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Abstract

The effects of operational sex ratio (OSR) on male mating tactics in the
Chinese bushcricket Gampsocleis gratiosa were investigated in male- and
female-biased environments. We measured fresh and dry spermatophore
contents and copulation duration, and counted sperm numbers of each
copulation. The fresh weight of spermatophore and spermatophylax was
positively correlated with male body weight. The males in a strongly
male-biased environment produced significantly heavier fresh ampulla
and more sperm per ejaculation, which were likely tactics for successful
matings under the competition of rivals. The spermatophore might func-
tion as a structure to protect the fertilization potential of the ejaculate
from rival males.

Introduction

Several recent studies demonstrated that differences
between males and females in potential reproductive
rate, copulation refractory time, mortality, and nutri-
tional status, can increase or decrease the ratio of
sexually active males to fertilizable females in popu-
lations of polygamous species (Kvarnemo & Sim-
mons 1998; Okuda 1999; Kvarnemo & Forsgren
2000). Emlen & Oring (1977) defined the ratio of
sexually active males to fertilizable females as opera-
tional sex ratio (OSR), and postulated that variations
in sexual behaviour under different OSRs would
play an important role in increasing the reproductive
success and fitness. In most insect species, longer
copulations predominate in male-biased environ-
ments as opposed to shorter copulations in female-
biased environments (McLain 1981; Sillén-Tullberg
1981; Clark 1988). Male insects can respond to the
threat of sperm competition by increasing the
amount of sperm (Gage & Barnard 1996) or decreas-
ing the mass of spermatophore (Gage 1995) trans-
ferred during copulation in a male-biased
population, while constraining the ejaculate size in a
female-biased population (Reinhardt & Arlt 2003).

In a male-biased environment, the likelihood that
a mated male encounters another female is relatively
low. Therefore, males should invest relatively more
sperm per mating by ways of longer copulation. In
addition to sperm transfer, longer copulations may
reflect mate guarding as a form of competition for
mating partners among males in a male-biased
environment (Thornhill & Alcock 1983; Schofl &
Taborsky 2002). In contrast, females are likely to
mate with more than one male, hence the competi-
tive costs for males could be compensated by copu-
lating longer and transferring relatively more sperm
(Thornhill 1980; Dickinson 1986; Wolf et al. 1989).
Studies using fruit flies showed that longer copula-
tion resulted in greater number of offspring (Sisodia
& Singh 1996; Singh & Singh 1999).

In bushcrickets, males donate a spermatophore to
a female after copulation, which is then consumed
by the female as courtship food (Gwynne 1997). The
spermatophore consists of spermatophylax, ampulla
and semen. Gwynne (1984) hypothesized that the
spermatophore functions as paternal investment,
while Simmons et al. (1993) and Wedell (1994)
argued that the spermatophore might function to
protect the ejaculate.
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The Chinese bushcricket (Gampsocleis gratiosa
Brunner von Wattenwyl) is widely distributed in
hilly regions, and on grasslands of Northern China.
Several lines of evidence indicate that great variation
exists in investment of spermatophore components
and sperm number during copulation in the Chinese
bushcricket (Jia & Jiang 1999a,b; Jia et al. 2000) as
well as in other bushcrickets (Simmons et al. 1993).
In the Chinese bushcricket, a male needs 1-3 d,
depending on the nutritional supply (Jia & Jiang
1999a), to produce a new spermatophore. Therefore,
males require much longer mating intervals than
females, which can re-mate very soon after the con-
sumption of the spermatophore. Such difference in
mating intervals between males and females influen-
ces the potential reproductive rates (Gwynne 1990),
resulting in decreased OSR.

The Chinese bushcricket offers an ideal model
insect for investigating variation of copulation
investment by males under different OSRs. We stud-
ied the effects of OSR on the variation of copulation
duration, spermatophore components, and sperm
number per ejaculation, in order to determine whe-
ther males could adjust these traits to differently
male- and female-biased environments.

