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Sexual interactions are often rife with conflict. Conflict between members of the same sex over opportunities to mate has long

been understood to effect evolution via sexual selection. Although conflict between males and females is now understood to be

widespread, such conflict is seldom considered in the same light as a general agent of sexual selection. Any interaction between

males or females that generates variation in fitness, whether due to conflict, competition or mate choice, can potentially influence

sexual selection acting on a range of male traits. Here we seek to address a lack of direct experimental evidence for how sexual

conflict influences sexual selection more broadly. We manipulate a major source of sexual conflict in the black field cricket,

Teleogryllus commodus, and quantify the resulting changes in the nature of sexual selection using formal selection analysis to

statistically compare multivariate fitness surfaces. In T. commodus, sexual conflict occurs over the attachment time of an external

spermatophore. By experimentally manipulating the ability of males and females to influence spermatophore attachment, we

found that sexual conflict significantly influences the opportunity, form, and intensity of sexual selection on male courtship call

and body size. When males were able to harass females, the opportunity for selection was smaller, the form of selection changed,

and sexual selection was weaker. We discuss the broader evolutionary implications of these findings, including the contributions

of sexual conflict to fluctuating sexual selection and the maintenance of additive genetic variation.

KEY WORDS: Cryptic female choice, fitness surface, Gryllidae, postcopulatory choice, selection analysis, Teleogryllus commodus.

Sexual conflict occurs whenever an interaction between males

and females results in sex-specific fitness optima that cannot be

simultaneously resolved (Parker 1979; Arnqvist and Rowe 2005).

Under one form of sexual conflict, interlocus conflict (sensu

Arnqvist and Rowe 2005), differences in the evolutionary in-

terests of males and females can select for traits that manipulate

the outcome of the reproductive interaction. Both empirical and

theoretical studies have demonstrated the importance of sexual
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conflict in terms of the coevolution of female resistance and male

manipulation (Holland and Rice 1998, 1999), as well as in driv-

ing speciation (Parker and Partridge 1998; Arnqvist et al. 2000),

influencing the risk of extinction (Kokko and Brooks 2003; Le

Galliard et al. 2005) and the evolution of senescence (Promislow

2003; Maklakov et al. 2007). However, these studies have focused

primarily on the evolutionary outcomes of sexual conflict rather

than the selection that occurs within a single generation and is

the basis of these eventual evolutionary outcomes. A recent quan-

titative genetic model of sexual conflict by Moore and Pizzari

(2005) highlighted the importance of measuring the variation in

fitness that results from sexual conflict and separating estimates

of selection from the estimates of evolutionary change.

Although Parker (1979) drew attention to the many implica-

tions of sexual conflict almost 30 years ago, the broader implica-

tions of sexual conflict for sexual selection have not received as

much attention as one might expect. Sexual selection is a conse-

quence of competition between members of the same sex to suc-

cessfully mate with individuals of the opposite sex (Andersson

1994). Both direct conflict between males (or, less commonly,

between females) and mate choice in one sex among competing

members of the other sex are well-established agents of sexual

selection. However, because sexual conflict often leads to the evo-

lution of male and female traits that manipulate mating success, it

is also a potentially potent and general cause of sexual selection

(Parker 2006). Moreover, it is not only the traits directly associ-

ated with the interactions involved in the conflict that are under

selection, but rather the entire male phenotype. There is currently,

however, a lack of direct evidence of how sexual conflict modifies

the process and outcome of sexual selection.

A fundamental prediction of sexual conflict theory is that

the antagonistic selection that males and females impose on one

another will differ from other patterns of selection such as the

sexual selection generated by female mate choice. Contrasting

patterns of sexual selection have previously been shown between

female choice and male competition (Moore and Moore 1999), as

well as between pre- and postcopulatory mate choice (Arnqvist

and Danielsson 1999; Pizzari et al. 2002). Empirical studies of

interlocus sexual conflict have, however, largely only addressed

how it causes antagonistic coevolutionary selection on males and

females (interlocus sexual conflict, Rice and Holland 1997). In

addition to the importance of testing whether sexual conflict re-

sults in sexual selection that differs from that generated by other

sexually selected factors, quantifying the effect of an interaction

on fitness functions may be a good means to assess the extent to

which that interaction is a manifestation of sexual conflict (Arn-

qvist and Rowe 2005).

We can quantify the process of sexual selection by formally

estimating a number of parameters derived in evolutionary theory.

The opportunity for selection (I), describes the variation in rela-

tive fitness and the maximum potential strength of selection that

may act on any given trait (Crow 1958; Arnold and Wade 1984).

