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SUCCESS IN WATER STRIDERS

GORAN ARNQVIST! AND INGELA DANIELSSON?
'Department of Animal Ecology, University of Umea, SE-901 87 Umed, Sweden
E-mail: goran.arnqvist@animecol.umu.se
*Animal Ecology, Department of Zoology, Géteborg University, Box 463, SE-405 30 Géteborg, Sweden
E-mail: ingela.danielsson@zool.gu.se

Abstract—Recent theoretical and empirical interest in postmating processes have generated a need for increasing
our understanding of the sources of variance in fertilization success among males. Of particular importance is whether
such postmating sexual selection merely reinforces the effects of premating sexual selection or whether other types
of male traits are involved. In the current study, we document large intraspecific variation in last male sperm precedence
in the water strider Gerris lateralis. Male relative paternity success was repeatable across replicate females, showing
that males differ consistently in their ability to achieve fertilizations. By analyzing shape variation in male genital
morphology, we were able to demonstrate that the shape of male intromittent genitalia was related to relative paternity
success. This is the first direct experimental support for the suggestion that male genitalia evolve by postmating sexual
selection. A detailed analysis revealed that different components of male genitalia had different effects, some affecting
male ability to achieve sperm precedence and others affecting male ability to avoid sperm precedence by subsequent
males. Further, the effects of the shape of the male genitalia on paternity success was in part dependent on female
morphology, suggesting that selection on male genitalia will depend on the frequency distribution of female phenotypes.
We failed to find any effects of other morphological traits, such as male body size or the degree of asymmetry in leg
length, on fertilization success. Although males differed consistently in their copulatory behavior, copulation duration
was the only behavioral trait that had any significant effect on paternity.
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dence.
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In recent years, the theory of Darwinian sexual selection
has been broadened to include not only male premating court-
ship characters, but also traits that may affect nonrandom
postmating paternity success among males. This development
has been boosted by observations of large variation in male
postmating paternity success (Lewis and Austad 1990; Birk-
head and Mogller 1992; Eberhard 1996). The latter is of fun-
damental importance in evolutionary biology because most
empirical studies of sexual selection reported so far analyze
variance in male mating success (Andersson 1994) and there-
fore assume a simple and direct relationship between male
mating frequency, or the number of females inseminated, and
reproductive fitness. Although this may be true in some cases
(Pemberton et al. 1992; Abell 1997; Wheatherhead and Boag
1997), there is typically enough residual variance in paternity
success to significantly weaken the relationship (Lewis and
Austad 1990, 1994; Birkhead and Mgller 1992; Simmons and
Parker 1992; Conner 1995; Bissoondath and Wiklund 1997;
Gullberg et al. 1997; Wilson et al. 1997).

Our understanding of the causes of variation in postmating
paternity success and of how male traits may become elab-
orated as a result of postmating sexual selection are, unfor-
tunately, relatively poor and partly impeded by the shortage
of empirical data on intraspecific variation in postmating pa-
ternity success. Some studies have shown that overall size
(McLain 1980; Lewis and Austad 1990, 1994; Watson
1991a,b; Wedell 1991; LaMunyon and Eisner 1993, 1994
Ward 1993; Otronen 1994; Sakaluk and Eggert 1996; Sim-
mons et al. 1996; Bissoondath and Wiklund 1997) and/or
copulation duration (Siva-Jothy 1987. Rubenstein 1989;
Siva-Jothy and Tsubaki 1989; Wolf et al. 1989; Thornhill and
Sauer 1991; Simmons and Parker 1992; Arngvist and Dan-

ielsson 1999) are positively related to relative male fertil-
ization success. These effects could both be direct effects of
sperm competition, mediated simply by a larger number of
sperm inseminated by more successful males (Berrigan and
Locke 1991; Parker and Simmons 1991; Eady 1995; Sim-
mons et al. 1996). However, more subtle characters, such as
relatedness or biochemical compatibility between mates,
have also been shown to influence relative male success in
several cases (Clark et al. 1995; Bishop et al. 1996; Olsson
et al. 1996; Hughes 1997; Wilson et al. 1997). Of particular
interest are two types of traits that cannot be explained by
the actions of conventional premating sexual selection and
thus have been suggested to evolve by postmating sexual
selection alone: morphology of male genitalia and copulatory
courtship characters (Eberhard 1985, 1994, 1996).

One of the most striking and general trends in the evo-
lutionary radiation of animal taxa and one of the most poorly
understood is the remarkable and rapid morphological di-
versification of the shape of male genitalia (Eberhard 1985;
Arngvist 1997a, 1998). Eberhard (1985, 1993, 1996) has sug-
gested that male genitalia may evolve via postmating sexual
selection, which is strongly supported by comparative data
(Arnqvist 1998), but so far not directly supported by any
experimental evidence. There are at least three different, but
not mutually exclusive, ways by which a relationship between
genital morphology (or any male phenotypic trait) and fer-
tilization success could be generated: (1) competition be-
tween males or their gametes over fertilization, that is, sperm
competition (Waage 1979; Gage 1992); (2) female processes
that affect male fertilization success, that is, cryptic female
choice (Lloyd 1979; Thornhill 1983; Eberhard 1985, 1996);
or (3) coevolutionary arms races between males and females
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over the control of fertilization, that is, sexual conflict
(Arnqvist and Rowe 1995; Rice 1996; Alexander et al. 1997).

In the majority of animal taxa, male courtship during and
immediately following copulation is a conspicuous but ne-
glected component of reproductive behavior (reviewed by
Eberhard 1991, 1994, 1996). Because such copulatory court-
ship cannot be the direct result of classical premating sexual
selection, it is thought to have evolved by postmating sexual
selection. Again, estimations of the effect of male copulatory
courtship behavior on relative fertilization success are very
rare (Eberhard 1996). However, a few studies have indicated
that males with more elaborate or intense copulatory court-
ship behavior indeed are favored in terms of relative paternity
(Otronen 1990; Watson 1991a,b), although it is unclear how
such a bias in paternity is brought about.

This study represents an explicit assessment of the rela-
tionship between phenotypic variation among males and rel-
ative fertilization success. Using water striders as model or-
ganisms, we estimate the effects of a series of morphological
and behavioral traits on paternity in an extensive hierarchi-
cally structured double-mating experiment. We focus on ef-
fects due to genital morphology and copulatory behavior, but
also evaluate the role of fluctuating asymmetry. To quantify
complex morphological variation in shape of male genitalia,
we apply some of the new tools offered by recent method-
ological development in the field of geometric morphomet-
rics.

MATERIALS AND METHODS
The Organism

Water striders (Gerridae) inhabit water surfaces of various
aquatic habitats both as juveniles and as adults. They are
predators/scavengers that feed mainly on arthropods trapped
at the water surface (Andersen 1982; Spence and Andersen
1994). Characteristics of male genitalia are very important
both in grouping higher order taxa and in distinguishing
among closely related congeneric species (Andersen 1982,
1993). The intromittent phallic organ, which is inflated/ex-
tended and inserted into the female genital tract during cop-
ulation, is mostly membranous, but carries an apical capsule
(the vesica) which encloses an armature of genital sclerites
(for illustrations see Andersen 1993).

