finned bony fishes) had the highest percentages of representation, 

while Reptilia, Malacostraca (crustaceans), and Mammalia had the lowest representation. 

 Among other exclusion criteria, our requirement that mate preference behaviors 

had to be ascribable to the agency of a single sex ruled out most field studies from our 

original library of potentially relevant papers.  Effect sizes were measured in the 
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laboratory in 94% (548) of cases, with field-measured effect sizes representing only 6% 

(34) of cases.  Laboratory mate preference trials typically consisted of single- or two-

stimulus tests. 

Converting primary effect sizes to a universal effect size, Pearson’s r 

 We converted all effect sizes reported by the retained primary papers into a 

universal effect size metric, Pearson’s correlation coefficient, r.  Pearson’s r is intuitively 

interpretable as the degree of association or strength of relationship between two 

variables (Rosenthal 1994).  For our purposes, the two variables are the chooser’s 

phenotypic state and the mate preference component.  To illustrate conversion and 

interpretation of a converted effect size, we present an example from a retained primary 

paper, Piergies et al. (2019).  Piegies et al. (2019) show that non-virgin female rats spent 

statistically significantly more time in close association with a stimulus male (i.e., had 

higher responsiveness) during a single-stimulus behavioral trial than did virgin female 

rats (independent samples t-test, t = 4.1, df = 21, p < 0.05, n = 23).  Using Equation 16-

18 from Rosenthal (1994), this t value of 4.1 (with df = 21) converts to a Pearson’s r 

value of 0.67.  According to Cohen’s (1988) proposed benchmarks of r = 0.1, 0.3, and 0.5 

as small, medium, and large effects, respectively, this observed value of r = 0.67 can be 

interpreted as a large effect of female mating status on responsiveness (or a high degree 

of association between female mating status and responsiveness). 

 Primary papers reported effect sizes in numerous ways, including: test statistics 

from inferential tests (e.g., t, F, χ2, r), means and standard deviations, standardized 

regression coefficients, or raw count data (e.g., in a 2 x 2 contingency table).  We 
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converted all primary effect sizes to Pearson’s r using formulae in Rosenthal (1994), 

Nakagawa & Cuthill (2007), and Koricheva et al. (2013), as well as Lenhard & Lenhard’s 

(2016) online effect size calculator, Psychometrica.   

 Although Pearson’s r ranges in value from -1 to 1, we used the absolute value of 

Pearson’s r in our meta-analyses.  A major justification for doing so is that primary 

authors did not always report the direction of a relationship (positive or negative), 

especially when the associated statistical test was not statistically significant.  For 

example, they may have reported an F-value (sign-less) from an ANOVA but failed to 

provide a description of the direction of the effect in verbal, tabular, or figure form.  

Excluding papers in which authors did not report the direction of an effect would reduce 

the sample size and power of the meta-analyses, and likely bias the data set toward 

statistically significant effect sizes.  Our use of the absolute value of Pearson’s r therefore 

allows us to evaluate the magnitude (but not direction) of the effect of choosers’ 

phenotypic state on mate preference components, in a more inclusive sample of papers. 

Converting Pearson’s r to Fisher’s Zr for meta-analysis 

 As Pearson’s r increases in magnitude, its distribution becomes increasing skewed 

(Rosenthal 1994).  Because of this, the common meta-analytic correction is to transform 

Pearson’s r to Fisher’s Zr (Rosenthal 1994, Koricheva et al. 2013, Nakagawa & Cuthill 

2007; see Equation 16-31 in Rosenthal 1994 for the conversion formula).  Adhering to 

this convention, we ran our meta-analyses on converted Fisher’s Zr values.  When 

presenting mean effect size estimates produced by our meta-analytic models, we back-

transformed Fisher’s Zr to Pearson’s r for ease of interpretation. 
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Description of moderators 

 One of the goals of a meta-analysis is to compute a mean effect size across a 

sample of primary studies while incorporating variation in the precision of each 

contributed primary effect size (Koricheva et al. 2013).  To do so, each primary effect 

size (here, converted to Fisher’s Zr) is weighted by its variance, which according to 

Rosenthal (1994) is equal to [1/(n - 3)] where n is the sample size of each primary effect 

size (e.g., n = 23 in the above example of Piergies et al. 2019).  Primary effect sizes 

based on lower values of n are given less weight in a meta-analysis than are primary 

effect sizes based on higher values of n.   

 Another potential goal of a meta-analysis is to explore whether fixed covariates 

(categorical or continuous), referred to as moderators (Koricheva et al. 2013), explain 

heterogeneity in effect sizes.  Here, we evaluate the influence of four moderators: (1) the 

aspect of the choosers’ phenotypic state exhibiting variation (Phenotypic State Type: 

condition, age, mating status, or parasitized status), (2) the type of mate preference 

component being evaluated (Preference Component Type: responsiveness or choosiness), 

(3) the Sex of the choosers (female or male), and (4) the Phylum of the choosers 

(Arthropoda or Chordata, i.e., invertebrate or vertebrate, as we had no invertebrate 

chordates in our data set). 