The opportunity for selection does not indicate, however, whether

selection is occurring or which, if any, combinations of traits are

favored. Instead, the form of selection can be described using

multivariate selection analysis (Lande and Arnold 1983; Phillips

and Arnold 1989) and differences in selection then quantified

using a sequential model building approach (Draper and John

1988; Chenoweth and Blows 2003). Finally, the overall strength

of selection can be summarized by calculating the total selection

intensity (V), based on the variation in predicted fitness values

from the selection analysis (Schluter 1988). Rather than charac-

terizing a particular form of selection on an individual trait, the

total selection intensity summarizes the overall selection on the

combination of traits in a selection analysis, incorporating both

linear and nonlinear forms of selection.

Here we present an experiment in which we manipulated the

presence/absence of an important source of sexual conflict and

characterized the resulting changes in sexual selection in the Aus-

tralian black field cricket, Teleogryllus commodus. In this species,

sexual conflict occurs over the removal of an externally attached

spermatophore (Bussière et al. 2006), with males and females

trying to manipulate attachment times in their favor. For females,

the timing of removal is a form of postcopulatory female choice

that biases sperm transfer toward attractive males (Bussière et al.

2006) and potentially reduces the amount of prostaglandin precur-

sors that are transferred by way of the spermatophore and act to

increase costly egg laying (Loher et al. 1981; Stanley-Samuelson

et al. 1986, 1987). Immediately following copulation, however,

males aggressively oppose spermatophore removal by the female

(Loher and Rence 1978; Evans 1988). In many species of field

cricket, males guard the female following copulation (Alcock

1994) and act aggressively toward rival males to prevent remating

or to secure additional matings (Simmons 1986; Sakaluk 1991;

Bateman and MacFadyen 1999; Wynn and Vahed 2004). In T.

commodus, however, males actively direct their aggression to-

ward the female to constrain the female’s ability to exercise post-

copulatory choice (Bussière et al. 2006). By vigorously harassing

females, via antennal flagellation, aggressive chirping, and biting,

males are able to manipulate their own insemination success by

increasing the attachment time of their spermatophore and their

success in fertilizing the females’ eggs.

It has previously been suggested that females may use the

intensity of male harassment as an indicator of the physiologi-

cal quality of the male (Thornhill and Alcock 1983; Zuk 1987;

Wiley and Poston 1996). It is often, however, the poor quality

males who harass females the most intensely. For example, those

that take the longest time to attract a mate (Bussière et al. 2006)

or have the greatest level of parasite infection (Simmons 1990).

Accordingly, Bussière et al. (2006) suggest that because it is the
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Figure 1. The courtship call of Teleogryllus commodus. The waveform diagram shows a single amplitude-modulated chirp sequence

followed by a longer trill sequence that is consistent in intensity. We measured the number of pulses in the chirp (CPN), the duration of

the interval between the last pulses in the chirp (CIPD), the interval between the chirp and trill (CTI), the length of the first trill sequence

(T1L), the number of trills (TN), and the dominant frequency (DF, not shown).

unattractive males who benefit the most from the harassment be-

havior, the outcome of sexual conflict and spermatophore removal

may oppose sexual selection via female choice. We therefore

predict that the sexual conflict over spermatophore attachment

times will have important consequences for which combination

of male sexual traits are favored by sexual selection. If male

harassment does constrain the opportunity for females to exer-

cise mating preferences, we would expect both a change in the

form and an overall weakening in the intensity of sexual selec-

tion. If on the other hand harassment reinforces mate choice, we

would expect it to increase the opportunity for and strength of

selection.

Using a series of behavioral trials, we created two artificial

situations that manipulated both the ability of females to remove

spermatophores and the ability of males to harass females. We

then quantified the changes in sexual selection acting upon male

traits closely related to mate choice, spermatophore removal, and

harassment. In T. commodus, males have two distinct types of

calls (Loher and Rence 1978): a long-distance advertisement call

to attract females and a short-distance courtship call to entice

mating. Females prefer males based on the structural properties

and calling effort of the advertisement call (Brooks et al. 2005;

Bentsen et al. 2006). How the courtship call relates to female

choice in this species is unknown, however, in the closely related

T. oceanicus the temporal properties of the courtship call are

essential to induce mating (Balakrishnan and Pollack 1996) and

may be used by females as a signal of male immune function

(Tregenza et al. 2006).