This study was performed on Gerris lateralis, a member
of the primarily Holarctic and relatively species-rich genus
Gerris (42 species). In this genus, the sclerites in the apical
part of the intromittent phallus have evolved particularly rap-
idly and divergently, and their morphology is a critical spe-
cies character within the genus (Andersen 1993). Little is
known of the functional morphology of these sclerites in
Gerris, but they are thought to play an important part during
insertion and/or positioning of the male phallus in the female
genital tract during copulation (Andersen 1982; Heming-van
Battum and Heming 1989). Although little classical premat-
ing courtship occurs in this group of insects (Rowe et al.
1994; Arnqvist 1997b), males exhibit distinct copulatory be-
haviors in the form of vibrations and various leg-tapping
behaviors (Andersen 1982). These behaviors were originally
interpreted as stimulatory courtship signals addressed to the
female (Sattler 1957), but have more recently been suggested
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to function primarily in terms of mate guarding by repelling
other males (Wilcox and Di Stefano 1991).

Collection and Rearing

Males and virgin females were collected May 9-19, 1997,
from the river Tavledn, 8 km SE of Umed in northern Sweden.
The water striders were kept in aerated tanks (1-m diameter,
water depth 10-20 c¢m) in the laboratory with a simulated
natural light regime and at 20°C (*2°). Females were held
isolated from males, and males were held with nonexperi-
mental females at a sex ratio of approximately 2:1. Both sexes
were fed frozen Gryllus cricket larvae ad libitum and were
provided with pieces of Styrofoam as resting sites. The water
was changed weekly and surplus food was removed regularly.
To ensure that only virgin females were used in the experi-
ments, the fertilization status of individually isolated females
were checked prior to the experiments over a minimum of
four days. Females laying fertile eggs during the isolation
period were discarded. Males were collected from the holding
tanks while mating and isolated individually in cups (6 cm
diameter) provided with water, food, and Styrofoam pieces
during the day prior to the experiments.

Sterile Male Technique

Male fertilization success was estimated by the sterile male
technique (Parker 1970). The relative fertilization success of
a pair of males is estimated from the proportion of developing
eggs from double matings of virgin females, mated with one
normal and one sterile male. Males were sterilized by ex-
posure to emission of high energy X-rays. Irradiation took
place between 1600 and 1700 h the day before the mating
experiment, and males had by then been isolated from females
for about one hour. Males were placed in a petri dish in front
of a linear electron accelerator with 6 MV photon beams. A
14-mm thick plexiglas disc was placed on top of the petri
dish, and a water equivalent phantom for backscattering was
placed underneath. Males received an absorbed dose of 130
+ 3% Gy with a dose rate of 10 Gy/min. Sperm of irradiated
males are assumed to be able to fertilize eggs, but to carry
lethal mutations that prevent normal embryonic development.
The normal infertility and the degree of sterility in irradiated
males were estimated from NN- and RR-matings (i.e., virgin
females were mated successively with two normal [N] or two
irradiated [R] males). Estimates of the relative fertilization
success of the last male (P2) was subsequently estimated by
the method presented by Boorman and Parker (1976: see
Results below).

Mating Experiments

To allow an assessment of the repeatability of relative male
fertilization success, while controlling for the irradiation
treatment and allowing assessments of the effects of mor-
phology and behavior on sperm precedence, we used a hi-
erarchically structured experimental design in which each of
a series of male pairs was mated with two different females.
Males were randomly combined into pairs and one male in
each pair was randomly assigned to the irradiation treatment.
The male pairs (n = 85) were divided equally and randomly
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between NR and RN mating orders to control for any dif-
ferences in competitiveness of normal and irradiated sperm.
Each pair of males was first allowed to mate with a randomly
selected virgin female (A) with an intermating interval of 4—
6 h. Each male pair was mated again with a second virgin
female (B), the subsequent day, with the same mating order
and intermating interval. Each male pair and the two females
mated to these males collectively form a mating group. Males
were kept isolated in cups and provided with food in between
matings. The recovery period for males was thus 20-24 h.
The control matings (NN- and RR-matings, n = 24) were
conducted in the same way as the experimental matings. Mat-
ings were carried out in plastic jars (15 X 20 cm, water depth
5.5 cm) from June 20 through July 6. Each mating was con-
tinuously monitored, and the durations of the precopulatory
struggle and the copulation were recorded. In the genus Ger-
ris, copulation ends when the male withdraws his genitalia
and is typically followed by a postcopulatory contact guard-
ing phase (Arnqvist 1997b). Maximum copulation time was
60 min, whereafter the couple was gently separated if still
attached.

Two components of male copulatory behavior were also
recorded: leg-jerks and vibrations (cf. Sattler 1957). Leg-
jerks are rapid vertical jerking movements and/or sudden hor-
izontal twitches of one or both midlegs. The midlegs do not
directly contact females during these movements. When per-
forming copulatory vibrations, which are often a response to
female reluctance behavior, males typically fold their midlegs
around those of the female and cause the couple to rapidly
oscillate vertically for 1-3 sec.

Egg Collection

Experimental females were isolated individually for a total
of eight days in jars (15 X 20 c¢m) provided with Styrofoam
and a piece of balsawood (2 X 1 cm). The latter served as
oviposition substrate. Females were fed one frozen cricket
(length about 1 cm) per day. The water and oviposition sub-
strates were replaced after four days, and oviposition sub-
strates were again collected after another four days. Eggs
were allowed eight days of maturation in plastic cups with
water (20°C), before recording the number of viable and non-
viable eggs (egg age span was thus 8—12 days). Only eggs
that showed normal development with red eyespots and legs
clearly visible were regarded as viable. Partly developed and
opaque eggs were considered as nonviable.

Morphometrics

All experimental individuals were frozen individually in
0.5 ml Eppendorf vials for subsequent morphometric ana-
lyses. Two-dimensional digital morphometric data were at-
tained by placing a digitizing tablet (Summasketch® II1,
CalComp Technology, Inc., Anaheim, CA) under a side-
mounted camera lucida attached to a dissecting microscope
(Leica® MZ8, Leica AG, Heerbrugg, Switzerland). For each
individual, we registered the following eight landmarks on
the body in dorsal view: the anterior corners of the pronotum,
the thoracic points of attachment of the mid- and hindleg
coxae, and the tips of the connexival spines (Andersen 1993),
The centroid size of the body (the square root of the sum of

149

squared distances of the eight landmarks from their centroid)
of each individual was subsequently used as an integrative
measure of overall size (Rohlf and Marcus 1993). We also
measured the length of both midlegs (femur plus tibia) of
each individual twice, after first removing the legs from the
body and flattening them between two microscopic slides, to
allow assessment of asymmetry in leg length and its repeat-
ability. We restricted our analysis to asymmetry in midleg
length because this is the only asymmetry trait that has been
found to be both repeatable and condition dependent in water
striders (Arnqvist and Thornhill 1998).

We also measured variation in genital shape among males,
as opposed to merely genital size (cf. Eberhard et al. 1998).
Male genitalia were macerated in 10% KOH (17 h), cleared
in 50% aqueous lactic acid solution (24 h) and placed in
glycerine for examination. To describe variation in shape of '
the genital sclerites, we recorded, for each male. the outlines
of the three intromittent vesical genital sclerites in lateral
(dorsal and lateral sclerites) and ventral views (ventral scler-
ite) (for illustrations see Andersen 1993). These outlines were
subsequently analyzed using elliptic Fourier analysis (Liu et
al. 1996; Lestrel 1997: Arngvist 1998). This method involves
describing the outlines of the genitalia of each individual
with a nonlinear function, and subsequently analyzing mor-
phological shape variation among individuals as variance in
the parameters of the fitted function (see Results). Geometric
shape descriptors of the genital sclerites in water striders have
previously been shown to be highly repeatable using this
methodology (Arnqvist and Thornhill 1998).

