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Abstract. In species with last sperm precedence, post-mating guarding behaviour by males is effective for avoiding sperm displace-
ment by additional males. However, for males to guard their mates under all circumstances may be undesirable, particularly when
the population density of conspecific rival males is low. To better understand the effects of rival density on mate guarding behaviour,
we compared post-copulatory behaviour in males artificially subjected to different male densities using Aquarius paludum. Our
results indicate that males of A. paludum modulate their post-copulatory behaviour based on previously experienced rival densities.

INTRODUCTION

The males of many insect species use a variety of tac-
tics to ensure the paternity of offspring. In species with
last sperm precedence, post-mating guarding behaviour
by males is effective to avoid sperm displacement by
additional males (Arnqvist, 1988; Mclain, 1989; Harari et
al., 2003). Males are aggressive in their guarding behav-
iours (Arnqvist, 1989; Vepséldinen & Savolainen, 1995),
and in some species, act to chemically suppress female
sexual receptivity via secretions from the accessory gland
(Chen et al., 1988). However, contact guarding is costly
to both sexes. In males, prolonged guarding behaviour
inhibits additional copulation with other females (Yama-
mura, 1986) and restricts male foraging behaviour (Saeki
et al., 2005a). In females, guarding behaviour by males
leads to slower movement, greater risk of predation and
high energy costs (Arnqvist, 1989; Fairbairn, 1993;
Rowe, 1994; Watson et al., 1998). However, resisting the
mating attempts of males also increases the predation risk
and energy costs for females (Rowe, 1994; Watson et al.,
1998).

Situation-dependent behaviour is a strategy for mini-
mizing the costs of guarding behaviour to both sexes. The
model proposed by Yamamura (1986) suggests that for
males to guard their mates is not necessarily adaptive,
particularly when the population density of rivals (i.e., the
male ratio) is low. Consistent with this hypothesis, pre-
vious studies have demonstrated that mate guarding
behaviour is influenced by the sex ratio in several species
(Jablonski & Vepsildinen, 1995; Muse & Ono, 1996;
Wada et al., 1999; Saceki et al., 2005b). Females, how-
ever, may accept guarding if the cost of repelling the
mating attempts of males is greater than the cost of
accepting them (Wilcox, 1984; Rowe, 1992; Watson et
al., 1998).

Water striders are excellent models for examining mate
guarding behaviour, as many water strider species exhibit

last-male sperm precedence (Arnqgvist, 1988). Thus, male
water striders that “guard” their mates by remaining
mounted after copulation have an improved chance of
retaining paternity (Rowe, 1992; Rowe et al., 1994; Ama-
no & Hayashi, 1998). In addition, the mating behaviour
of water striders is easy to observe because it follows a
well established sequence, including the male mating
attempt, pre-mating struggle, copulation, post-mating
struggle and post-mating guarding behaviour (Amano &
Hayashi, 1998).

In this study, we examined how the mate guarding
behaviour of males changes with the previously experi-
enced density of conspecific males using the water strider
Aquarius paludum (Fabricius). To simulate different den-
sities of males, we isolated group-reared males for several
periods before placing them with virgin females. In
nature, A. paludum is distributed in various aquatic habi-
tats and may occasionally experience low male ratios and
low population densities. Therefore, the frequency of
males displaying guarding behaviour is expected to
decrease after longer periods of isolation, as predicted by
the model of Yamamura (1986). Changes in the post-
copulatory guarding behaviour of males may be observed
as follows: voluntary dismounting behaviour, suppressing
the female post-copulatory struggle and/or dislodging
from the female during the post-copulatory struggle. The
latter behaviour is reflected by male resistance to female
struggling, i.e., may reflect male post-copulatory persis-
tence.

MATERIAL AND METHODS

Rearing

In July 2002, adults of 4. paludum were captured from ponds
at the Northern Campus of Kyoto University in Kyoto City,
Japan (35°0°N, 135°8’E). Individuals were reared in the labora-
tory for several generations under constant light conditions (16L
: 8D, 25°C) in small aquaria (24 x 34 x 11 cm) filled approxi-
mately 3 cm deep with water. Nymphs were separated from
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adults and reared. Every 2 days, all water striders were provided
with a substantial diet of adult flies (Lucilia illustris Meigen)
and water in the aquaria was changed.