In many cricket species, male body size is also an important

component in determining spermatophore removal and harass-

ment behavior. In Gryllus bimaculatus, for example, Simmons

(1986) demonstrated that females remove the spermatophore of

smaller males earlier than those of larger males. Similarly, in

T. commodus male body size is related to aggressiveness and

fighting ability (Shackleton et al. 2005), and is also likely to be

important in the ability of males to harass females. In this ex-

periment, therefore, we wished to estimate how sexual conflict

over spermatophore attachment influences the opportunity, form,

and intensity of sexual selection on male courtship call properties

(Fig. 1) and body size.

Methods
Animals for this experiment originated from a large, out-bred lab-

oratory culture of T. commodus collected in 2004 and 2006 from

Smith’s Lake (32◦22′S, 152◦30′E), New South Wales, Australia.

Initially we isolated 1500 nymphs in individual plastic containers

(7 × 7 × 5 cm) provided with cat food (Friskies Go-Cat Senior,

Nestlé Australia, Sydney), vials of water stoppered with cotton

wool, and a piece of egg carton for shelter. We kept the crickets

in a constant temperature room (28◦C, 14:10 h light:dark regime)

and replaced food and water weekly. Every two days we checked

for eclosions, weighed new adults, and measured their pronotum

width. From these two measures, we extracted a single principle

component that described 99% of variation in overall cricket body

size.

EXPERIMENTAL BEHAVIOR TRIALS

Using a series of behavioral trials, we created two experimental

treatments that manipulated the balance of sexual conflict. In

the female only treatment, females could exercise postcopulatory

spermatophore removal uninhibited, whereas in the male present

treatment males could freely harass the females. In total, we used

230 focal males and 460 females during the behavioral trials.

The trials occurred over two consecutive nights every four days,

using crickets that were between 10 and 12 days posteclosion.

First, on the night before a trial we mated all available females

to a random stock male and confined them to a small plastic tube
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(5 × 1 cm) for 60 min to prevent spermatophore removal. This

ensures that the females have a large store of sperm and are less

likely to leave subsequent spermatophores attached due to sperm

limitation (Wynn and Vahed 2004; Bussière et al. 2006). Bussière

et al. (2006) have shown that the attractiveness of the first random

male has no influence on the spermatophore attachment time of

the second focal male.

To minimize observer disturbance, which could influence

both male and female mating behaviors, we conducted the trials

in a room dimly lit by red incandescent lights (40 watt, Philips

Lighting, Eindhoven, The Netherlands). During the behavioral

trials, we placed each mating pair in an arena consisting of a

medium-sized plastic container (17 × 12 × 8 cm), lined with a

damp paper towel. A mating arena of this size makes it possible to

remove males without disturbing the female, and allows greater

opportunity for females to escape harassment as the ability to

escape can be unnaturally low in smaller containers (Simmons

1991).

We then conducted the behavioral trials during the first hour

after dark. On the first night, we mated each focal male to a

female. In half the trials, we allowed the female to mate and

removed the male immediately following copulation (female only

treatment). Each female in this treatment therefore controlled

spermatophore removal freely. In contrast, in the other half of the

trials we allowed the male to remain in the mating arena following

copulation (male present treatment). In this case, each male was

able to restrict a female’s ability to remove the spermatophore

through postcopulatory harassment. For each trial, we recorded

the time of spermatophore attachment until it was removed or

the pair began to remate. On the following night, we mated the

same focal males again with a new female, this time using the

opposite experimental treatment. In subsequent analyses, we only

include the 212 males with complete data including estimates of

body size, spermatophore attachment times for the two behavioral

treatments, and the courtship call measures.

CALL RECORDING AND ANALYSIS

We recorded the courtship call for each focal male at approxi-

mately 14 days post eclosion, during the first 4 h of the evening.

To induce a male to call, we placed the male together with a

Table 1. Descriptive statistics for the courtship call of the males used in the selection analysis.

Abbreviation Repeatability Mean SD

Chirp pulse number CPN 0.567 9.265 1.685
Chirp interpulse duration (ms) CIPD 0.552 31.190 6.917
Chirp to trill interval (ms) CTI 0.276 142.905 40.616
Trill 1 Length (

√
s) T1L 0.245 2.111 0.325

Trill number (loge) TN 0.353 1.160 0.475
Dominant frequency (kHz) DF 0.595 4.001 0.166

female in a small plastic container (7 × 7 × 5 cm). If the female

mounted the male before at least 10 complete courtship calls

were recorded, we gently tapped the container to interrupt the

mating. Calls were recorded as uncompressed audio using a Sony

Hi-MD walkman (MZ-NH700, Sony Corporation, Tokyo, Japan)

connected to a condenser microphone (C1163, Dick Smith Elec-

tronics, Chullora, NSW, Australia), which was mounted in the lid

of the container. A junction unit was used between the microphone

and recorder to power the microphone. We analyzed the courtship

calls using the Raven sound analysis software (ver. 1.2, Cornell

Bioacoustics Research Program, Ithaca, NY). Calls were first fil-

tered to remove ambient noise below 3 kHz and above 6 kHz.