REsuLTS
Morphometrics

Our measures of midleg length and asymmetry in midleg
length were both highly repeatable (R = 0.992 and R = 0.741,
respectively). Therefore, we used the mean length and asym-
metry of the two repeated measures for each individual. The
distribution of midleg length asymmetry did not differ sig-
nificantly from normality (Kolmogorov-Smirnov one-sample
test, P = 0.456). Midleg length was not correlated with either
asymmetry (r = 0.007) or the absolute value of asymmetry
(r = —0.078). The average asymmetry was slightly, but sig-
nificantly, different from zero (—0.048 mm, SD = 0.088, ¢
= 7.14, df = 170, P < 0.01). Thus, our data indicated fluc-
tuating asymmetry in leg length, in combination with direc-
tional asymmetry (Rowe et al. 1997). Because of the small
magnitude of directionality, however, we used absolute value
of leg asymmetry to characterize the asymmetry of each in-
dividual in the analyses reported below. Using the alternative
measure in our models, that is, the absolute value of the
difference between the observed asymmetry and the average
asymmetry, did not qualitatively alter any of the results (see
below).

For each of the three genital sclerites, the outlines of all
individuals were included in a common elliptic Fourier anal-
ysis (Ferson et al. 1985: Rohlf 1992), using the software EFA-
Win (Rohlf et al. 1995). The Fourier analyses were made
invariant of size, position, and rotation, and all used 20 har-
monics (yielding 80 Fourier coefficients). These functions
provided a near perfect fit to all sclerite outlines. To reduce
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TaBLE 1.
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The results of nested analyses of variance of copulation behavior. Mating order refers to the order with which males were

mated (NR or RN) and mating group refers to the quadruplet of individuals (two males and two females) involved in each replicate.
Male and female factors, both crossed and nested within mating groups, express the extent to which variation in behavioral variables

was due to differences between individual males and females.

Precopulatory struggle

Male copulatory Male copulatory

duration Copulation duration leg-jerk rate vibration rate

Source df F P P F P F P
Mating order 1 0.352 0.555 0.149 0.700 0.833 0.364 2.616 0.109
Mating group [mating order] 83 0.977 0.543 4.882 <0.001 1.072 0.376 2.498 <0.001
Female [mating group] 85 1.024 0.456 1.362 0.078 0.726 0.928 1.868 0.002
Male [mating group] 85 1.000 0.500 2.476 <0.001 0.887 0.709 1.608 0.015

the dimensionality of our shape descriptors, the 80 Fourier
coefficients for each sclerite were treated as variables in prin-
cipal component analyses performed on the covariance matrix
(Rohlf and Archie 1984; Liu et al. 1996). The first two prin-
cipal components from each analysis were retained for sub-
sequent analyses (see below). These two variables collec-
tively described 57% of the shape variation in dorsal sclerites,
83% in lateral sclerites, and 84% in ventral sclerites. Mea-
sures of size of the sclerites were not included in subsequent
analyses because they were closely correlated with our mea-
sure of overall size (see above) and thus caused inferential
problems when included in our statistical models (due to
multicollinearity).

Copulation Behavior

To assess the degree to which variation in copulation be-
havior was due to consistent differences among individual
males and females, we analyzed the behavioral variables in
a series of nested analyses of variance. Male and female
identity were treated as two two-level crossed factors, both
nested within mating group (i.e., quadruplet). Because these
two factors are unreplicated within mating groups, this model
does not allow an independent estimation of the interaction
term (Sokal and Rohlf 1995). Mating groups, in turn, were
nested in mating order (NR or RN).

We did not find any evidence of individual variation in
reluctance to mate among females or in the propensity to
elicit such female mate-rejection behavior among males, as
indicated by our analysis of precopulatory struggle duration
(Table 1). As has been suggested previously, copulation du-
ration was largely determined by males (Rowe and Arngvist
1996). The rate of male copulatory leg jerks was not influ-
enced by individual variation in males or females. In contrast,
males did differ in the rate at which they performed copu-
latory vibrations, and females differed in their ability to elicit
such male vibrations (Table 1). However, female size was
apparently not related to the tendency to trigger male vibra-
tions. The average copulatory vibration rate elicited by a
female in her two matings was not correlated with her overall
size (r = —0.096, P = 0.211, n = 170), nor did the larger
of the two females in a mating group in average elicit a higher
rate of male vibrations than did the smaller female (paired
t-test, r = 1.078, df = 84, P = 0.284).

Estimation of Relative Fertilization Success

The viability rates (arcsine transformed) of females mated
with male control pairs (RR and NN, respectively) were an-

alyzed in a nested within-subjects (i.e., repeated measures)
analysis of variance, with two within-subjects factors: female
(first and second) and egg sampling period (days 1-4 and 5—
8). With this design, male pairs were subjects nested in their
treatment (R males or N males). This analysis verified that
the irradiation treatment had an overwhelming effect on the
viability rates (arcsine transformed, F, 5, = 79.9, P < 0.001),
whereas neither female or egg sampling period, nor any of
the interactions between the three factors, had any significant
effect on viability rate (arcsine transformed, F,,; < 1.5, P
= (.25, in all six cases). Therefore, the fertilization rates
from both females and egg sampling periods were pooled to
provide the most reliable overall estimate of the viability rate
resulting from a mating with a normal male (0.922) and an
irradiated male (0.249), respectively. These estimates rep-
resent the average rate of viable to total number of eggs across
females, and were used to estimate the relative fertilization
success of males in the double-mating experiment. The pro-
portion of eggs fertilized by the R male, P in a given NR
or RN mating is thus given by
1 - (_xfp))

X Z
Pr=|(1——-|+ =X
: ( p) (P 1 - (z/p)

where z = 0.249, p = 0.922, and x represents the observed
viability rate (Boorman and Parker 1976). The relative fer-
tilization success of the last male (P2) equals Py in NR mat-
ings and 1 — Pg in RN matings.

(1)

Sources of Variance in Fertilization Success

To assess whether P2 differed between the first and second
female in a mating group and between the first and second
period of egg sampling among the experimental females, we
performed a nested within-subjects analysis of variance. In
this model, male pairs were subjects nested in mating order
(NR or RN), and female mating sequence (lst or 2nd) and
egg sampling period (days 1-4 or 5-8) were treated as two
crossed within-subjects factors. There was no systematic dif-
ference in P2 between the first and second female (F| 46 =
0.024, P = 0.877), nor between the two egg sampling periods
(Fi 66 = 0.198, P = 0.658). Further, none of the interactions,
neither that between these two factors nor those between these
two factors and mating order, were significant (F; ¢, < 3.129,
P > 0.05 in all cases). Thus, data from the two periods were
pooled to yield an overall P2 estimate for each female, which
forms our measure of P2 used in subsequent analyses.

Our results revealed large intraspecific variation in the de-
gree of sperm precedence. The average P2 value across all
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The effects of four morphological trait groups, each composed of two traits, on the relative fertilization success of the second

male (P2). The effects of trait groups were tested separately for the first and second male by multiple partial F-tests in a nested within-
subjects analysis of covariance (see Results). Between-subjects effects refer to effects across replicate male pairs, and within-subjects

effects refer to interaction effects with female body size.