Meta-analyses 

 We performed all meta-analyses using the Metafor package (Viechtbauer 2010) in 

R version 3.3.1 (R Core Team 2013).  Because some of the primary papers contributed 

more than one effect size, we accounted for this non-independence by including as a 
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random term in all meta-analyses each primary effect size (‘Effect ID’) nested within its 

‘Paper ID.’  We fitted all of our models using the R function rma.mv, which is designed 

for multi-level models. 

 We performed four types of meta-analyses.  First, we calculated the weighted 

grand mean effect size and its 95% confidence interval (CI) across all papers (ignoring 

moderators) using a random-effects meta-analytic model with restricted maximum 

likelihood (REML) estimation.  The mean effect size was considered to be statistically 

significantly different from zero if its 95% CI did not overlap with zero.  We performed 

this analysis while including the random term ‘Effect ID’ nested in ‘Paper ID.’  We 

report the QT statistic as a metric of the total heterogeneity among effect sizes.   

 Second, we evaluated the influence of the four moderators (Phenotypic State 

Type, Preference Component Type, Sex, Phylum) by running mixed-effects meta-

regressions using maximum likelihood (ML) estimation.  We used the R packages 

Metafor and MuMIn in conjunction to find the best model using an information-theoretic 

approach (i.e., rankings by corrected AIC, AICc; note that this is the default output for 

MuMIn).  We were interested in interactions between the four moderators, but only 

considered interaction terms for which there were effect sizes within each subcategory of 

the interaction.  Because of our imbalanced data structure (e.g., we did not have any 

effect sizes for males in the Phenotypic State Type of parasitized status, or for chordates 

of either sex in the Phenotypic State Type of age combined with the Preference 

Component Type of responsiveness), our initial, saturated model contained a total of 10 
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fixed terms (one three-way interaction, five two-way interactions, and the four additive 

moderators): 

 Phylum*Sex*Preference Component Type +  

 Phenotypic State Type*Preference Component Type +  

 Phenotypic State Type*Phylum + Preference Component Type*Sex +                    

 Preference Component Type*Phylum + Sex*Phylum +  

 Phenotypic State Type + Preference Component Type + Sex + Phylum 

The MuMIn package allowed us to run all possible models which could be created using 

various combinations of the 10 fixed terms above (over 1000 models in total) and 

provided model rankings by AICc.   The random term ‘Effect ID’ nested in ‘Paper ID’ 

was included in all possible models.  We present the top model (highest AICc value) and 

all models within 2 AICc units of the top model. 

 Third, we evaluated the simple, additive influences of the four moderators 

separately by running mixed-effects single-moderator models with REML estimation.  

Specifically, we separately included each moderator in its own meta-analytic model 

(which also contained the random term ‘Effect ID’ nested in ‘Paper ID’).  We report: the 

QM statistic which represents the amount of heterogeneity explained by the moderator, 

the QE statistic which represents the residual heterogeneity unexplained by the moderator, 

and the QT statistic which indicates the total heterogeneity in the data (QT = QM + QE; see 

Koricheva et al. 2013).  We also report the ratio of QM to QT which is the proportion of 

total heterogeneity explained by the moderator; this is functionally equivalent to an R2 

value in a typical linear model (Koricheva et al. 2013).  We note here that because we 
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detected statistically significant effects of the moderators Sex and Phylum, we ran 

additional post hoc models to evaluate the influence of the moderators Phenotypic State 

Type and Preference Component Type for subsets of data grouped within Sex and 

Phylum (i.e., female arthropods, female chordates, male arthropods, and male chordates).   

 Fourth, we ran random-effects meta-analytic models for subsets of data (e.g., 

females, males) to calculate a weighted mean effect size and 95% confidence interval 

(CI) for each subset.  We displayed these values in figures to complement our moderator 

analyses. Again, we used restricted maximum likelihood (REML) estimation and 

included the random term ‘Effect ID’ nested in ‘Paper ID.’ 

Data inspection: funnel plot 

 We evaluated the distribution of our primary data using a funnel plot (Koricheva 

et al. 2013; see Figure 3.2).   Funnel plots are scatterplots of primary effect sizes (here, 

transformed to Fisher’s Zr) against a measure of their variance (here, the standard error of 

each effect size; Koricheva et al. 2013).  As variances decrease, the range of effect size 

estimates decreases, which should yield a funnel-shaped plot (Koricheva et al. 2013).  

However, when the data set is highly heterogeneous and moderators have significant 

influences (as is true here; see Results), the funnel plot may not be symmetrical 

(Koricheva et al. 2013, Doughtery & Shuker 2015).  We use a funnel plot to evaluate 

whether any extreme outliers occur in our data set. 

