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Fluctuating sexual selection caused by environmental heterogeneity can maintain variation in sexual signals. Sexual selection can 
also shape correlations among behavioral traits (behavioral syndromes) when certain behavioral combinations enjoy greater fitness 
than other combinations (i.e., under correlational sexual selection). Here, we tested the hypothesis that environmental heterogeneity 
in predation risk shapes the evolution of courtship tactics and behavioral syndromes of male water striders Gerris gracilicornis. Male 
G. gracilicornis use an intimidating form of courtship that depends on predation risk, and we predict that male courtship and related 
behavioral syndromes will be associated with the form of sexual selection under predation. We assayed 4 male behaviors: sex recog-
nition sensitivity, exploration in a novel environment, intimidation, and boldness toward predators. We also estimated males’ reproduc-
tive success in both the absence and presence of a predator. We found no predation-risk induced differences in linear (i.e., directional) 
sexual selection. Both treatments experienced directional selection favoring more intimidating courtship by males. Nonlinear sexual 
selection, however, varied with predation risk. Additionally, we found that sexual selection was not related to the behavioral syndrome 
structure. Overall, we demonstrate that sexual selection varies with predation risk in ways that might favor the spread of a novel court-
ship strategy (intimidating courtship) and the maintenance of alternative mating tactics in G. gracilicornis.
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INTRODUCTION

Sexual selection is responsible for the evolution of  conspicuous, 

complex ornaments including bright color, exaggerated morpho-

logical structures, or elaborate courtship displays (Rieseberg et  al. 

2002; Ritchie 2007; van Doorn et  al. 2009; Schluter 2009). In 

addition, the strength, direction, or form of  sexual selection can 

change over time and space as biotic or abiotic environments vary. 

Spatial and temporal heterogeneity in environments, by altering 

the dynamics of  female mate choice and male–male competition, 

can cause fluctuations in sexual selection (Siepielski et  al. 2009; 

Siepielski et  al. 2011; Siepielski et  al. 2013; Miller and Svensson 

2014). For example, di�erent microhabitat structures and abi-

otic environmental factors alter the distribution and availability 

of  potential mates, changing dynamics in the strength, direction, 

or form of  sexual selection. Such fluctuations in sexual selections 

can contribute to maintaining variation in male sexual traits and 

reproductive tactics (Boughman 2002; Chaine and Lyon 2008; 

Cocroft et al. 2010; Miller and Svensson 2014).

Predation risk is a major ecological factor shaping the evolu-

tion of  reproductive tactics in prey species (Lima and Dill 1990). 

Because predators exert selection on prey by exploiting mating sig-

nals or courtship displays of  prey (Endler 1983; Zuk and Kolluru 

1998; Haynes and Yeargan 1999), the regimes of  sexual selection 

can change in response to the presence of  predators, followed by 

the evolution of  behavioral adaptations according to the strength 

of  predation. Selection under predation favors individuals that tend 

to be careful in searching, courting mates with sexual traits that are 

less conspicuous to predators (Endler 1995). Thus, predation risk 

may shape suited of  reproductive behaviors, and such behaviors 

might evolve plasticity to the immediate threat of  predation.

Sexual selection can also explain the evolution of  behavioral syn-

dromes (but see Han and Brooks 2013a), suites of  behaviors whose 

expression is correlated across situations (Sih et al. 2004a, 2004b). 

Such syndromes can be shaped by selection on certain combina-

tions of  traits (i.e., correlational selection sensu Price and Langen 

1992; Falconer and Mackay 1996). The relationship between cor-

relational selection and behavioral syndromes has been considered 
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theoretically (Sih et al. 2004b; van Oers et al. 2005; Bell 2007), but 

a few empirical studies have tested their roles (but see Bell and Sih 

2007; Adriaenssens and Johnsson 2013; Han and Brooks 2013a).

In order to study how fluctuating sexual selection across ecologi-

cal circumstances (e.g., predation) contributes to evolution of  repro-

ductive tactics and behavioral syndromes, we studied an unusual 

reproductive tactic employed by the water strider Gerris gracilicor-

nis (Heteroptera: Gerridae), in which males exploit predators’ and 

females’ sensory systems. Gerrid mating behavior is generally sensi-

tive to predation risk as animals are vulnerable to attacks from the 

air or from beneath the water while they are mating or mate guard-

ing (Sih et  al. 1990; Sih and Krupa 1992; Sih and Krupa 1995; 

Krupa and Sih 1998; Moses and Sih 1998; Han and Jablonski 

2010). Predation risk is especially important in G. gracilicornis (Han 

and Jablonski 2010), in which males that have mounted females 

produce courtship ripples on the water surface, attracting preda-

tors such as backswimmers nearby (Han and Jablonski 2009; Han 

and Jablonski 2010). The ripple signals threaten the female who, 

beneath the male, is at higher risk of  attack from below (Han and 

Jablonski 2010). This stimulates her to permit copulation quickly to 

stop the male signaling (sensu “intimidating courtship,” Han and 

Jablonski 2010). Because predation is closely related to the role of  

intimidating courtship in G.  gracilicornis, we predict that selection 

on male intimidating courtship will be altered by cues of  predation 

threat.

In addition, because reproductive tactics may be associated with 

the expression of  many other behavioral traits, predator-mediated 

sexual selection is also predicted to mould patterns of  covariation 

among behaviors (i.e., behavioral syndromes; Bell 2007; Sih et  al. 

2004b; van Oers et  al. 2005). Alternatively, behavioral syndromes 

of  water strider males might arise via more proximate mechanisms, 

such as underlying cognitive architecture. Given that males vary in 

their tendency to use intimidating courtship after a predator attack 

(Han and Jablonski 2010), we predict that intimidation intensity 

will covary with males’ sensitivity to detect a predator. Moreover, if  

male–male mounting behavior (Han and Brooks 2015b) is a conse-

quence of  male ability to distinguish males from females (Serrano 

et al. 1991; Harari et al. 2000; Serrano et al. 2000; Switzer et al. 

2004; Bailey and French 2012; Burgevin et al. 2013), then recogni-

tion of  sex may be correlated with cognition in other situations, 

including predator detection.

In this study, we examined sexual selection on male behaviors in 

the presence or absence of  a predation threat. We tested for 1) fluc-

tuations in sexual selection based on mating success of  G. gracilicor-

nis males under di�erent levels of  predation risk and 2) behavioral 

syndrome structures of  males. We then tested the hypothesis that 

predator-mediated sexual selection shapes the unique intimidat-

ing courtship strategy discovered earlier in this species (Han and 

Jablonski 2010). We also determined if  the observed sexual selection 

on the suite of  behavioral traits matches the behavioral syndrome.

