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BENEFITS OF MULTIPLE MATES IN THE CRICKET GRYLLUS BIMACULATUS
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Abstract.—Despite the importance of polyandry for sexual selection, the reasons why females frequently mate with
several males remain poorly understood. A number of genetic benefits have been proposed, based on the idea that by
taking multiple mates, females increase the likelihooed that their offspring will be sired by genetically more compatible
or superior males. If certain males have intrinsically “‘good genes,” any female mating with them will produce superior
offspring. Alternatively, if some males have genetic elements that are incompatible with a particular female, then she
may benefit from polyandry if the sperm of such males are less likely to fertilize her eggs. We examined these
hypotheses in the field cricket Gryllus bimaculatus (Orthoptera: Gryllidae). By allocating females identical numbers
of matings but different numbers of mates we investigated the influence of number of mates on female fecundity, and
both short- and long-term offspring fitness. This revealed no effect of number of mates on number of eggs laid.
However, hatching success of eggs increased with number of mates. This effect could not be attributed to nongenetic
effects such as the possibility that polyandry reduces variance in the quantity or fertilizing ability of sperm females
receive, because a control group receiving half the number of copulations showed no drop in hatching success. Offspring
did not differ in survival, adult mass, size, or development time with treatment. When males were mated to several
different females there were no repeatable differences between individual males in the hatching success of their mate’s
eggs. This suggests that improved hatching success of polyandrous females is not due to certain males having genes
that improve egg viability regardless of their mate. Instead, our results support the hypothesis that certain males are
genetically more compatible with certain females, and that this drives polyandry through differential fertilization
success of sperm from more compatible males.
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Numerous animals have been shown to mate far more fre-
quently than is necessary to ensure the production of zygotes.
We expect this sort of behavior from males competing for
fertilizations, but why females do this is more puzzling. Mat-
ings are frequently costly to females. Apart from taking time
and energy, copulation may leave pairs vulnerable to pre-
dation, provide an opportunity for disease transmission, and
in some cases have direct costs through pathological prop-
erties of seminal fluid (Chapman et al. 1995). In some species,
these costs are offset by direct benefits through nutrient do-
nations (Gwynne 1984) or the replenishment of sperm stores
(Sakaluk and Cade 1980). Alternatively females may be co-
erced into matings (Thornhill 1980) or may be bet-hedging
against infertile males (Walker 1980).

Although these nongenetic benefits provide an explanation
for polyandry in some species, for many, they do not seem
feasible; this has led to the proposal of various genetic ben-
efits that females may gain for their offspring through mul-
tiple mating. Unlike nongenetic benefits, which may accrue
from repeated copulations with the same male, all genetic
explanations depend upon females mating with several dif-
ferent males (polyandry). In monogamous birds, extrapair
copulation may benefit females if it allows them to mate with
males of a higher genetic quality than their own partner
(Kempenaers et al. 1992). For hymenopterans, evidence from
comparative studies suggests that multiple mating may be
advantageous because it increases sibling diversity (Ridley
1993; Keller and Reeve 1994; but see Boomsma and Ratnieks
1996). In addition to these explanations, a number of more
generally applicable hypotheses have recently been put for-
ward. It has been argued that females may mate with several
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males to promote sperm competition. This may benefit fe-
males because their sons will inherit traits giving them an
advantage in sperm competition (Keller and Reeve 1995).
Alternatively, sperm competition will be beneficial if there
are correlations between sperm and offspring quality (Madsen
et al. 1992). Finally, genetic incompatibility between mates
may be common and multiple mating may be a female ad-
aptation to reducing its deleterious effects. Such incompat-
ibility may result from inbreeding (Stockley et al. 1993; Ols-
son et al. 1996a) or as a result of the presence of selfish
genetic elements (Zeh and Zeh 1997a,b).

Despite the importance of multiple mating for sexual se-
lection, there remains a dearth of experimental tests of the
hypotheses to explain it. Female adders with higher mating
frequency have been found to produce fewer stillborn young
(Madsen et al. 1992) and sand lizards mating to several males
had young that were fitter in a number of respects (Olsson
et al. 1994). However, these field studies cannot exclude the
likelihood that better females attract more mates or that better
habitats lead to contact with more males (Parker 1992). Ad-
ditionally, these studies confound number of mates and num-
ber of matings, making it impossible to ascribe benefits to
polyandry as opposed to simply mating several times. Zeh's
{1997) laboratory study of pseudoscorpions addresses this
issue by showing that repeated matings with the same male
do not increase offspring fitness, whereas females mated to
several males had fewer brood failures and increased embryo
survival.