We measured the following call properties (Fig. 1) for five

randomly selected calls per male: chirp pulse number; chirp in-

terpulse duration; chirp to trill interval; trill number; first trill

length; and dominant frequency. For each call property, we calcu-

lated the repeatability based on the variance components derived

from an analysis of variance (ANOVA), with equal sample sizes

(Becker 1992). In subsequent analyses, we used the averages of

the five calls as our estimates for the call properties of each male.

The repeatability estimates and averages for the six courtship call

properties are shown in Table 1.

SPERMATOPHORE ATTACHMENT AS A PROXY

FOR FITNESS

For many cricket species, the duration of spermatophore attach-

ment is the biggest postcopula determinant of male fitness. In-

creasing the duration of spermatophore attachment typically re-

sults in an increase in the number of sperm transferred and in

a greater share of paternity for the focal male (Sakaluk 1984;

Simmons 1986, 1987; Sakaluk and Eggert 1996; but see Simmons

et al. 2003). In T. commodus, however, Bussière et al. (2006)

showed using once-mated females that there is no significant in-

crease in the number of sperm transferred after an attachment time

of 36 min. By using a single mating and quantifying total sperm

numbers in the spermathaeca, Bussière et al. (2006) demonstrated

that there is a finite capacity for each female to store sperm, rather

than indicating a diminishing returns relationship between sper-

matophore attachment time and sperm transfer. Importantly, when

multiple mating is allowed we find there is a significant linear
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relationship between the attachment time of the spermatophore

from a second male to mate with a female and the proportion

of sperm in the female’s spermathaeca that are his (M. D. Hall,

L. R. Bussière, M. Demont, P. I. Ward, and R. Brooks, unpubl.

ms.). Therefore, although the total number of sperm stored in the

spermathaeca does not change after 36 min, the mix of sperm

within the spermathaeca does. Accordingly, we used the unscaled

spermatophore attachment times as our proxy for fitness in the

subsequent selection analyses.

ESTIMATING AND TESTING FOR DIFFERENCES

IN THE OPPORTUNITY FOR SELECTION

We estimated the opportunity for selection (I) separately for

each treatment as the variance in relative fitness (Arnold and

Wade 1984), specifically the variance in spermatophore attach-

ment times. We performed a randomization test to determine

whether the difference in I between the two treatments was signif-

icant. Our test statistic was the difference in I between the female

only and male present treatments. We first estimated I using the

real data, and then recalculated the statistic by shuffling (with

replacement) spermatophore attachment times across treatments.

We then used the Monte Carlo analysis of PopTools (ver. 2.6.9,

CSIRO, www.cse.csiro.au/poptools) to approximate a P-value by

calculating the number of times the real test statistic exceeded

that of the randomized data in 10,000 randomizations.

CHARACTERIZING SEXUAL SELECTION

WITHIN TREATMENTS

To characterize the form of sexual selection imposed on courtship

calls and body size in each treatment, we used separate multi-

ple regressions (Lande and Arnold 1983) to estimate the vector

of linear selection gradients (β) and the matrix of quadratic and

correlational selection gradients (γ). Following the multiple re-

gression, we doubled the quadratic regression coefficients (γ ii), as

the estimates obtained from statistical packages must be doubled

to obtain the correct quadratic selection gradients (Stinchcombe

et al., in press). Before analysis, however, it was necessary to

transform TN and TL1 using natural logarithms and square-root

transformations, respectively, as both were positively skewed. We

also scaled our fitness measure, spermatophore attachment time,

to a relative fitness measure, by dividing by the mean within each

treatment. Last, we standardized all other traits to a mean of zero

and standard deviation of one as recommended by Lande and

Arnold (1983).

