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Introduction

Fitness traits such as survival and fecundity are expected

to increase as a result of natural selection as a population

adapts to a new environment. However, it is more difficult

to make predictions about the evolution male mating

success during adaptation to a new environment because

it is not obvious how or if allelic effects on mating success

change in a new environment. In contrast to the plethora

of empirical data on adaptation with respect to survival

and fecundity, there has been little effort to measure

adaptation with respect to male mating success.

A simple prediction regarding the adaptation of male

mating success is that males evolved in an environment

should have higher mating success than competitors

evolved in an alternative environment. This outcome is

expected if mating success depends, at least partly, on the

general condition of the males. Condition is expected to

increase on average as populations accumulate alleles

best suited to the new environment. Sexual selection is

defined as the differential mating success among indi-

viduals of the same sex within a species. By this

definition, sexual selection acts not only on ornaments

and courtship behaviours, but any aspect that affects an

organism’s mating success, including overall condition.

Sexual selection may then reinforce natural selection by

promoting the evolution of greater condition.

It seems reasonable to hypothesize that, compared

with low condition males, healthier males may be more

likely to search for mates, more proficient in competition

with other males, more able to vigorously pursue

females, or appear more attractive to females. The

sentiment that sexual and natural selection often act to

reinforce one another has been expressed by numerous

authors (e.g. Darwin, 1796; Darwin, 1871; Maynard

Smith, 1956; Mayr, 1972; Koenig & Albano, 1986;

Andersson, 1994). This perspective does not deny that

natural and sexual selection may oppose each other for

some genes (e.g. genes affecting expression of costly

secondary sexual traits). However, it is likely that

mutations at many, perhaps most, genes will affect

condition but have little or no direct effect on any

secondary sexual trait; such mutations are expected to be
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Abstract

Adaptation to new environments is a well-documented phenomenon.

Individuals from populations maintained in a particular environment for

multiple generations tend to be better able to survive and/or reproduce in that

environment than their ancestors or other individuals adapted to alternative

environments. A third major component of fitness, mating success, has not

been well studied in replicated populations under selection in divergent

environments. In this study, we used mating trials to compare the mating

success of male Drosophila melanogaster adapted for 10 years to two different

temperatures, 18 and 25�C. In competition for female partners, males had

significantly higher mating success at their adapted temperature compared

with males adapted to a different temperature. These results are consistent

with the notion that those mutations favoured by natural selection also tend to

be favoured by sexual selection.
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selected in the same direction by both natural and sexual

selection. For example, in a new thermal environment,

alleles that allow an organism to function better at the

new temperature may be favoured by both natural and

sexual selection.

There are a variety of predictions that can be made to

test this simple view of sexual selection, including: (1)

New mutations should have positively correlated effects

on male mating success and other fitness components

(Hughes, 1995); (2) deleterious mutations introduced

into the genome should reduce male mating success on

average (Whitlock & Bourguet, 2000); (3) sexual selec-

tion should act to purge deleterious mutations from

populations (Radwan, 2004); (4) populations subject to

sexual selection should adapt faster than populations

with monogamous no-choice matings (Partridge, 1980;

Promislow et al., 1998; but see Holland, 2002) and (5)

adaptation should increase male mating success in the

adaptive environment. Our experiment is a test of this

final prediction.

Relative adaptation in male mating success can be

measured by comparing the mating success of males in

the environment to which they have adapted to their

mating success in an alternative environment. To test

for this type of adaptation, we made use of six long-

term experimental lines of Drosophila melanogaster, three

of which were adapted for almost 10 years to 18�C,
whereas the remaining three were adapted to 25�C.
Males from populations adapted to alternative thermal

environments competed for females in common garden

experiments at each of the two temperatures. In this

design, males are not expected to have unconditionally

good or bad genotypes. Rather, males from populations

that have an evolutionary history at a specific tem-

perature are expected to harbour genes that increase

performance at that temperature. As predicted, the

results indicate that males have greater mating success

in their adaptive environments. We also discuss alter-

native interpretations of our results.