First male Second male
F P F P

Between-subjects effects (df = 2, 75):

Midleg length and asymmetry 1.692 0.191 0.471 0.626

Shape of dorsal genital sclerite 0.379 0.686 3.592 0.032

Shape of lateral genital sclerite 0.5373 0.007 1.887 0.159

Shape of ventral genital sclerite 0.102 0.903 3.377 0.039
Within-subjects effects (df = 2, 74):

Midleg length and asymmetry 0.239 0.788 1.144 0.324

Shape of dorsal genital sclerite 1.352 0.265 3.252 0.044

Shape of lateral genital sclerite 2.908 0.061 0.114 0.892

Shape of ventral genital sclerite 0.477 0.623 0.180 0.835

females (P2 = 0.57) was actually of a similar magnitude as
the standard deviation (SD = 0.58), yielding a coefficient of
variation of 101%. To estimate the repeatability of P2 values
between females within male pairs, the data on P2 values
were subjected to a two-level nested mixed-model analysis
of variance where male pairs were nested in mating order.
This analysis revealed a moderate but significant difference
between mating orders in estimated P2 (F, 3, = 5.67, P =
0.019). The average P2 values were 0.462 (SD = 0.58, n =
82) and 0.682 (SD = 0.55, n = 78) for NR and RN matings,
respectively. Most importantly, however, there was a highly
significant difference in P2 between male pairs within mating
order (Fyg3 39 = 2.87, P < 0.001). An extraction of variance
components (Sokal and Rohlf 1995) from this analysis
showed that male pair within-mating order accounted for 48%
and female within-male pair for 52% of the variance in P2.
Therefore, although the P2 value of a given male pair was
indeed significantly “‘repeatable’” across replicate females, it
also varied considerably between females within male pairs.
However, the latter was not simply a result of temporal chang-
es in the relative viability of sperm of irradiated males (see
above).

Determinants of Fertilization Success

Our experiment, and thus our data on relative fertilization
success, was structured in four hierarchical levels: mating
order, male pair, female, and mating. Independent explanatory
variables of interest were available at three of these levels:
male morphology (male pair), relative female size, that is
body size relative to the other replicate female in a given
mating group (female), and copulatory behavior (mating).
Because of the complexity of this design, our analysis pro-
ceeded in two steps. First, the effects of mating order, relative
female size, and male morphology on P2 were estimated in
a nested within-subjects (i.e., repeated measures) analysis of
covariance. In this analysis, male pairs were subjects nested
in mating order, relative female size was a within-subjects
factor, and measures of male morphology were treated as
covariates at the subject level. Model assessment was made
by inspection of residuals from these models. The residuals
from the above analysis was also used to secondarily estimate
the effects of copulatory behavior on P2, above and beyond

that accounted for by mating order, relative female size, and
male morphology (see below).

We chose to include absolute values of the first and second
male separately in our models, rather than using relative val-
ues (i.e., differences between the two males) for two reasons.
First, there are theoretical reasons to expect that P2 primarily
relates to absolute characteristics of the last male to mate
(see Parker et al. 1990; Parker and Simmons 1991; Eberhard
1996). Second, several empirical studies have verified that
absolute values are more closely related to P2 than are rel-
ative values (Parker and Simmons 1991; Watson 1991b: Otro-
nen 1994; Ueno 1994; Eady 1995).

Because of the large number of morphological variables
involved in our analysis, we applied a hierarchical inferential
strategy. This involved testing the addition in model fit of
groups of related variables above and beyond that of a basic
reduced model. Most importantly, this strategy reduces the
risk of inflated Type I error rates without deflating the statis-
tical power by increasing the Type II error rate (Cohen 1988;
Rice 1989; Arnqvist et al. 1997). Because body size, or traits
correlated with body size, are known to influence relative fer-
tilization success of males in several insect species (see in-
troduction), our reduced model contained three components:
mating order, male body size (between-subjects factors), and
relative female size (within-subjects factor). We then tested
the improvement in fit to data of the independent addition of
four groups of morphological variables to this reduced model,
for both the first and the second male, with multiple partial
F-tests. These variable groups were midleg morphology
(length and asymmetry), shape of the dorsal genital sclerite
(PC1 and PC2), shape of the lateral genital sclerite (PC1 and
PC2), and shape of the ventral genital sclerite (PC1 and PC2)
(see Table 2). Neither body size nor length or asymmetry of
midlegs had any significant impact on P2. However, the shape
of the dorsal and ventral genital sclerites of the second male
were both related to his relative fertilization success. The
strength of the former effect was, at least in part, depending
on the body size of the female (Table 2). Further, the shape
of the lateral genital sclerite of the first male affected the
relative fertilization success of the second male. A full model
including these effects are presented, for illustration rather than
statistical inference, in Table 3. It is evident that the second
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TABLE 3.

success of the second male (P2) in the double-mating experiment (n

A nested within-subjects ana]ysis. of covariance of the effects of body, leg, and genital morphology on the relative fertilization
80 male pairs).

Source 55 df MS F P
Between-subjects effects:
Mating order 0.72 1 0.72 1.766 0.188
Body size of 1st male 0.30 1 0.30 0.732 0.395
Body size of 2nd male 0.05 1 0.05 0.134 0.715
Dorsal sclerite PC1 of 2nd male 0.09 1 0.09 0.228 0.635
Dorsal sclerite PC2 of 2nd male 1.54 1 1.54 3.770 0.056
Ventral sclerite PC1 of 2nd male 0.16 1 0.16 0.411 0.524
Ventral sclerite PC2 of 2nd male 2.10 1 2.10 5.142 0.026
Lateral sclerite PC1 of 1st male 0.46 1 0.46 1.130 0.291
Lateral sclerite PC2 of 1st male 2.05 1 2.05 5.013 0.028
Error 28.70 70 0.41
Within-subjects effects:

Female size! 0.06 1 0.06 0.382 0.539
Female size X mating order 0.54 1 0.54 3.484 0.066
Female size X body size of 1st male 0.01 1 0.01 0.057 0.812
Female size X body size of 2nd male 0.07 1 0.07 0.422 0.518
Female size % dorsal sclerite PC1 of 2nd male 0.87 1 0.87 5.554 0.021
Female size x dorsal sclerite PC2 of 2nd male 0.01 1 0.01 0.055 0.815
Female size % ventral sclerite PC1 of 2nd male 0.06 1 0.06 0.405 0.527
Female size * ventral sclerite PC2 of 2nd male 0.00 1 0.00 0.028 0.867
Female size x lateral sclerite PC1 of Ist male 0.45 1 0.45 2.855 0.096
Female size x lateral sclerite PC2 of 1st male 0.23 1 0.23 1.496 0.225
Error 10.96 70 0.16

! Refers to the relative body size of each of the two females within each male pair (two replicate females per male pair).

principal components of the shape of the ventral and dorsal
sclerites are most closely related to a given male’s relative
fertilization success. High P2 was associated with a relatively
stout ventral sclerite and a dorsal sclerite with a relatively
narrow and incurved apical part (see Fig. 1).

The distribution of residual P2 from the nested within-
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FiG. 1. The relationship between the shape of the genital sclerites

of second males and their relative fertilization success, illustrated
as an equal-height contour plot (Phillips and Arnold 1989) where
the lines represent the linear topography of the relative fitness sur-
face (0 and 1 refer to predicted P2). Inserted drawings illustrate
the sclerite shape variants that result from positive and negative
loadings along the shape axes. Males with high paternity success
are equipped with stout ventral sclerites and narrow and apically
incurved dorsal sclerites.

subjects analysis of covariance model presented in Table 3
was not different from normality (Kolmogorov-Smirnov one-
sample test, P = 0.096) and did not exhibit any deviant cells
when plotted against estimated and observed P2. Because
hierarchical dependencies had been accounted for by the use
of residuals from this model, we employed multiple regres-
sion analyses of the residuals to estimate the impact of cop-
ulatory behavior on fertilization success. Previous studies of
G. lateralis have found a general positive relationship be-
tween copulation duration and fertilization success, but have
also shown that copulations that are of extended duration
(beyond 60 min) tend to result in reduced fertilization success
(Arngvist and Danielsson 1999). The latter was true also in
the current study.