To determine the significance of linear and nonlinear sexual

selection within each treatment we assessed the fit of the respec-

tive models. We used the overall significance of the regression

model incorporating only the linear (β) terms to evaluate if linear

selection was occurring. To evaluate the significance of nonlin-

ear selection, however, we first conducted a canonical analysis

of the separate γ matrices (Phillips and Arnold 1989; Blows and

Brooks 2003). The canonical analysis generates new eigenvec-

tors (mi) that describe the major axes of the nonlinear response

surface. Conducting a canonical analysis increases the ability to

detect nonlinear selection by decreasing the number of nonlin-

ear selection coefficients in our study from 28 to seven (Blows

and Brooks 2003). We then analyzed the nonlinear selection act-

ing on the seven new eigenvectors using a standard second-order

polynomial regression. To evaluate the significance of nonlinear

sexual selection within each treatment we used partial F-tests

(Chenoweth and Blows 2005) to determine if the addition of the

seven quadratic terms significantly improved the fit of the model.

DIFFERENCES IN SEXUAL SELECTION BETWEEN

TREATMENTS

We used a sequential model building approach to determine if

the linear and nonlinear forms of sexual selection differed signif-

icantly between the two treatments (Draper and John 1988; see

method in appendix A of Chenoweth and Blows 2005). This ap-

proach combines quantitative (call properties and body size) and

qualitative (experimental treatment) variables and compares the

unexplained sum of squares in a reduced model and the model

containing the terms of interest using partial F-tests. To deter-

mine if linear sexual selection differed between the treatments

we evaluated if the addition of linear (β) by treatment interaction

terms improved the fit of the linear model. Likewise, to evaluate

if nonlinear sexual selection differed between the treatments, we

evaluated if the addition of nonlinear (γ ii and γ ij) by treatment

interactions improved the fit of the full regression model incorpo-

rating linear, quadratic, and correlational selection terms.

ESTIMATING THE INTENSITY OF SELECTION

We compared the differences in overall selection between the

female only and male present treatments by calculating the to-

tal selection intensity (V) separately for each treatment. We first

calculated the expected fitness for each individual using the full

regression model incorporating linear, quadratic, and correlational

regression coefficients. We then estimated V as the squared coef-

ficient of variance in the expected fitness values (Schluter 1988).

As with our estimation of the opportunity for selection, we used a

randomization approach to test if any difference in total selection

between the two treatments was significant.

VISUALIZING FITNESS SURFACES

To visualize the nonlinear sexual selection occurring within each

treatment, we explored the canonical rotations of the separate γ

matrices (Phillips and Arnold 1989; Blows and Brooks 2003).

The resulting M matrices indicate how the original traits directly

relate to the response surface eigenvectors. The strength and form

of nonlinear selection acting on each of these eigenvectors is
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indicated by their eigenvalues (λi). We also tested the significance

of selection acting on each new eigenvector using a quadratic

regression model (Blows and Brooks 2003). It is important to

note that the eigenvectors of each treatment arise from separate

canonical rotations and thus m1 from the male present treatment

represents a different axis in multidimensional space than m1

from the female only treatment. Finally, to visualize the fitness

surfaces of each treatment, we used thin-plate splines as estimated

by the Tsp function of the fields package in R and plotted the

surfaces using R (ver. 2.4.1, R Development Core Team, www.R-

project.org).

Results
VARIATION IN FITNESS AND THE OPPORTUNITY FOR

SEXUAL SELECTION

Females took nearly twice as long to remove a spermatophore

when the male remained following mating (male present, 5185 ±
123.9 s), compared to when the male was immediately removed

(female only, 2886 ± 181.4 s). Male harassment of females, there-

fore, appears to significantly increase the time taken to remove

the spermatophore (paired t-test, t211 = 10.823, P < 0.001). Al-

though the mean attachment times increased in the male present

treatment, the overall variation in spermatophore attachment was

significantly reduced (F-test, P < 0.001). Accordingly, the oppor-

tunity for sexual selection was seven times smaller (Randomiza-

tion test, P < 0.001) when males were able to harass (male present,

I = 0.121, 95% CI = 0.087, 0.158), than when females controlled

spermatophore removal in the absence of males (female only, I =
0.837, 95% CI = 0.669, 0.996).

Table 2. The vector of standardized linear selection gradients (β) and the matrix (γ) of standardized quadratic (γ ii) and correlational (γ ij)

selection gradients. Linear and nonlinear selection gradients were estimated in separate regressions (∗P<0.05, ∗∗P<0.01 ∗∗∗P<0.001).