METHODS

Study species and intimidating courtship strategy

Gerris gracilicornis is a water strider widely distributed across East 

Asia. The male first mounts a female and then produces courtship 

ripple signals by tapping the water surface repeatedly (Han and 

Jablonski 2009). Males produce courtship taps in bouts, with an 

interval (2–3 s; Han and Jablonski 2009) between bouts (see details 

in Han and Jablonski 2009). We used the number of  taps per bout 

as a measure of  male courtship behavior because the index has 

been known to be significantly repeatable over time among indi-

viduals (N = 37, R = 0.63, 95% confidence interval = 0.39–0.79; 

Han et al. 2015).

The courtship ripple signals made by male G.  gracilicornis also 

attract predators nearby. Because predatory aquatic insects, such 

as notonectids (Hemiptera, Notonectidae), approach water striders 

from below the water surface, a mounted female is at higher risk of  

predation than the male. The male uses this fact to intimidate the 

female into mating, stopping his predator-attractant signaling once 

she acquiesces to mating (Han and Jablonski 2010).

Collection and rearing for the lab experiment

Gerris gracilicornis were collected at Cheonseong Mountain, South 

Korea. They were then placed in rectangular plastic rearing con-

tainers (50 × 40 cm2) with even sex ratio (10 males and 10 females). 

Frozen crickets (Gryllus bimaculatus) were given as food every day, 

and pieces of  floating Styrofoam were provided as resting sites. 

Twenty-four hours prior to the mating assay, we placed the male 

with a single female until they copulated, and then separated them 

immediately, keeping them in single sex groups (20 individuals in 

each container, 50 × 40 cm2).

Notonectids (Hemiptera, Notonectidae, Notonecta triguttata), gener-

alist predators that attack small insects on the water surface, includ-

ing gerrids, were used as predators for the experiment. They were 

separated individually and reared in transparent plastic cylinder-

shaped boxes (diameter 10 cm, height 15 cm). Each individual was 

fed with 1 frozen cricket (G. bimaculatus) every day.

Overview of the sequence of experiments

In order to avoid carryover e�ect of  predator experience on behav-

ioral assays, we sequentially measured 1) mating success of  males in 

predator-absent environment, 2) behavioral assays (sex recognition 

sensitivity, exploration ability, intimidation, and boldness toward 

predators during 5 consecutive days), and 3)  mating success of  

males in predator-present condition.

Mating assays in predator-absent environment

In the mating assay, we measured mating success of  water strider 

males in predator-absent environment. First, we divided the 54 

males into 6 groups of  9 males, put each group of  males together 

with 3 females in rectangular plastic containers (50 × 40 cm2) and 

recorded each male’s mating success after an hour. The postmat-

ing guarding duration of  G. gracilicornis males is much longer (e.g., 

up to 1 week) than other water strider species in the genus Gerris 

(Han et al. 2010), meaning that initial mating success is an impor-

tant fitness determinant and proxy for lifetime reproductive success 

of  males (Han and Brooks 2013a). In addition, during the mating 

season, when most female water striders are guarded by males, the 

sex ratio of  single males to single females is usually between 1:1.5 

and 5:1 (male:female; Han CS, unpublished data). Our experimen-

tal design therefore is within the range of  possible intermale com-

petition intensities that occur in the wild.

After this mating assay, we put each unmated male with a female 

until they copulated, in order to avoid variation in males’ mating 

experience. We separated them after mating by their sex and put 

them back to the rearing container.

Behavioral assay

Each of  54 males was subjected to 4 behavioral assays: 1) sex 

recognition sensitivity, 2)  exploration in a novel environment, 
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3)  intimidation, and 4)  boldness toward predators (risk-taking 

behavior). Each assay was conducted over 5 consecutive days (1 

assay per day, but intimidation for 2  days) in the fixed sequence 

from (1) to (4) to guard against the carryover e�ect of  predator 

experience (Bell 2013). To measure behaviors, we followed the 

method outlined by (Han and Brooks 2013a, 2013b, 2014, 2015a).

Sex recognition sensitivity

Water strider males sometimes exhibit same-sex mating attempts by 

mounting on males instead of  females, and only dismount when, 

after attempting to copulate, they recognize their mistake. We call 

the speed with which males dismount a male their sex recognition 

sensitivity (after Han and Brooks 2013b). In male-biased popula-

tions, males are predicted to be more successful in mating it, and 

they are better at distinguishing females from males in their mating 

attempts. Sex recognition sensitivity shows repeatable among-male 

variation over time in laboratory studies (Han and Brooks 2013a, 

2013b).

In order to measure sex recognition sensitivity, we presented 

the focal male with 3 other males in the focal male’s home tank 

(22 × 15 cm2) and recorded the behavior of  the focal male for 5 min. 

We recorded the duration from the moment the focal male mounted 

another individual until the moment he dismounted (duration of  

the first mount). We follow Han and Brooks (2013a, 2013b) inter-

preting speed to recognize and dismount from a mounting attempt 

on another male as sensitivity to recognize the sex of  a potential 

mate. Because all the males experienced 1 copulation in or after the 

mating assay, males had the same period of  sexual deprivation. In 

the analysis, we multiplied the sex sensitivity scores by −1 so that 

higher behavioral scores mean higher sex sensitivity (males stay 

shorter on the back of  other males).

Exploration in a novel environment

Gerris gracilicornis individuals are macropterous (long winged) and 

move among microhabitats along a creek. Males who cope with 

spatial changes in their nature environment are expected to move 

actively in a novel environment instead of  standing still on the 

water. Such males would also spend less time grooming themselves 

because those males spend less time standing still on the water, 

which is when grooming happens. The novel environment con-

sisted of  a tank (40 × 50 cm2; water depth, 5 cm) illuminated from 

above. The test male was transferred to the corner of  the tank and 

left undisturbed for 30-s acclimation followed by a 5-min assays. He 

could move freely in the open novel environment, and the behavior 

was filmed with a video camcorder mounted above the tank. We 

measured 2 behaviors of  males for 5 min: 1) the number of  strokes 

(movement of  middle legs to move forward) and 2) grooming dura-

tion (duration of  the focal individual washing himself  with legs).