In this study, we examine the benefits of multiple mating
in the field cricket Gryllus bimaculatus (Orthoptera: Grylli-
dae). By allocating females the same number of matings but
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different numbers of mates, we explicitly control for possible
benefits of multiple copulations (such as avoiding sperm de-
pletion) independent of benefits of polyandry. Genetic ben-
efits can be divided into short- and long-term effects on off-
spring fitness. Hatching success is considered to be a short-
term effect, whereas long-term effects may be detected in
posthatching life history.

MATERIALS AND METHODS

The field cricket Gryllus bimaculatus is widely distributed
in southern Europe, where it frequently occurs in high-density
populations. Females in the laboratory have been shown to
mate repeatedly, and males are capable of mating at least 40
times in three days (Simmons 1986). The lack of a female
postmating refractory period combined with the likelihood
of frequent encounters with males in the field makes it un-
likely that polyandry is a laboratory artifact. Furthermore,
gryllids in general are noted for repeated matings by females
(Alexander and Otte 1967) and field studies of its closest
relative, Gryllus campestris (Rost and Honegger 1987), in-
dicate that G. bimaculatus is unlikely to be an exception.
Females mating several times are able to maintain hatching
success over a longer period than single- or double-mated
females (Simmons 1988a). This provides a possible expla-
nation for polyandry, although one might expect females to
cease mating once they had acquired enough sperm. More
importantly, there is no reason to expect that polyandry will
have a single evolutionary explanation within or between
species.

In our population, females unmated for an hour invariably
mated with any courting male. Males will not initiate matings
until they have produced a new spermatophore, a process that
takes approximately an hour. The amount of sperm in sub-
sequent spermatophores produced by a single male does not
decline over at least the first five matings (Simmons 1986,
1987a) and there is no evidence that it declines thereafter.
Spermatophore size is unrelated to male size (Simmons
1988b). Because the spermatophore is produced in advance
of encountering the female, males do not have the option of
manipulating their ejaculate in response to individual mates.
This eliminates the possibility that males might transfer less
sperm to females with whom they had mated in the past or
in response to other cues such as female size, relatedness, or
risk of sperm competition.

We isolated late-instar nymphs from a large laboratory
stock in separate 9-cm diameter pots at 29°C and 18:6 hr
light:dark and checked them daily to ascertain date of final
molt to adulthood. On her 10th adult day, we placed each
female into a 30 x 30 cm enclosure and allowed her to mate
four times, at hourly intervals. Males used were all 10 days
old and had mated once previously. We allowed males to
remain with the female for an hour postmating, thus pre-
venting the female from removing the spermatophore until
sperm transfer had taken place by his guarding her and phys-
ically intervening if she attempted to remove the spermato-
phore. Females were allocated either the same male four
times, two different males twice each, or four different males.
Each male was used once in all three treatments, so he was
the sole partner of one female as well as mating with one
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female in each of the other treatment groups. Hence each
male mated a total of eight times: an initial mating to a female
not used in the study so that all males were nonvirgins and
subsequently (each mating in random order) four times to
one female, twice to another, and once to a third. To increase
the sample size of the four-mates treatment, four males which
were randomly chosen from among the already used males,
were used twice as the mate of a female mating to four dif-
ferent males, so that these males mated nine times. Hence
we produced three treatment groups of females, all mating
four times: 48 females mated to one male, 24 females mated
to two males, and 16 females mated to four males. We sched-
uled matings at random such that there was ne bias in the
mating history of males with regard to treatment group. Using
the same males in different treatment groups is pseudorepli-
cative, but is preferable to using different males because it
controls for variation between treatments resulting from dif-
ferences between males. Females were not reused because it
is the differences between females under different mating
regimes that is the subject of this study.

To examine the effects of number of matings as opposed
to number of mates, we conducted an additional experiment
in identical fashion, using individuals from the same gen-
eration: 38 females were mated to the same male twice and
thus provided a contrast to those females mated to a single
male four times. Males used in this experiment had previously
mated three times, so their final mating was their fifth, where-
as in the main experiment the final mating of a male mating
four times to the same female is on average its sixth, a dif-
ference that the work cited above (Simmons 1986, 1987a)
indicates is unlikely to be significant.