Materials and methods

We randomly paired each of three populations adapted

to 25�C with one of the three populations adapted to

18�C. In mating cages, we allowed multiple males from

paired populations to compete for females from a

common stock population. We scored the number of

males of each type found in copula. Experiments were

conducted at both 18 and 25�C. For experiments at a

given temperature, the males, as well as their parents,

were reared at the experimental temperature to min-

imize any environmental differences between males

from different populations. The females used in the

mating trials were reared at 25�C to avoid effects of

assortative mating by rearing temperature and trans-

ferred to the experimental temperature for habituation

after eclosion but several days before the mating trials.

These females came from a population that had been

genetically isolated from each of the six male source

populations for an equal amount of time. Thus, our

results are not confounded by the possibility of male–

female coevolution.

Study populations

The experiments were carried out using males from

thermal selection lines, developed by Federico C. F.

Calboli, Michael W. Reeve, Avis C. James and Linda

Partridge at the University College London. These lines

originated from a collection made in Dahomey (now

Benin), West Africa, in 1970. The mass-bred stock was

maintained in population cage culture at 25�C until 1994

when six cages were initiated from fly culture bottles

containing large numbers of larvae. Three cages were

randomly assigned to each of two thermal treatments

with temperatures of 18 and 25�C. In 2003, large samples

from each of these cages were transferred to Vancouver

and maintained at their experimental temperature for

approximately 1 year before conducting the present

study. We randomly matched replicates from both the

18 and 25�C lines to create three independent paired

mating competition experiments, referred to herein as

‘sets’. Each set was reared and tested at both experimen-

tal temperatures. The females used in the mating

experiments were also from the initial Dahomey stock

population. This population has been maintained at 25�C
but has been isolated from all six populations described

above since 1994. All flies were maintained on corn meal

medium, seeded with live yeast, with a 12 : 12 L : D

diurnal cycle.

General methods

All the temperature-adapted lines were maintained at

the experimental testing temperature for one generation

prior to mating trials to minimize plastic and parental

effect differences. Flies were then transferred using CO2

anaesthesia to lay cups containing yeasted medium for

an acclimation period of 24 h at low density before

being transferred to fresh medium for egg collection,

which lasted approximately 24 h at 18�C and 6 h at

25�C. First instar larvae were then collected after

approximately 24 h at 18�C and 18 h at 25�C after the

adult flies had been removed from the lay cups. Larvae

were placed in vials containing medium in groups of 30.

Emerging flies were collected every 24 h. Both sexes

were maintained together post-eclosion for 4 days at

18�C and 2 days at 25�C to allow the males to gain

sexual experience. Females were then discarded, and

the males were isolated using CO2 anaesthesia into vials

of 15 flies each with any extra flies kept in vials at

lower densities. Males were kept on normal media in

the absence of females for 4 days at 18�C and 2 days at

25�C. To allow identification, males were subsequently
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marked by transferring them to new vials containing

red or blue food colouring added to the live yeast. If any

flies escaped during transfer or had died before being

moved to the vials containing food colouring, the excess

flies were used to maintain vials of 15 males. Males

were then kept on dyed media for an additional 4 days

at 18�C and 2 days at 25�C before conducting the trials.

Thus, mating trials were performed with males 11–

13 days post-eclosion at 18�C and 6 days at 25�C. A

balanced design was used to ensure that paired treat-

ments within a set were reciprocally marked for half the

treatments. Male colour had little or no effect on mating

frequencies (51.8% matings with blue males, P ¼ 0.15),

consistent with previous studies (e.g. Rundle et al.,

1998). Note that all steps described above required

about twice as long at 18�C relative to 25�C because

development time is almost twice as long at 18�C
compared with 25�C.

Females were reared from vials isolated from the caged

Dahomey population at 25�C for both experimental

temperatures, without precise control of density. Females

were collected as virgins using CO2 anaesthesia and

placed into vials in groups of 10. For the 18�C treatment,

females were transferred to the experimental tempera-

ture at 0–2 days post-eclosion. Mating trials were per-

formed with females 4 days post-eclosion at 18�C and

2 days at 25�C.

Mating trials

Mating trials were conducted in small Plexiglas cages

(c. 11 · 11 · 11 cm), with a front opening covered in

translucent nylon mesh, a transparent top and bottom,

and white paper on the remaining sides so as to avoid any

additional visual disturbance to the flies. Trials were

conducted throughout the day at least 1 h after artificial

daybreak. Mating trials were started with 10 females

from the Dahomey population and 15 males from each

temperature, reciprocally dyed. We ensured that there

were 15 males upon transfer to vials with the food

colouring and 10 females per vial upon virgin collection;

however, there was some mortality in the vials over the

days before the mating trials were performed. We

ensured no trial ever had less than nine females.