All adults were separated by sex within 48 h of emergence.
Males were reared in groups of four or five males per aquarium
(12 x 20 x 14 cm; 3 cm water depth). To allow males to
experience high male densities after maturity, group-rearing was
continued for approximately 3 weeks. Females were reared in
groups of four or five females per aquarium (12 x 20 x 14 cm; 3
cm water depth). Because females of 4. paludum mature within
1-2 weeks of emergence, all females were reared for
approximately 3 weeks prior to the observation period.

Yamamura’s (1986) model predicts that males will not guard
their mates when females are unlikely to encounter other males
before egg-laying. In nature, the mean duration of guarding
behaviour (i.e., time between copulation and oviposition) in A.
paludum is 18.2 h (Amano & Hayashi, 1998). Therefore, when
males do not encounter other males for more than 18.2 h, they
may not exhibit guarding behaviour. However, manipulating the
frequency of such encounters is difficult. To simulate various
rival densities experienced by A. paludum males, individuals
were isolated for 0, 24, 48 or 72 h prior to copulation (7 = 44,
42, 24, 16, respectively) in containers (8 cm in diameter, 5 cm
in height) filled approximately 1 cm deep with water. All
females were treated equally; they did not experience an
isolation period, copulation or mating attempt by males prior to
observation in this experiment.

Behavioural observations

All males were allowed to feed for 6 h prior to observation to
avoid any negative effects of poor nutritional state on mating
behaviour. Each male was then placed into an aquarium (12 %
20 x 14 cm; 3 cm water depth) with one virgin female. This
female was reared with other virgin females until just prior to
the observation period. No food or substrates for resting and
oviposition were provided. A video camera was installed 30 cm
above the water surface, and recording continued for 90 min
after water striders were placed in the aquarium. If termination
of copulation was delayed, recording was extended for 30 min
to fully observe post-mating behaviour. The termination of
copulation was monitored by direct observation at intervals of
approximately 15 min because it could not be clearly
determined from video recordings. However, the copulation
duration was not recorded because the mean duration of
copulation for A. paludum was previously reported to be 7.8 min
(Amano & Hayashi, 1998), meaning that our intervals of direct
observation (15 min) were too long to detect any differences in
copulation duration. Furthermore, continual observation
throughout the experiment to record the exact duration of
copulation may have disrupted the post-mating behaviour of the
water striders.

During the behavioural analyses, we recorded the length of
time between the introduction and the first mating attempt by
males, the duration of the post-mating struggle by females and
the type of post-mating behaviour. Post-mating behaviour was
classified as follows: female struggled and dislodged the male
(type SD); female struggled, but the male remained mounted
(type SG); female did not struggle, and the male remained on
the female until the end of the observation period (type NS); or
copulation continued until the end of the observation period
(type CC). Female struggling behaviours included somersaults
and attempts to remove the male’s forelegs. If the female strug-
gling behaviour did not change, the duration of the struggle in
type SD behaviour could be used as an index of male resistance
to the female struggle. If the struggle was interrupted for 5 s or
more, the interval was excluded from the duration of the strug-
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gle. When type SG behaviour was observed, we could not deter-
mine whether the female had given up dislodging the male;
thus, the duration of struggle was excluded from analysis.

Previous studies have suggested that the frequency of harass-
ment (failed mating attempts) affects the post-copulatory
struggle of a female (Rowe, 1992; Weigensberg & Fairbairn,
1994; Watson et al., 1998). Therefore, to exclude the effect of
harassment on female behaviour, trials in which harassment
occurred were excluded from the analysis of post-mating behav-
iour.
Statistical tests

We excluded type CC behaviour from the analysis and
focused only on post-mating behaviour. Logistic regression was
used to analyse changes in the frequency of guarding behaviour,
the frequency of dislodged males as a result of female struggle
and the frequency of female struggle as a function of isolation
period. The length of time to the first mating attempt and the
duration of the post-mating struggle in females were logarithmi-
cally transformed and analysed via linear regression analysis.
All analyses were performed using Statview 5.0 (SAS Institute
Inc., Cary, NC).