Due to sperm mixing, the order of mating does not affect
paternity in G. bimaculatus (Simmons 1987a), provided that
all matings occur before egg laying begins (as in our exper-
iments). Females were never observed to remove or consume
the spermatophore after mating. After four matings, we
placed females in separate containers provided with wet sand
for oviposition. The eggs produced by each female in the
three days after she began laying were counted, transferred
to a petri dish containing damp cotton, and maintained under
the same conditions as the adults. After laying, females were
killed by freezing, dissected, and a count was made of the
number of mature eggs remaining in her ovaries. This allowed
us to examine whether the proportions of available eggs fe-
males chose to lay were affected by the number of mates.
We checked eggs daily for hatching until seven days after
the last emergence.

We transferred the first 40 nymphs from each female to an
aerated 5-liter plastic container, provided them with water
and paper towels for cover, and fed them rat pellets ad libitum.
After rearing, we removed newly eclosed adults daily and
recorded their mass, pronotum width (across the widest
point), and hind femur length.

Data and regression residuals did not deviate from normal
and there were equal variances between ANOVA groups. All
tests are two tailed.

RESuULTS

There were no significant differences between treatments
in number of eggs laid (ANOVA F, 45 = 1.0, P = 0.37) or
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of eggs hatching from females mated to one male four times, two
males twice, or four males once (means * standard errors).

in the proportion of available eggs laid by females (arcsine-
transformed proportions F, g5 = 0.43, P = 0.65). However,
we did find evidence for short-term benefits to offspring
whose mother had an increase in the number of mates. There
was a significant increase in the proportion of eggs hatching
from females mated to more than one male (Fig. 1); one mate,
mean = 0.41 * 0.03 SE, n = 48; two mates, mean = 0.47
*+ 0.03 SE, n = 24; four mates, mean = 0.53 = 0.03 SE, n
= 16; ANOVA on arcsine-transformed proportions F, 45 =
3.47, P = 0.036; regression on arcsine-transformed propor-
tions r2 = (0.275, n = 88, P < 0.01). Furthermore, variation
in hatching success declined with number of mates (coeffi-
cient of variation [CV] adjusted for variation in sample size
[Sokal and Rohlf 1995], one mate, CV = 0.449; two mates,
CV = 0.356; four mates, CV = 0.244). Using Lewontin’s
variance ratio test on arcsine-transformed data (Lewontin
1966; Zar 1984), these differences in CV are significant for
one mate versus four mates (F47,5 = 4.60, P < 0.0001) and
for two mates versus four mates (F,3 5 = 2.18, P = 0.023),
but not for one mate versus two mates (Fy723 = 2.11, P =
0.10), although this may be explained by the smaller sample
size of this comparison.

Because the same males were used in the single-mate treat-
ment and in the multiple mate treatments, we can directly
compare observed hatching success of females mated to mul-
tiple males with expected values derived from the hatching
success of females mated to single males. For instance, for
a female mated to two males, A and B, her expected hatching
success is (proportion of eggs hatching from female mated
solely to male A + proportion of eggs hatching from the
female mated solely to male B)/2. For females mated to four
males, we used the mean hatching success of the four females
for whom each male was their sole mate. Because we are
interested in differences between males, not between treat-
ments, the 24 females mated twice can be pooled with the
16 females mated four times, thus giving 40 observed and
expected values. There is no evidence of a correlation be-
tween observed and expected values (r = 0.17, n = 40, P =
0.29). This could be because there is differential fertilization
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TapLe 1. Posthatching summary data. Groups of 40 first-instar
nymphs were reared to adulthoed from females mated four times
to either one, two, or four mates. Two broods were lost due to an
accident. Sex ratio, arcsine-transformed sex ratio of nymphs sur-
viving to adulthood; survival, arcsine-transformed proportion of
nymphs surviving to adulthood; development time, mean time (d)
for nymphs to reach adulthood; mass, mean adult mass (g); femur,
mean adult femur length (mm); pronotum, mean adult pronotum
width {(mm).

