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SEXUAL SELECTION FAILS TO PROMOTE ADAPTATION TO A NEW ENVIRONMENT
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Abstract.—Selection can be divided into sexual and nonsexual components. Some work finds that a component of
sexual selection, adaptive female selection for good genes, can promote nonsexual fitness. Less studied is the benefit
from sexual selection in toto, that is, when intra- and intersexual selection are both present and able to affect females
directly and indirectly. Here an upper bound for the net benefit of sexual selection is estimated for Drosophila
melanogaster. Replicate populations were allowed to adapt to low-grade thermal stress, with or with out the operation
of sexual selection. Because proteins and lipids are highly sensitive to temperature, low-grade thermal stress will
select broadly across the genome for alternative alleles. Such broad, directional selection for thermal tolerance should
increase the measurable benefits of sexual selection far beyond that available under stabilizing selection. Sexual
selection was removed by enforced monogamy without mate choice and retained by enforced polyandry (four males
per female). After 36 generations of thermal stress exposure, there was substantial adaptation to the new environment
(the net reproductive rate increased six standard deviations relative to thermal controls). However, sexual selection
did not affect the rate of adaptation. Therefore, adaptive female selection for thermal tolerance either was insignificant
or negated by other aspects of sexual selection, for example, male-induced female harm, which has been shown to
diminish under monogamy. This experiment employed two parameters that reduced the opportunity for divergence in
such harm: a truncated intersexual interaction period and strong directional selection for thermal tolerance. No di-

vergence in male-induced harm was observed.
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There is a long-standing dichotomy between components
of male sexual fitness (mating and sperm success) and fitness
outside of the context of sexual selection (i.e., survival prior
to sexual maturity, development rate, and female fecundity),
hereafter referred to as ‘‘nonsexual fitness.”” Darwin noted
that sexual selection can improve nonsexual fithess: ‘‘ The
advantage thus gained by the more vigorous pairs in rearing
alarger number of offspring has apparently sufficed to render
sexual selection efficient’” and ‘‘it appears that the strongest
and most vigorous males, or those provided with the best
weapons, have prevailed under nature and have led to the
improvement of the natural breed or species’’ (Darwin 1871,
pp. 271 and 258, respectively). Herein, ‘‘benefit’”’ always
refers to net nonsexual fitness and is never used in the self-
reinforcing sense, for example, the benefit of producing sexier
sons.

Darwin’s hypothesis has not been tested previously, but
the relationship between components of female selection and
components of nonsexual fitness have been addressed in sev-
eral experiments (reviewed in Andersson 1994). Importantly,
those published studies, along with more recently published
reports (e.g., Petrie 1994; Welch et al. 1998) sometimes find
positive correlations between specific female-selected traits
and specific components of nonsexual fitness (e.g., peacock
eyespot number and juvenile peacock, but not peahen, sur-
vival; Petrie 1994). Sexual selection also acts through inter-
male competition, which may limit, or reinforce, adaptive
femal e selection. The benefits of, for instance, mate selection
for alleles that confer increased offspring survival can be
negated through decreased survival or fecundity of females
as a by-product of male competition (see reviews by Parker
1979; Rowe et al. 1994; Stockley 1997; Holland and Rice
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1998; Partridge and Hurst 1999; Civetta and Clark 2000).
Therefore, an issue to be resolved experimentally is whether
sexual selection, in its entirety, reinforces nonsexual fitness
and, if so, to what extent?

Several studies have isolated net sexual selection as an
experimental treatment, measuring its effects on components
of nonsexual fitness. Partridge (1980) used Drosophila me-
lanogaster as a model system (males court vigorously with
dance and wing song [Hall 1994] and provide no measurable
resources to females; Markow and Ankney 1984). In one
treatment, Partridge enforced life-long monogamy and ran-
dom mate assignment; in asecond group in which sheallowed
sexual selection, the progeny showed a 1-2% elevation in
juvenile survival.

The positive association between sexual selection and ju-
venile survival found by Partridge (1980) was not repeatable
with either D. melanogaster or D. pseudoobscura (Schaeffer
et al. 1984). Promislow et al. (1998) increased the power of
Partridge’s (1980) experiment by maintaining the mating
treatments for nine to 17 generations before taking measure-
ments. Again, the mating treatments produced no significant
difference in survival under the environmental conditions to
which they had been selected; that is, at less than 30 days
of age (Promislow et al. 1998).

