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Abstract.—Sexual selection against viable, fertile hybrids may contribute to reproductive isolation between recently
diverged species. If so, then sexual selection may be implicated in the speciation process. Laboratory measures of
the mating success of hybrids may underestimate the amount of sexual selection against them if selection pressures
are habitat specific. Male F, hybrids between sympatric benthic and limnetic sticklebacks (Gasterosteus aculeatus
complex) do not suffer a mating disadvantage when tested in the laboratory. However, in the wild males choose
different microhabitats and parental females tend to be found in the same habitats as conspecific males. This sets up
the opportunity for sexual selection against male hybrids because they must compete with parental males for access
to parental females. To test for sexual selection against adult F; hybrid males, we examined their mating success in
enclosures in their preferred habitat (open, unvegetated substrate) where limnetic males and females also predominate.
We found significantly reduced mating success in F; hybrid males compared with limnetic males. Thus, sexual selection,
like other mechanisms of postzygotic isolation between young sister species, may be stronger in a wild setting than
in the laboratory because of habitat-specific selection pressures. Our results are consistent with, but do not confirm,
a role for sexual selection in stickleback speciation.
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Speciation is the evolution of premating or postmating iso-
lation preventing genetic exchange between populations
(Dobzhansky 1940). Premating isolation is reduced inter-
breeding between species, whereas postmating isolation is a
lower fitness of hybrid offspring (Mayr 1963). Postmating
isolation is generally measured as hybrid (and backcross)
inviability or sterility (Coyne and Orr 1989; Templeton 1989)
and numerous examples are known (e.g., Ayala et al. 1974;
Woodruff 1979; Orr et al. 1997). A largely overlooked, but
potentially strong, mechanism contributing to reproductive
isolation between closely related species is sexual selection
against adult hybrids. If premating isolation exists between
a pair of species, such that most matings are with conspecific
individuals, hybrids may also be discriminated against by
members of the parental species. This discrimination may be
mediated through a variety of morphological (True et al.
1997), behavioral (Stratton and Uetz 1986; Noor 1997), and/
or habitat-associated traits (Rolan-Alvarez et al. 1995). Few
studies have tested for sexual selection against hybrids (Strat-
ton and Uetz 1986; Krebs 1990; Price and Boake 1995; Ro-
lan-Alvarez et al. 1995; Hatfield and Schluter 1996; Davies
et al. 1997; Noor 1997), and to our knowledge only two of
these have been conducted in the wild (Roldn-Alvarez et al.
1995; Davies et al. 1997).

However, reproductive isolation between recently diverged
species may be underestimated if based only on laboratory
measures of hybrid fitness. In their review of postmating
isolation in Drosophila, Coyne and Orr (1989, p. 377) note
that “hybrids may be disadvantaged not because they are
sterile or inviable, but because they fall between the niches
of two ecologically isolated taxa or cannot mate properly
with either parental species.” For example, F; hybrids of
benthic and limnetic sticklebacks (Gasterosteus aculeatus
complex) have growth rates intermediate between those of

benthics and limnetics when grown in the laboratory on iden-
tical diets, whereas F; hybrids transplanted to enclosures in
either of the two main habitats of the natural lake grew more
slowly than the parental species specializing on that habitat
(Hatfield and Schluter 1999). Therefore, selection against hy-
brids may be stronger in the wild than in the laboratory if
there is an ecological context to postmating isolation.

Hatfield and Schluter (1996) conducted an initial test of
sexual selection against hybrids of sympatric benthic and
limnetics but found none. They suggested that sexual selec-
tion might arise via habitat selection by parental females in
the wild. Parental males have divergent nesting sites: benthic
males nest on the ground in dense cover, whereas limnetic
males nest on open sediments (McPhail 1994). Hatfield
(1995) found that when given a choice, laboratory-reared
hybrid males also nested in the open or near sparse cover,
thus showing preference for the same habitat as limnetic
males. Therefore, if the habitat use of parental females match-
es that of conspecific males, then hybrid males will mostly
encounter limnetic females that may discriminate against
them compared with limnetic males. Habitat selection by
females and nesting site preferences of males would then
lead to sexual selection against hybrid males.