Publication bias (the file drawer effect) 

 To assess the degree to which our data set may reflect publication bias 

(underreporting of non-significant results, or the file drawer effect), we calculated 
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Rosenberg’s fail-safe number (Rosenberg 2005, Koricheva et al. 2013).  This approach 

allowed us to determine the following: how many effect sizes of a null value of zero 

which were not located by our literature search protocol (e.g., sitting in “file drawers”) 

would need to exist in order to reduce the grand mean effect size to a level of non-

significance (e.g., p > 0.05; Koricheva et al. 2013)?  Calculation of Rosenberg’s fail-safe 

number applies the average weight of effect sizes within our current data set (k = 582 

effects) to hypothetical unlocated studies.  Using the fsn function in R, we set the desired 

level of non-significance (alpha) of the grand mean effect size to 0.051.  Because the fsn 

function does not accommodate a multi-level model structure, each effect size is 

considered to be independent in this analysis. 
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Results: 

Weighted grand mean effect size 

 Pooling all effect sizes and accounting for the random term (each individual 

‘Effect ID’ nested in ‘Paper ID’), the weighted mean value of Pearson’s r was 0.251, with 

a 95% CI of [0.224, 0.278].  The confidence interval does not overlap with zero and the 

mean effect size is statistically significantly different from zero (z = 17.517, p < 0.001).  

According to Cohen (1988), this mean effect size can be interpreted as being intermediate 

between a small and medium effect (benchmarks r = 0.1, 0.3, and 0.5 for small, medium, 

and large effects, respectively).  Thus, we can conclude that choosers’ phenotypic states 

have a greater-than-small, statistically significant association with their mate preference 

components.  There was statistically significant heterogeneity among effect sizes (QT = 

1476.831, df = 581, p < 0.001).   

 For the sake of reference, the we also computed the mean effect size without 

weighting each primary effect size by its variance.  The unweighted mean effect size was 

r = 0.252 with a 95% CI of [0.216, 0.289].  Like the weighted mean, the unweighted 

mean effect size was also highly significantly different from zero (z = 13.008, p < 0.001). 

Data inspection: funnel plot 

 We used a funnel plot to evaluate whether any outlying values occurred in our 

data set (Figure 3.2).  Within our data set, there was one extremely primary high effect 

size which had a lower variance than would be expected (primary effect size, Zr = 2.515, 

converted from a value of Pearson’s r = 0.987, based on n = 20; see the outlying point on 

the right side in Figure 3.2). This outlying effect size came from a primary study by 
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Hamilton & Poulin (1999), reported for female upland bullies (fish) for the Phenotypic 

State Type of condition and Preference Component Type of responsiveness.  Removal of 

this outlying effect size (new k = 581 effect sizes) resulted in a new weighted grand mean 

value of r = 0.247 with a 95% CI of [0.221, 0.271], which was slightly lower than the 

weighted grand mean based on the full data set (k = 582 effect sizes; weighted mean r = 

0.251, with 95% CI of [0.224, 0.278]).  The weighted grand mean based on the reduced 

data set (k = 581 effect sizes) was still highly significantly different from zero (z = 

18.359, p < 0.001).  We retained the outlying effect size in all subsequent analyses for the 

following reasons: (1) the primary effect size (r = 0.987) was directly reported by its 

authors (Hamilton & Poulin 1999) and therefore not a conversion error on our part, and 

(2) the 95% confidence intervals of the weighted grand means based on the full and 

reduced data sets overlap. 

Tests of moderators: multi-moderator models using all data 

 We used the MuMIn package to find the best model (highest AICc value) that 

could be created from 10 possible fixed terms (see Eq. 1 for the initial saturated model).  

The best model (Table 3.3) contained three two-way interactions and all four additive 

terms.  One other model fell within 2 AICc units of the best model; this other model 

contained the same terms as the best model in addition to another three-way interaction 

term (Table 3.3).  All other model candidates (over 1000) were more than 2 AICc units 

greater than the best model. 
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Tests of moderators: single-moderator models using all data 

 Using the entire data set, when we evaluated each moderator separately in its own 

single-moderator model, we found no statistically significant effect of the moderators 

Phenotypic State Type (QM = 1.705, df = 3, p = 0.636; Figure 3.3) or Preference 

Component Type (QM = 0.709, df = 1, p = 0.400; Figure 3.3), indicating that they did not 

explain a statistically significant proportion of the total heterogeneity among effect sizes.  

However, we did find statistically significant effects of the moderators Sex (QM = 10.553, 

df = 1, p = 0.001; Figure 3.3), and Phylum (QM = 18.963, df = 1, p < 0.001; Figure 3.3).  

Females had a statistically significantly higher mean effect size than did males (Figure 

3.3).  Chordates had a statistically significantly higher mean effect size than did 

arthropods (Figure 3.3).  In all tests of moderators, the amount of residual heterogeneity 

greatly exceeded the amount of heterogeneity explained by each moderator (Table 3.4, 

compare QE to QM).  The two statistically significant moderators (Sex, Phylum) each 

explained between 0.5-1.5 percent of the total heterogeneity (Table 3.4, last column).   