One mate, Two mates, Four mates,
n =47 n =123 n =16

Mean sD Mean SD Mean SD

Sex ratio 0.76 0.13 076 0.12 0.80 0.11
Survival 065 012 069 016 060 023
Development time 394 394 390 343 404 422
Mass 6.71 (.53 6.78 (.55 6.81 0.57
Femur 1.1 0.30 11.0 0.31 11.1  0.28
Pronotum 6.83 020 680 020 682 020

success between males, so that our expected values, which
are based on equal fertilization success of males, are too low.
However, if we calculate our expected values as the hatching
success of the female with the highest hatching success of
the single mated females, there is still no correlation (r =
0.29, n = 40, P = (0.26). Additionally, in ancther experiment
(Wedell and Tregenza, unpublished manuscript) where males
were mated to two different females, we found no correlation
between hatching success of each male’s two mates (r =
=024, n = 12, P = 0.44).

Fematles in our additional group mated to a single male
twice showed no difference in hatching success to those mat-
ed to the same male four times {two matings, n = 38, mean
= (.44 * 0.03 SE; four matings, n = 48, mean = 0.41 *
0.03 SE: comparison of arcsine-transformed proportions t =
0.73, P = 0.47).

With regard to the post hatching life histories of the off-
spring, there was an equal adult sex ratio (one sample r-test,
t = 0.83, df = 85, P = 0.41). The sexes weighed the same
(mean mass of both sexes = 0.673 * 0.003 g), but differed
in femur length (female = 11.16 = 0.17 mm, male = 10.95
= 0.20 mm; t = 6.15, df = 2020, P < 0.001), and pronotum
width (female = 6.89 * 0.11 mm, male = 6.75 * 0.13mm;
t = 8.58, df = 2134, P < 0.001). Despite achieving the same
mass, females reached adulthood quicker than males (females
= 38.6 = 0.15 days, males = 40.1 = 0.15 days, r = 6.90,
df = 2144, P < 0.001).

There were no detectable differences between treatments
(see Table 1) The mean mass, pronotum width, and femur
length of offspring from different females did not vary sig-
nificantly between treatments (ANOVA, mass: F; g5 = 0.296,
P = 0.74; pronotum width: F, g5 = 0.483, P = 0.62; femur
length: F, z5 = 0.668, P = 0.52). Additionally, there was no
difference in mean time to adulthood (ANOVA F; 35 = 0.662,
P = 0.52),; sex ratio (ANOVA F, 45 = 1.13, P = 0.33); or
proportion of nymphs surviving to adulthood (ANOVA F; gs
= 1.53, P = 0.22). There were no differences between treat-
ments in the level of variation between broods. Using Le-
wontin’s log variance ratio test, for all comparisons between
treatments P = 0.4.
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DiscussioN

There are two classes of hypotheses that might explain the
observed increase in hatching success with degree of poly-
andry. These are variation in ejaculate characteristics other
than their genotype (e.g., volume, sperm number, nutrients,
hormones, etc.), or a genetic correlation between maie fer-
tilization success and genetic traits influencing offspring vi-
ability.

Because females in all treatments received the same total
number of matings from males mating the same number of
times, the first hypothesis (nongenetic) could explain our
results only if females benefit from reduced variance in ejac-
ulate properties. Variation between males in the quantity,
viability, or nutrient content of inseminations will mean that
polyandrous females tend to receive a total ejaculate quantity
and (nongenetic) quality closer to the mean than those mated
to a single male. This reduction in variance might be advan-
tageous if there are diminishing improvements in hatching
success with increased ejaculate quantities and qualities. For
instance, if females are sperm limited, receiving more than
a certain amount of sperm might not bring any additional
benefits; females simply need to ensure that they receive
enough to fertilize all their eggs. In this case, reduced var-
iance may be advantageous even if the mean quantity of
ejaculate received does not improve. The same argument
could apply to other ejaculate characteristics, for instance
females may need a threshold amount of some hormone (such
as prostaglandin} contained in male inseminations (Leopold
1976).