Intimidation

To measure intimidatory courtship, we estimated male courtship 

signal frequencies in both predator-present and predator-absent 

conditions and compared them. If  increasing the number of  rip-

ples per bout (i.e., courtship frequency, Han and Jablonski 2009) 

increases chances of  attracting predators, higher signal frequency 

is predicted to be favored in riskier environment. Therefore, we 

measured 1) males’ courtship signal frequency after the exposure to 

predators and 2) the relative increase in courtship signal frequency 

after predator attack.

Males’ courtship signal frequency was measured in a 15 × 15 cm2 

arena, which was a part of  a larger tank (15 × 30 × 15 cm3, 

Supplementary Figure S1). The transparent large tank (made 

of  acrylic plate, 15 × 30 × 15 cm3) was divided by opaque par-

tition (5 × 15 cm2; height × length) into 2 separate containers 

(15 × 15 × 15 cm3) for blocking the transmission of  chemicals, and 

sometimes predators, through the water between the 2 parts (each 

part was filled with water up to 4.8–5.0 cm). A second opaque plate 

(10 × 15 cm2; height × length) was located above the first one and 

could be lifted by the experimenter to allow the water striders to 

move from one part to another.

Twenty-four hours later after the measurement of  exploration 

ability, we recorded male courtship signal frequency in a preda-

tor-absent condition with no exposure to predators. A  male and 

a female were placed separately in each compartment for the first 

1 min as the acclimation period. Then, we allowed the male to 

move to female compartment and measured his courtship behavior. 

We used the number of  taps (signals) per bout as the index of  male 

courtship signal frequency.

Then, approximately 24 h later, we recorded males’ courtship sig-

nal frequency in a predator-present condition after the exposure to 

predators. A male was introduced to 1 compartment with 1 notonec-

tid (N. triguttata) predator and experienced predator’s attack. The male 

was successfully attacked at least 1 time by notonectids (successful 

attack: backswimmers grasped males tightly). When males escaped 

from the attack of  backswimmers (unsuccessful attack), we regarded 

10 unsuccessful attacks as 1 successful attack (more detailed methods 

described in Han and Jablonski 2010). After the successful attack, we 

promptly separated the grasped male from the notonectid to prevent 

the notonectid from piercing the cuticle of  the water strider with its 

rostrum. Then, predator-experienced male was allowed to move to 

female compartment, and we recorded his courtship signal frequency.

Boldness toward predators

Using the same experimental tank in the intimidation assay 

(Supplementary Figure S1), we measured males’ response toward 

predators. A male was introduced to 1 compartment with 1 notonectid 

(N. triguttata) predator and experienced predator’s attack as we did in an 

intimidation assay (see above). The partition was then lifted to allow 

the male to move to the experimental compartment. In the experimen-

tal compartment, no shelter was floated on the water for the male to 

escape from the open habitat. We observed behaviors, 1) the number 

of  strokes on the water and 2) grooming duration for 5 min.

Actively moving individuals (indicated by high number of  

strokes) are more conspicuous to Notonecta predators that perceive 

surface vibrations. Therefore, higher activity even soon after detect-

ing a predator may be interpreted as boldness. Grooming activity is 

also a more risky behavior because the individual is not supported 

on all legs, delaying the initiation of  escape. Because water striders 

receive information on the water tarsal vibration receptors on their 

legs (Murphey 1971; Lawry 1973; Perez Goodwyn et al. 2009), they 

are not able to detect approaching predators and escape from them 

well if  some of  their legs are out of  touch with the water surface 

(Han and Jablonski 2010). Thus, predator vigilance can be a�ected 

by the amount of  attention simultaneously being focused on other 

activities such as foraging or grooming. Therefore, males insensitive 

to the presence of  predators are expected to be more active on the 

water surface and spend more time for grooming themselves when 

they stand still on the water.

Mating assays in predator-present environment

In order to measure mating success of  males in predator-pres-

ent environment, males and females were put together after 
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experiencing predator notonectids’ attack before mating assay. 

We divided males to groups composed of  the same individuals 

at the previous mating assay and let them experience preda-

tory attacks. In order to make individuals experience predatory 

attacks, we put an individual into the same container with a 

notonectid predator, but the experimenter always interrupted 

a successful predatory grasping to prevent the notonectid from 

piercing the cuticle of  the water strider with its rostrum (more 

detailed methods described in Han and Jablonski 2010). We then 

put them together in rectangular plastic containers (50 × 40 cm2) 

and then recorded their mating success after an hour. We started 

with 54 males, but 4 males died during the boldness assay (see 

above) and 2 males escaped before the second mating assay in 

a predator-present environment conducted. Thus, 6 new males 

were added to the group during the mating assay, but they were 

not included in the analyses. That explains why sample sizes 

di�er in the calculation of  behavioral correlations (see Table  1; 

Supplementary Table S2).

Statistical methods

Sexual selection gradients

We adopt multivariate selection analyses (Lande and Arnold 1983; 

Phillips and Arnold 1989) in order to detect selection acting on mul-

tiple traits and combination of  traits (i.e., correlational selection).

To estimate the e�ect of  behavioral traits on mating success in 

di�erent predator-present conditions, we used generalized linear 

mixed model (GLMM) and Laplace methods to approximate the 

likelihood to estimate GLMM parameters (Bolker et  al. 2009). 

Mating success was expressed as 0 (failure) or 1 (success) and was 

modeled with a binomial error distribution. The linear and non-

linear (quadratic and interaction) terms of  standardized behavioral 

traits (sex recognition sensitivity, exploration, intimidation, and 

boldness) were added to the model as the covariates. Experimental 

subgroups were added as a random factor.

At first, to test the e�ect of  risk level on overall selection gradi-

ent, we compared 4 models with and without the interaction e�ect 

between treatments and linear/nonlinear terms of  standardized 

behavioral traits (sex recognition sensitivity, exploration, intimida-

tion, and boldness) (Table 1). If  the interaction e�ect between treat-

ments and linear/nonlinear terms improved the fit of  the model, 

it would indicate that recent experience of  predation risk changed 

the fitness landscape. After the assessment of  the e�ect of  preda-

tion risk, in order to find behavioral traits a�ecting mating success 

from the selected model, further model selection was conducted on 

the basis of  stepwise backward selection by removing nonsignifi-

cant linear or nonlinear terms (Tables 2 and 3). We used Akaike’s 

information criterion (AIC) to assess whether each term or class 

of  terms (in the case of  linear and nonlinear selection gradients) 

improved the overall fit of  the model, and the model with the low-

est AIC value is considered best supported. The analysis was per-

formed using the package lme 4 in the program R 2.14.1. Also, to 

visualize fitness landscape for interactions e�ects (i.e., correlational 

selection), we used a cubic spline fitting procedure using the soft-

ware STATISTICA 8 (Statsoft).