Tests of moderators: single-moderator models using subsets of data 

 Because of the two-way interactions retained in the best meta-regression multi-

moderator models (Table 3.3), and because of the statistically significant effects of the 

moderators Sex and Phylum when evaluated in isolation (Table 3.4), we created 4 subsets 

of data (female arthropods, female chordates, male arthropods, and male chordates) and 

ran post hoc analyses of moderators Phenotypic State Type and Preference Component 

Type within each data subset.   
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 When evaluating the influence of the moderator Phenotypic State Type within 

each of our four subsets of data (female arthropods, female chordates, male arthropods, 

and male chordates), we detected a statistically significant effect of this moderator in 

male arthropods (QM = 9.886, df = 2, p = 0.007; Figure 3.4) but not in any other data 

subset (Table 3.5; Figure 3.4).  Post hoc pairwise analyses revealed that the significant 

omnibus moderating effect of Phenotypic State Type among male arthropods was driven 

by a significant difference between age and mating status (QM = 16.370, df = 1, p < 

0.001; k = 73), while age and condition (QM  = 2.216, df = 1, p = 0.137; k = 135), as well 

as condition and mating status (QM = 0.360 df = 1, p = 0.548; k = 168), were not 

significantly different from each other.  In male arthropods, mating status had a 

significantly lower weighted mean effect size than did age (Figure 3.4).  Note that there 

were no effect sizes for males in either Phylum within the Phenotypic State Type of 

parasitized status, neither were there effect sizes for male chordates within the 

Phenotypic State Type of mating status. 

 When evaluating the influence of the moderator Preference Component Type 

within each of our four subsets of data (female arthropods, female chordates, male 

arthropods, and male chordates), we detected a statistically significant effect of this 

moderator in female chordates (QM = 8.236, df = 1, p = 0.004; Figure 3.5) and male 

chordates (QM = 6.160, df = 1, p = 0.013; Figure 3.5) but not in any other data subset 

(Table 3.5, Figure 3.5).  Among both female and male chordates, the Preference 

Component Type of choosiness had a statistically significantly larger effect size than did 

responsiveness, suggesting that choosiness is more strongly associated with the chooser’s 
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phenotypic state than is responsiveness in this taxon.  In all tests of moderators for these 

4 subsets of data, the amount of residual heterogeneity exceeded the amount of 

heterogeneity explained by each moderator (Table 3.5, compare QE to QM).  The 

moderator with the greatest explanatory power within a single analysis was Preference 

Component Type among male chordates, where it explained 7.91% of the total 

heterogeneity (Table 3.5, last column). 

Consistency of statistically significant weighted mean effect sizes across subsets of data 

 For all subsets of data, the weighted mean effect size for each subset of data was 

statistically significantly different from zero (all p-values < 0.05).  The 95% CI for the 

weighted mean of each subset of data did not overlap with zero (Figures 3.3-3.5). 

Assessment of publication bias  

 Rosenberg’s fail-safe number (Rosenberg 2005), which indicates how many 

unlocated effect sizes of a value of zero would need to be added to the data set in order to 

reduce the grand mean effect size to a level of statistical non-significance (here, set to the 

level of p = 0.051), was 259,181 effect sizes.  This fail-safe number indicates that an 

unrealistic quantity of unlocated effect sizes of a null value of zero would have to be 

added to our data set to reduce our mean effect size to a level of non-significance 

(Koricheva et al. 2013, Dougherty & Shuker 2015).  Our observed data set consisted of 

582 effect sizes from 144 publications, which is an average of 4 effect sizes per 

publication (range 1-49 effect sizes per publication).  If we assume that this average (4 

effect sizes per study) would also apply to the the 259,181 unlocated effect sizes of null 

effect, then 64,795 additional studies (259,181 divided by 4) would have to be added to 
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our data set to reduce our mean effect size to non-significance.  Thus, there is little 

evidence to suggest that our data set has been influenced by publication bias. 
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Discussion: 

 As recently as 1999, the view that mate preferences are uniform and species-

specific was commonly held in the fields of ecology and evolution (Jennions & Petrie 

1997, Widemo & Sæther 1999).  But the past two decades have witnessed a surge in 

papers challenging this view (see Figure 1).  Qualitative reviews (e.g., Cotton et al. 2006, 

Ah-King & Gowaty 2016, Kelly 2018) have summarized a growing body of empirical 

evidence that mate preferences may vary within a population of choosers as a function of 

extrinsic (e.g., social environment, ambient temperature, predation risk) and intrinsic 

(e.g., genotypic and phenotypic) factors.  Here, we present the first quantitative, synthetic 

assessment of the association between variation in the phenotypic traits of choosers and 

components of their mate preferences, across diverse taxa.  We demonstrate that the 

absolute magnitude of this relationship (grand weighted mean r = 0.251) is statistically 

significantly different from zero and constitutes a greater-than-small effect (as per Cohen 

1988).  Our data set was highly heterogeneous, likely due in part to high variability in the 

ways in which mate preferences were assessed and measured across the taxa included in 

our analyses.  However, the pattern of statistically significantly non-zero mean effect 

sizes for each subset of our data (by sex, phylum, type of phenotypic state, and type of 

mate preference component; Figures 3.3-3.5) highlights the consistent association 

between variation in choosers’ phenotypic states and their mate preferences across 

contexts. 
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Influence of moderators 

Phenotypic state type 

 When assessing the entire dataset, we did not find statistically significant 

differences in the strength of the association between choosers’ phenotypic states and 

their mate preference components (i.e., differences in mean effect sizes) between 

different types of phenotypic states (condition, age, mating status, and parasitized status). 