As expected, we found average residual P2 to be higher
when first-male copulations were interrupted (at 60 min)
compared to when they were not (0.06 = 0.08 and —0.03 *=
0.04, respectively), and average residual P2 was lower when
second-male copulations were interrupted (—0.14 = 0.09 and
0.07 = 0.04, respectively; two-way ANOVA of copulation
duration = 60 min: effects among first males F| ;54 = 3.33,

= 0.069; effects among second males F| |5, = 8.91, P =
0.003). To avoid confounding effects of greatly extended cop-
ulation durations, and thus copulation interruptions, we re-
stricted our analysis of the effects of copulatory behavior on
P2 below to include only females where both copulations
were shorter than 60 min. As expected, our analyses revealed
a positive effect of second-male mating duration and indi-
cated a negative effect of first-male mating duration, on re-
sidual P2 (Table 4). However, we failed to find any effects
of male copulatory leg-jerk rate and male copulatory vibra-
tion rate on P2, either among first males (F,.s = 1.421, P
= 0.248) or second males (F, ;5 = 0.857, P = 0.429).
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TaBLE 4. Multiple regression analysis of the effects of copulation duration on residual fertilization success of the second male in the
double-mating experiment (see Results). Overall test of regression model: F,;; = 2.663, P = 0.039'.

Effect Estimate SE t P
Intercept —0.039 0.138 —0.285 0.388
Copulation duration of 1st male —0.005 0.004 —1.345 0.091
Copulation duration of 2nd male 0.007 0.003 2.082 0.020

! One-tailed P.

DiscussioN

Several authors have recently stressed the need of increas-
ing our understanding of intraspecific variation in postmating
paternity success (Lewis and Austad 1990; Eberhard 1996;
Simmons et al. 1996; Cook et al. 1997). In theory, such
variation could be due to more or less random factors or to
determinate characteristics of individuals. The results of this
study, as well as the few other studies that have directly
examined among-male variation in sperm precedence via
matings with replicate females (Lewis and Austad 1990;
Otronen 1997; Wilson et al. 1997) not only document large
variation in sperm precedence, but also show that a significant
proportion of intraspecific variation in fertilization success
is due to consistent differences among individual males. This
repeatability in male sperm precedence demonstrates that
males indeed differ in their ability to attain fertilizations and
calls for studies examining which male traits are associated
with high fertilization success. Although the overall level of
sperm precedence is known to sometimes vary with the ex-
perimental setting (e.g., Boorman and Parker 1976; Zeh and
Zeh 1994), associations between male traits and relative fer-
tilization success should be less affected by such variation
(e.g., Simmons et al. 1996). One should bear in mind, how-
ever, that our results are potentially limited to the experi-
mental setting used and that future studies investigating the
effects of experimental setting (female mating history, in-
termating interval, etc.) on the relationship between male
traits and relative fertilization success are needed. Here, we
discuss the importance of two types of male traits. First, we
discuss the role of genital morphology in sperm precedence,
and then we consider the influence of variance in male cop-
ulatory behavior.

Genital Morphology and Sperm Precedence

Several studies have investigated the effects of male body
size, or traits that are correlated with body size, on the degree
of sperm precedence (see introduction). Considering the gen-
erality of rapid and divergent evolution of male genitalia
(Eberhard 1985; Arnqvist 1998) and the obvious role that
these sexually dimorphic traits might have in determining
relative fertilization success, it is remarkable that our study
represents the first explicit assessment of the importance of
male genital morphology in sperm precedence (but see Rod-
riguez 1995). Previous attempts might have been hampered
by methodological problems with quantifying morphological
shape variation in small complex traits, but recent develop-
ments in the area of geometric morphometrics have offered
new tools to eliminate such problems (Rohlf and Marcus
1993). The results of the current study should encourage
others to examine the role of male genital shape (as opposed

to size; cf. Eberhard et al. 1998) in sperm precedence, es-
pecially because such information is critical to our under-
standing of genital evolution (Arnqvist 1997a, 1998).

We found the shape of male intromittent genitalia to be sig-
nificantly related to the degree of sperm precedence, after con-
trolling for potential allometric effects of body size. This is the
first conclusive experimental support for the suggestion that
male genitalia may evolve by sexual selection mediated by
variance in fertilization success (Eberhard 1985, 1993, 1996;
Arnqgvist 1997a, 1998; Danielsson and Askenmo, unpubl. ms.).
Three aspects of our results are particularly noteworthy.

First, we found no other morphological correlates of male
fertilization success. Neither body size nor asymmetry in leg
length had any detectable effects on our measures of P2. This
indicates that variation in male genital morphology may be
a major source of variance in sperm precedence in animals
with internal fertilization and one that has been largely over-
looked in empirical studies (Arnqvist 1997a). Interestingly,
sperm precedence in the congeneric G. lacustris also seems
to be determined to some extent by variation in similar com-
ponents of male genital morphology (Danielsson and As-
kenmo, unpubl. ms.). Other studies of selection on male gen-
italia in water striders have exclusively analyzed variance in
male mating success (e.g., Preziosi and Fairbairn 1996;
Arnqvist et al. 1997).

Second, in theory, sperm competition generates two con-
flicting selective forces in males, forming an evolutionary
arms race of antagonistic adaptations (Parker 1984): on one
hand, selection will favor paternity assurance adaptations
(**defensive’ adaptations) and, on the other, selection will
favor males that overcome the paternity assurance adapta-
tions of other males (“‘offensive’ adaptations). Interestingly,
we found different components of male genitalia to be related
to second-male sperm precedence (dorsal and ventral genital
sclerites) and first-male ability to avoid sperm precedence
(lateral genital sclerite). This implies that selection for both
“offensive’” and “‘defensive” functions may be important for
the evolution of genitalia and that these conflicting selective
forces may lead to morphological adaptations in different
components of genital morphology. The fact that such fitness
effects of genitalia may also be mediated by stimulation/
titillation of females during copulation (Eberhard 1996) lends
further support to the suggestion that the relative structural
complexity of male genitalia may actually reflect a multi-
faceted functional complexity of these morphological struc-
tures (Lloyd 1979).

Third, we found the effects of the shape of male intro-
mittent genitalia on paternity to be, in part, dependent on
female morphology (body size). Similar interactions, but be-
tween male and female genotypes, have previously been
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found to influence male fertilization success in seed beetles
(Wilson et al. 1997) and fruit flies (Clark and Begun 1998).
These interactions are very important because they suggest
that the optimal genitalic conformation in males will be set
by the frequency distribution of female phenotypes. If pop-
ulations differ in the distribution of female phenotypes, se-
lection on male genitalia may then vary considerably between
populations. Such a scenario will not only tend to promote
the maintenance of intraspecific variation in male genitalia
in the face of postmating sexual selection (cf. Wilson et al.
1997; Clark and Begun 1998), but will also result in relatively
rapid population differentiation, ultimately leading to allo-
patric speciation (Lande 1981, 1982; Andersson 1994; Bar-
raclough et al. 1995; Iwasa and Pomiankowski 1995; Arnold
et al. 1996; Parker and Partridge 1998). The shape of male
genital sclerites has been shown to be as variable, both phe-
notypically and genetically, as nongenital traits in the con-
generic G. incognitus (Arnqvist and Thornhill 1998)

Effects of genitalia on paternity success may be brought
about in several different ways. Observations of genitalia that
apparently function to remove sperm from previous mates
(Waage 1979; Ono et al. 1989; Gage 1992; but see Siva-Jothy
et al. 1996) suggest that direct sperm competition may be
important. However, fitness effects of genital morphology
could be the result of mechanisms that directly or indirectly
render females to bias paternity in favor of males with certain
genitalic conformations (i.e., cryptic female choice) (Eber-
hard 1985, 1996). The observation of Rodriguez (1995) that
female sperm uptake is apparently related to male genital
morphology in a beetle lends some support to this possibility.
Although the current study was not designed to elucidate the
mechanisms by which genitalic morphology affects sperm
precedence, there are two facts that suggest that females play
a key role in mediating such paternity effects in G. lateralis.
First, females store sperm used for fertilizations in a narrow
spermatheca, which is connected to the bursa copulatrix by
a very narrow duct. Sperm are deposited in the bursa, are
transported rapidly to the spermatheca, and male genitalia
never reach or penetrate the sperm storage sites within fe-
males (Andersen 1982). Thus, it seems that males have little
ability to affect the destiny of previous ejaculates with their
genitalia by direct removal or manipulation. Such effects are
more likely to be mediated by females. Second, we found
that optimal male genitalic morphology in part depends on
female morphology. This interaction reveals that the female
“environment’’ in which genitalia of different males compete
may affect the outcome in terms of relative paternity success.
This strongly suggests that fitness effects of male genitalia
are at least partly mediated by females.