Holland and Rice (1999) used a design similar to that of
Promislow et al. (1998), but compared the net reproductive
rate (i.e., al nonsexual fithness components) of populations
with and without sexual selection. After 47 generations, the
net reproductive rate was approximately 30% greater in pop-
ulations in which sexual selection was removed. The in-
creased net reproductive rate of the purely monogamous and
randomly mating populations apparently accrued due to the
reversal of antagonistic coevolution between the sexes (see
Discussion). Because net reproductive rate includes all com-
ponents of nonsexual fitness, this demonstrates a cost of sex-
ual selection.
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Why are the experimental results described above incon-
clusive and even contradictory? Low experimental power
may be one contributing factor. Previous studies of benefits
have generally been conducted on populations that have been
under stabilizing conditions, where the variation in fitness is
primarily due to mutation and selection balance. Such ex-
periments underestimate the potential benefits of sexual se-
lection that might arise when heritable variation in pheno-
typic condition is larger, as would occur during episodes of
adaptation to a changing environment.

The approach here was to take the original design of Par-
tridge (1980) and increase experimental power in three ways:
(1) increase the opportunity for selection; (2) increase the
number of generations over which the selection acts; and (3)
measure net nonsexual fitness rather than its components.
Because components (i.e., juvenile survival prior to sexual
maturity, development rate, and fecundity of females) may
negatively covary, they, or a composite, must be included
when assessing the role of sexual selection.

The opportunity for selection was increased by challenging
populations with a thermally stressful environment. Low-
grade thermal stresswas chosen for two reasons. First, studies
of natural populations indicate that it is a common source of
selection (James and Partridge 1995; Feder et al. 1997). Sec-
ond, a large number of loci are simultaneously selected for
alternative alleles, thereby substantially increasing the heri-
table variation in condition. Membrane fluidity, enzyme cat-
alytic function, and heat shock response are expected to
change importantly in response to an elevation of a few de-
grees (see White and Somero 1982). The populations were
allowed to adapt to the new environment for 35 generations
and then their net reproductive rate was measured on six
occasions over the following 11 generations.

MATERIALS AND METHODS

Ancestral Conditions

The experiments were carried out with a large, outbred
population of flies that had adapted to a controlled |aboratory
environment for more than 200 generations. This population
was established in 1988 from 400 mated females that were
collected in central California by L. Harshman. It has sub-
sequently been maintained at N, > 5000, at 25°C, on corn-
meal/molasses/killed-yeast medium (hereafter referred to as
““medium’’), seeded with live yeast, witha12:12 L:D diurnal
cycle and a 14-day generation cycle. The experimental pro-
tocol maintains these conditions except as noted otherwise.

Beginning the Experiment

To start the experiments, replicated samples of flies were
taken from the base population to form paired thermal treat-
ment and control lines. The thermal treatment lines were then
further divided into lines with and without sexual selection
(polyandry and monogamy treatments, respectively). In total
there were two replicate sets of these triads. More specifi-
cally, initially 400 females and 400 males were sampled from
the ancestral population. The sample was equally divided into
replicates (A and B) and cultured in large vials (95 X 27.5
mm) with 10 ml of medium with live yeast (n = 40 vials/
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replicate). After being cultured overnight, the adults were
transferred without anesthesiato fresh vialsfor asecond night
of culture, after which the adults were discarded. The eggs
from the first culture were used to start the control popula-
tions that were thereafter maintained under ancestral condi-
tions (n = 133 females and males/replicate/generation), and
at the same density as the experimental populations described
below.

The eggs from the second night of culture were used to
initiate the two mating treatments. Beginning on day 8 (i.e.,
the eighth day since eggs were laid) virgin progeny were
collected. Virgin collection occurred twice daily from each
population within an 8-h period from eclosion (emergence
of adults from their pupal cases). Progeny emerging more
than 12 h before a virgin collection (e.g., in the evening)
were discarded. Flies were initially collected without anes-
thesia and then held for 2 h before being anesthetized with
CO,, separated by sex, and placed into holding vials (95 X
27.5 mm with 10 ml of medium; n = 50 adults/vial). Virgins
were collected over two to three days, and this continued
until 800 males and 400 females were collected. The virgin
adults were maintained by transferring them, every other day,
to fresh holding vials until they were mated on day 12 of the
14-day cycle.

Before mating the flies, all of the previously collected vir-
gins were mixed (by sex) and then mates were assigned ran-
domly to individual vials: one male and one female in the
monogamy treatment and four males and one female in the
polyandry treatment. More specifically, all previously col-
lected females were first combined without anesthesia, and
then divided into 14 aliquots using light anesthesia (30 sec
of CO,). The division into 14 smaller aliquots permitted
shorter periods of anesthesia during the next step in the mate
assignment process. After a 5-min recovery period, the 14
aliquots were sequentially processed to produce 133 indi-
vidually cultured females per replicate per treatment. The
processing of aliquotsincluded 3 min of CO, anesthesia dur-
ing which 19 females were each randomly assigned to a mat-
ing vial (100 X 13 mm; containing 3 ml of medium).