When we performed additional post hoc analyses of subsets of data by sex and phylum, 

we found that within male arthropods, mean effect sizes statistically significantly differed 

between types of phenotypic states: the mean effect size for age was significantly higher 

than the mean effect size for mating status (see Figure 3.4), while there were no 

significant differences between age and condition, or mating status and condition.   

 The analysis comparing age (k = 20) and mating status (k = 53) in male 

arthropods concerned generally similar species.  Effect sizes for age came from studies of 

wasps and other hymenopterans, spiders, fruit flies, and mites.  Effect sizes for mating 

status came from studies of wasps and spiders, as well as butterflies, moths, and 

mosquitoes.  Some papers (e.g., McClure et al.2007) contributed effect sizes to both 

categories (age and mating status).  Also, we only included in our data set primary effect 

sizes for age or mating status when primary authors controlled for variation in mating 

status or age, respectively.  Therefore, we consider our comparison between age and 

mating status in male arthropods to be generally balanced and minimally confounded.  

Our finding that, among male arthropods, variation in age was significantly more strongly 

associated with variation in mate preferences than was variation in mating status, 



 

 

113 

suggests that male mate preference components are less sensitive to variation in mating 

status than they are to variation in age.  This suggestion is consistent with the idea that 

sperm production is minimally taxing on males of the same age, while the costs and 

benefits of mating versus remaining unmated weigh differentially on younger versus 

older males.  That is, lower residual reproductive value (sensu Williams 1966b) may 

drive older males to make different mating decisions than younger males.  However, we 

note that the mean effect size for mating status was significantly non-zero (mean r = 

0.209, 95% CI = [0.105, 0.309]; see Figure 3.4) and represented a greater-than-small 

effect (Cohen 1988), which suggests that sperm production in male arthropods does 

influence mating decisions to some extent. 

Preference component type 

 When assessing the entire dataset, we did not find statistically significant 

differences in the strength of the association between choosers’ phenotypic states and 

their mate preference components (i.e., differences in mean effect sizes) between 

different type of preference components (choosiness and responsiveness).  When we 

performed additional post hoc analyses of subsets of data by sex and phylum, we showed 

that within chordates of both sexes, mean effect sizes statistically significantly differed 

between different types of preference components: choosiness was statistically 

significantly more strongly associated with variation in choosers’ phenotypic states than 

was responsiveness.  This result is in the opposite direction to our hypothesis that 

responsiveness would be more strongly associated with choosers’ phenotypic states than 

would choosiness (i.e., that general interest in mating would be more strongly associated 
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with variation in choosers’ phenotypic state than would differential reactions to varying 

stimuli).  That choosiness was more strongly associated with variation in choosers’ 

phenotypic state than was responsiveness, in female and male chordates, might indicate 

that the costs and benefits of choosiness are more sensitive to variation in choosers’ 

phenotypic states than are the costs and benefits of general interest in mating.  An 

alternative explanation for this pattern is that primary studies may be more likely to 

entirely omit data from subjects which did not exhibit any behaviors during experimental 

trials (e.g., did not perform phonotaxis toward a stimulus), and as such there may be less 

variation in responsiveness-related behaviors than in choosiness-related behaviors, which 

would yield lower correlations between responsiveness and preference components. 

 One difficulty we encountered was how to assign many of the measured mate 

preference behaviors into the one of the two categories we created (responsiveness and 

choosiness).  We used the term responsiveness for behaviors we considered to be general 

measures of receptivity to mating or motivation to mate, and we placed all other mating 

behaviors in the category of choosiness.  But even these distinctions are not theoretically 

set in stone.  For instance, we assigned all latency behaviors (e.g., latency to approach, to 

court, to mount) as indices of responsiveness or general interest in mating (as per Poulin 

1994, Tanner et al. 2019).  However, many authors, even within our own data set of 

primary authors, would argue that latencies reflect amount of the discriminatory 

assessment applied by the chooser (with longer latencies reflecting greater 

discrimination; e.g., Pfennig & Tinsley 2002, Schultzhaus et al. 2018).  The situation 

becomes more complex if one tries to reconcile variation in trial design, for example 
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single-stimulus trials (with a stimulus which may be defined by the authors as a priori 

attractive, a priori unattractive, or may be entirely undescribed) versus multi-stimulus 

trials (in which variation between stimuli may or may not be quantified or controlled).  

Many mate preference behaviors may reflect more than one motivation of their agent, and 

the same mate preference behavior measured in different contexts may hold different 

meanings (see Edward 2014).   Alternative categorizations of mate preference 

components might produce different patterns of explanatory power of this moderator 

(Preference Component Type) in the data set. 

Sex 

 As predicted, when evaluating the entire data set, we found that females had a 

statistically significantly stronger mean association between choosers’ phenotypic states 

and mate preference components than did males.  However, the weighted mean effect 

size for male (r = 0.217, 95% CI 0.178- 0.257; Figure 3.3) is a statistically significant, 

slightly-greater-than-small magnitude effect (Cohen 1988), and presents compelling 

evidence that male mate preferences vary in association with males’ phenotypic states.  In 

line with Ah-King & Gowaty (2016), we argue that this result calls for greater 

consideration of variation in the phenotypic states of both sexes during mating 

interactions. 