Copulatory Courtship and Sperm Precedence

Vigorous male copulatory courtship behavior has been
shown to be positively related to sperm precedence in the fly
Dryomyza anilis (Otronen 1990) and in the spider Neriene
litigiosa (Watson 1991a,b, 1998; Watson and Lighton 1994).
Further, differences among males in the intensity of copu-
latory courtship behavior are known to be consistent in mat-
ings with replicate females in both of these species (Otronen
1997; P. J. Watson, pers. comm. 1998). Our findings also

G. ARNQVIST AND I. DANIELSSON

show that G. lateralis males differ consistently in their cop-
ulatory performance, as revealed by the significant repeat-
abilities of copulation duration and the rate at which copu-
latory vibrations were performed. However, we failed to find
any influence on sperm precedence by any behavioral variable
other than copulation duration. The most parsimonious ex-
planation for the latter effect is numerical sperm competition
because it is known that copulation duration is positively
related to the number of sperm transferred in this species
(Arngvist and Danielsson 1999) as well as in other insects
(see introduction), and because first-male copulation duration
was negatively and second-male positively related to the de-
gree of sperm precedence in the current study. Thus, this
study provided no evidence that the function of male copu-
latory behavior is to increase sperm precedence by stimu-
lating females (Sattler 1957). The vibratory signals generated
by male water striders during copulation may instead serve
to enhance mate guarding by repelling other males (see Wil-
cox and Di Stefano 1991) and to subdue reluctant females.

Previous studies of water striders have shown that female
reluctance to mate, that is, the premating struggle behavior,
generates nonrandom mating among males. Matings tend to
be biased toward males that are better able to overcome fe-
male resistance (reviewed in Rowe et al. 1994; Arngvist
1997b). The lack of consistent variation among females in
the intensity of their reluctance documented in this study is
in concordance with earlier findings of this being a condition-
dependent and highly flexible behavior (Rowe et al. 1994;
Lauer et al. 1996; Arnqvist 1997b).

The results of the current study demonstrate that the evo-
lution of primary sexual traits, such as genitalia, may indeed
be the result of sexual selection mediated via nonrandom
paternity success (Eberhard 1996; Arngvist 1998). In order
to fully recognize the importance of such processes, we need
many more studies where variation in primary sexual traits
among males is related to relative paternity success. Such
studies would obviously improve our understanding of the
types of traits that are favored by postmating sexual selection,
much in the same way that studies of variation in male mating
success have been informative of the types of male traits that
become elaborated as a result of classical premating sexual
selection (Andersson 1994).

ACKNOWLEDGMENTS

We wish to thank M. Isaev, J. E Rohlf, and D. Slice for
providing the morphometric software that made this study
possible (http://life.bio.sunysb.edu/morph/). We are also very
grateful to A. Toyrd and T. Martensson for assistance with
the experiments and to P. Watson for allowing us access to
unpublished information. D. Fairbairn and an anonymous ref-
eree provided constructive comments on a previous version
of this manuscript. This study was made possible by financial
support from The Swedish Natural Science Research Council
to GA and from Rddman och Fru Ernst Collianders stiftelse,
Helge Ax:son Johnsons stiftelse, Larsénska fonden, and the
Royal Swedish Academy of Sciences to ID.

LITERATURE CITED
ABELL, A. J. 1997. Estimating paternity with spatial behavior and
DNA fingerprinting in the striped plateau lizard, Scleoporus vir-
gatus (Phrynosomatidae). Behav. Ecol. Sociobiol. 41:217-226.




DETERMINANTS OF MALE FERTILIZATION SUCCESS

ALEXANDER, R. D., D. C. MARsHALL, AND J. R. CooLEY. 1997.
Evolutionary perspectives on insect mating. Pp. 4-31 in J. C.
Choe and B. J. Crespi, eds. The evolution of mating systems in
insect and arachnids. Cambridge Univ. Press, Cambridge, U.K.

ANDERSEN, N. M. 1982. The semiaquatic bugs (Hemiptera, Ger-
romorpha) phylogeny, adaptations, biogeography, and classifi-
cation. Entomonograph Vol. 3. Scandinavian Science Press,
Klampenborg, Denmark.

. 1993, Classification, phylogeny, and zoogeography of the
pond skater genus Gerris Fabricius (Hemiptera: Gerridae). Can.
1. Zool. 71:2473-2508.

ANDERSSON, M. 1994, Sexual selection. Princeton Univ. Press,
Princeton, NJ.

ARNOLD, S.J., P. A. VERELL, AND S. G. TILLEY. 1996. The evolution
of asymmetry in sexual isolation: a model and a test case. Evo-
lution 50:1024-1033.

ARNQVIST, G. 1997a. The evolution of animal genitalia: distin-
guishing between hypotheses by single species studies. Biol. J.
Linn. Soc. 60:365-379.

. 1997b. The evolution of water strider mating systems: causes

and consequences of sexual conflicts. Pp. 146-163 in J. C. Choe

and B. J. Crespi, eds. The evolution of mating systems in insects

and arachnids. Cambridge Univ. Press, Cambridge, U.K.

. 1998. Comparative evidence for the evolution of genitalia
by sexual selection. Nature 393:784—-786.

ARNQVIST, G., AND L. DaNIELSSON. 1999. Postmating sexual se-
lection: the effects of male body size and recovery period on
paternity and egg production rate in a water strider. Behav. Ecol.
In press.

ARNQVIST, G., AND L. Rowe. 1995. Sexual conflict and arms races
between the sexes: a morphological adaptation for control of
mating in a female insect. Proc. R. Soc. Lond. B. Biol. Sci. 261:
123-127.

ARNQVIST, G., AND R. THORNHILL. 1998. Evolution of animal gen-
italia: patterns of phenotypic and genotypic variation and con-
dition dependence of genital and non-genital morphology in a
water strider. Genet. Res. 71:193-212.

ARNQVIST, G., R. THORNHILL, AND L. Rowg. 1997. Evolution of
animal genitalia: morphological correlates of fitness components
in a water strider. J. Evol. Biol. 10:613-640.

BarracLOUGH, T. G., P H. HARVEY, anDp S. NEe. 1995. Sexual
selection and taxonomic diversity in passerine birds. Proc. R.
Soc. Lond. B. Biol. Sci. 259:211-215.

BERRIGAN, D., aND S. H. Locke, 1991. Body size and male re-
productive performance in the flesh fly, Neobellieria bullata. J.
Insect. Physiol. 37:575-581.

BirkHEAD, T. R., AND A, P M@LLER. 1992. Sperm competition in
birds. Academic Press, London.