Males were next randomly assigned to the individually
cultured females. As described for the females above, all
previously collected males were first combined, then split
into 14 aliquots, and finally individual males were separated
from each aliquot. The anesthetized males were placed into
recovery vials (one male per vial in the monogamy treatment
and four males per vial in the polyandry treatment) for 30—
60 min before being combined, without additional anesthesia,
with the individually cultured females. At this point in gen-
eration 1, all treatment and control populations had been
constructed. The mating treatment populations were main-
tained for 2 days in interaction vials (100 X 13 mm) con-
taining 3 ml of medium. The difference in sex ratio between
treatments is a natural aspect of sexual selection in this spe-
cies: Mating takes place at the feeding site, where arriving
females are courted by an average of five wild-type males
(Markow and Sawka 1992).

Although the flies courted and mated in the interaction
vials, no progeny were retained from this time interval. To
begin the next generation, on day O of the 14-day cycle, all
flies were transferred, without anesthesia, to fresh culture
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vials (identical to interaction vials but seeded with liveyeast),
where eggs were laid overnight and used to produce the next
generation.

Subsequent Generations

During day 1 of each new generation, the adults from the
previous generation were discarded from the culture vials
and their progeny were allowed to develop. Beginning on
day 8, virgin progeny were collected from an identical num-
ber of productive culture vials (i.e., those producing one or
more adult offspring) per population (details given below).
Virgin collection followed the protocol described above ex-
cept that no more virgins were taken once a total of 600
males and 200 females were collected from each population
(which occurred by day 9 or 10). Surplus adults were dis-
carded after assignment to mating vials.

The above protocol was reiterated in each successive gen-
eration. No manipulation of family size or other aspect of
artificial (truncation) selection was imposed. The number of
productive culture vials from which virgins were collected
varied between generations (100125 per generation), but in
every generation an identical number of productiveviaswere
used from each population.

There were two advantages to housing only asingle female
within each mating and culture container: (1) individuals
from both mating treatments were mai ntai ned within identical
containers, so there was no possibility that adults experienced
different thermal microenvironments (e.g., dueto evaporative
cooling) caused by different container dimensions; and (2)
because nonproductive females were detectable, an identical
number of productive females could be used in each popu-
lation, each generation. Under the conditions of this exper-
iment the effective size of the sexually selected populations
was necessarily equal to, or slightly greater than, that of the
monogamy populations, owing to the opportunity for mul-
tiply sired broods under polyandry.

Thermal Regime

The sensitivity of D. melanogaster to thermal stress varies
with developmental stage, with more mobile life stages ex-
hibiting decreased tolerance (reviewed in Ashburner 1989).
The thermal treatment reflects this variation (Fig. 1a). Egg
deposition by adult females and early embryo development
(day 0) occurred at 32°C; larval development and early pu-
pation (days 1-3) occurred at 33°C; later pupal development
and early adult stages (days 4-11) occurred at 28°C (males
are sterile when developing above 28.5°C); courtship and
mating (days 12-13) occurred at 31°C (courtship and mating
could also occur on day O at 32°C). The experimental pop-
ulations were maintained in a Percival incubator (model |-
35VL, Perry, IA). The thermal treatment was controlled with
a Watlow (model 942, St. Louis, MO) microprocessor, and
measured with several Fisher Scientific precision thermom-
eters (no. 15-041-13A, Houston, TX) distributed across the
shelf that held the populations. The vials from the two mating
treatments were interspersed to block on any spatial hetero-
geneity in temperature.

Previous studies of D. melanogaster (reviewed in Ash-
burner 1989) found that exposure to 30°C depresses a variety
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Fic. 1. Overview of thermal regime and assays. (a) Temperature
acrossthelife cycle within thermal stress compartment. (b) Thermal
stress and adaptation assays. Assayed populations are shown di-
rectly above the generation at which comparisons were made. Ther-
mal stress was measured in generation 46 through comparison of
thermal controls (C) at 25°C and after acclimation to the thermal
stress regime (Cgyess)- INitiation of acclimation is indicated by the
point of bifurcation (e.g., generation 44). The effect of thermal
regime on development rate was measured in generation 47 by
comparison of Cg,ess reared under thermal stress and at 28°C (Cog)
at which point development rate is nearly maximized. Net thermal
adaptation was evaluated in generations 35 and 46 and development
rate in generation 47 through comparison of Cg;ess @Nd monogamous
(M) populations. The effect of sexual selection on thermal adap-
tation was measured in generations 36—38 and 49-51 by comparison
of M and polyandrous (P) populations.

of fitness components. It reduces egg-to-adult mortality, fe-
cundity rate, and development rate. Because thermal stress
depresses these fitness components, the evolution of thermal
tolerance should restore these same parameters.