Furthermore, we documented the number of dead males

for a subset of the mating trials (222 of 279 trials). Male

mortality was low and randomly distributed between

treatments, as there was no significant bias in the

direction of mortality (P ¼ 0.59). Flies were released

sequentially (males first). For tests done at 25�C, each
cage was checked only once, after 10 min, and all mating

pairs were removed by aspiration. Due to the slower rate

of mating in the 18�C tests, each cage was checked every

15 min for 1 h, and mating pairs were removed for

identification of the male. Mating flies were only

removed if they remained in copula during the distur-

bance of being slightly agitated by the aspirator.

Results

Mating trials were done in cages with groups of 15 males

of each thermally-adapted type. The number of cages at a

given temperature varied from 33 to 67 across all sets.

The mean number of copulating pairs isolated from a

given cage in each set ranged from 6.4 to 6.6 at the warm

temperature, and 4.2 to 5.2 at the cold temperature

(these numbers should not be viewed as comparable

estimates of mating rate as mating trials lasted for a

longer period at the cold temperature than at the warm

temperature). Individual mating pairs in each cage were

not independent of each other, as each copulating pair

skewed the ratio of males available to unmated females.

As a first step in the analysis, the proportions of

successful males of each temperature type in each cage

were compared by simulation to that expected by

chance, assuming that the probability of the mating of

a particular type of male was constant across all cages at a

given temperature in each set. No evidence was found of

a cage effect (P ranging from 0.63 to 0.96 across all six set

by temperature combinations). In Table 1, we show the

data pooled across cages for ease of presentation. To be

conservative, the data were analysed using cages as the

units of replication within each set. For each mating cage,

the proportion of successfully mating males that origin-

ated from the 18�C treatment was arcsine-transformed,

and the results were compared by Welch’s t-tests.

Each pair of populations (what we have called a set)

represents an independent experiment testing whether

the mating environment interacts with adaptation to

predict the line with the higher male mating success. In

other words, does the relative mating success of a line

increase in its adaptive environment relative to the

alternative environment? Relative adaptation reveals

evolutionary improvement with respect to the environ-

ment even in cases where males from the different

populations have different intrinsic levels of mate acqui-

sition ability. The number of matings obtained at each

test temperature for each line is given in Table 1. In two

of the three sets, males performed relatively better at

their adapted temperatures compared with the alternate

Table 1 Males successfully mating from each temperature-adapted

population.

Set

Experimental

temperature

18�C
Males

25�C
Males v2

Proportion

matings by

adapted

males

1 Cold 188 93 17.29 0.60

Warm 111 118

2 Cold 148 152 2.25 0.53

Warm 121 160

3 Cold 145 63 27.88 0.63

Warm 96 122

Adaptation improves male mating success 3
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environment. In the other set, the relative mating success

was nearly exactly the same. This difference was strongly

statistically significant for sets 1 and 3 (P ¼ 7 · 10)5,

P ¼ 1.5 · 10)5 respectively) but not set 2 (P ¼ 0.52).

Looking at each temperature separately, the adapted

males were significantly more likely to mate successfully

than the less adapted males in all cases except for the

warm temperature in set 1 and the cold temperature in

set 2 (Fig. 1). In these cases, there was essentially no

advantage for either type of male.

If we treat each set as an independent test of the null

hypothesis that previous adaptation has no effect on

environment-specific male mating success, then we have

three separate tests. These tests can be combined to give

an overall test of the effect of adaptation on male mating

success, using the combined Z method (Whitlock, 2005).

Doing so gives a combined P-value of P ¼ 4.5 · 10)6.

If we prefer to view each set as a replicate, then we can

ask whether the mean preference for locally adapted

males is >0.5 by a t-test (see Table 1). The test performed

this way has extremely low power, because there are

only 2 d.f., but the locally adapted males are preferred

significantly by a one-tailed test (P ¼ 0.0486).