Bistor, J. D., C. S. JonEs, aND L. R. NosLE. 1996. Female control
of paternity in the internally fertilizing compound ascidian Diplo-
soma listerianum. 2. Investigation of male mating success using
RAPD markers. Proc. R. Soc. Lond. B Biol. Sci. 263:401-407.

BissoonDpaTH, C. J., aND C. WIKLUND. 1997. Effect of male body
size on sperm precedence in the polyandrous butterfly Pieris
napi L. (Lepidoptera: Pieridae). Behav. Ecol. 8:518-523.

Boorman, E., aAND G. A. Parkgr. 1976. Sperm (ejaculate) com-
petition in Drosophila melanogaster, and the reproductive value
of females to males in relation to female age and mating status.
Ecol. Entomol. 1:145-155.

CLARK, A. G., anp D. J. BEGUN. 1998. Female genotypes affect
sperm displacement in Drosophila. Genetics 149:1487-1493,
CLARK, A. G., M. Acuap, T. ProuT, L. G. HArRSHMAN, anDp C. H.
LANGLEY. 1995. Variation in sperm displacement and its as-
sociation with accessory gland protein loci in Drosophila me-

lanogaster. Genetics 139:189-201.

CoHEN, J. 1988. Statistical power analysis for the behavioral sci-
ences. Lawrence Erlbaum, Hillsdale, NJ.

CONNER, J. K. 1995. Extreme variability in sperm precedence in
the fungus beetle, Bolitotherus cornutus (Coleoptera Tenebrion-
idae). Ethol. Ecol. Evol. 7:277-280.

Cook, P. A., 1. E HArRVEY, AND G. A. Parkir. 1997. Predicting
variation in sperm precedence. Philos. Trans. R. Soc. Lond. B.
Biol. Sci. 352:771-780.

155

Eapy, P. E. 1995. Why do male Callosobruchus maculatus beetles
inseminate so many sperm? Behav. Ecol. Sociobiol. 36:25-32.

EBERHARD, W. G. 1985. Sexual selection and animal genitalia.
Harvard Univ. Press, Cambridge, MA.

. 1991. Copulatory courtship and cryptic female choice in

insects. Biol. Rev. Camb. Philos. Soc. 66:1-31.

. 1993, Evaluating models of sexual selection: genitalia as

a test case. Am. Nat. 142:564-571.

. 1994, Evidence for widespread courtship during copula-

tion in 131 species of insects and spiders, and implications for

cryptic female choice. Evolution 48:711-733.

. 1996. Female control: sexual selection by cryptic female
choice. Princeton Univ. Press, Princeton, NJ.

EBerHARD, W. G., B. A. Huer, R. L. RODRIGUEZ, R. D. BRICENO,
I. SaLas, AND V. RoDRIGUEZ. 1998. One size fits all? Relation-
ships between the size and degree of variation in genitalia and
other body parts in twenty species of insects and spiders. Evo-
lution 52:415-431.

Ferson, S., E J. RoHLF, anD R. K. Koenn. 1985. Measuring shape
variation of two-dimensional outlines. Syst. Zool. 34:59-68.
GAGE, M. J. G. 1992. Removal of rival sperm during copulation

in a beetle, Tenebrio molitor. Anim. Behav. 44:587-589.

GULLBERG, A., M. OLssoN, AND H. TEGELSTROM. 1997. Male mat-
ing success, reproductive success and multiple paternity in a
natural population of sand lizards: behavioural and molecular
genetics data. Mol. Ecol. 6:105-112.

HemING-van BatTum, K. E., aND B. S. HEMING. 1989, Structure,
function, and evolutionary significance of the reproductive sys-
tem in males of Hebrus ruficeps and H. pusillus (Heteroptera,
Gerromorpha, Hebridae). J. Morphol. 202:281-323.

HucHEs, K. A. 1997. Quantitative genetics of sperm precedence
in Drosophila melanogaster. Genetics 145:139-151.

Iwasa, Y., AND A. Pomiankowskl. 1995, Continual change in mate
preferences. Nature 377:420-422.

LaMunyon, C. W., anp T. Eisner. 1993, Postcopulatory sexual
selection in an arctiid moth (Uretheisa ornatrix). Proc. Natl.
Acad. Sci. U.S.A. 90:4689-4692.

. 1994. Spermatophore size as determinant of paternity in
an arctitd moth (Utetheisa ornatrix). Proc. Natl. Acad. Sci.
U.S.A. 91:7081-7084.

LanNDE, R. 1981. Models of speciation by sexual selection on poly-
genic traits. Proc. Natl. Acad. Sci. U.S.A. 78:3721-3725.

. 1982, Rapid origin of sexual isolation and character di-
vergence in a cline. Evolution 36:213-223.

LAUER, M. 1., A. Sid, anp J. J. Krupra. 1996. Male density, female
density and inter-sexual conflict in a stream-dwelling insect.
Anim. Behav. 52:929-939,

LesTrer, P E. 1997. Fourier descriptors and their applications in
biology. Cambridge Univ. Press, Cambridge, U.K.

Lewis, S. M., aND S. N. Austap. 1990. Sources of intraspecific
variation in sperm precedence in red flour beetles. Am. Nat. 135:
351-359.

1994. Sexual selection in flour beetles: the relationship
between sperm precedence and male olfactory attractiveness.
Behav. Ecol. 5:219-224,

Liu, J., J. M. MERCER, L. E Stam, G. C. Gisson, Z.-B. ZENG, AND
C. C. Laurie. 1996. Genetic analysis of a morphological shape
difference in the male genitalia of Drosophila similans and D.
mauritiana. Genetics 142:1129-1145.

Lroyp, J. E. 1979. Mating behavior and natural selection. Fla.
Entomol. 62:17-34.

McLaIn, D. L. 1980. Female choice and the adaptive significance
of prolonged copulation in Nezara viridula (Hemiptera: Penta-
tomidae). Psycke 87:325-336.

OvLssonN, M., R. SHINE, T. MaDpseEN, A. GULLBERG, anD H. TEe-
GELSTROM. 1996. Sperm selection by females. Nature 383:585.

Ono, T., M. T. Siva-JoTHY, aND A. KaTo. 1989. Removal and
subsequent ingestion of rivals” semen during copulation in a tree
cricket. Physiol. Entomol. 14:195-202.

OTRONEN, M. 1990. Mating behavior and sperm competition in the
fly, Dryomyza anilis. Behav. Ecol. Sociobiol. 26:349-356.

. 1994, Fertilisation success in the fly Dryomyza anilis (Dry-




156

omyzidae): effects of male size and the mating situation. Behav.

Ecol. Sociobiol. 35:33-38. .

. 1997. Variation in sperm precedence during mating in male
flies, Dryomyza anilis. Anim. Behav. 53:1233-1240.

PARKER, G. A. 1970. Sperm competition and its evolutionary con-
sequences in the insects. Biol. Rev. Camb. Philos. Soc. 45:525—
567.

. 1984. Sperm competition and the evolution of animal mat-
ing strategies. Pp. 1-60 in R. L. Smith, ed. Sperm competition
and the evolution of animal mating systems. Academic Press,
London.

PARKER, G. A., AND L. PARTRIDGE. 1998. Sexual conflict and spe-
ciation. Phil. Trans. R. Soc. Lond. B Biol. Sci. 353:261-274.
PARKER, G. A., anp L. W. Simmons. 1991. A model of constant
random sperm displacement during mating: evidence from Sca-

tophaga. Proc. R. Soc. Lond. B Biol. Sci. 246:107-115.

ParkER, G. A., L. W. Simmons, anp H. Kirk. 1990. Analysing
sperm competition data: simple models for predicting mecha-
nisms. Behav. Ecol. Sociobiol. 27:55-65.