Measuring Thermal Stress
Overview

To measure the extent to which the thermal treatment was
stressful, two assays were performed on the control popu-
lations in generations 46 and 47 (Fig. 1b). To initiate the
assays, from each of the two control replicates, additional
progeny were collected in generation 44 (350 adults of each
sex; 50 adults/holding vial) and divided into two subpopu-
lations; one subpopulation continued to be maintained as a
thermal control, whereas the other subpopulation experienced
the thermal stress regime (hereafter referred to as the
“‘stressed control’’). The assay populations were allowed to
equilibrate for two generations under their respective tem-
perature regimes, during which time they were otherwise
maintained identically to the monogamy populations (n =
133 females/population). Two generations of thermal equil-
ibration were used to fully dissipate the effect of nongenetic
factors on the fitness measures. Net reproductive rate could
not be measured directly to demonstrate thermal stress be-
cause the ancestral temperature of 25°C induces slower de-
velopment than the thermal treatment (owing to the latter’s
use of 28°C for severa days, at which temperature devel-
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opment rate is very nearly maximal). Therefore, the com-
ponents of net reproductive rate, total surviving adult progeny
and development rate, were measured separately.

Measure 1 of thermal stress

Number of surviving progeny was measured in the control
and the stressed control populations after the two-generation
equilibration period. This was measured as the total number
of adult progeny produced per fertile female. This measure
includes both maternal fecundity and offspring viability. To
make the measure independent of development time, all prog-
eny that survived to maturity were counted.

Measure 2 of thermal stress

Development rate in D. melanogaster increases with tem-
perature until approximately 28°C, after which point it begins
to slow due to the more rapidly increasing physiological
stress (David et al. 1983). Development rate was measured
in the stressed control populations that were exposed to either
28°C or the thermal stress regime. Specifically, in generation
46, additional adults were collected from the stressed control
populations following the experimental protocol described in
the section Beginning the Experiment. Adults were mated in
holding vials (10 males and 10 females per vial; n = 10 vials/
population). One-half of the adults from the stressed control
lines were randomly assigned to 28°C (Cyg treatment lines)
but were otherwise treated identically to stressed control
treatment lines. On day O the assay adults were cultured in
250-ml containers with live yeast (50 males and 50 females/
container; n = 2 containers/population). Ten hours after cul-
turing, eggs were transferred (using a small damp paintbrush
and spatula) into fresh culturevials; 20 eggs/vial; n = 5vials/
population). The eggs were returned to their respective tem-
perature regime and allowed to develop. Egg-to-adult de-
velopment time of assay individuals was measured by col-
lecting all adults on nine occasions during days 8-11, during
which period all adults emerged. Relative weighted mean
development time was calculated as the fraction of adults
that emerged at each collection multiplied by the time elapsed
since the onset of emergence.

Measuring Thermal Adaptation
Overview

After 35 generations of exposure to the thermal treatment,
three types of assays were performed: (1) net reproductive
rate; (2) total surviving adult progeny; and (3) development
rate. To maximize experimental power, these assays com-
pared thermal control populations only to the monogamy pop-
ulations. (A subsequent evaluation of the relative adaptation
of the polyandry populations was made by comparison to the
monogamy populations.) To avoid nongenetic factors, the
stressed control populationswerereared under the monogamy
treatment for at least two generations before measurements
were taken.

Measure 1 of thermal adaptation: net reproductive rate

To measure the extent of adaptation, two assays were per-
formed on the monogamy and control populations in gen-
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erations 35 and 46. To initiate the assays, stressed controls
were generated from each of the two control replicates two
generations prior to the assay. Stressed controls were gen-
erated by collecting additional control progeny, following the
protocol for the monogamy treatment that thereafter expe-
rienced the thermal stress regime. The stressed control lines
were alowed to equilibrate for two generations under the
thermal treatment, during which time they were maintained
identically to the monogamy populations (n = 133 females/
population). After the two-generation equilibration period,
net reproductive rate was measured for each population. Prog-
eny that were available for collection during the normal col-
lection period were counted (i.e., those emerging before day
10). This measure includes the fecundity of the females and
the viability and development rate of their offspring. Note
that the stressed control lines used in generation 46 were
simultaneously used in Measure 1 of Thermal Stress de-
scribed above (i.e., their number of surviving progeny were
compared to the thermal control lines to measure thermal
stress, whereas their net reproductive rate was compared to
the monogamy lines to measure adaptation).

Measure 2 of thermal adaptation: surviving progeny

This measure was conducted during the same assay de-
scribed above in Measure 1 of Thermal Adaptation, by con-
tinuing the progeny counts until all progeny had emerged
(i.e., by not terminating the assay at the beginning of day
10, which defined the end of measure 1). As a result, de-
velopment time, which is substantially extended during ther-
mal stress (see below) was not a component of this measure.