Materials and Methods

Origin and Collections of Insects

More than 700 Chinese bushcrickets, as penultimate
instar nymphs, were collected from Yi County, Hebei
province, China (39°20'N, 115°30°E). They were
housed individually in a transparent plastic container
(640 ml bottle with two openings on two sides cov-
ered with plastic mesh screen), and fed with yellow
mealworms Tenebrio molitor, green vegetables and
water ad libitum with daily checking. All containers
were kept in a room with a photoperiod of L:D
14:10 and a temperature of 30 £ 2°C. Seven days
after the imaginal moult, most of the bushcrickets
became sexually mature. Eighty-seven males and 87
females were selected for the experiment based on
two criteria. (i) They had to be sexually mature and
(ii) their body sizes had to be within the 10% of the
mean size of the entire sample. Those insects were
allowed to mate once over a period of 3 d prior to
the experiment to standardize the mating status.

Experimental Design and Measurements

Male reproductive parameters were tested for five
different OSRs (male:female): two treatments with
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male-biased sex ratio (4:1 and 2:1), two treatments
with female-biased sex ratio (1:2 and 1:4), and one
with equal sex ratio (1:1) as control. The mating tri-
als were grouped into five replicates in accordance
with the days the tests were conducted. Each repli-
cate consisted of 25 tests (five tests in each of the
five sex ratio treatments) conducted overnight start-
ing at 9:00 pm, as the Chinese bushcrickets mate
mostly late at night or early in the morning (pers.
obs.). Forty-five males and 45 females were used in
the tests within each replicate. During the trial, once
the males and females were mated, they were meas-
ured and replaced with new pairs; the unmated
males and females were moved into the tests of the
following replicated trial.

The weight and width of the pronotum were
measured for each individual before the experiment
started, and all the crickets used for the trials were
marked with Arabic number on the pronotum for
labelling. The marked individuals were placed into a
mating cage (30 X 30 X 30 cm in dimension), separ-
ated by sex with a wire mesh, and kept for 24 h
with food and water supplied. The mesh was
removed at the beginning of the trial, and each trial
was terminated when a spermatophore had been
transferred, or after a maximum of 3 h.

The copulation duration was monitored and recor-
ded by a computer program developed by Gao &
Kang (2003). Following mating, the spermatophore
was removed from the female with tweezers and
weighed to the nearest 0.0001 g (Sartorius 210s
Electric Balance). The spermatophylax was carefully
separated from the ampulla and weighed. The semen
was extruded from the ampulla and dissolved into
5 ml of PBS buffer, which was then stirred vigor-
ously to a vortex for 1 min to prevent agglutination
of the sperm. The sperm number was counted using
the method described by Simmons et al. (1993) and
Vahed & Gilbert (1996). The spermatophylax and
ampulla were dehydrated in an oven at 40°C for 4 h
and weighed.

Statistical Analysis

Prior to the statistical analysis, we examined the nor-
mality of the data distribution using Kolmogorov—
Smirnov tests. Univariate analysis (ANOVA) was per-
formed to compare the numbers of mating events
per replicate for each of the five OSR treatments.
Relationships among spermatophore, spermatophy-
lax, and ampulla mass, copulation duration, sperm
number and male or female body weight were ana-
lysed by Pearson’s correlation and least-squared
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regression. The correlation table was corrected by
the Sequential Bonferroni method (Rice 1989). We
used a General Linear Model approach with OSR as
fixed factor, and male body weight as covariates to
test the effect of OSR on copulation duration, fresh
weight of spermatophore, fresh and dry weight of
spermatophylax, and ampulla, as well as sperm
number. This approach has the advantage of concur-
rently considering manipulated factors (OSR) and
non-manipulated but potentially influencing mating
parameters (male body weight), rather than using
residuals in a separate analysis (Freckleton 2002).
Then Tukey’s tests were used to compare the differ-
ences among the five treatments. All values are pre-
sented as means £ SE. All statistics were done with
SPSS 11.0, SPSS Inc.

Results

Ratio of Successful Mating

We recorded 52 successful mating events among a
total of 87 pairs of the crickets: seven for the 4:1
OSR, 11 for the 2:1 OSR, 10 for the 1:1 OSR, 11 for
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the 1:2 OSR, and 13 for the 1:4 OSR. We analysed
the number of mating events per replicate of each
OSR treatment and found that the OSR had no sig-
nificant effect on the rate of successful mating (ano-
VA, Fi 55 = 0.248, p = 0.312).