Behavioral syndrome

Correlations between behavioral traits were assessed using 

Spearman’s rank nonparametric correlations. Behaviors other than 

Table 1

The model comparison describing the e�ect of  risk level on 
linear/nonlinear selection gradients

Models df AIC AIC weight

1 Treatment + linear terms 8 108.7 0.02
2 Treatment + linear terms + treatment × 

linear terms
12 112.7 0.00

3 Treatment + linear terms + nonlinear terms 18 106.1 0.08
4 Treatment + linear terms + nonlinear terms + 

treatment × (linear + nonlinear terms)
32 101.4 0.89

The initial mating success, a response variable, was expressed as 0 (failure) or 
1 (success) and was modeled with a Binomial error distribution. The linear 
terms in the model description indicate all linear terms of  4 behavioral vari-
ables (sex sensitivity, exploration, intimidation, and boldness). The nonlinear 
terms indicate all the quadratic terms of  4 behavioral variables and all the 
interaction terms between behavioral variables. The treatment in the model 
description indicates the e�ect of  exposure to predatory attacks (the absence/
presence of  predators). Male IDs and experimental subgroups were included 
as random factors in all model structures. The candidate models were com-
pared using AIC scores and AIC weights.

Table 2

The model comparison describing the e�ect of  behaviors on initial mating success in a predator-absent environment, and a selected 
model of  initial mating success as a function on behaviors and a combination of  behaviors

Models AIC AIC weight

1 Linear terms + interaction terms + quadratic terms 50.9 0.009
2 Linear terms + interaction terms 49.2 0.02
3 S + B + E + S × B + S × E + B × E 45.1 0.16
4 S + E + S × E 41.9 0.81

Variables Estimate (SE) z P

Intercept −2.23 (0.86) −2.59 0.01
Sex sensitivity 2.19 (1.72) −1.27 0.20
Exploration 0.85 (0.83) 1.02 0.31
Sex sensitivity × exploration −5.19 (2.36) 2.20 0.03

The initial mating success, a response variable, was expressed as 0 (failure) or 1 (success) and was modeled with a Binomial error distribution. The linear terms 
in the model description indicate all linear terms of  4 behavioral variables (sex sensitivity, exploration, intimidation, and boldness). The quadratic terms indicate 
all the quadratic terms of  4 behavioral variables. The interaction terms indicates the interaction between behavioral variables. The best model is indicated in 
bold. Experimental subgroups were included as random factors in all model structures. B, boldness toward predators; E, exploration in a novel environment; S, 
sex recognition sensitivity.
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sex recognition sensitivity were summarized and standardized using 

Principal component analysis. We retained component scores for 

principal components (PCs) with eigenvalues >1.0. Statistical sig-

nificance was inferred if  P values remain significant after the proce-

dures for controlling false discovery rate (Benjamini and Hochberg 

1995; Storey and Tibshirani 2003). Because Bonferroni adjustment 

has been shown to be overly conservative (e.g., Benjamini et  al. 

2001; Nakagawa 2004; Narum 2006), we used a false discovery rate 

(Benjamini and Hochberg 1995; Benjamini et al. 2001; Storey and 

Tibshirani 2003; Dochtermann 2010) to account for 6 correlations 

(α < 0.0204 for 6 correlations).

Because of  inherent problems of  pairwise behavioral correlations 

(see Dingemanse et  al. 2010), it often helps to compare the fit of  

a priori considered structural equation models (Dochtermann and 

Jenkins 2007; Dingemanse et  al. 2010; Bókony et  al. 2012). This 

alleviates the need to control for multiple testing because the test is 

conducted on the whole matrix. However, because this study mea-

sured nonlinear selection acting on the combinations of  behaviors, 

the measurement of  pairwise behavioral correlations is appropriate 

in order to compare the pattern of  behavioral correlation with cor-

relational selections (see Han and Brooks 2013a). Thus, we present 

pairwise behavioral correlations for behavioral syndrome structure.

RESULTS

Sexual selection gradients

Predator exposure had no e�ect on the linear selection response 

surface (models 1 and 2, ∆AIC  =  +4.0, χ2  =  4.07, degrees of  

freedom [df]  =  4, P  =  0.40, Table  1). Regardless of  predator 

treatments, directional selection acted on intimidation intensity 

(Table  4). That is, males that signaled more (as indicated by the 

“intimidation PC1”) enjoyed greater mating success. But there was 

no e�ect of  other behavioral traits on mating success.

However, there were significant di�erences in nonlinear selec-

tion between predator treatments (models 3 and 4, ∆AIC = −4.7, 

χ2 = 32.67, df = 14, P = 0.003, Table 1). In the absence of  preda-

tors, significant correlational selection on sex recognition sensitivity 

and exploration ability was detected (Table 2, Figure 1). However, 

in the presence of  predators, males that intimidated females at 

intermediate intensity enjoyed greatest mating success (Figure 2b). 

In addition, given that disruptive selection on exploratory behavior, 

extreme activity patterns, such as inactive or hyperactive, are likely 

to be favored over intermediates in predator-present environments 

(Figure 2a).

Behavioral syndrome

Exploration PC1 (eigenvalue = 1.25) obtained from the factor load-

ings showed that active males on the water spent less time groom-

ing but inactive males spent more time grooming (Supplementary 

Table S1). Thus, males that had lower exploration PC1 scores spent 

more time grooming but explored a smaller area, whereas males 

that had higher scores on exploration PC spent less time groom-

ing but they were more active. Boldness PC1 (eigenvalue  =  1.40) 

obtained from the factor loadings showed that active males on 

the water spent more time grooming after the exposure to preda-

tors (Supplementary Table S1). In contrast to the factor loading 

for exploration ability, boldness PC1 showed positive correlation 

between movements and grooming. Thus, bold males that had 

higher boldness PC1 scores spent more time grooming and 

explored a larger area. Shy males that had lower scores on boldness 

PC1 spent less time grooming and they were less active. In addi-

tion, intimidation PC1 (eigenvalue = 1.36) obtained from the factor 

loadings indicated that males who produced high signal frequency 

after experiencing predators showed the relative large increase in 

signal frequency after predatory attacks (Supplementary Table S1).