Measure 3 of thermal adaptation: development rate

In generation 47, the development rate of the monogamy
lines was compared to that of the stressed controls. Stressed
control flies were preconditioned to the monogamy thermal
treatment for two generations as described above in Measure
1 of Thermal Adaptation. During generation 47, surplus
adults were collected from the stressed controls and monog-
amy populations following the monogamy protocol. Adults
were mated in holding vials (10 males and 10 females/vial;
n = 10 vias/population). On day O the assay adults were
cultured in 250-ml containers with live yeast (50 males and
50 females/container; n = 2 containers/population). Ten
hours after culturing, eggs were transferred (using a small
damp paintbrush and spatula) into fresh culture vials (see
Standard Protocol; 20 eggs/vial; n = 5 vials/population). The
assay eggs were then allowed to develop under the thermal
treatment. Egg-to-adult development time of assay individ-
uals was measured by collecting all adults on nine occasions
during days 8-11, during which period all adults emerged.
Therelative weighted mean devel opment time was cal cul ated
as the fraction of adults that emerged at each collection mul-
tiplied by the time elapsed since the onset of emergence.
Note that the stressed control populations used in this de-
velopment rate assay and the development rate assay de-
scribed under Measuring Thermal Stress were one and the
same (i.e., the stressed control lineswere simultaneously used
to detect thermal stress against the C,g lines and adaptation
against the monogamy lines).
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Sexual Selection and Thermal Adaptation

To evaluate the effect of sexual selection on the rate of
adaptation, the net reproductive rate of monogamous and
polyandrous populations was compared on six occasions. To
compare the populations, it was necessary to control for any
subtle effects due to differences in the social environment of
the monogamy and polyandry treatments. To do this, poly-
andry assay lines were constructed from individuals of each
polyandry line that were then reared under the monogamy
protocol (in all respects, including population size). Once
formed in generation 35, the net reproductive rates of the
polyandry assay lines were compared to that of the two mo-
nogamy lines in generations 36—38.

Next, a reciprocal assay was prepared in generation 48.
Monogamy assay lines were constructed from individuals
from each monogamy line that were then reared under the
polyandry protocol (in all respects, including population
size). Once formed in generation 48, their net reproductive
rates were compared to that of the two polyandry lines in
generations 49-51.

Intersexual Mutualism

Overview

After 55 generations of selection, male-induced harm to
femal es was compared between the monogamy and polyandry
populations. Male-induced harm to females has generally
been found to be minor in the short term, but it culminates
over long periods to be substantial (Chapman et al. 1995).
Toincrease the sensitivity of the assay of male-induced harm,
| used genetically weakened females that are known to be
especially susceptible to maleinduced harm (see Holland and
Rice 1999). These test females had been repeatedly back-
crossed through the base population used to begin the ex-
periments and carried multiple genotypic and karyotypic mu-
tations, with genotype [C(1)DX y f; T(2.3)rdgC st ri pP bwP].

To generate sufficient males to carry out the assay, surplus
males and femal es were collected in generation 54 and mated
(10 males and 10 females/vial; n = 10 vias/population) to
produce replicate offspring from each population. To main-
tain a density matching that of the experimental lines, eggs
(< 10 h old) weretransferred to large culture vials (100 eggs/
vial; n = 4). Males were collected from these culture vials
as virgins following the protocol of the main experimental
lines. The males were then pooled and combined with test
females, using 1-min exposure to CO,, into fresh, yeasted,
large vials (10 males and 10 females/vial; n = 20 vias/
population). Adults were transferred without anesthesia into
fresh, yeasted, large vials, every 20 h thereafter until at |east
90% of the females were dead in all populations (four days
after combining the sexes). Dead females (and males) were
scored at each transfer.

After each transfer of test females to fresh vials, the de-
posited eggs were transferred to 100-p.m nylon filters using
a fine brush and tap water. To quantify the total egg mass,
the collected eggs were boiled in deionized water for 20 sec
(to dissolve particles of media), rinsed in deionized water,
and then dried overnight at 60°C before weighing. Fecundity
was calculated as the total egg mass produced over the assay.
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Fic. 2.  The number of surviving progeny per female of the thermal
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one standard error (based on the variance between replicate pop-
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Test female survival was measured as the fraction of females
surviving each day multiplied by the number of days sur-
vived. One male died during the assay.

Satistical Analyses

Student’ st-tests were used to assess statistical significance.
Whenever the direction of a test could be unambiguously
prescribed a priori, one-sided tests were employed. To avoid
pseudoreplication, independent lines (N = 2 experimental +
2 control populations = 4) were used as the datafor statistical
analysis (i.e., Student’s t-tests and measures of dispersion),
rather than the individual flies or vials of flies that generated
these population measures. A normal distribution of the data
can be inferred because each measure is an average (or a
total) over a large number of contributing individuals.

