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Sex Differences in “Time Out” from Reproductive
Activity and Sexual Selection in Male Bushcrickets
(Orthoptera: Zaprochilinae: Kawanaphila mirla)

Gerlind U. C. Lehmann!? and Arne W. Lehmann!

Animals of many species prefer some partners over others. Discriminating
among potential mates causes strong sexual selection that shapes characters
and behaviors. In bushcrickets the sexes shows different latencies to remate
due to differences in investment in production of the nuptial gift by males
and the induced refractory period in females. We conducted experiments with
the Australian bushcricket Kawanaphila mirla to test the variation in male
mating success by female choice.

Male remating intervals under unlimited access to food and mates were
around two days, whereas most females did not remate within 12 days. Males
had therefore a much shorter “time-out” from mating than females. The adult
sex ratio from field samples was near to 1:1. Consequently, the OSR was
male-biased with more males than females ready to mate. This male-biased
OSR led to mating competition in males and choosiness in females. In a field
enclosure with unlimited supply of receptive females the number of matings
varied widely between males, with twenty percent of males neglected by the
females. The number of matings within this enclosure was neither related to
male size nor to song characters, recorded previously in the lab. However,
the number of matings by individual males was positively correlated to the
size of their spermatophore producing accessory gland. Females appear to
prefer males with a large nutritive donation, thereby receiving a direct fitness
benefit.
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INTRODUCTION

Animals of most species do not mate indiscriminately but prefer some part-
ners over others (Andersson, 1994). Several benefits may be gained by
discriminating among potential mates, especially when they provide direct
benefits (Johnstone, 1995; Mgller and Jennions, 2001; Kokko et al., 2003).
Mate choice is an important evolutionary process that imposes sexual se-
lection on the opposite sex. The resulting sexual selection can be a strong
force in shaping characters and behaviors (Andersson, 1994; Andersson and
Iwasa, 1996; Andersson and Simmons, 2006). In most cases, sexual selection
is stronger in males than in females, with males having more conspicuous
sex traits, whereas females exerts some choice. A main determinant of the
opportunity for sexual selection is the operational sex ratio: the ratio of fer-
tilizable females to sexually active males at any given time and place (Emlen
and Oring, 1977). Two components influencing the OSR are the sex ratio
and the potential reproductive rate. It is widely argued, that a more acces-
sible empirical approach is to measure the sexual difference in the PRR of
a population and then to estimate the OSR (Clutton-Brock and Vincent,
1991; Clutton-Brock and Parker, 1992; Parker and Simmons, 1996; Ahnesj6
et al., 2001), instead of interfering the OSR directly. The PRR corresponds
inversely to the time-out, the state when individuals have mated and recov-
ering before being ready to mate again (Clutton-Brock and Parker, 1992;
Parker and Simmons, 1996; Ahnes;j6 et al., 2001). If one sex remates quicker
than the other one, such a sexual difference may influence the direction of
sexual selection. However, without further study of mating behavior, one
can not take sex differences in potential reproductive rates as evidence for
sexual selection (Andersson, 1994). It is necessary to show, that a biased
OSR imposes variance in mating numbers and is correlated to phenotypic
(male) traits.

The reproductive behavior of bushcrickets show a diversity of ways
in which individuals compete for and select mates. In the majority of
bushcricket species, males transfer a nuptial gift during mating (Gwynne,
1995). This spermatophore works as sperm protection device and at least
sometimes also as parental investment (Wedell, 1994; reviews in Gwynne,
1997; Vahed, 1998). The mass of the spermatophore can be as much as 40
percent of the male body-mass (Wedell, 1993; Vahed and Gilbert, 1996),
with the males unable to remate for a couple of days after spermatophore
transfer at mating (Gwynne, 1997). Ingredients in the spermatophore are
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incorporated into the somatic tissue by females (Voigt et al., 2006) also in-
duce a refractory period in females, during which they are reluctant to re-
mate (review in Gwynne, 1997; see also Lehmann and Lehmann, 2000b).
Under high-quality and abundant food, male bushcrickets usually remate
quicker than their females (Gwynne, 1990; Simmons and Gwynne, 1991;
Simmons, 1995a). We assume therefore, that the OSR is likely to be male-
biased in most bushcrickets, and that females exhibit choice on male char-
acters.