In this study, we confirm that habitat use of gravid females
matches that of nesting conspecific males. We test the hy-
pothesis that F; hybrid male sticklebacks suffer a mating
disadvantage in a natural setting by comparing their mating
success in their preferred habitat with limnetic males sharing
that habitat when competing for limnetic females. Our find-
ings suggest that mating preferences are strong, indicating
that sexual selection may be a potent force diminishing hybrid
male fitness under the conditions prevailing in the wild. We
discuss the implication of this result for our understanding
of the role of sexual selection in speciation.
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MATERIALS AND METHODS
Study Species

The mate choice trials were carried out on male F; hybrids
between the ‘‘benthic’’ and “‘limnetic’’ species of stickleback
in Paxton Lake, British Columbia, Canada (McPhail 1992).
The species are morphologically, ecologically, and geneti-
cally distinct and exhibit strong premating isolation (McPhail
1992; Hatfield 1995; Nagel and Schluter 1998). Nevertheless,
hybrids are produced at a low frequency. McPhail (1992)
sampled Paxton Lake over 20 years and estimated that, based
on morphological criteria, F; hybrids make up 1% of the total
adult population. F; hybrids are intermediate between the
parental species in behavior and morphology (Hatfield 1995).
Laboratory experiments reveal no inherent inviability or ste-
rility of F; hybrids, although they suffer a foraging and
growth disadvantage in the wild (Schluter 1993, 1995; Hat-
field 1995; Hatfield and Schluter 1999).

Design

We compared mating success of F; hybrid males with that
of limnetic males in competition for limnetic females in open
habitats. This plan was based on our interpretation of ob-
servations made in the wild. First, mating trials were carried
out in the open habitat because nesting hybrid males prefer
it to the vegetated habitat (Hatfield 1995). When introduced
to enclosures in the littoral zone, which contained equal pro-
portions of vegetated and unvegetated bottoms, benthic and
limnetic males preferred divergent nest sites. Benthic males
preferred vegetated areas, whereas limnetic males preferred
unvegetated areas. F; hybrid males were not intermediate in
their choice of nesting sites; they were most similar to lim-
netic males, tending to nest in open areas (Hatfield 1995).
Second, we did not compare mating success of F; hybrid
males to benthic males when competing for benthic females
because by nesting in the open F; hybrid males primarily
encounter limnetic females (see Results). Finally, we did not
consider the mating success of F; hybrid males with F; hybrid
females because, with an estimated 1% of the adult popu-
lation being hybrids (McPhail 1992), the encounter rate of
nesting hybrid males with gravid hybrid females will be ex-
tremely low compared with their encounter rate with limnetic
females.

Fish Rearing

All males used in the mate-choice trials were laboratory-
raised from experimental crosses using wild-caught individ-
uals from Paxton Lake (Vamosi 1996). This was done to
ensure that hybrid males were truly F, hybrids and to stan-
dardize the prior experience of males. We made crosses in
May and June 1993, 1994, and 1997. Males were randomly
chosen from a minimum of eight limnetic families and seven
F, hybrid families (four LY X BJ, three B? X LJ&). Fish
were held at 18°C and 16:8 L:D day length for six months
and then switched to a lower temperature (5-10°C) and short-
er day length (8:16 L:D) to simulate winter. Fish were shifted
once again to longer days (16:8 L:D) and warmer tempera-
tures (13—18°C) one month before trials. Males were trans-
ported to Texada Island in April 1994 and May 1995 and
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1998 and held in large aquaria. We trapped gravid limnetic
females (standard length: 37-42 mm) from Paxton Lake im-
mediately before using them in mating trials. Wild females
were used because: (1) this increases the realism of the de-
sign; (2) it is difficult to reliably obtain a sufficient number
of laboratory-reared females for use on a specific date, be-
cause gravid females are unable to retain their eggs for more
than a few days; and (3) differential experience of females
is unlikely to be an important factor because most limnetic
females only become gravid one or two times in a breeding
season (unpubl. data) and rarely survive to a second season.