β CPN CIPD CTI T1L TN DF Body size

Female only treatment
CPN 0.128 −0.018
CIPD −0.021 −0.238∗∗ −0.264∗

CTI −0.030 0.096 −0.113 −0.144
T1L 0.025 0.207 0.142 0.005 −0.250
TN −0.011 0.081 0.151 0.091 −0.316∗ −0.416∗∗

DF −0.031 0.024 0.075 −0.051 −0.058 −0.015 −0.242∗

Body size 0.035 −0.100 0.091 0.041 −0.149 0.144 −0.020 −0.028
Male present treatment

CPN −0.018 0.008
CIPD −0.019 0.005 0.048
CTI −0.020 0.006 −0.104∗∗∗ 0.012
T1L 0.004 0.022 −0.011 0.047 −0.002
TN 0.014 −0.029 −0.031 0.061 0.033 0.078
DF −0.005 0.002 0.032 −0.011 −0.039 −0.047 −0.070
Body size 0.030 0.019 0.053 0.030 −0.011 −0.045 −0.013 −0.018

CHARACTERIZING SEXUAL SELECTION WITHIN

TREATMENTS

The standardized linear, quadratic, and correlational selection gra-

dients estimated separately for each treatment are presented in

Table 2. For both treatments, spermatophore removal generated

strong sexual selection on male courtship calls and body size.

In the male present treatment, although there was no significant

linear sexual selection (model significance: F7,204 = 0.903, P =
0.505), the addition of nonlinear sexual selection significantly

improved the fit of the model (partial F-test: F7,197 = 5.148, P <

0.001). We found a similar pattern in the female only treatment, in

which linear sexual selection was not significant but nonlinear se-

lection was (linear selection F7,204 = 0.458, P = 0.864; nonlinear

selection: F7,197 = 8.923, P < 0.001).

DIFFERENCES IN SEXUAL SELECTION BETWEEN

TREATMENTS

The form of sexual selection on male courtship calls and body size

varied significantly between the two treatments. However, linear

selection did not contribute to differences in sexual selection,

as overall the linear selection by treatment interactions were not

significant (partial F-test: F7,408 = 0.776, P = 0.608). Instead, the

difference in sexual selection between treatments was solely due

to nonlinear selection as indicated by the significant addition of

the nonlinear selection by treatment interactions (partial F-test:

F28,358 = 1.677, P = 0.019). Furthermore, the variation between

the two treatments in nonlinear selection was greatest for quadratic

selection on TN (F1,358 = 8.307, P = 0.004) and CIPD (F1,358 =
4.624, P = 0.032) and correlational selection between TN and

T1L (F1,358 = 6.822, P = 0.009), CPN and CIPD (F1,358 = 5.814,
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Table 3. The M matrices of the eigenvectors from the canonical analyses of γ. The eigenvalues (λi) of each eigenvector (mi) are shown

in the first column (∗P<0.05, ∗∗P<0.01 ∗∗∗P<0.001).

mi λi CPN CIPD CTI T1L TN DF Body size

Female only treatment
m1 0.324∗∗∗ 0.595 −0.315 0.109 0.427 −0.270 −0.044 −0.526
m2 0.109 −0.442 0.355 −0.533 0.337 −0.366 0.104 −0.370
m3 −0.158 0.223 0.463 0.142 0.621 −0.054 −0.159 0.549
m4 −0.176∗ −0.475 −0.197 0.406 0.090 −0.249 −0.704 −0.076
m5 −0.265∗∗ −0.193 0.389 0.689 0.069 0.162 0.410 −0.371
m6 −0.336∗∗∗ −0.204 −0.413 0.186 0.094 −0.566 0.532 0.376
m7 −0.860∗∗∗ 0.310 0.447 0.103 −0.544 −0.618 −0.124 −0.010

Male present treatment
m1 0.212∗∗∗ 0.069 0.539 −0.497 −0.263 −0.562 0.203 0.176
m2 0.062 −0.509 0.325 −0.404 −0.165 0.568 −0.014 −0.350
m3 0.036 0.347 0.574 0.033 0.501 0.362 −0.211 0.349
m4 −0.005 0.516 −0.120 −0.391 0.328 −0.067 0.010 −0.674
m5 −0.034 −0.588 0.004 −0.056 0.668 −0.413 −0.179 −0.055
m6 −0.071∗ 0.059 −0.274 −0.417 −0.190 −0.018 −0.810 0.233
m7 −0.144∗∗∗ −0.021 −0.430 −0.509 0.251 0.234 0.475 0.461

P = 0.016), T1L and CIPD (F1,358 = 4.606, P = 0.033), and TN

and body size (F1,358 = 4.221, P = 0.032).