Australian bushcrickets of the genus Kawanaphila are unusual tiny
(pronotum length <4 mm, male weight <60 mg), strictly nocturnal and feed
exclusively on nectar and pollen (Rentz, 1993). To test the pattern of female
choice and an expected variance in male mating success, we conducted ex-
periments with K. mirla. We measured body dimensions, body weight and
song parameters of males, characters likely to be shaped as response to fe-
male choice. Body dimensions are fixed at adult molt and therefore likely
to reflect differences in genetics and/or life history (Gwynne, 2004). In con-
trast, body weight varies with food availability (Simmons and Bailey, 1990;
Gwynne, 1993) and the time since last mating (Simmons, 1990, 1995b; Rein-
hold and von Helversen, 1997; Lehmann and Lehmann, 2000a).

Our study consist of two parts. In the first part, samples of both sexes
were brought into the laboratory, fed ad libitum and provided with free
access to mates to measure the time-out from mating and estimate the OSR.
Secondly, in a field enclosure males competed and were chosen by females.
If sexual selection is operating in K. mirla, female choice in this situation
will impose variance in male mating numbers and correlate with male traits.

MATERIAL AND METHODS

K. mirla is a comparatively small Kawanaphila species (males: prono-
tum length <3.0 mm, hind femur <10 mm, weight <40 mg), and produces
songs with a peak frequency around 70 kHz, which is comparatively high
for bushcrickets. K. mirla is restricted to Western Australia, where it in-
habits the costal heath region along the southern coast (Rentz, 1993). All
individuals tested here were caught as subadult individuals at Two Peoples
Bay near Albany in spring 1998, preferentially on white flowers at night.
135 males and 120 females were held for four weeks in the lab and fed with
commercial pollen available from a health food store ad libitum until their
final molt.

Adults were sampled (n = 255) at Two Peoples Bay over the course of
five nights, one week after the first adult has been heard using an ultrasound
detector, to determine the adult sex ratio.
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Remating Interval

We measured the time from an initial mating until remating separately
in males and females. Individuals of both sexes were kept individually in
between mating trials in 200 mL containers in the lab. The jars contained
a stick on which to rest and pollen ad libitum. Because acoustic rivalry be-
tween males is demonstrated in K. mirla (Mason and Bailey, 1998), males
were held in a separate room away from the females. Containers with males
were isolated from each other by 2 cm thick polystyrene walls to prevent
acoustic interference. Males were tested for matings six days after their fi-
nal molt. Eight males were mated with virgin, receptive females. After an
observed mating, the female was removed and replaced with a new virgin
female. Every night individual males were placed with a fresh virgin female
for four hours or until mating took place. Females were processed in a sim-
ilar way, but separately. Ten females were initially mated and were allowed
to consume the spermatophore. Females were tested for sexual receptivity
each night for 12 nights. Females were placed on sand to allow for ovipo-
sition between matings. We counted the days from the initial mating until
remating, meaning that an individual mating at two consecutive days have
a remating interval of one day.

When have mated and spend time recovering, they are said to be in a
time-out state. The mean time-out from mating is then used to calculate the
PRR, by 1/time-outsemales/1/time-outmares. The PRR multiplied by the adult
sex ratio found in the field can be used to estimate the OSR (Parker and
Simmons, 1996).

Competition over Females for Males in a Field Enclosure

We measured the number of matings for males who had unlimited
availability to virgin females. Nine individually marked males were released
in an outdoor enclosure [dimensions: 1.60 x 0.80 x 1.00 m]. This outdoor
enclosure was placed at Two Peoples Bay, including the natural mixture
of bushes found within the habitat of K. mirla. The density can be calcu-
lated to 7 males per m?, which falls into the observed range of this species.
Males were evenly distributed within the enclosure and relocated every
night to a random chosen place in the cage. We placed a large number of
cotton buds soaked and covered with commercial pollen in the enclosure,
which exceeded the daily dietary needs (two to six mg pollen per day and
male; Simmons, 1995a). Every night a new randomly chosen subset of nine
virgin females were released into the cage, in total 72 virgin females. All
animals were observed under red light for potential matings. Using virgin
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females every day meant that males were not limited by mating partners.
Main mating-activity in the closely related species K. nartee is between
18:30 h and 21:30 h (Simmons and Bailey, 1990). Therefore, females were
released at 18:00 h and recaptured from the enclosure at 22:00 h. We also
measured the time of pairs from first physical contact until transfer of the
spermatophore as precopula plus copula time. We used the mean if multi-
ple data from one male exist to avoid non-independence. This experiment
was conducted for eight nights.