Phylum  

 We found statistically significant differences between mean effect sizes of 

arthropods versus chordates.  Chordates had statistically significantly higher mean effect 

sizes than did arthropods.  We had no a priori predictions about patterns of differences 
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among phylogenetic groups, as countless factors differ between these groups within our 

data set (from life history differences to variation in the methods by which mate 

preferences are assessed).  We primarily included these factors as covariates, and indeed, 

when partitioning variation by between phyla (and sexes), we detected a few patterns 

which had not appeared within the entire data set (e.g., the statistically significant 

differences in effect sizes between responsiveness and choosiness within chordate, and 

between Phenotypic State Types within male arthropods).  However, future work could 

evaluate whether the taxonomic differences we detected in the full data set are more 

likely driven by specific life history differences between taxa or by differences in 

methods of assessing mate preferences between taxa. 

Advantages and limitations of our data set  

 Several published meta-analyses have explored the strength and direction of the 

pattern of assortative mating (the correlation between male and female traits in field-

sampled copulating pairs).  Significant, positive assortative mating (i.e., positive 

covariation in traits such as body size within male-female copulating pairs) has been 

meta-analytically documented by Arnqvist et al.(1996; water striders), Jiang et al.(2013; 

254 vertebrate and invertebrate species), and Graham et al.(2015; gastropods).  However, 

the pattern of assortative mating within a population may result from many causative 

processes, including intrasexual competition, and temporal and/or spatial heterogeneity in 

mate quality (Burley 1983, Bel-Venner et al.2008, Taborsky et al.2009), and may not 

necessarily be the sole product of state-dependent mate preferences (Postma et al.2006, 

Labonne et al.2009).   
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 As our focus was on mate preferences, our approach required us to be able to 

assign agency of each observed behavior to a single sex, which eliminated from 

consideration many field studies in which data were on reported on pairs sampled in 

copula.  Our approach also excluded studies in which authors did not indicate which sex 

primarily controlled or initiated each behavior during precopulatory interactions.  Our 

inclusion criteria allow us to assert that the measured phenotypic traits were associated 

with the choosers rather than the chosen, for each measured behavior.  Our resulting data 

set was primarily based on laboratory studies (94% of effect sizes versus 6% of effect 

sizes from field studies).  In addition, our included species tended to be well studied 

within realm of sexual selection (e.g., Orthopterans, Poecilliids, Drosophila spp.) and 

commonly exhibited sexual dimorphism in ornamental morphological traits and 

behavioral displays.   

 We recognize that our results therefore may only be generalizable to certain types 

of species and mating contexts.  However, one of the great advantages of meta-analysis is 

the ability to build on past work by incorporating new studies as they are added over time 

(Koricheva et al. 2013).  We hope that future studies of additional species will continue 

to explore the relationship between variations in choosers’ phenotypic states and aspects 

of their mate preferences.  Our data set will be readily available for new meta-analyses in 

combination with data collected in the future, which should elucidate the consistency 

with which statistically significant relationship between choosers’ phenotypic states and 

their mate preference components may be detected across contexts. 
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Conclusions 

 Using meta-analysis of primary data drawn from diverse taxa, we demonstrate 

here a statistically significant association between variation in choosers’ phenotypic 

states and their mate preference components.  Our results provide the first synthetic 

quantification of the magnitude of an association which has been increasingly identified 

in primary empirical studies and qualitative reviews (Cotton et al. 2006, Ah-King & 

Gowaty 2016, Kelly 2018).  This association was statistically significantly non-zero 

across subsets of data by sex, taxonomic group, aspect of phenotypic states, and type of 

preference components.  Our results demonstrate that there is a relatively consistent 

relationship between variation in phenotypic states and variation in preference 

components.  Our results suggest that in future empirical studies, variation in phenotypic 

states should be considered, manipulated and/or measured, and incorporated into 

analyses.  Doing so may elucidate patterns of mate preference behaviors which are 

undetectable when subjects are considered as a homogeneous unit.  

 Our demonstration of the statistically significant relationship between variation in 

mate preference components and variation in choosers’ phenotypic states runs counter to 

the once-commonly held view (as described by Jennions & Petrie 1997 and Widemo & 

Sæther 1999) that preferences are static and uniform within species.  With increasing 

variation in mate preferences within a population, the strength of directional selection on 

extreme chosen phenotypes should decrease (Jennions & Petrie 1997, Widemo & Sæther 

1999, Rodriguez & Greenfield 2003, Dakin & Montgomerie 2014).  Thus, variation in 
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the phenotypic states of choosers within a population may contribute to the persistence of 

phenotypic and genetic variation in sexually selected traits. 
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Figures: 

 

 

Figure 3.1.  Relationship between year and the number of new publications on the topic 

of variation in mate preferences, using the collection of primary studies analyzed in this 

study as a representative sample.  We do not show data for the year 2019 because we 

finished collecting primary studies before that year ended.  The range of years shown 

1975 to 2018.  Shown are n = 139 publications. 
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Figure 3.2.  Funnel plot showing each primary effect size (converted to Fisher’s Zr) 

plotted against its standard error.  There is one extremely outlying value of Zr on the right 

side of the plot (Zr = 2.515). 
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Figure 3.3.  Weighted mean effect sizes (black cubes) with 95% confidence intervals 

(grey lines), shown separately for each level of the four moderators: Phenotypic State 

Type (age, condition, mating status, and parasitized status), Preference Component Type 

(choosiness, responsiveness), Sex (female, male), and Phylum (arthropods, chordates).  