Mating Trials

To assess male mating success, we measured the proba-
bility of spawning in female-choice (i.e., multiple males per
female) mating trials. In 1994, trials had five males of each
type and multiple limnetic females in single large arenas. In
1995 and 1998, we used two males of each type in smaller
enclosures and introduced only a single female to each en-
closure to increase replication and avoid the nonindepen-
dence of observations of males and females. Introducing
males in a 1:1 ratio to limnetic females may eliminate any
rare-male advantage to hybrid males; however, we feel our
design was preferable because it did not result in higher lim-
netic male mating success simply due to reduced probability
of encounters between limnetic females and hybrid males.
We conducted experiments in May—July 1994 and 1995, and
May-June 1998 in enclosures in a large, shallow (maximum
1-m depth), unvegetated bay of Paxton Lake.

Two large fenced enclosures were used in 1994 (24 m X
1.25 m each) and several smaller fenced enclosures (8 m X
1.25 m each) were used in 1995 (four enclosures) and 1998
(10 enclosures). In 1995, more than one replicate was con-
ducted in an enclosure; in all cases, new males and females
were used. Enclosures were built using window screen mesh.
All had open bottoms and fence walls buried in the sediment
to prevent the escape of experimental fish. They were placed
on either side of a long floating dock to permit observations
during mating trials. To temporarily isolate males while they
built nests, we placed small mesh cylinders (1.1-m diameter)
in a single row (1.4 m between centers) down the middle of
each of the fenced enclosures (10 per enclosure in 1994, four
in 1995 and 1998). Each mesh cylinder was supported by
three wire rings, one at either end and one in the middle. The
bottom ring was buried in the sediment before introduction
of males to prevent escape before nest building was complete.

At the start of a trial, males in reproductive condition were
haphazardly sampled from the aquaria and introduced to the
mesh cylinders, one male per cylinder. A single limnetic or
hybrid male was randomly assigned to the mesh cylinder at
one end of a fenced enclosure. We then alternated limnetic
and hybrid males in adjacent mesh cylinders. Males were
introduced in this fashion to prevent clumping of males of
one type or another, thus allowing females to make direct
comparisons of the two types.

Males in mesh cylinders were presented with wild gravid
limnetic females in jars to stimulate them to build nests. A
single female was presented in a floating glass jar for 15 min
every day starting one to two days after the introduction of



876

males to the mesh cylinders. Males with nests ‘“‘courted”
these females in jars, performing many of the stereotypical
courtship behaviors observed during actual encounters be-
tween nesting males and gravid females (Rowland 1994):
zigzags, attempts at leading the female to the nest, and fan-
ning and gluing while at the nest. During this time, we were
able confirm the presence and location of nests and assign a
vigor rank to males, based on the number of times a male
swam to his nest after zigzagging around the jar (interpreted
as an attempt to lead the female to his nest) during a 10-min
observation period. Vigor was scored in an ascending manner,
with the most vigorous male receiving a score of one and
the least vigorous male a score of four (1995, 1998) or five
(1994). Males that did not nest within seven days were re-
moved and not replaced. In 1994, three limnetic and two
hybrid males remained at their nests in the first trial and two
limnetic and three hybrid males remained in the second trial.
In 1995, one male of each type was removed in the seventh
trial; all other males remained in the other trials. All males
remained in 1998. Therefore, the ratio of limnetic to hybrid
males present when females were introduced was equal (i.e.,
1:1) or near equal in all trials. Females used to stimulate
males were not used for mating trials.