To visualize the different nonlinear selection patterns in each

treatment, we compared fitness surfaces comprising the major

axes of the separate canonical rotations (Table 3). In the male

present treatment, the two major axes of nonlinear selection, as

indicated by the largest significant eigenvalues, displayed both

concave (m1) and convex (m7) selection. This surface, however,

is a relatively flat saddle (Fig. 2). The highest fitness along the

Figure 2. The fitness surface of the two major canonical axes m1

and m7 of the male present treatment. The two axes represent the

eigenvectors with both the strongest nonlinear selection (highest

eigenvalues) and the strongest positive (m1) and negative (m7)

eigenvalues.

m7 axis generally represents positive values of DF and body size

and negative values of CTI and CIPD, whereas the two local

fitness peaks along the m1 axis contrast CIPD with CTI and TN.

In contrast, for the female only treatment, the two major axes

displayed only convex selection (m6 and m7). Accordingly, a

single fitness peak defines the dominant form of selection (Fig. 3).

For this surface, the area of highest fitness represents intermediate

values of TN and CIPD as these traits have high loadings in both

m6 and m7.

Figure 3. The fitness surface of the major canonical axes m6

and m7 of the female only treatment. The two axes represent

the eigenvectors with the strongest nonlinear selection (highest

eigenvalues).
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Figure 4. The fitness surface of the major canonical axes m1 and

m7 of the female only treatment. The two axes represent the

eigenvectors with the strongest positive (m1) and negative (m7)

eigenvalues.

THE INTENSITY OF SEXUAL SELECTION

Finally, the intensity of sexual selection also differed significantly

between the two treatments (Randomization test, P < 0.001). In

the male present treatment, the total selection intensity (V =
0.020, 95% CI = 0.015, 0.027) was an order of magnitude lower

than in the female only treatment (V = 0.221, 95% CI = 0.170,

0.280). The ability of males to harass females therefore appears

to significantly reduce the total selection intensity. To visually

contrast the differences in selection intensities between treatments

we compared the fitness surfaces comprising the two axes with the

strongest significant positive and negative eigenvalues from the

separate canonical rotations. For the male present treatment, this

once again represents Figure 2 (discussed above). In contrast, for

the female only treatment, Figure 4 (which comprises the m1 and

m7 eigenvectors of the female only treatment rotation, Table 3)

illustrates two local fitness peaks occurring along the m1 axis

contrasting CPN and T1L with body size. The surface from the

male present treatment (Fig. 2) is clearly much flatter than the

very strong saddle surface of the female only treatment (Fig. 4).

Discussion
We have shown that in T. commodus, sexual conflict over sper-

matophore attachment can significantly influence the nature of

sexual selection. By experimentally manipulating the balance of

the conflict to favor either males (male present treatment) or fe-

males (female only treatment) we observed significant differences

in the opportunity, form, and intensity of sexual selection on com-

ponents of the male courtship call and body size. When we allowed

males to harass females, there was less opportunity for selection, a

change in the form of selection and a weaker intensity of selection

relative to when females express choice without male harassment.

The evolutionary implications of the interaction between

sexual conflict and sexual selection have been the target of an

increasing number of empirical studies (reviewed in Arnqvist

and Rowe 2005). Studies of experimental evolution in various

Drosophila species, for example, have examined if sexual selec-

tion generates female resistance and male manipulation (Holland

and Rice 1999; Pitnick et al. 2001; Wigby and Chapman 2004;

Crudgington et al. 2005). In water striders, comparative stud-

ies have demonstrated the repeated coevolution of male grasping

and female antigrasping morphology (Arnqvist and Rowe 2002).

Similarly, both phylogenetic and comparative analysis has shown

that sexual conflict and postmating sexual selection drive spe-

ciation across diverse groups of insects (Arnqvist et al. 2000).

All the aforementioned studies have addressed an important, but

specific outcome of sexual conflict: the antagonistic coevolution

between males and females. Sexual conflict, however, is charac-

terized by reproductive interactions that generate variation in fit-

ness and modify the process of sexual selection in general (Parker

1979, 2006). Our findings demonstrate that there are broader im-

plications for sexual conflict and the evolution of male sexual

traits than the coevolution between male and female manipulative

behaviors.

How sexual conflict influences the opportunity for sexual

selection will determine the overall constraints placed on the evo-

lution of male sexual traits (Crow 1958; Arnold and Wade 1984).

Consistent with previous studies (Loher and Rence 1978; Bussière

et al. 2006), we found that male harassment delays the premature

removal of spermatophores by female black field crickets, increas-

ing individual male fitness, but reducing the overall variation in

relative fitness. Accordingly, the opportunity for selection was sig-

nificantly greater when females alone controlled spermatophore

removal, compared to when males were able to harass females.