Male sex recognition sensitivity was marginally correlated with bold-

ness toward predators (Table  5). That is to say, males with poor sex 

recognition sensitivity tended to be less sensitive to predators. When we 

Table 3 

The model comparison describing the e�ect of  behaviors on initial mating success in a predator-present environment, and a selected 
model of  initial mating success as a function on behaviors

Models AIC AIC weight

1 Linear terms + interaction terms + quadratic terms 67.2 0.004
2 Linear terms + quadratic terms 60.0 0.15
3 I + E + I2 + E2 56.6 0.84

Variables Estimate (SE) z P

Intercept −0.19 (0.51) −0.38 0.70
Intimidating intensity 0.32 (0.45) 0.72 0.47
Exploration 0.17 (0.40) 0.43 0.69
Intimidating intensity2 −0.88 (0.41) −2.13 0.03
Exploration2 0.60 (0.29) 2.09 0.04

The initial mating success, a response variable, was expressed as 0 (failure) or 1 (success) and was modeled with a Binomial error distribution. The linear terms 
in the model description indicate all linear terms of  4 behavioral variables (sex sensitivity, exploration, intimidation, and boldness). The quadratic terms indicate 
all the quadratic terms of  4 behavioral variables. The interaction terms indicates the interaction between behavioral variables. The best model is indicated in 
bold. Experimental subgroups were included as random factors in all model structures. E, exploration in a novel environment; I, intimidation intensity; SE, 
standard error.

Table 4

Linear selection gradients for 4 behavioral traits

Variables Estimate (SE) z P

Intercept −1.35 (0.47) −2.86 0.004
Treatment 0.66 (0.55) 1.20 0.23
Sex sensitivity −0.26 (0.33) 0.77 0.44
Boldness 0.57 (0.33) 1.72 0.09
Intimidation 0.69 (0.33) 2.11 0.03
Exploration −0.23 (0.33) −0.69 0.49

The significant term is indicated in bold. SE, standard error.
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calculated correlations between behavioral variables originally used to 

calculate PCs, sex recognition sensitivity was correlated with grooming 

duration after predator attack (Supplementary Table S2).

DISCUSSION

The form of  directional sexual selection on males’ intimidating court-

ship did not fluctuate according to the presence of  predators, and thus 

play a role in shaping and maintaining intimidating courtship of  males 

G. gracilicornis. In contrast, nonlinear sexual selection fluctuated with the 

level of  predation risks. Combining with directional selection, stabiliz-

ing selection appears to contribute to the maintenance of  intimidating 

courtship. Disruptive selection also appears to play a role in the mainte-

nance of  alternative reproductive tactics in G. gracilicornis males through 

its e�ect on exploration in the presence of  predators (e.g., Smith 1993; 

Brodie et al. 1995; Rue�er et al. 2006; Hendry et al. 2009).

Evolution of intimidating courtship

The presence of  directional selection for more taps per bout in 

intimidating courtship, both when predators were absent and pres-

ent, suggests that intimidating courtship is an important fitness 

component in G. gracilicornis populations, possibly even when noto-

nectid predators are rare or absent. The observed pattern of  con-

sistent directional selection is expected to cause further evolutionary 

elaboration of  male courtship and mating signals (Andersson 1994). 

In natural situations, lack of  cues of  predator presence may often 

be not a good indication of  their actual absence. Therefore, 

females’ sensitivity to intimidating signals regardless of  whether 

they detected predators or not might be an adaptation to this 

uncertainty.

Although the strength of  linear selection toward more intimidat-

ing courtship did not vary with predator presence/absence, in the 

presence of  predators, this selection became somewhat stabilizing, 

with the highest intensities of  intimidation resulting in lower mat-

ing success. This suggests some optimization of  intimidating court-

ship rates, although its e�ects on selection remain to be assessed 

in larger studies, preferably in the field, of  this behavior. Because 

in our experiments both sexes might have changed their behavior 

independently due to their prior exposure to a predator, we can-

not determine here the relative contributions of  males and females’ 

behavioral plasticity to creating the stabilizing selection on the 

intimidating courtship intensity.

The changes in nonlinear selection on intimidating courtship 

between assays where predators were present and absent, raises 

the possibility that selection on this behavior might vary between 

microhabitats. In nature, where predation risk may vary spatially 

and temporally, changes in the selection operating on intimidating 

courtship might occur over small spatial scales. Although we found 

fluctuations in nonlinear selection across the risk of  predation, a 

small number of  our sample size is likely to result in the high error 

in the estimation of  nonlinear selections. We might fail to detect 

nonlinear selection even when it is present because of  small sample 

sizes (see Kingsolver et al. 2001). Therefore, although it is cautious 

to make strong conclusions from relatively small sample sizes, we 

can still hypothesize that in natural conditions, where predators are 

undoubtedly experienced by both sexes, the selection in the context 

of  mating success (i.e., sexual selection) have an e�ect on the struc-

ture of  intimidating courtship.
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Figure 2

The fitness surface of  (a) disruptive selection on exploration and (b) stabilizing selection on intimidation intensity of  male water striders in a predator-present 

environment. Smaller values of  exploration mean that males spent more time in grooming but less active, whereas larger values of  exploration mean that 

males were more active but spent less time in grooming. Larger values of  intimidation indicate that males produced high-frequency signals and increased 

their signal frequency after the exposure to predators.
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Figure 1

The fitness surface of  nonlinear selection in a predator-absent environment. 

The fitness surface of  the 2 major axes of  nonlinear selection, exploration 

and sex recognition sensitivity, of  male water striders in a predator-absent 

environment. Larger values (close to zero) of  sex recognition sensitivity 

indicate that males more rapidly to recognize that they have mounted 

another male or a mated pair and dismount. Smaller values of  exploration 

mean that males spent more time in grooming but less active, whereas 

larger values of  exploration mean that males were more active but spent less 

time in grooming.
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Evolution of alternative reproductive tactics

Disruptive selection can generate phenotypic diversification within 

populations and may lead to emergence of  alternative life histo-

ries and alternative reproductive strategies (Gross 1985; Emlen 

and Nijhout 2000; Sinervo and Svensson 2002; Mendoza-Cuenca 

and Macías-Ordóñez 2010). The selection gradients for explora-

tion ability (in predator-absent and predator-present environments) 

suggest that disruptive selection on exploration (activity level) may 

shape alternative strategies of  G.  gracilicornis and that in predator-

absent conditions this selection on exploration is additionally corre-

lated with selection on sex recognition sensitivity with 2 behavioral 

phenotypes favored: low exploration with good sex recognition sen-

sitivity or high exploration with poor sex recognition sensitivity.