Body Dimensions

To identify possible parameters used by females to choose a male we
measured body dimensions and song parameters. Five days after the end of
the experiments we determined the wet mass of the males and then killed
them, measured body dimensions and dissected and weighed the wet weight
of the accessory glands. Feeding for five additional days was used to com-
pensate for different mating history during the course of the experiment.
For measurements of the body size we used the length of the pronotum
and the length of the right hind femur. Measurements were obtained with a
Mitutoyo caliper rule (accuracy 0.01 mm). The spermatophylax produc-
ing accessory glands were weighed fresh immediately after death to avoid
weight losses due to desiccation. Measurements of mass were made to the
nearest 0.01 mg on a Mettler Toledo AG 245 scale. The eight males used in
the lab to test for the remating interval were similar in size to the nine males
used in the enclosure experiment (pronotum length, hind femur length and
wet glandular mass in percent of body wet mass: ¢ test for homogen vari-
ances, NS).

Temporal Patterns of Calling Songs

Before we started the experiments, the temporal structure of the songs
(Gerhardt and Huber, 2002) of the nine males used in the field enclosure ex-
periment were recorded from acoustical isolated males at 25°C in the lab.
Songs were recorded with a Sennheiser microphone ME66 and stored on
a Sony Cassette recorder. This devices sample frequencies up to 20 kHz,
which is fare less than the peak frequency at 70 kHz. However K. mirla
produces songs with broadband frequencies (Mason and Bailey, 1998), so
sampling had reduced the intensity but did not alter the temporal structure
of songs. Analog recorded songs were A/D converted to a PC with a sam-
pling rate of 1 kHz. Temporal patterns of songs were analyzed using the
program Signal® (Noldus/Technical Engineering). The acoustic elements
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were classified according to Gerhardt and Huber (2002). Pulses are defined
as the sound unit made during one movement of the stridulatory structures.
The number of pulses produced during one closing movement of the wings,
are grouped into a verse. After a variable time the next verse follows, so
verse duration and pause duration sum up to the verse period.

RESULTS

The eight males fed ad libitum in the lab remated within three nights
after their initial mating (Fig. 1). The time-out due to the remating interval
was 2.38 +0.74 (mean £ SD) days (normal distributed: x> =0.16, P =0.92).
In contrast, nine out of 10 females showed no remating within 12 days, with
one exceptional female remating after 3 days. Female time-out from mat-
ing is therefore at least 12 days. Males remate much quicker than females
under maximal food conditions (¢ test, fudjusted for heterogen variances = 9.31,
df = 10.50, P < 0.001). As the PRR is inversely correlated to the time-out
from mating, the PRR is at least five times higher in males than in females.
The adult sex ratio from the field sample was near equal with a quotient
of 1.125:1 males to females (n = 255). The operational sex ratio (OSR) is
largely male-biased, with a 5.7 times larger number of males than females
ready to mate. Thus males are predicted to be the main competitors and
females exhibiting intense choice on male traits.

Matings in the field enclosure generally took place within one hour
(at most two hours) after sunset. The time pairs spent in the precopula
phase did not depend on the time of courtship initiation (Linear regression:

10 ~ ‘lMaIes (n=8) DOFemales (n=10) ‘

Numbers
(6)]
1

1 2 3 4 5 6 7 8 9 10 11 »>12
Remating interval (days)

Fig. 1. Remating interval of males and females under laboratory conditions.
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Fig. 2. Number of matings of males during eight nights in a field enclosure
(N =9).

y = 5830 + 4.29x, R? = 0.08, N = 14). Mating number in the field was
unequal between males and ranged from zero to four (Fig. 2), but the dis-
tribution of matings did not deviate from normal distribution (x> = 0.20,
df = 2, P = 0.91). Two out of nine males (22%) did not mate at all. In
contrast, only 19 of the 72 females (19.4%) placed into the field enclosure
actually mated.