Male Reproductive Investment

The copulation duration varied from 584 to 2280 s,
with an average of 1282 4+ 321 s across all the trials
(Table 1). The average weight of fresh spermatoph-
ores measured 466 £ 77 mg, which was 11.32% of
the average weight of the male body. After dehydra-
tion, the mean weight of spermatophylax and
ampulla decreased from 339 to 58 mg and from 77
to 14 mg, respectively, losing up to 80% of the fresh
weight (Table 1).

The fresh weight of spermatophore was signifi-
cantly positive, correlated with the fresh and dry
weights of spermatophylax, the fresh weight of
ampulla and the male body weight (Table 2). The
fresh weights of spermatophylax and ampulla were
significantly (Table 2) correlated with the dry
weights of the two variables.

Table 1: Reproductive investment by male
Chinese bushcricket Gampsocleis gratiosa
under different OSRs. Values presented are

OSR (male:female)

4:1 2:1 1:1 1:2 1:4
means + SE of five replicates
Fresh weight (mg)
Spermatophore 452 + 77 459 + 37 465 + 84 457 + 45 499 + 41
Spermatophylax 313 £ 48 349 £ 45 336 £ 57 336 + 32 358 + 27
Ampulla 92+ 9 69 + 8 71 £ 22 73+£3 80 £+ 13
Dry weight (mg)
Spermatophylax 52 +£10 63 + 15 57 £ 14 52 +6 65 + 17
Ampulla 17 + 4 14 +3 14+ 4 13+ 1 14+ 4
Copulation duration (s) 1045 £ 321 1193 £ 130 1554 £+ 431 1359 £ 252 1225 + 173

Sperm number (4 x 104/p|) 6.16 £ 0.78 356 £0.72 264+ 091 3.02+1.62 3.424+0.83

Table 2: Correlation coefficients between various reproductive variables in the Chinese bushcricket Gampsocleis gratiosa (n = 52)

Fresh weight of  Fresh weight  Dry weight of Dry weight of ~ Copulation ~ Sperm Male Female

spermatophylax  of ampulla spermatophylax  ampulla duration number  weight  weight
Fresh weight of spermatophore  0.923* 0.562* 0.763* 0.343 0.296 0.125 0.48* 0.212
Fresh weight of spermatophylax 0.392 0.821* 0.299 0.394 0.112 0.339 0.183
Fresh weight of ampulla 0.340 0.815% —-0.074 0.091 0.227 0.012
Dry weight of spermatophylax 0.343 0.337 0.207 0.261 0.106
Dry weight of ampulla —-0.131 0.156 0.102 -0.025
Copulation duration 0.270 -0.113 0.145
Sperm number -0.121  -0.001
Male weight 0.119
*p < 0.05 after sequential Bonferroni correction.
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Table 3: General linear model on the mating

source Dependent variable df F Sig- R’ parameters in the bushcricket Gampsocleis
Model Copulation duration 5 1.216 0.323 0.317 gratiosa, OSR as fixed factors and male body
Fresh weight of spermatophore 5 2.839 0.030 0.226 weight as covariables
Fresh weight of spermatophylax 5 1.662 0.171 0.157
Fresh weight of ampulla 5 2.946 0.026 0.304
Dry weight of spermatophylax 5 1.493 0.218 0.105
Dry weight of ampulla 5 2.425 0.055 0.183
Sperm number 5 2.306 0.066 0.240
Intercept Copulation duration 1 14.402 0.001
Fresh weight of spermatophore 1 2.975 0.094
Fresh weight of spermatophylax 1 3.766 0.061
Fresh weight of ampulla 1 1.857 0.182
Dry weight of spermatophylax 1 0.652 0.425
Dry weight of ampulla 1 1.049 0.313
Sperm number 1 4.183 0.049
Male body weight Copulation duration 1 0.622 0.436
Fresh weight of spermatophore 1 11.486 0.002
Fresh weight of spermatophylax 1 7.210 0.011
Fresh weight of ampulla 1 4.212 0.048
Dry weight of spermatophylax 1 4.486 0.042
Dry weight of ampulla 1 3.746 0.061
Sperm number 1 0.328 0.570
OSR Copulation duration 4 1.395 0.256
Fresh weight of spermatophore 4 0.374 0.826
Fresh weight of spermatophylax 4 0.203 0.935
Fresh weight of ampulla 4 2.638 0.041
Fry weight of spermatophylax 4 0.410 0.800
Dry weight of ampulla 4 211 0.101
Sperm number 4 2.864 0.038