RESULTS

The duration to the first mating attempt was not influ-
enced by the length of the isolation period experienced by
the male prior to copulation (Iny =1n135.0 + 0.0037x, n =
100, P = 0.68; Fig. 1). However, previously experienced
rival density (i.e., as simulated by pre-copulatory isolation
periods) affected post-mating guarding behaviour (Table
1). Although no males dismounted from a female volun-
tarily (i.e., all guarding behaviours terminated as a result
of female struggle), the frequency of males that persisted
in post-copulatory guarding behaviour decreased as the
isolation period increased (odds ratio [OR] of 0.967 for
type SD vs. type SG and NS behaviour; 95% confidence
interval [CI], —0.0529 to —0.0163; P < 0.001; Fig. 2a).
When post-mating female struggle was observed, the fre-
quency of dislodged males increased with the isolation
period (OR of 1.03 for type SD vs. type SG behaviour;
95% CI, 0.00213 to 0.0529; P < 0.05; Fig. 2b). The dura-
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Fig. 1. Relationship between the duration to first mating

attempt and the length of the pre-copulatory isolation period in
males (Iny =1In135.0 + 0.0037x, n = 100, p = 0.68).
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Fig. 2. Association of increasing pre-copulatory isolation
period with three post-copulatory behaviours in male and
female water striders: a — the frequency of males persisting in
post-copulatory guarding behaviour (logistic regression p <
0.001); b — the frequency of dislodged males (logistic regres-
sion p < 0.05); ¢ — the frequency of female struggle (logistic
regression p < 0.01).

tion of the male isolation period significantly affected
female behaviour (type SD and SG vs. type NS
behaviour). The frequency of the post-mating struggle
increased with isolation period (OR, 1.03; 95% CI,
—0.0532 t0o —0.0127; P < 0.01; Fig. 2c). When males were
dislodged, the duration of the struggle decreased signifi-
cantly with the isolation period (Iny = In75.8 — 0.0185x, n
=47, P <0.05; Fig. 3).

TaBLE 1. The frequency and percentage of the four types of
post-copulation behaviour.

Isolated Frequency of behavior (%)

period (h) Type SD  TypeSG TypeNS Type CC
0 10 (25.6) 8(20.5) 18(46.2) 3(7.7) 39
24 11 (40.7) 2(7.4) 9(33.3) 5(18.5) 27
48 15(78.9) 2(10.5) 2 (10.5) 0(0.0) 19
72 11(73.3) 2(13.3) 2(13.3) 0(0.0) 15

Post-mating behaviour was classified as follows: female strug-
gled and dislodged the male (type SD); female struggled, but
the male remained on the female (type SG); female did not
struggle, and the male remained on the female until the end of
the observation period (type NS); or copulation continued until
the end of the observation period (type CC).

DISCUSSION

The length of the isolation period had no influence on
the duration to first mating attempt (Fig. 1). However, the
male’s motivation to continue mating behaviour may be
affected not only by rival density, but also by the period
of separation from females. In this experiment, males and
females were separated for 3 weeks, after which they
were brought together during the observation period. This
period of separation may have affected male motivation
to mate to a greater degree than previously experienced
male density, for which reason we observed no difference
in the duration to first mating attempt according to rival
density.

Our results are consistent with theoretical prediction of
Yamamura (1986). In this experiment, the frequency of
males exhibiting guarding behaviour decreased as a result
of previously experienced low rival density (i.e., increa-
sed isolation period prior to copulation; Fig. 2a).

Apparently, the guarding behaviour of the water strider
is decided through three stages. First, whether males vol-
untarily dismount from their mates after copulation. In
this first stage, the change in a male’s behaviour can be
directly observed. Second, whether females struggle to
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Fig. 3. Correlation between male pre-copulatory isolation

period and the duration of female struggle. Only type SD behav-
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dislodge males when they do not voluntarily dismount. In
this stage, the change in the male’s behaviour can be
observed via the change in a female’s behaviour that
would be controlled by males. Third, whether males can
resist the female’s struggle. In this third stage, a change in
the male’s guarding behaviour decision can be observed
because a change in the behaviour of both sexes might be
due to the differences in the isolation periods experienced
by the males in this experiment.