There was considerable variance in the mating number between males
(1.77), larger than the mean mating number (1.56), revealing a potential for
sexual selection acting on males (s>/mean=1.14 > 1).

To identify possible parameters used by females to choose a male we
related body dimensions and song parameters to the observed mating num-
ber. The number of matings for males was related to body dimensions. In
a multiple stepwise regression mating number was significantly related to
the mass of the spermatophylax producing glands (expressed as percentage
from live body weight; N = 9, R? adjusted for multiple regression = 0.44,
P = 0.03), but not to pronotum or femur length (Fig. 3). Relative glan-
dular mass is also negatively correlated to precopula plus copula duration
(y = 3475 — 0.59x, R? = 0.17, N = 7), meaning that males with a larger
relative glandular mass spent less time in contact with their female.

The song of K. mirla males consists of discrete trains of pulses. Song pa-
rameters showed different levels of variation between males. Nearly equal
and low levels of variation were found for the number of pulses within
a verse, the pulse duration and as a consequence the verse duration. In
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Fig. 3. Number of matings in the field enclosure in correlation to per-
centage glandular mass. Linear regression (y = —11.78 + 2.93x, N = 9,
Ridjusted for multiple regression — 0.44, P = 0'03)‘

contrast, the pause duration between consecutive verses showed twice as
much variation between males. Even with such variation, song characters
were not related to the number of matings observed in the field enclosure
(Table I).

Two fairly obvious relationships where the coupling of the number of
pulses with verse duration (R?> = 0.74) and pause duration explains nearly
all variance in verse period (R? = 0.96).

Pronotum length and femur length were correlated (R? =0.46, P < 0.05
for the combined data set of males used in the lab and in the enclosure ex-
periment, N = 17), however glandular mass showed no significant correla-
tion with femur or pronotum length. Whilst the number of matings in the
field enclosure was related to body dimensions, especially glandular mass
(see multiple regression above, Fig. 3), the remating interval of males in
the lab was independent of body-measurements (body weight, glandular

Table I. Multiple Regression of Temporal Patterns of Calling Songs -Recorded Previously in
the Lab- with the Number of Matings Obtained by These Males Later in the Field Enclosure
During Eight Nights

Song parameter B 95% SD T P Mean £SD CV (%)

Verse duration (ms) 0.09 0.33 0.10 0.91 0.43 825.5 25.0
Pause duration (ms) 0.06 0.24 0.08 0.84 046 6088.1 417.6
Verse period (ms) —0.06 0.24 0.08 —0.85 046 6912.6 416.6
Pulse duration (ms)  —0.69 3.96 124  —-0.56 0.62 334 1.0
Pulse number/verse ~ —1.06 6.71 211 —0.50 0.65 25.0 0.7
(const.) 31.50

LW W
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weight, femur length, pronotum length) as revealed by multiple regression
(N = 8, adjusted R*> = 0.16, NS).

DISCUSSION

The concept of the OSR is a central tool to predict the opportunity
for sexual selection. Furthermore, the OSR is a good predictor of con-
test competition for mates and to some extent mate choice (Kvarnemo and
Ahnesjo, 1996). Especially when one sex has a considerable longer period
of time-out from reproduction, this will in turn impose competition between
the sex in access (Parker and Simmons, 1996). Under laboratory conditions
with maximum food, males remated at least five times faster than females
in K. mirla. Thus the PRR of males was larger than that of females. The
adult sex ratio in turn was near unity, so that we calculated the OSR to
be male-biased. Similar results were found in the congeneric Kawanaphila
nartee, where well fed males remate in median within two days, whereas fe-
males remate within 20 days (Simmons and Gwynne, 1991). Such a strongly
male-biased OSR exists in K. nartee under good food conditions in the lab-
oratory (Gwynne and Simmons, 1990; Parker and Simmons, 1996) and is
also a realistic situation found in nature when food is abundant (Simmons
and Bailey, 1990; Gwynne et al., 1998). An adequate pollen availability can
occur in K. mirla habitats: we found many suitable flowering plants at the
collecting site at Two Peoples Bay. In general, the OSR is predominantly
male-biased in animals (Andersson, 1994). Contrary to our design with food
in excess, the OSR becomes female biased in K. nartee under food short-
age (Gwynne and Simmons, 1990; Simmons and Bailey, 1990; Simmons,
1992, 1995a). This difference in the OSR can occur over small spatial scale
depending on pollen sources (Gwynne et al., 1998) and reversing the sex
roles with serious female-female competition (Simmons and Bailey, 1990;
Gwynne and Bailey, 1999).

