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The role of male–female interactions in the diver-
gence of postmating–prezygotic reproductive traits
has recently focused on sexual conflict as the selec-
tive force. While an association between mating
costs and benefits suggests that antagonistic interac-
tions may be important, a mosaic of processes may
actually mediate the evolutionary dynamics of post-
mating–prezygotic interactions. Our study examines
the ecological relevance of mating effects on
females. We test this critical but often overlooked
assumption in desert Drosophila, where the species’
ecology provides a framework for evaluating the
evolutionary implications of such mating conse-
quences. We show that mating has a profound
impact on an ecologically critical character—
desiccation resistance. To explore what selective
factors might underlie the observed population dif-
ferences in mating effects, we test whether trends in
the data match predictions based on the species’
ecology. While these preliminary data are consistent
with the expectation that the mating benefits are
positively correlated with environmental conditions,
further examination reveals an additional unantici-
pated association with the reproductive environ-
ment. This unexpected association challenges
existing assumptions regarding the forces driving
divergence of traits involved in mating.
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1. INTRODUCTION
The diversity of physiological and behavioural conse-
quences of postmating–prezygotic reproductive interac-
tions (Wolfner 2002) coupled with an association between
mating costs and benefits (Fowler & Partridge 1989;
Chapman et al. 1995; Holland & Rice 1999) suggests that
sexual conflicts may drive the evolution of reproductive
characters. For example, in D. melanogaster, postmating-
female mortality is correlated with males’ sperm-
competitive abilities (Civetta & Clark 2000). If the
male-induced harm to females is a pleiotropic effect of the
character conferring a male-mating advantage, as females
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evolve resistance to the deleterious effects of mating and
males then counteradapt to maintain a mating advantage,
a dynamic cycle of perpetual coevolution between the
sexes can result. Although it may appear that a process of
antagonistic coevolution could be inferred if male-mating
advantage is associated with male-induced harm to
females, such a correlation, by itself, does not identify the
actual evolutionary implications of these mating conse-
quences (Partridge & Hurst 1998) or exclude other expla-
nations (Gavrilets & Waxman 2002). Moreover, although
there is an association between male-mating advantage
and male-induced harm in D. melanogaster (Wolfner
2002), we lack empirical evidence that this pleiotropic link
generates selective pressures that are strong enough to
drive the rapid divergence observed in postmating–
prezygotic characters, such as male seminal proteins
(Howard 1999).

Desert Drosophila can offer remarkable insights into the
evolutionary implications of these postmating–prezygotic
reproductive interactions because both the opportunity
for, and relative effectiveness of selection have been estab-
lished. Not only do males transfer enormous ejaculates,
but the females of some desert Drosophila species also
actively incorporate the seminal products (Pitnick et al.
1997). Thus, postmating–prezygotic interactions abound
and most probably account for the extraordinarily large
male ejaculates (Eberhard 1996). The role of postmating–
prezygotic interactions has also been identified as the
mechanism driving the evolution of a variety of characters,
including coevolutionary morphological divergence of the
reproductive tract (Pitnick et al. 1999; Knowles &
Markow 2001). Finally, there is a clear ecological frame-
work for examining the consequences of mating in the
desert species, and thus, for evaluating the evolutionary
implications of postmating–prezyogtic interactions (Part-
ridge & Hurst 1998; Gavrilets & Waxman 2002).

This study represents a preliminary exploration into this
critical but often overlooked question of whether it is poss-
ible that the consequences of mating for females are of
sufficient magnitude to promote divergence in the male
traits involved in mating. This presumption, especially as
applied to purported examples of sexual conflict, is yet to
be tested. We address this question by examining the
effects of mating in two desert Drosophila species,
D. mojavensis and D. arizonae. We also explore whether
there is evidence of other factors, and specifically environ-
mental ones, which mediate the evolution of qualities of
male ejaculates that affect female fitness. These species
both occur in the Sonoran desert, yet populations across
their ranges experience varying degrees of desiccation
stress owing to precipitation and temperature differences
(see electronic Appendix A). We use this natural variation
to (i) evaluate the ecological relevance of postmating–
prezygotic interactions in these flies; and (ii) explore what
processes underlie the observed variation in mating effects
among populations.