The copulations did not differ significantly among
the five OSR levels treatments (GLM, F = 1.395,

p = 0.256, Table 3, Fig. 1). Only the fresh weight of
ampulla and sperm number were affected signifi-
cantly by the OSR (GLM, ampulla: F =2.638,
p = 0.041; sperm number: F =2.864, p = 0.038).
The fresh weight of ampulla was significantly greater
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Fig. 1: Copulation duration of male Chinese bushcricket G. gratiosa
under different OSRs (mean + SE of five replicates)

in the strongly male-biased treatment (4:1 OSR)
than other treatments (Tukey’s test, p < 0.05,
Fig. 2). The sperm numbers were greatest in the
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Fig. 2: Fresh weight of ampulla transferred by male Chinese bush-
cricket G. gratiosa under different OSR environments (mean + SE of
five replicates). Groups designated with the same letters are not signi-
ficantly different
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Fig. 3: Sperm numbers transferred by male Chinese bushcrickets G.
gratiosa under different OSR environments (mean + SE of five repli-
cates). Groups designated with the same letters are not significantly
different at p < 0.05

strongly male-biased treatment (4:1 OSR), and
smallest in the equal sex ratio of 1:1 (Tukey’s test,
p < 0.05, Fig. 3).

Discussion

Operational sex ratio may affect the reproductive
strategies of male insects regarding nutritional
investment in mating partners, copulation duration
and ejaculate size (Clark 1988; Reinhardt & Arlt
2003). Using the Chinese bushcricket as a model, we
examined three aspects of the reproductive invest-
ment, copulation duration, spermatophore contents
and ejaculate size and demonstrated that males fol-
low different investment strategies with ampulla
weight and sperm numbers depending on OSR, but
not spermatophore weight, spermatophylax weight,
and copulation duration. We found that in a
strongly male-biased environment, male bushcrickets
increased their investment in fresh ampulla weight
and sperm number, which is likely to improve the
fertilization potential of their ejaculate when compe-
tition is strong. The quantitative change of reproduc-
tive parameters under different OSR suggests that
male bushcrickets adapt flexibly to their social envi-
ronment. Studies in a number of other animal taxa
(reviewed in Vahed 1998) such as guppies Poecilia re-
ticulata (Farr 1976), water striders (Clark 1988),
Mediterranean fruit fly (Gage 1991) and other bush-
crickets (Simmons et al. 1993) also found the chan-
ges in ejaculate size, spermatophore size or
copulation duration in response to social factors, but
the effects of sex ratio has rarely be varied as sys-
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tematically before. In contrast to most other studies,
our results suggest that in a strongly female-biased
environment males did not change their copulation
duration and spermatophore contents.

In strongly male-biased environments, competition
among the males for a limited number of females is
expected to be intense. We observed that under such
conditions, instead of fighting to keep rivals off the
females, males often touched each other with anten-
nae, body flank or even with their genitalia for
extended periods of time. Sometimes males ejacula-
ted after being touched at their genitalia. This may
potentially be a tactic of males to prevent rivals from
courting females. However, in contrast to the find-
ings of other studies (McLain 1981; Sillén-Tullberg
1981; Clark 1988), the longest copulation durations
were observed in the equal sex ratio treatment
rather than under male-biased as it were expected,
though the effect of the sex ratio on the copulation
duration was not statistically significant.

The spermatophore of bushcrickets may function
to retain the sperm in the female vagina, similar to
copulatory plugs in certain grasshoppers (Gregory
1965) and rodents (Hartung & Dewsbury 1978). The
ampulla is the hardest part of the spermatophore.
With a heavier ampulla, female bushcrickets would
need a longer time to consume the whole spermato-
phore, thus decreasing their chance for further mat-
ings. Therefore, we assume that the heavier
spermatophores and ampullae served to protect the
sperm in the highly male-biased environment.
Increasing sperm number and ampulla mass may
ensure that more sperm is transferred to the female,
and hence a higher reproductive success is achieved
(Simmons et al. 1993; Reinhardt & Arlt 2003).