Based on the theoretical considerations, a male-biased OSR as in our
study should lead to variance in male mating success under competition.
We found a variance in male mating success in a way predicted by sexual
selection theory, with the variance in mating numbers greater than the mean
(Andersson, 1994). Two out of nine males loosed out completely, by get-
ting no females at all. This is astonishing, as verbal descriptions and explicit
models on mate searching and mate preferences predict that female choice
is less strong if females are virgin (review in Reid and Stamps, 1997), like in
our enclosure experiment.

Male mating success was correlated to male traits, in accordance with
sexual selection theory (Andersson, 1994). However, the length of the hind
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femur and the pronotum were not reliable cues for male mating success
in our study. Another body dimension, the front-femur length in the con-
generic species K. nartee seems to be less important to sexual competition,
as there is no sex specific response to food stress in this character (Gwynne,
2004). Body dimensions are fixed at adult molt and therefore likely to re-
flect differences in genetics and/or life history.

In courtship-feeding systems, male investment precedes fertilization.
Females may thus use pre-mating choice to secure mates providing direct
benefits (Bussiere, 2002). When males provide material (direct) benefits to
their mates, females are expected to choose males providing large invest-
ments (Trivers, 1972). Despite basing their choice on static male body size,
male mating success was strongly correlated to the dynamic criterion of the
size of the accessory glands. We show that the ability of males to provide
larger spermatophores is a central cue for female mate choice in the en-
closure experiment. The glandular mass is known to be closely correlated
to the transferred spermatophore size in other bushcricket species (Heller
and Reinhold, 1994; Simmons, 1995b), making this measurement a direct
indicator of a males investment capacity. The choice of larger males in sev-
eral bushcricket species is also best seen as choosing males with a larger
investment into the nuptial gift (Gwynne, 1982; Gwynne and Bailey, 1988;
Lehmann and Lehmann, accepted).

Female choice on male songs is a common phenomenon in bushcrick-
ets (reviews in Gwynne, 2001; Robinson and Hall, 2002; Gerhardt and
Huber, 2002). As a basis for mate choice song variation is a prerequisite.
As first found in treefrogs (Gerhardt, 1991) and later analyzed for a number
of anuran and orthopteran species (Gerhardt and Huber, 2002), the level of
variation between songs differ between the song properties. This conclusion
is repeated in our study; as the pulse duration had a quite low level of vari-
ation. The same is true for the verse duration, which also corresponds with
the short signal duration. This classifies both acoustic properties as static
criteria, a result similar to other bushcricket species (Gerhardt and Huber,
2002). In contrast, the verse period had a much higher level of variation in
K. mirla.

In our laboratory data we looked for a correlation between mating suc-
cess and acoustic properties, but the tested regressions were not significant.
However, we have not tested the performance of singing males in song con-
test, but rather the song characters in isolation. Given the strong acoustic
male-male competition in K. mirla, a synchronization of songs might ex-
plain the results (Mason and Bailey, 1998). When one male ends up as the
leader of a song contest between neighboring singing males this male will
get the mating (Greenfield et al., 1997). In a bushcricket, males that be-
come leaders had a higher intrinsic chirp rate (Hartbauer et al., 2005). Males
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reared on a low-nutrition diet where smaller but had similar chirp rates in
comparison to males reared on a high-nutrition diet, indicating the indepen-
dence of chirp rate from male condition (Hartbauer et al., 2006). Whether
the establishing of leadership is condition dependent needs further exami-
nation.

In our study we have found clear evidence for female mate choice in a
way predicted by sexual selection hypothesis.
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