The size of each black cube reflects the precision of the estimate.  The p-values (from 

Table 3.4) evaluate whether each moderator (in its own single-moderator analysis) 

explains a significant amount of the total heterogeneity.  The number of effect sizes 

within each level of each moderator is shown as k. 
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Figure 3.4.  Weighted mean effect sizes (black cubes) with 95% confidence intervals 

(grey lines), shown separately for each level of one moderator, Phenotypic State Type 

(age, condition, parasitized status, and mating status), within data subsetted by Sex and 

Phylum.  The size of each black cube reflects the precision of the estimate.  The p-values 

(from Table 3.5) evaluate whether the moderator (Phenotypic State Type) explains a 

significant amount of the total heterogeneity within each subset of data.  Note that there 

were no data within males for the Phenotypic State Type of parasitized status, or within 

male chordates for the Phenotypic State Type of mating status. The number of effect 

sizes within each level of this moderator is shown as k. 
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Figure 3.5.  Weighted mean effect sizes (black cubes) with 95% confidence intervals 

(grey lines), shown separately for each level of one moderator, Preference Component 

Type (choosiness, responsiveness), within data subsetted by Sex and Phylum.  The size of 

each black cube reflects the precision of the estimate.  The p-values (from Table 3.5) 

evaluate whether the moderator (Preference Component Type) explains a significant 

amount of the total heterogeneity within each subset of data.  The number of effect sizes 

within each level of this moderator is shown as k. 
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Tables: 

 

Table 3.1.  List of 16 keyword searches performed on September 26, 2019 and the 

number of search hits transferred to the Zotero library.  For each keyword search, we 

transferred all search hits or the first 200 hits to Zotero (whichever value was lower). 

 

Keyword search phrase 

Number of 

hits 

transferred 

condition AND "mate choice" NOT human NOT plant 200 

condition AND "mate preference" NOT human NOT plant 142 

condition AND choosiness AND mate NOT human NOT plant 64 

condition AND responsiveness AND mate NOT human NOT plant 129 

age AND "mate choice" NOT human NOT plant 200 

age AND "mate preference" NOT human NOT plant 51 

age AND choosiness AND mate NOT human NOT plant 39 

age AND responsiveness AND mate NOT human NOT plant 123 

"mating status" AND "mate choice" NOT human NOT plant 135 

"mating status" AND "mate preference" NOT human NOT plant 5 

"mating status" AND choosiness AND mate NOT human NOT plant 9 

"mating status" AND responsiveness AND mate NOT human NOT plant 12 

parasitized AND "mate choice" NOT human NOT plant 118 

parasitized AND "mate preference" NOT human NOT plant 8 

parasitized AND choosiness AND mate NOT human NOT plant 5 

parasitized AND responsiveness AND mate NOT human NOT plant 3 

Total 1243 
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Table 3.2.  The distribution of k = 582 effect sizes across various categories.  For each 

category, the number of effect sizes is shown above the percentage of effect sizes it 

represents.  Each row sums to 582 or 100%, for counts and percentages respectively. 

 

            

Sex Female Male             

  360 222             

  62% 38%             

Phenotypic 

State Type Age Condition 

Mating 

Status 

Parasitized 

Status         

  70 360 109 43         

  12% 62% 19% 7%         

Preference 

Component 

Type Choosiness Responsiveness             

  249 333             

  43% 57%             

Phylum Arthropoda Chordata             

  387 195             

  66% 34%             

Class Actinopterygii Amphibia 
Aves 

Mammalia 
Reptilia 

Arachnida Insecta Malacostraca 

  88 33 54 14 6 113 260 14 

  15% 6% 9% 2% 1% 19% 45% 2% 
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Table 3.3.  The best multi-moderator models (the top model and the only other model 

within 2 AICc units) as selected by an information-theoretic approach in MuMIn package 

in R.  Both models included a random term (‘Effect ID’ nested in ‘Paper ID’) not shown 

here. 

 

Retained fixed terms AICc Δ AICc 

Phenotypic State Type*Phylum + Preference Component Type*Phylum 

+ Sex*Phylum + Phenotypic State Type + Preference Component Type + 

Sex + Phylum 

-207.5   0 

Phenotypic State Type*Phylum + Preference Component Type*Phylum 

+ Preference Component Type*Sex + Sex*Phylum + Phenotypic State 

Type + Preference Component Type + Sex + Phylum 

-206.2   1.30 
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Table 3.4.  Results of single-moderator analyses using the full data set.  Each moderator 

was tested separately.  We show the QM statistic (representing the amount of total 

heterogeneity explained by each moderator), its degrees of freedom (df), and p-value, as 

well as the QE statistic (representing the amount of residual heterogeneity unexplained by 

the moderator) with its df and p-value.  We also show the amount of total heterogeneity 

(QT) which is the sum of QM and QE, the ratio of QM to QT (the proportion of 

heterogeneity explained by the moderator, akin to R2) and the percentage of heterogeneity 

explained by the moderator. 