To start a trial, we lowered the sides of all mesh cylinders,
allowing males to interact with one another within the fenced
enclosures. The following morning we counted the number
of males still present on their territories. In 1994, we released
one female every 20 min until their number was about twice
that of nesting males (12 females for each trial). Because of
the problem of lack of independence of the number of matings
within a trial, we use the trial itself as the independent ob-
servation. We released only a single female per fenced en-
closure in 1995 and 1998, which allowed us to increase the
number of trials.

Trials were ended two days after the release of the fe-
male(s). We caught the female(s) with a dip net and examined
them to determine whether they had spawned (females that
have spawned no longer have swollen abdomens). We re-
moved the males and collected their nests using a dip net.
Nests were promptly dissected to verify the presence of eggs.

Habitat Use by Females

We examined the habitat use of gravid benthic and limnetic
females during the breeding season by trapping in the littoral
zone of Paxton Lake. We trapped at two vegetated and two
open sites, all located in water less than 2 m in depth. Veg-
etated station 1 (1994-1996, 1998) was located beside a
large, partially submerged log (0.5 m X 5 m) at the water
surface, and cover consisted of large beds of aquatic mac-
rophytes such as Chara and Potamogeton. Vegetated station
2 (1994) was located between a floating dock and a large bed
of cattails (T'ypha), with Chara beds covering the substrate.
Open station 1 (1994-1996) was in a sparsely vegetated bay,
with open substrate and low numbers of yellow water lilies
(Nuphar) present near (> 2 m) one end of the station. Open
station 2 (1998) was located along an open, rocky face bor-
dering a deep bay. We trapped once every seven to 14 days.
A trapping session consisted of setting 12 standard minnow
traps spaced 2 m apart along the bottom. Traps were set
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between 10:00 h and 16:00 h and retrieved 24 h later. Trapped
fish were placed in a bucket of water and classified as benthic
or limnetic based on meristic and morphometric characters
given by McPhail (1992). Gravid females were identified by
a distended abdomen.

Statistical Analysis

To determine the habitat use of gravid females, we com-
pared the number of benthic and limnetic females caught
during trapping sessions at each station with paired r-tests.
Data from the same stations in different years were combined
after verifying with a one-way ANOVA that catches did not
differ between years.

We determined whether limnetic females mate with lim-
netic males more often than with hybrid males with a one-
tailed binomial test. For the two trials in 1994, the successful
male was considered the one that had mated with the most
females. By dividing the number of eggs in the nest of a
male into the total number of eggs retrieved from all the
nests, we estimate that the successful male mated with nine
of the 12 females in trial 1 and eight of the 12 females in
trial 2. Furthermore, in the first trial we observed that the
male chosen as the successful male on the basis of the number
of eggs in his nest was also the first male to successfully
mate with a female (Vamosi 1996). In 1995 and 1998, the
successful male was identified as the only one with eggs in
his nest. In all cases, females spawned with only a single
male (unpubl. data), as in the wild.

To determine the basis of any differential mating success
of limnetic and hybrid males, we examined the influence of
pretrial vigor and size of males on their mating success. We
compared the pretrial vigor of successful males with the mean
vigor of remaining males using a Wilcoxon signed rank test.
In addition, we compared the mean pretrial vigor of limnetic
males with that of the hybrid males in a trial with a Wilcoxon
signed rank test to determine whether the vigor of limnetic
males was higher than that of hybrid males. The same com-
parisons were carried out with standard length, our measure
of body size, using paired t-tests.

REsSuULTS

Wild gravid benthic and limnetic females exhibit distinct
habitat use within the littoral zone (Fig. 1). At both vegetated
stations, there were significantly more benthic females
trapped than limnetic females (paired #-test; vegetated 1: ¢4
= 5.349, P < 0.001; vegetated 2: t; = 3.710, P = 0.008).
This pattern was reversed at the open stations, where sig-
nificantly more limnetic females than benthic females were
trapped (paired ¢-test; open 1: ¢, = 4.751, P < 0.001; open
2: t, = 4.359, P = 0.049). These observations indicate that
the habitat use of gravid females matches that of nesting
conspecific males.