REsULTS

Thermal Stress

The number of surviving progeny was significantly greater
in the thermal control populations maintained under the an-
cestral temperature (25°C) than in those same populations
maintained under the thermal treatment (Fig. 2; P = 0.004,
Student’s one-tailed t-test, N = 4, df = 2). In this species,
development rate increases with temperature until approxi-
mately 28°C and then it begins to decrease (reviewed in Ash-
burner 1989). The development rate within the thermal con-
trol populations reared at 28°C was significantly faster than
in those same populations reared under the thermal treatment
(Fig. 3; P = 0.0001, Student’s one-tailed t-test, N = 4, df =
2). Lower progeny production and slower development rate
while under the thermal treatment indicated that the thermal
treatment induced stress within the experimental populations.
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Fic. 3. The development rate of the thermal control populations
is retarded when reared under the thermal treatment (Cgyess) COM-
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after 47 generations of selection for tolerance to thermal stress,
illustrating adaptation of these populations. Relative emergence
timeisthe elapsed time since the first flies emerged from their pupal
cases. Error bars are = one standard error (based on the variance
between replicate populations); some error bars are not visible.

Thermal Adaptation

The level of adaptation of the experimental lines was mea-
sured by comparing the performance of two thermally
stressed (monogamy) lines to that of the two temperature
control lines reared under identical, thermally stressful, con-
ditions. Adaptation was assessed after 35 and 46 generations,
respectively, of exposure to the thermal treatment. The mo-
nogamous populations exhibited a greater net reproductive
rate (Fig. 4a; Table 1a) and produced a greater number of
surviving progeny (Fig. 4b; Table 1b) than the thermal con-
trol populations. Development rate, measured after genera-
tion 47, in the monogamous populations also was faster than
in the thermal controls (Fig. 3; P = 0.003, Student’s one-
tailed t-test, N = 4, df = 2). Collectively, these data indicate
that the monogamous populations have adapted substantially
to the thermal treatment and that development rate was a
substantial component of that adaptation.

Sexual Selection and Thermal Adaptation

Thermal adaptation did not differ between the monoga-
mous and polyandrous populations. Net reproductive rate did
not differ significantly between monogamy and polyandry
populations when both were reared under the monogamy pro-
tocol (Fig. 5a; generations 36, 37, and 38; P = 0.5, 0.6, and
0.4, respectively; Student’s t-test, N = 4, df = 2, in each
comparison) nor when all populations were reared under the
polyandry protocol (Fig. 5b; generations 49, 50, and 51; P
= 0.4, 0.9, and 0.6, respectively; Student’s t-test, N = 4, df
= 2, in each comparison). These data indicate that sexual
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selection did not increase the ability of the polyandrous pop-
ulations to adapt to their new thermal environment.

Intersexual Mutualism

Monogamous and polyandrous mal es showed no difference
in their harm to the test females' fecundity (Fig. 6a; P = 0.7,
Student’s one-tailed t-test, N = 4, df = 2) or survival (Fig.
6b; P = 0.7, Student’s one-tailed t-test, N = 4, df = 2) after
55 generations of divergence.

Discussion
Heritable Variation in Thermal Stress Tolerance

By generation 46 the net reproductive rate improved more
than six standard deviations (the difference between the mean
net reproductive rate of the monogamy replicates and the
thermal controls divided by the standard deviation of the
thermal controls). Therefore, heritable variation in male con-
dition is not a limitation of this experiment.

The Relevance of the Thermal Treatment

The temperature treatment used in this experiment was
clearly stressful and within the range encountered by D. me-
lanogaster in nature (Feder et al. 1997). Natural clines of
thermal adaptation have also been found in this species
(James and Partridge 1995). Because low-grade thermal
stress is a pervasive selective agent in this species’ natural
environment and because it must affect awide variety of loci
(White and Somero 1982), it would seem appropriate to view
low-grade thermal stress as an excellent selective agent for
maximizing indirect benefits of sexual selection. It should
also be noted that any broadly acting stress can generally be
expected to affect complex traits, including female prefer-
ences. For example, in D. montana the female preference
function for pulse song varies between 15°C and 25°C (see
Ritchieet al. 2001). Additional experimentsthat stressed only
one sex would allow male and female effects to be distin-
guished.

Sexual selection could have favored the more thermally
adapted males in several ways:. active female selection for
condition dependent courtship traits, for example, fluctuating
asymmetry; passive female selection, for example, for males
who are able to deliver more courtship; and intermale con-
tests. Although intermale contests do occur in this species
(Dow and von Schilcher 1975), during many hours of ob-
servation agonistic male interactions were not observed,
while courtship was common.

Even if thermal stress was a poor choice for some un-
foreseen reason, it was not the only source of selection. Un-
conditionally deleterious mutations, in and of themselves,
should have provided a sufficient source of heritablevariation
for sexual selection to act upon (Charlesworth 1987; Kon-
drashov 1988; Rice 1988) and apparently produced the dif-
ference in viability (1% over one generation) seen by Par-
tridge (1980).