We can test this hypothesis because it predicts a difference
in proportional hatching success between females mated
twice and four times to the same male. Unless there are ex-
treme differences between individual males in their capacity
to fertilize the female’s eggs, any advantages of reduced var-
iance will be minor compared to receiving half the mean
ejaculate quantity (two vs. four matings). No such difference
was found in our population: offspring of females mated
twice to the same male had greater hatching success (although
there was no significant difference) as those mated to the
same male four times. Because we cannot detect a difference
between two matings and four matings, it is unlikely that the
differences we see between females mated to single males as
opposed to those mated to multiple males with equal numbers
of matings can be explained by the sperm-limitation or other
nongenetic hypotheses. Because all males were the sole mate
of one female, we know that although the decrease in variance
of hatching success with number of mates indicates that males
vary in traits affecting offspring viability, all the males were
at least partially fertile. Microscopic examination of 100 eggs
that failed to hatch showed well developed embryos in 33
eggs. This represents a conservative minimum because em-
bryos dying early in their development could not be detected.
With such a large proportion of fertilized eggs failing to
develop, there is clearly the potential for the differences be-
tween mating treatments to be due to differences in offspring
viability rather than paternal fertility.

The genetic variability hypothesis depends on males con-
ferring higher viability also being more likely to fertilize
eggs, because otherwise we would expect lower variance in
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offspring viability of multiply mated females (as is seen) but
no difference in mean viability. There are two possible pro-
cesses that could create this scenario. Males may vary ge-
netically, such that some individuals confer higher viability
on their offspring regardless of their mate, with the sperm
of these males more likely to fertilize the female’s eggs (Mad-
sen et al. 1992). Alternatively, there may be genetic incom-
patibility between certain pairs of mates, with females able
to preferentially use the sperm of compatible males (Olsson
et al. 19%6a; Zeh 1997). We can attempt to distinguish be-
tween these hypotheses because only the intrinsic-male-qual-
ity hypothesis predicts that certain males should increase the
hatching success of offspring regardless of the female to
which they are mated. Our results suggest that this is not the
case.

If certain males were intrinsically better fathers, we would
expect a correlation between the hatching success of females
mated to several males and expected values derived from
females mated solely to each of the males. A male conferring
high hatching success on a female when he was her sole mate
would be expected to improve the hatching success of a fe-
male for whom he was one of several mates. This effect will
be somewhat obscured by differential fertilization success of
males conferring higher viability. However, the lack of a
correlation between observed and expected values when as-
suming either equal fertilization success of all males or that
only the male conferring highest hatching success fertilizes
all the female’s eggs suggests that certain males are not in-
trinsically superior. Rather, this result is consistent with the
hypothesis that certain males are more compatible with cer-
tain females. This is supported by the lack of correlation
between the hatching success of 12 pairs of females mated
to the same male. Although this sample is too small to draw
firm conclusions, the fact that the correlation is negative in-
dicates that male influence on hatching success is unlikely
to be repeatable across females.

We found no evidence for posthatching life-history dif-
ferences between treatments (Table 1). There were also no
differences in heterogeneity of broods between treatments.
Sex ratio was unaffected by treatment, suggesting that if ge-
netic incompatibility is the cause of lower hatching success
in females mated to fewer males, it is not due to sex-linked
segregation distorters (Lyttle 1991).

There are a number of possible reasons for genetic incom-
patibility between pairs in our population. Our laboratory
population is likely to be subject to inbreeding; the population
has been established for around 30 years, so it is possible
that inbreeding avoidance mechanisms could have evolved
in the laboratory. Additionally, the demography of natural
populations may be such that inbreeding threatens offspring
fitness in the wild. Alternatively, there may be other sources
of genetic incompatibility such as cytoplasmic endosymbi-
onts or transposable elements (Zeh and Zeh 1997a). We can
only speculate on the mechanisms by which females mated
to several males fertilize a greater proportion of their eggs
with sperm from more compatible males. Females may be
able to manipulate sperm utilization using information gained
during mating. There are large differences between the sexes
in cuticular pheromones (Tregenza and Wedell 1997), and it
has been shown that females are capable of discriminating
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between related and unrelated males (Simmons 1990). There-
fore, it is possible that females make use of differences be-
tween males in their cuticular composition for mate assess-
ment. Additionally, chemical properties of male ejaculates
may be detected by females or simply cause reactions within
them such that ejaculates conferring higher offspring viability
are more likely to be used in fertilizing eggs. Regardless of
the mechanism involved, it is clear that mating with several
different males provides females with the opportunity to
choose sperm from the most suitable of a number of potential
fathers (Eberhard 1996). Precopulatory mate choice is known
to occur in this species {(Simmons 1987b). Any postcopula-
tory system will provide a further opportunity for females to
maximize offspring fitness. Whether we are observing the
benefits of active sperm selection by females or a passive
process remains to be investigated.
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