In several insects, like the migratory locust (Rein-
hardt & Arlt 2003) and in fruit flies (Drosophila spp.,
Spiess 1970), the copulation duration is closely
related to the rate of sperm transfer. In Drosophila
bipectinata and D. ananassae, for example, the copula-
tion duration correlated with the number of progeny
produced, indicating that copulation duration and
transferred sperm number are closely coupled (Siso-
dia & Singh 1996; Singh & Singh 1999). In contrast,
in Chinese bushcrickets, there was no apparent rela-
tionship between copulation duration and sperm
numbers in the spermatophore. This may be due to
the fact that in bushcrickets, copulation ends shortly
after spermatophore transfer, and sperm transfer
occurs only at the end of copulation (Gwynne
1990).

In conclusion, our study demonstrated that, in
Chinese bushcrickets, the males in a strongly
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male-biased environment produced significantly
heavier ampullae (fresh weight) and more sperm
per ejaculation, which is likely to be a tactic to
increase the mating success when competition is
intense. The spermatophore might function as a
structure to protect the fertilization potential of the
ejaculate from rival males. Future research should
reveal whether this tactic is commonly found
among insects.

Acknowledgements

We would like to thank Richard Gordon, Osbert Sun
and the editors for critical review and improvement
on the language of the manuscript and Shu-Guang
Hao and Xian-Hui Wang for their help with field-
work and data collection. The research was finan-
cially supported by the Knowledge Innovation
Project of the Chinese Academy of Sciences (No.
KSCX2-1-03).

Literature Cited

Clark, S. J. 1988: The effects of operational sex ratio and
food deprivation on copulation duration in the water
strider (Gerris remigis Say). Behav. Ecol. Sociobiol. 23,
317—322.

Dickinson, J. K. 1986: Prolonged mating in the milkweed
leaf beetle Labidomera clivicollis (Coleoptera: Chrysome-
lidae): a test of the ‘sperm-loading” hypothesis. Behav.
Ecol. Sociobiol. 24, 331—338.

Emlen, S. T. & Oring, L. W. 1977: Ecology, sexual selec-
tion, and the evolution of mating systems. Science
197, 215—223.

Farr, J. A. 1976: Social facilitation of male sexual behav-
ior, intrasexual competition, and sexual selection in
the guppy, Poecilia reticulata (Pisces: Poeciliidae). Evolu-
tion 30, 707—717.

Freckleton, R. P. 2002: On the misuse of residuals in
ecology: regression of residuals vs. multiple regression.
J. Anim. Ecol. 71, 542—545.

Gage, M. J. G. 1991: Risk of sperm competition directly
affects ejaculate size in the Mediterranean fruit fly.
Anim. Behav. 42, 1036—1037.

Gage, M. J. G. 1995: Continuous variation in reproduc-
tive strategy as an adaptive response to population
density in the moth Plodia interpunctella. Proc. R. Soc.
Lond. B 261, 25—30.

Gage, A. R. & Barnard, C. J. 1996: Male crickets increase
sperm number in relation to competition and female
size. Behav. Ecol. Sociobiol. 38, 349—353.

Gao, Y. & Kang, L. 2003: A case of animal behaviour real
time recording system developed by VBA. Entomol.
Knowl. 40, 560—563.

Y. Gao & L. Kang

Gregory, G. E. 1965: The formation and fate of the sper-
matophore in the African migratory locust, Locusta mi-
gratoria migratorioides Reiche and Farmaire. Trans. R.
Entomol. Soc. Lond 117, 33—66.

Gwynne, D. T. 1984: Courtship feeding increases female
reproductive success in bushcrickets. Nature 307,
361—363.

Gwynne, D. T. 1990: The katydid spermatophore: evolu-
tion of a parental investment. In: The Tettigoniidae:
Biology, Systematics and Evolution (Bailey, W. J. &
Rentz, D. C., eds). Bathurst, Crawford House, pp.
27—40.

Gwynne, D. T. 1997: Glandular gifts. Sci. Am. 277,
66—71.

Hartung, T. G. & Dewsbury, D. A. 1978: A comparative
analysis of copulatory plugs in muroid rodents and
their relationship to copulatory behaviour. J. Mammal.
59, 717—723.

Jia, Z. & Jiang, Z. 1999a: Effects of nutrition on the
reproductive investment in Gampsocleis gratiosa males.
Acta Zool. Sinica 45, 37—43.