By reducing the opportunity for sexual selection, male harass-

ment limits the maximum strength of both linear and nonlinear

sexual selection (Arnold and Wade 1984; Arnold 1986) for any

trait that covaries with spermatophore attachment, including traits

unmeasured in this study such as advertisement call properties,

morphology, or contact pheromones.

Although the opportunity for selection indicates a maximum

potential strength of sexual selection, it does not convey infor-

mation about the selection that is actually occurring on a suite of

traits (Arnold and Wade 1984). Using multivariate selection anal-

ysis (Lande and Arnold 1983; Phillips and Arnold 1989; Blows

and Brooks 2003), however, we characterized directly the form

and intensity of sexual selection. In both treatments, we found sig-

nificant nonlinear selection for male courtship call components
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and body size. When females exert postcopulatory choice unin-

hibited, for example, the dominant form of selection (Fig. 3) is a

single peaked surface. In contrast, when males are able to harass

females, the dominant form (Fig. 2) changes to a saddle-shaped

surface. Male harassment, however, not only changes the focus of

sexual selection on male courtship calls and body size, but also

weakens its intensity (Fig. 2 cf. Fig. 4). Our findings demonstrate

that the very nature of sexual selection, in terms of form and in-

tensity, changes significantly depending on how sexual conflict

over spermatophore removal is resolved between the sexes.

Our findings suggest that the sexual selection generated

by sexual conflict could be changed fundamentally by simple

changes in the environment that allow females to escape male

harassment, such as microhabitat structure or the availability of

alternative mates. In Gryllodes sigillatus, for example, male ef-

ficiency in preventing spermatophore removal decreases under

competition from several male rivals or when alternate mates are

available (Bateman and MacFadyen 1999). Accordingly, any spa-

tial and temporal variability will cause sexual selection to favor

different combinations of male traits in T. commodus at differ-

ent times or in different places. Classical sexual selection models

(Sasaki and Ellner 1997; Reinhold 2000) have suggested that

such fluctuating selection can maintain additive genetic variation

in traits under selection. Genetic polymorphism in the color pat-

terns of guppies, for example, are in part explained by fluctuating

selection due to variation in predation risk (Endler 1987, 1991)

or ambient light (Gamble et al. 2003). Our findings put the evolu-

tionary relationship between environmental variation and sexual

conflict on the same logical footing. We suggest that fluctuating

sexual selection due to changes in the nature of sexual conflict

is another important process that can maintain additive genetic

variation in traits that influence fitness.

There has been some dispute regarding the extent to which

some behaviors, including spermatophore removal in Gryllid

crickets, represent sexual conflict (Eberhard 1996; Arnqvist and

Rowe 2005). Three lines of evidence suggest that female sper-

matophore removal and male harassment are a manifestation of

conflict. First, the obvious fact that when harassment is prevented,

females remove the spermatophore sooner. It has been suggested,

however, that male harassment of female crickets may be an indi-

cator of the benefits of mating with the male (Thornhill and Alcock

1983; Zuk 1987; Simmons 1990; Hockham and Vahed 1997). If

harassment is indeed an indicator of male vigor, one might expect

shorter spermatophore attachment when harassment is prevented.

The second line of evidence, in direct contradiction of this predic-

tion, is that poor-quality males harass more intensely (Simmons

1990; Bussière et al. 2006). The third line is our finding that

the presence of harassment significantly weakens and opposes,

rather than reinforces, the selection females exert in the absence

of harassment. Our results, therefore, support the recent view that

harassment is a consequence of sexual conflict over insemination

success (Bussière et al. 2006). More generally, our approach of

comparing fitness surfaces in two or more treatments that manipu-

late the presence or intensity of sexual conflict, might be useful in

resolving the controversial question of whether females are ben-

efiting via indirect selection from mating with males that harass

intensely (Cameron et al. 2003; Cordero and Eberhard 2003).

In conclusion, by examining the influence of sexual con-

flict on the evolution of male overall phenotype, we have high-

lighted the broader evolutionary implications of sexual conflict.

We have demonstrated that in T. commodus, how sexual conflict

over spermatophore attachment favors males or females will influ-

ence the opportunity, form, and intensity of sexual selection on the

courtship call and body size. Our findings suggest that any envi-

ronmental influences that cause variation in the outcome of sexual

conflict will have important consequences for the combinations

of male sexual traits favored by sexual selection and the mainte-

nance of the genetic variation underlying these traits. Combining

our results with estimates of the underlying multivariate genetic

variation in courtship call and body size (Blows et al. 2004; Blows

and Hoffmann 2005; Blows 2007) may further demonstrate how

sexual conflict can enhance or inhibit evolutionary change in a

range of sexual traits.
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