The hypothesis that limnetic females prefer conspecific
males to hybrid males was supported. Limnetic females pre-
ferred limnetic males in 18 of the 22 trials (binomial test; P
= 0.0043). This preference is significant even if the two trials
from 1994 are not considered (16 of 20 trials, P = 0.0118).

Vigor of a male, measured as the relative courtship inten-
sity toward females in jars prior to the start of a trial, was a
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Fig. 1. Mean numbers (= SEM) of gravid benthic and limnetic

females captured at four trapping stations (Il vegetated stations;
@, open stations) in the littoral zone of Paxton Lake. Number of
trapping sessions: vegetated 1, 17; vegetated 2, 8; open 1, 15; open
2, 3. Limnetic females selected the open habitat, whereas benthic
females selected the vegetated habitat.

good predictor of subsequent mating success in a trial. The
ranked vigor score of the successful male was significantly
higher than the mean vigor score of the remaining males in
a trial (Wilcoxon signed rank test; T, = 3.393, P < 0.001).
Limnetic males tended to display more vigorously toward
limnetic females than did hybrid males (Wilcoxon signed
rank test; T, = 3.074, P = 0.002; Table 1).

The size of a male, measured as standard body length, also
had a significant impact on mating success. The size of the
successful male was significantly smaller than the mean size
of the other males in a trial (paired r-test; #,; = 3.358, P =
0.001). This pattern is most easily attributable to the rela-
tively smaller size of limnetic males (Table 1; paired t-test;
1 = 5.985, P < 0.001). Therefore size differences between
limnetic and F; hybrid males may have contributed to mating
success.

DIScuUSSION

The sympatric species of sticklebacks in Paxton Lake are
genetically isolated despite the presence at low frequency of
hybrids in the adult population (McPhail 1992). Therefore,
strong selection must be acting against hybrids in the wild.
In the present study, we addressed whether there is sexual
selection against hybrids by verifying that the habitat use of
parental females matches that of conspecific males and by
showing that the mating success of male F; hybrids is reduced
when in competition with limnetic males for limnetic females
in the habitat where limnetic females are typically found. The
reduced mating success of male adult F; hybrids in the field
may be a significant component of postmating isolation be-
tween benthic and limnetic species.

We found evidence for differential habitat use between
limnetic and benthic females matching the habitat preference
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TABLE 1. Mean standard body lengths (mm) and ranked vigor (+
SEM) of limnetic and hybrid males (n = 44 for each) in mating
trials in 1994, 1995, and 1998 (n = 22 trials). Vigor was scored in
an ascending fashion, with the most vigorous male given a score
of one and least vigorous male given a score of four (1995, 1998)
or five (1994).

Limnetic males Hybrid males
Standard length 4590 = 0.58 48.99 = 0.70 P < 0.001
Ranked vigor 2.02 = 0.19 295 £0.23 P =0.002

of nesting conspecific males. Limnetic females selected open
sites, with over four times as many limnetic females being
trapped there than at the vegetated sites. Although benthic
females were also trapped at open sites, they are not likely
to spawn with males there. Benthic females have been ob-
served foraging or nest raiding in open areas of the littoral
zone, but never spawning with a male. Overall, this habitat
selection by parental females, especially limnetics, biases the
encounter rates between hybrid males and creates the con-
ditions necessary for sexual selection against F; hybrids (Hat-
field and Schluter 1996). This is another case of ecological
factors, absent in the laboratory setting, crucially affecting
reproductive isolation. Because sexual selection was detected
in the field but not in the laboratory (Hatfield and Schluter
1996), we feel that studies examining postmating isolation
between recently diverged species should take into consid-
eration ecological factors contributing to hybrid disadvan-
tage. Perhaps ecological factors are more important in pre-
venting the fusion of young species than is commonly ap-
preciated, with the traditional criteria for reproductive iso-
lation (i.e., hybrid inviability and sterility; Coyne and Orr
1989; Templeton 1989) becoming important only after suf-
ficient divergence has occurred.