Mating Treatment

In the polyandrous popul ations each femal e was potential ly
free to mate with the best of four males, while in the mo-
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FiG. 4. (@) The net reproductive rate (the offspring produced prior
to the standard termination of virgin collection); and (b) the total
number of surviving progeny (the same asin [a] but including the
slow-developing offspring of the monogamous [M] and thermal
control populations exposed to thermal stress [Cgyes]). These mea-
surements taken after the M populations had been exposed to the
thermal treatment for 35 and 46 generations, respectively, indicate
adaptation. Error bars are * one standard error (based on the var-
iance between replicate populations).
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Fic. 5. Comparison of the net reproductive rate of the monoga-
mous (M) and polyandrous (P) populations (when reared under
identical environments;, monogamous conditions in generations 36—
38 and polyandrous conditions in generations 49-51) demonstrates
no difference in their level of adaptation to thermal stress. Error
bars are = one standard error (based on the variance between rep-
licate populations).

TasLE 1. Analysis of variance of adaptation to thermal stress.

Sum of Mean
Source df squares square F-value P- gretailed
a. Dependent variable, net reproductive rate
Treatment (monogamy vs. control) 1 30.77 30.77 18.48 0.008
Generations diverged (35 vs. 46) 1 19.74 19.74 11.86 0.02
Residual 5 8.32 1.66
b. Dependent variable, total progeny
Treatment (monogamy vs. control) 1 4.53 4.53 4.5066 0.02
Generations diverged (35 vs. 46) 1 3.29 3.29 3.2731 0.03
Residual 5 5.03 1.00
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Fic. 6. Comparisons of the influence of monogamous (M) and
polyandrous (P) males on the fecundity and survival of test females
demonstrate no difference in harm inflicted on females: (a) total
cohort fecundity; and (b) survival. Measures were taken after 55
generations of evolution. Error bars are = one standard error (based
on the variance between replicate populations).

nogamous populations each female was constrained, on av-
erage, to mate with an average male. A population cage could
have been used to further increase the strength of sexual
selection. However, preliminary experiments indicated that
such a design would also have changed the microthermal
environment (e.g., through differencesin evaporative cooling
of food) and would have reduced control over population size
(see Materials and Methods, Standard Protocol). The sexual
selection differential between the treatments is proportional
to the product of the number of males competing for each
female per generation and the number of generations over
which divergence occurred. Therefore, after 36 generations,
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144 male-generations of differential sexual selection sepa-
rated the treatments. While experimental power may have
limited some of the previous experiments that used fewer
generations, or stabilizing conditions, it is unlikely to be a
limitation here.

Intersexual Mutualism

Another explanation for the observation that sexual selec-
tion did not appear to augment nonsexual adaptation is that
it actually did improve adaptation but that its benefit was
exactly countered by mutualistic coevolution between the
sexes that was induced by monogamy. Promiscuity neces-
sarily maintains an opportunity for sexual conflict (Trivers
1972; Charnov 1979; Parker 1979, 1984, seereviewsin Rowe
et a. 1994; Stockley 1997; Partridge and Hurst 1998). Pre-
vious studies of D. melanogaster have shown strong inter-
sexual conflict (Fowler and Partridge 1989; Chapman et al.
1995; Rice 1996, 1998; Holland and Rice 1999). The Holland
and Rice (1999) study also removed sexual selection by en-
forced, life-long monogamous mating, specifically to test the
effect of promiscuity in perpetuating intersexual conflict. En-
forced monogamy make the reproductive success of mates
identical so any conflicts between mates are necessarily re-
versed. Within 47 generations of enforced monogamy, there
were reductions in both male harm to females and female
resistance to male harm. Those changes apparently contrib-
uted to the 30% improvement in net reproductive rate that
also evolved under pure monogamy. That experiment was
performed at 25°C and a sexual interaction period of four
days, prior to egg laying, to which the starting population
had been adapting for more than 200 generations.

The current experiment used the same starting population
but used strong directional selection for thermal tolerance
that would interfere with selection for other traits due to
negative pleiotropy. Perhaps more importantly, the current
experiment also halved the period of interaction between the
sexes relative to the ancestral laboratory period. Such a re-
duction should relax male-induced stress on females, which
is known to be cumulative in nature (Fowler and Partridge
1989; Chapman et al. 1995; Rice 1996, 1998; Holland and
Rice 1999). Therefore, females of both mating treatments
within this experiment experienced a relaxation of male-in-
duced harm relative to the ancestral population from which
they were derived, thereby limiting selection for benign males
under monogamy. Not surprisingly, no difference was seen
in the harm to test females caused by monogamous and poly-
androus males. These results indicate that the evolution of
intersexual mutualism was trivial compared to the degree of
thermal adaptation and cannot explain the equal rates of ad-
aptation between the mating treatments.