2. METHODS
Virgin adults were collected following eclosion and stored in sex-

specific, yeasted culture vials. Only sexually mature flies were used
(i.e. flies aged 9 days), and matings were performed in the morning—
the typical mating time in natural populations. One female was aspir-
ated into each culture vial with a male, and, after copulation, the
male and female were transferred to separate vials. Twenty mated
flies, as well as unmated flies, were placed in individual vials and
housed in a desiccator where the relative humidity was maintained
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Figure 1. Comparison of desiccation resistance (measured in hours) (a) between mated (filled bars) and unmated (open bars)
females, and (b) among populations. The relative contribution of mating in each population is identified by comparison with
unmated females, indicated by the open bars.

at 0%. Flies were checked hourly and the time of death was recorded
for each fly.

Desiccation resistance was characterized for four D. mojavensis
populations and two D. arizonae populations (see electronic Appendix
A). All experiments were repeated four times for each population (i.e.
a total of 80 mated and 80 unmated females were examined in each
of the six populations). An analysis of variance was used to compare
the tolerance to desiccation stress of females among populations; initial
analyses determined that there was no significant relationship between
body size and desiccation resistance for mated or unmated females
(r2 = 0.0002 and p = 0.94, r2 = 0.0002 and p = 0.92, respectively). A
significant population effect indicates that the effect of mating
(measured by female desiccation resistance) differed significantly
among populations (i.e. AB, CI, EN, GU, ENaz and PEaz; see
electronic Appendix A). To correct for heteroscadasticity and non-
normality, all data were transformed prior to analyses using a square-
root transformation. Spearman’s � was used as a non-parametric
measure of the association between effects of mating on female des-
iccation resistance: (i) the stress imposed by the desert environment;
and (ii) costs associated with the reproductive environment.

3. RESULTS AND DISCUSSION
Mating significantly increased female resistance to des-

iccation stress (F1,106 = 11.05, p � 0.001; figure 1a). Mat-
ing increased female survival by as much as 20 h, an
increase of 62%. Mated females were also consistently
more resistant to desiccation stress than unmated females
across all populations of D. mojavensis and D. arizonae
(figure 1b). The males of these species transfer exception-
ally large ejaculates that are actively incorporated by the
females (Pitnick et al. 1997), suggesting that the benefit
conferred by mating may be a derivative of a male repro-
ductive character; namely, male seminal products. If such
large ejaculates are costly for males to produce, we would
expect that the benefits conferred by mating will differ
among populations and correspond to the varied selective
pressures on female desiccation resistance.

Interestingly, the relative benefit conferred by mating
differs significantly among the desert fly populations
(F3,35 = 3.16, p � 0.01; figure 1b). However, divergence of
a reproductive character cannot occur because of the
trait’s effect on the ecology (or life history) of the opposite
sex unless the mating consequences are of sufficient
magnitude to constitute an effective selective mechanism
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Figure 2. Comparisons between the rank orders of
populations according to the degrees of desiccation resistance
and (a) stress imposed by the environment (� = 0.77,
p = 0.07), and (b) costs arising from sexual conflict (� = 0.94,
p � 0.01). The population ranks according to degree of
environmental stress were inferred from the desiccation
resistance of an unmated female from each population, which
also generally matches average annual temperature and
precipitation profiles for the different areas (see electronic
Appendix A). Postmating–prezygotic interactions obviously
cannot contribute to the significant differences in desiccation
resistance of unmated females among populations
(F3,35 = 8.86, p � 0.001). Instead, these differences
presumably reflect the varied selective pressures experienced
by the different populations because of differing environmental
pressures. The population ranks according to mating costs
were based on the size and duration of the insemination
reaction mass, which are indicative of the negative effects of
mating on females (Knowles & Markow 2001).