All these results indicate that, in habitats with temporal or spatial 

variation in predator presence, sexual selection may favor 2 distinct 

exploratory strategies in G.  gracilicornis males. One is a sit-and-wait 

strategy when males decrease their activity but distinguish the sex 

carefully, chase females, and attempt to mate with them. Another 

strategy is to explore actively in the habitat and indiscriminately 

attempt to mate with passing individuals. Behavioral observations of  

male G. gracilicornis indicated that some of  small males tended to be 

less active and did not produce postmounting courtship signals (Han 

and Jablonski 2016). Thus, we suggest a possibility that alternative 

reproductive tactics of  G.  gracilicornis males are generated by the 

disruptive sexual selection that favors extremely high or low activ-

ity (e.g., Gross 1985; Mendoza-Cuenca and Macías-Ordóñez 2010).

Absence of a behavioral syndrome

We failed to find a significant behavioral syndrome structure 

(Table 5) even when correlational selection in the context of  mat-

ing success exerted on sex recognition sensitivity and exploration 

in a predator-absent environment (Table 2). The marginally signifi-

cant behavioral correlation between sex recognition sensitivity and 

response toward predators was also not matched with the observed 

correlational selection. This indicates that sexual selection as mea-

sured in our lab assays is not related to the behavioral syndrome 

structure (e.g., Han and Brooks 2013a).

To measure behavioral syndrome, we should have conducted each 

assay on each individual repeatedly to quantify individual behavioral 

consistency and to separate “among-individual” and “within-indi-

vidual” correlations. Behavioral correlations at the phenotypic level 

are the product of  the joint influences of  “among-individual” and 

“within-individual” correlations (Dingemanse et  al. 2012; Brommer 

2013; Dingemanse and Dochtermann 2013), and behavioral syndromes 

refer to among-individual correlations rather than simple unpartitioned 

phenotypic correlations (Dingemanse and Dochtermann 2013). The 

among-individual correlation is the correlation between each individu-

al’s average phenotype across multiple behaviors, that is, the correlation 

between the repeatable parts of  behavioral traits. However, because we 

took only a single measurement per individual, we could not partition 

behavioral correlations at the phenotypic level into among-individual 

correlations and within-individual correlations. Therefore, it is neces-

sary to collect repeated measures on behaviors for all individuals to cal-

culate behavioral syndromes (among-individual correlations) especially 

when behavioral repeatabilities are low (low among-individual variance 

and high within-individual variance in behaviors).

There is also a lack of  behavioral syndrome when the functional 

context (e.g., predation) in which one behavior is expressed is not 

related to the expression of  another behavior. As male intimidating 

courtship ripples have a role in attracting predators approaching 

from below the water surface and threatening females (Han and 

Jablonski 2010), we predicted an association between male intim-

idation intensity and male response to predators. However, there 

was no correlation between them (Table 1). This indicates that the 

expression of  male intimidation is unrelated to males’ recognition 

of  the presence of  predators. It is also supported by our recent 

results that males do not adjust their intimidation intensity accord-

ing to the level of  predation risk (Han et  al. 2015). Hence, males 

express similar level of  intimidation regardless of  the di�ering lev-

els of  predation risk (Han et al. 2015), explaining a lack of  corre-

lation between intimidation and behavioral response to predators.

CONCLUSIONS

In conclusion, we provide evidence on how a novel courtship strat-

egy and alternative reproductive tactics of  male water striders 

G.  gracilicornis evolve and are maintained in heterogeneous envi-

ronments. We also suggest that the form of  sexual selection on 

males could fluctuate according to the presence of  predators in 

the population. Correlational and disruptive sexual selection in our 

results imply that sexual selection might not explain the evolution 

of  behavioral syndromes but play a role in retaining variation in 

traits. Because studies on a cause and a consequence of  fluctuating 

sexual selection with environmental conditions changing over time 

and space are much needed (Siepielski et  al. 2011, 2013; Miller 

and Svensson 2014), future studies should explore the e�ect of  rate 

of  fluctuation (rate of  changing selection over time) or a balance 

between fluctuating sexual and natural selection on the evolution 

of  sexual traits. Finally, this empirical study using water striders also 

provides insight into the way behavioral syndrome is generated and 

maintained in a population. We suggest that future studies consider 

the proximate mechanisms as a more likely basis of  the emergence 

of  behavioral syndrome in males G. gracilicornis.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http://www.beheco.

oxfordjournals.org/

FUNDING

This research was supported by an ARC Fellowship to R.B., 

by an International Postgraduate Research Scholarship to 

Table 5

The structure of  behavioral syndrome among behaviors, 
sensitivity to distinguish the correct sex (sex recognition 
sensitivity), exploration in a novel environment (exploration), 
boldness toward predators (boldness), and intimidation 
intensity (intimidation)

Rs n P

Sex sensitivity—intimidation 0.11 46 0.45
Sex sensitivity—boldness −0.30 46 0.04
Sex sensitivity—exploration −0.09 48 0.56
Intimidation—boldness −0.15 44 0.34
Intimidation—exploration −0.13 45 0.39
Boldness—exploration −0.10 45 0.53

When P values were adjusted for multiple comparisons (a false discovery 
rate B–Y adjustment, α < 0.02 for 6 correlations), there were no significant 
behavioral correlations (Rs values, Spearman’s rank nonparametric 
correlations). However, the correlation between sex sensitivity and boldness 
was marginally correlated (indicated in bold).

892

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
e
h
e
c
o
/a

rtic
le

/2
7
/3

/8
8
6
/2

3
6
6
0
0
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

http://beheco.oxfordjournals.org/lookup/suppl/doi:10.1093/beheco/arv232/-/DC1
http://beheco.oxfordjournals.org/lookup/suppl/doi:10.1093/beheco/arv232/-/DC1


Han et al. • Courtship tactics evolve via fluctuating sexual selection

C.H., and by the Korean NRF Research Grant 2010-0025546 

and 2013R1A2A2A01006394, and the Converging Research 

Center Program through the National Research Foundation of  

Korea (NRF) funded by the Ministry of  Education, Science and 

Technology (no. 2009-0082824) to P.J.

None of  the authors have any conflict of  interest to declare.

Handling editor: Alexei Maklakov

REFERENCES

Adriaenssens B, Johnsson JI. 2013. Natural selection, plasticity and the 
emergence of  a behavioural syndrome in the wild. Ecol Lett. 16:47–55.