PeEMBERTON, J. M., S§. P. ALBON, E E. Guinness, T. H. CLUTTON-
Brock, AND G. A. Power. 1992. Behavioural estimates of male
mating success tested by DNA fingerprinting in a polygynous
mammal. Behav. Ecol. 3:66-75.

PuiLLies, P. C., anp S. J. ArRNoLD. 1989. Visualizing multivariate
selection. Evolution 43:1209-1222.

PrezIiosI, R. E, AND FAIRBAIRN, D. J. 1996. Sexual size dimorphism
and selection in the wild in the waterstrider Aquarius remigis:
body size, components of body size and male mating success.
J. Evol. Biol. 9:317-336.

Rice, W. R. 1989. Analyzing tables of statistical tests. Evolution
43:223-225.

. 1996. Sexually antagonistic male adaptation triggered by
experimental arrest of female evolution. Nature 381:232-234,

RopRrIGUEZ, V. 1995, Relation of flagellum length to reproductive
success in male Chelymorpha alternans Boheman (Coleoptera,
Chrysomelidae, Cassidinae). Coleopt. Bull. 49:201-205.

RoHLF, E J. 1992. The analysis of shape variation using ordinations
of fitted functions. Pp. 95-112 in J. T. Sorensen and R. Foottit,
eds. Ordination in the study of morphology, evolution, and sys-
tematics of insects. Elsevier, Amsterdam.

RoHLF, E ., AND J. A, ArCHIE. 1984. Comparison of Fourier meth-
ods for the description of wing shape in mosquitoes (Diptera:
Culicidae). Syst. Zool. 33:302-317.

RoHLF, E J., anp L. E Marcus. 1993. A revolution in morpho-
metrics. Trends Ecol. Evol. 8:129-132.

Rourr, E 1., S. FErsoN, anD M. Isaev. 1995. Elliptic Fourier
analysis for Windows. (http://life.bio.sunysb.edu/morph/soft-
out.html).

Rowg, L., aND G. ArRNQVIST. 1996. Analysis of the causal com-
ponents of assortative mating in water striders. Behav. Ecol.
Sociobiol. 38:279-286.

Rowe, L., G. ArRNQVIST, A. SiH, aND J. J. KrUpPa. 1994, Sexual
conflict and the evolutionary ecology of mating patterns: water
striders as a model system. Trends Ecol. Evol. 9:289-293,

Rowe, L., D. REPASKY, AND A. R. PALMER. 1997. Size-dependent
asymmetry: fluctuating asymmetry vs antisymmetry and its rel-
evance to condition-dependent signalling. Evolution 51:1401—
1408.

RuBensTEIN, D. 1. 1989. Sperm competition in the water strider,
Gerris remigis. Anim. Behav. 38:631-636.

SAKALUK, 8. K., aND A.-K. EGGERT. 1996. Female control of sperm
transfer and intraspecific variation in sperm precedence: ante-
cedents to the evolution of a courtship food gift. Evolution 50:
694-703.

SATTLER, W. 1957. Beobachtungen zur Fortpflanzung von Gerris najas
De Geer (Heteroptera). Z. Morph. u. Okol. Tiere 45:411-428.

G. ARNQVIST AND I. DANIELSSON

Simmons, L. W, aND G. A. PARKER. 1992. Individual variation in
sperm competition success of yellow dung flies Seatophaga ster-
coraria. Evolution 46:366-375.

Smmmons, L. W., P. STockLEY, R. L. JacksoN, aND G. A. PARKER.
1996. Sperm competition or sperm selection: no evidence for
female influence over paternity in yellow dung flies Scatophaga
stercoraria. Behav. Ecol. Sociobiol. 38:199-206.

Siva-JotHy, M. T. 1987. Variation in copulation duration and the
resultant degree of sperm removal in Orthetrum cancellatum (L.)
(Libellulidae: Odonata). Behav. Ecol. Sociobiol. 20:147-151.

Siva-JotHy, M. T, aND Y. TsuBakl. 1989, Variation in copulation
duration in Mnais pruinosa pruinosa Selys (Odonata: Calopter-
ygidae). 1. Alternative mate-securing tactics and sperm prece-
dence. Behav. Ecol. Sociobiol. 24:39-45.

Siva-JotHy, M. T, D. E. BLAKE, J. THOMPSON, AND J. J. RYDER.
1996. Short- and long-term sperm precedence in the beetle Te-
nebrio molitor: a test of the adaptive sperm removal hypothesis.
Physiol. Entomol. 21:313-316.

Sokar, R. R., anp E J. RoHLF. 1995. Biometry. 3d ed. W. H.
Freeman, New York.

SPENCE, J. R., AND N. M. ANDERSEN. 1994, Biology of water strid-
ers: interaction between systematics and ecology. Annu. Rev.
Entomol. 39:101-128.

THORNHILL, R. 1983. Cryptic female choice and its implications in
the scorpionfly Harpobittacus nigriceps. Am. Nat. 122:765-788.
THORNHILL, R., AND K. P. SAuER. 1991. The notal organ of the
scorpionfly (Panorpa vulgaris): an adaptation to coerce mating

duration. Behav. Ecol. 2:156-164.

UeNo, H. 1994, Intraspecific variation of P2 value in a coccinellid
beetle Harmonia axyridis. J. Ethol. 12:169-174.

Waack, J. K. 1979. Dual function of the damselfly penis: sperm
removal and transfer. Science 203:916-918.

WaRrp, P. 1. 1993. Females influence sperm storage and use in the
yellow dung fly Scarophaga stercoraria (L.). Behav. Ecol. So-
ciobiol. 32:313-319.

WaTson, P.J. 1991a. Multiple paternity and first mate sperm pre-
cedence in the sierra dome spider, Linyphia litigiosa Keyserling
(Linyphiidae). Anim. Behav. 41:135-148.

. 1991b. Multiple paternity as genetic bet-hedging in female

sierra dome spiders, Linyphia litigiosa (Linyphiidae). Anim. Be-

hav. 41:343-360.

- 1998. Nonrandom multi-male mating by females increases
offspring growth rates in the spider Neriene litigiosa (Linyphi-
idae). Anim. Behav. 55:387-403.

WarTson, P. J., anp J. R. B. LigHTON. 1994. Sexual selection and
the energetics of copulatory courtship in the sierra dome spider,
Linyphia litigiosa. Anim. Behav. 48:615-626.

WEDELL, N. 1991. Sperm competition selects for nuptial feeding
in a bushericket. Evolution 45:1975-1978.

WHEATHERHEAD, P. J., AND P. T. BoaG. 1997. Genetic estimates of
annual and lifetime reproductive success in male red-winged
blackbirds. Ecology 78:884-896.

WiLcox, R. 8., AND J. D1 STEFANO. 1991, Vibratory signals enhance
mate-guarding in a water strider (Hemiptera: Gerridae). J. Insect
Behav. 4:43-50.

WiLson, N., S. C. TuBman, P. E. Eapy, aND G. W. ROBERTSON.
1997. Female genotype affects male success in sperm compe-
tition. Proc. R. Soc. Lond. B Biol. Sci. 264:1491-1495.

Wour, L. L., E. C. WaLtz, K. WAKELEY, AND D. KLOCKOWSKI.
1989. Copulation duration and sperm competition in white-faced
dragonflies (Leucorrhinia intacta; Odonata: Libellulidae). Be-
hav. Ecol. Sociobiol. 24:63-68.

ZeH, J. A., aND D. W. ZgH. 1994. Last-male sperm precedence
breaks down when females mate with three males. Proc. R. Soc.
Lond. B Biol. Sci. 257:287-292.

Corresponding Editor: D. Roff