(Partridge & Hurst 1998). The question is whether the
ecological consequences of mating for females have con-
tributed to differences in the qualities of male ejaculates
among populations. Comparing the rank order of popu-
lations according to the stress imposed by the physical
environment with the relative degree of desiccation resist-
ance of mated females shows that the mating benefits are
positively correlated with environmental conditions (figure
2a). This pattern suggests that indirect selective pressures
associated with the physical environment do indeed drive
the evolution of male ejaculate qualities that confer
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benefits to females under specific environmental con-
ditions, namely extreme desiccation stress.

While the preliminary results provide compelling evi-
dence for the importance of considering the ecological
environment, this is but one of what might be a mosaic
of processes contributing to the evolution of characters
involved in postmating–prezygotic interactions (Eberhard
1996). For example, in addition to the benefits of mating,
our previous work suggests that sexual conflicts in these
desert flies impose a measurable load (Knowles & Markow
2001). Mating in D. mojavensis and D. arizonae is associa-
ted with the formation of an insemination reaction mass—
a swelling of the female’s uterus. The size and duration of
the reaction mass are positively correlated with reduced
remating and oviposition rates. Both effects have poten-
tially deleterious consequences for females in these sperm-
limited species, whereas males benefit from reduced
competition over fertilization success (Knowles & Markow
2001). Thus, qualities of the male ejaculates that reduce
the deleterious effects of mating on female fitness (i.e. that
offset the costs of mating) would be favoured. In fact,
comparison between the relative degree of desiccation
resistance of mated females and the relative mating costs
among populations demonstrates that these two factors
are also positively correlated (figure 2b). This pattern sup-
ports the hypothesis that the negative fitness consequences
that arise from antagonistic coevolution may contribute to
the evolution of reproductive traits that are advantageous
under certain ecological conditions.

Thus, the reproductive and physical environments both
appear potentially to contribute to the evolution of sexual
characters that upon mating confer desiccation resistance.
At this point, it is not possible to determine which of these
two factors (or even possibly a correlated, but as yet,
unconsidered third factor) is responsible for the evolution
and maintenance of the male ejaculate qualities conferring
desiccation resistance. The results nonetheless highlight
the caution that needs to be taken when inferring which
forces might actually contribute to divergence of the
characters involved in mating.

4. CONCLUSIONS
The significant effect of mating on female desiccation

tolerance reveals the potential role of natural selection in
shaping the evolution of sexual characters involved in
postmating–prezygotic interactions. Moreover, these pre-
liminary results suggest that the ecological consequences
of mating for females may actually drive divergence in the
male reproductive characters that confer varying levels of
resistance to desiccation among populations. While there
is correspondence between the degree of desiccation
resistance conferred by mating and the stress imposed by
the physical environment, an unexpected correlation
between the increase in desiccation resistance after mating
and the deleterious effects of mating associated with the
insemination reaction mass in females was also observed.
These results reinforce the mosaic processes potentially
underlying the evolution of reproductive characters
involved in postmating–prezygotic interactions.

An important implication of the study pertains to how
inferences are made about the potential mechanisms
underlying the evolution of postmating–prezygotic charac-
ters (Partridge & Hurst 1998; Gavrilets & Waxman 2002).
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It was only in a broader biological context that we were
able to detect (i) that there was more than one potential
selective basis for the qualities of male ejaculates that con-
fer a mating benefit; and (ii) that there may be beneficial
effects of mating in addition to previously documented
negative ones (Knowles & Markow 2001). This disparity
is predicted by models that demonstrate that the costs and
benefits to females will change under different environ-
mental conditions (Partridge & Hurst 1998; Holland &
Rice 1999). Evidence of male-induced harm to females in
D. melanogaster (Fowler & Partridge 1989; Holland & Rice
1999; Civetta & Clark 2000) may well be indicative of
only one of several possible mechanisms that might con-
tribute to the evolution of reproductive characters
involved in postmating–prezygotic interactions, such as of
male seminal proteins (Civetta & Singh 1995; Swanson et
al. 2001). As with other reproductive traits (Emlen 2001;
Kurdziel & Knowles 2002), the forces that drive the evol-
ution of characters involved in postmating–prezygotic
interactions are clearly not necessarily limited to any single
functional context.
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