Andersson M. 1994. Sexual selection. Princeton (NJ): Princeton University 
Press.

Bailey NW, French N. 2012. Same-sex sexual behaviour and mistaken iden-
tity in male field crickets, Teleogryllus oceanicus. Anim Behav. 84:1031–1038.

Bell AM. 2007. Future directions in behavioural syndromes research. Proc 
Biol Sci. 274:755–761.

Bell A. 2013. Randomized or fixed order for studies of  behavioral syn-
dromes? Behav Ecol. 24:16–20.

Bell AM, Sih A. 2007. Exposure to predation generates personality in three-
spined sticklebacks (Gasterosteus aculeatus). Ecol Lett. 10:828–834.

Benjamini Y, Drai D, Elmer G, Kafkafi N, Golani I. 2001. Controlling the false 
discovery rate in behavior genetics research. Behav Brain Res. 125:279–284.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a 
practical and powerful approach to multiple testing. J R Stat Soc Ser B 
(Methodol). 57:289–300.

Bókony V, Kulcsár A, Tóth Z, Liker A. 2012. Personality traits and behav-
ioral syndromes in di�erently urbanized populations of  house sparrows 
(Passer domesticus). PLoS One. 7:e36639.

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MH, 
White JS. 2009. Generalized linear mixed models: a practical guide for 
ecology and evolution. Trends Ecol Evol. 24:127–135.

Boughman JW. 2002. How sensory drive can promote speciation. Trends 
Ecol Evol. 17:571–577.

Brodie ED III, Moore AJ, Janzen FJ. 1995. Visualizing and quantifying nat-
ural selection. Trends Ecol Evol. 10:313–318.

Brommer JE. 2013. On between-individual and residual (co)variances in the 
study of  animal personality: are you willing to take the “individual gam-
bit”? Behav Ecol Sociobiol. 67:1027–1032.

Burgevin L, Friberg U, Maklakov AA. 2013. Intersexual correlation for 
same-sex sexual behaviour in an insect. Anim Behav. 85:759–762.

Chaine AS, Lyon BE. 2008. Adaptive plasticity in female mate choice 
dampens sexual selection on male ornaments in the lark bunting. Science. 
319:459–462.

Cocroft RB, Rodriguez RL, Hunt RE. 2010. Host shifts and signal diver-
gence: mating signals covary with host use in a complex of  specialized 
plant-feeding insects. Biol J Linn Soc. 99:60–72.

Dingemanse N, Dochtermann N, Wright J. 2010. A method for explor-
ing the structure of  behavioural syndromes to allow formal comparison 
within and between data sets. Anim Behav. 79:439–450.

Dingemanse NJ, Dochtermann NA. 2013. Quantifying individual variation 
in behaviour: mixed-e�ect modelling approaches. J Anim Ecol. 82:39–54.

Dingemanse NJ, Dochtermann NA, Nakagawa S. 2012. Defining behav-
ioural syndromes and the role of  ‘syndrome deviation’ in understanding 
their evolution. Behav Ecol Sociobiol. 66:1543–1548.

Dochtermann N. 2010. Behavioral syndromes: carryover e�ects, false dis-
covery rates, and a priori hypotheses. Behav Ecol. 21:919–926.

Dochtermann NA, Jenkins SH. 2007. Behavioural syndromes in Merriam’s 
kangaroo rats (Dipodomys merriami): a test of  competing hypotheses. Proc 
Biol Sci. 274:2343–2349.

van Doorn GS, Edelaar P, Weissing FJ. 2009. On the origin of  species by 
natural and sexual selection. Science. 326:1704–1707.

Emlen DJ, Nijhout HF. 2000. The development and evolution of  exagger-
ated morphologies in insects. Annu Rev Entomol. 45:661–708.

Endler JA. 1983. Natural and sexual selection on color patterns in poeciliid 
fishes. Environ Biol Fishes. 9:173–190.

Endler JA. 1995. Multiple-trait coevolution and environmental gradients in 
guppies. Trends Ecol Evol. 10:22–29.

Falconer DS, Mackay TFC. 1996. Introduction to quantitative genetics. 4th 
ed. London: Prentice Hall.

Gross MR. 1985. Disruptive selection for alternative life histories in salmon. 
Nature. 313:47–48.

Han CS, Brooks RC. 2013a. Correlational selection does not explain the 
evolution of  a behavioural syndrome. J Evol Biol. 26:2260–2270.

Han CS, Brooks RC. 2013b. Evolution of  individual variation in behav-
iour and behavioural plasticity under scramble competition. Anim Behav. 
86:435–442.

Han CS, Brooks RC. 2014. Long-term e�ect of  social interactions on 
behavioral plasticity and lifetime mating success. Am Nat. 183:431–444.

Han CS, Brooks RC. 2015a. The interaction between genotype and juve-
nile and adult density environment in shaping multidimensional reaction 
norms of  behaviour. Funct Ecol. 29:78–87.

Han CS, Brooks RC. 2015b. Same-sex sexual behaviour as a by-product 
of  reproductive strategy under male-male scramble competition. Anim 
Behav. 108:193–197.

Han CS, Jablonski PG. 2009. Female genitalia concealment promotes inti-
mate male courtship in a water strider. PLoS One. 4:e5793.

Han CS, Jablonski PG. 2010. Male water striders attract predators to intim-
idate females into copulation. Nat Commun. 1:52.

Han CS, Jablonski PG. 2016. Predators induce conditions for size-depen-
dent alternative reproductive tactics in a water strider male. Anim Behav. 
111:271–279.

Han CS, Jablonski PG, Brooks RC. 2015. Intimidating courtship and sex 
di�erences in predation risk lead to sex-specific behavioural syndromes. 
Anim Behav. 109:177–185.

Han CS, Jablonski PG, Kim B, Park FC. 2010. Size-assortative mating and 
sexual size dimorphism are predictable from simple mechanics of  mate-
grasping behavior. BMC Evol Biol. 10:359.

Harari AR, Brockmann HJ, Landolt PJ. 2000. Intrasexual mounting in the 
beetle Diaprepes abbreviatus (L.). Proc Biol Sci. 267:2071–2079.

Haynes KF, Yeargan KV. 1999. Exploitation of  intraspecific communi-
cation systems: illicit signalers and receivers. Ann Entomol Soc Am. 
92:960–970.

Hendry AP, Huber SK, De León LF, Herrel A, Podos J. 2009. Disruptive 
selection in a bimodal population of  Darwin’s finches. Proc Biol Sci. 
276:753–759.