In the first stage, no males voluntarily dismounted after
copulation, and no change in male behaviour was
observed. This is in contrast to the response of Gerris
lacustris, a closely related species whose males dismount
from females after copulation (Vepsildinen & Savo-
lainen, 1995). However, in other water strider species,
males are not reported to voluntarily dismount, and
females are known to terminate the guarding behaviour
(Rowe, 1992). However, the reason why males do not
dismount has not been examined, and further studies are
required to clarify the factors underlying the differences
in mating behaviour between these two closely related
species.

In the second stage, the post-copulatory struggle fre-
quency of females of A. paludum significantly increased
with the pre-copulatory isolation period of males, which
suggests that males of A. paludum suppress female resis-
tance. No females in this experiment had previously expe-
rienced a male mating attempt, which would influence the
post-mating behaviour of the female (Watson et al.,
1998). Females are predicted to not accept guarding
behaviour when the cost of repelling male mating
attempts is lower than that of accepting guarding behav-
iour (Rowe, 1992; Watson et al., 1998). Therefore, the
frequency of female struggle may have been high to avoid
the cost of guarding behaviour in all treatments.
However, the frequency of female struggle was influ-
enced by the males’ experience. Therefore, the observed
increase in female struggle was not the result of the expe-
rience of the females, but rather that of the males that had
been isolated for a greater length of time (Fig. 2c).

In the third stage (when females struggled against
males), two major changes in post-mating behaviour
occurred with increasing pre-copulatory isolation as fol-
lows: the frequency of dislodged males increased, and the
duration of female struggle necessary to dislodge a male
decreased (Figs 2b, 3). These results may have been due
to the resistance of the males to the females’ struggle as
well as to the intensity of the struggle. However, the
former could not be determined because the latter was not
measured in this experiment. Additionally, both the fre-
quency of the females’ struggle as well as the intensity of
the struggle was likely influenced by the males. There-
fore, we suggest that the change in the frequency of dis-
lodged males and the duration of the females’ struggle is
a response to the males’ guarding behaviour decisions;
however, further studies are required to examine the
change in the males’ resistance to the females’ struggle.

Why males of 4. paludum suppress female resistance is
unclear. In some water strider species, female struggle has
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a large influence on the guarding behaviour of males
(Rowe, 1992; Weigensberg & Fairbairn, 1994; Ronka-
inen et al., 2005). In the present study, 56% of females
that struggled were able to dislodge males that had not
been isolated, i.e., males that should exhibit the most
intense guarding behaviour. Therefore, the ability to sup-
press female struggle would be of great reproductive
benefit to males that should guard, and a similar capa-
bility in controlling female behaviour has been demon-
strated previously in other species. For example, in
Drosophila melanogaster (Chen et al., 1988) and Togo
hemipterus (Scott) (Himuro & Fujisaki, 2008), males
chemically control female sexual receptivity via secre-
tions from the accessory gland. Physical mechanisms of
suppression may include constriction of the female thorax
or the generation of a vibration signal as in Aquarius
elongatus (Uhler) (Hayashi, 1985). At present, no chemi-
cal and/or physical mechanism to suppress female
struggle in 4. paludum is known. The copulation duration
may indicate how males suppress female resistance,
although it was not determined in this experiment. There-
fore, copulation duration should be measured in further
studies.

Our results suggest that the males of 4. paludum alter
their guarding behaviour based on previous experiences
of rival density, and that males suppress the post-
copulatory struggle of females. The observed changes in
the frequency of dislodged males and struggle duration,
however, are insufficient to determine the extent of male
resistance to female struggle. Because our experiment
could not exclude the effect of female struggle on the fre-
quency of dislodged males or struggle duration, further
studies are required to confirm whether the changes
observed here represent a true change in male resistance
to female struggle.
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