Jia, Z. & Jiang, Z. 1999b: Ethograms and mating beha-
viors of Gelerifictorus micado and Gampsocleis gratiosa.
Acta Zool. Sinica 45, 49—56.

Jia, Z., Craig, M., Llorens, T., Schinzig, M. & Hosken, D.
2000: Nutritional condition influences investment by
male katydids in nuptial food gifts. Ecol. Entomol. 25,
115—118.

Kvarnemo, C. & Forsgren, E. 2000: The influence of
potential reproductive rate and variation in mate qual-
ity on male and female choosiness in the sand goby,
Pomatoschistus minutus. Behav. Ecol. Sociobiol. 48,
378—384.

Kvarnemo, C. & Simmons, L. W. 1998: Male potential
reproductive rate influences mate choice in a bush-
cricket. Anim. Behav. 55, 1499—1506.

McLain, D. K. 1981: Female choice and the adaptive
significance of prolonged copulation in Nezara viridula
(Hemiptera: Pentatomidae). Psyche 87, 325—

336.

Okuda, N. 1999: Sex roles are not always reversed when
the potential reproductive rate is higher in females.
Am. Nat. 153, 540—548.

Reinhardt, K. & Arlt, D. 2003: Ejaculate size variation in
the migratory locust, Locusta migratoria. Behaviour 140,
319—332.

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

Schofl, G. & Taborsky, M. 2002: Prolonged tandem for-
mation in firebugs (Pyrrhocoris apterus) serves mate-
guarding. Behav. Ecol. Sociobiol. 52, 426—433.

Sillén-Tullberg, B. 1981: Prolonged copulation: a male
‘postcopulatory” strategy in a promiscuous species, Lyg-
aeus equestris (Heteroptera: Lygaeidae). Behav. Ecol. So-
ciobiol. 9, 283—289.

Ethology 112 (2006) 325-331 © 2006 Institute of Zoology, Chinese Academy of Sciences

330

Journal compilation © 2006 Blackwell Verlag, Berlin



Y. Gao & L. Kang

Simmons, L. W., Jiang, Z. & Sakaluk, S. K. 1993: Bush-
cricket spermatophores vary in accord with sperm
competition and parental investment theory. Proc. R.
Soc. Lond. B 251, 183—186.

Singh, S. R. & Singh, B. N. 1999: Mating activity and fit-
ness in a few wild type strains of Drosophila ananassae.
Indian J. Exp. Biol. 37, 605—608.

Sisodia, S. & Singh, B. N. 1996: Evidence for a positive
correlation between duration of copulation and fertility
in Drosophila bipectinata. Zool. Stud. 35, 25—29.

Spiess, E. B. 1970: Mating propensity and its genetic basis
in Drosophila. In: Essays in Evolution and Genetics in
Honour of Theodosius Dobzhansky (Hecht, M. K. &
Steere, W. C., eds). Appleton Century Crofts, New
York, pp. 315—379.

Thornhill, R. 1980: Sexual selection in the black-tipped
hanging fly. Sci. Am. 242, 162—172.

Ethology 112 (2006) 325-331 © 2006 Institute of Zoology, Chinese Academy of Sciences

Journal compilation © 2006 Blackwell Verlag, Berlin

Operational Sex Ratio and Alternative Reproductive Behaviours

Thornhill, R. & Alcock, J. 1983: The evolution of insect
mating systems. Harvard Univ. Press, Cambridge, Mas-
sachusetts.

Vahed, K. 1998: The function of nuptial feeding in
insects: a review of empirical studies. Biol. Rev. 73,
43—78.

Vahed, K. & Gilbert, F. 1996: Differences across taxa in
nuptial gift size correlate with differences in sperm
number and ejaculate volume in bushcrickets (Orthop-
tera: Tettigoniidae). Proc. R. Soc. Lond. B 263,
1257—1265.

Wedell, N. 1994: Dual function of the bushcricket sper-
matophore. Proc. R. Soc. Lond. B 258, 181—185.

Wolf, L. L., Waltz, E. C., Wakely, K. & Klockowski, D.
1989: Copulation duration and sperm competition in
white-faced dragonflies (Leucorrhinia intacta; Ondonata:
Libellulicae). Behav. Ecol. Sociobiol. 24, 63—68.

331