Independence between Sexual and Nonsexual Selection

Finally, genetic variation for male sexual fitness (e.g.,
through courtship, promiscuity, sperm competition) may be
largely unrelated to the genetic variation for the remainder
of fitness (i.e., juvenile survival, development rate, and fe-
male fecundity). Alternatively, sexual selection may rein-
force some components of nonsexual selection but oppose
others, yielding, on average, no relationship. This would ex-
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plain the inconsistent results obtai ned between previous stud-
ies that measured different fitness components, as well as the
results obtained here that evaluate net nonsexual fitness. A
major difficulty in evaluating the data relevant to the benefits
of sexual selection is the potential for publication bias. Pos-
itive evidenceis easy to interpret, stimulating, and frequently
published in widely read journals.

Evaluating Sexual Selection

If sexual selection does not reinforce nonsexual selection,
then what else might drive the evolution of the extravagant
courtship? Numerous studies have demonstrated that court-
ship traits mediate male fitness (see Andersson 1994) and
that most of the variation in male fitness is in the adult com-
ponents (courtship, promiscuity, sperm competition; re-
viewed in Brittnacker 1981). Much of sexual selection is
intersexual. If females are not benefiting, then what are they
selecting? One seemingly inevitable possibility is that sexual
selection is a self-reinforcing process in which femal es select
males who will in turn produce sons who are sexually com-
petitive (Fisher 1952). See Andersson (1994) for areview of
this hypothesis.

Antagonistic coevolution between the sexes

Mating can be costly for avariety of reasons (e.g., sexually
transmitted diseases and seminal fluid toxicity), and there
can be conflict between the sexes in a variety of mating
decisions (when, where, how often; seerecent reviewsinRice
and Holland 1997; Stockley 1997; Holland and Rice 1998;
Partridge and Hurst 1998). Conflict is expected to be pro-
portional to the difference in parental investment and the
opportunity for the lower investing sex to divert resources
in pursuit of promiscuity (Bateman 1948; Trivers 1972; Park-
er 1979). In general, in the absence of life-long monogamy,
internal fertilization is an enormous opportunity for sexual
conflict because female physiology is laid open to the prod-
ucts of hundreds of male loci, whose interests necessarily
differ from the female-derived gene products they interact
with. Male seminal fluid products are known to alter female
physiology in waysthat clearly benefit theinseminating male,
sometimes at a direct cost to their mate (reviewed in Rice
and Holland 1997; Stockely 1997; Wolfner 1997).

The observed mating patterns within a population should
represent intermediates between sex-specific optima. But
such intermediates cannot generally represent a stalemate;
novel mutations that express a benefit within one sex, at a
direct cost to the other sex, will inevitably arise. Such a cost
should, in turn, counter-select a response at other loci ex-
pressed within the opposite sex. Therefore, antagonistic co-
evolution between opponent loci should be widespread and
perpetual (Rice and Holland 1997). Evidence from water
striders demonstrates a morphological arms race between
male traits used to coerce prospective mates and female re-
sistance to copulating maladaptively (Arngvist and Rowe
1995). Such a process within a population is similar to the
antagonistic coevolution that has been documented between
species (Van Valen 1973; Vermeij 1983). There is a recent
body of evidence indicating that such arms races also occur
between noncoercive sexual traits as well.
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Antagonistic seduction

Recent phylogenetic evidence indicates that in avariety of
taxa male courtship traits have evolved in response to pre-
existing female preferences and that female preferences are
the incidental result of viability selection on female sensory
systems (West-Eberhard 1984; Kirkpatrick 1987; Endler and
McLellan 1988; Basolo 1990; Ryan 1990; see reviews in
Endler and Basolo 1998; Ryan 1998). Several studies also
indicate that female preferences have, in turn, diminished
(i.e., required more stimulation to elicit the same response)
following the evolution of ornaments that exploit the pref-
erence. Collectively, the above data suggest that courtship
traits can be the sensory equivalent of weapons, manipulating
femal es through superstimulation rather than coercion. Spec-
tacular ornaments and choosiness may simply reflect chronic
coevolution between genes that mediate seduction and resis-
tance to being maladaptively seduced, respectively (Holland
and Rice 1998). The idea that advertisements that are very
stimulating and successful may come at a cost to receivers
isnot new (Dawkins and Krebs 1978). That consumers should
evolve to reduce their sensitivity to manipulation, and that
such coevolution should be self-perpetuating, seems inevi-
table.

Conclusion

This study was intended to resol ve the ambiguous evidence
concerning the relationship between sexual selection and
nonsexual fitness. It estimates an upper bound for the realized
heritable benefit of sexual selection in its entirety, as first
proposed by Darwin (1871). The design used here should
have no deficiency in experimental power due to the sub-
stantial response to selection. Y et, the hypothesized positive
association between sexual selection and adaptation was not
found. This result, combined with recent theory and exper-
iments, implies that sexual selection need not be driven by
adaptive choice for mates with superior nonsexual fitness,
but may occur simply through the benefits to those genes
that themselves increase the mating and fertilization rates of
the males expressing them.
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