Discussion

Adaptation to temperature has been previously shown

for D. melanogaster maintained in population cages at

divergent temperatures (Partridge et al., 1995). When

tested at the experimental temperature at which they

had evolved, flies of both sexes had greater lifespan and

females showed higher fecundity and fertility than flies

adapted to an alternate temperature. We have shown

that male mating success also evolves in response to

exposure to thermal environment. Males have higher

mating success in the thermal environment in which

they have evolved than they do in the alternative

thermal environment.

To our knowledge, this is the only study in which

relative male mating success, when measured independ-

ently from female preference evolution, has been shown

to increase during adaptation to divergent environments.

When pursuing different questions, previous authors

have examined differences in mating behaviour between

populations adapted to different environments using

females from the same populations as the experimental

males (e.g. Kilias et al., 1980; Dodd, 1989; Klappert &

Reinhold, 2005). However, such studies are not directly

related to our question because they are confounded by

the possibility of male–female coevolution. In our study,

we used females that were not from any of the test

populations and shared an equal evolutionary history

with each test population. The ancestral population from

which all the test populations were derived had been

maintained at 25�C for over 20 years before the thermal

selection regimes were established. The females used in

this experiment were also from a population maintained

at 25�C that had descended from the same stock as the

selection lines. Thus, these females should provide a

reasonable approximation to the ancestral state.

The power of our study was limited by the number of

pre-existing temperature adapted lines; we hope that the

study will be independently replicated. The overall test of

whether adaptation affects mating success was highly

significant; however, set 2 was not statistically significant

on its own as there was essentially no advantage of male

adaptation at the cold temperature. In contrast, in both

sets 1 and 3 over two-thirds of matings at the colder

temperature were with the cold-adapted males. It would

be advantageous to have more replicates with which to

create statistically independent sets to test the null

hypothesis that adaptation has no effect on environ-

ment-specific male mating success. However, these pop-

ulations were initially established for other purposes that

required only a few replicates of each treatment. Despite

this limitation, even when our results were analysed

using a t-test with extremely low power, mating success

was significantly positively correlated with evolutionary

history.

It would be worth testing the prediction that adapta-

tion enhances male mating success in the adaptive

environment by using divergent replicated lines estab-

lished from other sources of selection, such as relative

humidity (e.g. Kennington et al., 2003) or larval density

(e.g. Joshi & Mueller, 1996). By testing directly for

differential mating success among populations with

different selective pressures, we should gain a more

comprehensive picture of how male mating success

adapts to new environments in general.

In our own study, we do not know what phenotypic

changes have conferred thermal adaptation, but body

size is one obvious phenotypic difference between lines
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Fig. 1 Percentage of matings with the males from the population

adapted to the experimental temperature at both test temperatures

in each set. These results were calculated weighting by the number

of matings per cage. The axis at 50% indicates no difference in

mating success between males adapted to different temperatures.

Error bars denote one standard error.
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adapted to 18�C vs. 25�C. Temperature has been impli-

cated as a major factor for the evolution of body size in

Drosophila (e.g. Anderson, 1966, 1973; Cavicchi et al.,

1985, 1989; Partridge et al., 1994), and body size tends to

be a good indicator of male mating success (see review by

Partridge, 1988). In particular, large males tend to court

females more and have a higher lifetime mating success

than do small males (Ewing, 1961; Partridge & Farquhar,

1983; Partridge et al., 1987a,b). By manipulating body

size through artificial selection, Reeve et al. (2000)

compared the male reproductive success of large and

small body-size selection lines tested at 18 and 25�C.
They found large-line males to be fitter than small-size

males or controls at both experimental temperatures,

with the difference being greatest at the lower tempera-

ture. Of the populations used in the present study, males

of the 18�C-adapted lines were larger when reared in

either experimental temperature (F.C.F. Calboli, M.W.

Reeve, A.C. James & L. Partridge, unpublished data). Our

result that 18�C-adapted males generally performed

better at the lower temperature is consistent with the

observation that larger males have greater mating

success. However, our results also show that when tested

at the warmer temperature, the 25�C-adapted males had

greater mating success, despite their smaller size. This

supports the idea that mating success is directed by

overall condition, rather than body size alone. However,

body size may explain why mating success between

thermally adapted males was generally reduced in the

mating trials performed at the higher temperature (see

Fig. 1).