Our field results are much stronger than those recorded in
the laboratory tests of Hatfield and Schluter (1996), even
when we confine our attention to tests involving limnetic and
F; hybrid males and limnetic females. In their experiment,
limnetic females eventually spawned with hybrid males in
10 of 17 (59%) trials compared with 13 of 20 (65%) with
limnetic males. Our data from 1995 and 1998 show that lim-
netic males had a much higher success rate (16 of 20 trials)
at the expense of hybrid male success (four of 20 trials). One
reason for the stronger result here is that our design enabled
females to choose males, whereas Hatfield and Schluter
(1996) gave no choice. A more realistic field setting (e.g.,
light, substrate, nest materials) may also have contributed.

What other factors may have produced the difference in
mating success between limnetic and F, hybrid males? Some
of the discrimination may be the result of lower courting
intensity by hybrid males, as has been observed in certain
hybrid crosses in Drosophila (e.g., Noor 1997) and Anartia
butterflies (Davies et al. 1997). Females may also be dis-
criminating against hybrid males based on male body size
(or some correlated body trait), as evidenced by the tendency
for the winning male to be smaller than the mean size of the
other males. Nagel and Schluter (1998) have demonstrated
that much of the reproductive isolation between benthics and
limnetics is a result of body size differences, and this may
lead to discrimination by limnetic females against hybrid
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males. Our explanation assumes that females alone are ex-
hibiting “‘choice,” although it is also possible that hybrid
males are rejecting limnetic females. However, at no stage
of the trial did hybrids cease courtship of females, which
suggests that females are mainly responsible for their lowered
mating success. Another possibility is that hybrid males may
have lower mating success due to direct intermale compe-
tition, although the number of aggressive encounters initiated
by males of the two types does not appear to be different
(unpubl. data).

Two questions need to be considered in the future before
we can be certain of the role of mating disadvantage of hy-
brids in maintaining reproductive isolation between the spe-
cies pairs. First, the mating success of hybrid females in the
wild is unknown. If hybrid females can mate with males of
the parental species, this would reduce the overall hybrid
mating disadvantage. Second, the mating success of hybrid
males with benthic females in the wild is unknown. Benthic
females prefer vegetated areas of the littoral zone and ob-
servations suggest that benthic females are foraging rather
than actively searching for mates in the open. Because of the
relative rarity of hybrid females and the low probability that
hybrid males can successfully court benthic females in open
areas, we do not feel that either of these factors are likely to
substantially augment the mating success of hybrids.

Studies of sexual selection on hybrids are principally in-
teresting for what they may reveal about the role of this
mechanism in speciation. Our results are consistent with two
models of sexual selection in speciation. The first model is
reinforcement, which facilitates speciation by selection for
increased assortative mating (Butlin 1995). Traditionally,
studies have sought to demonstrate reduced mating between
two incipient species; however, assortative mating should
also produce low mating success of adult hybrids, which was
observed in this study. This low mating success could con-
stitute the strong selection against hybrids that is required
for reinforcement to work (Coyne and Orr 1989; Liou and
Price 1994; Butlin 1995; Rundle and Schluter 1998). The
second model posits a direct role for divergent sexual selec-
tion: changes in the traits that affect mating success in a
population either via genetic drift or natural selection on
preferences should lead to rapid differentiation. Both models
predict reduced mating success of intermediate phenotypes,
including hybrids. However, our results are also consistent
with a third possibility, namely that reduced hybrid mating
success is a by-product of genomic incompatibilities between
species that arose for other reasons (e.g., Noor 1997). Further
experimental work on the mating success of viable, fertile
hybrids is likely to contribute exciting insights into the role
of sexual selection in speciation.
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