Dat

a set 

k 

(numbe

r of 

effects) Moderator QM  df 

p-

value 

for 

QM QE  df 

p-

value 

for 

QE 

QT                  

(= QM + 

QE) QM/QT 

Percent of 

heterogeneit

y explained 

by 

moderator 

Full 582 

Phenotypic State 

Type 
1.705 

3 

   

0.636 
1455.488 

578 

< 

0.001 
1457.193 

       0.00117         0.117% 

Full 582 

Preference 

Component Type 
0.709 

1 

   

0.400 
1472.245 

580 

< 

0.001 
1472.954 

       0.000481         0.0481% 

Full 582 Sex 
10.553 

1 

   

0.001 
1465.974 

580 

< 

0.001 
1476.527 

       0.00720         0.720% 

Full 582 Phylum 
18.983 

1 

< 

0.001 
1401.664 

580 

< 

0.001 
1420.647 

       0.0135         1.35% 
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Table 3.5.  Results of single-moderator analyses using subsets of data by Sex and 

Phylum.  Each moderator (Phenotypic State Type, Preference Component Type) was 

tested separately within each data subset.  We show the QM statistic (representing the 

amount of total heterogeneity explained by each moderator), its degrees of freedom (df), 

and p-value, as well as the QE statistic (representing the amount of residual heterogeneity 

unexplained by the moderator) with its df and p-value.  We also show the amount of total 

heterogeneity (QT) which is the sum of QM and QE, the ratio of QM to QT (the proportion 

of heterogeneity explained by the moderator, akin to R2) and the percentage of 

heterogeneity explained by the moderator. 

 

Data subset 

(Sex, 

Phylum) 

k 

(number 

of 

effects) 

Moderator QM  df 

p-

value 

for 

QM 

QE  df 
p-value 

for QE 

QT                  

(= QM + 

QE) 

QM/QT  

Percent of 

heterogeneity 

explained by 

moderator 

Female, 

Arthropoda 199 
Phenotypic State Type 2.650 

3 
0.449 541.077 

195 
< 0.001 543.727 

0.00487     0.487% 

Female, 

Chordata 161 
Phenotypic State Type 7.443 

3 
0.059 345.950 

157 
< 0.001 353.393 

0.0211     2.11% 

Male, 

Arthropoda 188 
Phenotypic State Type 9.886 

2 
0.007 375.448 

185 
< 0.001 385.334 

0.0257     2.57% 

Male, 

Chordata 34 
Phenotypic State Type 2.498 

1 
0.114 76.222 

32 
< 0.001   78.720 

0.0317     3.17% 

Female, 

Arthropoda 199 Preference Component Type 
1.919 

1 
0.166 557.912 

197 
< 0.001 559.831 

0.00343     0.343% 

Female, 

Chordata 161 Preference Component Type 
8.236 

1 
0.004 361.804 

159 
< 0.001 370.040 

0.0223     2.23% 

Male, 

Arthropoda 188 Preference Component Type 
1.376 

1 
0.241 359.629 

186 
< 0.001 361.005 

0.00381     0.381% 

Male, 

Chordata 34 Preference Component Type 
6.160 

1 
0.013 71.667 

32 
< 0.001   77.827 

0.0791     7.91% 
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General Conclusion: 

 My dissertation demonstrates that aspects of reproductive physiology and mating 

behavior are associated with phenotypic variation of the individuals in which they are 

measured, as well as the social environment in which focal individuals occur. Chapter 1 

shows that manipulated variation in the simulated presence of potential mates has the 

potential to influence reproductive investment in female crickets.  Chapter 1 joins a 

growing body of studies (reviewed in Kasumovic & Brooks 2011) demonstrating that 

individuals can plastically alter their phenotypes to best suit the current social 

environment, especially in the context of mating. 

 Chapter 2 and 3 provide evidence for associations between mate preference 

components and phenotypic variation in mate choosers.  From a propitious early proposal 

by Darwin, to a period of relative obscurity and disregard, to an explosive revival of 

interest after 1950, the study of mate preferences has come a long way in many respects.  

In the second half of the 20th century, contrasting empirical observations about the 

presence or absence of mate preferences for ornamental traits complicated conclusions to 

be drawn about the role of preference in ornament evolution.  I have suggested, as recent 

authors have before me (Jennions & Petrie 1997, Cotton et al. 2006), that some of this 

confusion may be resolved by directing attention to variation in mate preferences, 

particularly as a function of mate choosers’ phenotypic states.  My demonstration of a 

significant effect of phenotypic mating status on sexual responsiveness in Gryllus firmus 

(Chapter 2), as well as a significant relationship between choosers’ phenotypic states and 

their mate preferences across primary studies (Chapter 3), suggest that individuals are not 
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necessarily making uniform mating decisions within a population.  The existence of state-

dependent, variable mate preferences may explain previous failures to detect mean 

directional mate preferences on a population level when ignoring variation in the traits of 

mate choosers.   
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