Kingsolver JG, Hoekstra HE, Hoekstra JM, Berrigan D, Vignieri SN, Hill 
CE, Hoang A, Gibert P, Beerli P. 2001. The strength of  phenotypic selec-
tion in natural populations. Am Nat. 157:245–261.

Krupa JJ, Sih A. 1998. Fishing spiders, green sunfish, and a stream-dwelling 
water strider: male-female conflict and prey responses to single versus 
multiple predator environments. Oecologia. 117:258–265.

Lande R, Arnold SJ. 1983. The measurement of  selection on correlated 
characters. Evolution. 37:1210–1226.

Lawry JV Jr. 1973. A scanning electron microscopic study of  mechano-
receptors in the walking legs of  the water strider, Gerris remigis. J Anat. 
116:25–30.

Lima SL, Dill LM. 1990. Behavioral decisions made under the risk of  pre-
dation: a review and prospectus. Can J Zool. 68:619–640.

Mendoza-Cuenca L, Macías-Ordóñez R. 2010. Female asynchrony may 
drive disruptive sexual selection on male mating phenotypes in a Heliconius 
butterfly. Behav Ecol. 21:144–152.

Miller CW, Svensson EI. 2014. Sexual selection in complex environments. 
Annu Rev Entomol. 59:427–445.

Moses JL, Sih A. 1998. E�ects of  predation risk and food availability on 
the activity, habitat use, feeding behavior and mating behavior of  a pond 
water strider, Gerris marginatus (Hemiptera). Ethology. 104:661–669.

Murphey R. 1971. Sensory aspects of  the control of  orientation to prey by 
the water strider, Gerris remigis. J Comp Physiol A Neuroethol Sens Neural 
Behav Physiol. 72:168–185.

Nakagawa S. 2004. A farewell to Bonferroni: the problems of  low statistical 
power and publication bias. Behav Ecol. 15:1044–1045.

Narum S. 2006. Beyond Bonferroni: less conservative analyses for conserva-
tion genetics. Conserv Genet. 7:783–787.

van Oers K, de Jong G, van Noordwijk AJ, Kempenaers B, Drent PJ. 2005. 
Contribution of  genetics to the study of  animal personalities: a review of  
case studies. Behaviour. 142:1185–1206.

Perez Goodwyn P, Katsumata-Wada A, Okada K. 2009. Morphology and 
neurophysiology of  tarsal vibration receptors in the water strider Aquarius 
paludum (Heteroptera: Gerridae). J Insect Physiol. 55:855–861.

Phillips PC, Arnold SJ. 1989. Visualizing multivariate selection. Evolution. 
43:1209–1222.

Price T, Langen T. 1992. Evolution of  correlated characters. Trends Ecol 
Evol. 7:307–310.

893

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
e
h
e
c
o
/a

rtic
le

/2
7
/3

/8
8
6
/2

3
6
6
0
0
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Behavioral Ecology

Rieseberg LH, Widmer A, Arntz AM, Burke JM. 2002. Directional selec-
tion is the primary cause of  phenotypic diversification. Proc Natl Acad 
Sci USA. 99:12242–12245.

Ritchie MG. 2007. Sexual selection and speciation. Annu Rev Ecol Evol 
Syst. 38:79–102.

Rue�er C, Van Dooren TJ, Leimar O, Abrams PA. 2006. Disruptive selec-
tion and then what? Trends Ecol Evol. 21:238–245.

Schluter D. 2009. Evidence for ecological speciation and its alternative. 
Science. 323:737–741.

Serrano JM, Castro L, Toro MA, López-Fanjul C. 1991. The genetic prop-
erties of  homosexual copulation behavior in Tribolium castaneum: diallel 
analysis. Behav Genet. 21:547–558.

Serrano JM, Castro L, Toro MA, López-Fanjul C. 2000. Inter- and intra-
specific sexual discrimination in the flour beetles Tribolium castaneum and 
Tribolium confusum. Heredity. 85:142–146.

Siepielski AM, DiBattista JD, Carlson SM. 2009. It’s about time: the 
temporal dynamics of  phenotypic selection in the wild. Ecol Lett. 
12:1261–1276.

Siepielski AM, DiBattista JD, Evans JA, Carlson SM. 2011. Di�erences in 
the temporal dynamics of  phenotypic selection among fitness compo-
nents in the wild. Proc Biol Sci. 278:1572–1580.

Siepielski AM, Gotanda KM, Morrissey MB, Diamond SE, DiBattista JD, 
Carlson SM. 2013. The spatial patterns of  directional phenotypic selec-
tion. Ecol Lett. 16:1382–1392.

Sih A, Bell A, Johnson JC. 2004a. Behavioral syndromes: an ecological and 
evolutionary overview. Trends Ecol Evol. 19:372–378.

Sih A, Bell A, Johnson J, Ziemba R. 2004b. Behavioral syndromes: an inte-
grative overview. Q Rev Biol. 79:241–277.

Sih A, Krupa J. 1992. Predation risk, food deprivation and non-random 
mating by size in the stream water strider, Aquarius remigis. Behav Ecol 
Sociobiol. 31:51–56.

Sih A, Krupa JJ. 1995. Interacting e�ects of  predation risk and male and 
female density on male/female conflicts and mating dynamics of  stream 
water striders. Behav Ecol. 6:316–325.

Sih A, Krupa J, Travers S. 1990. An experimental study on the e�ects of  
predation risk and feeding regime on the mating behavior of  the water 
strider. Am Nat. 135:284–290.

Sinervo B, Svensson E. 2002. Correlational selection and the evolution of  
genomic architecture. Heredity (Edinb). 89:329–338.

Smith TB. 1993. Disruptive selection and the genetic basis of  bill size poly-
morphism in the African. Nature. 363:618–620.

Storey JD, Tibshirani R. 2003. Statistical significance for genomewide stud-
ies. Proc Natl Acad Sci USA. 100:9440–9445.

Switzer PV, Forsythe PS, Escajeda K, Kruse KC. 2004. E�ects of  environ-
mental and social conditions on homosexual pairing in the Japanese bee-
tle (Popillia japonica Newman). J Insect Behav. 17:1–16.

Zuk M, Kolluru G. 1998. Exploitation of  sexual signals by predators and 
parasitoids. Q Rev Biol. 73:415–438.

894

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
e
h
e
c
o
/a

rtic
le

/2
7
/3

/8
8
6
/2

3
6
6
0
0
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2