Although our results pertain directly to the study of

adaptation, they are also relevant to larger issues in

population genetics. Recent theory shows that sexual

selection can be important in eliminating deleterious

alleles and fixing beneficial ones (Whitlock, 2000), and

that sexual selection can result in sexual populations

having a lower mutation load than asexual populations

(Agrawal, 2001; Siller, 2001). The basic premise for these

models is that most genes will have some effect on

overall condition and that both natural and sexual

selection should favour individuals in good condition.

As predicted by this premise, males had higher mating

success in the environment in which they had evolved.

Thus, our results add to a growing body of evidence that

most alleles favoured by natural selection are also

favoured by sexual selection (Hughes, 1995; Whitlock

& Bourguet, 2000; Radwan, 2004).

In this experiment we compare the states of different

lines after independent evolution through a number of

years. As the lines adapted to different environments,

alleles which were on average beneficial would be fixed

in the populations, although presumably different alleles

would be fixed in the cold-adapted lines than in the

warm-adapted lines. The patterns that we see in mating

success reflect predominantly these fixed differences

between lines, not the effects of genetic variation within

lines. Within a population, the genetic variation that

would be maintained would have been filtered by

selection to include more alleles that had antagonistic

effects on natural and sexual selection, whereas those

alleles that had effects in the same direction for both

kinds of selection would have largely fixed within

populations. As a result, we expect a different pattern

in this sort of study than in an experiment that measured

the properties of standing variation within a population.

Standing variation will show a biased sample of all

mutations. Some studies using standing variation have

found evidence of a positive relationship between natural

and sexual selection (Petrie, 1994; Welch et al., 1998;

Drickamer et al., 2000) whereas others have found the

opposite (Chippindale et al., 2001; Friberg & Arnqvist,

2003; Fedorka & Mousseau, 2004). The use of standing

variation in these studies was appropriate for the

questions these authors aimed to address. However, it is

important to recognize that such studies do not provide a

general or unbiased view of the relationship between

natural and sexual selection acting on most mutations.

Our results are in accordance with previous studies

that have shown a positive effect of mate choice on

components of fitness in D. melanogaster (e.g. Partridge,

1980; Promislow et al., 1998). However, it is interesting

to contrast our results with those of Holland (2002). In

his study, Holland allowed replicate populations to adapt

to a novel thermal environment for up to 50 generations,

either under enforced monogamy or by placing each

female in a vial with four males. These treatments were

intended to prevent or allow sexual selection respect-

ively. Although substantial adaptation to the new ther-

mal environment occurred, the difference in the rate of

adaptation between the monogamous and polyandrous

treatments was not significant. These results appear

inconsistent with the idea that sexual selection typically

reinforces natural selection. The relatively short time

span of this experiment would mean that much of the

response would be due to alleles that were reasonably

common when the experiment began (i.e. alleles previ-

ously maintained by some form of balancing selection).

As mentioned above, alleles maintained by balancing

selection (including the opposition of sexual and natural

selection), are a biased sample of all possible alleles. The

selection lines we used had evolved for a much longer

time period (hundreds of generations) so that alleles that

were initially very rare (e.g. at mutation–selection

balance) and new mutations may have contributed

substantially to divergence. More studies would be

needed to determine whether the relationship between

sexual and natural selection is different for common

alleles vs. rare alleles and/or new mutations.

Although our result is consistent with the idea that

sexual and natural selection typically act in the same

direction, there are potential alternative explanations.

The most reasonable alternative explanation would be

that female preference is environmentally plastic such

Adaptation improves male mating success 5
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that females prefer different male characteristics in cool

environments than in warm environments. For example,

Grace & Shaw (2004) suggest that female Hawaiian

crickets reared in warmer temperatures prefer male calls

with a faster pulse rate than is preferred by females

reared at a cooler temperature. If female preference is

plastic, then sexual selection on males will be divergent

across environments because males will be selected to

produce the phenotype preferred by females in that

environment. Under this scenario males are expected to

have higher mating success in the environments in

which they have evolved even if there are no differences

in natural selection between environments. This alter-

native explanation would require that preference is

plastic specifically with respect to test temperature rather

than rearing temperature, because we always reared

females at 25�C.
In sum, our study provides evidence for adaptation of

male mating success. We expect the pattern we observed

is not unique to these lines. More data from other

selection regimes and other species will be required to

determine the generality of the result reported here.

Assuming a similar pattern does hold, a larger challenge

will be determining which of the two possible explana-

tions we discuss best explains such results.
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